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Spatiotemporal controlled drug delivery minimizes side-effects and enables therapies that require
specific dosing patterns. Conjugated polymers (CP) can be used for electrically controlled drug delivery;
however so far, most demonstrations were limited to molecules up to 500 Da. Larger molecules could
be incorporated only during the CP polymerization and thus limited to a single delivery. This work
harnesses the record volume changes of a glycolated polythiophene p(g3T2) for controlled drug
delivery. p(g3T2) undergoes reversible volumetric changes of up to 300% during electrochemical
doping, forming pores in the nm-size range, resulting in a conducting hydrogel. p(g3T2)-coated 3D
carbon sponges enable controlled loading and release of molecules spanning molecular weights of
800-6000 Da, from simple dyes up to the hormone insulin. Molecules are loaded as a combination of
electrostatic interactions with the charged polymer backbone and physical entrapment in the porous
matrix. Smaller molecules leak out of the polymer while larger ones could not be loaded effectively.
Finally, this work shows the temporally patterned release of molecules with molecular weight of 1300
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Introduction

Precision medicine envisages the development of miniaturized
drug delivery tools that overcome the limitations of systemic
administration enabling targeted and even personalized
therapy. In conventional drug delivery systems, drugs are orally
administered or injected to the blood stream and usually a high
dose is required, as the drugs must cross various physiological
barriers before reaching the target tissue." If the drugs do not
have high specificity for the target tissue, they might cause side
effects, which becomes particularly relevant when these sub-
stances are toxic. Moreover, many diseases affecting high
percentages of population require a specific temporal pattern
of drug dosing, such as hormonal regulation, pain relief control
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Da and multiple reloading and release cycles without affecting the on/off ratio.

or chemotherapy (Table ST1, ESIt). However, conventional
system do not provide the required specific temporal pattern
for the drug dosing,”* All these reasons motivate the need for
local drug delivery, in a temporally and spatially controlled
manner.

To achieve on-demand release, stimuli responsive systems
can be used. Temperature, pH or chemical inputs have been
widely explored as triggers; however, these stimuli can occur
endogenously and therefore hinder high control. Exogenous
stimulus on the other hand, such as electric field, magnetic
field or light, are promising for highly controlled drug delivery,
as they do not interfere with physiological inputs. Electrical
stimulation is particularly attractive as it can be easily applied
with miniaturized, wearable controllers and can be coupled to
sensors for close loop, feedback regulated therapy.' Electric
field-responsive bio-derived hydrogels, such as chitosan, agar-
ose or xanthan gum, have been extensively used for releasing
various molecules, drugs, and proteins.” However, they usually
require high operation voltages, far above clinically acceptable
values.® Conjugated polymers (CP) overcome this limitation, as
their properties can change electrochemically with low applied
voltage (+1 V). CP are organic macromolecules, characterized
by a conjugated backbone of alternating single and double
bonds, which allows for the formation of overlapping p-orbitals
and delocalized m-electrons. The presence of such electrons
results in good electronic conduction. Additionally, CPs are
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mostly biocompatible, and they can be easily processed
and integrated into microfabricated circuitry for close loop
systems.” Drug delivery via CPs is based on the electrochemical
doping mechanism. When a voltage is applied between the CP
and an electrolyte, electronic charges injected in the polymer
backbone are compensated by ions from the electrolyte that
migrate into the polymer matrix. This results in the increase of
the polymer volume due to the incorporation of ions and water
molecules as well as changes of polymer chains conformation.
When a de-doping potential is applied, charges are extracted
from the backbone resulting in the expulsion of the ions and
water and consequently volume contraction. The drug therefore
can be loaded in the polymer matrix as the dopant or simply by
physical entrapment due to the volume changes.

