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Abstract

Microarrays are powerful tools for high-throughput screeningnadll molecule
libraries. Our group is using a microelectrode array varianhesetefforts that allows us
to construct and screen the libraries in a rapid, cost effective fashiors &pgroach, the
small molecules are attached to polymer-coated microelestredech can be used to
detect ligand-receptor interactions as they happen by meangpeflance. Impedance
experiment work by monitoring the current associated with a redaple in solution.
When a protein binds a ligand on the array, it sterically previtiet redox couple from
reaching the electrode surface and thus causes a reduction in the cungnmédesured.

In order to realize the construction of a library and measurerokrthe
electrochemical impedance on the array, the polymer coatingedmpl the array needs
to be stable for long periods of time, stable to washing the aroaypatible with the
array-based reactions, compatible with electrochemical impedamperiments, and
relatively inert with respect to its non-specific binding wigceptors. This work makes
progress towards this goal by first exploring the Pd(0) cheyrost the array, identifying
the incompatibility of palladium chemistry with the agarose ogatinat was being used
on the surface of the arrays, and the designing and synthes&ingolymer coatings for
microelectrode arrays.

Three different block copolymers were made to investigatedhgatibility of
the polymers with the array-based reactions and signaling exgy@s. All three types of
polymers consisted of a PCEMA block for UV-cross-linking reactimngmprove the
stability of the coating. The prototype polymer PBrSt-b-CEMA u&dunlomostyrene as
the second block for functionalization purpose. It was proven to beyaveesatile



polymer which was stable, and compatible with all the electrodatnexperiments
conducted on the array. As a result this coating was extensiviggditin the study of
the behavior of signaling experiments on the array. The major dcavabahis polymer
was its non-specific binding to proteins at higher protein coretémts. In order to fix
this problem, a second polymer PCEMA-b-PEGMA with PEG as s$idsg was made
in the hope that PEG would reduce non-specific binding to the sutfatatunately the
polymer was not stable enough as coating for the array. Firallgopolymer with
boronic acid functionality, PCEMA-b-BoSt was made in order to test thetMéysa the

boronic acid as a starting material for building other functiteali The boronic acid
derived polymer performs better than the previous coating in tefmerray-based
reactions. However, it was found to be incompatible with the eléroical impedance

experiments.
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Chapter 1
Introduction

1.1Introduction to addressable libraries and microelectrode arrays

The explosion of interest in combinatorial chemistry in the pheeoteal
industry since the 1990s had brought forth the evolution of molecularid¢i&ran
multiple platforms- Among these, microarrays excel as a platform for invesiiga
biological interactions due to their small size, minimal requoéets for the amount of
biological material needed, and high library densifddressable microarrays take
these advantages even further by correlating the identitidsedibrary members to
the spatial arrangement of the array, offering the advantagevaliating the
performance of each library member as a “pure” individual ehtity.

Since the earliest attempt of combinatorial synthdsessolid-phase peptide
synthesis invented by Bruce Merrificldhe physical size of molecular libraries has
been shrinking from vials of polymer beads to the size of a dimeeor®naller. The
advancement of electronics and micro-contact printing technologyeda® high
density microarrays. Several different types of microarnay® been developed, such
as small molecule microarraysPNA/RNA microarrays, protein microarray8,
glycoarrays’ cellular microarray¥ and even tissue microarraysThese microarrays
play active roles in the high-throughput screening of biologissdys, the method of
choice for current drug discovery efforts and related fieltie drrays are fabricated

using different technologies to immobilize the library members dr@a@tray. Taking



DNA microarrays as an example, the array may be fabdchte printing with
fine-pointed pins onto glass slidEsphotolithography using pre-made masks,
ink-jet printing* or electrochemistry on microelectrode arr&yBetection methods
vary accordingly, such as fluorescence microscopy, chemiluognes labeling, or
electrochemical signaling. Among these different methods, Qdatbk has been
taking advantage of microelectrode arrays and electrochemtistriguild DNA
microarrays, as well as antibody microarrays for diagngstipose® Our group has
been working to broaden the synthetic chemistry available for arsethe
CombiMatrix arrays so that the arrays can be used to supporssalle libraries of
more diverse origins.

While the small size of microelectrode arrays brings the rddga of high
library density and low compound loadings, it raises a seriebalfeages as well.
First of all, how do we confine each member of a library tpexific location on the
array? Since we are using a microelectrode array and tb&oeles themselves
provide a handle by each site on the array, it would be natuti@htowe should use
electrochemistry to realize this goal. But how can this beraptished? Secondly,
how do we know the compounds that are supposed to be on certain areaari@ythe
are actually there and have the correct structures? In otheiswaoow do we do
quality control on a molecular library built on an array? Third, hovabke is this
method? How reproducible are the results from different aaagishow many times
can an array be reused? The goal of the research belowmed @i answering these

guestions.



1.2 Microelectrode array specifications

The microelectrode arrays obtained from CombiMatriegaly fall into one
of two types. Arrays with a lower density of electrodes typically have k&Edrodes
in a 1 cnf area. They are abbreviated as 1-K arrays in the discussiofolibats
(Figure 1.1a). The diameter of the round platinum electrode ign®2and the
distances between the electrodes (rectangular cell) are 245.and 337.3um
respectively (Figure 1.1b). Arrays with a higher density ottedeles have 12,544
electrodes in a 1 charea. They are abbreviated as 12-K arrays in the discussion that
follows ((Figure 1.2a). The diameter of the round platinum electodd/m and the

distance between the electrodes (square cell) i&B@igure 1.2b).

Figure 1.1a) The 1-K array. b) Blowup image of the electrodes on the 1-K array.




Figure 1.2 a) The 12-K array slide. b) Blowup image of the electrodesherl2-K

array.

The fabrication process of the array was done by layd¢hie circuits and
electrodes beneath a passivation layer made of a ceramasioarresist material
called silicon nitride (3N4). The passivation layer above the electrodes was cut with
laser to remove the silicon nitride protection so that thereldes were exposed and
the circuits were protected. This processing leaves a welktructure on the array
surface with the electrodes in the well, as demonstrated by an AFM ohtdge12-K
array (Figure 1.3a). The depth of the well is around 500 nm. Also,rthetdayering
process left groove-like structures on the surface (Figure IBb)grooves measure
around 4um wide and 200 nm deep on average and were not smoothed out after the

fabrication process.
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60
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Figure 1.3a) AFM image of two electrodes and the area in between ondl?all b)

The groove structure on the array surface.



1.3Fundamentals of running array-based reactions
To give one an idea of the general procedure for running an-lzassd
reaction, it is best to use an example. For this example, letoals at a

Pd(0)-catalyzed Heck reactidrrun on the array (Scheme 1.1).

Scheme 1.1
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As mentioned in Section 1.2, the arrays are coated with a passilayer.
This layer does not provide the functionality needed to attach organic neslécuhe
surface of the electrodes. Hence, all reactions run on an daryngh the array
being coated with a layer that provides the functional groups needetdtdéching
molecules to the surface. In the case of the Heck reactimtrdted in Scheme 1.1,
the array was coated with agarose. The agarose providdsytisexyl groups as the
functionality needed for further modification. Next, a substratatiached to the
coating on the array next to the electrodes. In the case of dlo& Keaction,
4-iodobenzoic acid was placed on the array using a base-catalsgdioation

reaction. The base was generated by reducing vitamiraBthe electrodes in the

5



array’® This reaction was conducted at each electrode in the array. While
site-selectivity for the esterification was not needed héee réaction can be done
site-selectively*®

Once the substrate for the Heck reaction was placed onto tlyethgarray
was inserted into the Heck reaction solution mixture which contaire thrain
components; the olefin coupling partner, the Pd(ll)-precursor taPt{@)-catalyst
needed for the reaction, and a “confining agent”. The role of the @olptiase
acrylate coupling partner is self-explanatory. The Pd(Hgemt was added to the
solution because it is catalytically inactive in terms of ek reaction. Hence, it
does not catalyze the Heck reaction anywhere on the arraye@bton works by
using the electrodes in the array as cathodes to reduce theiRdii) solution into
Pd(0). The Pd(0) then catalyzes a Heck reaction between thebitized aryl iodide
on the array and the solution-phase olefin. Since the Pd(0) geshenats not
destroyed after the catalytic cycle, it was free toraigto undesired areas of the
array. Hence, the reaction needs a “confining agent” to besediéetive. Confining
agents are solution-phase reagents that destroy the reactijantr®r catalyst being
generated at the electrodes. In this case, the Pd(0)stagelyerated at the electrodes
is oxidized back to Pd(ll) by the confining agent before it carratego remote sites
on the array. In the reaction shown, the confining agent is allylyine#nbonate.
Allyl methyl carbonate reacts with any Pd(0) in solution emeyate a dormant
n-allyl-Pd(1l) species. In this way, the reaction was confirearly the electrodes

selected for the reduction.



The identification of an appropriate confining agent is one of the most
important steps in developing any array-based reaction. The nmeguite for the
confining agent are quite simple. First, it must efficientlytidgsthe reactive species
generated at the microelectrodes. Second, it should not undergo asttlen® with
either of the surface bound substrate for the reaction, the solutiea-phbstrate, or
the surface coating on the arrés a result of the second requirement, it is easy to
imagine that not one confining agent is going to fit all reastj even if the reactive
species generated from the microelectrodes are the samexample, consider the

Pd(0)-catalyzed allylation reacti@tshown in Scheme 1.2.

Scheme 1.2

o o

% PP
i 0 0 0
oo [

Cathlode
Y
|
o)
/
o)
o

Pd(OAc),, PPh;, BuyNBr

Quinone (excess) OO
DMF/THF (1/ 4), 300 cycles at [l: ’O
-2.4v,0.5s0on/0.1 sec off

Checkerboard Pattern

In this case, the surface-bound substrate is an allylic ed#tait during the reaction
undergoest-allyl palladium formation. A solution phase nucleophile then addseto t
reactive intermediate generated. For such a reaction, altiyhwarbonate cannot
be used as the confining agent becauserthkdyl palladium species generated from

its reaction with the catalyst would also undergo a reactiom thié solution phase
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nucleophile. This reaction would regenerate the catalyst and confinemeld be
lost. As a result, quinone was used as the confining agent foarthg-based
allylation reaction. Of course, quinone is a viable substrate iRk reaction so it

would not be a suitable choice as the confining agent for the Heck reaction.

1.4 Experimental setups for array-based reactions

To run an array-based reaction, a computer program igaéecdontrol the
potential applied, the reaction time, as well as the electro@esfoisthe reactiorf-or
both 1-K and 12-K arrays, only positive potentials can be applied éetiee
working electrode and counter electrode. This means that the cowtaodd is
always the negative electrode. The potential for the cell is measured as ataegnbe
the working and counter electrode. As a result, when doing an axida&action, a
platinum wire in the case of 1-K array and a platinum cap indke of 12-K array is
used as the countefectrode and the array itself used as the working electroden W
doing a reduction reaction, the platinum wire or cap is used as thekif\g”
electrode and the array used as “counter” electrode. As dduatooele system, it does
not matter which role (working or counter) the array plays,esthe current passing
from both electrodes will be identical. The more important thinguoh sontext is
whether reduction or oxidation is happening on the microelectrodesangsak we
can control the array to serve as a cathode or anode, then we cahtbemature of
the reactions that are triggered by the electrolysis.

Taking the 12-K instrument as an example, the instrumen® hasminals



(Figure 1.4). One of the terminals, the white one, is connected itdeanal bipolar
potentiostat. In principle, it can be used to apply both positive andiveegatentials
to an electrode. However, reactions that use this terminal tg appgative potential
to the array are often problematic so this terminal isyareéd. A second terminal is
also not needed for our current discussion. The most recent arrayspaeihave the
counter electrode built into the array as part of the grid surrountdmgvorking
electrodes on the array. The orange terminal is used whenatiage are employed
to make a connection to that counter electrode. Since the majoritye cfynthetic
reactions we will be talking about here use a setup whererdneia imbedded into a
slide (Figure 1.2a, see the discussion below) and then coveredaajphtlaat contains
a Pt-counter electrode, the use of this orange terminaheailbe discussed further
here. That leaves four terminals of concern. One (the blue tejnsnlaboked to a
positive potentiostat and can be used to apply a positive potentiabtecarmde. One
(the black terminal) is a ground and is connected to the cathode. Tinigdateop
across the cell reflects the potential difference betweese tiveo electrodes. The third
terminal of importance here (the yellow one) is connected to the Pt-chfheafourth
(the red terminal) is connected to the microelectrodes in thg. drhe reactions are
run by connecting the positive blue terminal to either the radyjaor yellow (cap)
terminals and then black terminal to the alternative. For exarplein a reduction
on the array (Figure 1.5a) the positive blue terminal is connectiu tBt-electrode
on the cap through the yellow terminal and the negative black terminal isctehte

the array through the red terminal. To run an oxidation on tlg éfigure 1.5b), the



positive blue terminal is connected to the array through theemdintal and the
negative black terminal is connected to the Pt-electrode on tharcagh the yellow
terminal.

A very similar setup is used to run reactions on a 1-K arrdly thie only
difference being that the 1-K arrays are not imbedded intossliEiure 1.1a).
Instead they are simply placed into a reaction solution alongamtmote Pt-wire
that serves as the counter electrode (see the discussion beth@\getlips are very
easy to use, and therefore often represent the method of choicelimtirgxa new

array-based synthetic method.

Open Door }
SLOWLY!!

| @,

Bi-polar Icr;strurgental c odt
inte roun onnected to
memal | | [ Gompected
stat on the array
Postive-only J |
potential stat Connected to I— Cpnnefted to the
platinum cap on microelectrodes
the socket on the array

Figure 1.4The 6 terminals on the 12 K instrument and their functions.
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Figure 1.5The connections for a) reduction reactions and b) oxidation reactions.

With regard to reaction time, 1-K array and 12-K auag different terms.
With the 1-K array, the reactions are run with an on-and-off cycle. Iretiations, the
selected electrodes are turned on for a set period of tim¢handurned off for a
period of time. The combination is called one cycle. The totatti@n time is
controlled by setting the number of cycles that are performed.cytieng of the
electrodes in this way is important. When the electrodes aredtamethe reactive
reagent is generated and the desired reaction happens. When tiloeledeare turned
off the charged species being generated at the electrodes kato toiffuse away
from the electrodes. This reduces the resistance to the cthegnbuilds up at an
electrode. In a bulk electrolysis setup, this is handled by sfirtint is not, then the
resistance at the surface of the electrode will become &argegh to interfere with
current flow through the cell. From our previous experience, turnmeléctrodes on
for 0.5 second and off for 0.1 second typically provides the optimal seacti
conditions.

Different from the 1-K array term “cycle”, the 12-K ayraises the term

11



“pause” to describe reaction time. Generally, 1 pause equals 1 seaeadtion time
so 60 pauses will be 1 minute. On 12-K array, the potential at ¢osraele can be
applied continuously without causing a problem. This is due to the ckssef¢he
counter electrode in the cap to the array. 12-K arrays aratiediyeundivided cells
(For the 1-K arrays the Pt-wire is located a long way fromatin@y. Such reactions
are essentially divided cells). In an undivided cell, the productsragedeat the
cathode can interact with the products generated at the anode.viayhikie charges
generated at each electrode are neutralized and no buildepisibnce occurs in the
cell. Because of the smaller electrodes utilized in a 12ryathe arrays are less
tolerant of high potential differences (faster current ratel®nce, the reactions
typically employ lower potential differences and longer fieactimes than the 1-K
arrays.

For 1-K reactions, the reaction solution is made in a 1.5 mL eppetudbe:f
The array is then inserted into a socket that is used to controh wlectrodes in the
array are utilized (Figure 1.6a). The array is then submergdice solution in the
eppendorf tube so that the microelectrodes in the array areifuthersed in the
solution (Figure 1.6b). The counter electrode is then inserted inswhiigon, and the
reaction conducted by using a PC to activate selected electrottesarray. The PC

utilizes proprietary software available from CustomArray for addngdsie array.
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reaction solution mixture.

For 12-K reactions, the setup is somewhat more complex. As mentioned above,
the 12-K slide is imbedded in a ceramic slide as shown in Figdee The slide is
then fitted with a cap that contains a Pt-electrode sputteredtsrstariace. The cap is
separated from the slide with a rubber ring that provides a sedhd space in
between the array and the cap. The setup is held together wvaithlte clips as
illustrated in Figure 1.7b. The platinum-electrode on the cap is cmthéo the

yellow terminal on the power supply (Figure 1.4) with the use of a yellow wire.

Figure 1.7 The 12-K array slide a) before and b) after inserted into the cap.
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The reaction is then run by flowing the reaction medidighfs/ more than
100 uL) into the space between the array and the cap. This is doimgebting the
solution into the chamber through the bottom hole in the cap with the agapst. A
clear version of the cap is shown in Figure 1.8 so that the satupecmore clearly

seen.

Figure 1.8A clear cap showing the solution filling up the reaction chamber.

After this step, the two holes on the socket are sealed wihpieces of adhesive
silver foil, and the array-socket complex is inserted into thetimgint (ElectraSenSp
shown in Figurel.9. The yellow wire from the socket is led through a small hole in the
instrument to connect with the yellow terminal, and then the gate wheredgests

on is closed. Pins on the instrument make contact with pads on theesmuting in a
connection between the power supply and the array. The pins are cdroetie red
terminal on the power supply. After that, the terminals are exied as described
above in the discussion of Figures 1.5a and 1.5b. As with the 1-K arlegtesge
electrodes on the array are turned on using a PC and propriftargre. The control

of the computer programs is discussed in the appendixes.
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Figure 1.9 The array-cap complex inserted into the ElectraSeinsérument.

1.5Fundamentals of electrochemical signaling experiments

Of course the arrays are not only used for synthetatioaa. They are also
used to monitor binding events between small molecules on the suffaite
electrodes and solution-phase receptors. The details of thesemexyes will be
covered in Chapter 4. However, a brief introduction to the topicftitaises on the
experimental setup is appropriate here.

The signaling studies conducted are electrochemicaldanpe experiments.
They monitor the current associated with an iron-species in soltiticurrent falls
off at any given electrode in the array when a solution-phaseptor binds a
molecule on the surface of that electrode (Figure £10).effect, the binding event
increases the resistance to the current at the electrodec(aase in impedance). A
picture of how the impedance experiment works is provided in Figure 1hEL. T
current monitored at the electrodes in the array result fh@roxidation of the iron
species at the array followed by reduction of the oxidized produitteaauxiliary
electrode. The binding of a receptor to a molecule on the subiaois the oxidation

reaction and causes a decrease in current at the electroddedit@ase in current can
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be detected using cyclic voltammetry. Of course, at electroddified with
non-binding ligands, no current drop occurs. The current drop at theodkeatith
the binding event relative to the background current provides an indiaatithe
binding event. By sweeping the concentration of the solution-phasptoec a
binding curve can be generated for the interaction. This providep@ortunity to

measure relative binding data for various ligands on the surface of the array

receptor

“ong

\:’ O OO OO \/ ligands
I N S SR B

background i background
signal

Figure 1.10A receptor binds to a specific ligand in a library of ligands.
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Figure 1.11Mechanism of electrochemical impedance generated by a binding event.
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1.6 Experimental setup for electrochemical signaling experiments

The experimental setup for the signaling experimentinslas to an
array-based reaction on the 12-K array. However, for the inmgedexperiments an
external potentiostat is needed to run the analytical elé&mnoical method since the
12-K instrument ElectraSerfsedoes not have the ability to sweep potential and
measure current at the same time. For this reason, we empBf&Sa 100B
Electrochemical Analyzer to conduct cyclic voltammetry studieshe arrays. Since
the internal potentiostats in the ElectraSense instrument ateseat the connection
of array to the power supply is different from that used in the preparafresiments.
A cable is used to connect the external power supply to thg dinis cable has four
differently-colored clips (Figure 1.12). The black clip is conredte the working
electrode, the red to the counter electrode and the whiteeteramce electrode. The
off-white clip that is separated from the group of three is cdadeo instrumental
ground. These connections are illustrated in Figure 1.13. The setgp thuse
microelectrodes (red terminal) in the array as the workiectrede, the platinum cap
(yellow terminal) as the counter and reference electrode, ardatieterminal as the

ground.

Figure 1.12The four clips on the cable connecting to the BAS potential stat.
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Figure 1.13The connection between the clips and the terminals for CV setup.

The protocol in the 12-K software used in the signalipgement is different

from the reaction protocols as well. This change is also detailed in thedamsen

1.7 Progress in the microelectrode array project

Since the initiation of the array project in 2004, our group has méateoch
progress toward the development of site-selective synthetiegtaton the array,
characterization of the products generated on the arrays, antingjgsteategies for
monitoring biological interactions on the microelectrode arrays.

Our earliest work on the arrays focused on exploring sslastive
transition-metal-catalyzed reactions on the arrays. The idsatavgenerate reactive
reagents on the arrays by juggling the oxidation states oh¢tes. The first attempts
to use the electrodes in the arrays as cathodes focused on thepawrel of
Pd(0)-catalyzed reactions like the Heck reactcheme 1.1}’ As discussed above,
the reactions employedraallyl Pd(Il) complex as the dormant species in the solution
above the array and then used the microelectrodes as cathodes rategdne

Pd(0)-species. An oxidant was used in solution as the confining agéht.th&
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success of Heck reaction, the scope of Pd(0) chemistry was expand@&dzuki

reactior” and allylation reactions of 1,3-dicarbonyl compouffdghe reactions
mediated with other metals via site-selective reduction iceecivere also explored.
For example, the Cu(l)-catalyzed click reaction of an &e¢yand an azide was
carried out in a site-selective fashion on a microelectrodey &eheme 1.35°

Recently, this scope of these reactions has been expanded to inchediesaof

couplings between aryl- and vinyl halide and different nucleopfiiles.

Scheme 1.3
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The microelectrodes in the arrays could also be usedoa®sto conduct

oxidation reactions. This work is particularly effective if tltivee oxidation state of
the transition metal is higher than that of the dormant state.fifldtesuccessful

example of a reaction using the array as anodes was the md{ixed Wacker

oxidation (Scheme 1.4f. This reaction used a triarylamine species as the electron

transfer mediator to oxidize a solution-phase Pd(0) species ardatethe necessary

Pd(Il)-oxidant. The Pd(ll)-species then oxidized the alkene substpat ketone.
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Ethyl vinyl ether was used as a solution phase confining agemidérwent a Wacker
oxidation of its own to reduce any Pd(ll)-oxidant that migratedyafvam the
selected electrode. In addition to Pd(lIl), we have successfulliyagsgim ammonium
nitrate (CANY° and Sc(IlIf° on the arrays. In both cases, the electrodes in the array

were used as anodes.
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Our group has also made progress in characterizinyddects generated on
the arrays. These efforts allow for quality control of a mokaclibrary built on the
array. The first method used for characterizing molecules onatheys was
time-of-flight secondary ionization mass spectrometry (TOFSIMVith the use of a
mass-cleavable linké??’ the structures of the molecules on the array could be
determined. However, this method for characterization destroyeariting This was
problematic in that we needed a method for characterizing theunledeon the array
that preserved our ability to conduct further experiments on thg &wathis reason,
acid-cleavable “safety-catch” linkers have been develdpedise on the arrays

(Scheme 1.53 The linkers can be cleaved by the site-selective geoerafiacids at
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the electrodes in the array. The resulting solution above the array cdretaralyzed
by LC-MS to obtain information on the molecules cleaved from atray. This
method is useful for characterizing not only the composition of the culeke
synthesized, but also their stereochemistry. Besides the abaviomed linkers,
fluorescent linkers have also been developed for the arrays. Tilems lare used to

determine the quality of the arrays themsefVes.

Scheme 1.5
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Finally, we have been making great progress on the devahbpofi the
electrochemical impedance experiments described d86%&he details of these

progresses will be covered in Chapter 4 of this thesis.

1.8 Aims of this project

One of the key elements of all of this work that hasbgerored in the
discussion above is the nature of the polymer surface coatingrétye Bhe polymer
coating for the array serves as the matrix for everythisey that happens. Therefore,

the performance of the polymer coating has a significant ingratiie outcome of all
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array-based reactions and signaling experiments. The iddalgoaeds to be stable
for long periods of time, stable to washing the array, compatitttetive array-based
reactions, compatible with electrochemical impedance experimants relatively
inert with respect to its non-specific binding with receptarghis regard, the agarose
coating that we have used extensively in our initial studiesaduae. It barely meets
more than one of the requirements stated abbkence, to realize our goal of using
microelectrode arrays to build and analyze addressable moldduaries, the
development of an new coating for the arrays was urgently needed.

As a result, the main focus of the work reported in this thesis is the exgptorat
of new UV-cross-linkable di-block copolymers as coatings for rtheroelectrode
arrays.

The specific objectives that will be undertaken in thiskvewe 1) broadening
the scope of Pd(0) chemistry on the affay, which will be used to test the
performance of the polymer coatings developed later, 2) synthesizegries of
UV-cross-linkable di-block copolymers and testing their perforraaasc coatings for
microelectrode array&,and 3) study the signaling behavior on these block copolymer

coatings and establish structure-property relationShip.
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Chapter 2

The Advancement of Palladium(0) Chemistry on

Microelectrode Arrays

2.1Introduction to palladium(0) chemistry on microelectrode arrays

As discussed in Chapter 1, microelectrode arrays hold great pr@sise
analytical platforms for detecting ligand-receptor inteaxgtiin “real-time™™ This
promise is based on electrochemical impedance experimentsathaiecused to
monitor the molecules (Figure 23Jhe impedance experiments work by cycling a
redox couple between oxidation at the array and reduction at a relecti®de. The
current for this process is measured at each microelectrodee iartay. When a
receptor binds a molecule on the array, a drop-off in this cuiserdcorded at the
associated microelectrode. For example, when a receptor ¢ogniees and binds to
M1 (Figure 2.1), the current at the corresponding microelectrode drgive to the
current at the neighboring microelectrode. For this to work, thesculds being
probed must be selectively located next to only the microetéetbeing used to
monitor them. If any M1 is located next to the microelectrodel ssemonitor M2,

then differentiating the binding of M1 and M2 to the receptor becomes impossible.
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Figure 2.1Plan for signaling on a microelectrode array.
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Hence, to use the arrays as analytical tools we need to degékselective”
reactions that allow us to first functionalize and then conduct sy#hesxt to any
single microelectrode or pattern of microelectrodes in an.aftese reactions must
be carefully confined to the region of the array immediaselyounding a selected
electrode without any migration of reagents to the neighborintredless, even when
the array has a density of 12,544 microelectrod€s/civen these constraints,
traditional synthetic protocols become impossible. One cannot simply besggent
and then add it to the surface of an array next to only oneahotrode. Instead,
strategies must be developed for making reagents on the arocxysgrto selected
microelectrodes and then confining the reagents to those, and only thosen$odat
do this, one needs to take advantage of the microelectrodes theniselvisating
the synthetic reactions. With this in mind, we have begun movinditnaai synthetic
methods to the microelectrode array platform by taking advarmthgecompetitive
reaction strateg$® To this end, the microelectrodes on the array are used tcagener
a reactive chemical reagent or catalyst. At the same time, a cordigemg is added to

the solution above the array in order to destroy whatever reageatabyst is being
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generated. By balancing the rate at which the reageratalyst is generated relative
to the rate at which it is consumed in solution, the distancesigent or catalyst can
migrate away from the electrode where it is generated casomigolled. Different
molecules are then placed at different locations on the arratilizng a new set of

microelectrodes for generating the desired chemical reagent (S2hEme

Scheme 2.1
microelectrode array
l functionalized reaction layer
ON @ OFF y 3
— —@) z _/
Substrate _@

Substrate
—_—

felectrolysiS electrolysis
OEF or reagent for reagent
/ | synthesis synthesis / $ ﬁ

2

"Confining agent” "Confining agent"

Due to the tremendous synthetic versatility of Pd(0) catlyge have been
working to develop them as tools for synthesis on the afraBatticularly attractive
is the potential that Heck and Suzuki-type reactions hold asgigst®r coupling
new molecules to the surface of an array. The Heck reactionligtigagain here in
Scheme 2.2) was used as the example for how an array-basédnrezn be

conducted in Chapter® The success of this strategy can be seen in Figure 2.2.
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Scheme 2.2
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Figure 2.2 A "confined" Heck-reaction on a 1-K array.

