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Polydiacetylenes (PDAs) are a class of conjugated polymers with unique optical properties that have
practical applications in a diverse range of fields. PDA vesicular particles are typically constructed using a
thin film hydration method which suffers from a lack of scalability and requires techniques such as
sonication and extrusion to control particle size. These procedures are energy-intensive and limit the
application of the thin film hydration method to small-scale vesicle production. We present the first
application of the solvent injection method to synthesize PDA vesicles as an alternative method of high
throughput production. PDA vesicles are constructed from a range of DA monomers that vary in their
total carbon chain length and were analyzed using transmission electron microscopy, dynamic light
scattering, and zeta potential measurements. Using the solvent injection method, we found longer alkyl
chain length monomers produce smaller particles that are more easily photopolymerized. The function
of the PDA is verified for the detection of ammonia gas. 8,10-Henicosadiynoic acid is nominated as the
optimum PDA system as it has a moderate chain length which results in both optimum morphology and
ammonia detection sensitivity. The results from this study suggest that the solvent injection method is a
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Introduction

Polydiacetylenes (PDAs) are a class of conjugated polymers
exhibiting unique optical properties that render them ideal
for the construction of colorimetric sensors to detect chemical
and biological analytes.' They are synthesized from diacetylene
(DA) monomers that undergo photopolymerization (by 254 nm
UV light) via a 1,4-addition reaction to generate a polymeric
backbone with alternating C—C and C=C bonds (ene-yne).
Subjecting PDA to stimuli - such as light, heat, pH or a
chemical/biological recognition event - can induce a perturba-
tion in the polymer structure. This alters the effective conjugation
length, producing a characteristic blue to red color transition that
can be easily detected by the naked eye (a shift in absorbance
wavelength from 640 nm (blue phase) to 540 nm (red phase)).
Carboxy-terminated diacetylene monomers are amphiphilic and
readily self-assemble into vesicles in solution. This orients the
monomers favorably for photopolymerization and provides an
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viable alternative to the thin film hydration method for large scale PDA particle production.

excellent format for functionalization with recognition elements
by insertion in or conjugation to the vesicle bilayer.'™

The conventional method for synthesis of PDA vesicles is the
thin film hydration method (Bangham method) which was
developed in 1965 for the production of liposomes from
phospholipids.'® Using this method, DA monomers are first
dissolved in a suitable polar solvent, typically chloroform or
ethanol. The solvent is then evaporated to leave a thin film of
DA monomer. The film is hydrated at a temperature greater
than the phase transition temperature of the monomer and a
heterogeneous mixture of multilamellar vesicles (MLVs) is
spontaneously formed. This method is fast and easy which
has seen its widespread adoption in lab-scale synthesis of PDA
vesicles. Unfortunately, the film hydration method suffers from
several drawbacks that limit its application in industrial-scale
synthesis. Heterogeneous mixtures of MLVs are undesirable so
the vesicles are often subjected to extrusion, sonication, or
high-pressure homogenization to produce monodispersed
populations of small unilamellar vesicles (SUVs). These procedures
can destroy incorporated recognition elements or vesicle cargo.
They must also be conducted above the phase transition tem-
perature of the monomers. As the phase transition temperature
of DA monomers is quite high (50-80 °C), these techniques
become difficult and highly energy-intensive.

Herein, we propose the solvent injection method as a
suitable alternative for the synthesis of PDA vesicles over the
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Fig. 1 Schematic illustration of polydiacetylene (PDA) vesicle synthesis using a solvent injection method. Diacetylene monomers are dissolved in a polar
solvent (e.g., ethanol) and then slowly added to an aqueous medium at above the phase transition temperature of the monomer under vigorous stirring.
The ethanol is evaporated and the amphiphilic diacetylene monomers self-assemble into vesicles. The diacetylene vesicles are left to anneal at 4 °C and
then undergo photopolymerization by 254 nm UV light yielding blue-phase PDA. Subjecting PDA to stimulus, for example ammonia, induces a
characteristic blue to red color transition that can be easily detected by the naked eye.

