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Abstract

The interaction of photouctive proteins with an electroactive matrix is valuable i leading to potential technological

applications in opto-electronie signal transduction for optical displays. color mimicking; biosensor, and protein

research applications. In this study. the Langmuir  Blodget! technique is used to couple these components through -
the well-krnown biotin® streptavidin complexation, Biotinylited copolymers of 3-substituted thiophenes have been
synthesized both 1o enhance mechanical film integrity and to provide the electroactive matrix for attachment of the

aptennac protein, phycoervthrin. It has been determined that ‘biotinylation of the thiophene copolymers improves

their film forming properties and results in stable monolayers. Pressure area isotherms indicate that protein

interaction with the polvmer monolayer is ocearring with the streptavidin and phycoervthrin proteins. Fluorescence

spectroscopy” of transferred films confirms the presence of phycoerythrin in the finaf molecular asscmblies. Each

stage of protein binding 1o the biotinyluted copolymer monolayer could be monitored through fluorescence

microscopy at the air water interface. These resolts suggest that this copolymeér system is a promising material for

integrating virtually any biotinylated macromolecutar sysien 10 an clectroactive mairix, Tn addition. this copaolymer

svstem may be “fine tured” to maximize protein integration by vary ing the dhtdm_c humccn hm!m iumnondlmu_
andior the lmuh of the biotin spacer arm. :

Polythiophene is a well known clectroactive polymer

1. Introduction
: which is of interest for its high conductivity and envi-

The primary focus of this rescarch 1s the coupling of

a photoactive protein to an clectroactive polymer mate-
rial where the polymer woukd provide both a rupged

template for the organization and immaobilization of

protein as well as serve in a signal transduction role for
potential biosensor. optical display and color mimick-
ing applications. Such blosensor applications reguire
the optimization of signal transduction to maintain
sensitivity and  low  detection  limits. Currently. re-

searchers are investigating a vanety of approaches o+

address this need, including thin. layérs (Langmuir

Rlodgett (LBY sandwiches) of preformed conjugated

polymers [1, 2|, embedding sensing elements {¢.g.-en-
zymes [3] or DNA [4]} in conductive polymers and the

incorporation of electron mediators such as ferrocene
into an LB conducting matrix [3] w provide close

conlact between sensing and transduction matrices. Qur
approach 1s to use direct covalent linkage between the

sensing clement and conductive pelymer where one may

control the surface organization. density. orientation,

size’ and ‘spatial distribution of the elements in lhc-

assembly to oprzm;?c hiosensing.
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ronmental stability [6 8]. Substitution of long alkyl
chains 1o the polythiophene backbeone has shown that
processible; functional polymers for electromes applica-
tions may be formed [9 12]. LB films having well-
defined composition. structure and thickness have been
prepared by mixing alkylated polythiophenes with vari-
ous surface-active materials such as stearic acid |13, 14}
Here we discuss the characterization and manipulation
of a monolayer- of 4 novel surface-active alkylated
polythiophene which has been specifically derivatized
with the functional group bietin for protein attachment.

" Although photoactive biological proteins have been
extensively investigated for their light-transducing prop-
eriies. only recently has the possibility of using such
proteins as active components of photonic devides actu-
ally been explored. This research has already yiclded
great promise as spatial light modulators [15]. artificial
photoreceptors [16]. holographic media [17] and opti-
cally bistable devices [18] have all been demonstrated

‘using the well-known protein bacteriorhadopsin. Qur

photoactive . protein -of choice s the light-harvesting -
phycobiliprotein found in blue- green and red algace,
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phycoerythrin. Phycobiliproteins arc stable and highly

water-soluble proteins which are umqucly assembled
into complex “antennae™ arrays which serve to collect
and filter light in a unidirectional energy pathway to
chlorophyll for photosynthesis. with greater than 90%
cfficiency [19 21]. Phycoerythrin is the outermost phy-
cobiliprotein and exhibits remarkable optical properties
in rive. in solution and in thin film form including an
unusually high Stoke’s shift (8] nm. 495 nm excitation
and 376 nm emission). imense fuoresence  {roughly

20x that of fluorescein) and quantum yields as high as

0.98 [22. 23]. Time-resolved fluoreseence properties and
the molecular envirenments of the multiple tetrapyrrole
chromophores found in this protein arc also well under-
stood [24, 25} In thin film form, phycoerythrin has
“demonstraled the ability to retain these optical proper-
ties as well as to exhibit interesting photovollaic and
photoconducting behavior [26]. I is expected that such
proteins. organized and immobilized in a conducting
matrix, should vield mtcrcstmg clectronic and OpllLdl
properties. -