The figure shows a 1-K array (1024 microelectrode$/enith a dot in a box pattern
of microelectrodes used as cathodes (-2.4 V relative to a Pt celetaode for 300
cycles of 0.5 s on and 0.1 s off) to accomplish the reactionrdtestin Scheme 2.2.
Following this reaction, a different pattern could be placed on the samy by
simply repeating the reaction while using a new set ofrelées for the reduction of
Pd(Il). Interestingly, the Heck reactions worked beautifulishweither the aryl iodide
or the acrylate derivative on the surface of the array. The r§eteHeck reaction
(acrylate on the surface) worked in spite of the aryl palladintermediate for the
reaction being generated in solution where it would be free tcateigrApparently,

the Heck reaction on the surface is fast enough to prevent thationigrOverall, the
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reaction was extremely attractive because it enabled tieerpént of molecules by
any electrode in the microelectrode array.

Although the reactions worked well and confinement wasteasytain, there
was an underlying problem with reactions requiring longerticggad¢imes. As the
reaction time increased, the intensity of fluorescence from skécted

microelectrodes decreased (Figure 2.3).

Figure 2.3 Fluorescence image of Heck reaction: -2.4 V, time on 0.5 secamal pff
0.1 second, allyl methyl carbonate confined. Lower right: medloyylate substrate
for 6 min as blank comparison; upper right: 1-pyrenemethyl aeryteaction running
3 min; lower left: 1-pyrenemethyl acrylate, reaction running @; nupper left:
1-pyrenemethyl acrylate, reaction running 12 min.

In this image, an array is shown with four experiments run omiface. The first is
shown in the lower right portion of the array. It utilized metlylytate instead of the
pyrene-derived substrate for the Heck reaction and servedcastrol showing no
fluorescence. The second experiment is shown in the upper righteXjpésiment
was identical to the one illustrated in Figure 2.2. The reductasran for 300 cycles.
In the third experiment, shown in the lower left, the reduction wasoru800 cycles.

In the fourth, shown in the upper left, the reduction was run for 1200scyclearly,
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the intensity of the fluorescence decreased with increasamjion time. At the time,
we wondered if the methoxide generated from the reaction of thergnéigent with
the Pd(0)-catalyst was cleaving either the ester linkageeleatthe molecule on the
surface of the array and the agarose polymer or the acr\dtee @&hese initial
findings left us with three questions: Were the conditions developeuthif@ting
Pd(0)-catalyzed reactions general? Did all Pd(0)-catalyzadioas have the problem
associated with longer reaction times? How could the decreas®tefial on the
surface of the array with greater reaction time be stopped? In this chajhterttoésis,
these three questions will be answered. As we will see, theeentead to the need

for a new polymer surface.

2.2Development of the Suzuki-reaction on microelectrode arrays
The Suzuki reaction offers a potentially powerful strategy bdaicing
molecules onto arrays. Hence, it was selected as a testdorining the generality of

site-selective Pd(0)-catalyst formation (Scheme .3).
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Efforts to conduct a site-selective Suzuki reaction began witpl#tement of
4-iodobenzoic acid proximal to every microelectrode in an array. haages to the
previously studied Heck reaction were made. First, the acigidistrate for the Heck
reaction was replaced with a pyrenylboronic acid nucleophile. Secoiaa, attempt
to avoid any complications with the generation of methoxide duringetiation, the
allyl methyl carbonate was replaced with allyl acetatdhe confining agent. Allyl
acetate reacts with Pd(0) to generatentladlylpalladium(ll) species and acetate anion.
The result would be a significantly less basic solution than whecatt®nate is used.
The electrochemical part of the reaction was kept identical to therdddck reaction
with the selected electrodes (a checkerboard pattern) heiday vs the remote

Pt-electrode for 0.5 s followed by 0.1 s off. This was continued forc§o@s. The

image generated is shown in Figure 2.4a.

Figure 2.4 Fluorescence image of a site-selective Suzuki reactionh@kerboard
pattern run at -2.4 V vs. a remote Pt-electrode, (b) checkerboard patternIrim\at

The checkerboard pattern can be clearly seen, but the confinentieatrefiction was

not perfect. Weaker fluorescent spots can be observed by the mitrogés not
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utilized for the reaction. This loss of confinement is consistetit wie Suzuki
reaction being significantly faster than the Heck reactionaddress this issue, either
the rate of Pd(0) catalyst generation at the electrodeis nede decreased or the rate
of catalyst destruction in solution needs to be increased. In thés tize former
approach was chosen. The potential at the selected microelecivagdagduced to
-1.7 V, thereby reducing the current flow through the elect®lgsil and the rate at
which Pd(0) was generated. This change led to complete confinemtet reaction
to the selected microelectrodes (Figure 2.4b).

The Suzuki reaction could also be confined nicely with air as the
solution-phase oxidant. However, since the oxidation of Pd(0) witls alower than
the reaction between Pd(0) and allyl acetate, the rate ahwu(0) was generated
had to be reduced even further. In the experiment illustrated in FAduréhe Suzuki

reaction was run at a single microelectrode in an array.

E

Figure 2.5Fluorescence image of air confined Suzuki reaction run at a) -2.4 V, b) -1.7
V, and c) -1.4 V relative to a remote Pt-electrode.

Air was bubbled through the reaction mixture prior to the electslys can be seen

in Figure 2.5a, when the reaction was run at -2.4 V relative teethete Pt electrode,
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confinement was completely lost. As the current was reduced andhtin of Pd(0)
generation decreased, confinement was regained. When the vdlttdge selected
microelectrode was set at -1.4 V, the reaction was nicely rahfio the single
electrode being used. Confinement of the Suzuki reaction could alsanes dey
increasing the concentration of the confining agent. A nice example of this eppoa

illustrated in Figure 2.6.

Figure 2.6 Fluorescence image of site-selective Suzuki reaction on 12-K (ahip
checkerboard pattern run with 1-K-conditions (b) checkerboard patterwitbn
double the amount of confining reagent.

In this experiment, a 12-K array (12, 544 microelectrode’/eras used. Initially, the
experiment was run in a fashion identical to that used successfullye 1-K array
with allyl acetate as the confining agent (Figure 2.6a). In otleeds, the reaction
was run at a voltage of -1.7 W& the remote Pt-electrode. The pattern selected for the
electrolysis was a checkerboard inside of a box. Although therpatan be seen on
the right-hand side of the image, the reaction was not confined tsetketed
electrodes. To bring the reaction back into confinement (Figure 2.6bgbant of
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allyl acetate was doubled from a concentration of OMb4for the experiment
illustrated in Figure 2.6a to 1.08 for the experiment illustrated in Figure 2.6b.

Both of the previous examples illustrate the nature of the congpetitiat
leads to site selectivity on the arrays. Every site-geteotaction on a microelectrode
array involves this balancing of the rate at which a reagecatatyst is generated at
the electrodes with the rate at which it is destroyed in the solution aboveaye arr

An inverse-Suzuki reaction having the nucleophile on the surface ofrthe a
and the aryl bromide in solution could also be confined to selected teiroees in

an array (Scheme 2.4).

Scheme 2.4

| OH
% on OH go\n)@
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Pyrene MeCN:DMF:H,0=7:2:1
%O -2.4V, 600 cycles, 0.5 s
on, 0.1 s off

% fe} checkerboard pattern

To this end, a phenylboronic acid was placed next to each microdiedh a 1-K
array. This was accomplished by using a base-catalyzedfieat®mn reaction as
illustrated>’® Once the boronic acid was in place, the array was treatedawith

solution containing 1-bromopyrene and Pd(QAdQIlyl acetate was used as the
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confining agent. A checkerboard pattern of microelectrodes was tleatesl as
cathodes for reducing the Pd(ll) species and generating tilgstaf he reaction was
confined to the selected electrodes, even when the microelectrodes werte2dld/a
relative to the remote Pt-electrode. In this case, the osagti the surface of the array
was fast enough, relative to migration of the pyrenyl Pd@i8cges away from the
selected electrode, to allow confinement even with the more rapetation of Pd(0).
It is noteworthy that the unevenness of the fluorescent imagfeeipicture shown
above was due to a problem associated with the microscope, noadhierrétself. If
the upper left spots were moved into the center of the fieldvilbeld be of the same
fluorescent intensity. This is the same with Figure 2.6 as well.

With the Suzuki reaction in place, we utilized it to probe the gdibherof
observation made with the Heck reaction concerning the relationshigdretspot
fluorescent intensity and reaction time. Would extended reactimestalso lead to a
decrease in the intensity of fluorescence in the Suzuktioe@cTo address this
guestion, the reaction outlined in Scheme 2.3 was repeated at tlfie@ndi
microelectrodes on a 1-K array, varying the reaction timeaah of the sites (Figure

2.7).

Spot Relative intensity*
200 100+ 8
400 187 +11
600 204 +8

Figure 2.7 Fluorescence image of Suzuki reaction: -1.7 V, time on 0.5 second, time
off 0.1 second, 200, 400, 600 cycles, allyl acetate confined. Lowerrésiction
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running 2 min; lower right: reaction running 4 min; upper middle: reaatinning 6
min.

Following the reactions, the amount of fluorescence relative to haokdgrwas
measured for each site. The setup for the reactions was ideitea array was
coated with agarose, 4-iodobenzoic acid was placed by each ofdtuelectrodes on
the array, a voltage of -1.7 ¥& the remote Pt electrode was applied to each of the
selected electrodes for 0.5 s followed by 0.1 s with the electtoded off, and allyl
acetate was used as the confining agent. The reactions ahrdee different
microelectrodes were run for 200 (2 min), 400 (4 min), and 600 (6 mingscyc
respectively. After 600 cycles, the reaction began to lose confirieme&ery curious
observation that initially defied explanation. From the experiment, it wastbkgahe
Suzuki reactions were very fast and approach saturation of tteceiafter only 6
min. During the time of the experiment before loss of confinemente ttiel not
appear to be a loss in fluorescence at the reaction sitekoButlid the reaction lose
confinement? With a large excess of confining agent being usedatthef Pd(0)
generation at the electrode relative to the rate of Pd(Ojudéen by the confining
agent in solution should not vary significantly as the reaction pregpesVith this

guestion in mind, we began revisiting the Heck reaction for more information.

2.3Time dependence control experiments on Heck reaction
The result highlighted in Figure 2.7 led to questions about how the change

from allyl methyl carbonate to allyl acetate as the con§nagent influenced the
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reaction. The change was made to try and stop the loss ofsiteoie from the
surface of the array with time. Was the change successfulasrtine difference
observed with the Suzuki-reactions due to the change in the reaction eafrduiot
answer this question, the Heck reaction was repeated usingaadyhte as the
confining agent. Everything else was kept the same as theoreactiined in Figure
2.2 (electrode voltage of -2.4 V relative to a remote Pt eldeiretc.). As in the
Suzuki time trial, three microelectrodes in a 1-K arrayensslected for use (Figure

2.8).

Figure 2.8Fluorescence image of Heck reaction run at -2.4 V for 0.5 second followed
by 0.1 second with the electrode off. The reaction was run for 300, 600, and 900
cycles with allyl acetate as the confining agent. Lower lefaction time = 3 min;
lower right: reaction time = 6 min; upper middle: reaction time = Q min

The three reactions were run for 300, 600, and 900 cycles. As in fiex &Beck

reaction, the most intense spot was obtained for the reaction run foy&66 (lower
left). As the reaction ran longer, the fluorescent spot indicginoguct grew less
intense. Clearly, the change in confining agent did not alter e¢aetion. The
methoxide generated when allyl methyl carbonate was used waeerreason for the
decrease in product intensity with time. An inverse-Heck reacppeaed to show

similar behavior (Figure 2.9), although in this case the decreastensity was small
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enough to preclude a definitive conclusion.

agarose
B
¢
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Snot Relative intensity with |Relative intensity wit
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900 197 £ 10 95+2

Figure 2.9Fluorescence image of “Inverse-Heck” reaction -2.4 V Tim@.6rsecond,
time off 0.1 second 300, 600, 900 cycles, allyl acetate confined Loftrerelaction
running 3 min; Lower right: reaction running 6 min; Upper middle: reaatinning 9
min.

The reaction was slower, leading to an increase in intensity 8aim 6 min of
reaction time. This increase dropped off at the 9-min mark (9dés)ybut again the
effect was small. The reaction could not be continued past 900sdyetmuse of
decomposition of the agarose polymer coating the surface of the array.
Interestingly, when the product was independently synthesized, mactx
array, and then exposed to the reaction conditions, the image shown meSele

was obtained.
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Scheme 2.5
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The product was placed in a box pattern on the array. After the keackion
conditions were applied to the array, the box pattern was sidlert, but the
fluorescence had begun migrating away from the microeledrddie the Suzuki
reaction, confinement was being lost. Since the only fluorophore iredtotion was
the product placed by the microelectrodes, the loss of confinemémns experiment
provided evidence that the product from the reaction was being clé@radthe

surface of the array and then migrating to other locations.

2.4 The truth of the “Heck Reaction Story”

A much clearer picture of what was happening with the Heakiozacame to
light when the reaction was utilized for placing a peptide safestnto the array
(Scheme 2.6) by Dr. Melissae StudrtAs in the earlier experiments, the
microelectrode array was coated with an agarose polymer and4ttoelobenzoic
acid placed by each microelectrode in the central region of-la 42ay using a
base-catalyzed esterification reactfdit. The Heck reaction was then conducted in a
checkerboard pattern by using the conditions described above. The angedh the

reaction was the olefin substrate used for the transformation. $ncHse, an
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unactivated olefin was used for the Heck reaction to avoid polymierizaf the
peptide triggered by the N-terminal amine. Although Heck reacaomslower with

unactivated olefins, 4-pentenoic acid derivatives are known to undergo the réaction.

Scheme 2.6

agarose
9 PA(OAC),, PhsP, TBAB

/ MeCN:DMF:H,0=7:2:1

% | -1.7V,cycledat 0.5s % X Peptide
on and 0.1 s off
o o
O O (o] %

Surprisingly, this Heck-reaction could not be confined at allufiei@.10). The
product was added to every microelectrode in the array wheredobenzoic acid

had been placed.

Figure 2.10Heck reaction using a peptide substrate.
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The result surprised us since we know that Pd(0) is confined under ¢baditions
(see Figure 2.2 above). Attempts to place the peptide on an army as

inverse-Heck reaction met with the same loss of confinement (Figure 2.11).

O H O H O
HN L N NI
Y Hﬁg é Hﬂg D N
o
s
HN (0] HN O
HO,C O \i©\l

0
[e] (6] OH

Figure 2.11Inverse Heck reaction using a peptide substrate.

In this experiment, acrylate was placed on a 12-K array in gatterns, one a
checkerboard within a box and one a series of lines in a box. Thelgeyds
functionalized with an aryl iodide, as shown in the Figure. The imndes& reaction
was then performed using only the microelectrodes in the iithin a box pattern.
The image shows that the peptide was not only placed by the reroeles used for
Pd(0) generation but also by each of the microelectrodes in theduchesekerboard
within a box pattern. There was no evidence of confinement, even thouglagaio
we know Pd(0) is confined under these conditions (Scheme 2.4).

Clearly, a side reaction was placing the peptide on the array.theor
inverse-Heck reaction it was easy to suggest a Michaelvg@etion between the

amine nucleophile at the N-terminus of the peptide and the acoyldtee surface of
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the array. However, no such possibility exists for the Heck wmradliustrated in
Scheme 2.6. Suggestions that the reaction was catalyzing aromdiitihe amine
nucleophile to the aryl iodide were ruled out with solution-phase cordaaiions
showing that this reaction does not occur.

An alternative explanation was that placing the initial reacsiastrates on
the agarose surface using an ester linkage generated leaving gnotifgsanomeric
carbons of the sugar. The Pd(ll)-precursor for the reactialu¢hen serve as a Lewis
acid to generate oxonium ions on the surface of the array and ttigggaddition of
the N-terminus of the peptide to the agarose coating on the auely. &Sreaction
would only occur at sites having been functionalized with the irgtibktrate, giving
rise to the patterns seen in Figure 2.11.

To test this idea, a control experiment was performed byiart by taking
advantage of the chemistry developed earlier for conductingsedtetive Pd(II)-
reactions on the arraysThe experiment started by taking an agarose-coated array and
functionalizing the sugars by each of the microelectrodes witlerezoyl group
(Scheme 2.7). The functionalized array was then treated withugosobf Pd(OAc),
ethyl vinyl ether, a triarylamine, triphenylphospine, triethyilee, and
tetra-n-butylammonium bromide in a DMF, acetonitrile, water méturhe ethyl
vinyl ether was used as a confining agent to rapidly reducdd(i) in solution by
means of a Wacker oxidation. The triethylamine was presenat@sge the protons
generated during this oxidation. Previous site-selective Wackeatatmms have

shown this method to be extremely effective for confining Pd(ll) roaraay to only
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regions surrounding microelectrodes used as arf8ddgenemethylamine was then
added to the solution above the array and selected microelec{eodbsckerboard

pattern) were used to oxidize Pd(0) and generate Pd(ll).

Scheme 2.7
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As can be seen in the image shown, the amine nucleophile was addbd t
functionalized agarose surface by each of the microelectradested for Pd(Il)
generation. Clearly, Pd(ll) catalyzes the addition of amine eoptiles to the
functionalized agarose, an observation that explains the lack of coefihetrown in
Figures 2.10 and 2.11. In these previous “Pd(0)- experiments”, the whayeveas
covered with a Pd(Il) species that was then reduced atestlelgctrodes. Hence, a
Pd(Il)-catalyzed reaction would occur everywhere on the array.

Although it is tempting to suggest that a Pd(ll)-catdyaddition can be
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used to add peptides to an array using a lysine side chain, the adehtition proved
to be reversible. When an array covered with agarose was funizezhalith the
benzoyl groups in two regions and then the pyrenylmethylamine piacede of the
patterns using the site-selective generation of Pd(ll), a floenes image of the array
showed fluorescence only by the pattern of microelectrodes estlémt the Pd(ll)
reaction (the benzoyl group on the anomeric carbon is essentiakdoium ion
formation and nucleophilic addition to the surface). However, when thy amas
re-exposed to the reaction conditions minus the pyrenylmethylaanithéhe second
pattern used to generate Pd(ll), the image of the arrayeshdluorescence at the
second pattern. With no fluorescent amine nucleophile in solution, thesiheoiee
observed at the second pattern must have originated from the fieshpahis led to
a conclusion that the attachment was not stable enough for use ratgenisolated
patterns of molecules on the arrays.

In the end, we concluded that both the loss of confinement during some
Pd(0)-catalyzed reactions on the arrays and the decreasowhtwof product by the
selected microelectrodes in others were the result of the-sagad surface being not
stable to the Pd(Il) solutions used, which led to the major projed¢\we#loping new

polymeric surfaces for microelectrode arrays in the next chapter.

2.5 Solution to the unstable surface
To make the story complete, results from the next chapter doelé@achere to

further support the conclusion that the problem with the Pd-reactiassh& stability
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of the agarose surface. The polymer we developed consists ohacnyédte block
functionalized with a cinnamoyl group and a 4-bromo-substituted polpstysck

(Figure 2.12)3

0
cl
~o 20 Y40
o ;
Br O\”/\Q
o)

Figure 2.12Diblock copolymer as coating the microelectrode arrays.

The block copolymer is applied onto the array as a soluble polyraeafid then the
cinnamoyl groups are photo cross-linked in order to make the sustable and
insoluble. The bromo-substituted polystyrene block is used to providehratat

points for fixing molecules to the surface of the arrays. Uirggpolymer, substrates
are attached to the surface in a manner that cannot be relediyed. Hence, if the
issues with the Heck reaction are due to cleavage of the privpdocthe surface of
the array, then they should not be a problem when the diblock copak/eraployed

as the porous reaction layer. This proved to be the case (Figure 2.13).

:
Ao~z 5

Pd(OAc),, PhsP, TBAB
MeCN:DMF:H,0=7:2:1
-2.4V, 0.5so0n,0.1s off
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Spot Relative intensity*
300 100 = 5

600 118 + 3

900 235 = 10
1800 296 = 9

Figure 2.13Fluorescence image of Heck reactions run on the PBrSt-b-CEMacsur
The reactions were run by cycling selected electrodes on at -240/5 s and then
off for 0.1 s. Lower left: reaction run time = 3 min (300 cycldeyyer right:
reaction run time = 6 min (600 cycles); upper middle: reaction nu@ # 9 min (900
cycles); middle: reaction run time = 18 min (1800 cycles).

When the Heck reaction was repeated, varying the number ofscystd for the
electrolysis, the intensity of product fluorescence by the seledectrodes continued
to increase with increasing reaction time. There was ncedgerin intensity, even
after an 18-min reaction. Previous reactions could not be conductedsféertbth of
time because of agarose decomposition (delamination from the suacearly
identical result was obtained when the same experiment wastegpesing the

Suzuki reaction.

2.6 Conclusion

Two different Pd(0)-catalyzed reactions have been conducted stehaelly
on microelectrode arrays: the Heck and Suzuki reactions. It was fioainthe Suzuki
reaction is faster and requires either lower currents to retheegate of Pd(0)
generation or greater amounts of a solution-phase oxidant to maiotdinement of

the reaction. Although both reactions proceeded well at shoriaednhes, in the

46



initial studies both had problems when the reactions were run forripegeds. In

the case of the Heck reaction, the product was cleaved from flaeesof the array
with longer reaction timegnd for the Suzuki reaction confinement on the array was
lost with time. The use of a peptide substrate containing annNA&r amine shed
light on the chemistry involved with these changes. When an ageoated array
was functionalized with substrates using an ester linkage, )Pcithlyzed the
formation of oxonium ions on the surface of the array. This alloweddition of

the amine nucleophile to the agarose on the array, a reactibncabld be
accomplished site-selectively by controlling the synthesis @fll)P With this
knowledge, a non-sugar-based porous reaction layer was used to coat and
functionalize the array. Using this more stable surface, both duk lHnd Suzuki
reactions showed normal behavior with longer reaction timesjnigao greater
amounts of product on the array with no loss of confinement. The use®fdpdihe
microelectrode arrays is quickly becoming one of the manthsyic tools available

for developing addressable molecular libraries.

2.7 Experimental procedure

General experimental procedures

Materials

All materials were used as purchased from Aldrich without fuplieification unless
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otherwise indicated.

Characterization
Fluorescence microscopyvas carried out with an Olympus IX70-S1F2 microscope
connected to an Olympus BH2-RFL-T3 burner and an Olympus CAMEDIA C-5060

camera. Exposure time usually ranges from 1/3 s to 2.5 s. Térs fiised are listed

below:
Position Manufacturer Catalog# Color Data
31057 Ex. = 360_+40 nm
Chroma
WB Pyrene Blue Mirror = 400 nm
Technology
C61722 Em. = 480 +60 nm
UN31004 Ex. =560 +40 nm
Chroma
Blank #1 Texas Red/Cy3.5 Red Mirror = 595 nm
Technology
C52285 Em. = 630 +60 nm

Ex. =500 +25 nm
Blank #2 Omega Optical XF105-2(BX19) Yellow Mirror =525 nm

Em. =530 nm

Ex. =510 — 550 nm
WG Olympus U-MWG Red Mirror = 570 nm

Em. =590 nm
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'H and *C NMR spectra were recorded by using Varian Mercury 300 spectrometer

with CDCl as solvent.

FT-IR spectra were obtained using a Perkin Elmer Spectrum BS FT-IR System

spectrophotometer.

Images used for fluorescence quantificationimages were taken with an EXFO
X-CITE lamp at 50% power and a FITC filter with excitatiwsavelengths of 465-495
nm and emission at 515-555 nm. The images are 12-bit with 3x3 or 4x#dand

exposure time of 300 ms to 1 sec.

Sample procedure for coating arrays with agarose:

The microelectrode arrays were coated with a spin-coatddBIONS-400B-6NPP/
LITE. The chip was inserted into a socket in the spinner and adjosbedhorizontal,

and then three drops of 0.03 g/mL agarose solution in 9:1 DMF/wateraddez

onto the chip in order to cover the entire electrode area. The chifhem spun 2000

rpm for 45 s. The coating was allowed to dry for 2 h before use.

Sample procedure for coating arrays with block copolymer:
The microelectrode arrays were coated with a spin-coater MODEUOUB-6NPP/
LITE. The chip was inserted into a socket in the spinner and adjusted to be horizontal,

and then three drops of 0.03 g/mL block copolymer solution in 1:1 xylene/THF were
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added onto the chip in order to cover the entire electrode area. The chip was then spun
1000 rpm for 40 s. The coating was allowed to dry for 15 min and subjected to

irradiation using a 100 W Hg lamp for 20 min before use.

oy

Example coupling of the succinimidyl 4-iodobenzoate to the agarose polymer:

To a 1.7 mL Eppendorf tube was added a DMF solution (1Q0of succinimidyl
4-iodobenzoate (6.9 mg) and a MeOH (1.5 mL) solution of vitamin(B8 mg) and
BusNNOs (12.2 mg). The mixed solution was vortexed for a few seconds anchthen t
chip immediately inserted. Selected cathodes were turned on at +2l4tiVe to a
remote platinum counter electrode using a 0.5 sec on and 0.1 sec of$eulence
for 600 cycles. Following that, the chip was repeatedly washed Wik and then
used for further reactions. For the 12-K microelectrode arthgsarray was coated
with agarose and then submerged in the solution prepared abovee&electrodes
were used as cathodes by pulsing them at a voltage of —1.7 V retataveemote
platinum cap for 150 seconds. The array was then repeatedly wagheethanol

before examination using a fluorescence microscope.
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Example of the Heck reaction on chip:

Pd(OAc» (0.18 mg), 0.63 mg of PBh20.0 mg of BuNBr, 5.0 mg of
pyrene-1-methyl acrylate, 284l of EtzN, and 10QuL of allyl methyl carbonate were
dissolved in a 2:7:1 DMF/MeCNA4® solution (1.5 mL). The chip loaded with aryl
iodide was submerged in this mixed solution and selected cathodepuwiszd at a
voltage of -2.4 V relative to a remote platinum counter electrod®.6 sec on and
0.1 sec off. After allowing the reaction to proceed for 3 nfig,dhip was repeatedly
washed with EtOH and prepared for pyrene-based fluorescent andlgsi reaction
condition using allyl acetate as confining agent is identicahéoabove procedure
except that 10Q.L allyl acetate was used as the confining agent insteadlybf a
methyl carbonate. For the 12-K microelectrode arrays, treey avas loaded with
iodobenzoate and then submerged in the solution prepared above.dSelect®des
were used as cathodes at a voltage of —1.7 V relative to aer@hathum cap for 150
seconds. The array was then repeatedly washed with ethanol before examinagion usi

a fluorescence microscope.

g Pyrene
o T
$ 0

Example of the Suzuki reaction on chip:
Pd(OAc)» (0.18 mg), 0.63 mg of PRh 20.0 mg of BuNBr, 5.0 mg of
pyrene-1-boronic acid, 280 of EtsN and 10QuL of allyl acetate were dissolved in a

2:7:1 DMF/MeCN/HO solution (1.5 mL). The chip loaded with aryl iodide was
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submerged in this mixed solution and selected cathodes were pulsedlsge of
—1.7 V relative to a remote platinum counter electrode for 0.5 saa.1 sec off.
After 3 min, the chip was repeatedly washed with EtOH and prdpdor
pyrene-based fluorescent analysis. For the 12-K microelectnodgs, the array
loaded with iodobenzoate was submerged in the solution prepared abovefexcept
the amount of confining agent used being doubled. Selected electrodeassdras
cathodes at a voltage of —1.7 V relative to a remote platinunocdm® seconds. The
array was then repeatedly washed with ethanol before exapmnaising a

fluorescence microscope.

g Pyrene
o T
$ 0

Example of the Suzuki reaction on chip with air as confining agent:

Pd(OAc» (0.18 mg), 0.63 mg of PBh20.0 mg of BuNBr, 5.0 mg of
pyrene-1-boronic acid, and 28.@L of EtN were dissolved in a 2:7:1
DMF/MeCN/H,O solution (1.5 mL). Air was then bubbled through the mixture for 1
min. The chip loaded with aryl iodide was submerged in this mixedi@oland
selected cathodes were pulsed at a voltage of —1.4 V relataeadmote platinum
counter electrode for 0.5 sec on and 0.1 sec off. After conductingettteoglsis for 3
min, the chip was repeatedly washed with EtOH and prepared feng¥pased

fluorescent analysis.
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4-((2,5-dioxopyrrolidin-1-yloxy)carbonyl)phenylboronic acid (1)

A 25 mL round bottom flask was charged with 4-carboxyphenylboroidc(@®83 g,

0.50 mmol), N-hydroxy-succinimite (0.069 g, 0.60 mmol), and a solution of
N,N’-dicyclohexyl-carbodiimide (DCC) (0.144 g, 0.7 mmol) in 10 mL DMRs
slowly added into the flask. The resulting solution was stirred ferrmght. The
reaction solution was added with water and extracted three vitlesliethyl ether.