thin film hydration method (Fig. 1). The solvent injection
method was first developed in 1973 to prepare liposomes,
however its application to PDA vesicle synthesis has not yet
been investigated. In this method, we first dissolve the DA mono-
mers in a polar solvent (in this case ethanol). The DA solvent solution
is then slowly added to an aqueous medium at above the phase
transition temperature of the monomer under vigorous stirring. The
ethanol is evaporated, and the amphiphilic diacetylenes self-
assemble into vesicles. In the construction of liposomes, it
has been demonstrated that control over solvent injection flow
rate, lipid concentration, lipid type, and solvent ratio dictate the size
and lamellarity of the vesicles.'*'® Optimization of these parameters
can yield SUV liposomes without the need for secondary procedures
as required in the film hydration method. As a result, this method
shows great promise for large scale production of PDA vesicles.
Recently, we discussed how the selection of the DA monomer
can be used to tune the chromatic response, sensitivity, and
specificity of PDA sensors." Herein we present the first investigation
of the solvent injection method for the construction of PDA vesicular
particles and test its applicability to a range of DA monomers
(Fig. 2). The monomers vary in their total carbon chain length,
alkyl spacer length, and alkyl tail length. The success of this

1746 | Mater. Adv., 2020, 1,1745-1752

synthetic method is demonstrated by studying the formation
and morphology of the particles, their ability to be photo-
polymerized, and their chromatic properties.

Materials and methods

Materials

Diacetylene monomers 10,12-pentacosadiynoic acid (PCDA)
(>97%), 10,12-tricosadiynoic acid (TCDA) (>98%), and 5,7-
hexadecadiynoic acid (HDDA) (97%) were purchased from Sigma-
Aldrich (Australia). Diacetylene monomers 10,12-octadecadiynoic
acid (ODDA) (95%), 8,10-henicosadiynoic acid (HCDA) (97%), and
6,8-nonadecadiynoic acid (NDDA) (96%) were purchased from
Fujifilm Wako Chemicals (USA). Ethanol absolute and ammonia
30% solution were purchased from Chem Supply (Australia). All
chemicals were used as received without further purification.
Ultrapure water (18.2 MQ cm ' resistance) was provided by
arium® pro Ultrapure Water Systems (Sartorius).

Synthesis of PDA vesicles

DA monomers were dissolved in ethanol (8 mg ml™", 500 ul)
and injected into a vial containing 10 ml of water at 20 ul min ™"

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Chemical structures of diacetylene monomers used to synthesize polydiacetylene in this study.

flow rate. During the solvent injection process, the solution was
maintained at 85 °C under constant stirring at 1000 rpm. After
the DA monomer injection step was complete, the DA/ethanol/
water mixture was incubated for further 1 h at 85 °C and
1000 rpm to allow for ethanol evaporation (see ESIt). The
self-assembled DA vesicles in water (at 0.4 mg ml~" monomer
concentration) were allowed to cool to room temperature and
then stored at 4 °C overnight. Photo-induced polymerization was
carried out under 254 nm UV irradiation (UV lamp LF-206.LS, 6W,
UVITEC, UK) for 5 minutes to obtain blue-phase PDA.

PDA characterization

Dynamic light scattering (DLS) and zeta potential. The size
and surface charge of PDA particles were determined with a
Zetasizer Nano ZS (Malvern, UK; 4 mW He-Ne laser, 4, =
633 nm, 0 = 173°). To measure the size, 1 ml of the PDA samples
was transferred to a disposable cuvette (DTS0012) without dilution
and equilibrated at room temperature for 5 min. Each sample was
measured three times, each measurement consisting of 6 individual
runs. The values for the viscosity (0.8872 cP) and refractive index
(1.330) of the solvent were the ones provided by the Zetasizer
software (V. 7.13). The data were analyzed using the general purpose
non-negative least squares (NNLS) fitting algorithm, with a size range
analysis of 0.4-10 000 nm. The vesicles’ size and standard deviation
were calculated from the intensity distributions. Zeta potential
measurements were collected using a disposable folded capillary
cell (DTS1070), containing 0.6 ml of the sample without dilution.

