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Electrochemically controlled cleavage of imine
bonds on a graphene platform: towards new
electro-responsive hybrids for drug releasef
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Graphene-based materials are particularly suitable platforms for the development of new systems able to
release drugs upon the application of controlled electrochemical stimuli. Herein, we report a new
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electro-responsive graphene carrier functionalised with aldehydes (as drug models) through imine-based
linkers. We explore a new type of drug loading/release combination based on the formation of a covalent
bond and its cleavage upon electrolysis. The new graphene—drug model hybrid is stable under physio-
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The development of systems able to deliver therapeutics to
specific biological targets and control their release is one
major challenge in modern medicine. This possibility would
enhance treatment efficiency, minimise possible related side
effects and improve the compliance of single patients. In the
last few decades, various strategies have been proposed, many
of which are based on triggering the drug specificity and
release by using endogenous environmental changes (i.e. pH
changes, enzymatic activities, different redox settings naturally
occurring in biological systems)'™ and/or as a response upon
applying external stimuli, such as heat,®” ultrasounds,®° mag-
netic fields,'>'" irradiation**™* or electrical modulation.”>™*”
In most of these approaches, drugs are conjugated to biocom-
patible nanomaterials with different chemical and physical
properties, selected depending on the type of drug, target site,
release rate, dosage, and stimuli involved in the controlled
drug release strategy.

Among the large variety of promising materials developed
and investigated for this application, carbon-based nano-
materials, particularly 2D materials like graphene and its
derivatives (i.e. graphene oxide (GO) and reduced graphene
oxide (rGO)), have received much attention.'®' Similarly to
many nanomaterials employed as bio-carriers, graphene-based
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logical conditions and displays a fast drug release upon the application of low voltages.

materials (GBMs) can be easily modified with several func-
tional groups,”>*? allowing the design of different crosslinking
strategies with synthetic agents and biomolecules, with con-
trollable and high cargo-loading capacity and density; they are
transparent in the visible range and potentially biocompatible
and exhibit good cell adhesion. More exclusively, they are
among the strongest and most stable materials available,
although they possess high flexibility,"* ' and they have excel-
lent electron and thermal conductivity capabilities. Such a
unique set of features in just one material is particularly stra-
tegic for bio-applications such as bio-sensing,>*** tissue
engineering,*® bio-electronics®>>?’*° and electronically and/or
photo/thermal induced drug/gene delivery.”*' =%
Electrochemical control of drug release is a very attractive
strategy in drug delivery, because the drug release is induced by
electrical external stimuli that are relatively easy to generate and
control, possibly using size-reduced devices, with high sensi-
tivity and the potential ability to be controlled remotely.'>*7**
At the same time, graphene-based materials are potentially
ideal platforms for this purpose, not only for their remarkable
conductivity properties able to record electrical activity in living
cells with high sensitivity,”® but also for their electrochemical
inertness and flexibility that allow their integration into biocom-
patible micro-devices suitable for in vivo applications.**"
Because of the delocalised = electrons on the surface of gra-
phene, a very common method to develop graphene-drug
systems consists of directly absorbing aromatic agents (often
water insoluble drugs) onto graphene platforms by n-n stack-
ing and other non-covalent interactions. However, for an
electro-responsive type of release, this strategy often does not
allow a fine control of drug dosage in real time and limits the
type of drug that can be employed. Alternatively graphene/bio-

This journal is © The Royal Society of Chemistry 2020
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compatible polymer hybrids are employed to “wrap” or “trap”
the active agent; thus, a finer regulation of the release is poss-
ible, but this might require highly positive voltages (>10 V)
and/or long stimuli time (>30 min).>**° Given the potential of
graphene for this application and bio-electronics in general,
there is a real need to investigate alternative drug coating/
release combinations to enhance the versatility and efficiency
of graphene-based supports.

Herein, we designed an electro-responsive hybrid of gra-
phene conjugated with drug models by using a covalent-bond-
based linker. In more detail, a support of exfoliated graphene
is first functionalised with aniline groups (f-G(1) in
Scheme 1a) followed by conjugation with two different types of
drug models containing aldehyde groups and achieving two
hybrid systems in which potential drugs are covalently
anchored via an imine bond (f-G(2) and f-G(3) in Scheme 1a).
We conjugated via Schiff bases because these groups are
known to undertake irreversible electrochemical oxidation
under low voltage conditions;**™** hence, they are potentially
ideal cleavable linkers for electro-responsive drug triggering.
We anticipate the release of the aldehyde-drug upon electroly-
sis and, according to the literature,*>** we hypothesise f-G(4)
as a graphene residue. To the best of our knowledge, the use
of modified graphene for the electrically controlled release of a
covalently attached drug has not been reported yet.

