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bstract

In this paper, we consider light-sensitive polyaminoacids and polypeptides, i.e. polyaminoacids and polypeptides modified by luminescent,
hotochromic and other fragments. Polyaminoacids are objects that mimic natural proteins and can change their conformation under different outer

actors, which result in remarkable changes in the physical, chemical, and mechanical properties of macromolecules. Incorporation of various dyes,
hotochromic fragments and metal-containing compounds into polypeptides can lead to formation of unique supramolecular assemblies similar to
iological systems and design of novel molecular materials with nanoscale function.

2008 Published by Elsevier B.V.
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. Introduction

Light-sensitive natural proteins are known to act as photo-
ensors and energy converters [1–2]. Bacteriorhodopsin and
acterial photosynthetic reactive center are the most investi-
ated objects. Absorption of light by dye fragments gives rise
o photo-induced electron transfer that is well modeled in terms
f donor–acceptor interactions [3].

Polyaminoacids are unique objects that mimic natural pro-
eins and can change their conformation even under weak
uter factors. The latter result in remarkable changes in
he physical, chemical, and mechanical properties of macro-

olecules. In other words, polyaminoacids are adaptive or
ntelligent systems [4]. Ever increasing interest of researchers
o nanoscale supramolecular complexes and assemblies has led
n recent years to synthesis of numerous substituted (modi-
ed) polyaminoacids and polypeptides for use in molecular
lectronic devices (MED). Main research interest is given to pho-
ochromic and light-sensitive polypeptides, which is evidenced

number of reviews by Yamamoto [5], Pieroni and Popova

6–8], Cooper et al. [9,10], Wegner [11], and Willner and Rubin
12].
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anic–inorganic hybrids

In this paper, we will consider the perspectives for use of
ight-sensitive polyaminoacids and polypeptides as intelligent

olecular materials in various devices.

. Chemical modification and assemblies of modified
olyaminoacids and polypeptides

Aminoacids, especially tri-functional ones, can be readily
odified by various reactive groups (a) in a side chain, (b) in

rder to obtain the so-called ‘tail-head’ structures, and (c) to
orm cyclic systems, Fig. 1. To date, the above modifications
ave been applied to a huge number of polyaminoacids (PAA)
nd polypeptides (PP). Additionally, PAA covalently bound with
ther chemical compounds can form the supramolecular assem-
lies and phases.

The synthesis of modified peptide oligomers, supramolecular
hases–films (membranes), liquid-crystal structures, and related
els was initiated in the end of the 1970s in Japan and then con-
inued in Germany, Italy and USA. The synthesized modified
AA/PP can be divided into several groups: (l) chromophore-
ontaining PAA, (2) linked with surfactants (laurylsulfate,
odium tridecylphenylsulfate, sodium dodecylsulfate, etc.), (3)

inked with polymerizable fragments (acetylene-, vinyl-, acryl-,
nd styrylpeptides), (4) block-copolymers of aminoacids (with
olysaccharides, polyethylene, hydroxypropyl cellulose, etc.)
nd dendrimers, and (5) complexes with metals and inorganic

mailto:galina@muctr.edu.ru
dx.doi.org/10.1016/j.jphotochem.2008.01.019
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Fig. 1. Different ways of

igands. Most promising turned out compounds of groups (1),
4), and (5) and also their combinations resulting in architectures
xhibiting unexpectedly new properties.

Most widespread synthetic techniques include (i) N-
arboxyanhydride synthesis, for preparation of compounds
1), (2), (4); (ii) the method of activated esters and N-
ydroxysuccinimide synthesis, for compounds (1), (2), (4); (iii)
arbodiimide synthesis and the method of activated esters for
olymer-like transformation of side groups, for compounds
1)–(3), and (5). For condensation of non-aminoacids with pep-
ides [yielding compounds (3)–(5)], the common methods of
rganic and polymer synthesis may turn out applicable.

Modern synthetic approaches to above compounds are based
ot only on the knowledge of chemical behavior of com-
inatorial units (building blocks) but also on preliminary
uantum-chemical modeling of resulting structures and opti-
ization of their electronic structure. A strategy for targeted

ynthesis of modified PAA/PP can be represented by the follow-
ng scheme:

Combinatorial synthesis of building blocks → Computer
odeling of intermediate and end products, their electronic
roperties, and molecular architecture prediction → Synthesis
f target compounds and their identification → Self-
rganization and formation of supramolecular phases →
nvestigation of function on a nanoscale level (molecular mate-
ials) → Stimuli responsive properties (intelligent molecular
aterials).