Transmission electron microscopy (TEM). TEM micrographs
were obtained using a JEOL1400 TEM (JEOL, Akishima, Japan)
operating at an accelerating voltage of 100 keV. Samples were
drop cast onto formvar-supported copper grids (ProSciTech,
Australia) without staining. The size and morphology of the
particles were recorded using a Phurona CCD Camera (Emsis)
and Radius software (Emsis).

This journal is © The Royal Society of Chemistry 2020

UV-vis spectrophotometer. The PDA solutions were trans-
ferred to 96-well plates and UV-vis absorption spectra were
recorded with a SpectraMax M5 microplate reader (Molecular
Devices, USA).

Colorimetric response analysis. The colorimetric response
(CR%) is the standard method to quantify blue-to-red color
transition of PDA” and is calculated as:

PBy — PB¢

1
PB, x 100%

CR% = (1)

where PB, and PBs are the initial and final percentages of blue
(PB) of the PDA system, respectively. PB is defined as:

Ablue

PB=——7--—
Abluc + Arcd

% 100% ®

where App,e is the absorbance value at the selected wavelength
for the blue-phase PDA (640 nm) and A4 is the absorbance
value at the selected wavelength for the red-phase PDA (540 nm).

Ammonia detection

To verify the functionality of the PDA formed using the solvent
injection method, we chose ammonia gas as an example of a
target analyte. Ammonia 30% w/w solution was first diluted to
ammonia 1% w/w solution with ultrapure water. Varying volume of
ammonia 1% solution was added into glass containers (600 ml):
5.06 pl (100 ppm), 15.18 pl (300 ppm), 25.30 pl (500 ppm), 50.59 pl
(1000 ppm), 75.88 pl (1500 ppm), and 101.18 pl (2000 ppm). PDA
solutions (250 pl) in glass vials were exposed to ammonia gas in air-
tight glass containers and the color changes of the PDA were
monitored over time. The gas phase concentration of ammonia
was determined by the ideal gas law equation:

PV = nRT

®)
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where P is the pressure (1 atm), Vis the volume of ammonia gas
(L), n is the amount of ammonia gas (mol), R is the ideal gas
constant (0.08206 L atm mol ' K '), T is the room temperature
(298.15 K).

Results and discussion

The solvent injection method was employed to synthesize PDA
particles from a range of DA monomers. To determine the
method’s efficacy, a study on the particle size and morphology
by DLS and TEM was conducted to confirm colloid formation.

Table 1 Size (from the intensity plot), polydispersity index, and surface
charge of PDA particles formed using a solvent injection method

Monomers Diameter (nm)  PDI Zeta potential (mV)
PCDA (ZSC) 127.2 + 58.3 0.129 + 0.049 —32.2 + 8.6
TCDA (23C) 184.1 £ 59.9 0.068 £+ 0.023 —29.0 + 6.8
HCDA (210) 281.9 +91.3 0.072 £+ 0.027 —26.7 + 6.7
NDDA (19C) 456.1 + 130.7 0.141 £+ 0.044 —32.0+7.1
ODDA (18C) 800.3 £+ 237.1 0.767 = 0.174 —26.9 + 7.5
HDDA (17C)  Particle aggregation
a) 1200 —
1000 —
_ 800 —
€
E
o 600 —
N
n
400 —
200 —
0o~
PCDA TCDA ODDA
b) 1200 -
1000 —
_ 800
£
£
o 600 -
N
)
400 —
200 —
O —
TCDA HCDA NDDA
Fig. 3 (a) Size of PDA particles synthesized from monomers with the

same alkyl spacer length and different alkyl tail length. (b) Size of PDA
particles synthesized from monomers with different alkyl spacer length
and the same alkyl tail length. n = 3, values represent mean + standard
deviation.
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Different amphiphilic DA monomer building blocks self-
assembled to form vesicles of a characteristic size with their
diameters ranging from 127.2 nm to 800.3 nm (Table 1). Longer
chain monomers (PCDA 25C; TCDA 23C; HCDA 21C) formed
smaller particles with a narrow size distribution (polydispersity
index (PDI) ~ 0.1) compared with shorter chain monomers
(NDDA 19C; ODDA 18C). The longer chain monomers have
larger intermolecular forces which have been shown to facilitate
vesicle formation."”” Monomers with the same length alkyl spacers
but longer alkyl tails formed smaller particles (Fig. 3a). Monomers
with shorter alkyl spacers between the carboxylic acid head group
and the diacetylene group formed larger particles (Fig. 3b). The
positioning of the diacetylene group may impact monomer flexi-
bility and its ability to form compact vesicles.

