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Abstract

Polydiacetylene (PDA) nanovesicles are widely recognized as versatile chromatic sensing platforms,
exhibiting a visible blue-to-red colorimetric transition in response to stimuli such as temperature, pH,
and molecular recognition events. Alpha-cyclodextrin (a-CD) is known to interact with PDA vesicles,
inducing this transition through host—guest inclusion at the vesicle interface. Here, we demonstrate
that incorporating the EO-PO-EO triblock copolymer L64 into PDA suspensions enables precise
modulation of this a-CD-induced chromatic response. Increasing L64 concentration progressively
suppresses the blue-to-red transition, as the copolymer competes with PDA headgroups for a-CD
inclusion. Isothermal titration calorimetry revealed that a-CD exhibits a stronger affinity for L64 (K
= 11,300) than for PDA vesicles (K = 4,000), with both processes being spontaneous (AG°® = -21 kJ
mol?) and entropy-driven. Importantly, the self-assembled PDA vesicular structure remains intact,
as confirmed by phase separation and optical analyses, highlighting that the colorimetric inhibition
arises from supramolecular competition rather than structural disruption. This work introduces a
new supramolecular strategy to negatively regulate PDA affinity-chromism through competitive
inclusion complexation with biocompatible triblock copolymers, offering a robust and tunable route
for developing responsive and safe chromatic sensors.

Keywords: polydiacetylenes; chromatic transition; triblock copolymers; a-cyclodextrin; colorimetric
sensors

1. Introduction

Polydiacetylenes (PDAs) are regarded as one of the most strategic polymers for sensing
applications due to their ability to undergo chromatic transitions in the visible range upon external
stimuli such as temperature [1-3], pH [4,5] and interactions with different molecules [6,7]. PDAs were
first prepared by Wegner in 1969 [6]; however, it was the work of Charych and co-workers in 1993
that revealed the remarkable potential of these materials through their use in the detection of the
influenza virus, paving the way for applications in diagnostics and therapeutics [8].

PDAs are obtained through the topochemical polymerization of diacetylene monomers that can
be self-organized into different architectures, such as Langmuir-Blodgett/Langmuir-Schaefer films
[9-11], crystalline solids [12,13], lipid bilayers or vesicles in aqueous solution [14,15], among other
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structures. In these supramolecular arrangements, the monomers adopt a highly ordered geometry,
with appropriate intermolecular distances between C=C bonds and a packing angle of approximately
45°, allowing the 1,4-addition reaction to occur upon UV or vy irradiation, generating a polymeric
backbone with alternating double and triple bonds (ene-yne) [16,17]. The chromatic transition of
PDAs arises from environmental perturbations (such as temperature and pressure) or chemical
interactions that are capable to alter the conformation of the carbon chains, reducing the conjugation
length of the  system, and consequently lead to an increase in the energy gap between the frontier
molecular orbitals [18]. As a result, the absorption band associated with the t—mt transition shifts from
approximately 640-660 nm to 540-560 nm, which manifests as a visible color change from blue to red.

With the understanding of these properties, numerous studies have been conducted to explore
the thermochromism, mechanochromism, solvatochromism, and affinity-chromism of PDAs [16,17].
Moreover, the modification of monomers or the formulation of composites have been extensively
employed for the selective detection of metals [19], carcinogenic organic compounds [20], and even
large and complex biomolecules (including proteins) [21]. In this context, investigating approaches
not only to modulate, but also to control the sensitivity of the chromatic transition of these structures
becomes highly relevant.

In 2017, Ferreira et al. demonstrated that the preparation of PDA vesicles in aqueous solution
containing EO-PO-EO triblock copolymers (EO = ethylene oxide, PO = propylene oxide),
commercially known as Pluronics or Synperonics, results in structures exhibiting different
sensitivities to chromatic transitions [22]. These authors showed that using copolymers with higher
molar mass, at high concentration, and a larger number of propylene oxide segments leads to
suspensions that undergo color transition at progressively lower temperatures. This work was later
extended by our group in 2021 [1], through the incorporation of triblock copolymers into
PDA/poly(vinyl alcohol) hydrogels, enabling the modulation of thermochromic transitions in solid
films, which are technologically more convenient for applications such as smart packaging.