Depending on the polymer composition, the volumetric
change that can be achieved varies from a few to hundreds
percent, which consequently affects the loaded amount of drug.
Polypyrrole (PPY) and poly(3,4-ethylenedioxythiophene)poly-
styrene sulfonate (PEDOT:PSS) for example, showed a volu-
metric change up to 35%.%° 2D thin films resulted in good
electrical control of incorporated drugs, showing temporally
patterned release. However, this geometry usually enables
incorporating a non-clinically relevant drug amount,"'®"" limited
by the low volumetric expansion.'” Changing the geometry of the
device, ie., moving from a thin film to a 3D structure, and
engineering the micro and nanostructure of the active material
increases the charging capacity.”*> Yet, demonstrations so far

are mostly limited to drugs with a low molecular weight, up to
500 Da.>*28 Few reports show the potential of PPY and PEDOT for
releasing proteins, such as neutrophin-3 and brain derived growth
factors (13 and 30 kDa, respectively).>>* These drugs were
incorporated during the polymerization step and possible reload-
ing in situ was not possible.
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Recently, we demonstrated that a glycolated polythiophene
(p(g3T2)) converts from the solid phase to gel phase when it is
electrochemically oxidized.*>*® The glycolated side chains of
the polymer chelate and retain water, conferring to this mate-
rial a stable, soft hydrated gel state once doped. The intercala-
tion of water, together with ions, drives volumetric changes of
the bulk polymeric matrix, reaching more than 1000% expan-
sion during the first switching and a reversible volumetric
change of 300% in subsequent cycles.>® Molecular dynamics
suggested that the large volume change arises from the reorga-
nization of the polymer matrix that forms a porous network to
accommodate the water between the hydrophilic side chains,
still maintaining the charge percolation path. Indeed, the
polymer maintains the n-n stacking also after the pore for-
mation, which ensures a conductive network over the whole
extension of the sample. The pore dimension has been esti-
mated to be lower than tens of nanometres and it depends on
the oxidation level of the polymer. Additionally, the glycolated
side chains increase the stability of the polymer upon charging/
discharging cycling, as the polymer maintains its expansion
capacity over 300 cycles (ca. 5 hours continuously switched).**?”
While the p(g3T2) has been used as an active layer in tuneable
filters*® and in organic electrochemical transistors,*” it has not
been explored in drug delivery, despite the unique volumetric
expansion and the soft gel transition achieved upon electroche-
mical doping.

In this work, we harness the large volume changes of
p(g3T2) for controlled drug delivery. By coating carbon sponges
with p(g3T2) we developed a 3D active matrix that can be
loaded with anionic drugs during electrochemical doping and
released on-demand during de-doping. Controlled delivery can
be achieved for molecules in the 800-6000 Da range, whereas
smaller molecules leak out and larger ones cannot be loaded
effectively. Finally, we show that the polymer can be reloaded
multiple times without affecting the on/off ratio and that it is
possible to achieve temporally patterned release on demand.

Results and discussion

We hypothesize that drugs can be loaded in the p(g3T2)-coated
sponge during the oxidation cycle, when the material expands,
and be released during reduction, when the material contracts
(Fig. 1(A)). The loading capacity will be therefore correlated
with the amount of available polymer, so we coated substrates
with three different geometries with increasingly exposed area,
namely a carbon fibre, a metal mesh, and a glassy-carbon
sponge. As expected, the 3D geometry results in higher capaci-
tance in comparison with the 1D carbon fibre or the 2D mesh
(Fig. 1(B)). For all the measurements, we thus selected the 3D
sponge. We previously found that for p(g3T2) coated carbon
fibres, the volume reversibly changes by 300% in the [—0.2, 0.5]
V window for over 300 cycles, whereas in the [—0.5, —0.2] V
window no additional volume changes were observed.**"°
We therefore decided to use the same electrochemical window,
selecting 0.5 V as the loading potential and —0.2 V as the

This journal is © The Royal Society of Chemistry 2024
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) Schematic of the polymer doping/de-doping process in electrolytic environment. Left: Pristine state. Right: Doped state.
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voltammetry of different coated substrates, i.e., a carbon fibre (red line), a metal mesh (blue line) and a carbon sponge (violet line). (C) Representatlve
images of coated p(g3T2)-coated sponge in the pristine state (left figure), expanded state (central figure) and contracted state (right image). Scale bar:
500 pum. Dotted lines highlight the visible pores, which are closed and re-opened when expanding and contracting, respectively.

releasing potential. Indeed, we observe that at 0.5 V, the
polymer volume on the carbon sponge expands, which closes
the substrate pores, and at —0.2 V it contracts; however, it does
not recover the initial volume, in agreement with previous
studies®® (Fig. 1(C)). The same voltage responsive behaviour
was recorded on the entire sponge (Fig. S1, ESIT).

