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The unique optical behaviour of bio-related
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Abstract

Molecularly designed materials based on macromolecules and organic dyes offer unique opportunities in connection with the
possibility of preparing optically responsive ‘smart’ materials. Indeed macromolecules are able to transmit and amplify small
signals reaching sites at interacting distance through the involvement of the whole chain. The corresponding materials can
then acquire stimuli-responsive properties in relation to specific features connected to primary structure and conformation.
As a first approach to benefit from the above features for preparing eco-compatible smart materials, bio-related polypeptides,
polysaccharides and polyesters can be used as the macromolecular partner in combination with a selected dye following
different interaction methodologies. Two distinct routes were used to prepare optically responsive products from the above
bio-related polymers, respectively based either on the covalent bonding to the original macromolecules of photochromic
molecular species, such as azobenzene and spiropyran, or on the morphology-modulated dispersion of highly conjugated dyes
in the polymer bulk. Examples related to the two different routes have been investigated in our laboratory and are presented
and discussed also with reference to selected recent cases from the literature.
c© 2012 Society of Chemical Industry
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INTRODUCTION
Bio-related polymers have attracted increasing interest in recent
times with the aim of producing materials characterized by
a low environmental impact and originated from renewable,
non-fossil sources. In addition, biopolymers often have more
sophisticated functional properties related to their peculiar
sensitivity to the environment, thus assuming a highly selective
and, in particular, stereoselective behaviour which is accompanied
by easily detectable optical and chiroptical responses. For these
reasons, bio-related polymers are an excellent starting basis for
preparing smart responsive organic materials according to a
number of different approaches and in order to respond to the
needs of various applications.

Nature has produced a large amount of biomacromolecules
containing chromophores for various objectives. Typical examples
relate to proteins involved in vision and the entrapping of solar

light for the purposes of life in animals and plants.1–5

Within such a fascinating frame, the present paper focuses on
examples demonstrating the use of polypeptides, polysaccharides
and bio-related polyesters as amplifiers of the optical response of
light-responsive units (chromophores) contained within them. In
the examples discussed, the chromophore can be either covalently
bound to or simply dispersed in the bio-related polymer. These
bi-component tools (macromolecule + chromophore), which act
as responsive materials upon a specific external light stimulus,
can work as active units for sensing, tracking and identification
purposes, as well as for information storage.6,7

Many different routes to reach these goals are in principle
possible, also with reference to the various parameters which can
govern the resulting performances. Molecular structure of both

macromolecule and chromophore clearly plays a fundamental
role, but for each combination additional parameters, such
as composition, binding interactions, morphology and sample
history, can also markedly affect the response, which will be in
any case additionally dependent on the environment in which
the system is acting.8 A complete coverage of the topic is out of
the scope of this paper. Rather, the main objective is to provide
some clear concepts of the basic factors related to the binding and
non-binding interactions between the macromolecule matrix and
the light-absorbing species.

Accordingly, the present mini-review is mainly focused on
the optical behaviour of bi-component systems, based on
a bio-related polymer matrix (polypeptides, polysaccharides
and polyesters) having a chromophore (light-responsive unit)
either covalently bound to the macromolecules or simply
molecularly dispersed in the bulk. The examples here reported
come predominantly from the work performed in the authors’
laboratories, with complementary additional examples selected
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Risorgimento 35, 56126, Pisa, Italy

Polym Int (2012) www.soci.org c© 2012 Society of Chemical Industry



www.soci.org F Ciardelli et al.

Francesco Ciardelli was full Professor
of Polymer Science at the University
of Pisa from 1975 to 2010. Presently
he is President of SPIN-PET srl, a
spin-off Company of the University
of Pisa for technology transfer in the
Tuscany industrial area of Pontedera.
He obtained his PhD at the University
of Pisa with Professor Piero Pino and
was post-doc and visiting Professor at
UCL-London, MPI-Muelheim,UNICAL-Berkeley, Kyoto University,
ETH-Zurich and University Paris-VI.

Dr. Monica Bertoldo studied Chem-
istry at the University of Ferrara. She
received her Ph.D in Material Science
from the Scuola Normale Superiore of
Pisa in 2003. Currently she’s researcher
at the Institute for Chemical-Physical
Processes of CNR at Pisa. Her main
research interests includes modifi-
cation of natural polymer, polymer
surface and preparation of polymer
nanoparticles. In addition she’s also interested on physical
properties of polymers at interfaces.

Simona Bronco was Researcher at
Istituto Nazionale per la Fisica della
Materia from 1999 to 2010. Presently is
Reasercher at the Istituto per i Processi
Chimico-Fisici (IPCF) of Consiglio
Nazionale delle Ricerche (CNR) in Pisa.
She obtained her PhD at Swiss Federal
Institute of Technology in Zuerich
(Switzeland) with Prof. Giambattista
Consiglio on the study of the influence
of the catalytic system used in the regio- and stereochemistry
control of the CO-Propylene copolymerization. She has over
15 years international experience in polymer science including
interphase investigation and modulation, polymer blends and
composites preparation, plasticity tuning and compatibilization
of biodegradabile and compostable polymers.

from the recent relevant literature, on the basis of the evidence
provided by the results about the capacity of the matrix to
amplify the chromophore optical response, both in homoge-
neous and in polyphase systems. Homogeneous systems are
typically represented by covalently bound biomacromolecule and
chromophore, while polyphase systems are normally observed
when the chromophore is molecularly dispersed in the polymer
matrix. Moreover, the specific interactions occurring between
the biomacromolecule and the chromophore tune the optical
behaviour of the latter, by means of geometrical assemblies driven
to exciton coupling and self-organization. The resulting distinct
optical behaviour with innovative characteristics and responsive
character upon application of external stimuli are then generated
by the synergic interaction with the polymer structure and system
dynamic.

