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Abstract

An increase in the temperature at the wound site is an early indication of a disturbance in the
healing process and a sign of an infection. Different polymeric materials have been employed in
wound dressing, including polygalacturonic acid (PGA). In this study, we complexed PGA to
poly(phenylene ethynylene) (PPE-CO,-108) to develop a fluorescence-based thermal sensor for
solution and dry polymer film applications. The thermal sensor sensitivity and reversibility were
tuned by changing the concentration of PGA and the solution ionic strength. As a result, we were
able to create a highly reversible thermal sensor and by simply altering the ionic strength, we
developed a sensor with long-lasting temperature memory. In solution, the macromolecule
complexes had an absolute sensitivity of 0.013°C-! (20-40°C) and 0.029°C-! (45-90°C) when
prepared in 150 mM NacCl. In the absence of NaCl, the sensor had a wider range, and its absolute
sensitivity increased to 0.044°C-! (20-90°C). The sensor was also prepared into dried thin materials
to mimic a wound suture with good thermal sensitivity over physiologically relevant temperatures.
The calculated absolute sensitivity was equal to 0.011 °C-! between 25 and 55 °C. Using a home-
developed app, we were able to accurately measure the temperature of these films. As such, our
formulated PGA materials have the potential to be developed into smart sutures to monitor early
signs of wound infection.
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INTRODUCTION:

Wounds provide an ideal environment for microorganisms to thrive.!>> After any surgical
procedure or injury, the healing process starts and consists of different overlapping stages of
reaction, regeneration, and remodeling, involving interactions between different types of cells. 3-8
The inflammatory response is part of the healing process and is characterized by the response of
immune cells to tissue damage.> ° However, different factors, including pathogens, can disturb the
healing of the wound, causing infection,> which delays the healing process.!? For example, The
wound healing process is associated with changes in pH values; a drop toward neutral to acidic pH
indicates that the wound is recovering.!'’> > Consequently, bacterial metabolism triggers
inflammation and induces an immune response characterized by increased blood flow to the
affected area. This immune response results in temperature increase on the wound site.

Given the complexity of the process, many sensors have been developed to monitor the
progress of wound healing.'3-!® Several studies have reported that a temperature increase greater
than 3°C around the wound most likely indicates signs of infection.!” Therefore, it is important to
provide efficient tools to accurately detect any possible infection for early treatment before it
becomes severe.?’ This could be made possible by developing smart sutures with thermal sensing
capabilities.

Our laboratory has exploited the unique photophysical properties of conjugated
polyelectrolytes (CPEs) when complexed to polyvinylpyrrolidone, polyvinylpyrrolidone/vinyl
acetate, poly(diallyldimethylammonium chloride), and polyvinylpyrrolidone-co-polystyrene to
develop sensitive thermal sensors for the detection of temperature fluctuations in solution,
hydrogel, thin films, and lipid membranes.?!-?’ Specifically, PPE-CO,, given its highly

hydrophobic backbone, tends to aggregate in solution leading to a broad emission with a maximum
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peak at 520 nm.*® 2° In contrast, when dissolved in a non-polar solvent, the
individual/disaggregated chain emission is well structured with a max emission at 450 nm.?% 2°
This big shift in the fluorescent emission provides a tool to accurately probe thermally induced
changes in the conjugated polyelectrolyte microenvironment.

Polygalacturonic acid (PGA) is a natural polysaccharide, used in wound dressings and anti-
adhesive applications.> 3% Tests on PGA showed that it exhibits important bio-adhesive properties
and is better than other acidic polysaccharides.?! Its backbone presents a great opportunity to tune
the photophysical properties of the stiff PPE-CO,-108 to develop a temperature sensor that could
potentially address the aforementioned objective.

In this study, we report on the development of a fluorescence-based thermal sensor using
PGA and PPE-CO,-108. Both of these polymers are biocompatible and have shown little
cytotoxicity against human cells.3?35> We showed that by tuning the concentration of PGA and

NaCl, we were able to develop fluorescent thermal sensors with tunable reversibility and

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

sensitivity in solution. Dried films of the PGA-based thermal sensor were also prepared and tested

at different temperatures. The change in fluorescent sensing was measured using an in-house
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developed app, which allowed us to convert recorded images from a smartphone into temperature

readings.