In this work, we demonstrate for the first time that triblock copolymers can be employed with
an opposite effect: instead of increasing the sensitivity of the chromatic transition, these molecules
can act as inhibitors, reducing the affinity-chromism of PDA structures in the presence of
cyclodextrin, CD, (specifically, a-CD). CDs are classified as biocompatible macrocycles, formed by
glucose units linked by a (1-4) bonds, which results in a three-dimensional described as a truncated
cone architecture, leading to a hydrophobic cavity and a hydrophilic outer surface [23]. The most
used CDs are: a-, 3-, and y-CD, formed by 6, 7, and 8 glucose units, respectively. CDs emerge as
invaluable supramolecular strategy applicable across different areas of science, including
biomaterials [24], mainly in the pharmaceutical field [25], pollutant adsorption based on nanosponges
materials [26], gas sensing, and chemical and physical sorption [27], due to CDs capability to form
inclusion complexes (ICs) with a variety of guest molecules, including surfactants [28].

The chromatic transition of PDAs induced by a-CD was first investigated by Cho et al. in 2003
using polymerized diacetylene Langmuir-Schaefer films [9]. In 2009, Champaiboon et al.
demonstrated that the chromatic transition of PDA films can be inhibited and consequently
modulated through the addition of nitrophenols to the system, particularly 4-nitrophenol [29].
However, these compounds are toxic to humans, causing methemoglobinemia [30], and are highly
toxic to aquatic organisms, being considered environmental pollutants [31]. In contrast, Pluronic®
triblock copolymers are regarded as non-toxic, biocompatible, and safe for a wide range of
applications, including pharmaceutical and cosmetic uses [32].

Herein, we show that PDA vesicles undergo a chromatic transition upon interaction with a-CD,
while the presence of varying concentrations of the triblock copolymer L64 inhibits this response
through competitive inclusion complex formation. This controlled modulation of PDA color change
provides a versatile, safe, and biocompatible platform for practical applications, including the visual
detection of biomolecules, environmental monitoring of specific analytes, and smart packaging.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods

Materials

The diacetylene monomer 10,12-pentacosadiynoic acid (PCDA, 97% purity, w/w) and the
triblock copolymer poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(L64, MW = 2900) were obtained from Sigma-Aldrich (USA). Prior to use, PCDA was purified by
dissolving it in chloroform and filtering the solution to eliminate any polymerized residues. All other
reagents and solvents were of analytical or reagent grade, purchased from Sigma-Aldrich, and
employed without further purification unless otherwise stated.

Preparation of PDA Vesicle and PDA/L64 Suspensions

PCDA monomers were dispersed in deionized water to yield a final monomer concentration of
1 mM. The resulting mixture was sonicated until a transparent dispersion was obtained and
subsequently filtered through a 0.45 um polyvinylidene difluoride membrane. The filtrate was kept
at 4 °C for 12 h to promote the ordering of the lipid bilayers. Polymerization was then achieved by
UV irradiation at 254 nm for 5 min, generating a blue-colored suspension of PDA vesicles.

For the preparation of PDA/L64 blends, PCDA monomers were incorporated into aqueous L64
solutions at various polymer concentrations (0, 0.5, 1.0, 2.0, 4.0, and 8.0% w/w). The mixtures
underwent the same sonication, filtration, cooling, and photopolymerization steps as described for
the pure PDA vesicles.

