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Conducting polymer scaffolds have gained significant attention as
dynamic platforms for interfacing with biological systems, particu-
larly in bioelectronic and tissue engineering applications. However,
their potential in antimicrobial therapy and infection-responsive
drug delivery remains unexplored. This study presents a multifunc-
tional scaffold system based on PEDOT:PSS/MXene composites
loaded with tetracycline hydrochloride (TCH), designed to deliver
an antibacterial agent and monitor bacterial proliferation. By tuning
the ratio of conducting polymer to MXene, we demonstrate
composition-dependent control over drug release kinetics, with
MXene-rich scaffolds exhibiting sustained release and enhanced
antibacterial efficacy. Importantly, we also integrate electrochemi-
cal impedance spectroscopy as a label-free, real-time monitoring
tool to track bacterial growth on the scaffold. Finally, we demon-
strate the drug release from the scaffolds as triggered via electro-
stimulation. Overall, our approach establishes a dual-function
platform that combines therapeutic drug delivery with real-time
electrochemical monitoring, offering valuable insights into bacter-
ial interactions with 3D scaffolds. These findings establish PED-
OT:PSS/MXene composite scaffolds as an infection-responsive
system, advancing their potential in next-generation wound healing
and antimicrobial therapies.

1. Introduction

Bacterial infections remain a significant challenge in health-
care and biomedical applications, particularly in wound care,
where persistent infections can delay healing and lead to severe
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complications. The development of new bioactive and antimi-
crobial materials has become essential to address this issue,
especially with the rise of antibiotic-resistant pathogens."” By
tailoring material composition, microstructure, and device
architecture, researchers can create multifunctional systems
that actively inhibit bacterial colonization, promote therapeutic
delivery, and enable real-time monitoring of infection-related
signals.>™ Among various materials, conducting polymers
(CPs)®” and 2D materials®'® have separately emerged as
exceptionally promising candidates for antimicrobial applica-
tions, offering tunable electrochemical properties, structural
adaptability, and bioactivity.

CPs, in particular, stand out due to their unique set of
properties, such as ionic conductivity, tailorability, and bio-
compatibility, making them ideal materials for use in bioelec-
tronic and biomedical devices.""™ When formed into 3D
architectures (i.e., porous scaffolds, hydrogels), CPs provide a
biomimetic environment that promotes cell adhesion and
growth, critical aspects for tissue engineering and regenerative
medicine.”® Furthermore, their large-area-to-volume ratio
allows for creating high-density tissue models and for supply-
ing bioactive compounds.'®*°

Poly(3,4-ethylenedioxythiophene)  polystyrene sulfonate
(PEDOT:PSS, P:P) has been widely applied in biomedical
applications, owing to its high electrical conductivity, bio-
compatibility, and ability to form stable composites with
synthetic and naturally derived materials, as well as with
nanomaterials.>>* P:P can be easily processed in various
forms and is commonly used as a flexible and conductive
interface for tissue engineering and sensors.>*** One of the
key advantages of P:P-based systems lies in their responsive-
ness to electrical stimuli and their ability to selectively detect
specific biomolecules.”® P:P hydrogels, in particular, have
demonstrated the capacity to undergo microstructural changes
in response to thermal or electrical cues, enabling controlled
drug release for localized therapeutic applications.”” Similarly,
microfluidic-spun fibers incorporating P: P have demonstrated
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tunable drug release under electrical stimulation, improving
the release efficiency of drugs.*® Moreover, P: P bioelectrodes
have been employed in multifunctional platforms that combine
drug delivery with real-time biosensing, allowing for the release
of chemotherapeutic agents while simultaneously monitoring
cell viability via impedance measurements.”®

In parallel, 2D materials, such as graphene and MXenes,
have also shown many interesting properties when incorpo-
rated into composite systems, such as improved mechanical
properties, electrical conductivity, and surface tunability.
MXenes, in particular, have gained momentum over the past
decade due to their high surface area, hydrophilicity, and
tunable surface chemistry.***' Their chemical structure, con-
sisting of transition metal carbides or nitrides, enhances their
electrochemical activity, mechanical strength, and bio- and
immune compatibility, making them highly suitable for bio-
medical technologies.®®*® In antibacterial applications,
MXenes have been found to act both as direct antibacterial
agents,® causing physical membrane damage and oxidative
stress, and as carriers for therapeutic agents, improving treat-
ment efficiency.>*

MXenes’ excellent processability allows them to form and
integrate into various architectures, including 3D scaffolds that
support cellular interactions. While this is possible, their
mechanical rigidity compromises their direct utilization in
soft and flexible systems. As such, MXenes are often used
in composite systems where they can be combined with poly-
mers, hydrogels, or elastomers that retain the MXene’s con-
ductivity and bioactivity while improving their mechanical
adaptability.**3577 In particular, in biosensing, the abundant
functional groups in MXene, in conjunction with the electro-
chemical activity of CPs (i.e., redox-active polymers), allow for
surface modifications with biomolecules, enzymes, and anti-
bodies, enabling sensitive detection of biological analytes.
Although these composite systems exhibit unique properties
for tissue engineering and bioelectronics, research into their
interactions with living organisms remains incomplete, leaving
a gap in our understanding of their biocompatibility and
bioactivity.