Finally, the objective of this mini-review is to relate molecular
parameters to final optical response through the understanding
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of the effective interactions among the different components.
Therefore, the following sections are organized on the basis
of a molecular descriptive approach by reporting selected
examples and their optical behaviour in two separate sections.
The first is devoted to polypeptides and polysaccharides with
covalently bound photochromic groups acting as triggers for
the light-induced event. The second is devoted to bio-related
polymers with a dispersed dye which show optical response
under mechanical and thermal stimuli affecting the whole
blend.

BIO-RELATED POLYMERS WITH COVALENTLY
BOUND ORGANIC CHROMOPHORES
Polypeptides
Photoresponsive polypeptides are prepared by bonding
photochromic units to poly(L-α-amino acid) macromolecules.1

These systems are characterized by the presence of two
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Figure 1. Distinct chromophores in photoswitchable azo-modified poly(L-α-amino acid)s: polypeptide main-chain in the 180–210 nm range; azobenzene
side-chain in the 250–400 nm range.

Figure 2. Helix–coil photomodulated response of spiropyran-modified poly(glutamic acid).17

distinct chromophores, the main-chain peptide and the side-
chain azobenzene group, absorbing in separate spectral regions
thus allowing independent photostimulation and detection of
response (Fig. 1).

Within this category, poly(L-glutamic acid) containing about
30 mol% azobenzene units adopts a β-structure at a pH below
5 which is not affected by light irradiation in the side-chain
absorbing region, in spite of the trans to cis isomerization of
the azobenzene groups. An increase in pH to 7 induces the
transition of the polypeptide to the random coil conformation,
also not affected by the photoisomerization of the azo side-
chains. However, at pH values in the range 5–7 (close to the
pK of the conformational transition), irradiation causes a marked
decrease of the ordered structure which is completely reversed
in the dark.9 Moreover the same poly(L-glutamic acid) with 4-
aminoazobenzene-4-sulfonic acid sodium salt containing a very
low amount (1.9%) of azobenzene sulfonate units showed a pH-
dependent α-helix–coil transition, while a polypeptide containing
46 mol% azo units had a random coil conformation at any pH. The
UV light-induced trans to cis isomerization of the azo units did not
induce any conformational changes for either of the polypeptides
at any pH. By contrast, a polypeptide containing 9.3 mol%
azobenzene sulfonate units at pH = 4.3 exhibited, on irradiation in
the azobenzene region, a variation of the circular dichroism (CD)
spectrum corresponding to a decrease in the α-helical structure
from 96 to 45%. The replacement of the carboxylic side-chains as
in poly(glutamic acid) with amino side-chains as in poly(L-lysine)
gave substantial changes in the photoinduced conformational
response. Indeed azobenzensulfonyl-modified poly(L-lysine) had
a random coil conformation in pure hexafluoro-2-propanol (HFP),
independent of the trans–cis photoisomerization of the azo units.
Reversible variations of the helical content were observed by
alternate illumination at 340 and 417 nm after addition of
methanol from 2 to 15%, thus providing a clear example of a
gated photoresponse.10

Poly(L-aspartate)s adopt helical structures of both left-handed
and right-handed screw senses, depending on the chemical
structure of the ester group in the side-chains.11 Moreover in

poly(β-benzyl-L-aspartate), the presence of substituents such as
chloro, methyl or nitro groups on the benzyl ring provides helical
polypeptides that can adopt the left-handed or right-handed sense

depending on the position of the substituent.12–14

An azo-modified elastin-like polypeptide exhibits a so-called
‘inverse temperature transition’: the compound gives crosslinked
gels that remain swollen in water at temperatures below 25 ◦C but
deswell and contract with a rise in temperature. The trans–cis
photoisomerization of the azo units, obtained by alternate
irradiation at 350 and 450 nm, allows the photomodulation
of the inverse temperature transition. This result indicates that
attachment of a small amount of azobenzene chromophores
is sufficient to render photoresponsive the inverse temperature
transition of elastin-like polypeptides and provides a route to
protein-based polymeric materials capable of photomechanical
transduction.15

Poly(L-glutamic acid) with more than 80% azobenzene side-
chains undergoes photoinduced aggregation–disaggregation
processes together with the occurrence of large photosolubility
effects. In the dark this polymer was soluble in HFP in the α-helix
structure; formation of aggregates occurred on addition of a small
amount of water (15% by volume) to the HFP solution followed
by the total and quantitative precipitation of the polymer as a
yellow material. Irradiation of the suspension for a few seconds
at 350 nm caused the complete dissolution of the polymer, the
solubility depending on the cis–trans isomeric composition of the
azobenzene side-chains.16

Additional effects were observed with spiropyran as
protochromic side-chain, because of the marked structural
changes induced by visible light irradiation in connection with
the polarity of the medium.17 HFP solution of poly(L-glutamate)s
containing various amounts of spiropyran units are dark coloured,
as spiropyran assumes in this polar solvent the conjugated
merocyanine form. Complete bleaching of the colour occurred
on exposure to sunlight due to the formation of the spiro form.
Notably the light irradiation produced the parallel coil to α-
helix conformational transition (Fig. 2). The original colour and
conformation were restored by switching off the light.17,18
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The effect of charged species formation and disruption by
light irradiation was used for amphiphilic block copolymers
decorated with photochromic groups.19 Accordingly micelles
of a photosensitive amphiphilic diblock copolymer in aqueous
solution could be partially disrupted and regenerated by UV
and visible light irradiation, respectively.20 Along the same
lines, diblock copolymers showed in aqueous solution a
reversible double-responsive micelle formation on exposure
to UV light at 30 ◦C or at 15 ◦C under visible light, thus
providing a photo- and thermoresponsive system.21 In a recent
study, spiropyran-modified polypeptide block copolymers were
described, undergoing a complete reversible micellar transition
with aggregation–dissolution–aggregation in water solutions
under light irradiation, accompanied by a moderate reversible
variation of the α-helix content. The possible effect of charged
groups on polymer structure was indicated, thus confirming that
both hydrophobicity and secondary structure contribute to the
shape of the final aggregates.22 A similar effect was observed in
analogous polymers of L-lysine where the lack of light-induced
conformational changes was attributed to the extended coil
conformation adopted by the polycation, which is formed by
protonation of the unmodified lysine side-chains by the acid
solvent HFP.23 The system responded again to light irradiation,
giving coil to α-helix conformational changes, after the addition
of appropriate amounts of triethylamine to the HFP solution.24