Preparation of PDA/L64/a-CD Mixtures

An aqueous a-cyclodextrin (a-CD) solution (50 mM) was freshly prepared. Aliquots of this
solution were added to the PDA/L64 dispersions (0-8.0% w/w) to obtain samples with final a-CD
concentrations ranging from 0 to 7 mM. The tubes were photographed with a digital camera, and to
quantify the colorimetric response, the red and blue color intensities were extracted from the RGB
images using ImageJ® software. RGB values were measured in regions of interest (ROIs)
corresponding to approximately 60% of the total image area, with six different points analyzed for
each sample. UV-Vis spectra of the PDA/L64/a-CD suspensions were also recorded using a UV-Vis
spectrophotometer (Bel Photonics M51).

Isothermal Titration Calorimetry Experiments

Isothermal titration calorimetry (ITC) experiments were performed using a VP-ITC
microcalorimeter (Microcal®). Thermodynamic parameters were determined by placing the PDA
vesicles (without L64) or L64 aqueous solution in the reaction cell and a-CD in the titration syringe.
The a-CD concentration was fixed at 12.0 mmol L-! and L64 at 2.0 mmol L-!. For PDA vesicles, this
sample was used after its preparation proceeded without any change. Titrations were performed in
duplicate, with 25 successive injections of the aqueous a-CD solution into the L64 or PDA vesicles
aqueous suspensions. Titrations were conducted with a spacing of 300 s between injections for both
systems at 298.15 K. The first injection of each titration (1.0 uL) was discarded to eliminate dispersion
effects, and the subsequent injections were of 10.0 pL each. The reference cell of the calorimeter was
filled with Milli-Q® water. Complementary dilution experiments were carried out under the same
conditions as described above to account for the interaction of host and guest molecules. Thus,
titrations of a-CD aqueous solution into Milli-Q® water and of Milli-Q® water into L64 or PDA
vesicles aqueous suspensions were also performed and subsequently used for subtracting from their
respective titrations.

The calorimetric data were analyzed using ORIGIN 7.0 software for ITC, which employs a
nonlinear regression model to fit the curves based on the Wiseman isotherm. From the mathematical
fits, the stoichiometric coefficients (n), defined as the molar ratio between host and guest, the
association constants (K), and the standard enthalpy changes (AH®) were determined. The standard
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Gibbs free energy values (AG®) and entropy terms (TAS®) were calculated using the fundamental
thermodynamic equations (1) and (2).
AG°=-RTInK (1)
AG® = AH® - TAS® ()

3. Results and Discussion

Figure 1A presents photographs of the suspensions containing PDA vesicles, as well as mixtures
of PDA vesicles prepared in solutions with different concentrations of L64. The test tubes containing
variable concentrations of a-CD, added to the original blue suspensions, are also shown. It is evident
that increasing the a-CD concentration induces a colorimetric transition, with the suspensions
changing from blue to purple and eventually to red. Visually, it is also clear that this transition is
progressively inhibited as the copolymer (L64) concentration increases. For example, in suspensions
prepared with 8.0% (w/w) L64, the colorimetric transition (from blue to red) is not complete observed,
even at the highest a-CD concentration (7.0 mmol L) tested.

The electronic spectra of PDA vesicles and PDA/L64 mixtures are identical in the visible region,
showing two maxima centered at approximately 640 and 590 nm. Both also exhibit the same spectrum
when the full colorimetric transition occurs, with maximum at approximately 490 and 540 nm.
Therefore, as the colorimetric transition occurs gradually, its extent can be quantified from the
intensities at the maxima corresponding to the blue (640 nm) and red (540 nm) phases [1-3]. However,
the addition of a-CD not only induces the colorimetric transition in PDA vesicles but also promotes
the aggregation of the L64 copolymer chains, as will be discussed later. As a result, the suspensions
exhibit strong light scattering along the optical path, which compromises the accuracy of the
colorimetric response (CR%) measurements obtained by UV-Vis spectrophotometry. The absorption
spectra of all suspensions are shown in Figure Al (Appendix A), where a noticeable elevation of the
non-flat baseline, as well as peak broadening and loss of definition, can be observed.