RESULTS AND DISCUSSION:

Photophysical Properties of PGA/PPE-CO,-108:

The fluorescent behavior of conjugated polyelectrolytes is highly influenced by their
microenvironment,?¢ especially when mixed with other large macromolecules. In what follows,
we detail our attempt to tune and manipulate this temperature/ionic strength dependency to prepare

thermal sensors with high sensitivity and tunable reversibility using PGA.
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Pristine PPE-CO,-108, when heated in solution, showed a reversible increase in the fluorescent
intensity at 450 nm (Figure S1). This observation is the result of the thermally induced shift
towards the disaggregated conjugated polyelectrolyte which becomes the dominant species at
higher temperatures and whose maximum emission is at 450 nm. The fluorescent enhancement
also increased with the ionic strength; the maximum recorded intensity at 90°C increased from 1.3
to 2.0 and then to 3.4 as the Na* concentration increased from 0 to 150 mM and then to 300 mM,
respectively. This fundamental correlation between the structural changes of the conjugate
polyelectrolytes and their photophysics and the effect of NaCl is what guided us while developing

the thermal sensor in complexation with PGA.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 1: Chemical structures of (A) poly(phenylene ethynylene) carboxylate with an average of
108 repeating units (PPE-CO,-108) and (B) polygalacturonic acid (PGA) along with their cartoon
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representation. (C) Absorbance spectra of PPE-CO,-108 before and after adding 1.7 mg/mL PGA.
(D) Emission spectra of PPE-CO,-108 upon incremental addition of PGA. Measurements in (C)
and (D) were done in HEPES buffer (10 mM, pH = 7.0) and NaCl (150 mM). The samples in (D)
were excited at 405 nm.

To study the effect of PGA on the PPE-CO,-108, the absorbance spectra of the CPE were measured
before and after adding PGA in HEPES buffer (10 mM, pH = 7.0, 150 mM NacCl) Figure 1.C.
Upon addition of 1.7 mg/mL PGA, a 6 nm red-shift to 439 nm was observed. The observed shift
indicates stronger m-m interactions between the polyelectrolyte chains, resulting in increased
conjugation length and planarization in the polyelectrolyte.3%37 This extension in conjugation leads
to a shift in the electronic and vibronic energy levels to lower energy.?® A red-shift in the absorption
band of poly(phenylene ethynylene) was previously reported and was associated with an increase
in chain length, and complexing the polyelectrolyte with different amphiphilic polymers and

cationic polyelectrolytes.?®- 3% 40

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Next, we measured the emission spectra of PPE-CO, -108 upon incremental addition of PGA in

HEPES buffer (10 mM, pH = 7.0, 150 mM NaCl). As shown in Figure 1.D, the emission spectrum
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of pristine PPE-CO,-108 exhibited a broad, structureless peak centered at 520 nm as the result of

(cc)

the aggregated CPEs which are believed to emit from an excimer-like state.>® With the addition of
PGA, we observed a decrease in the fluorescence intensity at 520 nm accompanied by the
emergence of a new peak at 450 nm reflecting the disaggregation of the CPE polymer chains.*!- 42
This disaggregation is mostly driven by hydrogen bonding-based interactions between the
electronegative oxygen on the polyelectrolyte and the hydrogen atoms of the hydroxyl group of
the polysaccharide. As the concentration of PGA increased, more hydrogen bonding interactions
were made possible, which drove the disaggregation of PPE-CO,-108 and resulted in further

enhancement in the peak at 450 nm. The disaggregation was not as efficient as when PVP-based
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polymers were used but was enough to slightly destabilize the aggregates to induce thermal

actuation.2!> 43

Thermal Modulation of Fluorescence in PGA/PPE-CO,-108:

Based on the titration experiment (Figure 1.D) and the thermal response reversibility of pristine
PPE-CO,-108 (Figure S1), we selected two concentrations of PGA to test their thermal response:
the first concentration was chosen at the point where the PPE-CO,-108 is starting to disaggregate
and the 450 nm peak is barely visible (0.35 mg/mL). The second chosen concentration was at 1.7
mg/mL which shows a visible peak at 450 nm, an indication of the disaggregated CPEs. These
selected concentrations were tested in the absence of NaCl and the presence of 150 mM NaCl since
at low ionic strength, the negatively charged side chains would destabilize the PPE-CO,-108
aggregates and allow for better interactions with the PGA polymer (Figure S2).** The thermal
sensing properties of our mixtures were then studied by acquiring emission spectra with the
increase in temperature, from 20°C to 90°C, with 5°C increments. After each increase in
temperature, the solution was kept for 2 minutes to stabilize and for the temperature to
homogenize. At both PGA concentrations, mainly a broad 520 nm emission peak was observed at
20°C. As we increased the temperature of the solution, the fluorescent intensity at 520 nm
gradually decreased, while that at 450 nm emerged, attributed to the emission of disaggregated
PPE-CO, chains. The thermal sensitivity was calculated as the ratio of the maximum intensity at
450 nm to that at 520 nm and plotted against the measured temperature. The thermal response of
PGA/PPE-CO,-108 was divided over two windows: the first one between 20 and 40 °C and the
second between 45 and 90 °C. The relative sensitivity (S;) was calculated using the following

equation:
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where Qr is I450/I500 and AQ/AT is the absolute sensitivity.

At low PGA concentration (0.35 mg/mL), the calculated absolute sensitivity was 0.008°C-! and
0.017°C! at 20-40 °C and 45-90 °C, respectively, in 150 mM NaCl (Figure 2.D). The calculated
absolute sensitivities in the absence of NaCl were higher at 0.017°C-! and 0.032°C-! (Figure 2.C).
The sensors exhibited a maximum relative sensitivity of 2.99°C-! at 45°C when measured in the

presence of 150 mM NaCl, and 2.65 %°C-! at 45°C in 0 mM NaCl.
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Figure 2: (A) Fluorescent thermal response of PPE-CO,-108 with 0.35 mg/mL PGA upon an
increase in temperature of the solution from 20°C to 90°C with 5°C increments in 0 mM NaCl and
(B) 150 mM NaCl. (C) and (D) Ratiometric fluorescent thermal response was calculated from the
ratio of 450 and 520 nm from (A) and (B), respectively. The red and blue lines represent the linear
regression fit, based on three runs. Measurements were done in HEPES buffer (10 mM, pH = 7.0)
with 0 mM NaCl and (D) 150 mM NaCl. The samples were excited at 405 nm.
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At higher PGA concentration (1.7 mg/mL), in addition to the structureless peak centered at 520
nm, a more pronounced peak at 450 nm was initially observed, especially in the absence of NaCl
(Figure 3.A). The ratiometric response for the solution prepared in 150 mM NaCl over the two
regions resulted in absolute sensitivities of 0.013 °C-! and 0.029 °C-! and a maximum relative
sensitivity of 3.21 % °C-! at 45°C (Figure 3.D). In the absence of NaCl, the thermal response was
linear across the entire tested thermal window with an absolute sensitivity of 0.044°C-! and a
maximum relative sensitivity of 2.95% °C-! at 20 °C (Figure 3.C). The higher thermal sensitivity
with increased PGA concentrations and lower ionic strengths is believed to be driven by the
enhanced stabilization effect (Table S1). In the absence of NaCl, some of the PPE-CO,-108 chains
are already destabilized at 20 °C, as signified by the small but apparent peak at 450 nm, so the
added thermal energy is mostly acting on further disaggregating the CPE chains to be subsequently
stabilized by PGA. At higher ionic strengths, however, we hypothesize that some of the added
thermal energy is being directed toward destabilizing the CPE aggregates. As such, higher thermal
sensitivity is observed at the lower ionic strength. For instance, when the sensitivity was monitored
in a solution at even higher ionic strength (300 mM NacCl), it was lower than that measured at 150
mM NaCl and did not change substantially with the increase of PGA concentrations (Table S1).
In addition, when incremental amounts of PGA were added to a PPE-CO, solution in the absence
of NaCl, a substantial increase in the fluorescence intensity at 450 nm was observed as compared
to Figure 1.D measured in the presence of NaCl (Figure S2). Our hypothesis was also verified by
lifetime data, reported later in the discussion. This is explained by the macromolecular level
interactions established so far; if the PPE-CO,-108 chains are already stabilized, here by the Na*