To investigate whether it is possible to load drugs during
the charging/expansion and release it on demand during the
discharging/contraction we selected the molecule methyl blue
(MB, 799 g mol "), for its anionic charge, water solubility, and
easy colorimetric readout. With microscopy, we qualitatively
evaluated the temporal release of the p(g3T2)-coated sponges in
two different conditions, namely leaking (no applied bias) and
active release (applying —0.2 V), for 10 minutes each (Fig. 2(A)).
The first frame during leaking shows that the sponge was
loaded with MB, as highlighted by the blue corona around
the sponge surface. The latter disappears after 10 minutes of
leaking, indicating that part of the loaded drug is not electro-
statically bound to the polymer backbone, and it diffuses away
from the sponge over time. Additionally, the sponge volume is
slightly reduced during the leaking, indicating that in the
absence of the doping potential, the polymer does not retain
completely the doped state. The first frame of the active release
shows the reappearance of the MB at the interface between the
p(g3T2)-coated sponge and the electrolyte. After 10 min of
active release, the surrounding electrolyte turns to dark blue,

This journal is © The Royal Society of Chemistry 2024

a clear indication that the MB is successfully released. This is in
contrast with the leaking phase where the electrolyte remained
clear and transparent, indicating that very little amount of MB
has leaked. The qualitative temporal evolution, evaluated as the
number of blue pixels in the image over time, shows that upon
application of —0.2 V a clear release peak appears (Fig. 2(B)).
This result is further confirmed by quantitatively evaluating the
concentration (C) of the dye in the electrolyte spectroscopically
with a plate reader at the different time steps (Fig. 1(C)).
We define then the active release as the ON state and the
leakage as the off state of the polymer. The on/off ratio
percentage, defined as (Creease — Cleaking)/(Cieaking), 1S 4.6 %
0.43 for the MB. To test whether the drug release is indeed
charge selective, and that the molecules are loaded as dopants,
we repeated the same experimental procedure using propidium
iodide (PI, 699 g mol™'), a cationic, water soluble, fluorescent
dye that has a similar size with respect to the MB, but opposite
charge. Microscopy revealed that the PI is loaded into the
p(g3T2)-coated sponge, possibly passively driven by the water
movement, but cannot be released in a controlled manner.
Indeed, we cannot identify a peak in the release dynamics
(Fig. 2(E)), nor a statistical difference between the leaking and
the active release in the quantitative evaluation (Fig. 2(F)).
Interestingly, the concentration of PI is comparable to that of
the MB, whereas the on/off ratio for the MB (4.6 + 0.43)
outperforms the one of the PI (0.5 + 0.12). We speculate that

J. Mater. Chem. B, 2024, 12, 4029-4038 | 4031
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(A), (D) Representative images of release during leaking (1-2) and active release (3—4) for methyl blue (MB) and propidium iodide (PI), respectively

(scale bar 500 pum). (B) and (E) Representative analysis of temporal release during leaking and active release for MB and PI, respectively. (C) and (F)
Released concentration of MB and PI after 10 minutes of leaking (light magenta and light grey, respectively) and after 10 minutes of active release

(magenta and grey, respectively), reported as average + SD. The on/off ratio is defined as (Crelease —

Cieaking)/ (Cieaking)- The significancy between the bars

in panels C and F was evaluated using a t-Student test (0.05 level). C: the means are statistically different, F: the means are not statistically different.

MB is loaded in the polymer matrix both due to electrostatic
interactions with the charged backbone, acting as the dopant,
and to physical entrapment during volume change facilitated
by the water molecules diffusion. For the PI, as it is positively

4032 | J Mater. Chem. B, 2024, 12, 4029-4038

charged, the loading will depend only on the water diffusion,
thus controlled release is hindered. Indeed, the fact that the
on/off ratio of the MB surpasses the one of the PI supports this
interpretation. Therefore, we can conclude that it is possible to

This journal is © The Royal Society of Chemistry 2024
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load the p(g3T2)-coated sponges both through the doping
process and water movements, and that the controlled release
is charge selective.