To address this limitation and enable a quantitative analysis of the colorimetric response (CR%),
variations in the RGB coordinates extracted from photographs were monitored using Image]®
software. Figure 2 shows the changes in the GB signals upon the addition of a-CD to the PDA and
PDA/L64 vesicle suspensions. This section may be divided by subheadings. It should provide a
concise and precise description of the experimental results, their interpretation, as well as the
experimental conclusions that can be drawn.
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Figure 1. Photographs illustrating the thermochromic transition induced by the addition of a-CD, which can be
clearly observed with the naked eye. The images correspond to (A) PDA vesicles and PDA/L64 suspensions
containing different concentrations of the L64 copolymer, highlighting the gradual color variation associated

with the interaction between a-CD and the PDA assemblies.
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Figure 2. RB (Red, Blue) coordinates obtained from Image]® analysis of photographs of the tubes containing (A)
PDA vesicles and PDA/L64 suspensions with L64 copolymer concentrations of (B) 0.5 wt%, (C) 1.0 wt%, (D) 2.0
wt%, (E) 4.0 wt%, and (F) 8.0 wt%. The plots show the variation in the RB coordinates upon the addition of a-
CD at different concentrations.

The PDA vesicles exhibited the highest sensitivity toward a-CD addition. The intensity of the
red pixel signal surpassed that of the blue one when the a-CD concentration reached 3.0 mM. In the
PDA/0.5% L64, PDA/1.0% L64, and PDA/2.0% L64 suspensions, this inversion occurred at higher
concentrations: 3.5, 5.5, and 5.5 mM, respectively. For the PDA/4.0% L64 and PDA/8.0% L64
suspensions, the inversion in the relative blue and red signal intensities was not observed up to the
highest a-CD concentration studied (7.0 mM), where both signals became comparable. This behavior
is consistent with the purple coloration observed in the corresponding samples.

To understand the inhibitory effect of L64 addition to the suspensions, it is essential to consider
the structure and properties of the triblock copolymers and their interaction with a-CD [33,34]. These
copolymers are amphiphilic macromolecules that self-assemble in aqueous media to form micelles
featuring a hydrophobic core composed of PO segments and a hydrophilic shell formed by EO units
[35,36]. Moreover, the L64 copolymer can also self-associate below its critical micelle concentration
(CMCQ), forming small, short-lived oligomers [37].

The interaction between cyclodextrins (CDs) and EO-PO-EO triblock copolymers has been
previously investigated by Pradal et al., particularly focusing on the viscoelastic properties of the
resulting hydrogel [38]. The association between these molecules leads to the formation of inclusion
complexes that assemble into supramolecular structures known as pseudopolyrotaxanes. This
process occurs because of the size compatibility between the polymer cross-section and the internal
cavity diameter of a- or 3-CD, but not y-CD. Moreover, it is well established that 3-CD preferentially
forms inclusion complexes with the hydrophobic PO segments [39], whereas a-CD selectively
interacts with the hydrophilic EO segments [40].

Therefore, in the PDA/L64 mixtures, a-CD molecules encounter two competing chemical
environments for inclusion complex formation. In PDA vesicles, the hydrophilic headgroups
containing acidic moieties can be included in the host cavity, inducing conformational
rearrangements in the monomers that constitute the nanostructure and consequently triggering the
color transition. Upon the addition of the copolymer, however, the EO segments can compete with
PDA for the inclusion complex formation. Figure 3 provides a schematic representation of these two
possible inclusion pathways.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. RB (Red, Blue) coordinates obtained from Image]® analysis of photographs of the tubes containing (A)
PDA vesicles and PDA/L64 suspensions with L64 copolymer concentrations of (B) 0.5 wt%, (C) 1.0 wt%, (D) 2.0
wt%, (E) 4.0 wt%, and (F) 8.0 wt%. The plots show the variation in the RB coordinates upon the addition of a-

CD at different concentrations.

