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Colorimetric Transition of Polydiacetylene/Cyclodextrin
Supramolecular Assemblies and Implications as
Colorimetric Sensors for Food Phenolic Antioxidants
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Molecular self-assembly has significant potential in the field of sensing.
Polydiacetylenes (PDAs) are conjugated polymers possessing peculiar optical
properties obtained by photopolymerization of self-assembled diacetylene
monomers. Herein, the blue-to-red phase transition upon either thermal
stimulus or interaction with cyclodextrins (CDs) of two PDAs, bearing either
carboxylic (PCDA) or amino (PCDA-NH,) polar heads, is investigated to
develop a colorimetric sensor for food phenolic antioxidants. The change in
the PDA polar head does not affect significantly thermo-chromatic transition.
Upon thermal stimulus, in both PDAs, color transition occurs straightforward
between two distinct stable states and does not involve the disordering of the
PDA crystal phase, as revealed by UV-vis spectroscopy and SAXS analysis.
Contrarily, PDA/a-CD interaction is influenced by intermolecular forces
among PDA polar heads and is more efficient for PCDA. a-CDs presumably
cause changes in both PDA backbone conformation and local environment
surrounding the individual PDA chains. The PCDA/a-CD assemblies are
investigated as colorimetric sensors for the detection of Tyrosol (Ty) and
caffeic acid (CAF), by using the principle of competitive inclusion complex
formation. The system results to be more sensitive to CAF than Ty and may
permit the determination of CAF in concentration ranges suitable for different

1. Introduction

The bottom-up design and generation of
complex molecular systems through spon-
taneous association of molecules is an
exciting challenge in the nanotechnol-
ogy field."l" Self-assembly, the process by
which molecules spontaneously organize
into well-defined structures, is at the heart
of this approach. One example of a self-
assembling system is given by amphiphilic
molecules, which can establish various in-
termolecular interactions, such as polar-
polar interactions, van der Waals inter-
actions, and directional hydrogen bonds,
leading to the formation of well-defined
structures.[23] Molecular self-assembly is a
fundamental concept that is prevalent in
many fields of study, including chemistry,
physics, biology, and materials science.l*!

Supramolecular assemblies, which are
composed of multi-component systems ag-
gregated by noncovalent bonds, may ex-
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hibit unique properties and functions that

cannot be predicted from the features

of the original constituents.”] By ratio-

nally designing the colloidal entities and
interfaces and controlling the specific interactions between them,
itis possible to tune the hierarchical self-assembly of supramolec-
ular assemblies.®] This approach can be used to create struc-
tures such as adaptive colloidal molecules and crystalline organi-
zations. The size, shape, and interactions between different col-
loidal building blocks can be varied to create diverse structures
with specific properties and functions.l”! This allows for the cre-
ation of novel materials with tailored properties and the develop-
ment of nanoscale devices and sensors.

In this regard, the principle of molecular self-assembly has sig-
nificant potential in the field of sensing.['% In a self-assembled
sensing system, the sensing element is designed to respond
to a specific molecular target by undergoing a conformational
change that results in a detectable signal."! This can be achieved
through the incorporation of molecular recognition elements,
such as specific receptors or ligands, into the self-assembling
system. The presence of the target molecule leads to the forma-
tion of a stable complex that alters the self-assembled structure
and generates a measurable signal, such as a change in color or
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fluorescence intensity.l'?] Self-assembled sensing systems offer
several advantages over traditional sensing methods. They can
be designed to be highly selective and sensitive to specific molec-
ular targets, and they can operate in complex environments, such
as biological samples or environmental matrices.[*]
Polydiacetylene (PDA) assemblies, either dispersed in solu-
tion as nanostructures or surface-attached layers (Langmuir—
Blodgett films), are an attractive platform for developing colori-
metric sensors.['*] PDAs are conjugated polymers obtained by 1,4
addition reaction of self-assembled diacetylene (DA) monomers
induced by UV irradiation. Thanks to their delocalized network
of  electrons, which results from the conjugation of the alternat-
ing ene-yne groups, they have strong absorption in the visible re-
gion of the spectrum with a maximum absorption peak at 640 nm
(blue-phase)."! Stimulation of blue phase PDA with heat, pH,
mechanical stress, chemical recognition events can induce per-
turbations and conformational rotation of the PDA’s ene-yne
backbone and a color shift to red phase (maximum absorption
wavelength around 550 nm). This colorimetric response is highly
visible and can be directly observed by the naked eye, in a “litmus
test” fashion. The red-phase of PDAs also exhibits interesting
fluorescent properties and is highly applicable in fluorescence-
based sensor systems.!**] These unique optical properties, along
with the ease of chemical modification of their hydrophilic heads
and the remarkable stability, render PDAs a captivating field of
investigation. They hold potential for advancing our understand-
ing of conjugated polymers on a fundamental level, while also of-
fering practical applications in diverse areas such as environmen-
tal monitoring, medical diagnosis, and food safety, particularly in
sensing and imaging applications.['-2!] Specifically, PDA-based
sensors have garnered significant attention in the realm of food
applications. These sensors are renowned for providing a cost-
effective, versatile, and user-friendly approach to monitor the
chemical composition of food or detect the presence of harmful
contaminants. The pronounced colorimetric signal of PDA sen-
sors can be easily read by consumers and workers without tech-
nical training, making them ideal for use in the food industry.*!]
Cyclodextrins have been used as guest molecules to in-
duce changes in the PDASs’ structure and resulting optical
properties.?22] Alpha-cyclodextrins (a-CDs) were demonstrated
to be able to induce color transition in photopolymerized self-
assembled 10,12-pentacosadiynoic acid (PCDA), a diacetylene
monomer bearing a carboxylic group polar head.[?>?%] Studies us-
ing 4-nitrophenol as an inhibitor supported the hypothesis that
the PDA color-transition induced by a-CDs was due to the for-
mation of inclusion complexes with the polydiacetylene chain.[??]
This property has potential applications in the development of
colorimetric sensors for various analytes, and, so far, it has been
exploited to develop sensors for wastewater pollutants.!?*l
Despite the general understanding of the mechanism of PDA
blue-to-red color transition, a clear picture of how a large variety
of different stimuli causes this transition is often lacking. In or-
der to broaden the basic knowledge on PDA/CD supramolecular
interactions as well as to investigate further the use of CDs as
transducer molecules for PDA-based sensors, in this study, the
color-transition behavior of two PDA systems, obtained respec-
tively from the commercial PCDA and its amino-functionalized
derivative (PCDA-NH,), was examined in response to thermal
stimulus and interaction with a-CDs and p-CDs. The effect of
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changes in the PDA polar head on its colorimetric transition was
investigated by UV-vis spectroscopy and Small Angle X-ray Spec-
troscopy. Implications on the use of such supramolecular assem-
blies to develop a colorimetric sensor for the detection of phenolic
antioxidant compounds in food products was examined. Ty and
CAF were chosen as model phenolic antioxidants because com-
monly found in fruits, vegetables, and beverages, and known for
their preventive and disease-fighting properties. Specifically, the
inhibition of colorimetric transition of PDAs induced by a-CD
due to competitive interaction with the two selected phenols was
studied. Interestingly, an indirect colorimetric determination of
CAF was possible and, overall, the obtained results highlight how
PDA/CD may provide a simple and rapid detection method for
antioxidants in food products and agricultural byproducts.