Following this rationale, in this work, we present the devel-
opment of a tetracycline hydrochloride (TCH)-loaded scaffold
based on a P:P and MXene composite system designed to
address bacterial infection through drug release and electro-
chemical monitoring. Through a systematic investigation of
scaffold composition, we demonstrate how MXene content
influences drug release kinetics and antibacterial efficacy.
Importantly, we integrate EIS as a label-free, in situ method
for tracking bacterial growth dynamics on the scaffold
surface. Finally, exploiting the electrochemical properties of
the scaffold, we demonstrate the use of electrically triggered
drug release. This study not only highlights the potential
of the P:P/MXene composite system in infection-responsive
applications, but also provides new insights into their struc-
ture-function relationships, establishing a route for future
development of bioactive platforms for wound healing and
beyond.
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2. Experiments

2.1. Materials and methods

Poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PED-
OT:PSS or P:P) (Clevios PH 1000, Heraeus), dodecylbenzene
sulfonic acid (DBSA, Sigma-Aldrich), glycidoxypropyl-trim-
ethoxysilane (GOPS, Sigma-Aldrich), and MXene (TizC,T,) were
utilized for scaffold fabrication. Tetracycline hydrochloride
(HiMedia) was incorporated into the scaffolds for drug release
studies, with Dulbecco’s phosphate-buffered saline (DPBS,
Gibco) serving as the release medium. All reagents were used
as received without further purification. The fabrication and
characterization processes were performed using various ana-
lytical instruments. Scaffold structures were prepared using an
SP Virtis Advantage Pro freeze dryer. Drug release and bacterial
studies were conducted by analyzing the absorbance at 270 nm
and 600 nm, respectively, using an Infinite M200 Pro UV-Vis
plate reader. Weight measurements were recorded using a Kern
ABS 220-4N analytical balance, while electrical characterization
of the scaffolds was carried out with an Ossila four-point probe.
Morphological analysis and bacterial adhesion studies were
performed using scanning electron microscopy (SEM), employ-
ing a Quanta 250 FEG and a Phenom XL Desktop SEM. The
latter was also used for elemental analysis to facilitate material
identification. EIS measurements were performed using a
Palmsens 4 potentiostat. ES was conducted using a dual-
channel arbitrary function generator (GW Instek, MFG-
2260MRA).

2.2. MXene preparation

Ti;C,T, MXene was synthesized from Tiz;C,Al MAX phase
(<40 pm) using a minimally intensive layer delamination
(MILD) method. Selective aluminium removal was achieved
via in situ*® lithium fluoride etching. A solution was prepared
by dissolving 1.6 g of LiF in 20 mL of 9 M hydrochloric acid
(HCI), followed by the gradual addition of 1 g of MAX phase
powder. The mixture was stirred for 24 hours at room tempera-
ture to facilitate etching. The resulting dispersion was washed
multiple times with deionized water and centrifuged at 3500
rpm for 6 minutes per cycle until the pH exceeded 6, yielding a
dark green colloidal suspension of single- or few-layer TizC,T,
flakes. The purified MXene was stored at —80 °C, while the
unetched MAX residue was discarded. MXene concentration
was determined via vacuum filtration, yielding 8.32 mg mL™".
The suspension was subsequently diluted with autoclaved
double-distilled water (18 MQ) to obtain a 2 mg mL™" solution,
with a final concentration of 1 mg mL™" used in this study.

2.3. Fabrication of drug-loaded scaffolds

P:P/MXene composite solutions were freeze-dried to achieve a
porous structure. Specifically, a 10 mL solution of P:P
was sonicated for 10 minutes, then 0.05 g of DBSA was added,
with an additional 5-minute sonication. To enhance scaffold
stability, 0.3 g of GOPS was incorporated, and the solution
was sonicated for another 5 minutes before undergoing mag-
netic stirring for 30 minutes to ensure uniform dispersion.

This journal is © The Royal Society of Chemistry 2025
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A 1% (w/v) MXene dispersion was mixed with P:P in varying
ratios to produce scaffolds with different compositions. Each
well of a 48-well plate was filled with 500 pL of the composite
solution in P:P/MXene ratios of 3:1, 2:1, 1:1, 1:2, and 1:3,
along with a control group consisting of P:P-only scaffolds
(P:P). TCH was incorporated into the scaffolds by adding 50 uL
of a 50 mg mL~' TCH solution to each well, resulting in a final
TCH concentration of 0.5% (w/v). The 48-well plate was then
freeze-dried to produce porous scaffolds, which were subse-
quently baked at 80 °C for 5 hours. The dried scaffolds were
sliced for further analysis.

2.4. Electrical and electrochemical characterization

The electrical properties of the scaffolds were measured using a
four-point probe conductivity method. The resistivity (p) of the
scaffolds was calculated using the equation:

p= ZES; [Qem™'] 1)

where S is the probe spacing, V is the measured voltage, and I is
the applied current. For these measurements, cylindrical scaf-
fold samples were prepared (8 mm diameter, 600 um thick-
ness), and measurements were repeated on three different
scaffolds for each composition to ensure reproducibility. EIS
was also performed to analyze the impedance behavior of the
scaffolds. These measurements provided insights into their
electrochemical properties, both with and without TCH load-
ing, facilitating a deeper understanding of the scaffolds’ con-
ductive and capacitive characteristics.

2.5. Cumulative drug release

The cumulative drug release was evaluated by monitoring TCH
diffusion into PBS at 37 °C under gentle agitation. Each scaffold
was incubated in 2 mL buffer, with 100 uL samples withdrawn
at specific time points and replaced with fresh buffer. All
measurements were performed in triplicate for reproducibility.