Next, we investigated a range of molecules with different
molecular weight, to evaluate whether they can be released
in a controlled manner with the p(g3T2)-coated sponges.

View Article Online
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We studied a wide range of molecules and proteins, namely
fluorescein, Direct Red 80, insulin-FITC (conjugated to fluor-
escein isothiocyanate, FITC) and cyan fluorescent protein (CFP)
with 300, 1300, 5800 and 33 000 Da, respectively, Fig. 3(A).
The p(g3T2)-coated sponges were loaded for 10 minutes at
+0.5 V, then no bias was applied for 10 minutes to evaluate the
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Fig. 3 (A) Molecular structure of the different dyes and proteins with increasing size, calculated from chemicalize (https://chemicalize.com/, developed
by ChemAxon) for fluorescein, MB and DR. Since the size for the insulin-FITC and the CFP are not reported on the manufacturer's specification sheet, we
reported the one of insulin from ref. 39 and we assumed the CFP to be comparable to the GFP.*® We also reported the net charge of the molecules at
neutral pH as calculated from Marvin Sketch for fluorescein, MB and DR, from ref. 41 for insulin-FITC and from ProtPi database for the CFP.
(B) Concentration of released dye/protein after 10 minutes of leaking (light colours) and after 10 minutes of release (dark colours) for all the different
dyes/proteins. The release or leaking values are reported on top of each bar. (C) Concentration of released dye/proteins after 10 minutes of positive bias
(holding condition, light colours) and after 10 minutes of release (dark colours). Results are reported as average + standard error. (D) and (E) On/off ratios
for the different dyes/proteins for the (D) leaking/active release and for the (E) positive bias/active release cases, respectively. For all panels, the results are
reported as average + standard error.
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leaking and after that, the active release was evaluated by
applying —0.2 V for 10 minutes for all the molecules reported
except for the insulin-FITC. In that case, we evaluated the
release after 20 minutes, as the microscopy images revealed
that the protein took longer to be released from the polymer
(Fig. S2 and S3, ESIf). The molecule concentration in the
solution after leaking and active release showed that only
methyl blue and Direct Red 80 could be released in a controlled
manner (Fig. 3(B)). For all the other cases, there was no
significant difference between leaking and release phase. Since
the employed dyes and protein are anionic we hypothesized
that by applying a positive bias on the sponge prior the release,
the diffusion of the anionic molecules out of the polymer
matrix will be prevented,”>*® as their electrostatic interaction
with the p(g3T2)-coated sponge will increase. After the loading
phase, we therefore kept applying the positive bias across the
sponge for 10 minutes and then we applied the release
potential. We will refer from now on to the positive bias
application as the holding condition. We observed an improve-
ment on the on/off ratio of insulin-FITC, with a statistically
significant difference of the active release with respect to the
holding condition. For the CFP and the fluorescein, there was
no significant difference between the active release and the
holding condition (Fig. 3(C)). For the methyl blue and the
Direct Red 80, there was no significant improvement, with
on/off ratio comparable to the leaking condition. In contrast,
for the bigger molecules, the on/off ratio increased up to two-
fold with the holding potential with respect to the leaking
condition (Fig. 3(D) and (E)). Additionally, the structure of
insulin after release is not impaired as evaluated with an
insulin-antibody ELISA assay (Fig. S4, ESIt). This indicates that
neither the interaction with the sponge nor the application of
the voltage impacts the protein structure and integrity.

These results indicate that the combination of electrostatic
interactions, water affinity and ion diffusion highlight a sweet
spot in terms of controllable drug size. The polymer forms
pores where water, Cl anions and drugs are located. Both Cl
anions and the anionic drug will compete to compensate for
the injected holes, depending on their diffusion coefficient in
the polymer matrix, which depends on their size, structure and
charge. Additional drug and anions will be loaded in the
polymer matrix through entrapment facilitated by water move-
ment. From molecular dynamics simulations,*® we found that
the diameter of the pores of p(g3T2) in the expanded state is on
average 4 nm, reaching up to 7 nm. As the fluorescein steric
hindrance is one order of magnitude lower than the polymer’s
pores, and its charge is weak, we speculate that it is loaded by
expansion, not acting as dopant, and it diffuses from the
polymer to the electrolyte because the size of the p(g3T2) pores
is bigger compared to the fluorescein dimension. The holding
potential does not increase the on/off ratio either, possibly
because Fluorescein exhibits a lower negative charge compared
to the other molecules, and it is therefore less responsive to the
application of a positive bias. The pores size possibly hinders
the loading of bigger proteins in the polymer bulk in the
employed sponge configuration, which remain confined to

