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ABSTRACT: An alternative signal transduction mechanism of polydiacetylene
(PDA) sensors is devised by combining stimuli-responsive polymer hydrogel as a
matrix and PDA sensory materials as a signal-generating component. We hypothesized
that volumetric expansion of the polymer hydrogel matrix by means of external stimuli
can impose stress on the imbedded PDA materials, generating a sensory signal. PDA
assembly as a sensory component was ionically linked with the alginate hydrogel in
order to transfer the volumetric expansion force of alginate hydrogel efficiently to the
sensory PDA molecules. Under the same swelling ratio of alginate hydrogel, alginate
gel having embedded 1-dimensional thin PDA nanofibers (~20 nm diameter)
presented a sharp color change while 0-dimensional PDA liposome did not give any
sensory signal when it was integrated in alginate gel. The results implied that
dimensionality is an important design factor to realize stimuli-responsive matrix-
driven colorimetric PDA sensory systems; more effective contact points between
1-dimensional PDA nanofibers and the alginate matrix much more eftectively transfer
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the external stress exerted by the volumetric expansion force, and thin PDA nanofibers respond more sensitively to the stress.
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B INTRODUCTION

Physical properties and stability of polymeric hydrogel materials
are readily tunable in aqueous media," which together with their
achievable biocompatibility make them an attractive platform
for biomedical applications such as tissue engineering,” drug
delivery,” wound healing,* and biosensors.” The open structure
with large internal volume of polymeric hydrogels allows facile
capturing of chemical and/or biological analytes. Stimuli-
responsive polymer hydrogels have shown reversible swelling—
shrinking behavior in response to various external stimuli such
as temperature,(’ pH,7 ionic streng’ch,8 light,9 electric field,'® and
bioanalytes.""

Polymer hydrogels can also accommodate sensory nano-
materials, creating advanced composite materials to satisfy the
demands of novel biosensor systems such as flexible electro-
nics'>~** and implantable medical devices.'”~"” For example,
Zhai et al. developed an amperometric glucose sensor using
polyaniline based hydrogel having excellent flexibility and
conductivity as biosensor electrodes.'® Grigoryev et al.
fabricated electroconductive carbon nanotube embedded
alginate hydrogel fibers for humidity and pH sensing, which
enabled conversion of the swelling—shrinking behavior of the
hydrogel into an electrical sensory signal'” because the fiber
conductivity was altered depending on the swelling of the
hydrogel fiber. Under the humid and basic conditions, the fiber
hydrogel expanded and lowered the number of contact points
between the embedded carbon nanotubes. Accordingly, the
fiber conductivity decreased as the hydrogel swelled. While
electroconductive hydrogel sensors have been extensively
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investigated, optical biosensors devised from polymer hydrogel
or hydrogel-like platforms®*™>* are few. Since there is great
potential of direct, real-time, and label-free detection of
chemical and biological analytes without using any equipment,
optical detection is a convenient and useful strategy.

Polydiacetylene (PDA) is a self-signalizing polymer exhibit-
ing color changes from blue to red upon exposure to external
stimuli, including temperature,”>** pH,ZS’26 mechanical
stress,””*® and chemical/biological analytes.zg_39 The signal
transduction mechanism of PDA is believed to be based on the
distortion of the self-assembled and photopolymerized
conjugated yne-ene backbone of PDA by external stimuli. In
particular, as for the chemical and biological analytes, steric
repulsion at the surface of self-assembled PDA liposomes
induced by specific receptor-target complex formation causes
signal generation.29_34 In this regard, in order to generate the
sensory signal, adjacent receptors should be occupied by target
molecules so that efficient repulsion between the receptor—
target complexes should be realized. This condition can be
satisfied only when a decent amount of analytes are available
to capture, lowering the detection limit of the PDA sensory
system.

Two-component sensory films based on composites of
PDA in a polymer matrix have been reported.””~** In those
examples, distinct solubility of a matrix polymer toward a target
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solvent allows selective dissolution of the embedded PDA,
which generates a selective optical sensory signal. Herein, we
demonstrated another signal transduction mechanism of PDA
sensors by conjoining stimuli-responsive polymer hydrogel as a
matrix and PDA sensory materials as a signal-generating
constituent. We hypothesized that volumetric expansion of the
polymer hydrogel matrix by means of external stimuli can
impose stress on the imbedded PDA materials, generating a
sensory signal. To investigate such a system design, we chose to
develop a water indicator because water allows the hydrogel
matrix to be responsive, e.g,, to swell, to stress on the bound
PDA materials. Since water cannot dissolve embedded PDA
self-assemblies (i.e,, no chances of generating optical sensory
signal), we can investigate exclusively the matrix-induced signal
generation possibility. In order to efficiently transfer the stress
generated by a volume change of the hydrogel matrix to the
sensory PDA component, we devised 1-dimensional PDA
microcrystals, PDA nanofibers having different diameters, as
well as conventional PDA liposomes, and we systematically
investigated the effects of dimensionality on the sensory signal
generation efficiency.