The concentration of TCH in each sample was determined
using UV-Vis spectroscopy (270 nm), based on the linear
calibration equation:

Crcn (ug mL™ ") = (slope x absorbance) + intercept

(2)

To account for the sampled volume replacement, the cumu-
lative drug release (%) was calculated using:

Vs (mL)

Cumulative release (%) = Vo (V)
b

X P+ P, (3)
where V; is the sample volume (0.1 mL), V;, is the total bath
volume 2 mL, P is the percentage released at the current time,
and P,_, is the previous cumulative release percentage.

2.6. Swelling studies

The swelling behavior of the P: P/MXene scaffolds was assessed
by measuring weight changes at specified time points following
immersion in water. All experiments were conducted in tripli-
cate, and results are reported as the mean =+ standard error (SE)

This journal is © The Royal Society of Chemistry 2025
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from three samples, each maintained in separate containers.
Initially, the dry weight of each scaffold (W) was recorded. The
scaffolds were then placed in well plates, fully immersed in
water, sealed, and stored at room temperature for the duration
of the test. Liquid uptake, or swelling, was assessed by weighing
the scaffolds at 24-hour intervals. Each sample was carefully
removed, gently blotted with filter paper to remove excess
surface water, and weighed to determine the wet weight (W,).
The swelling ratio was calculated using the following formula:

Wy — Wy

Swelling ratio (%) = W
d

x 100 (4)

A graph was generated to show the change in the swelling
index over time based on the average values obtained.
This procedure allowed for the quantitative evaluation of scaf-
fold liquid uptake and structural stability under aqueous
conditions.

2.7. Bacterial growth conditions

E. coli (ATCC 25922), P. aeruginosa (ATCC 15692), and S. aureus
(ATCC 12600) were revived from a glycerol stock by streaking
onto an LB agar plate and incubating at 37 °C for 24 h. Single
colonies were then picked up and inoculated into LB broth and
incubated in a shaker incubator at 120 rpm and 37 °C for 24 h.
After incubation, the optical density (OD) of the bacterial
culture representing its growth was measured at a wavelength
of 600 nm (ODgoy) using a plate reader. The culture was
subsequently diluted with fresh LB broth to an ODgyo of 0.2,
representing the exponential growth phase, making it ready for
further experiments. It should be noted that TCH primarily
exhibits absorbance peaks at wavelengths below 400 nm, with
negligible absorbance at 600 nm; therefore, it does not interfere
with ODgoo measurements. Thus, the recorded values reliably
reflect bacterial density, independent of the presence of the
TCH.”

2.8. Antibacterial studies

The antibacterial efficacy of the scaffolds was evaluated using
three complementary approaches to comprehensively assess
their activity against bacterial strains. In the first method,
identical scaffold slices were incubated in 2 mL of buffer at
37 °C, and 100 pL samples were collected at predetermined
time intervals. These buffer samples, containing the TCH
released from the scaffolds, were mixed with bacterial suspen-
sions of P. aeruginosa and E. coli and incubated further for 4 h
and 16 h, with bacterial growth monitored by measuring ODg,.
This method was used to assess the indirect antibacterial effect
of drug release. In the second approach, the scaffold slices were
directly immersed in bacterial media containing E. coli,
P. aeruginosa, and S. aureus, and incubated at 37 °C for
24 hours. After incubation, scaffolds were fixed in 2% glutar-
aldehyde, dehydrated using graded ethanol solutions, and
examined via SEM to evaluate bacterial adhesion and morphol-
ogy, alongside corresponding ODgo, measurements of the
media to assess bacterial growth. In the third approach to
quantitatively assess antibacterial activity, a colony forming
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unit (CFU) assay was performed after 24 hours of incubation. A
bacterial suspension was collected from each scaffold composi-
tion and serially diluted in PBS. For P. aeruginosa and E. coli, six
1:10 serial dilutions were performed (final dilution 10~°),
while for S. aureus, four 1:10 dilutions were used (final
dilution 10™*). Then, 40 uL was spread on LB agar plate and
incubated at 37 °C for 24 hours. Colonies were then counted,
and CFU mL " was calculated using the following formula:

CFU mL™" = (number of colonies x dilution factor)/volume
plated (in mL) (5)

2.9. Electrochemical impedance spectroscopy measurements

EIS was employed to monitor bacterial growth and scaffold-
electrolyte interfacial changes in real time. A custom-made
three-electrode platform was developed to enable consistent
scaffold positioning and measurement reproducibility. Pat-
terned gold electrodes were cut to serve as the working elec-
trode (WE), making lateral contact with the conductive
scaffolds. Each scaffold was held in place using a 3D-printed
holder slotted into a standard 6-well plate, interfaced with a
transparent insert to ensure immersion and electrical connec-
tion. A stainless-steel mesh was used as the counter electrode
(CE), and an Ag/AgCl electrode as the reference electrode (RE).
Two interchangeable lids were used: a sterile lid for incubation
and a measurement lid with ports for electrode insertion. All
components were sterilized between uses. Impedance spectra
were recorded using a potentiostat over a frequency range of 0.1
Hz to 100 kHz, applying a 10 mV AC perturbation at open
circuit potential. Measurements were performed at five time
points (0 h, 2 h, 4 h, 8 h, and 16 h) during incubation at 37 °C.
Three scaffold compositions were tested: pristine P:P,
P:P/MXene (1:1), and P:P/MXene (1:3). For each composi-
tion, three experimental conditions were evaluated: (i) scaffolds
in LB broth without bacteria but with TCH, (ii) scaffolds in
E. coli-inoculated LB broth without TCH, and (iii) scaffolds in
E. coli-inoculated LB broth containing TCH. E. coli cultures
were diluted in fresh LB medium to a final ODg, of 0.2, and
5 ml was added to each well. This matrix design enabled
systematic evaluation of the effects of scaffold composition,
drug loading, and bacterial colonization on the impedance
response. Changes in impedance over time provided quantita-
tive data on bacterial interaction with the scaffold surface,
complementing ODgoo measurements and SEM imaging.