2. Results and Discussion

Phenolic- and polyphenolic-rich foods are known to afford pro-
tection against the development of cardiovascular and degenera-
tive diseases, cancer, and diabetes.”] Foods that are particularly
rich in phenols include fruits (apples, cherries, grapes, oranges,
peaches, pears, plums), nuts and seeds, whole grains and bever-
ages, like coffee, tea, red wine.

Changes in phenolic content in these food products is consid-
ered an indicator in the food quality.[?] Efforts are being devoted
to the development of rapid methods for analysis of phenolic
compounds in beverages and grains.?’]

A common phenolic compound abundant in coffee and tea but
also present in red wine is CAF.[?8] CAF is a hydroxycinnamic
acid endowed with potent antioxidant activity,?°! which may help
to protect against oxidative stress and reduce the risk of chronic
diseases. It has also been shown to have anti-inflammatory effects
and anticancer property.

Ty is an abundant phenol in olive oil mill wastewater and, in
spite of its weak antioxidant activity,**] Ty was found to be ef-
fective in preserving cellular antioxidant defenses, probably by
intracellular accumulation.l?!]

Herein, the possibility to use PDA/CDs assemblies to de-
tect these two phenols was investigated. CDs are intriguing
molecules, which can form inclusion complexes with a variety
of guest molecules. This property makes them attractive model
systems for studying ligand-receptor interactions and host-guest
chemistry.

2.1. Synthesis and Characterization of the Amino-Functionalized
DA Monomer (PCDA-NH,)

In order to investigate the effect of different head groups of the
DA monomer on the interactions with a-CDs and -CDs, the
acidic DA monomer PCDA was derivatized with amino groups by
activation of its carboxylic group with a carbodiimide followed by
amidation with ethylendiamine (EDA) (Figure 1). Both the acti-
vated PCDA-NHS and amidated PCDA-NH, products were char-
acterized by ATR-FTIR and 'H-NMR. The spectroscopic analysis
of PCDA-NHS is reported in Supporting information (Figures S1
and S2) while in Figure 2 the ATR-FTIR and 'H-NMR spectra of
PCDA and PCDA-NH, are reported, respectively.
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Figure 1. Reaction scheme for PCDA derivatization with EDA to obtain the amino-functionalized diacetylene monomer PCDA-NH,. Amidation is carried

out on the activated ester intermediate PCDA-NHS.
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Figure 2. ATR-FTIR spectra of PCDA (in blue) and the amino-
functionalized PCDA-NH, (in red).

In the ATR-FTIR spectrum of PCDA-NH,, the new adsorp-
tion peak at 3270 cm™! related to the amide N-H stretching can
be observed. Furthermore, the amidic bond, which resonates at
1640 cm™! (amide I), and at 1550 cm™" (amide I1), together with
the C-N stretching at 1090 cm™, confirmed the success of the
amidation reaction.

As for "H-NMR analysis in the PCDA spectrum (Figure 3A),
the triplet at 0.9 is associated to the methyl group at the end
of pentacosadiynoic acid while the broad and intense signal be-
tween 1.4 and 1.2 ppm is related to the thirteen methylene groups
in the chain. The -CH, in a and f to the triple bonds give a triplet
and a quintet at 2.2 and 1.5 ppm, respectively. Lastly, methylene
groups adjacent to the COOH fall at 2.3 and 1.6 ppm, as triplets.

The amidation of EDA with PCDA is visible through the ap-
pearance of two new peaks at § = 3.3 and 2.9 ppm (triplet) in the
PCDA-NH, spectrum (Figure 3B). The signals are related to the
methylene groups of EDA unit, in a« and f to the amidic nitrogen
respectively. Furthermore, the amidic proton contributes to the
spectrum with a broad singlet centered at 6 = 6 ppm.