Slrcpldudm (STY is a well known tetramer protein
which contains four identical sites specific for biotin
binding {27]. The biotin-S8T complex, once formed, is
cssentially rreversible with a stability comparable with
thait of ‘4 covalent bond [28. 29]. Biotinylted
biomolecules may be bridged together with ST to serve
in a wide variety of biotechnology applications {30. 31].
It has been shown that the highly specific’ molecular
recognition of biotin 1o the tetramer protein 5T may be
used to form oriented two-dimensional protein domains
in the plane of a lipid monolayer {32,.33]. Recent
studies have demonstrated extension of this approach
10 a cassctte attachment methodology or triple-layer
formation with the monoclonal antibody Fab [34} and
the light-harvesting protein phycoerythrin [35].

In this paper. we report the cassette attachment of
biotinylated phycoerythrin (B-PE) to biotinylated
poly( 3-undecylthiophene-co-3-thiophenemethanol} - {B-

PUMT) using ST as a linker protein. Pressurc arca -

measurements were used 1o characterize monolayer for-
mation of the ¢opolymer. Expansion of:these curves
after ST and. B-PE exposure indicated protein interac-
tion with the biotinylated copolymer manolayer. Fluo-
reseence microscopy at the air—water interface was used
1o monitor protein attachment 2t cach stage of assem-

bly and fluorescence spectroscopy Lonhrmc,d the pres-

ence of prolem m trdn%fcrrud films.

2. Exper;menta! details

The synthesis of the B- PUMT was camed out by :

attaching biotin to the copolymer of 3-undecylthio-
phene and 3-thiophenemcthano! {PUMT) [36]. ST and

R-phycoerythrin, biotin-XX conjugate were’ purchased

from Molecular Probes, Eugene, OR. The streptavidin

was received as a lyophilized powder which was recon-
stituted to a stock -solution .in Millipore water. - The
purity was confirmed from a single band by Coomassic-
stained sodium dodecy! sulfale polyacrylamide gel
electrophoresis. The biotinylated phycoerythrin was
shipped in 0.1 M sodium phosphate containing 0.1 M
NaCl stock solution and was used as received. The XX
represents a 14 atom “spacer” attached to enhance the
ability of biotin derivatives to bind to the reldtively
deep binding sites of ST. Biotinylation was carried out
by covalently binding biotin to random amide siles on
the protein, resulting in three to four biotin functional-
ities per molecule. '

Pressure~-area measurements and film [rdnsfers Were
carried out on a Lauda MGW Filmwaag Balance. A

‘Microscope Mountable Micro-Trough MT-100 from

Ultrathin Film Technology Lid., Mountain Lakes, NJ,
was used for fluorescence microscopy studies. An argon
ion laser, excitation wavelength 495 nm., was used to
probe protein interaction with the B-PUMT monolayer.

- All monolayer protein asscmblies were prepared by

spreading a 0.5 mM chloroform solution of B-PUMT
onto a 0.1 mM sodium phosphate and 6.1 M NaCl, pH
6.8. agueous (Millipore walter) subphase at 30 "C. ST
from a prepared buffered stock solution was injected as
uniformly as possible under the cxpanded B-PUMT
monolayer to yicld a final subphase concentration of
approximately 1 x 107" M. The film was then allowed
to incubate for times ranging from 2 to 24 h, Prior to
injection of B-PE. the subphasc was flushed with
protein-free buffer to remove excess, unbound protein.
B-PE was then introduced in a similar manner under
the monolayer and allowed ta incubate for 2 h before
characterization and film transfer. For transfer studies,
the monolayers were compressed to an annealing sur-
face pressure of approximately 13 mNm~' and then
deposited either vertically (approximately. 100% trans-
fer on the upstroke) or horizontally onto various solid
supports for characterization. Fluorescence spectra

were cbtained using an argon ion laser {coherent, In-

nova 90E). with 0 mW laser power as the pumped
light source. The sample was excited at 496.4 nm which
is close to the abseorption peak of :the native phyco-
erythrin and the emmmn was. scanned from 500 .10
700 nm. :