This provides an additional example of a gated photoresponse, as
exposure to light and darkness conditions produces reversible
photoinduced conformational changes in a defined solvent
composition range.

A spiropyran-modified bioelastic polypeptide obtained from
elastin responding to sunlight–darkness cycles or, alternatively,
sunlight–UV cycles provided a route to photoresponsive materials
capable of photomechanical transduction without the need of
either solvents other than water or UV irradiation, and with a high
efficiency.25

Molecular recognition-based logic gates activated by
chemicals26 were developed by preparing a tandem protein
kinase substrate peptide composed of two different kinase sub-
strate regions joined in series and a spiropyran derivative at the
N-terminus as the gate molecule. Information was recorded onto
the gate molecule by protein kinases, stored stably as phospho-
esters, read based on the extent of the spiropyran-to-merocyanine
thermocoloration, and erased by phosphatase-catalysed dephos-
phorylation, resulting in the gate molecule being reset to the initial
recordable state.27

A summary of the results shows then how the photoisomeriza-
tion of different photochromic groups attached to polypeptides
can produce ‘order ↔ disorder’ conformational changes, which,
such as random coil ↔ α-helix, take place as highly cooperative
transitions. In these systems, photochromic polypeptides act as
amplifiers and transducers of the primary photochemical events
occurring in the photoresponsive side-chains in combination with
the environmental effects here simulated by solvents with variable
polarity. The structure and properties of the complex systems can
then be reversibly modulated (Fig. 3).

These results are of utility for studying complex biopolymer
systems. Protein folding is today one of the most studied
aspects using the approach presented above which helps to
reduce the gap between the information held in the genetic
sequence and protein structure. During the folding process,
ultrafast rotations occur around single bonds on the picosecond
timescale, whereas the formation of secondary structures and their

Figure 3. Light- and solvent-induced effects on conformation
and supramolecular interactions of polypeptides with photochromic
azobenzene side-chains.

rearrangement occur on the microsecond to second timescale.28

Dynamics of tertiary and quaternary structures extends from
milliseconds to seconds and even longer. Conformational
transitions of peptides and proteins are most commonly triggered
by changing the environment of the molecule, thereby shifting
the equilibrium constant of the process under investigation.
Among these methods, laser-, pH- and temperature-induced
jump experiments have been shown to allow for sub-nanosecond

time resolution.29–32 Even faster triggering with a possible sub-
picosecond time resolution can only be achieved with a molecular
switch incorporated in the peptide chain. Ultrafast light-induced
changes of the switching molecule initiate structural dynamics
of the peptide on the picosecond timescale by changing a
conformational restraint. The design of peptides with built-
in chromophores that enable fast conformational changes by
irradiation with monochromatic light is a particularly powerful
approach for investigating structural transitions during protein
folding.33 These systems are bistable, i.e. sufficiently long lived
in both isomeric forms and small enough to resolve changes in
secondary structure using spectroscopic techniques including CD,
NMR and ultrafast optical spectroscopy experiments.

Polysaccharides
Various chromophores have been linked to polysaccharides
through covalent bonding for a variety of objectives, particularly
probes, sensors and sensitizers.34 The synthetic strategies were
based mainly on esterification, etherification, oxidation and, more

recently, ‘click’ methods.35 –42 Here, the focus is on materials where
the behaviour of the chromophore is affected by the organization
driven by the polysaccharide structure and, conversely, the
photoresponse of the chromophore affects the polysaccharide
organization.

In this connection the optical behaviour of regioselectively
functionalized O-methylcellulose derivatives with 9-butyl-9H-
carbazole in the C6 position (derivative A in Fig. 4) or C2–C3
position (derivative B in Fig. 4) were compared. Both C6- and
C2–C3-functionalized celluloses showed photoluminescence (PL)
spectra due to the emission from the carbazole unit. The emission
intensity was higher for the C6 derivative and lower for the C2–C3
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Figure 4. Structures of 2,3-di-O-methyl-6-O-(4-butyl)carbazolcellulose (A)
and 2,3-di-O-(4-butyl)carbazol-6-O-methylcellulose (B).

derivative with respect to a reference poly(vinyl carbazole) (PVK),
while the corresponding UV-visible absorption spectra were all
comparable. Carbazole moieties covalently bonded to cellulose
in the C6 position are kept isolated from each other due to the
maximized spatial distance and the high rigidity of the cellulose
backbone. This organization in the C6-functionalized material
resulted in organic light-emitting and memory devices with supe-
rior performance compared to corresponding devices obtained
with PVK or cellulose functionalized at the C2–C3 position.43,44

Cellulose was also reported to direct the organization of
bonded porphyrin groups. In this case the efficiency was slightly
lower than with carbazole, most likely because porphyrins are
bulkier and can also interact with each other at a distance of
two glucosidic units. Similarly to carbazole, porphyrin was better
dispersed when it was regioselectively bonded to cellulose at the

