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In this work, a novel functionalized organic salt — anilinium saccharinate ([HANI][Sac]) was synthesized
by the ion exchange method, and its composition and properties were characterized by 'H NMR, '3C
NMR, ESI/MS and TG-DSC techniques. [HANI][Sac] can be used as both monomer and supporting elec-
trolyte for efficient electrosynthesis of polyaniline (PANI) in acetonitrile. The obtained PANI has hierar-
chical porous structure and its doping degree with saccharinate anion ([Sac]") is as high as 33.5%. The
resulting [Sac]-doped-PANI (PANI-[Sac]) can be used as an electrochemically controlled drug delivery
system. The in vitro release kinetics of [Sac]” under different potential stimuli conditions showed that, at a
given time, the release rate of [Sac]” and its release percentage (ratio of the amount released to that
loaded) increase with the negative shift of the applied potential. The amount of [Sac] loaded and/or
released can also be regulated by varying the charge for PANI electropolymerization. The present work
provides a new strategy for the facile construction of conducting polymer-based electrochemically
controlled drug release system.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Controlled drug release is of great significance for improving
drug efficacy and reducing drug side effect [1—3]. As one of the
effective ways to control drug release, electrochemically controlled
drug release has attracted extensive attention of researchers
[4—12]. It is shown that conducting polymer is an excellent carrier
for the electrochemically controlled drug release [13—16]. The
tested drugs include dexamethasone, methotrexate, saccharinate,
etc. The mechanism of the conducting polymer-based electro-
chemically controlled drug release is as follows. During the elec-
trochemical oxidation, the conducting polymer chain loses
electrons and is then positively charged, and the resulting positive
charges are counterbalanced by the incorporation of anionic drugs
as dopants, i.e. the drug loading process; the anionic drugs are
released from the polymer during the electrochemical reduction,
ie. the drug releasing process. The electrochemical doping/
dedoping process of the conducting polymer is also accompanied
by a change of the polymer volume (swelling/shrinking)

* Corresponding author.
E-mail address: xrhuang@sdu.edu.cn (X. Huang).

https://doi.org/10.1016/j.electacta.2019.135142
0013-4686/© 2019 Elsevier Ltd. All rights reserved.

[2,5,717—19]. Conducting polymer-based electrochemically
controlled drug release systems have many advantages: Firstly,
some conducting polymers such as polypyrrole and polyaniline
(PANI) usually have good electrical conductivity, good environ-
mental stability and good biocompatibility; moreover, they can be
facilely in-situ synthesized on conductive substrate (the size could
be as small as micrometer) using electrochemical methods (such as
cyclic voltammetric, potentiostatic and galvanostatic) with
controlled morphologies. Secondly, the amount of drug loaded by
conducting polymer is relatively large, for example, the loads of
dexamethasone by PEDOT and acesulfame by polypyrrole are
estimated to be 2.2 mmol g~! and 1.8 mmol g, respectively [4,5].
Finally, the precise and continuous controlled release of drug can be
achieved by varying the current and potential applied [6,20—22]. As
the dopant must be a mobile ion (usually an anion), this strategy is
suitable only for small charged drug molecules, which is the
shortcoming of this strategy [5,7,11,15].