The organic extracts were combined and washed with water andarthdried over
MgSO, and then concentrated irnvacuo The crude material was then
chromatographed through a silica gel column using a solvent of 30&thédax ethyl
acetate as an eluant to afford 0.074 g desired product (74%) as sotoystsl.*H

NMR (300MHz, THF)$ 8.21 (dd, 7.8 Hz, J2=31.5, 2H), 8.02(dd;=7.8 Hz,
J2=31.5, 2H), 7.55(s, 1H), 2.84(s, 4H5C NMR (75MHz, THF)s (170.2, 163.1,
135.4, 135.3, 130.1, 129.9, 128.1, 127.8, 26.5); FT-IR (neat) cm-1(3367.7, 2256.9,
2129.2,1768.7, 1733.8, 1649.7, 1408.5, 1376.6, 1210.5, 1047.6, 1025.2, 998.0, 827.0,
765.5, 632.7) ; LRMS: m/z (ESI1303.2, 286.0, 226.2, 225.7, 225.1; HRMS (&SI

(IM+Na]") calc. 286.0493, Found 286.0500.

OH
§ II3\OH
gop

¢ 0
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Example coupling of boronic acid substituted succinimide ésr to agarose
polymer:

To a 1.7 mL Eppendorf tube was added a DMF solution (10Q0of the 4-boronic
acid substituted succinimide ester (6.9 mg) and a MeOH (1.5 mL)@ohitivitamin

B12 (2.8 mg) and BiNNO;3 (12.2 mg) were added respectively. The mixed solution
was vortexed for a few seconds and then the chip was immedradelyed into this
solution. Selected cathodes were turned on at —2.4 V relative tocserg@hatinum
counter electrode using 0.5 sec on and 0.1 sec off pulse sequence foyck30
Following that, the chip was repeatedly washed with EtOH and wsetid Suzuki

reaction.

g Pyrene
o T
$ 0

Example of the inversed Suzuki reaction on chip:

Pd(OAc)(0.18 mg), 0.63 mg of PRh20.0 mg of BuNBr, 5.0 mg of 1-bromopyrene,
28.0uL of EtzN and 10QuL allyl acetate were dissolved in a 2:7:1 DMF/MeCMNH
solution (1.5 mL). The chip loaded with aryl boronic acid was submargehis
mixed solution and selected cathodes were pulsed at a voltagedo¥ relative to a
remote platinum counter electrode for 0.5 sec on and 0.1 sec off. Follokeng
reaction for 6 minutes, the chip was repeatedly washed with BEt@Horepared for

pyrene-based fluorescent analysis.
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Example coupling of the succinimidyl acrylate to agarose polymer
To a tube of 1.7 mL, a DMF solution (100) of succinimidyl acrylate (6.9 mg) and a
MeOH (1.5 mL) solution of vitamin B (2.8 mg) and BiANNO; (12.2 mg) were
added respectively. The mixed solution was vortexed for a few seaodddhen the
chip was inserted into this solution immediately. Selected cash@wdee turned on at
—2.4 V relative to a remote platinum counter electrode using 0.5 ssswdhl1 sec off
pulse system for 600 cycles. Following that, the chip was repeatetiiied with

EtOH and used for further reaction.

:
éo\g/\rr Pyrene

Example of the inversed Heck reaction on chip

0.18 mg Pd(OAg) 0.63 mg PPh3, 20.0 mg BuBr, 5.0 mg 1-bromopyrene, 2840
EtzN and 100.QuL allyl acetate were dissolved in a 2:7:1 DMF/MeCpIHsolution
(1.5 mL). The chip loaded with acrylate was submerged inntied solution and
selected cathodes were pulsed at a voltage of —2.4 V relataeadmote platinum
counter electrode for 0.5 sec on and 0.1 sec off. Following thear&at 6 minutes,
the chip was repeatedly washed with EtOH and prepared for pyeseel fluorescent

analysis.
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(E)-2,5-dioxopyrrolidin-1-yl  4-(3-oxo-3-(1-pyrenemethoxy)prop-1-enyl)bemoate

A 250 mL round-bottom flask was charged with 1-pyrenemethyflater (0.823 g,
2.88 mmol), 4-iodobenzoic acid (0.694 g, 2.80 mmolyN&r (1.805 g, 5.60 mmol)
and Pd(OAQ) (0.189 g, 0.84 mmol) under argon. Then a mixture of 100 mL DMF, 12
mL EN, 12 mL HO was degassed with argon for 2 min and injected into the flask.
The resulting solution was stirred over night at room temperattie rdaction was
guenched with M HCI and product was extracted with ethyl acetate and washed with
brine to remove DMF. Due to the difficulty of purification of trrhed acid, the
crude product was directly used as the starting material for the ougling step. The
crude unpurified acid product was dissolved in 30 mL DMF along with
N-hydroxy-succinimite (0.386 g, 3.36 mmol) and N,N’-dicyclohexyl- carloidie
(DCC) (0.809 g, 3.92 mmol). The mixture was stirred for 24 h at roorpeiature.

The reaction mixture was then filtered, extracted with etlogtate, and washed with
brine. The crude product was then chromatographed through a silicalg®in using

a solvent of 30% hexane in ethyl acetate as the eluant to &f@v@ g desired
product (20% for two steps total) which could be recrystallizedthyl eacetate/
methanol to give a light yellow crystdH NMR (300MHz, CDC}) & 8.33 (d, J=9.0

Hz, 1H), 8.13 (m, 10H), 7.72 (d, J= 15.9 Hz, 1H), 7.56 (d, J=8.1 Hz, 2H), 6.59 (d,
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J=15.9, 1H), 5.98 (s, 2H), 2.87 (s, 4K}C NMR (75MHz, CDCJ) § 169.1, 166.1,
161.2, 143.0, 140.3, 131.8, 131.1, 130.9, 130.6, 129.5, 128.5, 128.3, 128.1, 127.8,
127.3, 126.1, 126.0, 125.5, 125.4, 124.8, 124.6, 124.5, 122.8, 121.3, 65.1, 25.6);
FT-IR (neat) crif(3324.2, 2926.5, 2849.3, 1768.7, 1737.9, 1624.2, 1414.0, 1366.0,
1311.4, 1240.9, 1166.7, 1068.9, 997.2, 847.3, 729.2, 642RWS: m/z (EST) 526.1,

537.4, 542.1, 543.1; HRMS (ES$([M+Na]") calc. 526.1267, Found 526.1244.

o> Pyrene
: N

o

¢ 0

Example of the azobenzene coupling reaction on chip:

Activated esterl (6.9 mg), 32.2 mg of BNBr, and 1.5 mg of azobenzene were
dissolved in 1.5 mL of MeCN in an eppendorf tube. The chip was pre-wastred
water and ethanol and then directly inserted (before drymg)the solution prepared
above. Selected cathodes were pulsed at a voltage of -2.0 V rdatavegemote
platinum counter electrode for 0.5 sec on and 0.1 sec off. After 3 Imirchip was
repeatedly washed with EtOH and prepared for further reactimisg the

Heck-conditions.

§ X beptide
o LT
¢ 0

Example of the Heck reaction on 12-K chip using a peptide substrate:

57



The procedure for conducting a site-selective Heck reaction onka drfay was
followed, except 10Q.L of a 10 mM solution of peptide inB was used as the

solution-phase substrate instead of the 1-pyrenemethyl acrylate.

:
O X Peptide
o

Example of the inversed Heck reaction on 12-K chip using a peptide subate:

A solution of 8.2 mg succinimidyl acrylate was dissolved in I0®MF ina 1.7 mL
Eppendorf tube. To this solution was added 1.5 mL of MeOH containing 2.77 mg
Vitamin B2 and 13.6 mg of tetramethylammonium nitrate. The array was expmsed
100uL of the reaction solution and selected electrodes in a large Wierekapplied a
voltage of -1.5 V relative to a remote platinum cap for 60 sec.chipewas washed
with ethanol and water and let to dry. For the Pd reaction, a soluasrprepared
containing 10Q.L of a 10 mM solution of the peptide in water, 0.18 mg of Pd(@Ac)
0.63 mg of PPH 20.0 mg of BuNBr, 28.0uL of EtsN in a 1.7 mL Eppendorf tube. A
2:7:1 DMF/MeCN/HO solution (1.5 mL) was added to the tube. The array was
exposed to 10@L of this solution and selected electrodes in a checkerboardrpatter
were applied a voltage of -1.2 V relative to a remote platinum cap for 60 sechiphe
was washed with ethanol, water and, ethanol and then visualized fiitrescence

microscope.
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Example coupling of the succinimidyl benzoate to agarose polymer:

To a 1.7 mL Eppendorf tube was added a DMF solution (AQ0of succinimidyl
benzoate (6.9 mg) and a MeOH (1.5 mL) solution of vitamip .8 mg) and
BusNNOs (12.2 mg). The mixed solution was vortexed for a few seconds anchthen t
chip immediately inserted into this solution. Selected cathodestwered on at —2.4

V relative to a remote platinum counter electrode using a 0.5 sand0.1 sec off
pulse sequence for 600 cycles. Following that, the chip was repeatasityed with

EtOH and used in subsequent reactions.

% OBz
H
—O/%OG/N¥
rene
g BzO OBz py

Example of Pd(ll) catalyzed addition of an amine under Wacker oxidation

condition:

Pd(OAc) (32 ug) and 1.39g of tris-(4-bromophenyl) amine were dissolved in 1.6
mL of 0.5M tetraethyl ammonium p-toluenesulfonate solution of MeCpD K7:1).
Ethyl vinyl ether (83uL) was added and the solution was vortexed for 3 min. The
chip was inserted into this solution and selected electrodespubsed at +2.4 volts
relative to a remote platinum counter electrode for 0.5 sec and w05 sec. The

cycles were repeated for 300 cycles. Then the chip was dagitle ethanol and
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water and ethanol and visualized with a fluorescence microscope.

% : _Pyrene

:

Example of the Suzuki reaction on the block copolymer:

A mixture of 0.18 mg Pd(OAg) 0.63 mg PPH 20.0 mg BuNBr, 15.0 mg
pyrene-1-boronic acid, 284L EtzN and 100.QuL allyl acetate was dissolved in a
2:7:1 solution of DMF/MeCN/BD (1.5 mL). For the 1-K microelectrode arrays, the
array coated with the block copolymer was submerged in the solutidnthan
selected electrodes used as cathodes by pulsing them aagewaiit—2.0 V relative to
a remote platinum counter electrode for 0.5 sec on and 0.1 sec off 3Aften, the
chip was repeatedly washed with acetone and DMF and preparegrémefhased

fluorescent analysis.

0

§§ [ ]“ \)J\O/\Pyrene

:

Example of the Heck reaction on the block copolymer:

A solution of 0.18 mg Pd(OAg) 0.63 mg PPh 20.0 mg BuNBr, 15.0 mg
pyrene-1-methyl acrylate, 280 Et;N and 100uL allyl acetate was dissolved in a
2:7:1 solution of DMF/MeCN/BD (1.5 mL). For the 1-K microelectrode arrays, the

array was coated with the block copolymer, submerged in the solutide afeve,
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and then selected electrodes used as cathodes by pulsing themltage of —2.0 V
relative to a remote platinum counter electrode for 0.5 sec on andddif sAfter 3
min, the array was repeatedly washed with acetone and DMhamexamined with

the use of a fluorescence microscope.
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Chapter 3

The Development of New Polymeric Coatings for

Microelectrode Arrays

3.1Introduction to polymer coatings for microelectrode arrays

As mentioned in the last chapter, microelectrode arrays hold g@aise as
platforms for monitoring ligand-receptor binding events in “real-tirker this reason,
we have been developing the synthetic tools necessary forkkttirgely building
and placing molecules by the Pt-microelectrodes in aweas@miconductor array.
Key to this work is coating the arrays with a porous reactioer lthat allows for the
attachment of substrates or completed library members to tfezewf the arrays
proximal to the microelectrodes. To date, both agarasd sucrosehave been used
for this purpose. Both approaches have significant weaknesses. aséhef@agarose,
the polymer coating is unstable. It delaminates from the surfabe aftay with time,
dissolves in a variety of solvents, and reacts with a number ok#gents used to
perform site-selective synthesedsor this reason, agarose is mainly used as a
“practice-polymer” for studying new reactions on the arrayse Tuse of a
sucrose-based coating solves these problems by providing a stafdee sfor
generating functionalized arrays. However, like agarose thesaicoating provides
a polyhydroxylated surface on the array. This surface litiis use of the
microelectrode arrays for monitoring the behavior of small nutdsc that are

synthesized by constructing core scaffolds and then diversitiyagngcaffolds through
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the use of protected amine and alcohol functional groups. In addition, pgeparin
stable sucrose surface requires special cleaning and handlihg afi¢roelectrode
array performed in a clean room.

With these things in mind, we sought to develop a new approach to cibeting
arrays that would allow for customization of the surface. Any poreastion layer
developed needs to be chemically inert, stable to multiple reatépa and washings,
functionalized in a manner that allows for site-selective fitcadion proximal to the
microelectrodes in the array, and porous enough to allow for botmoeleemically
mediated synthetic reactidrifsand electrochemical impedance experinfétsin
addition, preparation of the coating needs to be general so thatbedailored for
specific uses in the future. To this end, it appeared that artBs-linkable di-block

copolymer like the one illustrated in Figure 3.1 might be ideal.

X = Cl, Br, |, B(OH) B(OR), OTf, OH, NH, etc

Figure 3.1 Di-block copolymer strategy with a functionalized block foaetiiment of
the substrates and a UV-cross-linkable block for attachment to the arragesurf

One block in the polymer could be used to fix the polymer to the surface of the

array, and the second used to provide attachment points for substrdtesdsulting
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surface. To fix the polymer to the surface of the array, tisé liiock of the polymer
was designed to employ of the cinnamoyl-substituted polymetheer(lPlCEMA)
strategy developed by Guojun Liu and co-worKeFhis chemistry takes advantage of
the photochemical dimerization of the cinnamoyl groups to provide syatalithe
coating. The key question for this strategy was whether thétingsnonconductive,
cross-linked copolymer would be porous enough to allow for both the
electrochemically mediated reactions needed for placing moteauiethe surface
proximal to the microelectrodes and the electrochemical impedamrperiments
needed for monitoring ligand-receptor interactions on the afrays.

To fix molecules to the surface of the array, the second blotikedtia
4-substituted styrene starting material. This provided a handleeosutface so that
Heck, Suzuki, and Cu(l)-catalyzed reactforesuld all be used to add functional

groups to the array.

3.2 Surface conditions on the microelectrode

Before applying any coating to the microelectrode array ceyfat is
important to know the surface properties of the microelectrode.shhpe of the
electrodes, the material that the electrodes are made ofsntieethness of the
electrode surface, and other properties may all affect thalbperformance of the
coatings.

To begin, we currently use one of two types of microelectrodgsarihe 1-K

arrays have a density of 1,024 electrodesf,camd the 12-K arrays have a density of
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12,544 electrodes/cmThe diameter of an electrode in a 1-K array is aroundn®2
and the distances between the electrodes are 245 apth33ice the individual cells
are rectangular. The diameter of an electrode in a 12-K &reround 44:m, and the
distance between the electrodes i3:/88 as the cells are square. So the surface of the
array is comprised of both electrodes and the regions betweesiettteodes. Two
guestions arise about such a setup: what is the nature of theesurfbetween the
electrodes and is the surface of the electrode smooth or unevenheiturface
between the electrodes elevated or recessed relative to the eléttrodes

The answers to these questions lie in the fabrication proces$eof t
microelectrode arrays. The array was fabricated byrilayedifferent layers of
materials on top of one another, including the matrix, the circuigldwrodes and a
protective layer. The last two steps of the layering have the most impde sarface.
They are accomplished by first putting the platinum electrodes dotothe array
and then covering the whole array with a passivation layer made & ceramic,
corrosion-resistant material, namely silicon nitride. The ailioitride immediately
above the electrode is then removed with a laser to expose the platinum eldd¢teode
area in between the electrodes remains protected by silit@heniThus, to answer
the first question, the material on top of the electrode should miaalglatinum.
However, a small amount of silicon nitride residue most liketpains on top of the
platinum electrode. With respect to the second question, the elestrddee is at a
level lower than the surrounding silicon nitride surface. This cavbberved in an

AFM image of the array (Figure 3.2). Since only 12-K arrayajgable of performing
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electrochemical signaling experiments, only the 12-K astajace was investigated

in this manner.

1000 nm

500 nm

0nm

40

Figure 3.2 AFM image of the electrode surface and the areas in between t
electrodes on a 12-K microelectrode array slide.

Based on the AFM image, it can be estimated that the deptieofell in
which the electrodes reside is around Qrb. This is a very important piece of
information for coating applications, as the thickness of coatingsl cange from a
few nanometers to a few micrometers. If the coating is theny say less than 50 nm
thick, then the height difference between the inside and the oofside well would
still persist after the coating is applied. In contrastef ¢oating is very thick, greater
than 5 micrometers, then the coating will fill in the well anveéreout the surface.
Either way, the coating conditions will become more complicatedchwine polymer
surface is spin-coated onto the array. Spin-coated surfacesharently thinner at the

center of the spinner than towards the edges.
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Although there are potential problems that could arise from thessesisthe
key properties of any surface used are electrochemical. Ddiffeeences caused by
the unevenness of the surface have negative effect on the unifofrtity reactions
over the array as well as the reproducibility of electrochainsignaling experiments?
If the answer to this question is no, then the differences atimesarray will not
matter.

Another detail about the AFM image shown above is the straigist thva cut
across the entire array including the surface of the elextrodhese lines indicate a
finer secondary structure associated with the surface of tag dihis is better seen
with an image showing a higher magnification of the surfacgu(Ei3.3a), as well as
a 3D-image of the surface (Figure 3.3 b) which clearly shoasvgs on the surface
of the array. The average depth of the groove is around 200 nm, whileetfaga
width of each “hill” is 3um. So the groove is actually not as steep as the figure shows.
According to information obtained from CombiMatrix, the uneven sarfacaused
by the wiring of the circuit during manufacture process. This unegsnoan be
removed and the surface made more even, but such efforts did navémime
electrochemical performance of the microelectrode array. diéather processing of
the array was skipped in order to reduce fabrication costs. Asheitbresence of the
wells associated with the electrodes, the grooves on the array dprobsems for
coating the arrays. Fortunately, the variations did not influemeg@érformance of

the surfaces as we will see later.

74



a) b)

Sectional Analysis

nm

(=]
o-

ARTARYAR

0

200

pum
2D height image Spectrum

Y

DC Min

Figure 3.3a) Magnified image of the surface inside the electrodel”wihe uneven

surface is caused by the wiring of the circuit during manufacprocess. b) A
3D-image of the electrode surface.

3.3Background information on the PSt-b-CEMA di-block copolymer

The idea of using a UV-cross-linkable di-block copolymer origindtech
Guojun Liu's work and their use of a di-block copolymer comprised of a polystyrene
(PSt) block and a poly(2-cinnamoyloxyethyl methacrylate) (P@EMlock. This
PSt-b-PCEMA block copolymer has several properties that make [erfect
candidate for coating an array. First, although not mentioned in the origipef the
PCEMA block can be cross-linkethy a photo [2+2] cycloaddition (Scheme 3.1) to
form a very stable polymer network. This polymer is insoluble inteolsents and
should therefore stay on the array once the crosslinking step bascbmpleted.
Second, when a solvent mixture is used that is comprised of one sblfedissolves

both blocks and one solvent that dissolves only one block, the block copolyiner wi
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form a polymer brush structure on the surface. The insoluble blocthét second
solvent) is placed next to the surface and the soluble block expmskd solution
(Figure 3.4). For our purposes, such a system can be used to pl&&ERA block
of the di-block copolymer next to the surface. This would leave theidmatized
styrene block of the polymer exposed to the solution so that ibeidasier to attach

the substrates.

Scheme 3.1

OHO OHO

0._0

~ Soluble block

Insoluble block

Figure 3.4 Brush structure formed by using a mixed-solvent solution of dikbloc
copolymer, image courtesy bfacromoleculesACS Publication.

However, there were also some drawbacks associated with thessymathihe

PSt-b-CEMA block copolymer in this paper. First of all, the blockobpper was
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synthesized with anionic polymerization, which is notorious for iteeex sensitivity
to moisture and impurities. Second, a TMS protected 2-hydroxyethylacrglate
(HEMA) monomer was used instead of HEMA itself, (Scheme 3.2habthe free
hydroxyls would not terminate the anionic polymerization. This approaclomipt
increased the steps needed to make the final CEMA block, butagéded the cost of

the HEMA monomer greatly.

Scheme 3.2
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To take advantage of this block copolymer, there were several quetstains
needed to be answered. First, will the block copolymer form a brusitse on the

surface of the array, and is such a structure really necdssayr needs? Second, is
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there a better way to make the polymer instead of anionic pakatien? Third, will
a new method for synthesizing the polymer allow HEMA to be usexttti in the
polymerization as a monomer or will it still need to be protected?

The first question could not be answered in a simple manner. As mehtione
Section 3.2, the array surface is not smoBtren if the block copolymer can form a
brush structure on the surface, it will not change the uneven natihe curface
because such brush structures typically involveare only a sirayer |of
self-assembled polymer. So how effective will the surfazaticg be? This is a
guestion that can only be answered by testing it.

Fortunately, the second question is simple to answer. Back in 1lgel680s,
living radical polymerization techniques were still at infanoy, tee controlled
polymerizations of vinyl type monomers were still dominateddtjoaic and anionic
polymerization. However, about the same time Liu’s paper was petlisVang and
Matyjaszewskieported the first atom transfer radical polymerization (RJRwhich
started a large effort to capitalize on “living” radical pognmations. More than a
decade later, “living” polymerization techniques, including ATRP,FRAand NMP
have become the predominant methods to synthesize the vinyl-type block copolymers.
Since styrene and methacrylates are substituted vinyl monomers, tisdrttl@vdoubt
when we started that the desired PSt-b-CEMA block copolymer couidaoe by
living radical polymerization. Compared to anionic polymerizationngjvradical
polymerization has a lot of advantages. The most important of ihéseolerance of

impurities and water. A number of the living radical polymeraaican actually be

78



accomplished in watéf. Since the use of ultra pure monomers and ultra dry solvents
is not required for living radical polymerization, the reactionssagrificantly easier
to perform.

To answer the third question, a brief search in the literaturealezlghat
HEMA can be polymerized directly as an unprotected monomer both AFIRP"
and RAFT approaché$. Since living polymerizations, especially RAFT
polymerizations are quite tolerant of functional grotidéa wide range of monomers
with unprotected functional groups such as the hydroxyls in the HEAM&, as well

as amino groups and carboxyfitacid groups can be used.

3.4 A Brief Introduction to “Living” Radical Polymerizations (LRPS)

Radical polymerization has been one of the most widely used profestes
commercial production of high-molecular-weight polymers. ltsdlpm@nant role in
the production of vinyl type polymers is due to its tolerance of fanati groups,
different reaction conditions and impurities, and ease of operation. léovileere are
two major drawbacks of conventional radical polymerization (CRP3t,Ft is very
difficult to precisely control the molecular weight, as wedl the molecular weight
distribution of the product polymer with CRP. Second, the ability to no#kerent
polymer structures like block copolymers, brush copolymers, staedhpolymers
and so on is very limited due to its irreversible termination mechanism.

However, this situation greatly improved when living radical polynagion

(LRPs) techniques appeared in the mid-1988%The most utilized LRP techniques
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are Nitroxide Mediated Polymerization (NMP), Atom Transfer diRal
Polymerization (ATRP), and Reversible Addition-Fragmentationineheansfer
radical polymerization (RAFT). Although mechanistically difigreall living radical
polymerizations employ the same concept in their development, thge usfa
reversible termination/capping.

The mechanistic differences between conventional and living pabatien
are illustrated in Scheme 3.3. The most important differend¢batswith CRP the
growing polymer chain is terminated irreversibly by radiedombination, radical
disproportionation, or chain-transfer (Scheme 3.4). With a living radical

polymerization the growing polymer chain is terminated reversibly.

Scheme 3.3

Conventional Radical Polymerization

. initiation . ~monomer termination .
i i* P ————— » dead chain

()

monomer

Living Radical Polymerization

Initiation . ~monomer
1 Prr —— Pn-X

()

monomer
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Scheme 3.4
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By predominantly keeping the growing polymer chain in a dormant capped
state, living polymerization techniques greatly reduce the condentraf active
radicals in the reaction mixture. This reduces the rate ofeirséle termination
events illustrated in Scheme 3.3. Two advantages are gained. iRestilge radical
concentration is low, the rate of initiation is usually muchefashan the rate of
propagation, so all polymer chains start to grow at about the ttamand grow at a
similar rate, resulting in a much narrower molecular wedistribution. With CRP,
propagation is faster than initiation, thus when a chain is initi#tted|l propagate
rapidly and reach high molecular weight in a short time, and tkemirtate
irreversibly. Then another chain is initiated and follows theespathway. A diagram
shows the difference between conventional and living radical polyatiem on the
change of molecular weight vs. the reaction time is shown in é&igL. It is very
obvious that by using LRP, the molecular weight can be strictlyrated by the

initial monomer/initiator ratio and the conversion of the reactiarchScontrol is

81



much less effective with CRP.

The other advantage of the LRP over CRP is the ability to roajelymers
with complex structures. Because the capping group on the chain end gfreempol
made by LRP can be initiated again under proper conditions, the patyatksr from
LRP techniques can serve as a macroinitiator to trigger timeafmm of a second
polymer on the end of the first. With such strategy, block copolynsrde easily
made with well-defined molecular weight and block ratios. In tamdi with
multi-functionalized initiators and initiator-containing monomers, mooenplex

structures like star-shaped polymers and graft copolymers can be made.

Molecular Weight
Molecular Weight

0% Monomer Converstion 100% 0% Monomer Converstion 100%

Figure 3.5Diagram of molecular weight vs. monomer conversion of a) Livingahdi

polymerization; b) Conventional radical polymerization.

As mentioned before, the most utilized LRP techniques currerd ABRP,

RAFT and NMP. The reversible termination group employed in eadinitpe is
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different, but the principle is similar. For ATRP, the initeij propagation and
reversible termination is illustrated in Scheme 3.5. The reéblerggrmination group
employed in ATRP is usually bromide or chloride. Copper-basesd ast common

catalysts, although palladium and rhodium-based ATRPs have also been rEported.

Scheme 3.5
o Cu(hBr
Initiation:. R-Br ———— R- * Cu(ll)Bry
ligand

Ri—\
Propagation. R- R R/ﬁ' - .

Pn*
R4
R1ﬁ\
Cu(l)Br,
Reversible termination: P ——=—— Pn—Br *+ Cu(l)Br

Similar to ATRP, NMP uses strategy of reversible tertimmawith a stable

nitroxide radical. (Scheme 3.6)

Scheme 3.6

Initiation: R N -~ R+ N

R1—\\
O\ /R"
N
R' /O\ /R"
Reversible termination: Pn’ — =~ Pn N
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Compared to the previous two examples, the mechanism of a RAFT
polymerization is somewhat different. The concept introduced by RakFaversible
chain transfer, rather than reversible termination. In addition, TR@dtymerization
needs to employ a conventional radical initiator like AIBN as a source chitadihe

mechanism of RAFT is illustrated in Scheme 3.7.

Scheme 3.7
B A
Initiation: S :
AIBN NC CN
S >L
)\ )J\ R—m8 S + R
NC R' S
R' S
Ri—\
Propagation: R- A R/\' E— Pn
Ry
R1—\\
S
R’)I\S/Pnz Pny<
Reversible Chain Transfer: Pny ——=——— /g + Pn3
R' S

Different LRP techniques have their own advantages. For example, ATRP
easily tunable for making block copolymers. With transhalogenation, aviess
reactive monomer can be used as the first block to initiatera reactive monomer
later. NMP has the advantage of simple operation, as theoreagstem is comprised
of a minimum number of ingredients. RAFT is known to be most tolerable of different
kinds of monomers and functionalities, which makes it a suitable mefhmdking
difficult to synthesize polymers that contain functional groups Iikéas, alcohols,

and carboxylic acids.
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3.51nitial study on the preparation of block copolymer of PBrSt and PCEMA
Since we already know that it would be easier to make the blocknpoblyith
living radical polymerization instead of anion polymerization, we dbtito test
whether we can use the 2-cinnamoyloxyethyl methacrylate (CEkhWanomer
directly for the copolymerization instead of using HEMA and thediray the
cinnamoyl group later. The idea was to save at least oneoreattp, as well as the
purification of the intermediate polymer. To study the possibilityusihg CEMA
directly, styrene (St) and methyl methacrylate (MMA) warsed as cheaper
alternatives to 4-bromostyrene and CEMA. It is well known thdAvis a more
reactive monomer than styrene, so in order to make the block copptimmeeaction
sequence polymerized MMA first. The PMMA obtained would then be usea a

macroinitiator to polymerize styrene. The synthesis was cordl@addllustrated in

Scheme 3.8.
Scheme 3.8
0 Cu(l)Br, PMDETA Cu(l)Br, PMDETA 0
Br o~ in anlsole 80°C Br -inanisole, 110 °C Br
8 O 80 80

The model study proved successful, but before the chemistry coulkbeo
build the desired substrate some concerns need to be addressed.ffémsit diom
MMA, CEMA has another double bond located on the cinnamate moiety whch ca

potentially be polymerized. If the cinnamate undergoes polymenzadiuring
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assembly of the polystyrene block, then it will form a clodgsed network. Second,
for the styrene part, 4-bromostyrene is itself a halidencdigh the possibility of it
undergoing a reaction to form a phenyl radical is very small, it can pdieegave as
an initiator to cross-link the polymer chains.