B EXPERIMENTAL SECTION

Materials and Methods. All solvents were purchased from Sigma-
Aldrich. 10,12-pentacosadiynoic acid (PCDA) was purchased from
GFS Chemicals. Oxalyl chloride and sodium alginate were obtained
from Acros Organics. S-Aminoisophthalic acid, lithium hydroxide,
sodium hydroxide, potassium hydroxide, and calcium chloride were
purchased from Sigma-Aldrich.

The synthesis of PCDA derivatives was described in the litera-
ture.” The PDA monomers were characterized with 'H NMR spectra
(500 MHz) using a Varian Inova 500 instrument. The morphology of
the PDA assembly structures was observed with scanning electron
microscopy images using an FEI Nova NanoLab instrument. The size
and surface charge of the PDA liposome solution were measured by
Malvern Zetasizer Nano-ZS. A hand-held UV lamp (254 nm, 1 mW cm™,
2 min) was used for photopolymerization of PDA hydrogel.
Photographs were taken using Sony NEX-F3 camera. Powder XRD
patterns were measured by a Rigaku rotating anode X-ray dif-
fractometer. UV—vis absorption spectra were obtained by Varian Cary
50 UV—vis spectrophotometer.

Preparation of PDA liposome solution. PDA liposome solution
was prepared by the injection method; PCDA (3.7 mg) or PCDA-
isophtalic acid (PCDA-IPA, 54 mg) were dissolved in 0.3 mL of
tetrahydrofuran (THF), then the homogeneous THF solution was
injected into a 20 mL of deionized water and subsequently dispersed
in a probe sonicator for 10 min to produce the final concentration of
0.5 mM liposome. After filtration through a 0.8 pm cellulose acetate
syringe filter, the resulting PDA liposome solution was stored at 5 °C
at least 2 h.

Preparation of PCDA microcrystals and PCDA-IPA nano-
fibers. PCDA microcrystal was fabricated according to the literature.**
To a 10 mL of 4 mM NaOH aqueous solution, 1.52 mg of purified
colorless PCDA was added. The mixture solution was heated up to
90 °C with stirring to reach a clear homogeneous solution. The clear
solution was cooled down to S °C and stored at the same temperature
for 2 h. Sodium PCDA (PCDA-Na*) microcrystals then began to
precipitate from the solution.

Likewise, to a 15 mL of 1 mM of alkali hydroxides (KOH or LiOH)
solution, the purified colorless PCDA-IPA was added. The mixture
solution was heated to 90 °C with stirring to produce a transparent
solution. The solution was cooled down to 5 °C and stored overnight,
then viscous potassium PCDA-IPA (PCDA-IPA-K*) and lithium
PCDA-IPA (PCDA-IPA-Li*) nanofibers formation was observed in
the solutions.

Preparation of alginate hydrogel having embedded PDA
assembly. 47 mL of 0.5 mM PDA assemblies (liposomes or
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Figure 1. Proposed scheme of hydrogel assisted PDA mechanochrom-
ism. Unstimulated blue colored (a) PDA liposome (or (b) nanofiber)
is cross-linked by divalent Ca®* with anionic alginate at a dehydrated
stage. Once the hydrogel is swollen by hydration, the PDA liposome
(or nanofiber) turns red, depending on how much the PDA liposome
(or nanofiber) gets stressed (intermolecular stretching between PDA
liposome (or nanofiber) and the alginate, plus intramolecular
stretching in PDA liposome (or nanofiber)).

microcrystals or nanofibers) were homogeneously stirred with 4.7 mL
of 4 wt % alginate solution in a 20 mL vial. To the mixture solution,
0.6 mL of 2 wt % calcium chloride solution was added to generate
cross-linked gel with 30 min stirring. The gel was rinsed with
deionized water 3 times to remove unreacted calcium chloride and
subsequently dried in an oven at 40 °C.