TEM micrographs were obtained to further investigate the
morphology of the PDA structures (Fig. 4). Particles formed from
long chain monomers (PCDA and TCDA) exhibited a relatively
spherical shape, indicating homogenous ordering throughout the
PDA structure. As for shorter chain monomers (HCDA and NDDA),
rod-shaped and rectangular particles tended to form of a lesser
order. ODDA formed both small particles under 100 nm as well as
micron-sized structures (see ESIT). These results indicate that at a
constant monomer concentration (0.4 mg ml ") there is a relation-
ship between monomer properties and particle morphology. The
TEM micrographs indicate a morphology similar to particles
synthesized by the film hydration method,'® confirming the
efficacy of the solvent injection method for PDA synthesis.

DA monomers are amphiphilic and are known to form a
thermodynamically favorable bilayer/vesicular structure in an

&) PCDA (25C) c) HCDA (21C)

b) TCDA (23C)

e) ODDA (18C)

Fig. 4 TEM micrographs of PDA particles synthesized from 5 diacetylene
monomers using the solvent injection method. (a) PCDA (25 carbon atoms),
(b) TCDA (23 carbon atoms), (c) HCDA (21 carbon atoms), (d) NDDA
(19 carbon atoms), and (e) ODDA (18 carbon atoms).

This journal is © The Royal Society of Chemistry 2020
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aqueous environment. Despite some disagreement between the
exact boundaries of vesicle classification, typically particles
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with a size range between 20 nm and 100 nm are considered
small unilamellar vesicles (SUVs), whilst particles ranging
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Fig. 5 UV-vis absorption spectra of PDA prepared with different UV irradiation time. Red-phase PDA were obtained by incubating blue-phase PDA at

65 °C. (a), (b) PCDA, (c), (d) TCDA, and (e), (f) HCDA.
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between 100 nm and 300 nm are large unilamellar vesicles
(LUVs), and particles with size >500 nm are giant unilamellar
vesicles (GUVs)." Based on these classifications, PCDA, TCDA,
and HCDA formed LUVs.

The particle charge ranged from —26.9 mV to —32.2 mV
(Table 1). The negative surface charge of the PDA vesicles is
from partial dissociation of neutral carboxylic head groups
into negatively charged carboxylate head groups. Short chain
carboxy terminated acids, such as the monomers used in this
study, are known to have solution pK, of ~4.8.° However,
colloids and membrane structures constructed from carboxy
terminated constituents are known to exhibit different ionization
equilibria with pK,s that differ by several orders of magnitude
depending on particle structure and packing density. All mono-
mers investigated in this study produced particles with a zeta
potential of sufficient magnitude to keep the particles suspended
in solution.

Once PDA particles were formed, they were photopolymerized
by 254 nm UV light to yield blue-phase PDA. UV-vis spectroscopy
indicated that increasing levels of exposure to UV light increased
the color intensity of the blue-phase PDA for all monomers. This
is illustrated by the increasing absorbance at the characteristic
wavelength of 640 nm (Fig. 5a, ¢ and e). This behavior is
expected and is attributed to an increase in the degree of
polymerization between neighboring DA monomers upon
increased UV exposure.? * Okada et al. observed similar results
when photopolymerizing PDA vesicles made from monomers of
different sizes and head groups."”” Upon exposure to high
temperature (65 °C), the PDA vesicles exhibited a characteristic
blue to red color transition that could be easily detected by the
naked eye and a shift in absorbance peak from 640 nm to
540 nm (Fig. 5b, d, and f).