To address these issues, a number of studies were undertakenthirst
polymerization of CEMA was performed at different temperat8zheme 3.9). It
was found out that at approximately 80 the CEMA underwent polymerization
without competitive polymerization of the cinnamate group. However,nwhe
temperature was increased to 110, polymerization of the cinnamate group

competed well and an insoluble mass was obtained.

Scheme 3.9

/\Owslgr 0 I 0
Br PN Br PN
o 0 %J\O O ° %O

Cu(l)Br, PMDETA Cu(l)Br, PMDETA

\]E anisole, 80°C \\t anisole, 110°C

In order to make the di-block copolymer, the CEMA block should be

Crosslinked insoluble polymer

polymerized first and then the styrene block added. In order to Haiergfinitiation
of the second block, the more reactive monomer should always be usedttactons
the first block. In this way, the initiation step for the second poliraton is faster

than growth of the polymer. This leads to a better size distribéiothe second
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block of the copolymer. Due to the slow rate of styrene polymesizait low
temperatures, the polymerization of styrene was carried outl@t°C. These
conditions worked best if the styrene was diluted with a solvenh Wi in mind, it
was important to see if the 4-bromostyrene monomer could be polgaieria lower
temperature. If not, the conditions needed to make the styrene bldakpuigmerize
the cinnamate group in the first block. To answer this question, aasvle question
asked earlier about whether 4-bromostyrne can serve as aroinitatATRP, the
polymerization of 4-bromostyrene was studied at different temtyrexs and different

polymerization conditions (Scheme 3.10).

Scheme 3.10
O 0
0 o)
Br N Br
PR o 3w dn A
Cu(l)Br, PMDETA Cu(l)Br, PMDETA
Br toluene (v:v=1:1), 110°C  Br no solvent, 80 °C Br

O Cu(l)Br, PMDETA
Brﬁj\o/\ toluene (v:v=1:1), 80°C

Reaction extremely slow

It was found that BrSt would undergo polymerization a@0The reaction
worked best when conducted with no added solvent. The polymerization beegme
slow once solvent was used. It should be noted that the polymerizatictdid
when the temperature was increased to “Cl@vith solvent added. However, under

these conditions polymerization of the cinnamate would also occsradtually very

87



easy to understand this observation. In radical polymerizationnstymed acrylates
are considered to have similar reactivity, which means thatwihieyolymerize under
similar conditions. The cinnamate group in CEMA is essentellyombination of
acrylate and styrene, so the reactivity is expected to biéasias well. Under the
condition that styrene would polymerize, the cinnamate group probably would
polymerize as well, which means using CEMA as a monomer faythilesis of the
di-block copolymer is not a good idea. On the more positive sidaiadvénd that
4-bromostyrene could be polymerized to provide a linear homopolymer withgut a
side-reactions resulting from the initiation of ATRP with therbides on the phenyl

ring.

3.6 Synthesis of PBrSt-b-CEMA from PBrSt-b-HEMA

Having discovered that CEMA was not a viable monomer for the sysitbies
the block copolymer, attention was turned to the use of the precursQENMA,
2-hydroxyethyl methacrylate (HEMA). If a block copolymer ofrBBb-HEMA could
be made, then it could potentially be transformed into PBrSt-b&Lwith the use of

an esterification reaction (Scheme 3.11).

Scheme 3.11
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In Liu’s paper, a TMS protected HEMA monomer HEMA-TMS was used to
approach the di-block copolymer. Back then, living radical polymeéoizavas still
not widely available, so the hydroxyls had to be protected for ahienic
polymerization. However, recently the polymerizations of HEMAediy under
ATRP" and RAFT? conditions have been reported, so the usage of the much more
expensive HEMA-TMS monomer is no longer necessary.

Due to the poor solubility of PHEMA in non-polar solvents, including sigre
itself, polymerization of HEMA as the first block would not bgaod choice. As a
result, 4-bromostyrene was polymerized as the first block withngbeof PBrSt as the
macroinitiator. The block copolymerization of of HEMA onto the ihigalymer was
then carried out following the literature methddifter the PBrSt-b-HEMA was made,
the block copolymer was subjectednodification with cinnamoyl chloride. The final
polymer of PBrSt-b-CEMA was obtained upon precipitation from meth&uaigme
3.12). The precipitation step was done twice in order to obtain a higledrdé

product purity.

Scheme 3.12
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According to NMR, the block ratio of BrSt and CEMA was about 1:1.
However, this did not indicate the formation of a di-block copolymiee (MR
would also be consistent with two homopolymers of equal length). Fletidence
was needed to show that the molecular weight did increase fronoth@polymer of
PBrSt by GPC. As a result, samples of the homopolymer of PBr&tthe block

copolymer PBrSt-b-CEMA were tested with GPC. The result is showrgurd-B.6.

—— Poly(4-bromostyrene)
50 - — Block copolymer
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Figure 3.6 GPC data of homopolymer of PBrSt (red line) and block copolymer
PBrSt-b-CEMA (blue line), methanol as internal standard.

As shown by the GPC data, the molecular weight of PBrSt-b-&£&Ms
larger than the molecular weight of the homopolymer of PBr&haan by a shorter
retention time. The negative peak was from methanol which wasassad internal
standardHowever, two problems also became evident from the GPC datg.tRere

was a considerable amount of PBrSt left uninitiated as showheblgltie peak right

90



under the red peak. This indicated that the initiation efficiereey mot 100%. Second,

the PBrSt-b-CEMA peak had a long tail, as well as another giethle solvent front,
indicating the existence of slightly cross-linked polymer, whiath $everal times the
molecular weight of a single polymer chain. To solve the firgiblem, the
intermediate block copolymer PBrSt-b-HEMA was precipitated iitlamixture of
hexane and ethyl acetate. In this solvent mixture, the homopolyrR8r8t was able

to dissolve, but the block copolymer PBrSt-b-HEMA was not. In this, wiag
uninitiated PBrSt was largely removed from the polymer mixafter the second
polymerization, and only the block copolymer was subjected to the subsequent
esterification with cinnamoyl chloride. GPC data verified thas tapproach was

successful in removing the PBrSt homopolymer (Figure 3.7).
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Figure 3.7 GPC data of homopolymer of PBrSt (red line) and purified block
copolymer PBrSt-b-CEMA (blue line), methanol as internal standard.
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For the second problem, it was decided that as long as the kgbsly-linked
oligomer of single chains did not precipitate or affect ouritghib coat the arrays
with the polymer, it would be ignored. After all, all of the pubr chains would be

cross-linked after the polymer was placed on an array.

3.7 Application of PBrSt-b-CEMA as a functional surface for the array

Once the block copolymer PBrSt-b-CEMA was made, it was tested a
coating for the microelectrode arrays. Due to the lower maeauwtight as well as
the much lower polarity of the copolymer compared with agarose,olnéos of
PBrSt-b-CEMA was much less viscous than the agarose solution. This led to problems
in spin coating while applying the polymer to the surface. Thel usuadition for
applying an agarose coating was using 0.04 g/mL agarose in 95:5 DMkih
2000 rpm for 45 seconds. When these conditions were used for the block capolyme
the coating generated was too thin to provide enough functional groups sanrfee
of the electrodes. Subsequent reactions failed. As a resufipitheoating condition
was optimized. It was found that the use of 0.03 g/mL copolymer in 1:1 THF/pexyle
with 1000 rpm for 40 seconds led to a better coating on the array.tA#t, the chip
was subjected to UV irradiation with a 100 W mercury lamp for 15 minutes.

The coating was then subjected to a series of stability. ttsvas examined
for its stability against abrasion, washing, incubation with iffe solvents, etc. It
was found out that the polymer coating was very stable under regpiaation

procedures for microelectrode array reactions. It could withsteyd &brasion,
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multiple washings, and could be left in a variety of solvents inctuBIMF, although
heavy washing with DMF did cause small parts of the coatingkaminate. After the
initial test of stability, the polymer was examined for ibsnpatibility with synthetic
reactions on its surface. At the time, it was still unknown whaimorphology of the
polymer would be on the surface and whether or not the bromophenyl funtgionali
would be accessible to the reaction solution. The Suzuki reactiocheasn for an
initial test for the polymer. 1-Pyreneboronic acid was chosetheasubstrate in the

solution. The reaction is shown in Scheme 3.13.

Scheme 3.13

0 O
OH
OBr - OPyrene
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Pd(OAc),, PhsP, TBAB, Et3N,

MeCN:DMF:H,0=7:2:1
-2.0V, 0.5son, 0.1 s off

a) b)
Figure 3.8 a) Suzuki reaction with PBrSt-b-CEMA as coating on 1-K arthg,
reaction time for each spot is respectively: lower left mi&; lower right -6 min;

upper middle - 9 min; center — 18 min. b) Suzuki reaction with PBGERIA as
coating on 12-K array, reaction condition: -1.7 V, 90 pause for 3 times.
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Much to our delight, the block copolymer was compatible with reactioms r
on both 1-K and 12-K arrays (Figure 3.8). For the reaction on theafrd§, the
surface was able to withstand reaction times of 8 minutes widrguproblem. As a
matter of fact, the surface was tested for stability aga@asition conditions for more
than 15 runs, each with 3 minutes reaction time. The polymer did not show a
delamination from the electrode surface although the arrdfystepped functioning
after such intensive usage. It seems that the surface wiliveumpast the
life-expectancy of the array under these conditions. Another test was donadgrus
array coated three months prior to the experiment for the Stzadtion. Even after
this extended time period, the PBrSt-b-CEMA surface wasvsiitle and showed no
difference from a freshly prepared surface in terms oflgiabnd compatibility with
reactions run on the array. This level of stability was atgnearovement relative to
agarose coatings on the arrays that remain viable for only a few days.

As a demonstration of the versatility of the block copolymer serfdwree
different reactions were run on the same chip side by side. Th&iSreaction was
run with a pattern shaped with letter “S”, the Heck reactiah wiletter “H” and a
copper(l) catalyzed coupling reaction between amines and argkesakith a letter
“C”. The reaction conditions were shown in Scheme 3.14 and results ghéigure

3.9.
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Scheme 3.4
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Figure 3.9 Running three different reactions on the same chip with a “CHS” pattern

The porosity of the PBrSt-b-CEMA block copolymer was also studi¢d wi
AFM imaging (Figure 3.10). The average pore size was measuledaround 19.3 +
3.0 nm, which is more than enough to let through the species in thi®sdb reach

the electrode.
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Figure 3.10a) A blow-up image of the polymer surface showing the porousisteuc
which allows the reactants to reach the electrodes. The sittee gdores measured
average at 19.3 3.0 nm. b) A 3D image of the polymer surface.

3.8 Electrochemical signaling testing on PBrSt-b-CEMA surface

After verification of the compatibility of the block copolymer wikinthetic
experiments on the arrays, attention was turned toward its cdifipativith
electrochemical signaling experiments.

Although detailed information regarding signaling experimentd e
discussed in Chapter 4, some of the results are important here iinondify the
overall utility of the surface developed. One of the first expenis examined the
non-specific binding of bovine serum albumin (BSA) to the surface ofathey
(Figure 3.11). This was done in order to confirm that the block copolyurtace was
compatible with measuring the current associated with ir@olution and detecting
the binding of proteins to the surface of the electrodes. As caeebeirs the Figure,

the current for the iron could be measured, and the current meadidrelecrease
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with increasing concentration of BSA. Taking the current intensity atiA0@or each

concentration of BSA, a binding curve could be drawn as shown in Figure 3.12.

300

——BSA1nM
——BSA10 nM
BSA 100 nM
——BSA1um
——BSA10uM
——BSA 100 uM
——BSA1mM

Current/nA

700 500 300 100 -100 -300 -500 -700

Potential / mV

Figure 3.11 BSA non-specific binding experiment on 12-K array. Condition: 8 mM
KsFe(CN)/K4Fe(CN) dissolved in 1x PBS solution in water, pH=7.5, BSA
concentration varies from 1 nM to 1 mM.
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Figure 3.12 Binding curve generated for BSA non-specific binding experiment.
Current spots were taken at 700 mV.
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The current measured started to show an obvious drop in intensity at arouMit0.1
10 uM of BSA in solution. The steepest drop in current occurred betweeiVi1io
0.1 mM, although the drop between 0.1 mM to 1 mM was also large. Thisvdat
also verified by doing a similar binding experiment on a regaland disk electrode
with a diameter of 2 mm. Hence, the binding of BSA to the sumMasea function of
the polymer and not the nature of the electrode below.

In the case of the larger disk electrode the current drop assbudte the
coated electrode was compared to the results obtained with alatnem-surface.

(Figure 3.13).

a)
60
40 |
——0BSA
< 20 4 ——1uMBSA
=) w \ ‘ ‘ ——10UMBSA
5 ra 100 ——100 uMBSA
1 mMBSA
Potential / mV
30 -
20 |
(10 ——0BSA
g ——1uMBSA
£ 0 LA w ;| ——10uMBSA
= 500 ) 100 -100 | ——100 uUMBSA
O.10
1 mMBSA
20
-30 -

Potential / mV




Figure 3.13 BSA non-specific binding experiment on 2 mm round disk platinum
electrode. a) BSA non-specific binding on unmodified platinum surfacd8SA
non-specific binding on PBrSt-b-CEMA coated platinum surface. Condi@amM
KsFe(CN)}/K4Fe(CN) dissolved in 1x PBS solution in water, pH=7.5, BSA
concentration varies from M to 1 mM.

As can be seen in Figure 3.13a, BSA did bind to the bare Pt-sufiiaeever,
this binding did not occur extensively until the concentration of BSAalution
reached 1 mM. After the platinum surface was coated wittSPBICEMA block
copolymer, two differences could be clearly noticed. First, thaalinturrent
associated with iron was lower even in the complete absencetefrprThis current
dropped from a peak value at aroundu®5or the bare platinum surface to around 26
1A for the coated surface. This indicated that the polymer cod#teti did impede
the iron from reaching the electrode surface. This is not surgrbecause of the
non-conductive nature of the block copolymer. Although the polymer was proven
porous enough for the ions in the solution to pass through, it still dltveediffusion
of iron to the electrode surface. The second difference betwWeertdated and
uncoated electrodes was that the polymer appeared to change the bindingegroperti
the surface. For the coated surface, the current dropped quitey eaenthe
concentration of BSA increased from AM to 1 mM, and showed a greater degree of
total impedance relative to the bare platinum surface. Simplymitdated surface
accommodated more BSA than did the uncoated surface. This measltin

accordance with the result obtained with the array.
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3.9 Reducing non-specific binding of PBrSt-b-CEMA surface g PEGylation on
the array with Pd(0) chemistry

While the success of the BSA non-specific binding experiment esthdiat
the polymer-coated array was responsive to protein binding, it absgtirout the
problem of protein non-specific binding to the polymer. A high degreemispecific
binding has the potential to interfere with a signal on the dreaguse it essentially
increases the level of background noise. For example, if the lbacidgbinding at a
concentration of protein is high enough so that it prevents all ofirtime from
reaching the surface of the electrode, then a specific biredieigt cannot be observed
at that concentration. For this reason, we needed the block copolyraeedorhave
minimal non-specific binding with any protein to be studied. Tkisespecially
important if we want to study weak interactions between ligandseceptors, as the
non-specific binding will hide the actual binding interaction.

There are primarily two ways to realize this goal of redganon-specific
binding. The first one is simply by making another polymer surtfaaebinds less to
proteins. The second is to functionalize the PBrSt-b-CEMA surfath a
non-binding ligand that will repel the protein from binding to the surfahes can be
done in a number of way3.Since the second method is much easier to carry out, it
was tried first.

For the purpose of reducing non-specific binding, polyethylene gliaieG],
or polyethylene oxide (PEO) have bee frequently utiliZdtwas easy to propose a

method of functionalizing the surface of the array with PEGs Thin be done either
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electrochemically or with a standard Pd(0) coupling reaction.fifsieattempt was
done by incubating an array coated with PBrSt-b-CEMA in actien solution

containing the reagents for Heck reaction and PEG acrylate for 1 hour (Scheme 3.15).

Scheme 3.15
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As a result of the incubation, Pd(0) precipitated out of the solutidahaak films on

the surface which was not removable by regular washing. Singardbedure could

not be performed in an inert environment except with the usegbdvee box, the
palladium metal in the solution which was unstable to air couldyezgjregate and

fell out of solutionSince PEGylation could not be done non-electrochemically on the
array, the electrochemical Heck reaction was used. Thelzas®g Heck reaction was
performed using the same conditions employed to generate the P@{Q¥tcan

Scheme 3.16.

Scheme 3.16
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Since the Pd(0) was generated on the surface site-selgcthelPEGylation
occurred on the surface site-selectively. The proof of the RiGy could be
obtained by measuring the contact angles of the surface befateafter the
modification. The contact angle of the unmodified block copolymer surfeas
measured to be around 824+degrees, while the contact angle of the PEGylated
surface was measured to be around 4bdegrees. The sharp decrease of the contact
angle indicated that the surface became much more hydrophéicth& reaction,
which could only be the result of PEG attaching to the surfac®E#% is highly
hydrophilic and miscible with water.

With the success of PEGylation on the surface, we moved on tohetter
PEGylation would reduce non-specific binding or not. A PEGylatedyawas
subjected to the exact BSA non-specific binding experiment as skmoligure 3.11.
The result was shown in Figure 3.14. As can be seen in the egtthenmogram, the
trend of the drop was very similar to the unmodified PBrSt-b-CEM&Ktopolymer
surface. If following the same treatment, taking the curreensity at 700 mV, a
similar plot to Figure 3.12 could be obtained (Figure 3.15).

The result of this experiment indicated that the PE®ylabf the
PBrSt-b-CEMA was ineffective in reducing the BSA non-specifinding. It is
assumed that the BSA is binding the surface above the elecinodeger to impede
the iron from reaching the electrode surface and not simply bintiegegions

between the electrodes. Evidence to support this assumption will be outlined below.
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Figure 3.14 BSA non-specific binding experiment on PEGylated surface. Condition:
8 mM KsFe(CN)/K4Fe(CN) dissolved in 1x PBS solution in water, pH=7.5, BSA
concentration varies from 1 nM to 1 mM.
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Figure 3.15 Binding curve generated for BSA non-specific binding on PEGylated
surface. Current spots were taken at 700 mV.

There are two explanations that can explain why the PEReftective with

respect to reducing the level of BSA binding to the surfacthefarray. First, the
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coverage of the PEG on the polymer surface may not have been sutiic@event
the non-specific binding, especially since the PEG group was onlydplacehe
electrodes. . Because the coverage of PEG on the surfaceewadlifficult to
characterize, this was a difficult question to address. Secondhde length of the
PEG acrylate may be too short to be effective. The PEG uagdamprise of around
16 to 17 repeating units. Hence, it was more of an oligomer thammenly
Compared to the size of the protein, the chain may be too short to twmver
hydrophobic surface underneath effectively. However, if a veryelanplecular
weight PEG was used, other problems may arise such as low coeiffimency due
to the steric interaction between the PEG polymer and the surface, etc.
Evidence that the BSA really was binding to the surface of ldedrede was
gained by conducting a similar BSA non-specific binding experimétht the larger
modified platinum disk electrode. The disk electrode was coatedsasksl for the
experiments highlighted in Figure 3.13. PEGylation of the surfacetinen carried
out in a similar manner to the electrochemical Heck reaaiorthe surface. The
resulting electrode surface was subjected to the same BSApaoifis binding
experiment shown in Figure 3.13. The result was shown in Figure 3.16.

The result obtained from the round disk electrode wag/ preith the
same as the result obtained from the microelectrode arrays.stliported the
conclusion that the electrochemical PEGylation of the block copolgméne surface
of the anode with the use of a Heck-reaction was ineffectiveeducing BSA

non-specific binding. Once again, the cause of the observation Viiasldib assess
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because of the challenges associated with measuring the deingig/ PEG on the
surface. However, for our purpose it was good enough to know that PiBGylat
directly on the surface may not be the easiest and mogseeffimethod for reducing

the non-specific binding of proteins.

—O0BSA
——1uMBSA
——10 uMBSA
——100 uUMBSA
1 mMBSA

Current/uA

Potential / mV

Figure 3.16 BSA non-specific binding experiment on 2 mm round disk platinum
electrode modified with PBrSt-b-CEMA followed by PEGylationhWwREG acrylate
via Heck reaction. Condition: 8 mM ;ke(CN)/K,Fe(CN) dissolved in 1x PBS
solution in water, pH=7.5, BSA concentration varies fropMLto 1 mM.

3.10 Reducing non-specific binding by synthesizing PEG-contaimg block
copolymers

Having shown that PEGylation of the surface using a post-synthetic
modification of the polymer was ineffective, attention was turndgtidancorporation
of the PEG into the structure of the block copolymer. As a major pecif& binding
source, the polystyrene block could be switched with a poly(polyethyjbmel

methacrylate) (PPEGMA) block with the other end of the PEG ctemirying the
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functionality that was needed for derivatization of the surfaoe.tlis pupose, one

could use a bromophenyl group, an acetylene group, and so on (Figure 3.17).

Figure 3.17 PPEGMA-b-CEMA block copolymer with the functionality on the chain
end of the PEG side chain

The design of this block co-polymer was quite easy, however rihesis
presented a series of challenges. The first attempt to sigghibss polymer used
PPEGMA as the first block and HEMA as the second block. The ipibigimer was
then post-synthetically modified in a manner identical to that uséte preparation
of PBrSt-b-CEMA (Scheme 3.17). However, the polymerization of tse FPEGMA

block was never successful.
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The polymerization of PPEGMA under ATRP conditions was very diffio control.

We tried several times with different solvents and reactiompégatures, some as low
as 50°C. In each case, the reaction led to an insoluble cross-linked geydro
Literaturé®® has reported several successful controlled polymerizationsE®MR.
However, in most case the polymerization was carried out directh solid surface

in order to form a layer of PEG hydrogeélwas hard to tell whether the PPEGMA on
the surface was cross-linked or not. One example provided by gztyyaki and
coworkers’ on the polymerization of soluble PPEGMA copolymer in solution did
show some success, however, in this paper, they indicated that téheofra
polymerization could not be too fast. When the polymerization proceedeglitddy

the reaction led to a cross-linked gel. This was especialkydt high conversion of
the PPEGMA monomer. In spite of the report of the successful poatien of
PEGMA, we were not able to get soluble PPEGMA homopolymer even wit
conditions that were identical to those used in the Matyjaszevegiar when those
reactions were run to a high conversion. Homopolymer of PPEGMA could be
obtained at lower conversion (less than 50%) of the PEGMA monomereudow
when PPEGMA was exposed to the radical polymerization conditiorhéosdécond
HEMA monomer, the PPEGMA again cross-linked to form a hydrogel. Even exposing
the PPEGMA homopolymer to vacuum for prolonged time would lead to gel
formation. It was quite obvious that the polymer PPEGMA was notestaider
radical polymerization conditions. Since the PEG is an ether tjystrate, and ethers

like diethyl ether and THF are capable of reacting with réglieghich is why they
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easily forms peroxides (Scheme 3.18). There are many etheronn&sPEG chain,
which could lead to chain transfer reactions from growing polynmradcals easily.

Possible mechanisms for the cross-linking reaction of PPEGMAillasstrated in

Scheme 3.109.
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As a conclusion, the synthesis of the PPEGMA-b-CEMA block copolymer
directly from PEGMA monomer was not a viable method. Since PEGnwastable
in an environment with active radicals, it was best to put the &G the polymer
structure after all radical polymerization was done. Theretbeesynthetic route of
the PPEGMA-b-CEMA was redesigned as shown in Scheme 3.20. Ipldisthe

CEMA would be polymerized as the first block, and HEMA polynmettias the
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second block. Our previous experience has shown us that PCEMA wosddlicik if
the reaction temperature exceed€®0However, since the polymerization of HEMA
is typically conducted at temperatures less thaflGthe cross-linking of PCEMA
was not likely. After the polymerization was done, coupling betweenPHEMA

block and the PEG unit in the solution would yield the desired polymer.

Scheme 3.20
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The preparation of PCEMA-b-HEMA went nicely. The polymerizatiorihef
second HEMA block did not cause any problem with the first PCHEb#CK.
However, post-polymerization modification presented another challengeugh
the PEG substrate we used had only 6 to 7 repeating unitd, fresénted a serious

steric challenge for the coupling reaction. Technically, thachiment of the PEG
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units to the block copolymer is consistent with the formation of a graft copoliforer.

making graft copolymers, usually three kinds of strategies a@: @gafting from,

grafting onto, and grafting through. In our case, the method wangrahto, which

couples existing polymer chains onto the backbone. It is well knownhisanethod

has the limitation of low grafting density due to the stericratigons between the

polymer backbone and the side chains. Additionally, as the graiftougss proceeds,

this steric hindrance becomes even greater due to the side dnemadly grafted onto

the backbone. In our case, we tried a number of methods for the cougdictgpm

(Scheme 3.21). Of these, only the use of a PEG substituted aciddehétiowed

moderate success.
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Even though only 50% of the free hydroxyls on the PHEMA block of the

copolymer were functionalized with the PEG group, we felt the amotiREG

present was still sufficient to warrant testing the polynsernaoating. One notable

precaution with this polymer is that with the PEG on the polymepahener should

not be exposed to vacuum for prolonged time. Once the PEG was comfpbteaty
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small amounts of volatile material, it was extremely difficto dissolve in any
solvent.

The PCEMA-b-(PEGMAsHEMAy5) polymer was tested for its stability
toward synthetic reactions on the array. In order to simplifyhesis of the polymer,
the PEG unit was not functionalized at the other end. It was siogpped with a
methyl ether group. This did not change the method for probing theitgtatbithe
polymer to the reaction conditions needed because the surface clbiid skposed
to the desired reaction conditions. In this case, they would not leagrtmact but
they would show if the polymer was stable. As a generic testiegpolymer was
dissolved in DMF as a 0.03 g/mL solution and spin-coated with diffe@mditions
ranging from 1000 rpm to 2000 rpm for 30 seconds. Then the arrays were subjected to
irradiation by a 100 W mercury lamp for 20 minutes. Unfortunately, atiemhow
we adjusted the coating conditions, the surface always showed esrirtter

exposing to a polar solution and dried (Figure 3.18).

Figure 3.18 The PCEMA-b-(PEGMAsHEMA,s) surface showing wrinkles after
exposure to a reaction solution.
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This phenomenon had to do with the ability of PEG to form gels. PAGA4
been widely used as a hydrogel-forming mondiiend there was no surprise that
any polymer that has PEG in the structure would be ready tib @wee exposed to
polar solvents. We had hoped that the cross-linking of the CEMA block vimitd
the swelling of the PEG moieties to an acceptable degree,tbutéd out that it was
ineffective. Even with only 50% grafting density, the swelling anthkhrg already
reached an unacceptable degree. It is certain that a 100% gmaliteter would have
a much more severe problem. In conclusion, although the synthesis of PEG containing
block copolymer was moderately successful, the intensive hydrogelling méttEG

precluded its candidacy as a usable coating for microelectrode ared/feastions.