Optimization of swelling condition for alginate hydrogels.
To a series of 9.4 mL alginate solutions (1, 2, 3, 4 wt %) in a 20 mL
vial, 0.6 mL of calcium chloride (1, 2, 3, 4 wt %) solution was added to
generate cross-linked gel with 30 min stirring. The gel was rinsed with
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deionized water 3 times to remove unreacted calcium chloride and
subsequently dried in an oven at 40 °C.

Characterization of hydrogel swelling. The dried hydrogels
were weighed as dried state (W;). The dried hydrogels were immersed
in 1 mL of deionized water for 1 h. The hydrogels were taken out and
were blotted with a paper towel to remove excess water on their
surface. Then, the swollen hydrogels were weighed as swollen state
(W,). The swelling ratio (Q,) of test samples was calculated from the
following equation.

Q, = (W, — Wy)/W,

The condition (concentration of alginate solution and calcium
chloride solution) that caused the largest swelling was used for PDA
chromism studies by hydrogel swelling.

UV-vis absorption measurement and colorimetric re-
sponse. The dehydrated (or swollen) hydrogel was fixed on a
transparent glass slide, placed perpendicular to the beam, and the
absorption spectrum was obtained. Instrument baseline was measured
before fixing the gel samples. Five different positions of each sample
were scanned. Colorimetric responses (CR) of the hydrogel composite
before and after water uptake were calculated by the well-known
equation.46 Here, the blue percentage (PB) is defined as PB = Ayy,./
(Apjge + Areq) X 100% where Ay, is the absorbance at the peak around
675 nm and A, is the absorbance at the peak around 550 nm. Then,
the CR is defined as CR = (initial PB — final PB)/initial PB X 100%.

B RESULTS AND DISCUSSION

We systematically investigated matrix polymer assisted PDA
chromism in order to devise a sensitive hydrogel-based hybrid
sensory system. First, we self-assembled PDA into liposome that

is the most common self-assembled structure of diacetylenes
(DAs). As the polymer matrix we used alginate, a sodium salt of
alginic acid, that is an anionic linear polymer and highly
hygroscopic to absorb 200—300 times its own weight of
water."” Due to the anionic character, alginate can be ionically
cross-linked with divalent cations.” In order to convey external
stimuli directly to the sensory PDA materials, we proposed to
ionically cross-link the anionic PDA assembly together with the
anionic alginate matrix using divalent cationic cross-linkers to
form a hydrogel composite (Figure 1). To explain how the
composite system works to detect water, in the magnified
drawings of Figure 1, we illustrated a simplified model of cross-
links and potential interactions. Figure la depicts ionic cross-
links between a PDA liposome and an alginate fiber via Ca*,
and a cross-link between alginate and alginate. Considering the
size (~100 nm diameter) of the PDA liposome, it likely cross-
links with only one alginate fiber while a much longer PDA
nanofiber would form cross-linking with multiple alginate fibers
(Figure 1b). Therefore, upon hydration of dried hydrogel,
volumetric expansion between cross-links is anticipated to exert
a stretching force much more effectively on PDA nanofiber
than PDA liposome.

10,12-Pentacosadiynoic acid (PCDA) and PCDA-isophthalic
acid (PCDA-IPA) are DA monomers and self-assemble to
generally a liposome in aqueous medium due to their
amphiphilic property. We developed a self-assembly protocol
to make nearly 1-dimensional PDA microcrystals and nanofibers
rather than conventional liposome by adapting a literature
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Figure 2. Chemical structures of PCDA (1), PCDA-IPA (2), and alginic acid (3). SEM images of (a) PCDA liposome and (b) PCDA-IPA liposome.
Photograph of photopolymerized/dehydrated alginate hydrogel and hydrated hydrogel embedded with (c) PCDA liposome and (d) PCDA-IPA

liposome.
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method using alkali metal ions.”* Through the developed proto-
cols we could formulate 1-dimensional microcrystals, nanofibers,
as well as liposomes of PCDA and PCDA-IPA, respectively.

We prepared PDA liposomes suspended in deionized water
(inset of Figure 2a, b). Dynamic light scattering measurement
revealed that the mean diameter of PCDA and PCDA-IPA
liposomes is 150 =+ 19 nm and 244 + 37 nm, respectively.
In the SEM images (Figure 2a, b), the spherical liposomes were
observed and the diameters were consistent with the values
from the light scattering measurement. In the PCDA-IPA
suspension, bundles of fibers looked to coexist with liposomes,
which is attributed to the intrinsic nature of both self-
assemblies (Figure 2b). The surface charges of PCDA and
PCDA-IPA liposomes are —34.6 + 10.6 mV and —564 +
8.57 mV, respectively, due to the carboxylic acid groups at
the terminal of the DA. The anionic surface of the assembled
DAs further enables ionic cross-linking of the liposomes with
multivalent cations such as Ca’*.