counter ions, the thermal sensitivity and dynamic range would have been compromised.
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Figure 3: (A) Fluorescent thermal response of PPE-CO,-108 with 1.7 mg/mL PGA upon an
increase in temperature of the solution from 20°C to 90°C with 5°C increments in 0 mM NaCl and
(B) 150 mM NaCl. (C) and (D) Ratiometric fluorescent thermal response was calculated from the
ratio of 450 and 520 nm from (A) and (B), respectively. The red and blue lines in (C) and (D)
represent the linear regression fit, based on three runs. Measurements were all done in HEPES
buffer (10 mM, pH = 7.0) The samples were excited at 405 nm.
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The absolute sensitivity of the best-performing PGA/PPE-CO,-108 mixture exceeded any of our
previously reported conjugated polyelectrolyte-thermal sensors. The ratiometric thermal sensors
based on  PPE-CO, complexed with  poly-vinylpyrrolidone  (PVP)¥®  and
poly(diallyldimethylammonium chloride) (PDDA)*° exhibited a lower absolute sensitivity of

0.0028 and 0.0038 °C-!, respectively. When compared to other conjugated polymer-based thermal


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00236b

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 April 2025. Downloaded on 5/3/2025 12:43:00 AM.

(cc)

Materials Advances

Page 10 of 24

View Article Online
DOI: 10.1039/D5MA00236B

sensors, it also showed a significant advantage. For instance, the reported thermal sensor based on
poly[5-methoxy-2-(3-sulfopropoxy)-1,4-phenylenevinylene] (MPS-PPV) prepared with poly(1-
vinylpyrrolidone-co-styrene) (PVP-co-PS) had an absolute sensitivity of 0.015 °C-! between 20
and 90°C.2* The poly(3-hexylthiophene)-based sensor that was electrochemically doped into thin

films was reported to have an absolute sensitivity of 0.023 °C-! measured between 30 and 75 °C.%3

All these results confirmed our hypothesis that when the PGA/PPE-CO,-108 solution is heated,
PPE-CO, favors the disaggregated conformation. These free-conjugated polyelectrolytes are
subsequently stabilized by the PGA macromolecules. To confirm these observations further, we
measured the lifetime of the PGA/PPE-CO,-108 complex at the lowest and highest NaCl
concentrations (0 mM and 300 mM) at 20°C and when heated to 90°C (Table 1 and Figure S3).
For non-heated samples, in the presence and absence of NaCl, the fluorescent lifetime consisted
of a short and a slightly dominant long lifetime. When the solutions were heated and then
measured, the presence of NaCl shifted the dominance toward the shorter lifetimes while at the
low ionic strength solution, no major difference was observed. Non-aggregated conjugated
polyelectrolytes have a predominately shorter lifetime. Previously, we have reported that upon the
addition of PDDA, which stabilizes the individual polymer chains, the lifetime of PPE-CO,-108
was predominantly at around 0.65 ns and the longer component contribution decreased with the
increase in PDDA concentration.?> The lifetime measurements confirm our hypothesis that in the
absence of NaCl, a fraction of PPE-CO,-108 chains are already destabilized, and the absorbed

thermal energy goes to further disaggregate them before further stabilization by PGA.
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Table 1: Time-resolved lifetime measurements for PGA/PPE-CO,-108 under different
experimental conditions.
Sample Ampl. 1 (ns) Ampl. T, (ns)
PGA/PPE-CO,-108 + HEPES 0.37 0.493 0.58 3.68
PGA/PPE-CO,-108 + HEPES (Heated) 0.44 0426 043 324
PGA/PPE-CO,-108 + HEPES + 300mM NaCl 043 0.522 0.53 3.73
PGA/PPE-CO,-108 + HEPES + 300mM NacCl (Heated) 0.79  0.365 0.24 5.00