2.10. Electrical stimulation experiments

Electrically triggered drug release experiments were conducted
using various TCH-loaded scaffolds. The experimental setup
involved a custom-designed well plate platform. In each well
plate, two wells were connected to a DC-stimulator (waveform
generator), while the third served as an unstimulated control.
The system employed a two-electrode configuration, with the
scaffold (interfaced with a gold electrode) serving as working
electrode and a stainless-steel mesh as the counter electrode,
both fully immersed in PBS (or medium). Three stimulation
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conditions were tested: (i) positive stimulation (+0.8 V, scaffold
as anode), (ii) negative stimulation (—0.8 V, scaffold as cath-
ode), and (iii) neutral control (no stimulation). The square
pulse frequency of the signal was 0.5 Hz. Scaffold formulations
tested involved pristine P:P, and P:P/MXene composites at
1:1and 1:3. For each condition, triplicate samples (N = 3) were
prepared. At predefined time-points (5, 15, 30 min; 1, 2, 4, 8,
and 16 h), 200 puL of the supernatant was collected from each
well. TCH release was measured using UV-Vis spectroscopy at
270 nm, and cumulative release was calculated as a percentage
of the total drug content loaded in each scaffold.

3. Results and discussion

3.1. Scaffold characterization

Fig. 1a illustrates the chemical structures of the scaffold
components and the key molecular interactions between P: P,
MXene, and TCH. We hypothesize that these involve hydrogen
bonding that can be formed between hydroxyl, amine, and
carbonyl groups of TCH and the -OH and -F groups of MXene,
as well as with the -SO;™ groups of P:P. In addition, electro-
static interactions can arise between the negatively charged
sulfonate groups of PSS and the positively charged amine
groups of TCH. Other intermolecular interactions may also be
involved, such as coordination bonds and n-r interactions.

Fig. 1b illustrates the step-by-step processing of the scaf-
folds, beginning with the preparation of the P:P solution and
its mixing with MXene at different volume ratios (ranging from
3:1 to 1:3). Subsequently, TCH is introduced into the compo-
site mixture, ensuring uniform dispersion. Upon proper inter-
mixing, the resulting solution undergoes a freeze-drying
process, removing the water content through ice-sublimation,
resulting in a porous scaffold architecture like previously
reported P:P-based scaffolds.>'®*°*> A detailed schematic
of the fabrication process is also shown in Fig. S1. To ensure
reproducibility, the resulting scaffolds are sliced into identical,
uniform, thin sections. This format allows for improved hand-
ling and enables more precise control over the bacterial/cell
seeding process by promoting uniform distribution and pene-
tration across the scaffold surface>*® (see Fig. S2).

The photographic images in Fig. 1c illustrate the visual
changes in color of the various scaffolds, clearly transitioning
from bright green to black as the MXene content increases. The
corresponding SEM images reveal the morphological character-
istics of the composite scaffolds, displaying a 3D network of
interconnected macroscale pores distributed throughout the
sample. The images highlight variations in pore size and
morphology across the different ratio conditions, demonstrat-
ing a trend of increased pore size with higher MXene, content
from 157.5 4+ 42.2 pm in 1:3 to 266.1 + 54.8 um (see also
Fig. S3, S4 and Table S1). This can be attributed to the
increased water content upon the addition of MXene solution
to the P:P mixture, which in turn leads to the formation of
larger ice crystals during the freeze-drying process. As a result,
the sublimation of these larger ice crystals leads to an enlarged

This journal is © The Royal Society of Chemistry 2025
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pore structure within the scaffold. As shown in Fig. 1d,
the introduction of MXene in the P: P phase introduces nano-
textured domains, which become more pronounced as the
MXene content increases (see Fig. S5). At the same time,
the scaffold morphology exhibits noticeable changes upon the
incorporation of TCH, with distinct granular formations onto
the pores’ surface, as highlighted in the same figure (see also
Fig. S6). These morphological modifications suggest a tunable
scaffold architecture that may determine several properties and

This journal is © The Royal Society of Chemistry 2025

functionalities, including drug-loading capability, bioactivity,
and electrochemical performance.

The elemental composition of the scaffolds is analyzed
using EDX, as shown in the histogram of Fig. le. Titanium
(Ti), a signature element in MXene, is detected in all composite
scaffolds, with its presence increasing proportionally to the
MXene content. Furthermore, the presence of chlorine (Cl),
which corresponds mainly to the TCH, further validates the
incorporation of the drug within the scaffolds. Interestingly,
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the Cl signal appears to intensify with increasing MXene
content, even though the same amount of TCH is used in all
conditions. This indirectly confirms TCH’s tendency to bind to
MXene through electrostatic interactions and hydrogen bond-
ing, owing to the abundant functional groups present in both
components. Such intermolecular interactions may enhance
TCH retention on and within the scaffold and can play a critical
role in modulating the release kinetics.