C6 instead of the C2–C3 position.45–48 In addition, evidence of
the templating effect of cellulose to drive porphyrin organization
into a helical chiral form came from the intense bisignate Cotton
effect (λmax = 424 nm) of 2,3-O-methyl-6-O-porphyrinylcellulose,
its negative sign indicating a left-handed helical conformation.
The strongly negative CD peak in the neutral state was found to
vanish completely on oxidation of porphyrin to its radical cation
and to reappear on reduction. This well-defined electrochromism
behaviour suggested this material as suitable for application in
devices for chiroptical read-out of an electrochemically induced
information input.46

Spiropyran-functionalized dextran exhibited reversible photoin-
duced phase separation in water due to the strong change of
polarity of the chromophore upon irradiation.49 Inverse pho-
tochromism was observed in acid water due to the stabilization
of the open merocyanine form by protonation (Fig. 5). This lat-
ter formed under UV light irradiation and reverted back to the
spiropyran form on irradiation with visible light or on heating.
Under neutral pH, no merocyanine stabilization occurred and,
accordingly, the polysaccharide coagulated as a result of the
hydrophobization by the spiropyran moieties.49

Irradiation with blue light at room temperature under acid
conditions converted merocyanine to spiropyran in 15 min. In the
presence of poly(ethylene glycol) (PEG) a stable turbid suspension
was formed since closure of the ring induces desolvation and
precipitation. Next, when the phase-separated solution was heated
to 50 ◦C, it changed to a colourless transparent solution (single-
phase composition) within several minutes. The rise in temperature
could be tuned in the 15–45 ◦C range by adjusting the PEG
concentration between 6 and 7% by weight.49

Azobenzene moieties covalently bonded to methylcellulose
provide solubility variation to the functionalized polysaccharide

Figure 5. Chemical structure of spiropyran-functionalized dextran and the
photoisomerization scheme of a 6-nitrospiropyran (NSP) chromophore.
Sp, spiropyran form; McH, protonated merocyanine form. Also shown
are the absorption spectra of 0.30% w/w NSP–dextran in 3.0 mmol L−1

HCl aqueous solution at 25 ◦C: solid curve, result of measurements of
the sample prior to irradiation; dashed curve, result of measurements
conducted immediately after sample irradiation with blue light (436 nm).
(Reproduced with permission from Edahiro et al.49)

as in the case of spiropyran, but the change is less distinct.50 The
difference can be explained by the stronger change of spiropyran
polarity on irradiation compared to azo dyes due to the formation
of a zwitterionic species in the former case.51,52

The structure of polysaccharides is characterized by a rigid
backbone and three side sites for functionalization providing
different mobility: higher at the C6 position and lower at the
C2 and C3. This peculiarity seems effective in stabilizing the less
stable form of the photochromic species without avoiding their
photoisomerization. Accordingly, spiropyran moieties covalently
bonded to any hydroxyl group of methylcellulose or cellulose
acetate underwent reversible isomerization under irradiation
with UV light and subsequently with visible light, but the open
merocyanine form, which is the less stable form with the celluloses
used, was stabilized and lasted for 1–2 h in solid films.53,54 The
formation of the zwitterionic merocyanine gives rise to well-
detectable and reversible wettability increase of the cellulose films
as revealed by contact angle measurements.54 In the same way,
the possibility to better accommodate the open merocyanine
in a stabilized spatial geometry, because of the mobility at the
C6 position, provided extremely high stability (more than two
months at room temperature) to the coloured form of solid
films of phthaloylchitosan regioselectively functionalized at the
C6 position with spiropyran moieties.55

Slow thermal recovery of the most stable trans isomer form,
after population of the less stable cis state, was also observed
in photochromic cellulose bearing 4-cyanophenylazophenol
covalently bonded prevalently at the C6 position under Mitsunobu
reaction conditions.56 The thermal recovery of the most stable
isomer took two days in the dark and exhibited a two-mode
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decay as for spiropyran-functionalized phthaloylchitosan.55 The
first mode was a fast process due to relaxation of chromophores
trapped in a strain conformation at temperatures below the
glass transition temperature. The second mode was a slow
process following a single exponential decay, responsible for
the unexpected high stability of the less stable form of the
photochromic moiety (merocyanine and cis isomer).56

Biodegradable polyesters
Labelled polymers were used to investigate the degradation
behaviour of biodegradable polyesters,57,58 to develop optical
sensor elements59 as well as functional aggregates,60 and
to modulate material thermomechanical behaviour through

controlled crosslinking.61–63 Only a few examples are reported
in the literature in which biodegradable polyesters, either from
renewable resources (such as poly(lactic acid), PLA) or from oil-
derived monomers (such as poly(butylene succinate) (PBS), poly(ε-
caprolactone) (PCL), etc.), chemically bonded to a chromophore,
were built up to afford responsive materials upon a physical
(mainly UV light) stimulus.

Difluoroboron dibenzoylmethane (BF2dbn)-functionalized PCL
and PLA, as well as BF2dbn-functionalized PCL–PLA block
copolymers for comparison, were prepared to investigate the
fluorophore response upon UV irradiation. Interestingly, while
all materials in the form of solutions and films exhibited
nearly identical blue fluorescence, no room temperature
phosphorescence (RTP) was noted for BF2dbn–PCL films, as
showed by BF2dbn–PLA films. Significantly, RTP was also observed
in BF2dbn–PCL–PLA block copolymers in the solid state. Normally,
RTP is enhanced in rigid matrices because of restricted degrees of
freedom and thus fewer thermal decay pathways for the dye.
For boron dyes in PCL, data suggested that the dye chain
ends may be functioning as impurities that are excluded from
polymer crystalline regions; instead, they may be concentrated
in the amorphous regions between crystalline domains, where
microcavities and greater free volume provide additional degrees
of freedom for the dye. When PLA or poly(L-lactic acid) (PLLA)
segments are grown from BF2dbmPCL macroinitiators, however,
the RTP is restored for the resulting block copolymer products. Both
RTP intensities and lifetimes increased with longer PLA or PLLA
segments, and stronger RTP was observed for the less crystalline
PCL–PLA copolymer.64