Elemental analysis, C-NMR spectroscopy and high-
resolution mass spectroscopy further confirmed the obtainment
of the product (Table S1, Figure S3 and Figure S4, Supporting
Information)
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2.2. Thermal Properties of DA Monomers

The influence of structural change on the strength of intermolec-
ular interactions in the two DA monomers was investigated by
DSC and TGA analyses.

From the DSC curves obtained from the second heating cy-
cle (Figure 4A), it can be observed that PCDA has a sharp melt-
ing peak at 67 °C with a heat of fusion (AH,) of ~#102 ] g7'.
When the DA head group is varied, the melting behavior of the
DA monomer changes significantly. The amino-derived PCDA-
NH,, despite having the same alkyl tail as PCDA, shows a broad
endothermic band between 40 and 100 °C with a AH, value of
50 J g~! (Figure 4A). This suggests that PCDA-NH, has a less
ordered structure than PCDA. Similar findings were reported
by Charoenthai and colleagues, who proposed the presence of
a liquid crystal (LC) phase induced by hydrogen bonds among
the amido and amino head groups, which increase molecular
rigidity.??) Analogous thermal behavior was observed for other
types of DA monomers having head groups strongly interacting
each other.®*] The less ordered structure of PCDA-NH, can jus-
tify its lower thermal stability compared to PCDA as evidenced by
the thermogravimetric analysis (Figure 4B). This finding is not
surprising and aligns with DSC analysis, which suggests a lower
crystallinity of PCDA-NH,, and with the colorimetric response
upon T stimulus (see in the next section), where PCDA-NH,
shows an earlier transition. Unlike PCDA, PCDA-NH, shows
a continues and more rapid weight loss up to 200 °C, presum-
ably related to the presence of adsorbed water. The higher hy-
drophilicity of PCDA-NH, compared to PCDA could be related
to the higher number of hydrogen bonding sites present in this
molecule.

2.3. Size and Zeta Potential

Self-assembling of the PCDA and PCDA-NH, diacetylene
monomers in water was induced bynanoprecipitation. Then,
the DA suspensions were photopolymerized to obtain blue-
coloredPDA nanoaggregates (Figure 5A), polyPCDA and
polyPCDA-NH,, endowed with carboxylic and amino groups,
respectively. Dynamic light scattering and zeta potential (¢)
measurements were performed (Figure 5B). The DLS size dis-
tribution curves are reported in Supporting Information (Figure
S5). In Figure 5C, the H-bond interactions among the polar
heads of the two PDAs are evidenced.

The polyPCDA sample showed the lowest size (183 nm) and a
quite negative zeta potential (—55 mV)suggesting a good stability
of the suspension. A slight increase in size, from 183 to 232 nm,
was registered after PCDA derivatization and, also, the zeta
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Figure 3. "H-NMR spectra of A) PCDA and B) PCDA-NH, in CDCl;.Colored dots indicate the moieties in the two compounds.

potential became positive (+43 mV), thus further confirming the
presence of amino polar heads.

2.4. Colorimetric Response of PDAs upon Thermal Stimulus

PDAs’ colorimetric response was investigated upon thermal
stimulus. Figure 6A,B shows the UV-vis spectra of polyPCDA
and polyPCDA-NH, at different temperatures. As it can be ob-
served, at 25 °C, before the heating cycle, the spectrum of
polyPCDA blue suspension presents a maximum absorbance at
640 nm. Upon heating, the maximum absorbance is shifted to
lower wavelengths, and the absorbance intensity at 640 nm co-
herently decreased. At 60 °C, the absorbance at 540 nm reached
a maximum with the complete disappearance of the peak at
640 nm, and the color turned visually red. Interestingly, in
Figure 6A,B, it can be observed the formation of an isosbestic

Macromol. Chem. Phys. 2023, 224, 2300098 2300098 (4 of 11)

point, indicating that the phase change from red to blue oc-
curred without formation of intermediate colored phases. That
was found also for polyPCDA-NH, vesicles (Figure 6B). A simi-
lar observation has been reported for the blue form of annealed
Langmuir-Blodgett films of cadmium 10,12-tricosadiynoate.>]
The isosbestic point suggests that the blue and the red forms exist
in distinct stable states (the two chromatic phases), with a com-
plementarity between both forms.

Plots of colorimetric responses of PDAs as a function of
temperature often provides useful information about the ther-
mochromic properties of the polymer.[**! Figure 7 shows the CR
(%) as a function of T for polyPCDA and polyPCDA-NH,. Both
PDAs have characteristic temperature range over which the CR
values sharply increase. The temperature ranges are similar for
the two systems (30-55 °C) but the temperature corresponding
to CR = 50% was found to be different and equal to (43 + 1)°C
for polyPCDA and (38 + 1)°C for polyPCDA-NH,. It is possible

© 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

85U801 SUOWWOD SAIIERID (dedl|dde au Aq peusenob aJe oIl VO ‘88N JO S9|NJ 10} ARIq1T 8UIUO A8]IAA UO (SUOTPUOD-PUE-SWS) 00" A | IM AeIq 1 jBulJuO//:SANY) SUORIPUOD pue SWe 1 841 88S *[£202/60/0T ] Uo Ariqiauliuo A8|im il ueIyo0D Aq 860005202 d9ew/Z00T OT/I0p/W00" A3 1M Alelq puljuo//Sdiy Woly pepeojumod ‘9T ‘€202 ‘SE6ETZST



ADVANCED
SCIENCE NEWS

‘[M acro-
olecular
Chemistry ana Physics

www.advancedsciencenews.com

A PCDA
— PCDA-NH2

exolup

Heat flow(mW)

4 60 80 100 120 140 160 180 200
Temperature({°C)

Weight((%)

Figure 4. A). DSC and B) TGA curves for PCDA and PCDA-NH, monomers.
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Figure 5. A). PCDA-NH, suspension before (white) and after photopolymerization (blue); B) Size and zeta potential of polyPCDA and polyPCDA-NH,;

C) PDA vesicles showing H-bond interactions among the polar chains.

that the sensitivity of the color transition of PDAs is related to dif-
ferences in intermolecular forces among the two types of PDAs.
This is consistent with thermal analysis carried out on the corre-
sponding DA monomers, which provided evidence of these dif-
ferences.