3.2. Conductivity and electrochemical properties of scaffolds

The electrical properties of the scaffolds are evaluated using
four-probe measurements to understand the influence of
MXene and TCH loading on the conductivity of the scaffolds.
Fig. 2a presents a comparative histogram with the sheet resis-
tance values of the various P:P/MXene scaffolds, with and
without TCH. The measured data reveal a significant increase
in sheet resistance, from 0.32 (£0.06) kQ sq~" in 3:1 to 10.8
(0.18) kQ sq " in 1:3, upon TCH loading. This rather odd
effect is likely due to the disruption of the conductive polymer
network caused by TCH, which compromises charge transport
efficiency. Specifically, the pronounced binding of TCH at
higher MXene ratios may introduce more insulating domains
within the bulk of the scaffold, further decreasing their elec-
trical conductivity (see Fig. S7). Notably, even without the
incorporation of TCH, the scaffolds exhibit a progressive
decline in their conductivity with increasing MXene content.
While the MXene alone can provide highly conducting nano-
domains, the charge transfer properties are predominantly
dependent on the P:P network. We hypothesize that mixing
the P: P solution with the MXene solution at high ratios (i.e.,
1:2 or 1:3) leads to dilution of the conducting P:P phase,
thereby affecting the electronic properties of the resulting
composite. Furthermore, raising the water content in the
mixture impacts both the pore size and scaffold architecture,
which can subsequently affect the charge percolation pathways.

A custom-built three-electrode electrochemical cell is used
to investigate further the impact of MXene and drug loading on
the electrochemical properties of the scaffolds. As shown in the
EIS Bode plot of Fig. 2b, the scaffolds with higher MXene
content steadily increase the overall complex impedance mag-
nitude (|Z]). Specifically, at high frequencies, the observed
increase in (|Z|) reflects alterations in the ohmic (resistive)
regime at the electrode/electrolyte interface, which can be
attributed to structural rearrangements introduced by the
TCH and MXene, as explained above. At mid-to-low frequen-
cies, the lower P:P ratios show a major increase in the
impedance magnitude, associated with changes in their capa-
citance. In addition, ion diffusion limitation may contribute to
this effect as MXene (and TCH) may introduce barriers hinder-
ing ion transport. The Bode phase plot Fig. 2c, further supports
these observations, showing a peak shift to lower frequencies
with increasing MXene content. Additionally, the increase in
phase values with the MXene ratio suggests a transition toward
a capacitive behavior, possibly due to surface polarization
effects caused by changes in the surface area of the porous
electrodes.
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Fig. 2 (a) Sheet resistance of scaffolds with varying P: P to MXene ratios,
measured for three different scaffold slices per condition, with and without
TCH. The inset shows the four-point measurement mode and the dimen-
sional characteristics of the tested scaffolds. (b) EIS Bode magnitude and
(c) phase spectra of the TCH-loaded scaffolds measured in PBS using a
three-electrode electrochemical cell.

3.3. Drug release kinetics and antibacterial activity

To evaluate the release profile of TCH from the composite
scaffolds, absorbance measurements have been performed to
determine the cumulative percentage drug (CPD) release over
time. As illustrated in Fig. 3a, the scaffolds are initially sec-
tioned into uniform, identical slices, which are then immersed
in PBS solution, allowing for the release of TCH. The absor-
bance of the solution was measured in the 260-360 nm range,
with two prominent peaks recorded at ~270 nm and ~ 350 nm,
corresponding to a strong characteristic 1 — n* transition
within the aromatic structures of TCH. The results reveal the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Schematic shows the experimental route for the evaluation of

the TCH release effect on bacterial growth: (I) TCH release from the TCH-
loaded scaffolds in a buffer solution (PBS), (ll) seeding bacteria into the
released buffer and measure the bacterial growth over time. (b) Graph
shows the cumulative TCH release profiles for the various scaffolds over
time (N = 3). Heatmap plots showing antibacterial efficacy of the TCH-
released solutions, determined by the extent of bacterial growth measured
via ODgpo, at different time intervals (from 5 min to 32 h) against E. coli and
P. aeruginosa exposed for (c and d) 4 h and (e and f) 16 h, respectively.

release profile of TCH over time for each scaffold composition,
demonstrating a biphasic release pattern (see Fig. 3b). Specifi-
cally, during the first 4 h, a burst release is observed for all the
scaffolds, followed by a transition reaching a plateau at approxi-
mately 8 h. This initial burst release can be attributed to the
rapid diffusion of TCH molecules that are adsorbed or loosely
bound on the surface of the scaffolds. These molecules are
readily accessible and dissolve quickly upon exposure to the
release medium, resulting in a sharp increase in drug release.
Notably, the initial release is more pronounced in the compo-
site scaffolds and is found to increase with higher MXene
content within the first hour (see inset of Fig. 3b), indicating
a strong influence of MXene loading on the release kinetics.