PCL–PEG-based polymersomes were rendered susceptible to
UV-induced degradation by an incorporated 2-nitrophenylalanine
group as the amino acidic joint of the two blocks. Upon
UV irradiation, polymersomes undergo progressive PCL–PEG
cleavage, resulting in PEG solubilization in water, thus altering
polymersome aggregation behaviour/solubility in water and
therefore triggering polymersome gradual collapse, due to the
insolubility of PCL segments in water.65

PLLA as an alternative transparent matrix to poly(methyl
methacrylate) (PMMA) was tested for use in luminescent solar
concentrators. Indeed, low-molecular-weight PLLA films, chemi-
cally modified or blended with oligothiophene luminescence dye
(T5OH), showed excellent processability and photostability, and
exhibited fluorescence quantum yields (of about 35%) even higher
than that of T5OH-doped PMMA.66

As previously reported for protein-based responsive materials
(discussed above), many examples refer to the cis–trans
isomerization of azobenzene derivatives chemically bonded to
biodegradable polyester matrices. Indeed, azobenzene moieties

undergo a light-driven inter-conversion between low-energy trans
and higher energy cis isomeric states with a high degree of
efficiency and without any competing side reactions. Significantly,
trans–cis isomerization of the azo chromophore acts on and
strongly modifies the chiroptical properties of the polymer
matrix to which the azobenzene chromophore is bonded.
In this context polylactide-block-polyglycidol-block-poly(ethylene
oxide) triblock copolymers carrying 4-(phenylazo)phenyl as
substituent in the polyglycidol units were synthesized. They
form nanoaggregates in water, mainly used as drug delivery
systems. Upon UV irradiation, the cis–trans conformational change
of 4-(phenylazo)phenyl groups was exploited to modulate the
stability of the nanoaggregates in water. Indeed, the change from
trans to cis conformation of 4-(phenylazo)phenyl labels upon
UV irradiation affected the critical aggregation concentration
of the material in water, which was significantly higher for
the cis conformer. More recently, PCL was also modified with
light-responsive azobenzene (BP-azo), and various noanofibrous
materials having increasing concentration of BP-azo tethered to
PCL were produced by electospinning. The well-known trans–cis
isomerization of azobenzene under the trigger of light at different
wavelengths caused a significant change of the dipole moment
and subsequently of the surface free energy. The fibres exhibited
large, reversible and light-responsive wettability changes, making
them interesting materials in drug delivery, tissue engineering,
sensors and optical storage applications.67

DYES DISPERSED IN BIO-RELATED POLYMERS
Polypeptides
In most responsive, bi-component (protein + chromophore)
optical tools, the chromophore is covalently bound to the protein
(discussed above). It is likely that the polypeptide acts indeed
as an efficient amplifier of the conformation change of the
chromophore, once the external stimulus has occurred, only if
the chromophore itself occupies a specific position along the
polypeptide chain. Generally speaking, in these cases, an external
stimulus, such as light of a selected wavelength, activates the
responsive behaviour of the chromophore, resulting in a complex
structural change which involves not only the chromophore
itself, but also propagates to the whole protein chain.68,69

As a consequence, protein behaviour (in terms of transport
properties,70 cell adhesion71 and reactivity72) can be modulated,
or switched between active and non-active states.

To the best of our knowledge, very few examples have
been reported of bi-component systems designed as responsive
optical tools, in which the light-responsive moiety (chromophore)
is molecularly dispersed in and not covalently bound to the
biomacromolecule (polypeptide or protein material). Indeed, in
most of these bi-component systems, the chromophore acts as a
molecular probe that selectively binds a specific biological moiety
and allows its detection and the analysis of its structural properties.
In these cases, the polypeptide acts as a template, and drives a
structural rearrangement of the dye (conformational change, chiral
aggregation), which significantly modifies the optical response of
the dye. A typical example of this class of systems is the selective
dispersion of thioflavin-T (ThT) into amyloid fibrils. Since its first
description in 1959, the fluorescent dye ThT has become among
the most widely used ‘gold standards’ for selectively staining and
identifying amyloid fibrils both in vivo and in vitro.73 The large
enhancement of its fluorescence emission upon attachment to
fibrils makes ThT a particularly powerful and convenient tool.
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Figure 6. General structure of the polymethine dye (cyanine).

Similarly, examples of chiral complexes between helical peptides
and Congo red74 were reported. In both cases, the structure
of the peptide acted as chiral methyl orange template for the
aggregation of the dye, inducing selectively the formation of J or H
dye aggregates,75 or temperature-dependent chiral aggregation
patterns.76 Special attention was recently paid to biopolymer-
induced polymethine dye (cyanine) (Fig. 6) aggregates.77