Based on the chromatic transition inhibition results, it can be inferred that the inclusion of the
EO segments of the copolymer is thermodynamically more favorable than that of the PDA monomers.
This preference arises because the inner cavity of a-CD is hydrophobic, and the EO segments (-
CHCH,0O-) are comparatively more hydrophobic than the PDA monomer segments containing
acidic groups (-CH,CH,COOH), which can establish strong hydrogen bonds with surrounding water
molecules. In this sense, the thermodynamic parameters for the supramolecular interaction between
a-CD with L64 and a-CD with PDA vesicles were investigated by ITC. Table 1 describes the
thermodynamic data for both supramolecular systems.

Table 1. Thermodynamic parameters for the intermolecular interactions between a-CD and L64, and between
a-CD and PDA, at 298.15 K.

Supramolecular K AHe / k] mol? TASe/kJ mol? AGe/k]J mol?!
system

a-CD withL64 11 300 +1.250 -0.73 21.05 -21.78

a-CD with PDA 4 000 + 353 -0.94 19.60 -21.54

At 298.15 K, both systems exhibit negative standard Gibbs free energy changes (AG° = -21.78 k]
mol™ for a-CD/L64 and —21.54 k] mol! for a-CD/PDA), indicating spontaneous complexation under
the experimental conditions. However, the binding constant for a-CD/L64 (K= 11,300 + 1,250) exceeds
that for a-CD/PDA (K = 4,000 + 353), suggesting a markedly stronger affinity of a-CD for the L64
copolymer. The K values are comparable to those reported for other supramolecular systems
involving surfactants [41].

Interestingly, both systems display only marginally exothermic enthalpy changes (AH® =-0.73
kJ mol and —0.94 k] mol! for a-CD/L64 and a-CD/PDA, respectively), accompanied by substantial
positive entropy contributions (TAS® = +21.05 k] mol™ for a-CD/L64 and +19.60 k] mol™ for a-
CD/PDA). From a thermodynamic standpoint, this indicates that while enthalpic contributions are
nearly negligible, the driving force for complexation is dominated by entropic gain, most plausibly

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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arising from the release of water molecules structured around hydrophobic moieties, and possibly
from multiple supramolecular configurations coexisting in solution [38].

For the a-CD/L64 system, the significantly larger binding constant points to an optimal
alignment of inclusion geometry and binding-site accessibility. The central polypropylene oxide
(PPO) block of L64 is flanked by polyethylene oxide (PEO) segments [38], and a-CD can thread and
stack along the PEO chains, forming “molecular necklace” structures. Incorporation of the PPO block
may create hydrophobic-hydrophilic transitions that further favor a-CD inclusion. The higher K
suggests that a-CD not only engages with the PEO domains but may also interact at the hydrophilic—
hydrophobic interface of L64 in either micellar or non-micellar form. By contrast, in the a-CD/PDA
vesicle system, the lower K and similar thermodynamic signature indicate a less favorable or less
accessible binding environment, as the vesicular architecture of PDA may sterically hinder a-CD
access to the hydrophobic domains.

Taken together, the thermodynamic profiles of both systems strongly suggest that a-CD
complexation is entropy-driven and weakly exothermic, but that the microenvironment and polymer
architecture are crucial. The L64 system provides a dynamic, accessible hydrophilic-hydrophobic
interface (and sufficient PEO segment length) to enable stronger binding, whereas the PDA vesicles
impose a more constrained guest environment, limiting the magnitude of the entropic gain.

As previously discussed, the addition of a-CD increases the turbidity of the solution, which can
be explained by the formation of a-CD/L64 inclusion complexes. The incorporation of EO segments
into the hydrophobic cavities of a-CD promotes aggregation or interpenetration of oligomers and
micelles, consequently favoring phase separation. To evaluate this effect, tubes containing 0.5 wt%
L64 were centrifuged after the addition of different a-CD concentrations. Figure 4 shows images of
the tubes after centrifugation, where the formation of a white precipitate at the bottom, corresponding
to the a-CD-L64 complex, becomes increasingly evident with higher a-CD concentrations. In the
absence of a-CD, no sediment was observed.