4034 | J Mater. Chem. B, 2024,12, 4029-4038
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the surface of the sponge. Furthermore, we extended the size
range up to 66 kDa by evaluating the loading and release of the
Bovine serum albumin FITC conjugated protein (BSA-FITC),
following the same protocols hereby described (Fig. S6, ESIT).
The BSA-FITC mostly leaked out when no bias was applied,
while applying the holding potential partially retained the
protein. However, no significant on/off ratios were observed.
The BSA-FITC is possibly too big with many potential inter-
molecular interactions,” which prevents entering the p(g3T2)-
coated sponge pores, therefore we speculate that most of the
protein was held on the p(g3T2)-coated sponge surface. For this
reason, the protein diffused to the electrolyte during both
leaking and holding conditions.

We then evaluated the efficiency of the delivery with
respect to the loaded amount of drug/protein for those exhibit-
ing the high on/off ratio, ie. MB, DR80 and insulin-FITC
(eff = MOl ejeased/MOlipagea)- The moles of released molecules
(MmOl ejeasea) have been quantified from the absorption or fluor-
escent measurements. However, it is not possible to quantify
the moles of loaded molecules due to the complex geometry of
the polymer on the carbon sponge and the presence of compet-
ing anions (Cl). From the current we calculated the moles of
molecules contributing to the current during release and then
we calculated the ratio that is due to the released drugs. Then
assuming that this ratio is the same for the loading we
estimated the moles of loaded molecules (the details of the
calculations are reported in the ESIT).

The release efficiency is quite low for all tested molecules
(Table 1). We hypothesize that during release in a single step,
with a constant voltage, the loaded drugs compete with the
smaller Cl anions (which have a higher diffusion coefficient in
water compared to the other molecules, Fig. S5, ESIt) and
therefore not all incorporated drug is released. The efficiency
for the holding condition is comparable or even smaller than
the one of the leaking condition. In the holding condition, after
loading of the sponge, we maintain the positive bias with the
sponge exposed to a fresh KCI solution that may result into
more Cl anions entering the sponge to maintain the oxidized
state that could reduce even further the efficiency.

One of the main advantages of voltage-responsive materials
is the possibility to spatio-temporally pattern the drug release.
We therefore explored our system for temporally patterned
release using pulsed addressing. Voltage pulses of 5 or 30 s
were applied for the release while no bias was applied in
between. We used the Direct Red 80 to characterize the pulsed
release, for its higher molecular weight in the window of the
controlled molecules. For each pulse, the voltage-controlled

Table 1 Efficiency of the MB, DR80 and insulin-FITC, reported as per-
centage fraction of the loaded amount

Efficiency (leaking Efficiency (holding

condition)% condition)%
Methyl blue 37.78 25.46
Direct Red 80 10.34 16.97
Insulin FITC 45.06 35.77

This journal is © The Royal Society of Chemistry 2024
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(A) and (B) cumulative concentration during pulsed release from p(g3T2)-coated sponges for 5 seconds and 30 pulses length,

respectively.

(C) Concentration released during each of the 5 pulses. The results are shown as average + SE.
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release is higher than the passive leakage (Fig. 4(A) and (B)).
Furthermore, the released amount decreased with increasing
pulse number (Fig. 4(C)). Interestingly, the final concentration
achieved after 5 pulses is comparable between the two pulses
lengths. These observations can be explained by considering
the charge/discharge curves of the p(g3T2) (Fig. S7, ESIT). The
discharging of the polymer has a time constant of ~12 s, thus
during the first pulse of 30 s, the polymer has mostly dis-
charged and most of the release occurred during this first
pulse. In the consecutive pulses a smaller amount of Direct
Red 80 is released until the polymer is completely discharged.
For the 5 s pulses, most of the release occurs during the first
two pulses, according to the time constant of the polymer
(Fig. 4(C) and Fig. S7, ESIY).