Indeed, cyanines present interesting and rare photophysical and
photochemical features, determined by the presence of flexible
polymethine segments introduced as side-chains. Vibrations,
torsions and rotations around carbon–carbon single bonds lead
to efficient, non-radiative dissipation of excitation energy. Upon
restriction of intramolecular mobility, the non-radiative processes
are delayed, with enhancement of the competing processes,
the first of which is fluorescence emission. This creates the
basis for using cyanines as spectral and fluorescent probes in
various molecularly organized media, in particular in systems
containing biomacromolecules. Furthermore, cyanines possess
the unique property, depending on the conditions and the
structure, of forming ordered aggregates of different types,
dimers and H- and J-aggregates, which can also be used
in the development of probes for biomacromolecules.78 3,30-
disulfopropyl-5,50-dichlorothiacyanine (Tc) and 3,30-disulfobutyl-
5,50-diphenyl-9-ethyloxacarbocyanine (Oc) form J-aggregates in
aqueous solution in the presence of NaCl, Mg(NO3)2, D-/L-
tartaric acids, asparagine, proline, DNA and proteins such as
lysozyme, trypsin, RNase and gelatin. In the presence of chiral
additives, optically active J-aggregates are formed, characterized
by sigmoidal kinetics with half-times of 10–1000 s, resonance
fluorescence and large CD amplitudes of up to 2◦ for Tc. Generally,
the induced CD signals of the J-aggregates of both dyes are
bisignate and the sign corresponds to that of the additive.
The transfer of chirality information occurs in the course of the
J-aggregation. These features make the described Tc and Oc J-
aggregates powerful sensors of point chirality and conformational
chirality.79

In other hybrid cases, the chromophore, which is spatially
located in but not covalently bound to the protein (ground
state), actually binds to a specific residue of the protein upon
the occurrence of an external stimulus, e.g. light. A representative
example is the light–oxygen–voltage domain, a common domain
of many photosensor proteins in higher plants.80

In conclusion, in spite of the interesting examples provided
by Nature, attempts to prepare photoresponsive smart materials
from proteins with dispersed dyes appear still limited.

Polysaccharide blends
Several polysaccharides, such as chitin, chitosan, galactomannans,
cellulose and starch, are well known to adsorb dye molecules by
a combination of electrostatic attraction, van der Waals forces,
hydrogen bonding and hydrophobic interactions.81,82 This ability

is of considerable significance to various traditional application
fields such as fibre dying and decolourization of the resulting
effluent. The specific affinity between dyes and polysaccharides
was also used for analytical purposes allowing the quantitative
determination of the polymers also at low concentration.83,84

The specificity and the stability of the interaction between
dyes and polysaccharides were often so high85,86 that typical
behaviour of covalently bonded dyes was observed (see above).
This happened particularly in the presence of ionic interactions,
as for chitosan, which is made mainly of cationic β-(1,4)-
D-glucosamine units, and the anionic dye (4-[4-nitrophenyl)
azo]phenyl)aminomethane sulfonate. In this case, dichroic
absorption in the UV-visible spectral region was observed as
the achiral dye assumed a chiral spatial distribution imposed by
the chiral polysaccharide.87

When the polysaccharide–dye interaction is not very strong
switchable optical properties are observed, as in the case of
mixing hyaluronan, an anionic polysaccharide, and a cationic
cyanine chromophore in water/methanol solvents.88 The mixture
changes its optical properties from that of the cyanine monomer
to that of chiral J-aggregates of the dye. The dye–polysaccharide
interaction is promoted by increasing the cyanine/hyaluronan
molar ratio, by decreasing the temperature in the range 50 to
30 ◦C or by decreasing the solvent polarity. Moreover, switching
from R-chiral to S-chiral J-aggregates is induced in the same way
in the 30 to 0 ◦C temperature range due to the conformation
transition of the polysaccharide from double helix to random coil.

Polysaccharides with a strong tendency towards a helical
conformation, such as amylose and β-1,3-glucans, gave also very
stable host–guest complexes by trapping molecules inside their
helix.86,89,90 Self-pooling was observed in a solid film of amylose
with 4-[4-(dimethylamino)styryl]-1-docosylpyridinium bromide, a
hemicyanine dye.90 The film showed thermochromic behaviour
as it changed colour, darkening with increasing temperature:
λmax of the UV-visible absorption band shifted gradually towards
the red on increasing the temperature in the range 50–100 ◦C.
Fluorescence emission intensity decreased similarly in the same
temperature range.91

Electron donor (D)–acceptor (A) oligomers (A–D and A–D–A),
where D was oligo(phenylene vinylene) and A was N,N′-dialkyl-4,4′-
bipyridinium and N,N-dimethylaminostyryl-4-pyridinium moieties,
were successfully trapped inside an amylose helix. Encapsulation
resulted in increasing fluorescence quantum yield (>10-fold) and
photoinduced electron/energy transfer efficient over a distance of
10 Å . This behavior arises from the suppression of the molecular
self-quenching by aggregation and/or conformational flexibility.92

Carboxymethyl amylose (CMA) exists as a coil of short helical
segments in acid solution, while these reminiscent helical
segments break down on ionization of the carboxyl groups in
neutral and basic solutions.93 This behaviour was modified in the
presence of a cationic cyanine dye that induced the formation of
a super-helix mediated by J-aggregation of the dye itself (Fig. 7).94

The amount of cyanine forming J-aggregates and giving CMA
super-helix was modulated by changing the CMA concentration,
pH and degree of substitution. The CD and the fluorescence
intensity of the solution were modulated in the same way. The
CMA helical conformation could be stabilized in two different
ways: by complexation with a cationic dye at acid pH94 or by
host–guest complexation with a hydrophobic dye under neutral
or basic conditions.95 The combination of these two stabilization
methods resulted in an extremely stable super-helix hierarchical
structure as reported for subsequent complexation of CMA with
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Figure 7. Schematic of CMA super-helix formation mediated by
J-aggregation and complexation with a cyanine dye. (Reproduced with
permission from Kim et al.94)

cyanine and D–A cationic oligomers. The cationic nature of the
D–A structures prevented their inclusions in CMA with high degree
of substitution, except after previous neutralization of the negative
charge by complexation with a cationic cyanine dye with cationic
D–A species, which could further form a super-helix hierarchical
structure.96

The inclusion of only an A unit, which was composed of a N-
dimethylaminostyryl-4-pyridinium moiety with a long alkyl chains,
inside the super-helix gave a sharp fluorescence quenching (ca
90%) of the cyanine dye J-aggregates at 475 nm. A concomitant
enhancement (>20) of the fluorescence from A (at 605 nm) due to
energy transfer from the cyanine aggregates.