While it is well-known that the PDA blue form can be altered
to the red one upon temperature increase !, the mechanism of
the phase transition of the PDA thermochromism still deserves
investigation. The most accredited mechanism model envisages
that the variation of the energy I of the  — z* transition in PDAs
is related to changes in the conformation of the polymer back-
bone as well as to changes in the local environment surround-
ing the backbone.[*®! As the conformation becomes more dis-

Macromol. Chem. Phys. 2023, 224, 2300098 2300098 (5 of 11)

torted, twisted and non-planar, the level of electron delocaliza-
tion decreases, increasing the E value. Chains in the blue single-
crystal phases are known to be planar with the so-called “ene-yne”
bond alternation.’”*8) However, the conformation of red chains
has been debated, and there is still no general agreement on
that. Previous studies by infrared and Raman spectroscopy evi-
denced an increased disorder during the blue-to-red transition,
suggesting that the blue solid-state polymer turns into red be-
cause of a crystal-to-amorphous transition (melting of the alkyl
side chains).?*-*!l However, other studies evidenced a local in-
crease of order during color transition suggesting that the forma-
tion of the red phase is not related to a decrease of order, as often
claimed.!*>*] According to these latter two cited studies, the red
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Figure 6. UV-vis spectra of A) polyPCDA vesicles and B) polyPCDA-NH, at different T.
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Figure 7. Colorimetric response (CR, %) of polyPCDA and polyPCDA-NH,
as a function of T.

phase is not inevitably disordered. The different transition ener-
gies of the blue and red forms are supposed to reflect different
geometries of the chains.

The SAXS analysis performed in this study on polyPCDA, cho-
sen because responding to a-cyclodextrin in a stronger fashion
(see section 2.4), before and after stimulus at increasing temper-
atures (Figure 8) supports the hypothesis of a color transition
that does not involve the disordering of the crystal blue phase.
As shown in Figure 7, the scattering profiles of the polyPCDA
blue form (35 °C) showed a single reflection peak at a d-spacing
of ~5.1 nm. By considering the chain length of the investigated
DA monomer and the q~2 slope at low scattering angle typical of
a planar structure, presumably, PDA is assembled in a lamellar
phase with tilted and partially interdigitated chains. Upon ther-
mal stimulus up to 75 °C (red form), an asymmetric broaden-
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Figure 8. SAXS analysis of polyPCDA at 35, 50 and 75 °C. The plot reports
the experimental scattering profiles on absolute scale. Curves have been
arbitrarily shifted on the intensity axis by a suitable factor to avoid data
overlap and help visualization. The q~2 slope at low scattering angles is
reported as expected for a lamellar structure.

ing of the reflection peak toward lower scattering angles was ob-
served (Figure 8). Kuriyama et al. assigned this peak to the lon-
gitudinal spacing of PDA Langmuir Blodgett.**] They also ob-
served that an increase of this spacing occurred upon transition
from the blue to the red forms. We suggest that the observed peak
is related to the interlamellar spacing of the multi lamellar ag-
gregates formed by PDA. The observed asymmetric broadening
skewing toward lower q values, shows that a lowering of the or-
der as well as an increase of this spacing occurs on average upon
the thermal induced transition. Apparently, both the blue and red
forms have a relatively similar ordered structure in the hydrocar-
bon side chain and that the degree of conformational order is only
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Figure 9. Colorimetric response (CR, %) of polyPCDA and polyPCDA-NH, induced by a-CDs (A) or -CDs (B) concentration increase.

partially influenced by the thermal treatment. As suggested by
Campbell and Davies,[*! change in the energy of the PDA back-
bone exciton may be related to a change in the inter-backbone
spacing within the crystals, rather than to an increase of the con-
formational disordering of the hydrocarbon side chain.

2.5. Polydiacetylene/Cyclodextrin Supramolecular Assemblies

The possible effects of a-CDs and #-CDs on the structure and
color-transition of the two photopolymerized PDAs was inves-
tigated. It is already known that PCDA undergoes a blue-to-red
color transition by interaction with a-CDs but not with -CDs.[?2]
In this study, the CR (%) of PDA/CD supramolecular assem-
blies based on polyPCDA or polyPCDA-NH, was compared and
changes occurring in the molecular structures of PDAs during
the blue-to-red color transition caused by a-CDs (or #-CDs) con-
centration increase were studied. As displayed in Figure 9A,B,
only a-CDs caused a color transition in both the two investigated
systems. f-CDs interaction did not cause any detectable color
change.

a-CDs promoted a sharp blue-to-red color transition of the
polyPCDA vesicles in the 4-6 mm a-CD concentration range.
The color transition was found to be less abrupt for polyPCDA-
NH, vesicles, where a gradual increase of CR (%) was observed
starting from ~5 mm @-CD concentration up to ~20 mm where
the maximum response was obtained. This gradual transition of
polyPCDA-NH, is also evident from the images of the PDAs so-
lutions challenged with increasing a-CD concentrations reported
in the insets of Figure 9A. The PDA color transition upon a-CD
interaction is presumably induced by the formation of an inclu-
sion complex between the inner cavity of a-CD and the hydropho-
bic ordered alkyl chains of PDA, as previously hypothesized.[??!
This complexation induces alteration of the polymer conforma-
tion that ultimately influences its electronic properties and gives
rise to the color transition. Considering the diameters of the cy-
clodextrins, as well as the inter-chain distance in PDA, it is rea-
sonable that a-CD is superior to -CD due to their structural dif-
ferences. Specifically, the outer diameters of CDs are 1.37 and
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1.53 nm for « and B-CD,*! respectively, while the inter-chain
distance in PCDA is ~0.5 nm.!*?] Presumably, the smaller diame-
ter of a-CD makes it more capable of penetrating the inter-chain
gaps in PDA compared to g-CD.