First, we optimized the concentration of alginate and calcium
chloride (CaCl,) solution, respectively, in order to achieve the

V7)1 wt.
E2wt

A 3 wt.
([T 4 wt.

% alginate
% alginate
% alginate
% alginate

Swelling ratio (Q_)

Concentration of CaCl, (wt. %)

Figure 3. Optimization of the alginate and the CaCl, solution
concentration for the best swelling ratio.

largest swelling of the alginate hydrogel. To 9.4 mL of alginate
solution at various concentrations (1, 2, 3, 4 wt %), 0.6 mL of
CaCl, solution at various concentrations (1, 2, 3, 4 wt %) was
added. Within 30 s, an amorphous gel was formed. After 30 min
of cross-linking reaction in the gel, any unbound calcium ions
were washed off by deionized water several times. After drying
the gel, in order to estimate how much swelling the gel can
make, we measured the weight change of the hydrogel before
and after immersing the dried gel into water (see Experimental
Section for details about the calculation of the swelling ratio).
Dried alginate gel began to swell within 1 min, and the swelling
reached saturation in 1 h. When more than 1 wt % CaCl, was
used, the swelling ratio dropped down significantly (Figure 3)
because large cross-linking density reduces the average
molecular wei§ht of the alginate segments between cross-
linking points. ° In contrast, at 1 wt % CaCl,, regardless of
alginate concentrations, the hydrogels showed distinctively
higher swelling ratios. The best swelling ratio of about 60 was
achieved from the gel prepared with a 2 wt % alginate solution
(9.4 mL) and a 1 wt % CaCl, solution (0.6 mL).

After establishing the gel formula, we incorporated 0.5 mM
PCDA liposomes and 0.5 mM PCDA-IPA liposomes into the
alginate hydrogel, respectively. 0.5 mM was a suitable
concentration to make a discernible color transition when the
liposomes are embedded in the alginate hydrogel. By cross-
linking the liposomes and the alginate hydrogel with Ca*', we
investigated how volumetric expansion of hydrated hydrogel
affects the PDA mechanochromism. We could photopolymerize
the embedded PDA liposomes to make blue hydrogel,
confirming PDA liposomes are stable inside the hydrogel.
Afterward, 1 mL of deionized water was added to a dried PDA-
alginate hydrogel and the gel was kept at room temperature for
1 h. Through a systematic study considering a discernible PDA
color transition in a hydrogel composite, the optimized
concentration and volume of the hydrogel components
(alginate, PDA liposome, and CaCl, solution) were decided
to make the highest contrast in the PDA color change. Dried
blue PDA-alginate hydrogels swelled in water from ~6 mm to
~10 mm in diameter after 1 h (Figure 2¢, d). However, we
could not observe any noticeable chromism from the swollen
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Figure 4. SEM images of (a) PCDA-Na" microcrystal, (b) PCDA-IPA-K* nanofiber, and (c) PCDA-IPA-Li" nanofiber. XRD patterns of (d) PCDA-Na*
microcrystal, (¢) PCDA-IPA-K" nanofiber, and (f) PCDA-IPA-Li* nanofiber.
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gels with the naked eye as well as the colorimetric response
(CR) from UV—vis absorption (see Experimental Section for
details about CR calculation). As illustrated in Figure la, we
hypothesized that O-dimensional liposomes cannot make
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Figure S. Proposed molecular packing structure of PCDA-IPA-Li*
nanofiber.

enough cross-linking points with multiple alginate fibers in the
gel so that swelling of the gel cannot efficiently impose stress on
the embedded PDA liposomes to produce mechanochromism.