Other polysaccharides that are well known to assume a
helix conformation are (1→3)-β-D-glucans, which can form
inclusion complexes with guest molecules and polymers.97

The wrapping by β-1,3-glucans enforces the entrapped guest
polymer to adopt helical or twisted conformations through the
convergent interpolymer interactions as for poly(3-[(R or S)-5-
amino-5-carboxyl-3-oxapentyl]-2,5-thiophene hydrochloride) (PT)
trapped into schizophyllan (SPG). This last is (1→3)-β-D-glucan
with one (1→6)-β-D-glucose side-chain linked at every third
main-chain glucose.18,19 The individual polysaccharide in water
exists as a right-handed triple helix (t-SPG) whereas the
individual PT derivatives assume a left- or right-handed syn type
helical arrangement, depending on the substituent configuration.
However, right-handed co-helical complexes were formed by both
PT derivatives when trapped into the polysaccharide helix.98

Similar to amylose, chemical modification of (1→3)-β-D-glucan
resulted in less stable helix structures, in particular single-stranded
right-handed structures formed instead of triple-stranded
ones.99 This resulted in increased polysaccharide dynamics in
solution that allowed the formation of host–guest inclusion
complexes by simply mixing in water with poly(cytidylic acid),
permethyldecasilane or single-walled carbon nanotubes.99,100 An
inclusion complex was also obtained upon simply mixing in water
a cationic polythiophene with curdlan (Fig. 8).101

No similar solvent vapour chromism was observed for films
obtained with large curdlan excess with respect to the dye
or with schizophyllan due to the higher stability of the two
systems with respect to complex disaggregation, thus indicating
the metastability of the complex as a requisite to responsive
materials.

Bio-related polyester blends
The optical response of dye-doped thermoplastic polymer matri-
ces was analysed in depth as a tool to control and to modulate the
degree of dispersion of chromophores in the amorphous phase

of polymers.102–104 Various parameters were taken into account:
(1) nature of the dye; (2) nature of the continuous polymer matrix;

Figure 8. (A) Photographs and (B) normalized UV-visible absorption spectra
of a polythiophene–functionalized curdlan film. The as-prepared film was
subjected to humid air and methanol vapour and then dried in vacuo again.
(Reproduced with permission from Shiraki et al.101)

and (3) type of dispersion route. The basic principle of these
chromogenic polymer composites is founded on colour changes in
absorption or in emission associated with structural modifications
of the molecular assemblies of dyes dispersed in the continuous
polymeric amorphous phase. Depending on both the processing
conditions and dye–polymer interphase interactions, molecularly
dispersed dye molecules can aggregate in either the ground or
excited state to yield stacked structures characterized by different

optical properties.103–105 In this context, different organic
chromophores were incorporated into thermoplastic polymers at
various concentrations (from 0.05 to 1 wt%) by processing in the
melt. Interestingly, the controlled modulation of the degree of
dispersion of the chromophore allowed to obtain binary polymeric
mixtures suitable for the preparation of smart flexible or rigid poly-

meric optical indicators of external stimuli (temperature,106–111

mechanical stress and pressure112–120) and of innovative
renewable luminescent materials for energy technology.121

The results previously obtained for polyolefin-based materials
were effectively applied to biodegradable plastics and bio-based
polymer products such as PLA and PBS. Aliphatic polyesters are the
most convenient for packaging applications, owing to availability
from renewable resources, easy optimization of thermomechanical
properties and expected decreasing production costs. The effects
of the dispersion of dyes into PLA and PBS were recently

analysed.121–127 More specifically, bis(benzoxazolyl)stilbene (BBS;
Fig. 9) attracted particular interest since it belongs to a well-
known class of stilbene derivatives generally employed as optical
brighteners in many polymer articles and textiles.

PBS films with various concentrations of BBS were prepared
in solution or by processing in the melt; after leaving the films
to return slowly at room temperature, the characteristic emission

depended on the BBS concentration.123–125 Green luminescence
attributed to chromophoric aggregates (mechanochromic effects)
was observed with 0.1 wt% or more of BBS. The polymer
reorganization induced by uniaxial stretching at room temperature
disrupted the BBS supramolecular assemblies leading to a
prevalent blue emission typical of isolated chromophore
molecules. The excimer band at 500 nm of BBS–PBS films
containing 0.1 wt% of dye significantly decreased in intensity IE at
40–50% film elongation (i.e. from IE/IM = 0.8 at 0% to IE/IM = 0.4 at
40%), and was completely suppressed at higher elongation (Fig. 9).

Significant interest has been shown in the development of
thermochromic polymer blends of a supporting thermoplastic
polymer matrix containing small amounts (0.01–3 wt%) of

dispersed chromogenic sensor dyes.107–110,128–130 Kinetically
trapped molecular dyes inside the glassy amorphous phase of host
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Figure 9. Fluorescence emission spectra of 0.1 wt% PBS–BBS film, before (0%) and after solid-state drawing (from 30 to 70% elongation). The spectra
are normalized to the intensity of the isolated BBS molecule peak (430 nm). Digital image of the same film, recorded under excitation at 366 nm (50%
elongation). (Adapted with permission from Pucci et al.123)

polymers can be thermally driven to aggregate, thus returning
to the thermodynamically favoured stacked structure above a
certain threshold temperature; the consequent emission variation
produces the sensing mechanism (thermochromic effects). Along
these lines, thermochromic polymer blends were also realized
starting from the aggregachromic dye BBS dispersed (0.02–0.2
wt%) in semicrystalline biodegradable PBS by processing in the
melt. The BBS–PBS mixtures after rapid quenching from the melt at
0 ◦C gave the typical emission of isolated BBS molecules kinetically
trapped within the polymer matrix without formation of excimers.
Phase separation due to BBS segregation into aggregates occurred
on increasing the temperature (50 to 80 ◦C) as indicated by the
colour change of the material from blue (emission at about 440
nm) to green (emission at about 500 nm).123