To determine the affinity between PDAs and a-CDs, AA640
values were reported as a function of a-CD concentration (Figure
S6, Supporting Information) and fit with the Hill equation, usu-
ally employed to investigate the interaction between ligands and
proteins.[*’] From the Hill plot (Figure S6, Supporting Informa-
tion), the apparent dissociation constants K; were determined for
the two systems. Specifically, K; = (4.2 +0.1)x 10> M~ and K, =
(10.7 £ 0.3) x 10~* M~! were found for polyPCDA and polyPCDA-
NH,, respectively, evidencing that polyPCDA has a better affinity
for @-CD than polyPCDA-NH,. This finding is coherent with a
polyPCDA color transition at lower a-CD concentration (4—6 mm)
compared to the one of polyPCDA-NH, (10-20 mwm).

Interestingly, contrarily to the PDAs’ color-transition behav-
ior upon thermal stimulus, it was not observed an isosbestic
point in the PDAs’ UV-vis spectra recorded at different a-CD
concentrations (Figure S7, Supporting Information). This indi-
cates that the chromatic phase transition is not straightforward
between two stable forms. It seems reasonable that the transition
induced by PDA/a-CD interaction is more complicated than that
induced by thermal stimulus. a-CDs may interact at different lev-
els with PDA chains exposed on the surface. The intermolecular
forces among the individual PDA chains affect the interaction.
In the polyPCDA-NH, system, the formation of two hydrogen
bonds between head groups (Figure 5C), instead of one H-bond
in polyPCDA, can cause an increase in molecular rigidity, which
may limit the interaction with a-CD and the formation of the in-
clusion complex.

The complicated phase change induced by a-CDs, which lacks
the isosbestic point, may be related to two phenomena. a-CDs
interaction not only may cause a change in conformation of the
polymer backbone but also change the local environment sur-
rounding the individual PDA chains. Therefore, the variation
of the overall energy (E) of the 7 — #* transition is presumably
related to both changes in the energy level of the repeat unit
molecule defined by the resonance backbone conformation and
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changes in the degree of the electrostatic interactions among
the dipole moments on the individual chains affecting the res-
onance backbone structure. A similar hypothesis was invoked
to justify the lack in the isosbestic point during color transition
of the bluish-green form obtained by the photopolymerization
of annealed cadmium 10,12-tricosadiynoate Langmuir—Blodgett
films.34

To study structural changes during the blue-to-red color tran-
sition induced by a-CDs, SAXS analysis was performed on
polyPCDA exposed to different a-CD concentrations (Figure S8,
Supporting information). As it can be observed, the reflection
peak at d-spacing of ~5.1 nm of the polyPCDA crystal structure
is not observable after a-CD interaction at all concentrations.
We cannot exclude that the a-CD scattering profiles cover the
polyPCDA signals, even if subtraction of the scattering of the only
CDs from the total scattering still does not permit to reveal the
PDA reflection peak. It is not trivial to univocally attribute the ab-
sence of the PDA reflection peak to a disordering of the PDA alkyl
chains upon interaction with a-CDs. Further investigations are
definitely needed. However, this phenomenon could occur and
would be consistent with the lack in the isosbestic point, which
supports a change in the local environment surrounding the in-
dividual PDA chains. Indeed, it is reasonable that the breaking of
the interactions among PDA chains occurs in favor of the estab-
lishment of PDA/a-CD interactions.

2.6. Use of PDA/CD Assemblies for Detection of Tyrosol and
Caffeic Acid

As a proof of concept, polyPCDA/a-CDs supramolecular assem-
blies were investigated as colorimetric sensors for phenolic com-
pounds by using the principle of competitive inclusion complex
formation. CAF and Ty were chosen as model phenolic antiox-
idants because of their relevance in food products. While it is
known that CAF forms inclusion complexes with a-CDs,[**] we
investigated such ability for Ty by studying the thermal behav-
ior of a-CD/Ty mixtures at different molar ratios. An endother-
mic peak due to melting at 95 °C (AH,,, = 207 J/g) was observed
for pure Ty (Figure S9, Supporting Information). A progressive
reduction in the melting enthalpy of Ty with the increase in a-
CD/Ty molar ratio was observed suggesting the formation of a-
CD/Ty complexes. Also, a shift of the peak at lower temperature
was observed. The peak was substantially reduced at a-CD/Ty 1/1
molar ratio (H,, = 28 J/g) and disappeared at a-CD/Ty 2/1 molar
ratio. Similarly to a-CD/caffeic acid mixtures, the formation of
inclusion complexes can be hypothesized.[*!]

Such ability of a-CDs to complex Ty and CAF was used to
inhibit polyPCDA/a-CD complex formation and related blue-to-
red color transition, in order to detect phenolic antioxidants. The
polyPCDA system was chosen because of its higher affinity to
CD, as shown by the colorimetric response (Figure 9) and Hill
plot (Figure S6, Supporting Information).