When targeting the control of relatively large molecules
(Mw > 500 Da), conjugated polymers are usually loaded with
the molecule of interest during the polymerization process.
This strongly limits their applicability since it is not possible to
reload the polymer through the same process (as the polymeri-
zation already occurred), and loading through electrochemical
doping is limited by low delivery doses, as discussed in the
Introduction. The p(g3T2)-coated sponge, instead, is loaded
through the charging and releases the drug during the dis-
charging, potentially enabling on site reloading. Indeed, the
p(g3T2)-coated sponges can be reloaded multiple times from a
fresh solution, with no significant difference between succes-
sive loadings (Fig. 5(A)). The release performances of the

This journal is © The Royal Society of Chemistry 2024

p(g3T2)-coated sponge are not affected by the reloading, as
there are no differences between the holding condition and the
release, nor between the pulsed release (Fig. 5(B), (C) and
Fig. S8, EST}).

Conclusions

In conclusion we demonstrated that the p(g3T2)-coated sponges
can be used for voltage-controlled drug delivery of molecules/
proteins in the size range of 800-6000 Da. p(g3T2) becomes gelled
in the oxidized state forming nm-sized pores,***** facilitating the
molecule entrapment. The loading process is therefore limited by
the size of the molecule, but not by its charge, as it relies on a
combination of electrostatic interactions between molecules and
polymer as well as electrolyte intercalation into the polymer
matrix. Controlled release on the other hand is achieved only
for negatively charged molecules within a specific size range, as
positively charged molecules leak out from the matrix. We also
demonstrated patterned release of molecules with molecular
weight of 1300 Da by applying voltage pulses. The p(g3T2)-
coated sponges can be easily re-loaded maintaining their con-
trolled release performance. The possibility to re-load the material
through electrochemical cycling provides a key to long-term
implantable devices, where a small, exchangeable reservoir can
be integrated. To the best of our knowledge, p(g3T2) is one of the
few single component conjugated polymers used for drug delivery
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enabling controlled release of molecules in the size range of
800-6000 g mol . Furthermore thanks to its affinity with water,
the p(g3T2) exhibits a lower elastic modulus (0.5-80 MPa*®)
compared to PEDOT:PSS (1-5 GPa®”) and PPY (0.5-1 GPa®®),
reducing the mechanical mismatch between the polymer and
the biotic interface without the need of further fabrication steps.
Finally, the polymer biocompatibility has been verified by means
of live/dead cell stain and alamar blue test (Fig. S9, ESIT), high-
lighting the potential of the material for drug delivery applica-
tions. Overall, the size range of the molecules that can be released,
together with the possibility to control the release remotely and on
demand through the application of an external bias opens the way
to temporally pattern the delivery of payloads, enabling therapies
such as those based on hormones and growth factors.

Materials and methods
Synthesis of glycolated polymers

The p(g3T2) polymer was synthesized according to previously
reported procedures.’>%’

Electrochemical measurements

Glassy carbon substrates were purchased from Redox.me. The
p(g3T2) was drop casted on the substrates from a 10 mg ml ™"
Chloroform (Sigma Aldrich) solution. The coated samples were
then connected to an Autolab PGSTAT101 in a standard three
electrodes electrochemical cell as working electrode (WE),
together with a metal mesh (screen printing meshes 80 um
pore size, coated screens Scandinavia AB) as a counter electrode
(CE) and a quasi-reference Ag/AgCl pellet (RE). The three
electrodes were immersed in a KCl (Sigma Aldrich) 0.01 M
solution, assembled in a poly(dimethylsiloxane) (PDMS) well
and mounted under a fluorescence microscope Nikon Ni-E
fluorescence microscope. Reduction/oxidation switches of
30 s —0.2 V/0.5 V for a complete duty cycle of 1 minute were
carried out for all the samples as first measurement. To load
the dyes and proteins in the coated sponges, we employed a
900 s long chronoamperometry applying a constant voltage
of 0.5 V (oxidation potential). The dyes release was carried
out applying —0.2 V for 600 s (reduction potential). For both
chronoamperometries the sampling rate was 1 s. Carbon
monofilaments (Specialty Materials, Lowell, MA, USA, diameter
34.5 + 2.5 um) were coated according to the following metho-
dology. A glass micropipette was filled with a chloroform
solution of p(g3T2). A carbon fibre was fixed on a rotating
motor and dipped in the solution and slowly extracted, allowing
the evaporation of the solvent and the casting of the material.
A metal mesh (screen printing meshes 80 pum pore size, coated
screens Scandinavia AB) was dip coated in a chloroform
solution of p(g3T2) and then shaken into a vial to remove the
excess material. The cyclic voltammetries were carried out at a
scan rate of 5 mV s~ ' for 3 cycles.