Due to the presence of multicenters of non-covalent bonding,

AA/PP exhibit the ability of self-organization, thus producing
upramolecular assemblies of varied architecture: rods, tapes,
ibbons, barrels, bracelets, and fibrils [13–16]. In turn, these

f
a
m
t

Fig. 2. Interaction of two fluorescein-containing PA
minoacid modification.

ssemblies can form mono- and multilayers, liquid crystals, gels,
tc. [17,18]. In all cases, most typical is the so-called hierarchi-
al alignment of assemblies, depending on the level of their
rganization [19,20].

In this communication, we consider modified PAA/PP suit-
ble for preparation of supramolecular phases, some of their
roperties and parameters with special emphasis on their poten-
ial use as molecular materials in micro- and nanoelectronics,
iomedicine, ecology, and other related areas of science and
echnology.

. Properties and potential application of light-sensitive
olecular materials

Over the past years, chips functioning on a molecular
nd nanoscale level (molecular electronic) have been being
esigned. Such chips can be based on either bioorganic (vari-
us proteins) and synthetic compounds or inorganic compounds
such as new semiconductors). The process for deposition of
onducting template on the surface of synthetic analog of polyly-
ine has been elaborated in the 1980s [21]. Nowadays, a progress
n R & D on biomolecular chips has led to the design of
ioMEMS (bioelectronic mechanical systems). A key point of

hese studies is the synthesis of compounds suitable for use in the
echnology of Langmuir–Blodgett (LB) films, self-assembling

onolayers (SAM), and monocrystals. The use of LB films

or recording optical data was overviewed in [22–24]. Much
ttention is being paid to the photochromism of J-aggregates in
ultilayer structures (reversible data recording) and to interac-

ions at the interface (nanophotonics) [25,26].

A helices (molecular mechanics simulation).
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Further progress in submicron technology of chips is
mpossible without the development of high-resolution resist

aterials, including those based on monomolecular multilayer
lms. Preparation of self-assembling monolayers (SAM) has
emonstrated good perspectives of this line of research and
evelopment.

.1. Photoactive films and membranes

The photochromic behavior (including conformational tran-
itions with summarization) of spiropyranes and azo derivatives
f PAA/PP was first investigated by Pieroni and coworkers,
enzel, and Yamamoto et al. [27–32]. Later, some interesting

hotochromic systems have been synthesized and characterized
y Russian researchers [33].

Data on the photosensitivity of monolayers formed at
ir/water interface can be expected to elucidate photo-induced
ransformations of individual molecules present in the system.
uch data can also provide a basis for the design of nanostruc-

ures and turn out helpful for deep insight in the mechanism of
ction for biological photoreceptors. It seems interesting to pay
ttention to reversible photo-induced changes in surface tension.

Behavior and properties of modified polyglutamic acid at
ifferent irradiation times were investigated by Menzel et al.
30,31,34]. The photo-induced and thermal isomerization of
zobenzene fragments were explored by circular dichroism
CD) absorption spectroscopy. The cis–trans-isomerization of
hese fragments was found to occur upon irradiation at 370 nm.
ccording to CD data, the amount of �-helices is dependent
n the number of azobenzene moieties in PAA molecules and
ndependent of their configuration.

Yamamoto synthesized poly-l-ornithine linked to azoben-
ene fragments by carbodiimide method [35]. The photo-
hemical behavior of azobenzo-PP was studied by circular
ichroism (CD) and absorption spectroscopy [36]. Azoben-
ene derivatives containing alkoxy groups with different kind of
rosslinks with poly-�-benzyl-l-glutamate were found to have a
holesteric liquid-crystal structure. Dye molecules readily link
ith polyaminoacid and undergo easy hydrolytic elimination.
he orientation of dye molecules can be fixed when the latter
nes are covalently bound with PP. The films of poly-�-methyl
lutamate (PMG) cast from 1,2-dichlorethane were found [37]
o be coloured in the visible due to the presence of the cholesteric
liquid-crystal) phase. These films exhibited the selective reflec-
ion of circularly polarized light, which gives rise to absorption
t 450–600 nm in the CD spectra.

The aggregation of polyglutamic acids (PGA) with acri-
ine orange, pianocyanol, and toluidine blue was explored in
38–41]. The dynamic piezoelectric measurements with ori-
nted films were carried out at f = 10 Hz [42]. Light-sensitive
ligoaminoacids modified with carbocyanine dyes have been
ynthesized and characterized aiming at their potentials use
n positive photoresist films and thermochromic and elec-

rochromic films [43–45]. Modification of side chains in PAA
ith chiral moieties afforded the preparation of super-thin mem-
ranes suitable for separation of enantiomers and its controlling
y varying the folding of PP chains [46,47].
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.2. Charge transfer complexes and luminescent derivatives

For studies on photo-induced energy transfer, the PP-
ontaining various electron-accepting and electron-donating
hromophores in different sequence and orientation have been
ynthesized [48]. Very interesting results have been obtained by
ox and coworkers [49] for the migration of excited state energy
long the �-helical PAA chain and for detailed study of energy
ransfer along macromolecule.