Room temperature ionic liquids (RTILs) are liquid organic salts
composed of organic cations and organic or inorganic anions at
room temperature. They have some unique properties such as low
volatility, high conductivity, good thermostability, wide electro-
chemical window, strong ability to dissolve substances,
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designability and so on. Therefore, they are ideal media for elec-
trosynthesis [23—25]. The use of RTIL as medium for the synthesis
of conducting polymers could result in conductive materials with
both ionic and electronic properties, which is of great significance
for the development of functionalized electrode materials and
electrochemical devices [26—30]. In recent years, RTILs containing
active pharmaceutical ingredients (API-ILs) have aroused interests
in pharmaceuticals and biomedicine areas due to their efficacy in
improving drug solubility and bioavailability [31—37]. There have
been many reports about API-ILs-based drug delivery systems
[38—40]. Yasushi Miwa et al. transformed a poorly water-soluble
drug — etodolac (a drug for the treatment of arthritis) into a salt
in the form of RTIL, which significantly improved its hydropho-
bicity, hydrophilicity and skin permeability, and therefore
improved the efficiency of transdermal drug delivery [41].
Combining API-ILs with conducting polymers could develop new
strategies for the construction of conducting polymer-based elec-
trochemically controlled drug release systems. Stephanie Car-
quigny et al. used API-ILs as supporting electrolyte to synthesize
conducting polypyrrole films and studied the potential-controlled
release kinetics of active drug anions as dopants. They found that
the drug release rate and the amount released could be controlled
by varying the applied potentials [5]. However, there are few re-
ports in this field. In order to simplify the construction of drug
delivery system, we develop, in the present work, a novel func-
tionalized organic salt — anilinium saccharinate salt ([HANI][Sac]).
Its cation is protonated aniline, which can act as monomer for the
eletrosynthesis of PANI; its anion is active pharmaceutical ingre-
dient. Using the functionalized organic salt as supporting electro-
lyte, active drug anion ([Sac]) doped PANI (PANI-[Sac]) was
synthesized by simple electrochemical method. The present strat-
egy can ensure that the aniline electropolymerization goes effec-
tively without an exogenous proton source and that the drug anion
is the only doping anion. The resulting PANI has a hierarchical
porous structure with the doping degree of 33.5% and the
maximum amount of released drug being 3.6 mmolg™' at —1.5V
(vs. SCE).

2. Experimental section
2.1. Materials

Aniline (ANI, =99.5%), absolute ethyl alcohol, hydrochloric acid
(36%), sulfuric acid (H2SO4, 98%) were purchased from Sinopharm
Chemical Reagent Co., Ltd., China. Acetone was purchased from
Laiyang Kangde Chemical Co., Ltd., China. Acetonitrile was pur-
chased from Yuwang Industrial Co., Ltd., China. Sodium saccha-
rinate (Na [Sac], 99%) and DMSO-dg were purchased from Sigma-
Aldrich. All chemical reagents were of analytical grade. Ultrapure
water (18.25 MQ-cm) was used throughout the experiments.

2.2. Preparation and characterization of anilinium saccharinate salt

The anilinium saccharinate salt ([HANI][Sac]) was prepared by
ion exchange between anilinium chloride ([HANI]CI) and sodium
saccharinate (Na [Sac]). The brief steps are as follows:

1) A 279 ¢ of aniline (0.3 mol) and an equivalent mole of hydro-
chloric acid was mixed in a single-necked flask and the mixture
was stirred in ice bath for 3 h, followed by drying in a vacuum
oven for 24 h, getting a solid [HANI]CL

2) The dried Na [Sac] (12.31g, 60 mmol) (120°C, 6 h) was mixed
with [HANI]CI (7.78 g, 60 mmol) in 100 mL absolute ethanol as
solvent under stirring overnight.

3) The resulting mixture was filtered to remove NaCl and the sol-
vent ethanol was evaporated under vacuum at 60 °C.

4) The solid product obtained above was dissolved in 100 mL
acetone under stirring, followed by filtration through an organic
filter to remove residual NaCl precipitate. After that, the solvent
acetone was removed under vacuum at 60 °C.

5) The resulting product was placed in a vacuum oven at 70 °C for
48 h, getting the pure [HANI][Sac].

The characterization of [HANI][Sac] was made using NMR, ESI/
MS and TG/DSC techniques. The 'H NMR and 3C NMR spectra of
[HANI]|[Sac] (DMSO-dg as solvent) were recorded on a Bruker
Avance 300 MHz NMR spectrometer. The mass spectrum of [HANI]
[Sac] (10 mg mL~! in ethanol) was recorded on an Agilent 6510 Q-
TOF mass spectrometer (ESI source). The thermogravimetric and
differential scanning calorimetry (TG-DSC) analyses were per-
formed on a PerkinElmer STA 8000 thermal analyzer in a temper-
ature range of 30—200°C (N, atmosphere) with a heating rate of
10°C min~,

2.3. Electrosynthesis of PANI

At ambient temperature (~25 °C), 4.0 mL of 0.1 M [HANI][Sac] in
acetonitrile was used as a medium (the conductivity is ca.
3.3 x1074Scm™!) for the electrosynthesis of PANI. Prior to the
electrosynthesis, the medium was purged with high purity nitro-
gen for 20 min. During the electrosynthesis the nitrogen atmo-
sphere was maintained.