Temporal evolution of dye release. The release was evaluated
using a fluorescence microscope Nikon Ni-E (Japan) for the
fluorescein, the Bovine serum albumin FITC conjugate, the
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insulin FITC conjugate (all from Sigma Aldrich), and the cyan
fluorescent protein (Nordic Biosite). Time lapses were acquired
with NIS Elements software and analysed with Image]. For
Direct Red 80 and methyl blue (Sigma Aldrich) the release
was recorded with the same microscope equipped with a colour
camera. Image analysis was carried out with Matlab. At the
end of each relevant period, ie., leaking and active release,
the solution was collected and analysed with a BioTek Synergy
H1 plate reader. In between each period, the well was thor-
oughly washed. A calibration curve was measured prior to
any measurement to convert the readout to a concentration
value. The normalized ratio between the leaking and the active
release was defined as on/off ratio, i.e., on/off = (Cyctive Release —
CLeaking)/CLeaking-

ELISA for insulin test. The ELISA insulin kit was purchased
from Thermofisher (Insulin Human ELISA kit, Thermofisher,
cat KAQ1251). The assay was carried out with human insulin
(Sigma Aldrich) instead of insulin-FITC as in this case there was
no need for fluorescent labeling. The p(g3T2) coated carbon
sponges were loaded according to the insulin-FITC studies
procedure (0.5 V for 10 minutes, 0.125 g L™ " loading solution).
The release was carried out at —0.2 V for 20 minutes in a PDMS
well. The medium containing the released insulin was then
collected and immediately tested with the ELISA kit, to avoid
possible degradation of insulin. Together with the release, we
tested a 0.01 M KCl solution as negative control and two known
concentrations of insulin, namely 5 and 1.7 pg L—1 as positive
controls.

Cell culture

PC-12 (ECACC Cat#t 88022401, RRID:CVCL 0481) cells were
purchased from Sigma Aldrich. PC-12 cells are rat pheochro-
mocytoma cells, that are extensively studied and therefore well
characterized as a neuronal model. They were cultured in
Gibco’s RPMI 1640 with r-glutamine (Thermo Fisher Scientific,
cat. no. 21875034), supplemented with 10% Gibco’s horse
serum (HS, Thermo Fisher Scientific, cat. no. 16050122) and
5% Gibco’s fetal bovine serum (FBS, Thermo Fisher Scien-
tific, cat. no. 26140079). The cells were grown at 37 °C in a
humidified atmosphere with 5% CO, and were passaged every
other day.

Toxicity tests

Two different toxicity tests were used in this manuscript. First,
a fluorescent live/dead assay was performed. Three p(g3T2)
coated wells and three untreated wells were coated at 37 °C
with Collagen IV. After, 200000 cells were seeded. After
24 hours, the cells were tested with a fluorescent live/dead
viability kit for mammalian cells (Thermo Fisher Scientific,
cat. no. L3224) according to manufacturer’s instructions. The
cells were imaged using a Zoe fluorescent cell imager (BioRad
Laboratories). Statistical analysis (i.e., Mann Whitney statistic)
was performed using GraphPad Prism. We also performed an
Alamar Blue test. For this test, 200 000 cells per ml were seeded
to both p(g3T2) coated wells and untreated control ones. After
24 hours, an alamarBlue™ Cell Viability test (Thermo Fisher,

This journal is © The Royal Society of Chemistry 2024
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cat. no. DAL1025) was performed according to manufacturer’s
instructions, and a BioTek Synergy H1m plate reader was used
for the fluorescence readout. For both tests, two biological
replicates with three technical replicates each were employed.
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