Fluorescence Signal Memory Effects in PGA/PPE-CO,-108:

Now that we have achieved our first goal in preparing a sensitive thermal sensor based on PGA

macromolecules, we aimed to explore ways to test its reversibility. We have established so far that

PPE-CO, thermal response alone is reversible, that the initial aggregated state played an important

role in the thermal response, and that the dis/aggregation of CPEs was controlled by the PGA

concentration and the solution ionic strength. In what follows, we unravel how we can control the

reversibility of the PGA/PPE-CO,-108 to achieve a thermal memory response. Different solutions

of PGA/PPE-CO,-108 samples (0.35 mg/mL or 1.7 mg/mL PGA in 0, 150, and 300 mM NaCl)

were heated (red shade) and kept at the desired temperature for 8 minutes then cooled back to 20°C

(white shade), and monitored for 30 minutes. The resulting normalized fluorescent intensity time

trajectories are presented in Figure 4.
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In the absence of NaCl for both PGA concentrations, we observed a slight decrease in the
fluorescent intensity in the heating phase, followed by a rapid increase after cooling the solution
to 20°C. In the absence of NaCl, as we have established, the PPE-CO,-108 is slightly disaggregated
to start with. As such, the increase in the non-radiative pathway with temperature potentially
overcomes any potential enhancement coming from further disaggregation. When the solution is
cooled down, the non-radiative pathway diminishes resulting in an overall signal enhancement.
The fact that this increase is more pronounced at lower PGA concentrations (lower number of
stabilized CPEs) validates this hypothesis. In addition, the abrupt change in temperature, for
instance, from 20 to 90 °C, could also limit the level of interaction between the two polymers
resulting in less overall enhancement (Figure S4). In the presence of NaCl, the signal showed an
increase in intensity. When the solution was cooled to 20°C, only a limited number of experimental
conditions exhibited a memory response, with the most significant result observed at 150 mM
NaCl in the presence of 1.7 mg/mL PGA. We speculated that under this condition, the solution has
enough PGA macromolecules to lock the PPE-CO,-108 in the disaggregated more emissive state.
Similar behavior was observed in a previous study from our laboratory when PPE-CO, was

complexed with high molecular weight poly-vinylpyrrolidone (PVP).4¢

12


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00236b

Page 13 of 24

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 April 2025. Downloaded on 5/3/2025 12:43:00 AM.

(cc)

0.35 mg/mL PGA

Materials Advances

View Article Online
DOI: 10.1039/D5MA00236B

1.7 mg/mL PGA

A 20
e 0 mM NaCl

D. 24

:i il ) il 0 e 500 3‘ o mM NaCl i 3 il 41 e 507
_E = GO == TUC —=80°C -E -T-EQ:C—.—F{I‘C—I—BC-‘C
> Heating 20 °C =eant =4 Heating  20°C —-—C
- = 20
0 o
c c
3 2
£ £
@ @
(5] (4]
: 3
@ @
o 1]
L= e
o o
= =
L ps . . L ps : .
] 800 1600 2400 0 800 1600 2400
Time /sec Time /sec
B : 1 il 30 il 0T sl 50°C E 5 2 i 301" i 41" el 50°
= @ 150 mM NacCl e GG TG = B0°C - & 150 mM NaCl S BTG S T
> Heating 20 “C T > Heating  20°C ot
. =
e ¢
@ [:]
£l L=
£ £
8 2 3
8 g
8 ¢
| | =
o 11 o
= =
I-l- LI L] u- DS L] LI
0 800 1600 2400 0 800 1600 2400
Time /sec Time /sec
c : g il 30 i A0 sl 5 F =‘ 4 i 3001 i 417 sl 50°C
_!T A0 ol Nalh i G0 el TG el 50" ‘é SO N e 60— T0°C =t BI'C
Heating 20°C Rt - Healing 20°C P
.'E. = 204
w3 @~
c c
1] ]
et -t
£ £
8 2 3
= c
o i
o I
@ @
| ™ 1™
c 11 o
= 2
u T T m DS LI L]
a 800 1600 2400 0 800 1600 2400
Time /sec Time /sec