Figure 10 illustrates CR’ (%) of polyPCDA/a-CD (8 mm) after
exposure to the two investigated phenolic antioxidants.

As described in the experimental section, CR’ (%) was used
to quantify the polyPCDA blue phase which did not form inclu-
sion complex with a-CD. CR’ (%) increases with the increase
in the concentration of phenolic compounds. Indeed, for phe-
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Figure 10. Colorimetric response of polyPCDA/a-CD (8 mm) after expo-
sure to CAF Ty. In the inset of the figure, the change of the polyPCDA
suspension color from red to blue with increasing CAF concentration is
shown.

Table 1. Correlation between the range of colors of the polyPCDA/a-CD
suspensions and CAF concentration. Examples of food products contain-
ing caffeic acid in concentration ranges suitable for detection.

Color range CAF concentration range, Food
mg/100 mL (um)

1 Light pink <0.115 (6.4) EVO oil

2 Dark pink 0.115 (6.4) < [CAF] < 5.76 (320)  EVO oil, fruit juices,
red wine

3 Light purple 5.76 (320) < [CAF] < 14.4 (800) Coffee beans, red

wine
4 Blue 14.4 (800) < [CAF] < 19.2 (2400) Coffee beans

nol concentration equal to zero, a-CDs are available for interac-
tion with polyPCDA and can induce color transition from blue
to red (red suspension, CR’ (%) = 0). For variable concentrations
of phenol, a-CDs are either partially or not available for interac-
tion with polyPCDA and can induce a reduced or no color tran-
sition (blue suspension). According to the extent of color transi-
tion, it is, therefore, possible to determine phenol content. The
developed polyPCDA/a-CD was shown to be more sensitive to
CAF than Ty, as evidenced by the rapid increase in CR’ (%) al-
ready at low CAF concentrations. Also, the maximum value of
CR' (%) was greater for CAF (x45%) than Ty (~15%). A poten-
tial explanation of this behavior is the different stability of the
two a-CD/phenol complexes in presence of polyPCDA. Dissoci-
ation of the a-CD/tyrosol complex presumably occurs upon con-
tact with polyPCDA suspension because of the a-CD better affin-
ity for polyPCDA than Ty.

Alinear response was found in the 0.8-800 um CAF concentra-
tion range with a Limit of Detection (LOD) of 680 um. According
to the naked eye color scale (Inset of Figure 10), it is possible to
identify 4 color ranges (Table 1).
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CAF elicits several interesting and various biological re-
sponses, such as antibacterial, anti-fungal, anti-inflammatory, an-
tiviral, anticancer, antioxidant, antimutagenic, and anti-diabetic
activities.*”] CAF and other cinnamic acid derivatives, such as
coumaric acid and protocatechuic acid, have been identified in
several beverages, including red wine, and they likely contribute
to the putative cardiovascular-protective effects of high phenolic
content alcoholic beverages.!?] Desirably, the dietary should pro-
vide a good intake of antioxidants, including CAF. Food products
changes in phenolic content in food products is considered an
indicator in the food quality. Phenol content may decrease dur-
ing storage and, in case of fresh food like fruit, phenol content
decreases with fruit ripening.

CAF is abundant in coffee beans, whose content varies from
~7 to 20 mg/100 g depending on the origin of the coffee and
method of extraction.’®) CAF is also present in many commer-
cial beverages, like red wine (maximum value 430 pm)! and
fruit juices (maximum value 280 um).52! Also, extra-virgin olive
oil (EVO) contains CAF even if in modest contents (8.3 um).l>*!
These are all examples of food products having a CAF concentra-
tion range potentially detectable with the developed polyPCDA/a-
CD colorimetric sensor.

3. Conclusion

Herein, we investigated the color transition behaviors upon ther-
mal stimulus and interaction with CDs of two PDAs obtained
from DA monomers bearing either carboxylic (PCDA) or amino
(PCDA-NH,) polar heads. The change in the PDA polar head
did not affect significantly vesicle size and thermo-chromatic
transition. In both PDAs, color transition induced by thermal
stimulus occurs straightforward between two distinct stable
states and does not involve the disordering of the PDA crystal
phase.

In contrast, the intermolecular forces among PDA polar heads
affected PDA interaction with a-CD, which resulted more effi-
cient for the diacetylene monomer PCDA than PCDA-NH,. Pre-
sumably, the rigidity of the PCDA-NH, backbone induced by
the establishment of two hydrogen bonds between head groups
limits the formation of the inclusion complex. In general, the
blue-to-red phase transition induced by a-CD interaction was
complex and presumably affecting both PDA backbone confor-
mation and interactions occurring among the individual PDA
chains.

The polyPCDA/a-CD assemblies were investigated as colori-
metric sensors for the detection of food phenolic antioxidant
compounds, Ty and CAF, by using the principle of competitive in-
clusion complex formation. The developed polyPCDA/a-CD sys-
tem was shown to be more sensitive to CAF than Ty, as evidenced
by the rapid increase in CR’ (%) already at low CAF concentra-
tions. Reasonably, the a-CD better affinity for polyPCDA than Ty
precluded the detection of this phenol. In contrast, an indirect
colorimetric determination of CAF was demonstrated to be pos-
sible in concentration ranges suitable for different food products.
Even if, at this stage, we were mainly interested in investigating
the structure and color transition behavior of PDA/CD assem-
blies, the obtained results support the possibility to use this sys-
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tem as sensor for monitoring the quality of food or valorization
of agricultural byproducts, rich in phenolic antioxidants.