For photosynthetic reaction centre study a non-helical
riad based on ruthenium/bipiridine complex was obtained
50]. The photoconductivity of poly-�-(�-N-carbazolylethyl)-
-glutamate and its charge transfer (CT) complexes with
,4,7-trinitrofluorenone in a polymer film cast on a gold
lectrode was measured. The glutamate complex with 2,4,7-
rinitrofluorenone was found to form only within the
ear-surface layer of films [51].

The attachment of Rhodamine B and Rhodamine 6Y
o terminal groups of poly-�-benzyl-l-glutamate – through
eaction between amino groups in PAA and Rhodamine B 5-
sothiocyanate in chloroform–dichloroacetic acid mixtures –
as investigated in Refs. [52,53].
Polyglutamic acid regularly substituted in side chains by

uminophores—fluorescein and/or rhodamine was obtained and
tudied for pH changes [54,55]. Modified PAA can form aggre-
ates comprising two helices that are able to self-assemble
nto a hierarchical structure of up to 29 macromolecules in

olution and LB film for fluorescein-containing PAA, Fig. 2.
eversible self-organization–reorganization processes occur
nder pH ≥ 8 and luminescent properties depend upon pH
hat can be explained by different forms (bonds) of fluo-
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escein fragments by rearrangement of molecular aggrega-
es.

The energy transfer and luminescence of poly-�-1-
aphthylmethyl-l- and -dl-glutamates in various co-polymers
ith �-l-naphthylmethyl-l-glutamate and �-benzyl-l-
lutamate were investigated in [56]. The luminescence spectra
xhibited the bands of normal and excimer emission. With
ncreasing number of naphthyl groups in a copolymer, the
ntensity of excimer fluorescence increases. In has been inferred
hat the excimers are formed both in the ground and excited
tate, while �-benzyl-l-glutamate units act as barriers for the
ntramolecular transfer of singlet excitation over copolymer

olecules and ultra-thin films.
The reaction of poly-l-glutamic acid with 5,10,15,20-

etrakis-4-hydroxyphenyl-porphyrin in the presence of dicy-
lohexylcarbodiimide (DCHC) was used to obtain poly-
-glutamic acids with different amount of 4-(10,15,20-
ris-4-hydroxyphenyl-5-porphyrinyl)phenoxy groups [57]. The
onformations of synthesized compounds were investigated by
ircular dichroism (CD). With increasing number of porphyrin
ragments in poly-l-glutamic acid, the formation of �-helical
onformation becomes impeded, and the films cast from differ-
nt solvents become unstable. The structure of above-mentioned
olymers is interesting not only for luminescent liquid crystals
ut also for ion-conducting assemblies creation.

.3. Systems with ionic and electronic conductivity

Non-covalent binding of metal-containing compounds to PP
tructures can be expected to provide the properties that are
nherent to living organisms but are hard to achieve in syn-
hetic organic systems, viz. the ionic or electronic conductivity
ccompanied by a change in absorption (colour) or emission
luminescence). The attempts were made to prepare supercon-
ucting systems upon intercalation of TaS2 with polyglycine
ayers [58] and also semiconducting and light-sensitive PP with
etal-induced conformational transformations [59]. Some stud-
es have been devoted to ionic transfer through lipid monolayers
60] and to design of peptide channels for ionic conductivity
61,62]. The ionic conductivity can also be ensured upon addi-

3

m

ig. 3. Polyaminoacids containing crown ether fragments in side chains (A), in
rosslinks (B) and in backbone (C).

ion of macrocycles or some dyes (largely in the form of salts)
o biopolymers. Some promising results have been obtained
y Russian co-workers. They synthesized crown-containing
olyaminoacids with different design, on retention of sorp-
ion properties of crown ethers, both in solutions and thin
lms, Fig. 3 that can lead to ionic conductivity [63]. These co-
orkers found the electric conductivity (longitudinal and cross)
f cabrocyanine-containing PAA [45,64,65] as well. The data of
uantum-chemical calculations for polylysine (n = 12, 25 mol.%
arbocyanine) suggest that the ionic channels can be formed
ue to a specific arrangement of dye moieties in a sector of

0◦ relative to the helical axis [66]. These data can be expected
o give rise to new studies on design of electroconducting bio-
nspired systems. Multilayer structures bearing opposite electric
harge can be used to form sandwich-like polyelectrolyte sys-
ems for preparation of biomimetic materials imitating natural
eather, threads, etc. [67]. The results published by Yamamoto
nd coworkers [68,69] show the possibility of making threads
f PAA linked to chitosan (via complex formation). This was
one by using the technology of nano-capsulation that is being
ctively developed during the past years [70].
.4. Rotaxanes and dendrimers