3.11 Taking advantage of boronic acid functionalized polystyrene as artable
surface for the microelectrode arrays

Brent Sumerlin’'s group has reported controlled radical polymesizabf
pinacol protected styrene boronic acid. Following the polymerizathmn,ptnacol
protected boronic acid can be deprotected to form poly(4-styrene baaoiiy
(abbreviated as PBoStf They gave this type of polymer a nick name, “sweet tooth”
polymer, for the ability of the boronic acid to bind to suljasnd other sterically
hindered 1,2-diol that let to a cyclic five-member ring boronic @ktrwas stable in
aqueous solutiof®. Thus, a block copolymer of poly(4-styrene boronic acid) and
PCEMA might provide a UV-cross-linkable surface with highly tungimeperties

(Scheme 3.22).
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Scheme 3.22
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3.12 Synthesis of PCEMA-b-BoSt

According to the literature methotfsthe pinacol protected 4-styrene boronic
acid was polymerized with RAFT polymerization using a 1:1 (v:vxtane with
anisole at 70C. However, when using these conditions we found the polymerization
to be extremely slow. Hence, the temperature of the polymerizaias increased to
110°C, and the polymerization completed in a couple of hours (Scheme GmS).
the homopolymer of the pinacol protected PBoSt (PpBoSt) was mades tested as

the macroinitiator for the block copolymer.

Scheme 3.23
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For the block copolymerization, both HEMA and CEMA had been used as the
monomer for the second block. However, using polystyrene as theini@atar led
to poor initiation efficiency. The second polymerization did not proceedl.aThis
phenomenon was not completely unexpected. The polymerization of stgrene i
much slower than reactions of methacrylates, and the homopolyradess reactive
monomer usually has poor initiation efficiency towards a meaetive monomet:
Since RAFT cannot utilize the transmetallation strategy eyepldoy ATRP, the
problem can only be fixed by using a less reactive monomer faettend block or
reverse the order of the blocks.

To this end, the acrylic equivalent for HEMA and CEMA (HEA and GCEA
were used instead of HEMA and CEMA. Acrylates were reportedate similar
reactivity towards polymerization with styrene type mononittsence a suitable
choice for the polymerization of the second block. However, this syrateg did not
work, as the polymerization would either not proceed or proceeded extremely slowly.

Since simply changing the reactivity of the second block didnuok, the
order of the polymerization of the two blocks was reversed djuite obvious that
CEMA would not be a suitable choice as the first monomer, bectuse
polymerization of the second block requires high temperature which vidide
cross-linking in PCEMA. Therefore, HEMA was used as the first monomer amfétpB
was used as the second monomer. The polymerization was accomptighed
sequential addition of the second monomer into the reaction mixture fafsth@lock

after the polymerization of the first monomer approach completioniniéenediate
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homopolymer was not purified. After the conversion of the first momndsdteMA
reached 90%, the second monomer pBoSt was degassed and injectedrigaotibe
mixture. In this case, an isobutyronitrile-substituted trithiocarteomeas used as the
RAFT agent instead of the isobutric acid equivalent used in the presaseso have
better initiation efficiency towards the methacrylate mondih@he first attempt of

the polymerization was carried out in DMSO because both blocks were expected to be

soluble in the solvent (Scheme3.24).

Scheme 3.24
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The reaction worked very well, and both monomers were consumed. The
PHEMA-b-pBoSt polymer was then subjected to post-polymerizationificettbn to
make the cinnamate used for the cross-linking step to follow plateofethe

polymer on an array. The first attempt at this modificationhef ihitial polymer
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treated the polymer with cinnamoyl chloride and triethylamBexprisingly, these
conditions led to a cross-linked insoluble polymer. Upon investigation afttheture
of the polymer, this result was not that surprising. Under basitisaaconditions, the
boronic ester could easily be attacked by the hydroxyl group oriEMA block.

This transesterification reaction cross-linked the polymer (Scheme 3.25).
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In order to avoid this sidereaction, less basic reaction conditiers needed.
This was accomplished using the much milder Steglich esté¢igficaonditions® To
avoid the Moffat oxidation in the presence of DMSO, the whole pefigation
process was conducted in DMF solvent instead of DMSO. In this Wwaycrude
mixture after the polymerization could be directly subjected to8€ coupling

reaction without purification (Scheme 3.26).
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Scheme 3.26
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The reaction sequence worked quite well. The product was verifiedviig. N
The polymer was not purified until at the PCEMA-b-pBoSt stage iarda simplify
the overall synthetic process. After the DCC coupling, the mixtoulde filtered to
remove the DCU byproduct, and precipitated into methanol to obtain teebjfmak
copolymer.

Once the purification was accompished, the pinacol protecting grotipeon
boronic ester needed to be removed. In the literature, hindered borenscas very
difficult to hydrolyze®* Usually, the hydrolysis requires harsh conditions or a large
excess of phenyl boronic acid (PBA). In the Sumerlin paper, the PpBoSt
homopolymer they prepared was hydrolyzed by refluxing the polymean
acetonitrile with 2% trifluoroacetic acid solution and a 9-fold essc of phenyl
boronic acid immobilized on polystyrene resin. The identical conditionse we

attempted with PCEMA-b-pBoSt. Unfortunately, the reaction failaterestingly,
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while the block copolymer hardly dissolved in acetonitrile, the deproteof the
boronic ester actually went to almost completion under these conditi@npinacol
methyl protons disappeared in the NMR). However, the protons assbeidh the
cinnamoyl group and the ethylene group on HEMA also diminished. mtlisated
that the reaction conditions hydrolyzed not only the boronic esteralsot the
carboxylic acid derived ester as well.

Clearly, milder conditions were needed. To this end, the traditroetiod
using excess PBA was used. Initially, the reaction was pteshusing a nine-fold
excess of PBA with the block copolymer in THF. The reaction aéalyzed by 2%
TFA. The reaction was allowed to run at room temperature for 24 hours. Bydloé e
the reaction, the solution had turned somewhat cloudy. After purdiicétie polymer
no longer dissolved easily in THF like its precursor before deprotecNMR
analysis showed that roughly 40% of the pinacol groups had been remdwed. T
deprotection worked, but the reaction had not gone to completion. Thmmeaas
then allowed to run for 48 hours. However, the longer reaction dich@ot lead to
greater conversion. It appeared that the reaction was formagies in solution, a
suggestion that was consistent with the reaction solution turninguepduring the
deprotection. Since the deprotected PBoSt is a hydrophilic polymeges not
dissolve in THF well. In contrast, PpBoSt and PCEMA are both hydrophobic
polymers that dissolve very well in THF. As a result, PCEMA-lb$Bis a
hydrophobic polymer and PCEMA-b-BoSt in turn is an amphiphilic polymerthé

deprotection of the pinacol ester group progressed, the PCEMA-b-pBostgol
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changed slowly from a hydrophobic polymer into an amphiphilic polymesofie
point, the amphiphilic property of the partially deprotected PCEMA&bSi started
to force the polymers to form micelles in the THF solution. Theehes would have
a hydrophobic shell (PCEMA) and hydrophilic core (partially deptete®pBoSt).
This shielded the pinacol boronic ester groups still present in theyoogofrom the
deprotection step.

If this was the case, then the deprotection reaction could be pushed to
completion by stopping the micelle formation. This was done by addater to the
THF solution. As both the hydrophilic and hydrophobic blocks of the copolywresy
solvated, micelles would not form. After using these conditions, a piNi¥R of the
reaction product showed that the deprotection successfully removed 9@Be of

pinacol groups. A Summary of the deprotection conditions is listed in Scheme 3.27.

Scheme 3.27
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3.13 Testing PCEMA-b-BoSt for array-based reactions

After the block copolymer PCEMA-b-BoSt was obtained, it was defsteits
compatibility with array-based reactions and for its stabibiye to the amphiphilic
property of the block copolymer, initially it was very difficutt find the optimal
conditions for coating it onto an array. The polymer was readilybt®lin a
THF/water 4:1 (v:v) mixture, however, this solution was not suitfdslepin-coating.
As the coating solution was applied, THF evaporated too fast dae lttwi boiling
point. This caused the polymer to precipitate out of the solutiorrébéfdiad the
chance to be evenly deposited onto the surface. The resulting coasng whitish
crispy film that would easily break upon abrasion and washing. Engi¢he mixture
from THF to DMF alleviated the evaporation problem, but for somsoredhe
DMF/water mixture would not form an evenly distributed coating acths array
surface. There was always a dividing line in the middle of treeyavhere one half
would have more coating than the other. Eventually, the optimalngoatindition
was found out to be 0.03 g/mL polymer solution in 1:9 water/dioxane (v:v)uraixt
with a spinning rate of 1000 rpm for 40 seconds. Using these conditionslyineer
formed a clear and evenly distributed coating on the array. Dubetantrinsic
amphiphilic property of the polymer, almost no single solvent can dis#ol¥is
made the coating very stable. After the coating was crosdlinkeler a 100 W
mercury lamp, it was tested for its compatibility with an nseeSuzuki reaction

(Scheme 3.28).
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Scheme 3.28

?@*B(Ol‘% o ?@*Pyrene
Pd(OAc),, PhsP, TBAB, Et3N,

MeCN:DMF:H,0=7:2:1
-2.4V, 90 pause

Figure 3.19 Inverse Suzuki reaction on 12-K coated with PCEMA-b-BoSt, running
with 12 electrodes in a rectangle pattern. Condition: - 2.4 V vs. esatettrode, 90
pause.

As shown in Figure 3.19, the reaction worked extremely well. In faet
intensity of fluorescence on the 12-K array rarely shows sucghalével of contrast
relative to the background. Additionally, the coating was able to endteatls of
-2.4 V without any problem. In this way, it was much more stable tine
PBrSt-b-CEMA polymer. Additionally, same as the inverse Suzddtien done on
the agarose surface, the Pd(ll)- pyrene-bromide complex wasofmmigrate without
the restraint from the confining agent allyl acetate. Tinticated that the trapping of
the Pd(Il)- pyrene-bromide complex by the boronic acid wasefiastigh to prevent

any migration. Finally, both the partially deprotected and the ceteigldeprotected
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polymers were tested for their compatibility with the Suzelkiction. They showed

no observable difference in terms of the reactions run on the array.

3.14 Testing PCEMA-b-BoSt for electrochemical signaling experiments

Although detailed signaling experiments on the PCEMA-b-BoSt palymie
be discussed in Chapter 4, a summary of the results is prebeneeds a conclusion
for our work on the PCEMA-b-BoSt polymer.

Simply put, the boronic acid group proved to be not compatible with the
signaling experiments in a way many hydrophilic polymershinig. In the signaling
experiments, the CV for every protein concentration is recorded #fe current
becomes stabilized. If multiple CV runs are made, then the $matiee experiments
should overlap. Currents swing for many reasons. The current rosase due to
diffusion of the redox species into the polymer film, and may deerdas to the
binding of proteins to the surface. Only until such processes reach equilibriummewill t
current become stabilized. Without a stable current, any record of the @V noigoe
a reliable indicator of the events happening on the surface. Kowswch cases
happened frequently on a hydrophilic surface. In a previous stegilédcan be
found in Section 4.9 of Chapter 4), a PEG-based epoxy coating on theeswda
found to have constantly increasing currents over time. This observadipive due
to the oxygen atoms on the polymer network binding to the iron specgsution.
Regardless of the explanation, the observation of the current incshasé&l be

directly related to the fact that iron species was enrichedhymrophilic surface. For
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the PCEMA-b-BoSt surface, a similar phenomenon was observed lagFigere
3.20). After each consecutive scan, the current kept getting Emgdarger, as if the
iron species that migrated toward the surface could not go backhmisolution. No
matter what the mechanism of this phenomenon is, the failure ton abtstable
current disqualified the deprotected PCEMA-b-BoSt block copolymea agble
coating for the microelectrode array. Luckily, the protected ety
PCEMA-b-pBoSt was hydrophobic and has good electrochemical propefties. |
deprotection of the pinacol group after the polymer is applied ontarthg could be
realized with good control, this problem might be fixed. Possible plahsbe

discussed in Section 5.3 of Chapter 5.
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Figure 3.20 Current kept increasing as the incubation time increase on the
PCEMA-b-BoSt surface. The value has been deducted with the loweshtcfor
simplification and the current spots were taking at E = 14 m\heroxidation wave,

the more negative value means the more intense current. ConditionM 8 m
KsFe(CN)/K4Fe(CN} dissolved in 1x PBS solution in water, pH=7.5.
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3.15 Conclusion

Three different block copolymers were made to investigate theatdmiity
of the polymers with the array-based reactions and signalingiesqmgs. All three
polymers consisted of a PCEMA block that can be used to photochenaicablink
the polymer once it has been coated onto a surface. The other blaeksinaeach
polymer to achieve different purpose. The prototype polymer PBrStNdACESed
4-bromostyrene as the second block for the purpose of derivatizingrfaeesof the
electrodes in an array. This polymer proved to be a very versst#ble reaction
layer on a chip. The surface proved to be compatible with a vafiegactions both
catalyzed by Pd(0) and Cu(l). In addition, the surface was cdrgatvith
electrochemical signaling experiments. The major drawbac¢hki®fpolymer was its
non-specific binding to proteins at higher protein concentrations. iEhisot a
problem for the monitoring of strong binding interactions. Howevernieféort to
investigate weak binding interactions, a second polymer PCEMA-b-FERAMing
PEG as side chains on the second block was made in the hope thabRE®@educe
non-specific binding to the surface. Unfortunately the polymer wasdfaa swell
considerably after solvated even after heavy cross-linking, whittedathe stability
required as a reaction matrix. Efforts in PEGylating the BRBfSEMA surface to
reduce non-specific binding was also proven to be ineffective.lfimalan effort to
make a tunable surface, a boronic acid based copolymer PCEMA-baasSthosen
for the versatility of the boronic acid to easily form cgddoronic esters. The boronic

acid copolymer proved to be an improvement to the PBrSt-b-CEMA copolym
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terms of array-based reactions. However, the PCEMA-b-BoSt polae found out

to be incompatible with signaling experiments due to the incapabilicquiring
stable currents. However, the protected PCEMA-b-pBoSt coatinghyagr®phobic

and has good electrochemical properties. If deprotection of the poracgl after the
polymer is applied onto the array could be realized with good contrslptbblem
might be fixed.

For future coating development, a non-binding coating with the capaioility

acquire stable electrochemical signals is desired. Sincetyitlc polymer tends to
have unstable currents, a non-binding hydrophobic surface would be optimal.

Surfaces that are highly fluorinated may be a suitable choice.

3.16 Experimental section

General experimental procedures

Materials

All materials except the monomers for polymerization were @asegurchased from
Aldrich without further purification unless otherwise indicated. Tinenomers that
were used directly for polymerization were purified by pagsimough a short neutral
alumina column. Monomers that were synthesized were purified st&ndard

organic synthetic procedures such as column chromatography.
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Characterization
Fluorescence microscopy, NMR, FT-IR, LC-MS conditions were same as in

Chapter 2.

N,N-Dimethylformamide (DMF)-based gel permeation chromatography PMF GPC)
was conducted on a Waters Chromatography, Inc. (Milford, MA) systenp@ed with
an isocratic pump model 1515, a differential refractometer m@dd4, and a
three-column set of Styragel HR 4, HR 4E 5 um DMF, and 7.8 x 30@@umns. The
system was equilibrated at 70 °C in pre-filtered DMF contgird.05 M LiBr, which
served as polymer solvent and eluent (flow rate set to 1.00 mL/miPolymer solutions
were prepared at a concentration of ca. 3 mg/mL and aniameailume of 200 pL was
used. Data collection and analysis was performed with Empowerséftware. The
system was calibrated with poly(ethylene glycol) standaRislyfner Laboratories,

Amherst, MA) ranging from 615 to 442,800 Da.

Tapping-mode AFM measurementswere conducted in air with a Nanoscope Il

BioScope system (Digital Instruments, Santa Barbara, CA)atgzerunder ambient

conditions with standard silicon tips [type, OTEPSA-70; length 60 um; normal

spring constant, 50 N/m; resonant frequency, 246-282 kHz

Contact angles measurement with different solvent treated microet&rode surfaces
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Contact angles were measured as static contact anglegheitsessile drop technique

with a Tantec CAM micro-contact-angle meter and the half-amglasuring method. The

contact angles of water (18(Mcm, nanopure) were measured on the films at 30 s after

the drop application.

Surface Contact angle Standard Dev.
Uncoated microelectrode arrays surface 42.0 _ 2.+
PBrSt-b-CEMA Coated surface without solvent 82.3 +3.5
treatment

PBrSt-b-CEMA Coated surface washed with acetone 66.2 3.2+
PBrSt-b-CEMA Coated surface washed with THF 79.8 5.8
PBrSt-b-CEMA Coated surface washed with 76.5 +3.6
MeCN/DMF/H,0=7/2/1

PBrSt-b-CEMA Coated surface reacted with 54.5 +4.5
pyrene-1-boronic acid via Suzuki reaction

PBrSt-b-CEMA Coated surface reacted with 45.2 +3.7

PEG-acrylate (5~6 repeating units) via Heck reaction

Sample procedure for spin-coating arrays with the block copolymer:

The microelectrode arrays were coated with a spin-cdd@DEL WS-400B-6NPP/

LITE. The chip was inserted into a socket in the spinner andtadj to be horizontal,

then three drops of 0.03 g/mL block copolymer solution (For PBrSt-bAHEM1:1
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p-xylene /THF; for PCEMA-b-PEGMA in DMF; for PCEMA-b-Bo$ 9:1 1,4-Dixoane
/water) were added onto the chip in order to cover the entictretle area. The chip was
then spun 1000 rpm for 40 seconds. The coating was allowed to dry for 1&nohin

subjected to irradiation using a 100 W Hg lamp for 20 min before use.

Sample cyclic voltammetry on 12-K array:

A 12-K microelectrode array was cleaned with a 9:1 solutib3% HO, and conc.
H,SO, for 30 min at 65°C and then coated with the polymer as above. Tde vaas
incubated in 20Q.L of 8 mM ferrocyanide and 8 mM ferricyanide in 1x PBS solution
(made by dissolving 1 Phosphate Buffered Saline tablet ordered from SIGM0 mL
DI water) for 15 min and then placed in the ElectraSensere@ae 12-electrode block
was activated and cyclic voltammetry performed by scaniingy potential at the
electrodes from -700 to 700 mV and then back again at a seanfrd00 mV/ s. The
counter electrode was a platinum plate of area of 0.75hetd 650-80Qum away from
the array by an O-ring. Next, the chip was covered with [{l0@f the same solution
above with the addition of ZM Bovine Serum Albumin (BSA). The cyclic voltammetry

was repeated as above for the 12-electrode block at various tenelst

Sample procedure for dip-coating round disk electrode with thdlock copolymer:
The platinum round disk electrode (2 mm diameter) was cleanbdwlishing with fine
grade sandpaper and wiped with acetone and allowed to dry. It was themgadm® a

0.005 g/mL PBrSt-b-CEMA polymer solution in DMF, and lifted outtleé solution
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vertically. The solution left on the electrode surface wid@wvad to dry while the

electrode was subjected to irradiation under a 100 W mercury lamp for 3@sainut

Sample cyclic voltammetry on round disk electrode:

The coated round disk electrode was inserted into 10 mL of 8 migci@anide and 8
mM ferricyanide in 1x PBS solution (made by dissolving 1 PhosphatierBd Saline
tablet ordered from SIGMAin 200 mL DI water) with a platinum wire counter electrode
and Ag/AgCI reference electrode. Cyclic voltammetry wadop@med by scanning the
potential at the electrode from -100 to 600 mV and then back ahaaeaof 200 mV/ s.
Next, the electrtode was covered with 10 mL of the samei@olabove with the addition
of 1 uM Bovine Serum Albumin (BSA). The cyclic voltammetry was repeateabase at

various time intervals.

ATRP of 4-bromostyrene

The following are typical reaction conditions. In a 25 mL round-bottamedk flask,
3.66 g (20.0 mmol) of 4-bromostyrene, 78 mg (0.4 mmol) of ethyl 2-bromoisafutrat
0.208 g (1.2 mmol) of PMDETA and solvent (toluene vs monomer v/v=1:fg added
and degassed with 2 cycles of freeze-pump-thaw. Then 57.4 mg (0.4 oirGoiBr was
added and the mixture was further degassed with 3 more freeze-pampgsicles. After
the final thawing, the flask was injected with argon and was kepi@ °C. At time
intervals, samples were taken by syringe. The percent conversion waseddasproton

NMR with the solvent serving as an internal standard. Alfterconversion reached 80%,
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the reaction was stopped by freezing it in liquid nitrogen. The reactiothela®pened to
the atmosphere and allowed to thaw. The mixture was diluted fhand passed through
a short neutral alumina column to remove copper salt and wagpitatsd into methanol

and filtered to afford a white powder. The polymer was subjected to GPGianaly

Copolymerization of HEMA with poly(4-bromostyrene) as macroinitiator

Typical reaction conditions were as follows. In a 25 mL round-bo&ohienk flask, 1.00
g of poly(4-bromostyrene), 0.89 g (6.8 mmol) of HEMA, 57 mg (0.33 mmol) of
PMDETA and solvent (MEK/1-propanol v/iv=70:30 6.7 mL) were added andsdeda
with 2 cycles of freeze-pump-thaw. Then 11 mg (0.11 mmol) of @u&Sladded and the
mixture was further degassed with 3 more freeze-pump-thawscyaleer the final
thawing, the flask was injected with argon and was kept atC50At time intervals,
samples were taken by syringe. The percent conversion was stedsuproton NMR
with solvent serving as the internal standard. After the gsiore reached 80%, the
reaction was stopped by freezing in liquid nitrogen. The flask @a@ened to the
atmosphere and then allowed to thaw. The mixture was poured into avatdiltered.
Then the solid was dissolved in THF again and precipitated int&tOAc/hexane to
remove uninitiated homopolymer of poly(4-bromostyrene). The polymetheyized
behaves like hard elastomer. It was not submitted to GPCsmnaigtil after the next

step.

Post-polymerization modification of PBrSt-b-HEMA with cinnamoyl chloride
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Typical reaction conditions were as follows. In a 50 mL round-botlask, 1.71 g
p(4-BrSt-b-HEMA) was dissolved in 20 mL of anhydrous THF, anch th7 g (13.6
mmol) of cinnamoyl chloride and 5 mL J&t added. The mixture was stirred at room
temperature for 24 hrs and kept from light. After the reactionfimeghed, the mixture
was precipitated into methanol twice to afford a white powdecoAting to GPC
analysis the homopolymer of 4-bromostyrene was efficiently rechbyeprecipitation in

a mixture of 1:1 EtOAc/Hexane at the P(4-BrSt-b-HEMApstaHowever, some lightly
cross-linked high molecular weight polymer was also preseneigample and could not
be removed. Its presence did not affect the performance difidbk copolymer on the

microelectrode arrays.

§ : ) H ~_-byrene
:

Example of the Copper(l) catalyzed coupling reaction of aryl halide andmine on

the PBrSt-b-CEMA block copolymer

8.0 mg each of 1-pyrenemethylamine hydrochloride anflBy as well as L each of
EtN, a 25 mM solution of CuS£Gand a 50 mM solution of PRlwere dissolved into 100
pL of DMF in an Eppendorf tube. The DMF mixture was then dissolved into 1.5 mL
of a 7:2:1 mixture of MeCN/DMF/Water. The PBrSt-b-CEMA polymer coatad was
incubated in this solution. A selected pattern was turned on and the clpplaed at

-2.4 V relative to a remote Pt wire, cycling 0.5 sec on and 0.1 sec off for 6@8.cle
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chip was then washed with EtOH, DMF then EtOH again and let to dry. The chips we

visualized with a fluorescence microscope.

Control Experiments
a)

Figure S5. a) The block copolymer was stable to 15 consecujpeziments each using
300 cycles under Suzuki reaction condition. In no case, did the polymeddety) The
agarose polymer started to bubble and peel off after 3 consexperiments each using

300 cycles under the same Suzuki reaction conditions.

0
é@ﬁ\)\(}/\ PEG

:

Example of the PEGylation by Heck reaction on the PBrSt-b-CEMA coplymer

A solution of 0.18 mg Pd(OAg)0.63 mg PP{ 20.0 mg BuNBr, 25.0 mg PEG acrylate,
28.quL EtzN and 100.0uxL allyl acetate was dissolved in a 2:7:1 solution of
DMF/MeCN/H,O (1.5 mL).For the 12-K microelectrode arrays, the array was coated
with the PBrSt-b-CEMA block copolymer, submerged in the soluti@ae above, and
then selected electrodes used as cathodes by pulsing therolttge vf —1.7 V for 90

pulses for two times. The array was then repeatedly washbdeatone and DMF and
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then examined using a fluorescence microscope.

ATRP of PEGMA

The following is condition that worked which did not lead to hydrogelsa 5 mL
round-bottom Schlenk flask, 2.32 g (5.0 mmol) of PEGMA benzoate, 1§ ® Hh mmol)
of ethyl 2-bromoisobutrate, 31.2 mg (0.2 mmol) of 2,2’-bipyridine and sbl@nisole vs
monomer v/v=1:1) were added and degassed with 2 cycles of paagethaw. Then
19.5 mg (0.1 mmol) of CuBr was added and the mixture was furthessied) with 3
more freeze-pump-thaw cycles. After the final thawing, taskflwas injected with argon
and was kept at 50 °C. At time intervals, samples werentakesyringe. The percent
conversion was measured by proton NMR with the solvent servingiageanal standard.
After the conversion reached 45%, the reaction was stopped lmnfeie in liquid
nitrogen. The reaction was then opened to the atmosphere anddalioweaw. The
mixture was diluted in dichloromethane and passed through a short rautraha
column to remove copper salt and was precipitated into methanol aocdnt@ted to
afford a white sticky paste. The polymer can not be dried @aarum in which condition
led to gel formation. Using of this polymer as a macroinitifdorcopolymerization also

led to gel formation.

ATRP of CEMA
The following are typical reaction conditions. In a 10 mL round-botBuhlenk flask,

0.65 g (2.5 mmol) of CEMA, 9.8 mg (0.05 mmol) of ethyl 2-bromoisobeitraé mg
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(0.15mmol) of PMDETA and solvent (anisole vs monomer v/v=1:1jewadded and
degassed with 2 cycles of freeze-pump-thaw. Then 7.2 mg (0n@&)nof CuBr was
added and the mixture was further degassed with 3 more freeze-pampgsicles. After
the final thawing, the flask was injected with argon and was &ep0 °C (temperature
greater than 80 °C led to cross-linking reaction). At timeruals, samples were taken by
syringe. The percent conversion was measured by proton NMR heitbotvent serving
as an internal standard. After the conversion reached 80%, themeaes stopped by
freezing it in liquid nitrogen. The reaction was then openedhéoatmosphere and
allowed to thaw. The mixture was diluted in THF and passed thrausjimort neutral
alumina column to remove copper salt and was precipitated intan@tand filtered to

afford a white powder.

Copolymerization of HEMA with PCEMA as macroinitiator
Procedures were the same as copolymerization of HEMA with(43blypmostyrene) as

macroinitiator,

)

Mefo/\)ﬂ?QJ\OH

Poly(ethylene glycol) methyl ether acetic acid

To a solution of 16 g (Mw ~ 750, 0.02 mol) poly(ethylene glycol) megtiyer in 100 mL
water, 6.6 g (85%, 0.1 mol) KOH was added slowly under 0 °C. Aftek@id dissolved
completely, 6.32 g (0.04 mol) KMnQvas added slowly over the course of 1 hour and the

reaction mixture was withdrawn from ice bath and returngdTtdor additional 2 hours
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of stirring. The mixture was than filtered to remove the ¥lréhd acidified with 1 M
HCI until pH = 3. The solution was then extracted with 30 mL of A&t@r three times
and dried over N&O,. The solvent was then removed under vacuum and the product was

very clean according to NMR and was used without further purification as asshie

)

Mefo/\)ﬂ?\)\ol

Poly(ethylene glycol) methyl ether acetyl chloride

5.41 g (7.0 mmol) poly(ethylene glycol) methyl ether acetic a@dd 5 mL SOGlwas
added in 30 mL benzene, and the mixture was refluxed for 3 hrs. Thatsahe the
unreacted SOglwas removed under vacuum and the acid chloride was used in the

coupling reaction without purification.

Post-polymerization modification of PCEMA-b-HEMA with PEG acid chloride

In a 50 mL round-bottom flask, 1.20 g PCEMA-b-HEMA was dissolved irm20of
anhydrous THF, and then 4.9 g (6.1 mmol, 2 equiv.) of poly(ethylenelgiyethyl ether
acetyl chloride and 10 mL g added. The mixture was stirred at room temperature for
24 hrs and kept from light. After the reaction was finished, théum@xwas condensed
and poured into 200 mL water. The pH of the water was then adjustecand e
polymer would aggregate and fall out of solution. The polymer was then fikacedried

(not in vacuum which would lead to cross-linking reaction).