4. Experimental Section

Materials:  10,12-Pentacosadiynoic ~ acid ~ (PCDA,  CysH4,0,,
374.60 g mol™'), N-(3-dimethylaminopro- pyl)-N’-ethylcarbodiimide
hydrochloride (EDC HCl), ethylenediamine (EDA), N-hydroxysuccinimide
(NHS), alfa-cyclodextrin  (a-CD), beta-cyclodextrin (f-CD), sodium
sulfate anhydrous, dichloromethane (CH,Cl,) were purchased from
Sigma—Aldrich.

Synthesis of N-(2-Aminoethyl)-10,12-pentacosadiynamide: The syn-
thesis of the amino-functionalized PCDA, N-(2-aminoethyl)-10,12-
pentacosadiynamide (PCDA-NH,), was performed as previously de-
scribed with slight modifications.[>*] Briefly, 10 mL of a PCDA solution
(50 mg, 0.13 mmol) in CH,Cl,, filtered by 0.7 um PTFE syringe filters, were
mixed with EDC HCI (41 mg, 0.26 mmol, EDC/PCDA molar ratio = 2:1).
After EDC complete dissolution, NHS (20 mg, 0.17 mmol, NHS/PCDA
molar ratio = 1.3:1) was added to the mixture and the reaction was kept
at r.t. for 24 h. Synthesis of PCDA-NHS was followed by TLC using hex-
ane:ethyl acetate:8:2 as eluent. The PCDA-NHS was purified by extraction
in water to eliminate unreacted EDC and NHS and dried on sodium
sulfate. The crude product was recovered after the solvent evaporation
and finally purified by column chromatography using DCM as eluent.
PCDA-NHS was characterized by ATR-FTIR and "H-NMR. For "H-NMR
analysis, CDCl; was used as solvent.

TH-NMR (300 MHz, CDCl;) 6 (ppm): 2.8 (s, 4H, CH,CH,), 2.6 (t, 2H,
CH,COOR), 2.2 (t, 4H, CH,C=C), 1.7 (m, 4H, CH,CH,COOR), 1.5 (m,
4H, CH,CH,C=C), 1.4-1.2 (m, 26H, CH,), 0.9 (¢, 3H, CH;).

PCDA-NH, was synthesized from PCDA-NHS active ester. PCDA-NHS
(6.4 mg, 0.27 mm) was dissolved in CH,Cl, (20 mL) and added dropwise
to a 5 mL solution of ED (2.7 mm) in CH,Cl,. A 1:10 molar ratio between
PCDA-NHS and EDA was chosen for the reaction. In this way, the synthesis
of the mono-amide with a free amino group, i.e., PCDA-NH,, is reason-
ably preferable to that of the symmetric amide (PCDA-NH-CH,CH,-NH-
PCDA) bearing two sequences of PCDAs. After few minutes from EDA ad-
dition, the reaction became opalescent, due to the formation of the desired
amidic compound.[>®] The reaction was carried out for 6 h at r.t. in the dark
and under magnetic stirring.PCDA-NH, was purified by extensive extrac-
tion in water, dried on sodium sulfate anhydrous and recovered by solvent
evaporation. The pure product was characterized by means of ATR-FTIR
and "H and *C-NMR.

TH-NMR (300 MHz, CDCl5) & (ppm): 6.0 (s, TH, COONH), 3.3 (m,
2H, CH,NH), 2.8 (m, 2H, CH,NH,), 2.3 — 2.1 (m, 6H, CH,C=C and
CH,COONH) 1.6 (m, 2H, CH,CH,COONH), 1.5 (m, 4H, CH,CH,C=C),
1.4-1.2 (m, 26H, CH,), 0.9 (t, 3H, CH5).

The compound solubilized in DMSO and diluted in MeOH was injected
in a ESI-MS/MS (6500 Qtrap SCiex) mass spectrometer. The electrospray
jonization source was operated in negative ionization for PCDA and posi-
tive ionization for PCDA-NH,.

C, N and H contents PCDA and PCDA-NH, were conducted by EA 1110
CHNS-O instrument to evaluate the nitrogen/carbon ratio after PCDA
amidation.

Fourier Transform Infrared Spectroscopy (FTIR):  FTIR analysis was per-
formed in an Attenuated Total Reflection (ATR) by a Nicolet 6700 (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with a Golden Gate ATR
accessory, at a resolution of 2 cm™" and co-adding 100 scans.

Thermal Analysis:  Differential Scanning Calorimetry (DSC) analysis of
the two diacetylene (DA) monomers was performed by a Mettler TA-3000
DSC apparatus. Thermograms were acquired at 10 °C min~" in the +25
to +150 °C temperature range, under N, flux. Thermogravimetric analysis
(TGA) was carried out by employing a Mettler TG 50 thermobalance (Met-
tler Toledo, Columbus, OH, USA). The sample analysis was performed
under N, flow, in the temperature range of 25-600 °C, by using a heating
rate of 10 °C min~".
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Preparation of PCDA and PCDA-NH, Vesicles and Photopolymeriza-
tion: PCDA and PCDA-NH, vesicles were prepared the nanoprecipitation
method. Specifically, polymers (4 mg) were dissolved in DMSO (1 mL) and
added dropwise to deionized water (10 mL) under stirring (500 rpm) to
at room temperature a final concentration of 0.4 mg/mL (1.1 mm) and
left to evaporate for 2 h. After storage at 4 °C overnight, vesicles were
photopolymerized at 254 nm for 20 min by UV lamp, thus obtaining
a blue suspension of polydiacetylene (PDA) vesicles. Polymerized self-
assembled DA monomers were named polyPCDA and polyPCDA-NH,.