The electrochemical polymerization was performed on a
CHIG60E electrochemical workstation. The three-electrode system
was composed of a working electrode (GC disk electrode, 3 mm in
diameter), a Pt wire counter electrode, and a saturated calomel
electrode (SCE) as reference (all the potentials given in this paper
were vs. SCE). Prior to use, the GC disk electrode was polished to a
mirrorlike surface in the following steps: firstly, polished with
0.5 um and 0.05 pm Al,0s3, respectively, then washed with ultrapure
water and ethanol, and finally sonicated in ultrapure water for
5 min. The electrochemical polymerization was carried out using
cyclic voltammetry. The setting of the parameters for the electro-
chemical polymerization was described in the figure captions. After
the electropolymerization, the obtained PANI/GC electrode was
rinsed with ultrapure water and dried for subsequent use.

2.4. Characterization of PANI

The PANI for FTIR and SEM characterizations was electro-
polymerized in acetonitrile containing 0.1 M [HANI][Sac] according
to the procedure described in section 2.3. To facilitate the charac-
terization, a detachable GC electrode (3 mm in diameter) was used
as working electrode. After the electropolymerization, the potential
was set at 0.6 V (vs. SCE) for 10s. The GC electrode with PANI was
rinsed with ultrapure water, and then dried for subsequent char-
acterization. The morphology of PANI was examined using cold
field emission scanning electron microscopy (FESEM, ZEISS Gem-
iniSEM 300, Germany). The FTIR spectrum of the PANI was recorded
on an FTIR spectrometer (Thermo scientific Nexus 670, America) in
an ATR mode. The doping degree of saccharinate anion ([Sac]") was
characterized by the EDS attachment of a cold field emission
scanning electron microscopy (FESEM, ZEISS GeminiSEM 300,
Germany).

The PANI for electrochemical characterization was obtained in
the same way as described above. Here, the polymerization charge
was controlled for comparison, and the electropolymerization was
stopped at a potential of —0.2V (vs. SCE) for 60 min. The electro-
chemical characterization of PANI was carried out by cyclic
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voltammetry in 1.0 M HSO4 aqueous solution. The PANI/GC was
used as a working electrode, a Pt wire as a counter electrode, and a
SCE as a reference electrode.

2.5. In vitro release tests of active pharmaceutical ingredients

A detachable GC electrode (1.0 cm?) was used as the working
electrode, and the electropolymerization was carried out in aceto-
nitrile containing 0.1 M [HANI][Sac] according to the electrosyn-
thesis procedures described in section 2.3 (the charge for the
electropolymerization was set at 0.52 Ccm™2). After the electro-
polymerization, the potential was set at 0.6 V (vs. SCE) for 10 s. The
PANI electrode was rinsed with ultrapure water, and dried for
subsequent in vitro release tests of [Sac]” anion. The release tests
were performed at room temperature by immersing the PANI
electrode in 6.0 mL of 0.1 M PBS (pH 7.0) under constant stirring,
followed by electrical stimulus (0.5. -1.0 and —1.5V vs. SCE). An
aliquot of sample (200 pL) was taken at a regular interval from the
system to measure its absorbance at 270 nm. To keep the volume of
the system unchanged, 200 pL fresh PBS was added to the system.
The amount of drug released was evaluated based on the calibra-
tion curve of Na [Sac]. Samples without electrical stimulus were
used as controls.

3. Results and discussion
3.1. Preparation and characterization of [HANI][Sac]

Anilinium saccharinate salt ([HANI][Sac]) is prepared by ion
exchange between anilinium chloride ([HANI]CI) and sodium sac-
charinate (Na [Sac]). The rationale is shown in Scheme 1.