Figure 4: Fluorescent temperature memory response of PPE-CO,-108 with (A) 0.35 mg/mL PGA
in HEPES buffer (10 mM, pH= 7.0) without NaCl, (B) with 150 mM NacCl and (C) 300 mM NacCl
and with (D) 1.7 mg/mL PGA in HEPES buffer (10 mM, pH= 7.0) without NaCl, (E) with 150
mM NaCl and (F) 300 mM NaCl. The fluorescent time trajectories were measured at 450 nm after
excitation at 405 nm. The samples were kept at 20°C for 2 minutes. At t= 2 minutes, the
temperature was increased, and the samples were kept at the desired temperature for 8 minutes

before cooling back to 20°C. Symbols are just for visual aid.

To assess the long-term temperature memory of PGA/PPE-CO,-108, we measured the

thermal response profile of a solution prepared with 0.35 mg/mL PGA in HEPES (10 mM, pH =

13
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7.0) without NaCl, 9 hours after being exposed to heating. While the presence of NaCl resulted in
the highest short-term memory enhancement (Figure 4.E), as indicated by the overall measured
improvement, its absence offered greater stability over the long term. After performing a heating
cycle, the sample was cooled back to 20°C and kept constant for up to 9 hours (Figure 5). The
intensity increased to 1.31 and remained stable at around 1.310 £+ 0.008 from the initial recorded
intensity. These memory measurements were crucial for clinical monitoring to capture skin

temperature spikes even when they occur between measurement intervals.

L] 14 ]I/
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Figure 5: Long-term fluorescent intensity time trajectory of PGA/PPE-CO,-108 (up to 9 hours).
The time trajectories were measured at 450 nm after excitation at 405 nm. The sample was kept at
20°C for 2 minutes. At t=2 minutes, the temperature was increased to 70°C and kept for 8 minutes
at this temperature before cooling it back to 20°C. The fluorescent intensity was then measured at
different time intervals. The sample was left in the dark between measurements.

14
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As we conclude this section, we have shown that the thermal sensitivity, and most
importantly the signal irreversibility, could be tuned by changing the PGA and the Na*
concentrations. Next, we would study the performance of the PGA/PPE-CO,-108 as dried films,

which would mimic the state of sutures.

Fluorescence-Based Thermal Sensing in PGA/PPE-CO, -108 Films

As stated before, our initial interest was to develop a thermal sensor able to detect infection by
reporting temperature changes on the wound site. As such, we studied the thermal sensing of
PGA/PPE-CO,-108 when prepared as dried films. Going from solution to thin polymeric films is
often associated with changes in the microenvironment, conformational state, and potential

changes in the interactions between the two polymers.*’

PGA/PPE-CO,-108 films were prepared in HEPES buffer with 300 mM NaCl before being dried
into small thin polymeric film dots on a quartz slide and then placed on a temperature-controlled

stage. Scanning electron microscopy images of the prepared films revealed a uniform texture at

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the macroscale, with minor roughness at the microscale level with a measured thickness of 3.4 mm

Open Access Article. Published on 28 April 2025. Downloaded on 5/3/2025 12:43:00 AM.

(Figure S5). Unlike the thermal sensitivities obtained in solution, when the PGA/PPE-CO,-108

(cc)

was dried into films, the ones prepared from the highest ionic strength showed a slightly higher
sensitivity (Figure S6). The temperature of the film was increased from room temperature to 90°C,
with 5°C increments. The enhancement in fluorescent intensity could be observed by the change
in the color intensity of the polymeric dots even to the naked eye. After each increase in
temperature, the films were imaged by a DSLR Canon 750D camera equipped with a 60 mm macro
lens under UV light. The images were further analyzed using ImageJ and the intensity of the red,
green, and blue channels were extracted and plotted against the temperature change. The change

in intensity of the green channel was more significant compared to the change of that of the blue

15


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00236b

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 April 2025. Downloaded on 5/3/2025 12:43:00 AM.