PLA has a slightly lower refractive index (ca 1.45) than
PMMA (1.49), as well as the same good processability. The
reduction of the maximum trapped light due to the lower
refractive index is negligible, i.e. 74 and 72% for PMMA and
PLA matrices, respectively. For this reason PLA is a viable
alternative to PMMA as a transparent and eco-sustainable
matrix of luminescent solar concentrators. Low-molecular-
weight PLA-based films (number-average molecular weight of
about 15 000–20 000 g mol−1) either chemically modified
or blended with an oligothiophene luminescent dye (3′-(2-
hydroxyethyl)quinquethiophene) appeared very stable under
white light irradiation, and exhibited a fluorescence quantum yield
that is significantly higher (ca 35%) when compared to samples
with PMMA as transparent matrix. Moreover, microscopy imaging
analysis of the same films indicated a uniform dye distribution
within the polymer sample with homogeneous fluorescence
intensity of the emission profile both in the xy-plane and along
the z-direction, which confirmed also the absence of preferential
segregation of the dye thus excluding luminescence quenching
phenomena. Therefore, PLA could have the potential of being even
superior to PMMA in terms of optical requirements, but certainly
has the great advantage of being a renewable polymer matrix. As
far as the thermomechanical properties of PLA are concerned, a
suitable amount of a polymer having the required features, such
as PBS, can be blended in order to modulate the final properties of
the material. It was found that the addition of 15 wt% PBS resulted
in significantly improved PLA ductility, as resulting from lower

Young’s modulus and higher strain at break. Moreover, it is worth
noting that the blend exhibited a thermodynamic immiscibility
between the amorphous phases of the two polymers (two glass
transition temperatures were detected), even if a good blend
compatibility was observed using electron microscopy. Moreover,
the crystalline PLA content is higher in the blend compared with
pure PLA film, likely attributed to the role of PBS nanodroplets
as crystallization nuclei for PLA. These characteristics mean that
the polyester blend is a valuable matrix for the preparation of
polymeric threshold temperature indicators. As a matter of fact,
the temperature responsiveness of a PLA-based material was
achieved by blending with a minor amount (15 wt%) of PBS. In
detail, blends containing 0.07 wt% of BBS dye and consisting of
85 wt% of PLA and 15 wt% of PBS showed an evident change of
their luminescent properties from blue to green when thermally
driven at temperatures (>60 ◦C) higher than the glass transition
temperature of PLA suggesting that BBS passed from a molecularly
dissolved state to a supramolecular architecture.126 This
phenomenon occurring on varying the temperature can possibly
be attributed to effects provided by the temperature on the
thermally induced mobility and change of polymer matrix thermal
features. The passage of the matrix from the glassy to the viscous
state promoted by thermal driving induces the cold crystallization
of PBS, the crystals of which act as crystallization nuclei for PLA,
thus strongly favouring the aggregation of BBS chromophores
dispersed in the amorphous phases of the blend (Fig. 10).

Therefore, the presence of 15 wt% of PBS, in which the dye
is less soluble than in PLA, is the key factor in promoting BBS
aggregation. Thus, upon passage of the matrix from the glassy to
the viscous state, BBS is prompted to aggregate to an extent that
is temperature-dependent, providing a clear change of the optical
characteristics of the blend film.

SYSTEMS COMPARISON AND FINAL REMARKS
Even if the examples described in this mini-review are limited
in number when compared to the known synthetic and natural
systems based on bio-related polymers and containing organic
chromophores, we believe they are sufficient to demonstrate
the enormous potential of these systems as well as their
usefulness in the preparation of bio-related polymer-based devices
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Figure 10. First heating differential scanning calorimetry scan of a blend
composed of 85 wt% of PLA and 15 wt% of PBS and containing 0.07 wt%
of BBS dye and images of the same film taken under irradiation at 366 nm
before (left) and after (right) thermal annealing at 70 ◦C. (Adapted with
permission from Pucci et al.126)

combining an environmentally friendly character with modulated
photoresponse.

Two general concepts which go beyond the trivial expected
effects concerning colour change and traceability produced by a
dye when bound to or dispersed in a material were evidenced
and adequately supported with a number of clear examples.
These concepts derive from the possibility of using, on the one
hand, a radiation absorbing unit, an organic dye, as a trigger for
photoinduced response of the involved macromolecules and, on
the other hand, as an optical sensor of stimuli affecting the whole
material. The structures demonstrating the former concept are
those were the macromolecule–chromophore binding is strong
and short, as often happens with covalent direct bonding. The
trigger efficiency is dependent on the intensity of the changes
induced by the radiation and by the trigger concentration
and can be enhanced by changes of polarity produced by the
photochemical event and synergic action by the environment.

The second general concept was instead developed by
dispersing a dye in a polymer and realizing conditions under which
self-organization, in particular aggregation–disaggregation, can
be determined by submitting the whole material to mechanical
and thermal effects, the optical changes observed allowing one to
register and evaluate the impact.

The results obtained to date for preparing optically responsive
polymers by combining a thermoplastic polymer with a dye
either by covalent binding or molecular/aggregate dispersion
provide basic information to identify routes for designing these
important materials targeted at a large number of advanced
applications. Among these, the most promising is certainly the
preparation of luminescent solar concentrators, thin, flat plates of
highly fluorescent material that absorb sunlight and concentrate
most of the resulting fluorescence to the edges through total

internal reflection.131–137
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