The obtained [HANI][Sac] was characterized by NMR, ESI/MS
and TG/DSC techniques. The '"H NMR spectrum of [HANI][Sac] is
shown in Fig. 1A and proton peaks are observed at 3 = 10.39 (br,
3H), 7.62 (m, 4H), 7.52 (m, 2H), 7.49 (m, 3H). Due to the coupling
and splitting of protons on the benzene ring, it is difficult to
differentiate the chemical shifts of respective protons. The >C NMR
spectrum of [HANI][Sac] can remedy this defect. Fig .1B is the '>C
NMR and the major peaks are listed as follows: & = 168.26, 145.86,
135.37, 132.76, 131.96, 131.30, 130.11, 128.17, 123.51, 123.01, 119.52.
The assignment of the corresponding peak is shown in Fig. 1B. Fig. 2
is the mass spectra of [HANI][Sac]. The peaks (m/z) are assigned as
follows: ESI(+): 94.06 ([HANI]"), 184.00 ([Sac]+2H™), 277.06
([HANI]"+[Sac] + H™); ESI(—): 181.99 ([Sac]), 275.06 (ANI+[Sac]").

Fig. 3 is the TG and DSC thermal analysis curves of [HANI][Sac]. It
can be seen from the TG curve that the sample is stable over the
temperature range of 30—200°C. The DSC curve indicates that
[HANI][Sac] melts at ca. 141 °C.

NH, R, <
+ g —>
ANI [HANIICI
TR 0 R, 0
Na® ethanol .
+ /N@ _ /N@ + NaCl l
S S
(/)/ So A
[HANIICI Na[Sac] [HANI][Sac]

Scheme 1. Preparation of functionalized organic salt [HANI][Sac].

3.2. Electrosynthesis of PANI

The electrosynthesis of PANI was carried out in acetonitrile
containing 0.1 M [HANI][Sac]. Fig. 4 shows the cyclic voltammo-
grams (CVs) of the electropolymerization of [HANI]* on GC working
electrode. Two pairs of redox peaks marked as a/a’ and b/b’ can be
seen from Fig. 4. The a/a’ should be assigned to the redox process of
leucoemeraldine/emeraldine and the b/b’ to emeraldine/perniga-
niline [27,42—45]. With the increase of the scan number, the
deposition current, as indicated on the positive end of the scans,
decreases first and then levels off. However, the amount of PANI
deposited on the electrode, as evidenced by the intercalation cur-
rents in Fig. 4, is increased with the cycle number. The change of the
increments of the peak currents (a/a’ and b/b’) per cycle indicates
that the rate of PANI growth decreases first and then levels off. The
inference made above is supported by the net charge involved in
the deposition, which is observed by plotting the integrated current
vs. time obtained from the cyclic voltammograms (Fig. 5). Fig. 5
shows the overall increment of the amount of the charge passed
to deposit PANI is slowed down with increasing the cycle number,
which suggests the rate of deposition is slowing. This phenomenon
is correlated with the electroactive area of the electrode. At the
initial stage, the reacting area of the polymerization is increasing
with the amount of polymer. At the later stage, however, the re-
action rate will slow as the polymer becomes increasingly dense
[29]. The above results indicate that the PANI film can grow steadily
in 0.1 M [HANI][Sac] acetonitrile solution.

The potential window is over —0.2—1.0V. The scan rate is
50mvVsL

Fig. 4 also shows that the AE, of a/a’ (b/b’) increases with
increasing the cycle number, indicating that the reversibility of the
PANI film becomes worse with the increase of the cycle number.
This may be due to the denser PANI film which makes the doping/
dedoping of the drug anions become more difficult [46].

3.3. PANI morphology

Fig. 6 is the SEM image of the resulting PANL It shows that the
PANI film has porous structure. The magnified image (inset) in-
dicates that the spindle-like particle is made up of smaller PANI
particles. PANI with hierarchical porous structure is an ideal ma-
terial not only for the fabrication of supercapacitor [47], but also for
the construction of electrochemically controlled drug release
system.