3. Results and discussion -

A series of biotinylated thiophene copolymers have
been synthesized in our laboratory to provide clectroac-
tive, mechanically rugged and environmentally stable
templates upon which various optically active proteins
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may be orgdmnd and 1mmob1hz<.d Blotm) ldlmn o[ the
PUMT copolymer was mni}rde from IR ﬁpeuroscop}

and nud(_dr magneclic rusunamt. ‘and the rt_su]lmg mate- -

rial -was found - 1o “he: “solable in thL)rcxform with
M, = 3351 and M = }49‘1 “—”

troscopy - showed  that’ both| the PUMT. and the . B-

PUMT LopoE}ers LXhlbllLd 4 broad: x,,,,‘-dround -

400--450 nmwith an. dbsorpnon Ldg(_ past. 600 om in-
dicative ‘of: cxtended m.conjugation “along the “polymer
backbone. The B- [’UMT gave a slight blue shift be-
lieved to be due to disr upimn of the'n x.onjumuon on
introduetion -of . bmun 1o -the backbone. ; :
Monola»er studies mth these wpo!}mus dmmn-

strated:: th;al thEm\LEUOH greatly cnhanus the: ﬁlm—::.

forming. properlu.s Stable. reproducible. (mmfcrmb]c
monolayers - were | “obtained with" significantly - better
isotherms thdn the llllbl()tm\fldk.d wpol\mﬁ_r t-is be-

lieved -that the biotin. tum.tmndhu -not.only _provides.

the necessary bmdmu sites for- protein attachment,

but also serves to enhance ‘the hydrophilic character. of
the copolymer: enough' 10 ‘allow. for -stable. monolayer ©
The mechanical integrity of theé B-PUMT. -
copolymer” was implied by the formation of a plastic-

formation.
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like fiber which u)uld be drdwn up from the collapsed
monolayer [38]. EENCEE

Figure 1 .gives a %Lru_s of pn.ssurt. erd curves for the
B-PUMT. B-PUMT .after ST mje(.tmn and B-PUMT
after ST and then B-PE: tl‘l_]t.t.il()n As shown in each

‘case of protein introduction. a significant expansion in

area of the B-PUMT, was observed throughout the
comprmsion This suggests that protein interaction is

~oceurring:at cach stage of the.assembly formation. Such

an expansion ‘was not ‘observed in control experiments

where PE (unbmim},ldt(:d) was - mjet.ted implying that

specific molecular. recognition -of -biotin (1o 'ST 15 the
driving {orce bchm I:protein “altachment:

Figure 2 pgives dn 1dcdll?td sd'lf.mdli(_ ot the dlﬂ"crml
stages which are occurring in this’ pmposLd cassetle
methodology which immobilizes B-PE onio the B-

‘PUMT copolymer monolayer. The first stage illustrates

a4 monolayer of just the B-PUMT. inverted. 10 reveal the
randomly cxposed. biotin groups, Stage 2 shows.com-

_ plexation of ST to the exposed monolayer biotin groups

leaving accessible biotin binding sites on the reverse side
of'the tetramer protein. Stage 3 shows the final complex-
ation of randomly biotinylatéd phycoerythrin to the free
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Fig. 1 Pressure area curves Tor the three stages of protein altachment: curve i, B-PLIMT: cirve b. B-PUMTIST: curve oo B-PUMTSTB-PL.
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Fig. 2. Idealized schematific ilfustrating the sequential stages of the
cassette attachmeny methodology.

biotin binding sites of the ST bridging protcin resulting
in a varicty of possible binding orientations.
Fluorescence microscopy at the air-water interface
provided the in sity visualization of protein interaction
at each stage of assembly formation. The B-PUMT
monolayer itself is intrinsicafly fluorescent and could
theretore be observed via fluorescence microscopy wilh-
out the use of a fluorescent tag. At low surface pressure
{less than 2mN m~'} small, dark, regularly shaped,
circular domains were observed in a bright background
{Fig. 3(a)). During compression, the reverse was ob-
served. where bright circular domains formed in a dark
background {Fig, 3{b)). These bright circular domains
gradually became larger, until finally reaching a stage at
collapse where the majority of the view was bright.

These observed transformations are believed to be due

to the dispersion of crystalline regions formed from
tightly packed alkyl chains of the polymer dispersed in
an amorphous matrix caused by disorder of the biolin-
containing regions. Since the B-PUMT synthetic routc

used here results in a random copolymer sysiem. such

irregularity of the functional groups would be expected.