This journal is © The Royal Society of Chemistry 2025
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The high surface area, hydrophilicity, and layered nanostruc-
ture of MXenes can facilitate the adsorption of TCH molecules
on the surface, which can be quickly released upon hydration.
Furthermore, the plateau observed after the burst release phase
indicates that the readily available TCH has been depleted, and
the ongoing release process now mainly relies on TCH mole-
cules embedded and/or strongly bound in the bulk of the
scaffold. In such a case, the porosity and the swelling behavior
of the scaffolds dictate their hydration and medium penetra-
tion, determining the overall TCH release. Specifically, an
inverse trend emerges, with the higher MXene content scaffolds
exhibiting a reduced CPD release. For example, while the 1:3
ratio is found to exhibit a higher release during the first hour,
its maximum TCH release reached only 40.5 + 4.8% after
16 hours. On the contrary, the pristine (P: P) scaffolds show a
higher release value of 78.1 + 3.6% after the same time. This
observation is consistent with the swelling measurements of
Fig. S8, which show a clear decrease in scaffold swelling
capability with increasing MXene, supporting the correlation
between reduced swelling and limited drug diffusion at later
timepoints.

The antibacterial efficacy of the TCH-loaded scaffolds is
assessed by introducing the corresponding released TCH solu-
tions into bacterial cultures of E. coli and P. aeruginosa. Fig. 3¢
and d show the heatmap plots with the antibacterial efficacy of
the TCH-released solutions against E. coli and P. aeruginosa
after 4 h of exposure. The heatmaps reflect the extent of
bacterial growth inhibition, as determined by ODgqc measure-
ments, across various release time intervals (5 min to 32 h). For
E. coli, during the initial phase (5 min to 1 h), all scaffolds show
relatively similar antibacterial effects; however, scaffolds with
higher MXene content demonstrated slightly better inhibition
of bacterial growth compared to the other compositions. This
suggests a more immediate antibacterial effect in scaffolds with
higher MXene content, likely due to their pronounced TCH
burst release, as shown previously. By the 2-hour mark and
afterwards, all scaffolds, including the pristine ones (P:P),
exhibited similar antibacterial activity, with reduced bacterial
growth across all ratios. The P: P scaffold, in fact, demonstrated
comparable inhibition with the MXene-rich scaffolds during
this time, consistent with their TCH release profile. For
P. aeruginosa, the effects of TCH release are more distinct, with
higher MXene content scaffolds demonstrating enhanced anti-
bacterial activity. The trends differ slightly from those observed
with E. coli, as the 1:3 scaffold exhibits more pronounced
antibacterial activity from the onset. Fig. 3e and f show the
antibacterial effect of the TCH-released solutions after 16 h of
exposure for both bacterial strains. In the case of E. coli,
scaffolds with higher MXene content, particularly the 1:3,
1:2, and 1:1 composition, exhibited lower levels of bacterial
growth beyond the 2-hour timepoint, suggesting more efficient
antibacterial activity. In contrast, scaffolds with lower MXene
content and the P:P displayed diminished efficacy over time,
likely due to the depletion of TCH. A similar trend is observed
for P. aeruginosa, with 1:3 scaffold demonstrating the most
effective antibacterial activity, followed by the 1:2 composition.
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These findings underscore the enhanced performance of the
1:3 scaffold in delivering immediate antibacterial activity
against the two Gram-negative bacterial strains.

3.4. Direct antibacterial activity of the scaffolds

The inherent antibacterial activity of the scaffolds is further
evaluated against both Gram-negative bacteria (E. coli and P.
aeruginosa) and Gram-positive bacteria (S. aureus). Specifically,
TCH-loaded scaffolds are placed in bacterial media containing
the various bacterial strains and then incubated for 24 hours at
37 °C in LB broth (see Fig. 4a). The antibacterial activity is
initially quantified by measuring the corresponding ODg, of
the immersed scaffolds (Fig. 4b), along with the CFU mL ™"
values (see Fig. S9). Subsequently, SEM imaging is performed

Add TCH-loaded scaffolds of
different composites into media
containing different bacteria

24h, 37°C
LB Broth

Incubate Bacteria and monitor
growth by ODgyy absorbance and SEM

View Article Online
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on the same scaffolds, as shown in Fig. 4c-e. The ODggo
measurements and CFU mL ™" reveal that bacterial growth
decreases with increasing MXene concentration. Specifically,
the P:P scaffold is found to give the highest ODgoo values,
indicating the least inherent antibacterial efficacy. In contrast,
the 1:3 scaffold composition demonstrates the lowest ODggo
and CFU mL ™" values, confirming its superior antibacterial
activity. The corresponding SEM imaging of the scaffolds
further confirms these findings. As shown in Fig. 4c, the P:P
scaffold shows extensive bacterial colonization of E. coli, with
numerous bacteria adhering to the porous surface of the
scaffold. With MXene concentration increasing, bacterial adhe-
sion is found to decrease, and cell morphology deteriorates,
indicating membrane disruption and bacterial lysis. Similar

b

[ P.aeruginosa
12 B E.coli
[ S.aureus

PP 31 21 11 1:2 1:3 Control

20 um

P. aeruginosa

S. aureus

P:P 3:1 2:1

Scaffold Composition (P:P/MXene)

: 1:3

Fig. 4 Direct antibacterial activity of P: P/MXene scaffolds. (a) Schematic illustration of the experimental process for the study of the direct antibacterial
activity of the scaffolds against various bacterial strains (E. coli, P. aeruginosa, and S. aureus) in bacterial media. (b) Bar graph showing the corresponding
ODgoo values after 24 hours, indicating bacterial growth in media containing the scaffolds with varying P: P to MXene ratios. SEM images of (c) E. coli,
(d) P. aeruginosa, and (e) S. aureus colonies on the various scaffolds after 24 h of incubation.
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findings are found in the case of P. aeruginosa and S. aureus, as
shown in Fig. 4d and e. Notably, while S. aureus displays
relatively low ODgg, values, the corresponding SEM images
reveal a pronounced surface adhesion, particularly on P:P-
rich scaffolds. This outcome is consistent with literature
reports that S. aureus has a strong tendency to adhere to
surfaces and rapidly form biofilms, rather than remaining in
planktonic form.***> As a result, fewer bacteria remain in the
surrounding medium, leading to relatively lower ODgqo values
despite significant bacterial colonization on the scaffold.