RAFT polymerization of PHEMA-b-pBoSt
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The following are typical reaction conditions. In a 25 mL round-bott@medk flask,
1.30 g (10.0 mmol) of HEMA, 34 mg (0.1 mmol) of 2-cyano-2-propyl dgbe
trithiocarbonate, 2.8 mg (0.017 mmol) of AIBN and solvent (DMF vs mamonv=1:1)
were added and degassed with 5 cycles of freeze-pump-theaw.tidé final thawing, the
flask was injected with argon and was kept at 90 °C. At timervals, samples were
taken by syringe. The percent conversion was measured by proton KMBevsolvent
serving as an internal standard. After the conversion reachedtB8%econd monomer
pinacol protected 4-styreneboronic acid (2.30 g, 0.010 mol) was dilu@slin(v/v=1:1)
and was degassed with 5 cycles of F-P-T. The mixture was thected into the
polymerization mixture and the temperature was raised toClOThe reaction was
stopped after the conversion of the second monomer reached 80% by tuohkeagction
mixture to RT and opened to the atmosphere. The mixture waslineetly for the post

polymerization DCC coupling reaction without removal of the DMF solvent.

Post-polymerization modification of PHEMA-b-pBoSt with DCC cowpling to
cinnamic acid

In a 100 mL round-bottom flask, the reaction mixture obtained flerabove procedure
was diluted with 40 mL DMF, 1.64 g (0.011 mol) cinnamic acid, 2.48 g (0.012 mol) DCC,
and 60 mg (5.0 mmol) DMAP was added into the solution and the mixturpraigsted
from light and was allowed to stir under room temperature for 48Afies. the reaction
was finished, the mixture was filtered and the polymer could mpueged in methanol.

The fluffy polymer was collected by centrifuge. The obtained petywas dissolved in
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THF and precipitated again in methanol to further purify, and whected by centrifuge

and dried over vacuum.

Deprotection of PCEMA-b-pBoSt with phenyl boronic acid on polystyr@e resin

0.100 g PCEMA-b-pBoSt polymer, 0.60 g (2.6-3.2 mmol/g, ~1.8 mmol) phenyl boronic
acid polystyrene resin was added into 15 mL 2% TFA/MeCN and ik&unm was
refluxed for 24 hrs under vigorous stirring. The mixture was theredaddwn and THF
was added into the mixture until the polymer dissolved. The neixtars then filtered to
remove the resin and precipitated into water. NMR indicated botbdienic ester and

carboxylic esters have been partially hydrolyzed.

Deprotection of PCEMA-b-pBoSt with phenyl boronic acid in THFH O

1.0 g of PCEMA-b-pBoSt and 2.2 g (18 mmol) phenyl boronic acid was adtted0

mL THF with 2% TFA, and the solution was allowed to stir undenréemperature for

24 hrs. If the reaction was stopped at this stage, partiallpteped (40% to 50%) could

be obtained. If not stopped, water was added into the mixture slowly in small portion until
the solution turned slightly cloudy, and the reaction was allowegb tontil the solution
turned clear again. The process was repeated until the solution no longérctaemeafter

the addition of water. The reaction was allowed to stir for an@Hes and was stopped.
The polymer could be precipitate into diethyl ether to rembeePBA and be dissolved

in THF/water 4:1 mixed solvent and precipitate in ether agaipurify. The afforded

polymer was a white powder like polymer that did not dissolve insargle solvent. A
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mixture of THF/water or 1,4-dioxane/water could easily dissolve it.

% : _Pyrene

:

Example of the inversed Suzuki reaction on the PCEMA-b-BoSt btk copolymer
A mixture of 0.18 mg Pd(OAg)0.63 mg PP§ 20.0 mg BuNBr, 5.0 mg 1-bromopyrene,

28.quL EtzN and 100.0uxL allyl acetate was dissolved in a 2:7:1 solution of
DMF/MeCN/HO (1.5 mL). For the 1-K microelectrode arrays, the array coaitddthe
PCEMA-b-BoSt block copolymer was submerged in the solution and shkatted
electrodes used as cathodes by pulsing them at a voltagetdf &. 0.5 sec on and 0.1
sec off. After 3 min, the chip was repeatedly washed with acetoch® MF and prepared
for pyrene-based fluorescent analysis. For the 12-K microetectrrays, the array was
coated with the block copolymer and then submerged in the solutiparpdeabove.
Selected electrodes were used as cathodes by pulsing tlzewoléage of —2.4 V for 90
pulses. The array was then repeatedly washed with acetone anthd&di€& examination

using a fluorescence microscope.
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Chapter 4
The Study on Electrochemical Signaling Experiments

4.1 Introduction to electrochemical signaling experiments

As the advancement of biochemistry greatly progresses in receatiede
people have been seeking ways to study biological interactionsaooueately and
more efficiently. In this context, methods that can rapidly morniteractions in
“real-time” are particularly attractive. Because they datgetactions as they happen,
real-time measurements do not require washing steps and hencacaaately
account for weak binding interactions. This leads to an increase irtHs#mount
and quality of information obtained about a biological target bekagneed. As
mentioned in the previous chapters, microelectrode arrays holdpgteatial as tools
for accomplishing these godis.

The usage of microelectrode array for detecting biologicaldotens is not a
new concept. CombiMatrix Corporation has been working to use the same
microelectrode arrays used in our group for diagnostics and pathdgetiaie As a
brief example, an electrochemical ELISA (Enzyme-Linked Immuanloé&it Assay)
technigue was developed for detecting small amounts of a tamggera(Figure

4.1)?
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streptavidin conjugated
horseradish peroxidase

biotinylated antibody to target antigen

O target antigen

surface antibody to target antigen

OO

electrode

reducible at the electrode
| Signal
3= current increase

Figure 4.1 Electrochemical ELISA experiment developed by CombiMatrix.

In this experiment, several different antibodies were immaallian different areas of
the microelectrode array. Unmodified areas on the array virere Ihlocked with
bovine serum albumin (BSA) to knock down non-specific binding of other psotei
The array was then inserted into an antigen solution which wadeérgg one
specific antibody on the array. Then the array was washed andnthdrated with
another biotinylated antibody solution that would bind to the antigen. fii®istep,
the array was washed again and placed in a solution containing
streptavidin-conjugated horse radish peroxidase, an enzyme thayzeat an
oxidation reaction of a particular substrate in the solution girésence of hydrogen
peroxide. In this way, the oxidized product is formed only by electroddse array
that are functionalized with the correct antibody for recognizive antigen. The
oxidized product then serves as a substrate for a reduction aethedt. Hence,
when the electrodes were used as cathodes, a current increstbee red the

background can be observed. On electrodes modified with other antibodies no enzyme
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is present and hence only background current is observed. The deteutiaf this
method can be as low asI® for the antigen concentratiGh.

While these experiments can be very useful, our group has a different goal. We
are not using the arrays to detect analytes in solution with thefusnown, strong
binding interactions, but rather to discover and evaluate new bindingatiders.

Since the binding interactions discovered may have weak binding otsstae
CombiMatrix method, that takes advantage of strong binding inkenacas well as
multiple washing steps, is not appropriate. Instead, we need adinece way to
obtain signals from a binding event. In this context, an electrochemipedance

experiment appeared ideal (Figure 4.2).

Binding interferes with
Fc transport to anode

0 e
Fc
Signal -=— ———O)J\/\S MiR
current Ect

decrease
?

Fc <—>
anode ( » Fct

Figure 4.2 Electrochemical impedance generated by a binding event.

Auxiliary
cathode

The proposal is analogous (although opposite) to the use of electraahalyt
methods developed by the Murata gr6upthey have reported using the
electrochemical impedance generated by binding-naphthoflavone to a dioxin
receptor to serve as a biosensor for the ligand. In this experimeet of two gold

electrodes were modified with two different receptors, and onlyarnthem was
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known to bind to the ligand. An unmodified gold electrode was also used as a
negative control. Then cyclic voltammetry was run on the modifiedretis in a
series of solutions containing different-naphthoflavone concentrations. The
electrode modified with the binding receptor showed extensive currept(Bigure

4.3a) as the current decreased while the electrode modified with the o#porend

the unmodified electrode did not show much drop (Figure 4.3b and 4.3c).

Current

PR T Lot . .
600 £00 400 308 IO 100 0 -100 -390 GO0 K 400 30 M W0 D -100 200 O B W0 30 2N W0 0 -0 20
Potentlal ; mV vs. AglAgCl Potantial / mV va. Ag/AgCl Potential / mV vs. AgiAgC)

Figure 4.3 OverlappedcVs of a) the binding receptor and b) the #imnding receptor
and c) bare surface with differdigiand concentrations. Image courtesy of Bioorganic
and Medicinal Chemistry Letters, Elsevier.

Since the microelectrode arrays we use have the intridgeméage of having
multiple electrodes on the same surface. This provides us an oppottunite a
variant of the method developed by the Murata group to investigatbirdeng
interactions of a receptor with multiple ligands in a very speriod of time. The
main variation needed is that for the studies proposed we would placmtike
molecule ligands on the surface of the array and the receptomutrosolPreliminary

results from our group’s early studies have demonstrated the viabithiisofariation.
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The first example was a study carried out by Dr. Eden Telsfuhis study, a
coumarin derivative was immobilized on the microelectrode arrangubke chemistry
illustrated in Scheme 4.1. The array was then incubated in diffentibody solutions
to investigate the binding of coumarin to the antiboies. The resadt shown in
Figure 4.4. This preliminary result showed that the microelectiods did not show
any notable current drop when incubated in an antibody solution thatowésrgeted
to coumarin (an anti-2,4-DNP antibody was used — red line). When induibatiee
anti-coumarin antibody solution, the array was responsive to the biesigng by

showing a large current drop between the two CVs (green line).

Scheme 4.1
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Fotential (V)
=— After blocking with BSA/PBES

=— After incubating with unspecific antibody
= After incubating with biotimdated anticoumarin antibody

Figure 4.4 Cyclic voltammograms of the coumarin-modified electrode witfermint
antibody solutions.

In another study carried out by Dr. Melissae Stuart, two reifite peptides
were immobilized on the same array to compare binding propeaties integrin
receptof The first was an RGD peptide known to bind tightly to the integeptor.
The second was an RAD peptide known to have minimal binding to tBptoecin
this way, the only difference between the two sites on the amaythe methyl group
on the alanine of RAD peptide. The array was first incubatedatudion that did not
contain integrin, and background CVs were obtained for potassium ferdeyainihe
electrodes modified with the two peptides (red lines in Figure 4.5). The aasathen
washed and incubated in the integrin solution and CVs were again obtainge
two groups of electrodes (blue lines in Figure 4.5). This experidenbnstrated the
ability of the microelectrode array to signal multiple ida on the same array by

comparing relative current drops of different ligands.
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Figure 4.5 Cyclic voltammograms of a) RGD peptide b) RAD peptide. Thdined
were obtained with a blank solution and show the current associdtegotassium
ferricyanide in the solution above the array. The blue lines wenebt with an
integrin receptor in solutioh.

Both preliminary results demonstrated the impedance experiments we

possible. However, neither involved a systematic study on the isigredperiments
or an examination of how receptor concentration could be used tofydesiétive

binding constants. Such experiments were not possible because of dhditygif

the surface used to support the molecules on the array. With able sturfaces
developed during the efforts described in Chapter 3, this is no langeblem. By
taking advantage of a new surface, we investigated the relationshipelnereaction
conditions and the quality of the signaling experiments. In additiondise®vered
incorrect setups for the impedance experiments that will nebé@ tavoided in the
future. These studies are reported here in the hopes that thayféaydation for

future efforts in this area.

4.2 The question of non-specific binding on the block copolymer coating

PBrSt-b-CMEA
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The first polymer coating PBrSt-b-CEMA described in Chaptser¥es as an
excellent choice to study signaling experiments due to ikslistaand compatibility
with array-based reactions. An initial test of whether the kbl@opolymer
PBrSt-b-CEMA is compatible with the electrochemical sigrmplexperiment was
performed by using an anti-2,4-DNP antibody to recognize a 2,4-iDN&ional
group placed on the surface of the array. The 2,4-DNP group was placm by
using an electrochemically mediated Heck reaction to form @nk&ebn the array
followed by incubation of the resulting array in a solution of 0.5%

2,4-dinitrophenylhydrazine in 2N HCI for 30 min (Scheme 4.2).

Scheme 4.2
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MeCN:DMF:H,0=7:2:1 NO,
-1.7V, 90 sec

After the reaction, the array was washed with ethanol, 2N Hl, then
ethanol again. The array was then used for the electrochengnalisg experiment.
For this experiment, two blocks of 10 electrodes each were egléztconduct a
cyclic voltammogram (CV) of an iron species in the solution abovartiag. One of
the electrode blocks selected was functionalized with the 2,4-DNP graolthe other

was a blank with no modification. The chip was incubated in a solutintaioing
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0.13 mg/mL of the anti-2,4 DNP antibody along with solution with 8 mM
ferrocyanide, 8 mM ferricyanide and 5% BSA. The solvent used was8S buffer.

The resulting CV’s for the two blocks of electrodes are shown in Figure 4.6.

a)

800 60 400

— 2.,4-DNP without
antibody
2,4-DNP with
antibody

| | 10

Current/uA

‘ 4 -15

J-20
Potential / mV

b)

—— Blank without
antibody

—— Blank with antibody

Current/uA

Potential / mV

Figure 4.6 2,4-DNP binding experiment on 12K array. a) CVs run with electrodes
modified with 2,4-DNP b) CVs run with unmodified electrodes. ConditiomN3
KsFe(CN)}/K4Fe(CN) dissolved in 5x PBS solution in water, pH=7.0, anti-2,4-DNP
antibody concentration ca. . Scan rate = 200 mV/s.

As shown in Figure 4.6, although the 2,4-DNP modified electrodes shouadeat

drop from no-antibody solution to antibody solution, the unmodified electrodes
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showed an identical drop as well. When the array used in this exmtrwas
examined with the use of a fluorescence microscope, the inmageed a uniform
whole board pattern rather than the selected 10 electrode pexpected. This
indicated that non-specific binding of the antibody to the block gopel coated
surface diminished the difference between the modified and unmodified electrodes.
The result of this experiment suggested a very challenging prolitean
non-specific binding of proteins to the surface. To further investigatespecific
binding of proteins to the polymer surface, bovine serum albumin (B&8)used as
a cheap model protein for study. In this experiment, tieefCN)}/K4Fe(CN) redox
couple was selected for the cyclic voltammetry experimentcdheentration of BSA

above the array was varied from®® to 10° M. The result was shown in Figure

4.7.

-1 10

- : 0
T

700 600 500 400 300/ 200 100 )
1 -10
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—— 10 UMBSA
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1 -40 1 mMBSA

1 -20

Current / uA
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- -60
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Figure 4.7 BSA non-specific binding experiment on PBrSt-b-CEMA surface.
Condition: 8 mM KFe(CN) /K Fe(CN) dissolved in 1x PBS solution in water,
pH=7.5, BSA concentration from M to 10°M. Scan rate = 200 mV/s.
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The result showed that the non-specific binding of BSA to theseulfstarted
with a concentration of BSA of about 4®1. The non-specific binding of BSA to the
surface became more extensive at M) While this experiment verified the existence
of non-specific binding of BSA to the polymer surface, it alsoerhia second
guestion: should BSA really be used in signaling experiments dacee the
non-specific binding of other proteins to the surface of the arm@ydur previous
studies, BSA had been used in high concentration (5% in wt, €avi1fo first coat
the surface of the array. The plan was to block interactionsebatihe antibodies or
integrin receptors used in these studies with the surface o&rthg. This idea
originated from the use of BSA in ELISA studies. In an ELISA expent, antibodies
are immobilized onto plastic plates and then the plate then codted i&yer of BSA
protein. The BSA prevents the binding of antigens and enzymes aditedsilution
above the microplate later in the experiment from binding to theopiate
non-specifically. This keeps non-specific binding events involving thigens and
enzymes from giving rise to false signals that lead tgh level of background noise.
In this context, the use of BSA is very effective. However, stheeexperiments are
monitored by color change and BSA is transparent, BSA binding tautfece does
not cause a false signal. However, with an impedance experinem hot the case.
BSA binding to the surface will block the iron species in solutromfreaching the
electrodes in the array. The CV being recorded will show thesitewith a large
drop in current. If this is the situation, then the binding of the prigimg studied

to the ligands on the surface has to increase the impedance etresr. fif this
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difference is not large enough, the signal for the protein would not lervabge
(Figure 4.8). Even if the new impedance can be observed, the sigrasé¢oratio of

the experiment might be very low.

BjA . B?A “

OCOQOO OO0

Y Yligand Y Yligand

Binding Ligand Non-binding Ligand
Figure 4.8 Back ground noise introduced by using BSA to block non-specific binding
of protein of study to the surface.

Protein+ of Study

Simply put, the BSA used in the ELISA experiments is “transpatenthe final
signal generation; however, the BSA used in the electrochenmepédance
experiments is not.

Now that using BSA to knock down non-specific binding was no longer a
viable method, it appeared that it would be best to develop a polyniacestinat
underwent minimal non-specific binding with the proteins to be studiedo@ke,
this would only be necessary for the examination of very weak birdiegts. When
investigating strong binding ligand-receptor interactions, the cdrate®ns of the
protein of study are so low that non-specific binding to the susaltenost likely
not be a problem. With moderate binding ligands on the array, the biedemgs are
most likely still going to be strong enough so that differedeta between the

electrodes with the ligands and electrodes with no ligand caisdzeto evaluate the
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ligand-protein interaction. In other words, in these cases gfmalsio noise for the
experiments would still be expected to be sufficient for our nédus same might be
true for a weak binding interaction, but such conclusions will need totbendeed
on a case by case basis. Of course, the use of a minimal bingiageswould be
optimal (the discussion in Chapter 3).

With this in mind, we decided to use stronger binding interactiopsotae the
compatibility of the block copolymer with the signaling experimesmtsl develop

strategies for obtaining quantitative information from the arrays.

4.3 The correct way of connecting the 12-K instrument to the potential stat

For this work, we initially chose the binding of biotin to avidin asmadel.
The binding constant of biotin and avidin was reported to be approximatéi10
which is one of the strongest binding interactions in nature.

In this experiment, biotin was immobilized onto the surface usingtthgegy
illustrated in Scheme 4.3. First, the PBrSt-b-CEMA surface fuactionalized with
2-hydroxyethyl methacrylate using Heck reaction. The result ctadethe
bromophenyl of the original polymer to a free hydroxyl group leyelectrodes in the
array. The activated ester of biotin was then used to form an @sthis hydroxyl
group. This transformation took advantage of a;MBediated, base catalyzed

esterification reactiof.
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Scheme 4.3

% 0 Biotin
E O
O VB, MesNNO; in Me 0

Pd(OAc),, PhaP, TBAB, Et3N, -1.7V, 90 sec
MeCN:DMF:H,0=7:2:1
-1.7 V, 90 sec

After the array was modified with biotin, it was incubated sedes of avidin
solutions with each incubation being followed by a cyclic voltammarogiThe cyclic
voltammogram was used to monitor aF&(CN) /K4Fe(CN}) redox couple in the
solution above the array. The avidin concentration used was varied fiGhvit
10° M in 1 order of magnitude increments. After taking the currennitye from the
same potential (700 mV) of the cyclic voltammogravhgach protein concentration,

the result obtained from the biotin modified electrodes was shown in Figure 4.9.
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Figure 4.9 Biotin and avidin binding experiment on PBrSt-b-CEMA surface.
Condition: 8 mM KFe(CN) /K Fe(CN) dissolved in 1x PBS solution in water,
pH=7.5, avidin concentration from 1®M to 10° M. Scan rate = 200 mV/s.
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The binding curve generated showed that an initial drop in current edcairr
extremely low concentration of avidin. This is consistent with thdibg of avidin to
the biotin on the surface. The difference between the known bindinganbasid the
measurement here could result from errors in the concentratiootefrpras well as
the fact that the experiments monitor the concentration of recegtogr than the
concentration of a ligand in solution. A second drop in current wasvellsat a
concentration of I6 M. This drop in current was consistent with the dimerization of
avidin on the surface of the array.

While this experiment showed how sensitive the experiments onrihg a
could be, it also exposed a problem with our experimental setup. Wiheepeated
the experiment with electrodes that were not modified withrbiati the same array,
we observed an identical result (Figure 4.9). This is quite airag the result shown
in Figure 4.6. While the result shown in Figure 4.6 could be rationakzéd
non-specific binding of the protein to the surface, there is no waghiaaesult in this
experiment was due to non-specific binding.

After some trial and error, we found out that no matter whichirelges we
chose, or how many electrodes we chose, we always got idermtycéc
voltammograms from the same array in the same solution. Inwtrds, no matter
what molecules we put onto the surface, the cyclic voltammogrambtained from
them would be the same no matter what electrodes we used onrdlge Tdre
molecules did not need to be near the electrodes used. We have evem ha#

coated and half uncoated array, which still offered the samwai@ther we used the
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coated half or the uncoated half. Clearly, the CV’s we werengwag showed the
molecule on the array but did not reflect the surface conditiomstofal electrodes
used for the analysis. If this problem cannot be solved, then it wousdibgess to
build a library on the microelectrode array because the signekperiment could not
differentiate the electrodes.

It was not until much later, after a trip to the CombiMatrix gooation in
Seattle to discuss the issue that we finally realized wimatproblem was. At
CombiMatrix, | learned the basics of the 12K-instrument and finadlyerstood how
the original signaling experiment setup was incorrect.

As discussed in Chapter 1, a 12K-instrument has 6 terminals éhased to
conduct experiments (Figure 4.10). How these terminals are cednéxtthe
working and counter electrodes determines whether oxidation or reduction happens on

the microelectrode arrays.

. Instrumental
Bi-polar _l Ground Connected to
internal platinum grid

potential
stat on the array

Postive-only J
potential stat Connected to |_ Connected to the

platinum cap on microelectrodes
the socket on the array

Figure 4.10The 6 terminals on the 12 K instrument.

After gaining a better understanding of the reaction setupastnot hard to

discover the problem with our original setup (Figure 4.11a).With theginat
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CV-setup, the yellow terminal was connected to the working eletclip, and the
red terminal was connected to the counter and reference eledippda other words,
the platinum cap on the socket was used as the working electrodehand t
microelectrode array was used as counter and referenceoeéedttence, the current
measured was being measured on the cap and not the arragachenr setup was
backwards. Since the array was only being used as the couattro@é, the
experiment turned on all of the electrodes on the array. In thig wach
CV-experiment conducted was identical. It did not matter whichtreées were
chosen. The platinum cap never changed its size or propertidsndss the CVs

were run in the same solution, we were always looking at the same experiment.

. connected to potential
connected to potential stat ground clip

OF N EENON N
® o6 o o

\_connected to I— connected to
connected to counter and reference connected to i
>< not used working electrode electrode clip >< not used counter and reference \é\{iorkmg electrode
clip electrode clip P

Figure 4.11 The a) wrong and b) right way to connect the 12K instrument to the
external potential stat.

With the problem understood, it was easy to fix. By simply rengrshe
connection (Figure 4.11b), using the red terminal as the workingraaecand the
yellow terminal as the counter and reference electrodes, vaenieeable to study the

surface conditions on each individual microelectrode.
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Once this was done, the CV’s obtained from different areas ofrithg \&ere
no longer identical. This finally opened the door for analyzing riésaon the array
and provided us with an opportunity to answer questions about the consistency a

uniformity of the impedance experiments conducted at various sites on the array.

4.4 Reinvestigate the possibility of signaling experiments on microeigode
arrays
While we were glad that we finally solved the problem of thayabeing not
able to distinguish electrodes, the CVs obtained with the corretunmental
connection looked completely different from the CVs obtained the othe(rigure

4.12).
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Figure 4.12Cyclic voltammogram using a block of 12 electrodes on the 1&d¢s
Condition: 8 mM KFe(CN) /K4Fe(CN) dissolved in 1x PBS solution in water,
pH=7.5. Scan rate = 400 mV/s.
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To begin with, the shape of the CV was no longer the regular “chaykesl”
CV previously seen, the CV obtained with the correct instrumeptalection was
much flatter, and at times lacked the obvious peaks previously seenwddisue
even at scan rates of up to 400 mV/s. This change was expectedflaects the
difference between a regular bulk electrode (the cap) and aat@ctrode. For bulk
electrodes, the rate limiting factor during a cyclic voltarmnscan is diffusion of the
redox species to the surface of the electrode. When the rdifusfon can no longer
catch up with the rate of oxidation/reduction, the current will rélelpeak and start
to decrease. However, with a microelectrode the rateidigngtep is the electron
transfer reaction between the electrode and the redox speciesitd toé diffusion of
the redox species to the electrode is fast. This results frermicroelectrode having
spherical diffusion gradients above the surface of the electadder rthan the linear
diffusion gradients associated with a bulk electrode. In this, aiiffasion of the
redox pair to the surface of the electrode can always keepwtltehe rate of
electron transfer. The curve in the CV simply levels off whemtagimum rate of
electron-transfer possible is reached.

Secondly, the CV curve looked more reversible than the CV obtainedHem
wrong setup. Once again, this is very reasonable. With fastidiifis the surface,
the electrode current shows all of the species in solution. 8ia®lution contains
a 1:1 mixture of both Fe(ll) and Fe(lll) species in the solution(¥eshould show
currents associated with each.

It is a little harder to understand why the previous reactitups#d not show

168



the reversible wave. However, the data obtained did offepagsuggestion. First,
when a CV experiment was run using a solution with no iron speci@é¥, #imilar to
that obtained with the iron species was observed, although the magaitude
current measured was far smaller. This CV was an artifabe surface of the array
or the cap. When iron was added to the solution, the CV increasedrisitynt&uch
observations are consistent with catalytic currents. Catatyticents occur when a
reactive species is generated on an electrode surface amdatkelution phase
substrate regenerates the starting material on the suffaeeesult is a CV wave at a
potential that reflects the artifact on the electrode serfa a current that reflects
the concentration of the species in solution. Such waves are nexansible
because the reactive species on the surface is recyclethevglution phase reagent
and not the reversal of the electrode current. Third, the overaént obtained with
the correct setup was much smaller than the current obtainegseiious setup. In
fact, the total current dropped from thA level to nA level. This was again not a
surprise since with the correct setup the experiments refldbee much smaller
microelectrodes used as the working electrode. With the tmedap, the current
recorded was proportional to the number of electrodes employed amrdlyea very
comforting observation. Finally, the zero current point for the CV with correct
setup drifted from the instrumental zero point by about 70 nA (highke) reason for
this phenomenon is not clear, however, as long as the zero point cuegsnt s
consistent it does not matter. Since the drops in current in an inggedaperiment

are all relative numbers, a consistent zero point current mdaofstla numbers can
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be normalized. With an understanding of how the correct setup changed the CV waves,
we were in position to reexamine the utility of the arrayscfamducting signaling
experiments. The first control experiment performed examined dpeic
voltammograms obtained when different concentrations of the iron speere used.
The purpose of this experiment was to verify that the curremisityeobtained from
the CV was indeed related to the amount of iron that reachedeitieoele surface.
This is the foundation of the signaling experiment, because thal sigeasured
should reflect the change of localized iron concentration prdstorthe electrodes. If
the current is independent from the iron concentration, then no cureergecivould
be observed and the signaling experiment would not be effective.

The experiment was done using a group of 12 electrodes with a 3x4
rectangular pattern on the array, sweeping from 1 miMekCN) /K4Fe(CN)to 64
mM of each iron species (each increment doubled the amount of ieshimghe
previous experiment) in a 1 x PBS buffer solution on the PBrSt-b-Cblak

copolymer surface. The result is shown in Figure 4.13.
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Figure 4.13 Cyclic voltammogram using a block of 12 electrodes on the
PBrSt-b-CEMA surface. Condition: 1 to 64 mMHAe(CN)}/K4Fe(CN) dissolved in
1x PBS solution in water, pH=7.5. Scan rate = 400 mV/s.