A dramatic change in the structurcs observed with
the B-PUMT monolayer occurred on’injection of ST.
First. immediately after injection, the B-PUMT mono-

Fig. 3. Fluorescence microscope images obtained. during sssembly
formation: (a) B-PUMT expanded monolayer ¢less than 2mNm . 1):
tby B-PEMT compressed. monolayer {15mNm ") (o) expanded
B-PUMT monolayer within 2h after ST injection: (d) expanded
B-PUMT monaltyes 24 h after $T injection: (¢) expanded B-PUMT
moaokyer 24 h after ST injection; {f) expanded B-PUMT mohoi:iycr

after ST and B-PE injection: {g) lr;m:afcr_rcd fitm of (1.

layer began moving simultancously as the surface pres-
sure increased. indicating direct protein interaction with
the monolayer. Within 2 h, the circular domains charac-
teristic of the B-PUMT monolayer changed to larger.
bright, irregular, dendritically shaped formations dis-
persed in a dark background (Fig. 3(c). If left for
extended periods of time (24 h), these irrcgular forma-
tions remained but became distributed in a brighter,

~ grainy-looking background {Figs. 3(d) and 3(e)). It is
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speculated here that the copolymer acts as a non-Crys- -

tallizable contarﬁinan_t in a similar way that the intro-
duction of avidin to ST was shown to shift the crystal
morphology of ST bound to a biotinylated lipid mono-
layer {39]. In this case. the inherent.amorphous nature
of the random copolymer may dictale the morphology
and thus act as “the contaminant™ to inhibit crysialling
formation of ST. After flushing with protein-free sub-
phase (2 h ST incubation period) and injection of B-PE
to. the’ monolayer, the domains could nro longer .be

observed and only a uniform. extremely bright film was

preseni. Afier repeated flushing to remove any excess
B-PE, the brightness diminished siill leaving a uniform,
bright film with no observable domain: structures (Fig.
3(f)). This was direct observation of binding -and com-
plcte.coverage of the strongly fluorescent phycocrythrin
protein to the monoclayer film. It should be noted that
phycoerythrin is a large {molecular weight, 240 (00).
bulky. disc-shaped molecule {60 A by 120 A) [23] with

random sites of biotinylation. These factors play an’
important role in the final organization of protein and

may also inhibit the formation of crystalline regions. It
is important to stress that these fluorescence studices are
of main intérest in that they directly show distinct
organizational changes which are occurring in the B-
PUMT monolayer on cach stage of protein injection
through the intrinsic Auocrescence of the polymer mono-
layer and that further insight regarding lhnsc structures
is purely speculation at this time.

The monolayer assemblies were transferred omo hy-
drophobic sohd glass ‘supports using the horizontul
dipping technique. Figure 3(b} shows the fluorescence
image of the final B-PUMT/ST/B-PE assembly after
rinsing in Millipore water to remove any residue salt,
Little change is observed in this image suggesting that
the mechanical integrity of the assembly is strong. The
binding of PE in the transferred assemblics was con-
firmed by fluorescence spectroscopy which exhibited. an
intense peak at 576 am characteristic of the nutive PE
protein (Fig. 4).

Emission (arbitrary unaits)

40 sag L T e
Wavelength {nm) :
Fig. 4. Fluorescence spectra of transferred films; spectrum a, B-
PUMTIST: spectrum b, B-PUMT/ST/B-PE. '
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4. Conclusions

It is demonstrated that a novel biotinylated polythio-
phene copolymer systern may be used for intégrating
photoactive proteins into an clectroactive matrix. Al
though the organization. distribution and orientation of*
the proweins are not well defined at this Stage we believe
that we have been able to show that a biotinylated
oplically active protein may be bound to a biotinylated
copolymer using streptavidin as -a ‘bridging protein.
Ongoing experiments inclide ellipsometry, atomic foree

“microscopy, surface plasmon resonarice and freezc

fracture transmission electron microscopy to elucidate
the detailed structure of these systems and electro-oplic

studies 1o determine signal transduction propertics.

New synthetic routes are alse being pursued which wiil

directly control the ratio of the biotin and alkylated

functional groups and vary the length of the spacer arm
{distance the biotin group will hang below the mono-

layer) to maximize protein interaction and organiza-

tion. It is believed that this is a versatile methodology

which may be applied to uny biotin-derivatized system’
{such as baugrtorhodlopsm-_ dnhbod:u and LII?\ﬂ1LS)

tor a host of blolee.hnolouc‘:l applications.
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