3.4. FTIR spectroscopy characterization of PANI

Fig. 7 is the FTIR spectrum of the PANI-[Sac] prepared by elec-
tropolymerization in 0.1 M [HANI][Sac] acetonitrile solution. The
absorption peak at 1660 cm™! is attributed to the stretching vi-
bration of C=0. The peaks at 1552cm~' and 1454cm™! are
attributed to the characteristic absorption of the quinoid units and
the benzenoid units. The absorption peaks at 1367 cm~' and
1294 cm™! are attributed to the C—N stretching vibration of aro-
matic amines. The absorption at 1242cm™! is attributed to the
C—N* stretching vibration in the polaron structure. The absorption
at 1161 cm™! is assigned to the stretching vibration of S=0. The
absorption peaks over a range of 900—700 cm™! is assigned to the
characteristic absorption of the aromatic ring with different sub-
stituent groups [26,42,48—50]. The FTIR spectrum indicates that
the PANI is doped with saccharinate anions. For comparison, the
FTIR spectrum of the PANI-Cl is also included in Fig. 7. The PANI-Cl
was prepared by electropolymerization of ANI in 0.1 M HCl aqueous
solution. As we can see, the two spectra are similar but not identical
due to the presence of different doping ions.
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Fig. 2. ESI/MS spectrum of [HANI][Sac].



L. Shen et al. / Electrochimica Acta 329 (2020) 135142 5

0.2

110%

TG
100%
‘g -0.1 Tg
EO 90% - =
5 i
= Q
|72}
80% DSC a
-400
70%
T T T
50 100 150 200

Temperature / °C

Fig. 3. TG/DSC curve of [HANI][Sac].

Y T T v T v v
-0.2 0.0 0.2 04 0.6 0.8 1.0
Potential / V vs. SCE

Fig. 4. Cyclic voltammograms in acetonitrile containing 0.1 M [HANI][Sac].
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Fig. 6. The SEM images of PANIL
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Fig. 7. FTIR spectra of the PANI-[Sac] (black) and PANI-CI (red) recorded in an ATR
mode.
A detachable GC electrode (3 mm in diameter) was used for depositing PANI.

3.5. Electrochemical characterization of PANI

The PANI prepared according to the present strategy was char-
acterized in 1.0 M H,SO4 aqueous solution. Fig. 8 is the cyclic vol-
tammogram (2nd cycle) of the resulting PANI. For comparison,
Fig. 8 also shows the cyclic voltammogram (2nd cycle) of the PANI
prepared according to the conventional strategy (i.e. PANI was
electrosynthesized in 0.1 M HCl aqueous solution using aniline as
monomer with the same deposition charge of ~39.4 mC cm2). It is
seen that the integrated areas of the cyclic voltammograms (i.e. the
specific capacitance) are almost equal, indicating that the PANI
prepared according to the present strategy is comparable to that
prepared according to the conventional strategy [26,29].

3.6. Determination of the doping degree of PANI with saccharinate
anions

On the electrode surface the aniline monomer is oxidized to
form PANL. When PANI is oxidized, [Sac] is doped into PANI
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according to the following equation:

mANI + ym[Sac]~ — [(AND\Y™* ym[Sac] "] +2(m — 1)H* + (
X (24+vy)ym—2)e”
(1)

Where vy denotes the doping degree of PANI.

The doping anion ([Sac]") contains sulfur element while PANI
does not, so the percentage of sulfur atoms (5%) determined by EDS
could be used to evidence [Sac]” incorporation into PANI film and
the doping degree can be estimated by the following equation (the
15 and the 16 are the atom numbers of [HANI|' (CgHgN) and [Sac]
(C7H403NS) [5]2

15

YsE - 16 @

To distinguish between [Sac] as a dopant and [Sac] absorbed on
the surface of PANI, a control experiment without electrical stim-
ulus was carried out. It was found that the content of [Sac] in the
PANI decreased from the initial value of 0.386 to the final value of
0.335 when the PANI was immersed in PBS for 175 min. This result
indicates that there exists the non-electrostatic adsorption of [Sac]".
Table 1 lists the estimated doping degree of PANI with [Sac]” under
different electrical stimulus conditions. It is seen that the final
doping degree decreases with the negative shift of the applied
potential; i.e., the larger the driving force the more the drug
released [5].