While the released or surface-adhered TCH is expected to
play a significant role in the antibacterial activity of the scaf-
folds, the intrinsic antimicrobial properties of MXene may also
contribute to the observed effects. To investigate this, we have
also conducted bacterial culture experiments using unloaded
(no-TCH) scaffolds. As shown in Fig. S10, SEM images of P: P,
1:1, and 1:3 scaffolds cultured for 24 hours with E. coli, P.
aeruginosa, and S. aureus reveal distinct differences in bacterial
colonization. As expected, the P:P scaffold exhibits the lowest
antibacterial activity, with extensive bacterial growth covering
the scaffold surface across all strains. In contrast, scaffolds
containing MXene demonstrate a marked reduction in bacter-
ial presence, though the extent varied depending on the bacter-
ial strain, likely due to differences in adhesion mechanisms
and strain-specific susceptibility. These findings confirm that
MXene itself imparts direct antibacterial effects and plays an
active role in enhancing the surface antimicrobial properties of
the composite scaffolds.

3.5. EIS monitoring of bacterial growth

EIS is a versatile technique that can monitor changes at the
cell-electrode interface, providing information on prolifera-
tion, adhesion, and functional responses. Its non-destructive
and real-time nature makes it particularly valuable for dynamic
monitoring of biological processes.’>**¢4” Building on this,
we adapt EIS characterization to evaluate bacterial interactions,
specifically with E. coli within the studied scaffolds, whilst
using their inherent electrically conducting nature. A custom-
made three-electrode electrochemical setup is employed, as
shown in Fig. 5a, enabling in situ, real-time monitoring of
bacterial proliferation by correlating changes in the impedance
magnitude. The scaffold acts as the working electrode (WE)
through lateral gold contact, while a stainless-steel mesh and
an Ag/AgCl electrode were used as the counter (CE) and
reference (RE) electrodes, respectively. For comparison, EIS
measurements have been conducted in three systems, P:P,
P:P/MXene 1:1, and 1: 3, with data collected at different time
points. Fig. 5b shows the evolution of the EIS Bode plots over a
16 h period, highlighting changes in impedance behavior. Both
the P: P and 1:1 scaffolds exhibit a noticeable increase in the
overall impedance magnitude across the frequency spectrum,
with the most prominent changes occurring in the low- to mid-
frequency regimes, associated with interfacial processes such
as bacterial adhesion and proliferation. In contrast, the 1:3
scaffold displays a remarkably stable impedance profile at both
early and extended timepoints, indicating minimal bacterial

This journal is © The Royal Society of Chemistry 2025
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attachment. This electrochemical response is consistent with
the previous observations, confirming the role of MXene in
suppressing bacterial attachment and growth. These properties
are assessed by tracking changes in the characteristic resis-
tance, denoted as Ry},, which reflects the overall resistance of the
electrode (scaffold and bacteria/biofilm formation). This is
extracted by fitting the Nyquist plots using a simplified Randle
circuit model (see Fig. 5¢), consisting of the solution resistance
(Rs), the scaffold-biofilm mixed resistance (R}), and a constant
phase element (CPE) to account for a non-ideal capacitor. The
comparative Nyquist plots at 0 h and 16 h, along with the
corresponding fitted data, display a characteristic semicircular
arc whose diameter directly correlates with the R}, resistance at
the electrode-electrolyte interface. An increase in this semicir-
cle diameter over time corresponds to greater resistance, asso-
ciated with bacterial proliferation. Specifically, the P: P scaffold
shows an increase in R}, from 61.6 Q to 176.4 Q, while the 1:1
scaffold exhibits a rise from 305.9 Q to 501.7 Q. These changes
indicate significant bacterial attachment and growth on the
scaffold surfaces over the 16-hour period. In contrast, the 1:3
scaffold exhibits minimal changes, with the values decreasing
from 14.9 kQ to 14.2 kQ and an incomplete semicircle, suggest-
ing a relatively stable electrochemical behavior and no signifi-
cant bacterial growth. This response aligns well with the ODggo
measurements and the SEM imaging.

Furthermore, the evolution of the cumulative percentage
change in R}, for both non-TCH and TCH-loaded scaffolds is
shown in Fig. 5d, indicating the effectiveness of TCH-loaded
scaffolds in suppressing bacterial growth. Specifically, a pro-
nounced difference is observed at the 16-hour time point,
where TCH-loaded scaffolds show a significantly lower increase
in R, compared to their non-loaded counterparts, indicating
effective suppression of bacterial growth. Furthermore, within
the TCH-loaded group, MXene-based scaffolds exhibit a notably
smaller change in R;, compared to the pristine P:P scaffolds,
suggesting enhanced antibacterial performance.