[a-CD] mM

N e RE o
‘ > ol . S :%?, ;X;ﬂ; 5
= ' Tmen . DE’Jc )/"{?:(:\" €
- \‘\‘/L 3 ..-/’-\/?;ﬁ 4 -
G a-CD/L64

- AGGREGATES

Figure 4. Photographs of the tubes containing PDA/4.0% L64 suspensions after the addition of increasing
concentrations of a-CD. After centrifugation (4000 rpm, 5 min), the a-CD/L64 aggregates settled at the bottom
of the tubes, as indicated. It is evident that higher a-CD concentrations lead to a larger sediment volume. A

schematic representation of the a-CD/L64 aggregate formation is also included.

It is also important to emphasize that the PDA-containing phase did not collapse under the
applied centrifugation conditions. This observation suggests that during the self-assembly of the
diacetylene monomers, PDA vesicles are not organized over L64 chains and are therefore not

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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structurally connected. If such association had occurred, the precipitation of the copolymer would
have left a clear supernatant. From a technological perspective, this structural independence is
particularly advantageous. It ensures that the sedimentation of L64 upon a-CD addition or during
analyte exposure does not interfere with the PDA vesicular phase responsible for the chromatic
response. In other words, the optical functionality of the PDA domain remains intact, even when the
copolymer undergoes phase separation.

5. Conclusions

This study demonstrates, for the first time, that L64 triblock copolymer can act as effective
inhibitors of the affinity-chromism of PDA vesicles in the presence of a-CD. The colorimetric
response was progressively suppressed as the L64 concentration increased. RGB-based image
analysis confirmed that complete blue-to-red transitions occurred only in pure PDA suspensions and
in those containing up to 2.0 wt% L64, whereas mixtures with >4.0 wt% L64 exhibited limited
conversion, even at high a-CD concentrations.

Thermodynamic analysis by ITC revealed that a-CD interacts more strongly with the L64
copolymer (K = 11,300) than with PDA vesicles (K = 4,000), with both complexation processes being
spontaneous (AG® =-21 k] mol~') and predominantly entropy-driven. The higher affinity of a-CD for
L64 arises from the favorable alignment and accessibility of its EO segments, which compete with
PDA headgroups for host—guest interactions. In addition, centrifugation experiments confirmed the
formation of a-CD/L64 inclusion aggregates and phase separation without collapse of the PDA phase.
This structural independence between the optical and copolymer domains ensures that the chromatic
sensing function of the PDA vesicles remains intact.

Finally, these findings reveal a new supramolecular strategy for controlling the chromatic
response of PDA-based sensors through competitive complexation with biocompatible triblock
copolymers. The ability to modulate colorimetric transitions without compromising structural
integrity opens promising perspectives for the development of tunable and safe chromatic materials
for biosensing, environmental monitoring, and smart packaging applications. This section is not
mandatory but can be added to the manuscript if the discussion is unusually long or complex.
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Abbreviations

The following abbreviations are used in this manuscript:

PDAs Polydiacetylenes

uv Ultraviolet

EO Ethylene oxide

PO Propylene oxide

CD Cyclodextrin

ICs Inclusion complexes

Lo4 Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
MW Molecular weight

PCDA 10,12-pentacosadiynoic acid
RGB Red-Green-Blue color model
ROIs Regions of interest

UV-Vis  Ultraviolet-Visible spectroscopy
ITC Isothermal titration calorimetry
n Stoichiometric coefficients

K Association constant

VP-ITC  Variable-Pressure Isothermal Titration Calorimeter
CR Colorimetric response

CMC Critical micelle concentration
PPO Polypropylene oxide

PEO Polyethylene oxide
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Figure A1. UV-vis spectra of PDA vesicles (A) and PDA/L64 mixtures with 0.5 (B), 1.0 (C), 2.0 (D) 4.0 (E) and 8.0
(F) % wiw.
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