3.7. In vitro electrochemically controlled drug release kinetics

When the PANI film is electrochemically reduced, the anions
doped into the PANI film during the electropolymerization is
released from PANI film (dedoping). Therefore, the active phar-
maceutical ingredients can be released in a controlled way from the
conducting polymer carrier by applying different potentials. Based

Table 1
Estimated final doping degree (y) after electrical stimulus for 175 min.
Applied potential vs SCE[V ~ -0.5 -1.0 -15
Vi 0.125+£0.010  0.090+0.007  0.043 +0.006

on this rationale, we investigated the in vitro drug release kinetics
of the PANI-[Sac] film under different applied potentials with the
release kinetics without electrical stimulus as control.

Fig. 9 shows the release of [Sac]” under different potential
stimuli conditions. Without electrical stimulus few [Sac]” was
released (ca. 0.2 mmol g~ ! at the initial stage) [5]. Under electrical
stimuli conditions, the amount of drug released (q) increased
significantly with time, and at a fixed time, q increased with the
negative shift of the applied potential. The above result indicates
that the dedoping of the PANI-[Sac] film takes place under negative
potential conditions, and the more negative the applied potential,
the larger the driving force, the faster the release rate. The
maximum q value at —1.5V is as high as 3.6 mmol g~ For [Sac],
this value is higher than that reported in the literature under
similar release conditions [5], which is mainly due to the hierar-
chical porous structure of the present PANI.

To further investigate the release of [Sac|” from the PANI film, we
used the following model to analyze the drug release kinetics [5]:

My 4
My ~ kt (3)

where M, is the amount of drug released at time t, My is the amount
of drug loaded in PANI film, k is a rate constant, t is release time, n is
a diffusion exponent related to the diffusion mechanism.

Table 2 lists the kinetic parameters (k and n) of the drug release
process based on the plot of In (M¢/Mjp) versus In(t). It can be seen
that without electrical stimulus, n value is close to 0.4, indicating
that the release kinetics is in a diffusion mode; under an electrical
stimulus the n value is in the range of 0.696—0.765, indicating that
the release kinetics is in an anomalous transport mode, which can
be attributed to the superposition of diffusion and swelling
controlled drug release [5]. The rate constant k under electrical
stimulus is higher than that without electrical stimulus, and as the
applied potential shift negatively (driving force increases), k in-
creases, indicating that the electrical stimulus could improve the
rate of drug release.

3.8. Polymerization charge and the amount of drug released

The amount of drug released is related to the mass of conducting
polymer film. For this reason, we investigated the release of [Sac]
from the PANI-[Sac] films of different masses, which was obtained

5y
b

-1

control
-0.5V
-1.0V
-1.5V

q/mmol g

* ¥ e =m
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Fig. 9. The release kinetics curves of PANI-[Sac] films under. —0.5V, -1.0V and —1.5V
(vs. SCE) and without stimulus.
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by varying the charges for the electropolymerization. As shown in
Fig. 10, the amount of [Sac]” released at an applied potential
of —1.5V is directly proportional to the polymerization charge [4].
The result indicates that the more the charge for the polymeriza-
tion, the thicker the PANI film, and the more the amount of drug
loaded. The linear relationship also indicates that the PANI-[Sac]
drug delivery systems prepared over the charge range of
50—500 mC have a similar release mechanism.

4. Conclusions

In the present work, a novel functionalized organic salt — ani-
linium saccharinate ([HANI][Sac]) was prepared via ion exchange.
In acetonitrile, [HANI][Sac] can be used as monomer as well as
supporting electrolyte for efficient electrosynthesis of PANI. The
obtained PANI has good electrochemical activity. The doping de-
gree of the resulting PANI with [Sac] is as high as 33.5% due to its
hierarchical porous structure. The release kinetics of [Sac]” from the
PANI-[Sac] film under different applied potentials indicates that, at
the given release time, the release rate and the percentage of [Sac]
released increase with the negative shift of the applied potential.
Moreover, the amount of [Sac| loaded and/or released can be
regulated by varying the charges for the electropolymerization. The
release kinetics also indicates that without electrical stimulus the
release process is in a diffusion mode and under electrical stimulus
conditions it is in an anomalous transport mode. The present new
strategy is helpful for the facile construction of conducting
polymer-based electrochemically controlled drug delivery system.
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