It is worth mentioning that each bacterial strain is expected
to have a distinct EIS profile, determined by factors such as
adhesion, growth dynamics, and secretion behaviour. For
example, the production of extracellular polymeric substances
can affect how a strain interacts with the scaffold surface and
the surrounding electrolyte. Strains that rapidly adhere and
form dense biofilms may have a tendency to increase interfacial
resistance and capacitive behaviour more prominently due to
the insulating nature of the biofilm layer. In contrast, less
adherent or slower-growing bacteria, such as E. coli under
certain conditions, may exhibit a delayed or weaker EIS
response. In this regard, our platform offers a unique oppor-
tunity to identify various bacteria-associated EIS signature
profiles.

3.6. Drug release control through electrical stimulation

To assess the electro-responsiveness of the scaffolds and their
capability to electrically trigger drug release, P: P/MXene scaf-
folds have been subjected to pulsed-DC electrical stimulation
in PBS over 16 hours (see Fig. 6a). The CPD profiles under
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Fig. 5 (a) Device components for measuring scaffold-based electrodes. (i) Au base electrode, (i) insert holder, (iii) counter mesh electrode, (iv) well plate
insert with gold electrode and scaffold, (v) counter mesh electrode integrated in the lid, (vi) insert integration in the well, (vi) complete assembly,
(viii) photo of the bioelectronic setup during bacterial measurements. The schematic shows the 3-electrode EIS configuration used in this work. (b) Bode
plot spectra curves at different time points and conditions for pristine (P:P), 1:1, and 1: 3 TCH-loaded scaffolds. Insets show the corresponding photos of
the wells after 16 h of scaffold in the bacterial (E. coli) medium. (c) Nyquist plots and corresponding curve fitting for the EIS measurements of the
scaffolds, at 0 h and at 16 h. The schematic shows the equivalent circuit model used for the fitting and estimation of the impedance parameters (R, CPE),
as well as the geometry of the scaffold WE. (d) Graph showing the cumulative % change in the fit-estimated resistance (R,,) over time for both the non-
TCH (empty symbol) and TCH-loaded scaffolds (filled symbol).

positive, negative, and no-stimulation conditions are shown in  enters a reduced state wherein electrons are injected into the
Fig. 6b-d for three scaffold compositions: P:P, 1:1, and 1:3, P:P backbone. To maintain charge neutrality, cations from the
respectively. electrolyte are introduced into the polymer, compensating

Scaffolds stimulated with a negative voltage (-0.8 V) are for the increased negative charge. This cation uptake
found to consistently exhibit the highest CPD of TCH. A further promotes swelling of the scaffold and induces confor-
possible explanation is that under negative bias, the polymer mational changes within the polymer matrix, which cause pore
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(a) Schematic illustration of the electrical stimulation setup. Scaffolds are placed in a well plate platform. Two of the wells are connected to a

pulse generator to apply +0.8 V or —0.8 V square wave pulses. A Au electrode in contact with the scaffold functions as the working electrode, acting as
the anode (at +0.8 V) or the cathode (at —0.8 V), while a metal mesh positioned opposite serves as the counter electrode. The third well serves as a
neutral control with no stimulation (NS) applied. (b) Cumulative % TCH release profiles of P: P, and P : P/Mxene scaffolds with ratios of (c) 1:1, and (d) 1: 3

over time under negative (—0.8 V), positive (+0.8 V), and NS conditions.

expansion or disruption of non-covalent interactions, thereby
enhancing TCH release. This is consistent with previous reports
demonstrating the effects of redox alterations on morpho-
structural properties of P:P.*® Notably, this effect is substan-
tially lower in the MXene-based scaffolds, with the 1: 3 scaffold
showing the smallest response. This is most likely due to
alterations in the redox activity of the composite scaffolds
and shielding effects caused by the presence of rigid MXene
domains, restricting the pore opening and the subsequent TCH
release. Notably, in the case of positive pulsed stimulation
(+0.8 V), in the oxidation state, a relative increase versus the
no-stimulation condition is observed only in the case of P:P,
while it is found to suppress or not affect the release in the
MXene-based scaffolds.

While further studies are required to fully investigate the
effect of electrostimulation on drug release, our findings high-
light the potential of P: P/MXene scaffolds as a controlled and
on-demand drug delivery system.

4. Conclusions

This study presents the development of multifunctional P: P/
MXene composite scaffolds designed for infection-responsive
drug delivery applications. By combining the electrical conduc-
tivity of P:P with the structural and intrinsic antibacterial
properties of MXene, we engineered a 3D bioactive platform
capable of antibiotic release, bacterial inhibition, real-time
electrochemical monitoring, and electrically triggered drug
release. This combination effectively restricts bacterial adhe-
sion and early proliferation, while the sustained release of TCH
further inhibits biofilm formation.

Antibacterial assays confirmed superior efficacy against both
Gram-negative and Gram-positive bacteria, attributed to the
synergistic effects of TCH release and MXene’s inherent anti-
microbial activity. Moreover, in situ impedance-based sensing
was found to provide a non-invasive and real-time approach
for monitoring bacterial growth. Finally, we explored the use
of electrical stimulation to trigger on-demand drug release,
providing an extra layer of control over therapeutic delivery.
Future studies will focus on in vivo validation, long-term

This journal is © The Royal Society of Chemistry 2025

biocompatibility, and optimization of electrical stimulation
protocols to support clinical translation.
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