It was clear that the current intensity of the CV was aliyerelated to the
concentration of iron in solution, an observation that indicated that the biofliag
receptor to the surface of the array should induce a drop in catréime electrode
below. While the result of this confirmed the potential of the arfay running the
signaling experiments, it also brought up some new questions. Abecaren in
Figure 4.13, the shape of the cyclic voltammograms changed as tlemmantration
increased, especially after the concentration reached 32 mM ant¥6Fhere was a
large change in the slope of the curve at around 0 mV. This changEased
dramatically as the concentration of the iron species incred$esl.phenomenon
indicates the potential of thesRe(CN)}/K4Fe(CN) redox pair. Since we were using
the counter electrode as the reference electrode with our detymtential measured
appears at around 0 mV vs. the reference electrode becausesdtrechemical
reaction at the reference electrode also involves t#le(CN) /K Fe(CN) redox
couple From the experiment, it was clear that we could utilize bdwhwave at 0
mV and the arm of the CV to measure impedance. Both regions @\heurve
showed a nice current drop as the iron concentration decreased. Hathvewertical
part of the CV wave at around 0 mV may not always appear i€dheentration of
iron in solution is not high enough. SincesH€(CN) is an oxidant, a high
concentration of this species in a protein solution is not recommemnbeckfore, it

was very reassuring that the impedance experiment can work agveanlower

171



concentrations of iron where the specific CV wave is not as apparent.
Another interesting result was observed when the experimentepaated on

a DMF-washed PBrSt-b-CEMA surface (Figure 4.14).
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Figure 4.14 Cyclic voltammogram on DMF-washed PBrSt-b-CEMA surface. The
second image is an expansion of the region betweenAlt6 1.0A. Condition: 1

to 64 mM KgFe(CN) /K4Fe(CN} dissolved in 1x PBS solution in water, pH=7.5.
Scan rate = 400 mV/s.

Washing the surface of the array with DMF caused a noticedialege in the CV.

First of all, the CV wave for the iron redox couple was reaulilgerved for each iron
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concentration used, with a great increase of current intensifiesach iron
concentration. For example, the current intensity for the 32 mM saation
increased from less than -100 nA at 700 mV on the unwashedestofadout -600
nA at 700 mV on the DMF-washed surface. Secondly, the chargieapé of the CV
happened earlier than the unwashed surface, starting from 8 neddnsf 32 mM.
Last but most interestingly, a sharply increased current aggpdar the 64 mM
concentration on the oxidation curve, which reached all the way to ar6b@d nA.
The cause of this dramatic increase in current is not cleauld be that the oxidized
iron species is reacting with DMF left from the wash causirgatalytic current for
the iron. All these results indicated that the polymer coatingnhach better ion
permeability after being washed with DMF. Theoretically, teffect should be
beneficial. If we start with a larger current, then therthe potential for a larger drop
in current for the impedance experiment. However, whether suchrempkaon is
actually beneficial for the impedance experiment still néedse answered with an

appropriate experiment.

4.5Reexamine the BSA non-specific binding experiment with the coect setup

With the positive result of the iron concentration control experimeet, w
moved on to investigate signaling experiments that involve protein bindirige
array surface. To this end, the BSA non-specific binding experimastrepeated
with the correct wiring of the array. The experiment wadscsed because it was easy

and because the results obtained from previous BSA non-specific bixgieigneents
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were very questionable. They were after all measure ubegncorrect wiring
schematic for the array. In addition, the BSA experiment providedvith an
opportunity to investigate the consistency of the surface conditiordiffatent
electrodes on the array and evaluate the deviation of the daiaeodbfeom one
electrode to the next.

The BSA non-specific binding experiment was carried out imnéai manner
to the BSA non-specific binding experiment conducted with the old setup. The
concentrations for e(CN) and KiFe(CN)were set at 8 mM each. The solution
was made from a 1 x PBS buffer. The protein concentration varied fré 16 10°
M for a more complete binding curve. The solutions were made byngdila stock
iron solution. For the cyclic voltammetry, the potential range wased from
-700mV to 700mV, as the oxidation/reduction of the iron species wassitdeeand
happened around 0 mV. The scan rate also increased from 200 mV/s to A)@ueV
to a much weaker current passing through the small number of matrodks
relative to the old setup. The CV was obtained from a block ofé@retles with a
3x4 rectangular pattern. The results obtained with various concengrati BSA are
shown in Figure 4.15. In this diagram, the CVs showed a similandri&s the one
showed in Figure 4.12, but all the CVs shared the same zero pointyas itot a
matter of concern. It can be clearly seen that the curstwoised minimal drop from
the concentration 1OM to 10’ M, and started to drop significantly from™4® and

onwards.
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Figure 4.15 BSA non-specific binding to the unwashed PBrSt-b-CEMA surface.
Condition: 8 mM KFe(CN) /K4Fe(CN) dissolved in 1x PBS solution in water,
pH=7.5. BSA concentration varied fromM to 10° M. Scan rate = 400 mV/s.

With the ability to run independent CV'’s at each the electrodes iartag, we
took advantage of non-specific BSA binding on the array to evaluate thisteong
of the CV experiments across the surface of the array. Heoexperiment, three
different groups of 12-electrodes were selected. The data is shdvigure 4.16. The
shape of the CV’s looked quite different from the one illustrateBigure 4.15, but
similar to each other. The difference from the CV in Figuféb was expected as the
coating from array to array will have a different thickneed &hus different ion
permeability. Since differences in the polymer might also bectegecross the same
array, the current with zero protein may also differ from ore teitthe next on the
array. Hence, it was best to normalize the current drop htss@c This was done by
reporting the drop in current for any given concentration of BSA psrcentage of

the maximum drop observed at that location.
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Figure 4.16 BSA non-specific binding to unwashed PBrSt-b-CEMA surface with
three different groups of 12 electrodes on the same array. Cond&ianM
KsFe(CN)} /K4Fe(CN)} dissolved in 1x PBS solution in water, pH=7.5. BSA
concentration varied from TOM to 10% M. Scan rate = 400 mV/s.
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The best way to understand this is to look at an example. For thehdata
in Figure 4.17, the current measured at a potential value of 600 mxéw@sled for
each concentration of BSA obtained. The data was then plotted apainsgarithm
of the protein concentration. Each individual value shown represents thegaver
value for the three blocks of electrodes shown. Error bars vere itcluded to
reflect the standard deviation of the data obtained at each comioentide result is
a binding curve for the interaction of BSA with the polymer icgabn the electrodes.
The error bars in the figure are quite large indicating sigmfivariation from one
site on the array to another. However, the overall drop in cumn@niarge enough to
be significant relative to this error and thus provide insigtd the binding event
being studied. As we shall see in the additional studies shown below, this conclusion
turns out to be general. There is significant variation in the lsigeasured at various
sites on the array, but the variations are small enough so tlaaingtil data on a

binding event can still be obtained.
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Figure 4.17 Binding curve generated for BSA non-specific binding to unwashed
PBrSt-b-CEMA surface. The current was measured at 600 mV.
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As stated in the iron concentration control experiment discussgekciion 4.4,
washing the array with DMF changes the ion permeability ofotbek copolymer
surface. Since the error bars generated on an unwashed block cepslyface were
quite large compared to the overall current drop, we wondekedsifiing the surface
with DMF before making the BSA binding measurement would imptogesituation
by making the overall impedance measurements larger. Withntlmsnd, the BSA
non-specific binding experiment was repeated on a PBrSt-b-CEbéded array
heavily washed with DMF. The result is shown in Figure 4.18 alort amn
expansion of the region of the CV between 500-700mV. It can be cleghyfsom
this data that the current drop caused by the BSA non-specifiagidlmuch more
prominent in the DMF-washed surface. The data was gathered ffi@menli groups
of electrodes, normalized and then processed in the same mannecrdzeddsr

Figure 4.17 in order to generate Figure 4.19.
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Figure 4.18 BSA non-specific binding to the DMF-washed PBrSt-b-CEMAae.
Condition: 8 mM KFe(CN) /K4Fe(CN) dissolved in 1x PBS solution in water,
pH=7.5. BSA concentration varied fromM to 10° M. Scan rate = 400 mV/s.
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Figure 4.19 Binding curve generated for BSA non-specific binding to unwashed
PBrSt-b-CEMA surface. The currents were measured at 700 mV.

Although it seemed that the error bars on the DMF-washed suwaoe much
smaller compared to the unwashed surface, there was a sighyfigaaater scatter in

the current measured from one concentration to the next. At low rprotei
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concentration, the currents tended to jump up and down for no obvious reason, but
would get better as the protein concentration increased. It is sibfos$o tell if the
washing of the array led to any real benefit for the expetings there was both an
upside and downside to the procedure. In the end, the only real conchaion t
could be reached is that with either the DMF washed or the simadasurface
non-specific binding of BSA occurred to a significant extent natromolar
concentrations of protein. Further refinement of the impedance ieguerwas

conducted for experiments that observed specific binding events.

4.6 Signaling experiments on a ligand modified surface
All of the experiments reported above utilized a polymer sutfzatwas not
modified to include the incorporation of a ligand. Modification of a polyen
dramatically alter its properties. So while the results aboweiged a good starting
point for understanding how impedance experiments can be run on the drrays,
seemed that optimization of the experiments should focus on functionalized surface
To this end, the site-selective Heck reaction was used asba tw study the
effect of site-selective reactions on the cyclic voltammograbtained on the array.
In this study, two kinds of substrates were immobilized onto thejrithe first
substrate was the hydrophobic 1-pyrenemethyl acrylate, arstiomd substrate was
the hydrophilic PEG acrylate. These two substrates were putoatmicroelectrode
array using the typical array-based Heck reaction conditionstrdited in Scheme 4.4.

After the modification was completed, the array was subjectedhéo BSA
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non-specific binding experiment without washing with DMF to see hdrethe
modification changed the surface properties. Three regions of thg arere
examined; a region modified with pyrene, a region modified wiks,RPand a region

that remained unfunctionalized. The results are shown in Figure 4.20.

Scheme 4.4
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Figure 4.20BSA non-specific binding on electrodes modified with a) 1-pymresthyl
acrylate, b) PEG acrylate and c) unmodified PBrSt-b-CEMAasearfon the same
array. Condition: 8 mM KFe(CN)}/K4Fe(CN) dissolved in 1x PBS solution in water,
pH=7.5. BSA concentration varied from1M to 10° M. Scan rate = 400 mV/s.

The data led to several interesting observations. First, it couttehdy seen
that after being exposed to the Heck-reaction conditions the CAfneldtfrom the

unmodified surface remained unchanged for the most part. It showednifecaiy
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increase in current even though the reaction medium for the Hedloredoes use a
solvent containing 20% DMF. This meant that a short exposure to DMmAdadlid
achieve the extensive change in polymer structure that was bromdiyt extensive
washing of the surface with DMF. Second, the electrodes used fbtettiereaction
showed a considerable increase of the current observed during the nogeda
experiments. This change occurred no matter which substrate wad plathe array.
This result demonstrated that the modification of the polymer sunfath small
molecule ligands was capable of changing the polymer structutemaking the
polymer more permeable to ions. This also meant that washindoMiEhmay not be
necessary in order to increase the current observed for impeslgrer@ments run on
a functionalized surface. Third, the increase in current thstlted from the
placement of a pyrene group on the array was about 100 nA sthalethat obtained
from the placement of a PEG group on the array. This makes sensettee more
hydrophobic surface would have less affinity for water. The hydroplesstion of
the polymer would swell less and be less permeable to ionshbasecttion of the
polymer functionalized with PEG. Finally, both ligands did not seerhtmge the
non-specific binding of BSA to the surface. The larger overall oturdeop did
enhance the signal for the binding event relative to the errordsacciated with
variations in the electrode surface (Figure 4.21). This led tonprovement in the
data obtained. In terms of non-specific BSA binding, it was not aisergrat the
pyrene group did not alter the surface to a great extent. Hovitewers disappointing

that the addition of the PEG group did not help. Possible reasons ®&rnBE
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altering non-specific binding to the surface were discussed in Section3.9aieCBa
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Figure 4.21Binding curve generated for BSA non-specific binding to a) 1-pyrene-
methyl acrylate and b) PEG acrylate. The current was measured a/700 m

In conclusion, these results continued to show us the potential ofrdyefar
monitoring binding events as they occurred. In fact, functionalizinguhf@ce of the

array with small molecules increases the permeabilith@fpolymer coating on the

184



electrodes and improves the electrochemical impedance experumsedts signaling

studies. It was time to examine a specific binding event on the arrays.

4.7 Study of biotin-streptavidin binding interaction using a fluorescent linker on
PBrSt-b-CEMA block copolymer surface

In the previous part of this chapter, the possibility of running sSigmal
experiment on the modified polymer surface of microelectrodey avess discussed
and confirmed. With all the information gathered, we moved on to ieeaanmodel
interaction on the array. To this end, we turned to the binding of baostréptavidin
for the same reasons discussed in Section 4.3.

This experiment was done in cooperation with Bo Bi and Dr. Tanabe
Takamasa in our group. A fluorescent linker developed by Dr. Takanesased to
attach the biotin to the surface of the array so that the quahtiotin on the surface
could be monitored. To this end, biotin was first linked to the fluonedicgker and
then placed onto the array with the use of a Cu(l)-catalyzed couplirtgprebetween
an aryl halide and an t-Boc protected amine (Scheme'4Bhe site-selective
Cu(l)-chemistry was developed by Jennifer L. Bartels in our grobp. chemistry
was used to place the biotin by 10 blocks of 12 electrodes each, thext
Cu(l)-coupling reaction was used to place the methyl estdreofliorescent linker
was onto the array. Once again, 10 blocks of 12 electrodes each wdréoushe
experiment. These electrodes were to be used as a contrbefbrotin signaling

experiment.
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Scheme 4.5
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Once the array was prepared, it was incubated in a serisgeptavidin
solutions starting from I M to 10° M protein in 1 order of magnitude increments.
CVs were scanned for each protein solution on three random blockectbées
modified with biotin plus linker, three random blocks of electrodes neatlifvith
only the linker, and three random blocks of electrodes that were natiedoat all.
The CV’s observed at the electrodes are shown in Figure 4.22. dHftés is

summarized in Figure 4.23.
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Figure 4.22 Streptavidin binding on electrodes modified with a) biotin plus linker,
linker only and c) unmodified PBrSt-b-CEMA surface on the samay. Condition: 8
mM KsFe(CN)} /K4sFe(CN) dissolved in 1x PBS solution in water, pH=7.5.
Streptavidin concentration varied from™ M to 10° M. Scan rate = 400 mV/s.
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Figure 4.23 Streptavidin-biotin binding experiment. The currents reported were
measured at a potential of 52 mV.

The summarized data in Figure 4.23 was prepared as describesl &aoh point
represents an average of the three blocks of electrodes used anchthmars reflect
the standard deviation in the data. The drop in current for each dataohas been
normalized. This was done by setting the largest current eliiter observed as being
100%. In this case, the largest difference in current was meafuréhe electrodes
modified with biotin. The remaining data is then reported as a droprrent relative
to this maximum. In this way, the data directly reflectskimeling of streptavidin to

the surface. The larger the magnitude of the data shown, the mdmegbihere is to
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the surface. The green line in the Figure shows the binding of streptavidin to the
surface containing biotin. The red line shows the binding of streptawadietlinker,

and the black line shows the non-specific binding of streptavidin tobliek
copolymer. What can be seen from the data is that the amayeasure the binding
event between streptavidin and biotin. This can be observed veryy rigel
subtracting the background binding to the linker from the data obtdiosd the
blocks containing the biotin. This is done by subtracting the redriome the green

line. This difference data is shown in Figure 4.24.
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Figure 4.24 Streptavidin-biotin binding curve generated by deduction of the linker
curve out of the biotin plus linker curve.

The data in Figure 4.24 represents a binding curve for the interactgirepfavidin
with biotin. From this curve it appears that the major drop in cuoecurred from

10 M to 10* M streptavidin. The curve leveled off after’fM and stayed mostly
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flat afterward. Based on the curve, the relative dissociabostant would be around
to 10, and the theoretical value is around“d@hich was very close considering the
very small valué’. Although the “S-shape” typically associated with a binding curve
would be more complete if the low concentration range was fuetktended, such
experiments are not feasible.

The experiment nicely demonstrated the ability of the arraysigmal
biological binding interactions between a receptor and specific ligdhas to the
very strong binding reaction between biotin and streptavidin, the cludrgiepe on
the binding curve occurred at too low of a concentration ranges iade it

difficult/impossible to generate good quantitative data.

4.8 Biotin-streptavidin binding interaction, a tale of two metals

While the story of biotin-streptavidin binding study seemed to compigtea
perfect ending, there was another side to the story. While ere wattempting to
compare the binding of streptavidin to addition ligands, we used a Rdélyzed
reaction to place the ligands on the surface of the electrodethisiend, the
PBrSt-b-CEMA block copolymer was first modified with HEA (2dngxyethyl
acrylate) to transform the bromophenyl functionality to free tiygs, and then the
activated ester of the ligands was used to place the ligands sarthee with a base

catalyzed esterification (Scheme 4.6).
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Scheme 4.6
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Although with this method, there would be no way for quality control uthe
absence of fluorescent linker, the consistent performance of Ratédyzed reactions
was considered reliable enough to accomplish the task. Befomedevith multiple
ligands, biotin was first used as a model compound to see if the obsained in
Section 4.7 could be repeated. To our great surprise, the impedancenerpe
conducted on this surface showed no obvious current drop at all folettieo@es
modified with biotin compared with the unmodified electrodes (Figug®). Don'’t
be fooled by the presence the higher current measured atdtiéied electrodes.
Note that the higher current does not change in intensity any harelbes the lower

current as the concentration of streptavidin is varied.
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Figure 4.25 Streptavidin binding on a) electrodes modified with biotin and b)
unmodified PBrSt-b-CEMA surface on the same array. Condition: 8Kgi(CN)
IK4Fe(CN}) dissolved in 1x PBS solution in water, pH=7.5. Streptavidin concentration
varied from 10 M to 10° M. Scan rate = 400 mV/s.

Initially, our hypothesis was that we might not have put enough biototbat
surface. Due to the fact that we did not have a fluorescent gooaponitor the

guantity of biotin placed on the array, it was very difficult @erto know the exact
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condition on the surface. A second control experiment was conductedadingpl
biotin by a block of electrodes on the surface of an array withutee of the
Pd(0)-chemistry and then the fluorescent-linker-tagged biotin by anddaock of
electrodes on the array using the Cu(l)-chemistry shown in SchkemheThe
impedance experiment with streptavidin was then repeated using this array.

To our surprise, in the experiment there was no current drop obseraet at
only the electrodes modified with the Pd(0)-reaction, but alseldwrodes modified
with the Cu(l)-chemistry (Figure 4.26). Since the electrodestifumalized with the
Cu(l)-catalyzed reaction were modified with a fluorescentheled biotin, we could
verify that the biotin had indeed been placed by these electrottesppeared that
something in the Pd(0)-reaction was interfering with subsequent impeda

experiments on the array.
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Figure 4.26 Streptavidin binding on a) electrodes modified with biotin usid{DP
chemistry, b) electrodes modified with linker plus biotin using Celfemistry and c)
unmodified PBrSt-b-CEMA surface. Condition: 8 mM3A€(CN)} /K4Fe(CN)
dissolved in 1x PBS solution in water, pH=7.5. Streptavidin concentration varied from

10 M to 10° M. Scan rate = 400 mV/s.

To verify this hypothesis, the same Cu(l)-mediated streptaviditinkdinding

experiment as shown in Figure 4.22 was repeated. This time, dtiigation step
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was followed by incubation of the array in a Pd(0) reaction nmextar 10 min. No
reaction was run. The array was then washed and subjected tagtiaing
experiments. The results of this experiment are shown in Figureldi¥ery clear
that incubating the array in the solution of Pd(0) reaction mixtinanged the
behavior of the array in the impedance experiment. It was reot\wl@ch component
in the Pd(0) solution was interfering with the signaling. Howevernthst probable
suspect is the palladium metal itself. It was very redsdento assume that some
palladium metal may become fixed to the polymer network on thg.arhe multiple
carbonyls in the polymer network can serve as excellenidgyéor Pd. If the metal
is imbedded into the polymer, then the current measured in the ingeedaperiment
might simply reflect the presence of the Pd and not the iron in solution. No impedance

would be observed with the addition of protein to the solution.
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Figure 4.27 Streptavidin binding on a) electrodes modified with biotin plus hne
electrodes modified with linker only and c) unmodified PBrSt-b-CEBMAface.
Condition: 8 mM KFe(CN) /K4Fe(CN) dissolved in 1x PBS solution in water,
pH=7.5. Streptavidin concentration varied fromi*i® to 10° M. Scan rate = 400
mV/s.

The results obtained suggest that one needs to be careful ofRfukidigas a

tool for placing molecules on the surface of the array. There beua good method
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for removing it from the surface — perhaps by washing with a piwspgigand
solution. Moreover, the results suggest that it is wise to have a nwhhlédferent
strategies available for immobilizing molecules onto anyrgsugface on the array. If
we do not have a large pool of reaction strategies to choose fromayaot be able
to use certain surfaces. This is potentially a large issugeasontinue to develop

surfaces with minimal non-specific binding to a receptor of interest.

4.9The ability to acquire stable currents, another aspect of thesignaling
experiment

In all the previously discussed examples, the signaling expesmeeate
performed on the PBrSt-b-CEMA block copolymer. However, that is metonly
surface we examined for its compatibility with the impedange®ments. With both
the boronic acid copolymer described in Chapter 3 and the PCEMA-bgBb®her
we observed some really interesting phenomenon. When the cyclic r@tayrscan
were run on an iron species in the solution above an array coated hsith t
PCEMA-b-BoSt block copolymer, we found out that we could not get a stabient
for a given iron concentration. The current kept climbing as théaton time of the

experiment increased (Figure 4.28).
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Figure 4.28 Current kept increasing as the incubation time increase on the
PCEMA-b-BoSt surface. The value has been deducted with the loweshtcfor
simplification and the current spots were taking at E = 14 m\heroxidation wave,

so the more negative value means increased current. Condition: 8 JA&(CN )
IK4Fe(CN) dissolved in 1x PBS solution in water, pH=7.5.

As briefly mentioned in Chapter 3, this was not the first timeameinto this
problem. We observed similar behavior on an array coated with G-baEed
photo-curable epoxy coating. In this experiment, three different stypé
photo-curable epoxy coatings were compared for their compgtibaith the
signaling experiments. All three coatings were composed ofast lone of the 4
components shown in Figure 4.29. The photocuring step was triggered by a

photoinitiator. The mechanism for the photo-initiated polymerizatioth@fepoxides

is shown in Scheme 4.7.
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Figure 4.29The four monomers used in the photo-curable epoxy coating study.
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The first monomer was a derivative from bisphenol A. The strudtitbis
monomer is rigid and compact and the resulting coating hard apy evith a small
pore size. The second monomer used was a derivative of poly(ethgiyeab. It was

selected for two considerations. First, this monomer has a long lob@veen the two
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epoxide units, so the resulting coating will be soft and elasticaviarger pore size.
Second, we hoped that after adding a PEG component, the non-specific binding of
protein to the surface could be alleviated. In addition to the cationimomers,
radical monomers like acrylates could also be used in these phatdecbiends to

form an interpenetrating network with the addition of a radical phoiatioit PEG
diacrylate was used to form the backbone of the radical polymerizaetwork,

while the glycerol diacrylate was used to provide functionality fee secondary
alcohol.

The first photo-curable coating was made by mixing 40% PEG diylyc
ether, 20% bisphenol A diglycidyl ether, 30% glycerol diacrylate detiez 10% PEG
diacrylate and 3% photo initiator together. The mixture was dild@dimes by
volume in THF and was spin-coated onto the array. The array wasuhesh under
UV irradiation for 15 min. The second coating was a mixture of &phenol A
diepoxide, 20% PEG diepoxide and the photoinitiator following the saagrtent of
dilution, spin-coating and UV irradiation as the first one. The megonponent of
bisphenyl A diepoxide would generate a tough hydrophobic coating withesrsiale
pores on the surface. Finally, the third coating was 100% PEG diepaxth
photoinitiator following the same treatment. This coating should beopkdic and
have larger pore size. The coatings were applied onto three wlifidnips. CV's were
then run in a fashion similar to the one illustrated in Figure 4.&.résult is shown in

Figure 4.30.
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Figure 4.30The current increase over time on a) the 4 monomer coatingg BDo
bisphenyl A diepoxide coating and c) the 100% PEG diepoxide coating. @onditi
mM KsFe(CN)/K4Fe(CN}) dissolved in 1x PBS solution in water, pH=7.5.

The results of this experiment showed that, the hydrophobic bisphedigpaxide
coating was able to acquire a very stable current over ailoegadnd the hydrophilic
PEG diepoxide coating had a rapidly increase current over shorstiae The four
monomer coatings with a balanced composition fell in between: thentumcreased
somewhat over time, but the increment was much smaller compartte tPEG
diepoxide coating.

Combined with the result of the PCEMA-b-BoSt block copolymer illtistra
earlier, it seemed that the coatings with hydrophilic functibes consistently caused
problems with current stability. There might be several passkplanations to this
phenomenon. For one possibility, the oxygen atoms on the PEG network and the
hydroxyls on the boronic acid could serve as ligands for the metahidims solution.
In this case, the PEG network could act like a crown ether igped and the two
hydroxyls on the boronic acid could act as a bi-dentate ligand. Hovibigeis more
likely the case for a free metal ion without any ligands. F@FeCN) and
K4Fe(CN), since the metals are already fully coordinated with thengticyanide
ligand, the chance of ligand exchange is low. Another possibilitihas when the
hydrophilic surface is exposed to an aqueous solution, it willapeated gradually as
the incubation time increases, this way, the coating will have erodemore water
inside the polymer network, and as a result bring more and made iores into the

network close to the electrode. One may argue that eventualbolyetion process
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will stop and a stable current should be able to achieved, however, gree dd
solvation may vary from electrode to electrode and from solutiGoltdion. Hence,
it may not be practical to just wait for the current to stabikvery time it changes.
Additionally, we don’t know if the storage of ions in the polymer rmekwvill have
adverse effect on the sensitivity of the signaling experimemtot. One can easily
imagine that the ions in the polymer network could serve as a cedgte that adds
to the current that arises from the diffusion of ions from thetisol above the array
to the surface of the electrodes. The result would be a more imt@msat that masks
a subsequent impedance experiment.

To summarize, we can not do signaling experiments without obtaitabte s
currents. The more hydrophilic the surface, the more this becopreblam. This is
an issue since many of the surfaces that are typically teseeduce non-specific
binding events with proteins are hydrophiffcThere are two ways to solve this
problem. One way is simply to find a hydrophobic surface with minimatspecific
binding. This is not impossible, as fluorinated surfaces have bperteé to reduce
protein non-specific bindinty One problem associated with this approach is that the
coating may get too hydrophobic to pass any current and become atiamslayer.
To use this method, the porosity of the coating needs to be careduityolled. A
second method for solving the problem would be to change only the outmarsbiay
the coating to a hydrophilic non-binding layer, and let the magor gf the coating
still remain hydrophobic. For example, for the PBrSt-b-CEMA blockoboper, we

can do PEGylation on top of the coating; for the PCEMA-b-BoSt bbogolymer,
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we can deprotect the pinacol-protected polymer after it is @pai¢he surface using
electrochemistry to just remove the pinacol protecting group on ftopeosurface.
The draw back of this approach may be low conversion of the surfadéohaiity
such as experienced in the PEGylation case, and washing thegcedth strong
solvent may rearrange the structure of the coating and expo$gdrophobic moiety

to the solution again. Regardless, in order for this to work, we neegdiriaeol
protected boronic ester surface to have good electrochemical pesp@&diverify the
possibility of obtaining stable currents on the PCEMA-b-pBoSt surfdme BSA
non-specific binding experiment was repeated on an array coated wit

PCEMA-b-pBoSt polymer. The result was shown in Figure 4.31 and Figure 4.32.

400

300

200

——BSA1nM
——BSA10 nM
BSA 100 nM
——BSAlum
——BSA10 uM
—— BSA 100 uM
——BSA1mM

100 -

Current/nA
o

-100  fee

-200 |

-300

-400
700 500 300 100 -100 -300 -500 -700

Potential / mV

Figure 4.31 BSA non-specific binding to PCEMA-b-pBoSt surface with three
different groups of 12 electrodes on the same array. Condition: 8 giHd(®N)
IK4Fe(CN) dissolved in 1x PBS solution in water, pH=7.5. BSA concentration varied
from 10° M to 10° M. Scan rate = 400 mV/s.
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Figure 4.32 Binding curve generated for BSA non-specific binding to
PCEMA-b-pBoSt surface. The current was measured at 700 mV.

Although the PCEMA-b-pBoSt showed more severe non-specific bindirge tB$A
protein, luckily the currents obtained from the cyclic voltammograms weresteagnie.
It does not really matter if the binding of the surface toginstis extensive at this
stage, since the esters would be deprotected and modified \aitiddigater. Now that
the current obtained from the protected surface is stable, thédiptssif the above
mentioned treatment to reduce non-specific binding to proteins whelimirgy good
electrochemical properties may work. The details of thesesilplites will be

discussed in Chapter 5.