To verify and demonstrate the functionality of the PDA
formed using the solvent injection method, we employed them
as a colorimetric sensor to detect ammonia gas. Ammonia gas
is corrosive and a harmful irritant which can have serious
health implications. Ammonia is also an indicator of food
spoilage®! and a disease biomarker.”* The detection of ammonia
via carboxy-terminated PDA vesicles has been documented in
various contexts and formats.”>*>** Ammonia is a strong base
and increases the pH of the PDA environment which encourages
dissociation of carboxylic acid head groups. The negatively
charged carboxylate head groups repel each other and induce
structural rearrangement in the vesicle that produces a blue to
red color change.** When we exposed PDA composed of PCDA,
TCDA, or HCDA to ammonia gas at 2000 ppm in a sealed
chamber, the solutions underwent a complete blue-to-red color
change at ¢ = 90 min, 80 min, and 60 min, respectively. The
shorter the alkyl chain length of the monomer, the shorter
exposure time required to induce a complete color change. This
means that the system can be engineered for greater sensitivity
by the selection of shorter chain length monomers. This
phenomenon has been documented in systematic studies of
the impact of monomer characteristics on sensing properties'®?”3°
and has been demonstrated in volatile organic compound
detection using PDA.>" We then subjected PDA composed of

1750 | Mater. Adv., 2020, 1,1745-1752
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Fig. 6 (a) Colorimetric response and (b) photographs of HCDA vesicle
solutions when exposed to varying concentration of ammonia. n = 3,
values represent mean =+ standard deviation.

HCDA to different ammonia concentrations (0-2000 ppm)
(Fig. 6a). The resulting color change was detectable by the
naked eye when the PDA solution was exposed to ammonia
gas more than 500 ppm (Fig. 6b). These results indicate that the
PDA particles formed using the solvent injection method
maintain their characteristic functional activity upon exposure
to ammonia.

To demonstrate the capability of the solvent injection
method to synthesize PDA vesicles for large scale production,
experiments on fabricating 10 ml, 100 ml, and 250 ml HCDA
vesicle solutions were conducted. A study on the particle size
and morphology by DLS and TEM was also conducted to investi-
gate the effect of different scale production on vesicle formation.
According to Table 2, HCDA vesicles synthesized under different
scales had a similar (within 6% error) characteristic size with an
average diameter of ~280 nm and a narrow size distribution
(PDI ~ 0.1). The particles had a relatively similar surface charge
(~—26 mV). TEM analysis also confirmed the morphology of
HCDA vesicles being rectangular in shape when synthesized on
a 250 ml batch volume (Fig. 7). Therefore, it is reasonable to
conclude that the solvent injection method is suitable to be
employed for larger scale PDA vesicle production. After four
months, negligible change in size distribution and zeta
potential of the PDA vesicles was observed (see ESIt), demon-
strating the long-term stability of the PDA vesicles formed via
the solvent injection method.

Table 2 Size (from the intensity plot), polydispersity index, and surface
charge of PDA composed of HCDA formed under different scales

Fabrication volume Diameter (nm) PDI Zeta potential (mV)

10 ml 281.9 £91.2 0.072 £ 0.027 —26.7 £ 6.7
100 ml 303.8 £ 109.9 0.144 £+ 0.015 —24.6 £ 7.1
250 ml 264.6 &= 89.0  0.146 £+ 0.088 —29.1 £ 7.1

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 A TEM micrograph of PDA composed of HCDA synthesized using
the solvent injection method on a 250 ml scale.

Conclusions

In conclusion, we have presented the first application of the
solvent injection method to successfully synthesize PDA particles
from a range of DA monomers with different alkyl chain length
and alky spacer length. The formation of self-assembled particles
similar to those formed by the film hydration method was
confirmed by a study on particle size and morphology using
DLS, zeta potential measurements, and TEM imaging. It was
found that long chain length monomers formed smaller particles
and there exists a relationship between monomer properties and
particle morphology. The functionality of the PDA was demon-
strated through reactivity with ammonia. PDA vesicles composed
of HCDA showed color changes detectable by the naked eye when
subjected to ammonia gas >500 ppm. The solvent injection
method can be applied to larger scale vesicle production (0.25 L).
Compared with the conventional thin film hydration method,
the solvent injection technique does not require secondary
procedures such as extrusion, sonication, or high-pressure
homogenization. PDAs have practical applications in diverse
fields, including sensors, drug delivery, and tissue engineering.
The ability to perform large-scale manufacturing of PDA structures
could accelerate the translational development of these materials.
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