In order to examine whether a 1-dimensional PDA assembly,
such as a microcrystal or nanofiber, is more advantageous by
forming efficient multiple connection points with matrix
alginate fibers than 0-dimensional PDA liposome, we prepared
1-dimensional PDA microcrytals and nanofibers. As shown in
Figure 4a—c, we prepared such a 1-dimensional assembly by
using alkali metals: PCDA-Na* bulky microcrystals, PCDA-
IPA-K" nanofiber having ~50 nm diameter, and PCDA-IPA-Li"
nanofiber with ~20 nm diameter. Even though we do not fully
understand the role of the alkali metals for the PDA nano-
structure formation, Li* produced the thinnest PDCA-IPA
nanofiber. Photopolymerization of the 1-dimensional assemblies
of PDA by a 254 nm UV lamp produced blue color, confirming
that the diacetylene monomers are self-assembled into close and
parallel packing. XRD analysis on these assemblies revealed a
highly ordered lamellar structure (Figure 4d—f). The interlamellar
distance calculated from the Bragg equation for PCDA-Na" bulky
microcrystals, PCDA-IPA-K* nanofiber, and PCDA-IPA-Li*
nanofiber was 2.68, 3.15, and 4.18 nm, respectively. This
implies that the introduction of alkali metal ions promotes the
formation of 1-dimensional structures by means of forming
stronger intermolecular interactions, such as electrostatic
interactions,*® 7—x stacking, and hydrogen bonding between
amide groups. Based on the XRD data, we proposed the highly
ordered molecular packing structure of PCDA-IPA-Li* nano-
fibers depicted in Figure S.

The swelling ratio of the hydrogels with the embedded
1-dimensional PDA assemblies (PCDA-Na' microcrystal,
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Figure 6. Photograph of photopolymerized/dehydrated alginate hydrogel and hydrated hydrogel embedded with (a) PCDA-Na" microcrystal,
(b) PCDA-IPA-K" nanofiber, and (c) PCDA-IPA-Li* nanofiber. (d) UV—vis spectra of PCDA-IPA-Li" nanofiber-hydrogel in the dried and swollen
state. (e) Colorimetric response of alginate hydrogels calculated from UV—vis absorption intensities.

20346

DOI: 10.1021/acsami.5b06058
ACS Appl. Mater. Interfaces 2015, 7, 20342—20348


http://dx.doi.org/10.1021/acsami.5b06058

ACS Applied Materials & Interfaces

Research Article

PCDA-IPA-K" nanofiber, PCDA-IPA-Li* nanofiber) was in the
range of 30—3S (Figure 6a—c). The swelling ratio is similar to
the value of the PDA liposome incorporated hybrid system,
expecting a comparable external volumetric change. Among the
three 1-dimensional micro-/nanoassemblies, only the thinnest
PCDA-IPA-Li" nanofiber hydrogel composite started to turn
red within 1 min as the hydrogel began to swell, and the red
color reached saturation in 1 h, which makes sense because it is
likely that the thinner nanofiber is more sensitive to the same
force exerted by swelling of the gel. As one can see from the
UV—vis spectra in Figure 6d, we could confirm the red phase
formation by the swelling. The colorimetric response of the
hydrogel composites in this study was plotted in Figure 6e.
The PCDA-IPA-Li* nanofiber hydrogel is most sensitive to
the swelling of the hydrogel matrix. As shown in Figure 1,
1-dimensional fiber structures provide a lager surface area-
to-volume ratio than O-dimensional liposomes. Accordingly,
1-dimensional nanofibers would form more ionic cross-linking
points with multiple alginate fibers to form an -effective
hydrogel network like the interpenetrating polymeric network
between alginate and chitosan.”> Moreover, the flexibility of
nanofibers is compatible with the soft hydrogel matrix, and the
gel swelling driven stress acts on the nanofibers efficiently,
generating red color.

B CONCLUSIONS

We rationally combined PCDA-IPA nanofibers as a sensory
unit and hygroscopic alginate polymers as a stimuli responsive
matrix into a PDA nanofiber—alginate network in order to
investigate stimuli-responsive matrix-driven colorimetric PDA
sensory systems. Alginate is a hygroscopic biopolymer having a
dramatic volume swelling property when it absorbs water.
Various forms of self-assembled PDA were embedded into an
alginate solution, and the mixture was cross-linked by calcium
ions to form a gel. Zero-dimensional PDA liposomes unlikely
make cross-linking points with multiple alginate fibers, and
therefore, no colorimetric response was observed from the
embedded PDA liposomes even after the alginate matrix largely
swelled. Among the 1-dimensional PDA assemblies, the finest
PDA nanofibers from the Li*-mediated self-assembly produced
a sharp color change from blue to red when the coassembled
and cross-linked alginate matrix polymer swelled by absorbing
water, indicating that dimensionality is an important design
factor to realize stimuli-responsive matrix-driven colorimetric
PDA sensory systems. This design principle can be adapted for
various optical sensor developments, for example, a temper-
ature sensor utilizing volumetric expansion of thermoresponsive
poly(N-isopropylacrylamide) (PNIPAm) as a matrix.
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