(cc)

Materials Advances Page 16 of 24

View Article Online
DOI: 10.1039/D5MA00236B

channel (Figure S7) and it showed a linear increase till 55°C with an absolute sensitivity of 0.011
°C-! (Figure 6.A) and maximum relative sensitivity of 1.3% °C-! at 25°C and a temperature
resolution of 2.0 °C. The films showed good photostability. Even after continuous UV irradiation

for 1 hour, the fluorescence signal of the films decreased by only about 5% (Figure S8).
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Figure 6: (A) Fluorescent intensity changes obtained by dissecting the acquired images into their
RGB components and plotting the average green intensity versus temperature. The images were
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acquired using a DSLR camera upon exiting a thin film of using a UV lamp between 30°C and
90°C. The thin film was prepared in HEPES buffer (10 mM, pH = 7.0; 300 mM NacCl). (B) Flow
diagram showing how the PPE-CO,-108/PGA films are imaged and converted into a temperature
reading using the home-built smartphone application.

After demonstrating the thermal sensitivity of PGA/PPE-CO,-108 films over a physiologically
relevant temperature window, we developed an app to translate these changes in fluorescent
signals to temperature readings. The app is able to extract the RGB colors and use the calibration
curve obtained in Figure 6.A to calculate the film temperature. As a proof of concept, the films
were heated to 40.0°C, and images were taken using a smartphone and analyzed using the in-house
developed app. The reported temperature of the films was 39.9°C which showcases both the
accuracy and practicality of the thermal sensor that we have developed (Figure 6.B). It also
demonstrates its capability to be further developed and used in wound care applications. In a real-

life setup, a wound temperature of 40°C most likely indicates an infection.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Conclusion

Open Access Article. Published on 28 April 2025. Downloaded on 5/3/2025 12:43:00 AM.

In this work, we reported on the development of a thermal sensor prepared by complexing PGA

(cc)

with PPE-CO,-108. The sensor was studied under different experimental conditions and its
sensitivity and reversibility were therefore tuned. It successfully detected a wide range of
temperatures, between 20 and 90 °C, with high absolute sensitivity. The tunable sensor can also
act as a temperature memory reporter owing it to the irreversible disaggregation of PPE-CO,-108
after a heating/cooling cycle at high PGA concentrations in the absence of NaCl. We also showed
that the complex material is stable with long-lasting temperature memory which makes it a good
candidate for applications over a long period of time. When prepared in a dry state, the sensor also

displayed good thermal sensitivity between 20 and 55 °C which makes it physiologically relevant

17


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00236b

Open Access Article. Published on 28 April 2025. Downloaded on 5/3/2025 12:43:00 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Page 18 of 24

View Article Online
DOI: 10.1039/D5MA00236B

to monitor wound infections once prepared into strings for suture applications. While this study
presents a promising step towards integrating thermal sensors into wound sutures for monitoring
applications, several steps remain necessary to achieve this goal. The polymer complex needs to
be properly formulated and tested to protect it from external factors such as humidity, changes in
pH, and more to better reflect simulated wound bed conditions. In addition, an addon

optoelectronic device needs to be developed to standardize the image capture parameters.

Materials:

Poly(phenylene ethynylene) carboxylate (PPE-CO,) with an average of 108 monomer repeating
units was prepared using Sonagashira coupling following previously reported procedures.?®- 43
Polygalacturonic acid (>90% enzymatic-50g) was purchased from Sigma Aldrich. Sodium
chloride, sodium hydroxide, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)

were purchased from Fisher. Deionized water (18.2 MQ-cm) was used in all experiments.