4.10 Conclusion
The possibility of running electrochemical signaling experisemn
microelectrode arrays was explored systematically. [Riffereaction conditions were

studied to find out the effect of variables on electrochemical inmpedd he initial
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studies on the signaling experiments were based on the wrong instalrsetup,
using the platinum cap as the working electrode and the michmelecarray as the
counter electrode. This led to identical CVs no matter whaofselectrodes were
selected using the software for running the arrays. Afterpitublem was fixed, a
series of experiments were done to explore the utility ofatin@ys for observing
molecular interactions. An iron concentration experiment revethladthe current
intensity of the CV obtained with the correct setup was relatedhé iron
concentration Washing the array coated with PBrSt-b-CEMA surfaith DMF
increased the ion-permeability of the coating and resulted g urrent increase
with high iron concentrations. This procedure has the advantage ohsmgethe
sensitivity of the array and the disadvantage of making the overall datafesstent.
Non-specific binding experiments with BSA showed that the amas/ responsive to
protein binding by showing current drops as the protein concentration increased. Als
in this experiment it was found out that running array-based oeactiould also
increase the ion-permeability of the coating. This increasedséhsitivity of the
experiment and as a result made DMF washing of the arragessay. A study of
streptavidin-biotin binding on the array was very successful. drnays proved
capable of not only monitoring the event but showed the potential for doingas
guantitative manneRepeating the same experiment with an array made using Pd(0)
chemistry resulted in a complete loss of signal. It appears that theflsiginal results
from Pd(0) contamination of the surface. The detail mechanismspti@nomenon

remains undetermined. The result of this experiment suggestechdhatchoices of
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reaction strategies for of putting molecules down on the surface of araegrageded.
Last but not the least, results from the PCEMA-b-BoSt block copalyand
photo-curable epoxy coating suggested that hydrophilic coatings aee prone to
have a slowly increasing current in the signaling experiment thamophobic
coatings. In order to run signaling experiments within a reasomiatdescale, it is
better to either use non-binding hydrophobic surfaces or take advantage of
modifiable hydrophobic coating to transform the outer layer of theingpaito a

non-binding hydrophilic surface.

4.11 Experimental section

General experimental procedures

Materials

All materials were used as purchased from Aldrich without fuplieification unless

otherwise indicated.

Characterization

Fluorescence microscopy, NMR, FT-IR, LC-MS conditions were same as in

chapter 2.

Cyclic voltammetry was carried out on a BAS 100B Electrochemical Analyzer
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potential stat, with BAS 100W Version 2.31 control software.

For array-based reactions please see the experimental section of Chapter 2 and

Chapter 3.

Sample cyclic voltammetry on 12K array:

A 12K-microelectrode array was cleaned with a 9:1 solution of 3@ Eind conc. K50,
for 30 min at 65°C and then coated with the polymer as aboweaithy was incubated
in 200 uL of 8 mM ferrocyanide and 8 mM ferricyanide in 1x PBS solutimade by
dissolving 1 Phosphate Buffered Saline tablet ordered from SfGiKA&00 mL DI water)
for 15 min and then placed in the ElectraSense reader. Oméedirode block was
activated and cyclic voltammetry performed by scanning thenpalket the electrodes
from -700 to 700 mV and then back again at a scan rate of 400smWhe counter
electrode was a platinum plate of area of 0.75 loatd 650-80Qum away from the array
by an O-ring. The cyclic voltammetry was repeated as almyvwbé 12-electrode block at

various time intervals.

Sample signaling experiment on 12-K array:

The cyclic voltammetry measurement in a signaling experingemdentical as the
procedure illustrated above. For making the protein solutions, tharpmbes first

dissolved in a stock solution of 8 mM ferrocyanide and 8 mM ferricyanide PBS

solution to make the highest concentration protein solution (For BSAStM® M
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and for streptavidin it was fOM). Then 10QuL of the solution was taken and diluted
with 0.9 mL stock solution of the iron solution in a 1.5 mL eppendorf tubeateem
the next highest protein solution. The procedure was repeated withneadolution
made to have a series of protein concentration with 1 order of magmutréenent.
The stock iron solution was used in all dilutions to keep the iron congentimateach
protein solution constant. After all the protein solutions were mhdg,were kept in
an ice bath and were only taken out when needed. The array wasdhleated in the
solutions made from the lowest concentration to run cyclic voltamniethe current
was changing over time, usually the CV was not taken until theerdufinally

stabilized, which usually took less than 20 minutes.
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Chapter 5

Future Directions for Coating Development and Surfae

Modification on Microelectrode Arrays

5.1 Summarization of previous experiences

As discussed in Chapter 4, the fact that we are measuring inggeda our
signaling experiments prevents us from using BSA to knock down the noificspe
binding of a target protein to the surface of the array. Asudtrege have to minimize
the non-specific binding properties of the surface in order tomize signal-to-noise
in the experiments. When studying strong binding interactions, the proisle
relatively easy because non-specific binding usually only happehgla protein
concentration. However, if we want to study weak binding interactitmes)
non-specific binding can be large enough to interfere with theureraent. We need
a surface with minimal non-specific binding to the target pmobeing studied. This
inertness of the surface to protein binding must be balances withe#tk for the
surface to have stable electrochemical properties. Key to this issigecismpatibility
of the surface with impedance experiments that require stabsentaiwhen running
multiple cyclic voltammograms. If the current does not stabilmeneeds an
extremely long time to stabilize, it becomes either impossblimpractical to obtain
meaningful data from the desired analytical experiments. Theseaemrements
serve as the key guidelines for the future development of mictomde array

coatings.
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In the conclusion of Chapter 3 and Chapter 4, we stated that through our
observation, hydrophilic surfaces are more prone to lead to unstabémts in an
impedance experiment than hydrophobic surfaces. However, manyrairidanding
surfaces typically employed are hydrophiffcAs these two factors compete with
each other, the solution to our problem becomes more complex. As propdked at
end of Chapter 4, there are at least two possible ways to solve the problemstlike fir
to find hydrophobic yet non-binding surfaces. This is potentiallyadilfidue to the
contradictory nature of the plan. The second is to use a modifiabi@ghobic
coating. After the coating is applied, the outmost layer of thenpaiycan then be
transformed into a non-binding hydrophilic film of sorts that reducesspenific
binding. The majority of the polymer network would still remain fayhobic and
hopefully would not solvate extensively in aqueous solutions and preserve the
stability of an electrochemical current. In this chapter, tihesepossibilities will be

discussed.

5.2 Possibility of a hydrophobic and non-binding coating

While most of the coatings with minimal protein binding are hydiaphi
polymers, some fluorinated surfaces are very hydrophobic andeargtant to
non-specific binding with many proteins as well.For example, Kramer and
coworkers reported a block copolymer of polystyrene and poly(ethylede)oxith
doped perfluorinated side chain to have antifouling propetfig= fluorinated side

chains reduce protein binding to the surface. In another study, &tienoworkers
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reported using a functional fluorinated surface to immobilize Geprston a
substrate microarray. The arrays were then used to detémodies? The surface
utilized the acrylic acid terminals for attachment of therGgin and the fluorinated
terminals to repel non-specific binding of the antibodies to thesirfThe coating
was also reported to have long-term stability and better setysitiglative to
PEG-based coatings. These findings suggest that fluorinatedcesirinaybe a
promising target as the coatings for microelectrode arraysetmwbefore the idea
of fluorinated surface is fully embraced, there are some camtleat will need to be
addressed. First, while the fluorinated surfaces are hydrophobicesirable with
respect to non-specific binding, they may end up being so hydrophobichéyat t
prove impermeable to ions. This would interfere with the passagearoént in the
impedance experimefit.For example, some perfluorinated surfaces are called
super-hydrophobic surfaces for their extremely hydrophobic natuttee oating on
an array was so hydrophobic that is was not wettable athalh, ho ions in the
solution above the coating would be able to pass through the polymer ahdhea
electrode. The result would be no current and hence no impedance erperime
Second, due to the non-sticking nature of fluorinated surface, it imégioime hard to
attach the coating to the array. Third, fluorinated surfacesatr able to repel all
proteins. For proteins with non-specific binding via hydrophobic interagtitres
fluorinated surface may actually increase the level of non-$péiifding” Last but
not the least, fluorinated compounds are potential carcinogens asTteyl do not

present acute toxicity, but their extremely long half lii# presents long term health

213



concerng.

To resolve the first problem, a copolymer of fluorinated mononitr ether
non-fluorinated monomers may be needed to reduce the hydrophobicity to an
acceptable degree. For example, based on the previous block copolynger; desi
styrene monomer with pentafluorinated benzene ring could be used tormepaty

with the 4-bromostyrene to make the polymer illustrated in Figure 5.1.

Figure 5.1 Incorporating fluorinated functionality into the block copolymer structure

In this way, the fluorinated groups will be doped into the block opttgmer used to
functionalize the surface. Of course, there are many other twaygorporate the
fluoride into the polymer structure. All are fine if they carhiaee the goal of
reducing non-specific binding while retaining enough porosity and pijdrcty so
that they do not serve as an insulator for the electrode below. @m=dsocahink about
matching such a surface with a modified redox couple. For exathplégands on a
copper complex can potentially be fluorinated so that they improvsalability of
the complex in a fluorinated polymer that is being used to coarthg. Of course
the nature of such a ligand would need to be tuned so that an appropiaate ba

between the solubility of the complex in the polymer and a stable current is dbtaine
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To respond to the second concern, whatever polymer is used will need to
retain blocks that allow it stick to the surface of the arfigce the fluorinated
monomers will only be a small part of the overall polymer, thiy mat be a large
problem. However, if it is, then the “stickiness” of the polymer loarincreased by
modifying the methacrylate block of the polymer. Monomers suclergicaacid and
acrylonitrile are known to lead to polymers that adhere to ssféightly (Figure
5.2)° These monomers can be incorporated into the polymer structure by

copolymerization with the methacrylate block.

DR

HO™ ~O
Acrylic Acid  Acrylonitrile

Figure 5.2 Monomers that promote adhesion.

With regard to the third problem (non-generality of the solution),ptymer
used will need to be tested for its compatibility with a protein targeted foy. stlids
expected that no one surface will be compatible with every prdtgied. For this
reason, our approach to building the surfaces must be as flegildesaible. This
gives rise to the idea of making coatings that have tunable surfacegl(s&g b

As for health concerns associated with the fluorinated surfacess thimatter
of awareness as much as anything else. The lab has the prtgtgresmipment
necessary to handle the materials, but we must make sure thgt grotocols

carefully specify their proper use.
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5.3 Post-synthetic modification of microelectrode array coatings

As an alternative, potentially more flexible approach to thédaust discussed
in Section 5.2, we can also coat the surface of an array with m@oknown to have
stable electrochemical properties and then tune its surfaceyt@nd reduce
non-specific binding events. In this manner, it may be possiblenitomize
non-specific binding while maintaining the overall electrochenpcaperties of the
surface.

For example, we can modify the PBrSt-b-CEMA block copolymer coating

electrochemically with a substrate that repels protein binding, like PEG

Scheme 5.1

| oopr 1
g d V\O 16-17 §
% o allyl acetate : \\—<O

Pd(OAc),, PhsP, TBAB, Et3N, % O-PEG
7:2:1 MeCN/ DMF/ water
-2.0V, 180 pause

However, from our previous experience, modification with short ch&G Rvas
ineffective in reducing protein binding to a satisfactory degregaiiess, other
potential substrates can also be used, like the fluorinated substistassed earlier
(Scheme 5.2), longer PEG grodpsnd groups that add a charge to the surface of the
array? For this last suggestion, it is important to remember thatléwrodes on the
array are insulated from groups tied to the surface of the palyeace, the charged

groups will not interact directly with the electrodes.
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Scheme 5.2
(0]

F2n+1 Cn)v

: :
: O : O
§ o allyl acetate % \\—<O

Pd(OAc),, PhsP, TBAB, Et;3N, CiFont1
7:2:1 MeCN/ DMF/ water
-2.0V, 180 pause

For the PCEMA-b-BoSt polymer coating discussed in Chapter 3, the
deprotected polymer was not compatible with the acquisition of stabients on the
array. To take advantage of this polymer, the pinacol-protected copolygan be
applied to the array, and then the deprotection of selected boronic racidsg
accomplished as needed. Since the deprotection of the boronic aciqusessaacid,
the transformation can be conducted in a site-selective fashioanoarray’ as

illustrated in Scheme 5.3 (preliminary results with Mr. Matt Graaf).

Scheme 5.3
ki O OH
: ©/N\'?‘ @ B-oH :
: ke Bu,NPFg, MeOH : OH
% +2.4V, 120s %

Once deprotected, site-selective Suzuki reactions can be witiotbieic acid groups
(the protected surface is inert to the Suzuki conditions) or tltrades modified
with solution-phase substrates by incubatioBignaling studies would then involve
mainly the protected surface — a surface that was known to haaleex

electrochemical properties as demonstrated at the end of Chapter 4 (Scheme
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Scheme 5.4
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The advantage of this approach is that we can take advantage oatimgs

we have already developed. Of course, there are drawbacksthist approach

compared with the other method discussed in Section 5.2. First, wenmaynter

low conversion of the surface functionality or low covering densist, like we saw

when the PEGylation of PBrSt-b-CEMA was attempted. Second, thghology of

the polymer surface may change extensively after washithgangolvent. This could

alter the nature of the modified polymer surface so that thegnewps added to repel

a protein are no longer on the surface and unmodified sections of the polymer exposed

to the reaction solution. Such an event might render the modificatmiekffective.

If this phenomenon does happen, it will raise questions as to whethkrcla

copolymer strategy is the best platform for building coatimgtlie microelectrode
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arrays.

5.4 Strategies that do not use a block copolymer

As an alternative to the use of a di-block copolymer for coatiegatray,
either a multiple-block copolymer or a random copolymer might provielu$egure
5.3). With the different monomers more evenly distributed in the bulmmal the
polymer network created will have more uniform properties (likeérdyhilicity for
example). This will make the coating less likely to chartigemorphology after
exposure to a solvent. In addition, the coating may show better congiatgnss the
array in terms of the currents obtained from cyclic voltammetry.

Of course, there may also be drawbacks associated with these of
polymers. As the UV-cross-linkable repeating unit is more eveistyibuted across
the polymer network, the pores generated in these types ofhgoaian be much
smaller than those generated in a di-block copolymer. This can rasgheatly
reduced electrochemical currents. For this reason, the degre@sstlinking will
need to be carefully controlled in order to retain good porosity of tii@écsuiSecond,
since more of the bromostyrene units are hidden within the crossginkitwork, the
number of available sites on the surface of the polymer for funtidahan may be
far fewer than that encountered with the di-block copolymer coatirigslly, the
possibility of making these polymer structures depends on the pohatien kinetics
of the monomer used. If the monomers initially selected for buildiagolymers are

not compatible with the syntheses, then their structures will be altered.
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Figure 5.3 Other possible polymer structures for coatings of microelectrodesarray
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Appendix A

Operation Manual for 1-K Arrays and Instruments

A.1 1-K array preparation before running a reaction

The new unused 1-K array has the metal wiring exposedhvwgvery fragile
and can be easily damaged. The first thing to do with a 1-k erta coat the wiring
area with a heat-curable epoxy coating. The liquid form of epospriead across the
wiring area and the coated array is carefully placed into am wite 200°C to bake
overnight. The array is then taken out to cool down to room temperaiiis eeady

to use.

;{?__‘h' i

s

Figure A.1 1-K array (a) before and (b) after coating with epoxy

A.2 Connection of the circuit and the instrument

The way to connect the equipment depends on whether an oxidaten
reduction is run on the array. First of all, there are 12 pinsA{3vext to the socket to
insert the 1-K array, which are used to connect with an ampstex and the counter
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electrode (Figure A.2). The four rows stand for number 0, 1, 2, 3tfsprio bottom
in the map editing of 1-K array. For one particular reaction, onky row of pins is
used. If one certain row is used, for example, the second rowdsthen in the excel
file of the map, the grids in the table marked as 1 reprelsergl¢ctrodes turned on,
and the grids marked as other numbers (either 0, 2 or 3) ateeétcturned off. If
the first row is used, then the electrodes marked with Coeiturned on and all other
numbers are turned off. Different users can edit the map ke thair own patterns.
Each grid in the excel table corresponds to each electrode ondiieaad there are a

total of 1,024 grids/electrodes.

Figure A.2 The 12 pins on the 1-K instrument

To connect the pins for a reduction reaction, the rightmost pin is cexnect
with the counter electrode and the two pins on the left are codniectbe ampere
meter (Figure A.3a); to do an oxidation reaction, the leftmostgoonnected with
the counter electrode and the other two pins are connected to thee ammgter

(Figure A.3b). If no ampere meter is available, the two pinsbeasimply covered
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with a “bridge” which simply short-circuits the two pins. Aftdre circuits are
connected, the coated 1-K array (follow the spin-coating instructieach chapter’s
experimental section) could be inserted into the socket and tiheeteictrodes on the
array as well as the counter electrode can be insertedhatceaction solution, as
illustrated in Figure 1.6 in Chapter 1. One thing needs to be meni®tieat when

inserting the 1-K array into the socket, the third row of pins ftleenbottom on the

back of the chip needs to be bent downward so that the array is easier to be inserted.

a) b)

® ® o ® ® ®
oo /e
o o0 o Lue @
o ® o o ® o

Figure A.3 Pin connections for a) reduction and b) oxidation reactions.

A.3 Software control of the 1-K array

When the experimental setup is in place, the reaction cauitibeed with the
computer program. To begin with, open the software “Chemprog V1.36’hen t
desktop. When the window appears, open the “Functions” menu and sethgat “C
Control Functions” and a new window will appear. If this is the fime to run the
program since a reboot, one needs to go to the “Functions” menu in this wandow

click on “Set Num of Mirrored Chambers” and set the value t6.bd&the window is
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already opened, this step can be skipped. Whenever restartipgptiram, this step
needs to be done again; otherwise the program won’t run corredity. tAat, click
“Test Chip” in the “Functions” menu. A small window will appear, afidk “Test” to
test how many electrodes are good to operate on the arragethg®io the socket.
Usually, one or two electrodes may fail. In more severe cpads, of the array like a
row or a block or even half of the array may not work. The computgram will
deem the test fail when the pass rate is less than 99%. Hov@veur purpose, it
does not really matter as long as there are good electrodearéhausable. For
example, for an array with half of its electrodes not workimgg can still run a
reaction with a checkerboard pattern on it and see if the reaction worked.

Once these previous testing and setting up steps are dicke,Add or
Change Layers” in the “Functions” menu to run a particular expatinethe newly
appeared window, click “Insert”, and a new window which allows #&er to input
the voltage, number of cycles, time on and time off (in secondsapypkar. Input all
information as desired, and click the “Find File” button on the lowrtdeload a
map. After choosing the desired map, click “Save File” to ehét window and
“Done” to go back to the “Chip Control Functions” window. Finally, clickai®
Running Sequence” to initiate a reaction. At this point, the patidams window will
change to show the map loaded. The red color represents eledinatiese not
working, while other colors represent the numbers chosen for dactrode
according to the map. The ampere meter could be turned on at thiggtieiA

level to monitor the reaction. The intensity of the current depends onnfawy
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electrodes are turned on and what exact reaction is being run.aBeansra rule of
thumb, running a reaction with a whole board pattern has the maximuentcur

intensity around 300-60@A and with a checkerboard pattern around 200:390

A.4 After-reaction cleanup

After the reaction is finished, the eppendorf tube containing thetioea
mixture is lowered to reveal the array, and the array can e @kthe socket to be
cleaned off the residues of the reaction mixture. Depending on pleement run, the
array can be washed with a solvent from ethanol to dichlorometfi&ieecounter
electrode also needs to be washed between each reaction to @a@v@mination.
After all the characterization is done, the chip can be cleanédeused. For general
cleaning, the chip is incubated in concentrated nitric acid foe80nsls and washed
with water. After that, it can be incubated in DMF overnight andrdd with a Q-tip
to remove any coating residue. The array is finally wash#&d Dliwater and acetone

and is ready to be reused.
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Appendix B
Operation Manual for 12-K Arrays and Instruments

B.1 12-K array preparation before running a reaction

Since the basic experimental setup, instrumental conneatomell as
experimental procedures have been discussed in detail in Chapted in the
experimental sections of each chapter, in this appendix only ttveasefprogram for
controlling 12-K reactions and signaling experiments will be discussed.

To prepare a 12-K array for any experiment, the areags to be cleaned first.
All the “new” arrays from CombiMatrix are actually usedagriwhich failed their
commercial quality control, thus almost all of them have sucrosgéngoan them.
Before any experiment can be run on the array, the sucroskieaaseeds to be
cleaned so that a new coating, either agarose or a synthesaewy@can be applied
onto the array surface.

The 12-K array has different cleaning method from theakray. Since the
array is immobilized onto a slide and the electronic circlaysright next to the
microelectrodes, a cleaning instrument made specifically fa d2rays is used to
clean the arrays while protecting the circuits (Figure B.QhEslides of 12-K arrays
are inserted into the sockets with the electrodes side facingnd the spring-loaded
switches in the back are pulled up to have the arrays in tighaatowith the
chambers in the front. Then, Nano-sttp (Cyantek Corp., Fremont, CA), a

non-explosive form of piranha solution (mixture of conaS&, and HO,), is
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injected into the incubation chambers with a screw-head syringessolk the

coating residues on the arrays. The arrays are then incubatt@d mixture for 20

minutes and the mixture is then pulled out by the same syringg. that, the arrays
are washed with DI water for 3 times using the syringeetaove the corrosive
Nano-strip solution. Then the arrays are taken out and rinsed wittnacnd should
be ready to use. The array can be washed many times ustildtionger usable (too
many dead electrodes) eventually. The old type 12-K arr&y sasrter than the new

type 12-K array, which is made of higher quality materials.

Figure B.1 Instrument for 12-K array cleaning

B.2 Software control for 12-K array-based reactions

Although the experimental setup for the 12-K array reactiomes naore
complicated than 1-K, the software used for 12-K is actualligetsuse. Of course,
before using the software, the user needs to prepare for theinsperby

spin-coating the array, making the reaction solution, making tag-aacket complex
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and inserting it to the instrument. The terminals also need torfieected properly
depending on the reaction done on the array. Since these steps explafied in
Chapter 1, no addition comments shall be given here. Once the instrsehgmtis
ready, the user will need to open the 12-K array program on oéhgputer,
ElectraSense-Instrumental W 71-5.7.00nce the window is open, click on “Initiate”
to turn the instrument into working mode. Then, the user will need to load the reaction
protocol file which is in text file form. The protocol files dozated in the reaction
protocol file folder in C drive. Since most reactions use sirpilatocols, people tend
to modify one particular file each time they do a new experinmstead of creating a
new file for each new experiment. As a result, most people cltibesie “VB12
coupling” to modify their reaction protocol, but anyone can make thveir protocol
files. Taking the VB12 coupling protocol file as an example, when apehie text

file, the following input will show up in the text window:

MainBlock Begin
InitChipSystem (5, 1)
testchipmap (4, 5)
groundvl ()
# setgridvoltage (1.5)
SetOffChipElectrodeVoltage (1.7)
applyexactmapfromfile(C:\Maps\Small Checker 1)
pause (90)
GroundGrid ()
SetOffChipElectrodeVoltage (0)
MainBlock End
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While these commands look complicated, only three of them need to bgedhtan
accommodate a specific reaction. The first parameter to begethais the
“SetOffChipElectrodeVoltage” in the sixth row. The number in terentheses
represents the voltage applied between the array and the couotexdelen the unit
of volts. Since whether reduction or oxidation is running on the asregritrolled by
the connection of the terminals, only positive number is input here. Tdundse
parameter is the “applyexactmapfromfile” command, which alltvesuser to change
the map applied onto the array. The user needs to copy the fileirpatithe
parentheses, which needs to be exactly correct from the rodtodyremtherwise the
program will not recognize it. One thing to mention here is tih@tusers can also
make their own maps by editing a map file in Excel. When the ifeafs fopened in
Excel, it will show a table of humbers corresponding to each indivieleatrode on
the array. The electrode marked with 4 are turned off and marked with 2 are turned on.
The user only needs to change the numbers to make the desired. fattee the
editing is done, the file should be still saved as a text fileetoecognizable by the
protocol file. After the desired map is in place, the third patante be changed is
the reaction time. To do so, change the number in the parentheses thextpause”
command. The total reaction time equals to the number input in secdtetsalAthe
editing is done, save the text file and exit the window (caretteopen for further
editing if more than one reaction needs to be done). At thie,stdick “Change

Protocol File” in the ElectraSense window, and load the protocqufiteedited. After
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that, click “Run” to initiate the reaction.

After the reaction is finished, open the instrument and ttakearray-socket
complex out. Drain the reaction solution with a pipette firstdiadssemble the array
from the socket. Wash the array with any solvent of desire andrye before

rendering to any characterization instrument.

B.3 Software control for cyclic voltammetry

To run a cyclic voltammetry experiment on the 12-K atay computers are
needed to control the 12-K instrument as well as the external jpbtstat. For the
12-K instrument, the controlling is pretty much the same excefgwa minor
differences. The first difference is the terminal connectihssussed in Chapter 1, as
external potential stat is used to provide potential differenceelestwhe working
electrode and the counter/reference electrode. Secondly, the prasecbfor cyclic
voltammetry is also a little different from the reaction protocThe cyclic
voltammetry protocol is in the file “cvtest”. When this filedpen in a text file, the

following commands are shown in the window:

MainBlock Begin
InitChipSystem (5, 1)
testchipmap (4, 5)
groundvl ()
applyexactmapfromfile(C:\Maps\Small Checker 1)
pause (90)
GroundGrid ()
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MainBlock End

In this protocol, the commands that set the potential differencedaction protocol
have been removed. Only the map file and the reaction time ndael ¢banged.
Interestingly, it seems that once this protocol is initiatethénprogram, one can run
cyclic voltammetry as many times as they want as lorthead 2-K instrument is not
opened, even if the reaction time is finished. So the reaction tinigsi CV protocol
is actually not important, the user can make it as short ascbbds, which will not
make any difference from setting it to be 10 minutes. The fitaused should match
the map file used in the reaction protocol, so that the CV is run on desired electrodes.
For the program to control the BAS potential stat, operptbgram BAS
100W on the computer which is used to run CVs. For a first time ran afteboot,
open the “Control” menu and click “Self Test Hardware” to teetgotential stat. If
everything works well, open the “Method” menu and click “Selectd®f. Here a
new window will open to let the user choose the desired electrochlenméthods. To
run cyclic voltammetry, click “1. Sweeping Techniques” and choosé =QCyclic
Voltammetry”. Once the method is selected, click “General riRete” also in the
“Method” menu to input the CV parameters. There are seven pasmen be
changed. The “Initial E” parameter stands for the initial padétite scan begins with.
The “High E” and “Low E” parameters stand for the highest and dowetential of
the scan. The “Scan Rate” let the user to choose the scan ral/s. The “Initial

Direction” determines whether the scan begins with positive thre¢bxidation) or
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negative direction (reduction). The “Number of Segments” let thetasgecide how
many cycles of CV to be run. One segment is only half the cgol@always use at
least two segments. Finally, the “Sensitivity” parametevad| the user to choose the
current intensity window of the scan. If the sensitivity is todhitpe current may
exceed the measurable limits; if the sensitivity is too tben the curve obtained will
be very bumpy, less smooth, and may lose a lot of details. Howdjustathe
sensitivity is a try-and-error procedure which may need a coopleies. Some
example parameters used for signaling experiments withtexrpatf 12 electrodes on

the 12-K array with 8 mM Kre(CN)/K4Fe(CN) as the solution are listed below:

Initial E: -700 mV

High E: 700 mV

Low E: -700 mV

Scan Rate: 400 mV /s
Initial direction: positive
Number of Segments: 2

Sensitivity: 100 nA

The user can change these parameters to his/her best judgrtbeteas no uniform
parameter for different kinds of experiments. Once the parasnaterset, open the
“Control” menu and click “Start Run”, or simply click “F2” on the kewod to
initiate a scan.

Once the scan is complete, open the “File” menu and cliske"®ata” to

save the cyclic voltammogram. Also in this menu the user can lcadopsly
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obtained data using the “Load Data” command. To observe an overlappeairdizgr
several CVs, open the “Graph” menu and click “Multi-Graph” to choosédildgeto
be overlapped.

After all the desired data are obtained, open the “Filehu and use the
“Convert Files” command to convert the bin file format of the @&&finto text files.
The files can then be opened with Excel or Origin to plot the Cyraimas. When
imported into Excel, remember to choose “dividing the data by comasathis will

help divide the potential data and the current intensity data into different columns.
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