Dynamic Light Scattering (DLS) and Zeta Potential: Size and zeta po-
tential of polyPCDA and polyPCDA-NH, vesicles were evaluated by DLS
measurements using a Zetasizer Nano spectrometer (Malvern Instru-
ments Ltd.) equipped with a4 mW HeNe laser source (632.8 nm) at 25 °C.

Colorimetric Response of Vesicles upon Thermal Stimulus: ~ To investigate
the colorimetric response of vesicles upon thermal stimulus, the blue PDA
suspensions (0.167 mm), either polyPCDA or polyPCDA-NH,, were incu-
bated in a water bath at increasing temperatures (from 20 to 60 °C) for
30 s, to induce blue-to-red color transitions.

Absorbance of the solutions was measured by UV-vis spectrometer
(HP8452A, Hewlett Packard, Palo Alto, CA, USA) and the degree of the
blue-to-red color transition was quantified by calculating the colorimetric
response (CR, %):

(Bo = B)

0

CRY% = x 100 m

IBlue
Iglue+/Red
absorbance at 540 nm. B, is obtained for the unperturbed polymerized

blue samples while B; after the thermal stimulus.[¢]

Colorimetric Response of PolyPCDA and PolyPCDA-NH, Vesicles upon a-
CD or B-CD Interaction: In order to assess the effect of a-CD or -CD
concentrations on the structure and colorimetric response of vesicles, the
PDA suspension (0.167 mm), either polyPCDA or polyPCDA-NH,, was put
in contact with increasing concentrations of cyclodextrin (1-20 mm). After
standing for 1 h at room T, an increase in turbidity of the suspensions was
observed related to the formation of the PDA-CD complex.l>’] For UV-vis
analysis, the suspensions were centrifugated for 15 min at 3000 rpm.

The apparent dissociation constant (Ky) of the PDA-CD complexes was
determined by plotting AAg,o versus [CD], where AAgyq = Agso0 — Agao,i-
Aga0,0 and Agyq; represent the absorbances of the suspension at 640 nm
before and after interaction with the fixed CD concentration. The results
were interpolated with the Hill equation:(?3]

where B = . Igiye is the absorbance at 640 nm while g4 is the

AA(CD]"

AAgs =
640 7 K1+ [CoJ”

@)

where AA_,, is the maximum change in the absorbance, n is a fitting pa-
rameter and Ky is the apparent dissociation constant.

Synchrotron X-Ray Scattering:  Synchrotron X-ray scattering data was
collected at the SAXS beamline on BM29 at the European Synchrotron
Radiation Facility (ESRF) of Grenoble, France. Measurements were con-
ducted in a 0.025-6 nm~! g-range and a sample-detector distance of
2.867 m. The photon energy was 12.5 keV. The X-ray images were recorded
with a Pilatus detector (Pilatus3 “M in vacuum”), calibrated with silver be-
henate. The scattering intensity was measured as a function of the scatter-
ing vector g, where g = 20 with 260 being the scattering angle and A
being the wavelength. Samples were measured in a 1 mm diameter quartz
glass capillary. Data analysis was done with SASview and ATSAS 3.2.1. Ex-
perimental intensities were background corrected.

Detection of Phenolic Antioxidants by PolyPCDA/a-CD Vesicles: The
polyPCDA/a-CD complexes which showed the best colorimetric response
were investigated as sensors for phenolic compounds. Specifically, the
polyPCDA colorimetric response upon exposure to a-CD was affected by
adding phenolic compounds as competitive guest molecules for CD.
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Caffeic acid (CAF) and Tyrosol (Ty) were chosen as model guest
molecules due to their known ability to form inclusion complexes with
a-CD.[48]

DSC was used to study the formation of a-CD/phenol complexes by
following changes in thermal properties of the guest molecules as a result
of inclusion complex formation.[>®! For the preparation of a-CD/phenol
complexes, Ty (27.6 mg) was dissolved in 10 mL of water (20 mm) while
CAF (36.0 mg) in 10 mL of a 55:45 water/ethanol mixture (20 mm). Then,
aliquots of the phenol solutions were added to a water solution of a-
CD such to obtain three phenol/a-CD molar ratios (0.5, 1 and 2). The
lyophilized powders were weighted (5 mg) and submitted to DSC anal-
ysis by a Mettler TA-3000 DSC apparatus. Thermograms were acquired at
10 °C min~" in the +25 to +150 °C temperature range, under N, flux.

The colorimetric response of polyPCDA/a-CD systems in presence of
the chosen phenols was investigated by using 8 mm a-CD concentration.
Different concentrations of CAF and Ty were dissolved in the a-CD wa-
ter solution. After 10 min, the polyPCDA suspension was added in to
the a-CD/phenol solution such to have a final polyPCDA concentration
of 0.167 mm. After 1 h, the system was centrifuged (15 min, 3000 rpm)
and the supernatant was submitted to UV-vis spectroscopy.

The colorimetric response (CR’ (%)) was used to quantify the remained
blue phase which did not form inclusion complex with a-CD. CR’ (%) in-
creases when the phenolic compound has good ability in inhibiting the
color transition induced by a-CD.

The CR’ (%) is expressed as:

/ _ RO — Ri
CR' % = x 100 3)
R,
0

l
where R = —R«d
Iglue+/Red

the total concentration) and R;, in presence of increasing concentration of
phenol. Therefore, CR’ (%) considers an apparent colorimetric transition
from red (CR'= 0%) to blue (CR'= 100%).[24]

. Ry is calculated in absence of phenol (free a-CD is
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