PAA/PP derivatives are also being used as parts of ‘molecular
achines’ in the design of rotaxanes [71–73], photo-switches
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Fig. 4. Photocontrolled ion-containing rotaxan

74], and non-linear optical systems [75]. Peptide rotaxanes
rst time synthesized by Leih and coworkers [71] are based

n the dependence of hydrogen bonding on the type of solvent.
ome rotaxanes were labeled with fluorescent moieties [76].
suedo-roaxane-containing 24-crown-8 has been synthesized in
haracterized [77] under temperature changes.

r
s

s

ig. 5. Conformation of hexakis(p-(p′-dodecyloxyphenylazo)phenoxy) cyclotriphos
f highly ordered structures under UV-irradiation.
chemical structure and (b) optimized model.

Rotaxane structure based on the cyclopeptide/crown ether
ystem and co-polypeptide with polyester linked with spiropy-

an or spironaphthoxazine as a stopper was synthesized; this
tructure can act as ion-containing photo-switch [78], Fig. 4.

Unique properties of dendritic complexes gave rise to synthe-
is of PAA/PP dendrimers [79,80]. Japanese scientists described

phazene by molecular mechanics calculations. Proposed model of destruction
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endrimers containing peripheral �-helical fragments of polyg-
utamic acid and polypeptides [81].

Of special interest is the PP dendrimer with containing Zn-
ontaining porphyrins embedded into interchain voids [82].

Such structures with a developed charged surface may be
pplied in bio-diagnostics and as dot elements in biomolecular
lectronics.

.5. Organic–inorganic hybrids
The presence of organic and inorganic fragments in the same
olecule can give rise to synergistic effect and lead to unconven-

ional supramolecular architecture. Independently, Japanese and
ussian researchers proposed unique star-like structures where

c
m

t

Fig. 7. Polyaminoacid/cyclotriphosphazene hybrid with peripheral photoc
ig. 6. 4-Helix bundle formation induced by cyclotetraphosphazene/metal ion
omplex templates.

ix polyaminoacid chains are attached to cyclotriphosphazene
CTP) core [83–90].

FTIR, CD and SWAXS data point towards highly ordered
tructure of organic–inorganic hybrid where polyglutamic acid
hains self-assemble into three �-helical bundles in trans-

onfiguration to central CTP core. These compounds may form
esophases and multilayers with LC domains [89,90].
Later, the joint Russian–Japanese research group carried out

he template synthesis of PAA/CTP hybrids. This synthetic

hromes—computer modeling by molecular mechanics simulation.
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pproach may be used for preparation of luminescent and pho-
ochromic cyclophosphazene–PAA hybrids capable of forming
lms and gels [86–88]. The presence of azobenzene moieties
llows tuning the gel colour upon UV–vis irradiation [86], Fig. 5.

multifunctional system based on cyclotetraphosphazene is
escribed in [90], Fig. 6. The disordered chains organize into
elices only if metal ion forms complex with cyclotetraphosp-
azene. Interesting results were obtained by computer modeling
f multicentered photoactive CTP/PAA hybrids, Fig. 7. Investi-
ations aimed at structure prediction and computer modeling
f multicentered CTP/PAA hybrids are being carried out by
ussian scientists [91,92].

.6. Bioactive ingredients

As already mentioned, PAA/PP-based bioactive systems are
f considerable interest for potential use in biomolecular elec-
ronics and biomedicine. In the former case, it concerns the
evelopment of enzyme electrodes and immuno- or DNA-based
ensors [93] while in the latter one, means of bio-diagnostics
nd drug-delivery systems [94,95]. Electrochemical reduction
n the gold surface (including modification of PGA) was used
o explore the orientational interaction between microdipoles
n the electrode [96]. The ‘substrate–synthetic PP receptors’
nteractions are being in focus as key stages of molecular
ecognition of antibodies in organism [97]. In this context, the
iomimetic PP/lipid monolayer systems [98], the cholesteric
rder of rod-like PAA [99], etc. are investigated. Multifunctional
anoscale organic–inorganic hybrids are proposed as non-toxic
rug-delivery systems and as nano-biocatalysts, e.g. for the
leavage of yeasts and fats [100]. Besides, CTP/PAA hybrids can
e used as universal building blocks for nanoreactors creations.

. Conclusions

Due to numerous technologically useful properties, the
ight-sensitive polypeptides seem to be promising materials
or potential use in the future. Incorporation of various dyes,
hotochromic fragments and metal-containing compounds into
olypeptides can lead to formation of unique supramolecular
ssemblies similar to biological systems and design of novel
ntelligent molecular materials with nanoscale function.
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