To characterise drug loading and release of our designed
system, we selected two different aldehydes, 9-anthracenecar-
boxaldehyde (3) and pentafluorobenzaldehyde (4) (Scheme 1),
as models that are easy to monitor by optical and X-ray photo-
electron spectroscopy (XPS), respectively. However, we first
evaluated the suitability of the electro-responsive cleavable
linker only, by selecting and characterising the graphene-
free system N-(anthracen-9-ylmethylene)-4-methylaniline (5)
(Scheme 1b) as an analogue of f-G(2).
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Scheme 1 Schematics of the preparation of (a) the graphene-based
platform f-G(1) loaded with the drug models (f-G(2-3)) followed by
their electrochemically triggered release (f-G(4)); (b) graphene-free
organic models employed to characterise the release mechanism; (c)
graphene-based materials for the control experiments.
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The electrolysis of 5 was performed in DMF at 1.35 V vs. Ag/
AgCl (see the ESIT for details), yielding the mixture AE-5
(Scheme 1b), expected to contain the released aldehyde 3 and
additional oxidation products. Water was added to the mixture
after the electrolysis and the resulting precipitate was analysed
by 'H NMR, showing indeed the presence of 3 as the main
product (Fig. 1a, bottom trace). Whilst this procedure allowed
the extraction of pure 3, we also performed electrolysis in
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Fig. 1 (a) *H NMR (CD3Cl, 500 MHz) of compounds 3 and 5 before
electrolysis (top and middle trace, respectively) and AE-5° (the AE-5
mixture after electrolysis followed by precipitation with water, bottom
trace); (b) UPLC traces of 3 and 5 before electrolysis (top and middle,
respectively) and the AE-5 mixture after electrolysis and dilution in
acetonitrile (detection at 403 nm); (c) CV of 3 (black line) and 5 (red line)
before electrolysis and the AE-5 mixture (blue line) after electrolysis.
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DMF-d, (under the same concentration and voltage con-
ditions) and analysed the crude product of the reaction AE-5
without further manipulation: again, the '"H NMR spectrum
showed the presence of 3 as the main product of the reaction
(Fig. S10 and S117), whilst the starting material 5 (analysed as
a control) was stable in the same solvent and reaction time
(Fig. S127), confirming that the cleavage of aldehyde 3 occurs
only as a result of the electrolysis process and unwanted hydro-
lysis effects were not observed in this system.

The mixture AE-5 was also compared with starting materials
3 and 5 by ultra-performance liquid chromatography-mass
spectrometry (UPLC-MS). The chromatogram of the mixture
shows one prevalent peak with the retention time and mass
equivalent to those of the starting aldehyde 3 (Fig. 1b). Cyclic
voltammetries (CVs) of AE-5 compared with those of 3 and 5
(as references) are shown in Fig. 1c and S8.1 The CV of 5 (red
line) presents an irreversible oxidation peak at 1.27 V vs. Ag/
AgCl, indicating that it decomposes upon electrooxidation.
The further increase of the current at 1.4-1.5 V is due to the
oxidation of the anthracene moiety as shown by the CV of 3
(black line). The cyclic voltammogram of the AE-5 (blue line)
mixture shows a decrease of the peak related to the oxidation
of 5 (1.28 V) and the presence of a new strong peak at 1.48 V
most probably due to the oxidation of 3, although the shift of
the peak compared to that of 3 alone confirmed the presence
of other products in the mixture. This result suggests that 5
was significantly reduced after electrolysis, and 3 was the
main product. The UV-vis profile and the '"H NMR spectrum of
AE-5 (Fig. S9 and S11,} respectively) are consistent with the
presence of 3 in the mixture. In addition, the "H NMR spec-
trum of the crude product AE-5 did not show any detectable
side-products, so we can assume that no soluble compounds
derived from the oxidation of aniline were obtained.*> We
finally checked the stability of the imine linker of 3, as imine
bonds are known to be unstable in aqueous media or even in
organic solvents containing traces of water, although their
hydrolysis can be inhibited by steric hindrance.*® The "H NMR
analysis of 5 before and after three days of incubation in the
serum shows no changes (Fig. S6 and S77).

Overall, the first control experiments using the graphene
free analogues 5 confirmed the stability of the imine linker
under cell biology experimental conditions and the efficient
cleavage of the imine bond upon electrolysis, yielding the
free aldehyde-drug 3, similarly to the reported electro-
chemical oxidation of aliphatic amines.** The presence of
additional complex oxidation products from p-toluidine are
expected upon electrolysis. Different attempts to characterise
(by NMR, mass spectrometry and HPLC) these side products
failed. However, we suggest the presence of polyanilines
derived from the ortho-coupling process of p-toluidine
derivatives.*®