Methods:

Spectroscopic Measurements:

All steady-state fluorescence measurements were carried out using a Horiba Fluorolog-3
fluorometer equipped with a T3 Quantum Northwest temperature controller unit. The emission
was measured between 435 nm and 650 nm after excitation at 405 nm. The integration time was
set at 0.2 seconds. Standard 4 mL quartz cuvettes were used in all measurements with a total
solution volume of 2 mL. Cuvettes were covered with Teflon caps to limit the solution evaporation
at high temperatures. PGA stock solution was prepared by adding a few drops of sodium hydroxide
to dissolve the polymer. PGA/PPE-CO,-108 solution was prepared and left to stabilize for a few

minutes at 20°C in the sample holder, before taking any measurements. The mixture was
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constantly stirred at 400 RPM, to achieve temperature homogeneity. The temperature was
typically increased by 5°C at a time unless otherwise stated, and the spectra were measured 2
minutes after each temperature setting, allowing the mixture to homogenize. The fluorescent
emission spectra of the time trajectories were measured at 450 nm, after excitation at 405 nm. In a
typical fluorescence timescan, the sample was placed in the sample holder, at a temperature of
20°C, and left for 10 minutes to stabilize. When the timescan started (t= 0 min), the sample was
kept at 20°C for 2 minutes, before increasing the temperature and holding it for 8 minutes. The
temperature was then decreased back to 20°C. The intensity of the fluorescent emission was
measured every 30 seconds for a total of 40 minutes (unless otherwise specified). Absorbance
measurements were recorded using PerkinElmer LAMBDA 1050+ UV/Vis/NIR

spectrophotometer between 350 and 500 nm at room temperature.

Thermal Imaging of Dried PGA/PPE-CO,-108

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

PGA/PPE-CO,-108 was prepared in 50 L. of HEPES buffer (10 mM, pH= 7.0; 300 mM

NaCl). The solution was vortexed and left for 30 minutes to stabilize. The mixture was then

Open Access Article. Published on 28 April 2025. Downloaded on 5/3/2025 12:43:00 AM.

prepared into small polymeric dots on a glass slide and left for at least 4 hours in a dark place. The

(cc)

slide was then placed on a temperature-controlled stage (Linkam LTS 120) and the temperature
was increased to 90°C with 5°C increments. At each temperature, the film was imaged, under UV
light, using DSLR Canon 750D Camera. The intensities of the red, green, and blue color

components were then analyzed using ImageJ.
Fluorescence Lifetime Measurements:
A home-built confocal fluorescence microscopy setup (Olympus 1X71) equipped with a

high-numerical-aperture objective APON 60% (NA=1.49) was used for the fluorescence lifetime
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measurements. The PGA/PPE-CO,-108 samples prepared under different experimental conditions
were excited at 405 nm using a fiber-coupled diode laser (PicoQuant GmbH, LDH-C-405) in
quasi-continuous wave mode (pulsed excitation, 80 MHz repetition rate). The excitation light
source was cleaned using an HC Laser Clean-up 405/10 filter (AHF analysentechnik AG) and was
circularly polarized using a A/4 waveplate. The fluorescence emission was collected by focusing
the laser beam inside the PGA/PPE-CO,-108 solution which was reflected by a a dichroic mirror
(AHF analysentechnik AG, 405RDC) and passed through a 405 nm long-pass filter (AHF
analysentechnik AG) to remove any residual excitation light. The fluorescence signal was then
recorded by a single-photon avalanche photodiode (Micro Photon Devices S.r.1., PDM series). The
signal was recorded by a time-correlated single-photon counting (TCSPC) module (PicoQuant
GmbH, HydraHarp 400) for extracting the lifetime measurements. Heated measurments came from
the polymer mixture solutions that were heated first, cooled down and then measured on the

microscope.

Supporting Information: The Supporting Information is available free of charge at

https://pubs.acs.org/doi/ and contains additional fluorescence spectroscopy measurements.
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Data Availability Statement:

The data supporting the findings of this study will be made available upon reasonable request. Interested
researchers are encouraged to contact the corresponding author to arrange access within a mutually agreed
timeframe.
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