With this information in hand, we transferred the investi-
gation to the graphene-based system. p-Aniline functionalised
graphene f-G(1) was obtained by the reaction of a graphite
intercalation compound (GIC) with 4-iodoaniline (1)
(Scheme 1a and the ESIf for details).*” The successful covalent
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functionalisation of graphene was confirmed by scanning
Raman spectroscopy (SRS). Ip/I, which is related to the degree
of covalent functionalisation, increased from 0.71 for the
control experiment (CE) to 0.98 for f-G(1) (Fig. S177). In order
to quantify the amount of disorder, the distance between 0D-
point like defects (Lp) was calculated from the Raman spectro-
scopic data (eqn (S1)f).*® Considering the CE as non-chemi-
cally modified graphene, f-G(1) showed an average distance of
23 nm between the electro-grafted groups, which confirms a
moderate functionalization. This finding is in line with the
estimated functionalization degree determined from TGA pro-
files (Table S6 and Fig. S19t). Furthermore, nitrogen intro-
duced upon functionalization with aniline was detected by
XPS in f-G(1) (N atom concentration 1%, Table S1}). The
Kaiser test (KT)' is usually employed to quantify amino
groups attached to nanomaterials but it requires the presence
of aliphatic primary amines; therefore, we performed the KT
using f-G(5) (Schemes 1c and S6, and Table S5}) as an ana-
logue of f-G(1) in which graphene is functionalized with a
benzyl amine. The KT confirmed the presence of a primary
amine in f-G(5) at a concentration of 24 pmol g~ " (Fig. S187). It
is worth mentioning that f-G(5) was not selected as part of the
delivery platform because of the known instability of the bond
between methylene and nitrogen atom of benzyl amine groups
under electrolytic conditions.**

Aldehydes 3 and 4 were anchored on f-G(1) by an imine
bond to afford f-G(2 and 3) (Scheme 1). The drug release of f-G
(2) upon electrochemical oxidation was monitored by fluo-
rescence spectrophotometry (Fig. 2). No fluorescence signal
was detected upon washing the eluents before the electrolysis
of f-G(2) (black line), confirming the absence of the unbound
drug in the system. But the eluent analysed after the electroly-
sis showed a strong emission profile (blue line) analogous to
the emission of 3 (red line as a control), confirming the
release of the drug from f-G(2). This oxidation reaction prob-
ably occurs by one electron transfer reaction by the formation
of a radical cation.”® To ensure that only imine bonds are
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Fig. 2 Fluorescence emission spectra of 9-anthracenecarboxaldehyde
(3) and the eluent before and after the electrolysis of f-G(2) in DMF.

This journal is © The Royal Society of Chemistry 2020
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cleaved during electrochemical oxidation whilst the phenyl
group remains attached to the graphene structure, we per-
formed the same electrolysis experiment using f-G(6)
(Scheme S7 and Table S2t), where fluorobenzene is covalently
bonded to graphene, and additional fluorine atoms are easily
quantified by XPS analysis. Comparable percentages of fluo-
rine were detected by XPS before and after applying 1.35 V
(2.8% vs. 2.9%, respectively). This proves that the C-C bond
between graphene and the phenyl group is stable under the
electrolysis conditions applied and the released anthracenyl
moiety detected in Fig. 2 belongs to the free aldehyde upon
the cleavage of the imine bond. In order to study the effect of
possible pi-pi adsorption of aromatic molecules on modified
graphene, a control experiment based on f-G(1) treated with
anthracene was performed (Scheme S8f). The resulting gra-
phene material f-G(1)* was analysed by TGA and compared
with f-G(1) and f-G(2), showing a low functional degree of
29 pmol g~' with respect to anthracene. However, after the
electrolysis of f-G(1)*, a rather weak fluorescent signal of non-
covalently adsorbed aromatic anthracene was detected, with a
very low intensity when compared to the signal of the anthra-
cene derivative detected upon the electrolysis of f-G(2)
(Fig. S207); this confirms that a minor yet possible non-
covalent absorption of the aromatic drug model on graphene
does not significantly interfere with the desired drug release
effect. In order to study the effect of possible pi-pi adsorption
of aromatic molecules on exfoliated graphene, a control experi-
ment based on the CE treated with 3 was performed
(Scheme S77). Then the electrolysis of the resulting graphene
material CE* was performed and compared with f-G(2). A
rather weak fluorescent signal of non-covalently adsorbed aro-
matic 3 was detected after the electrolysis of CE*, with a very
low intensity when compared to the signal of 3 detected upon
the electrolysis of f-G(2) (Fig. S207); this confirms that a minor
yet possible non-covalent absorption of the aromatic drug
model on graphene does not significantly interfere with the
desired drug release effect.

Quantitative analysis of drug loading and release was per-
formed using our second model f-G(3), taking advantage
of the measurements of the fluorine percentage by XPS.
Drug model 6 (4-methyl-N-(perfluorobenzylidene)aniline in
Schemes 1b and $21)°° was used as a reference of a “gra-
phene-free” analogue of f-G(3). Then a home-made working
electrode was manufactured by pasting f-G(3) on an ITO elec-
trode with conductive copper tape to simulate a chip of a
possible bio-device (Fig. S21t). The atomic concentration of
each element in f-G(3), measured by XPS, is presented in
Table S3,T and the loading percentage L% of drug 4 was 41%,
calculated with respect to nitrogen, using the following

eqn (1):

At(F)

L% =——"—
5 x At(N)

x 100% (1)

where At(F) and At(N) are the atomic concentrations of fluo-
rine and nitrogen in f-G(3), respectively.

This journal is © The Royal Society of Chemistry 2020
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The residue of f-G(3) after electrochemical oxidation was
also analysed by XPS and the percentage of the released 4 (R%)
from f-G(3) was calculated using the following eqn (2):

L(BE) — L(AE)

R% =
? L(BE)

x 100% (2)
where L(BE) and L(AE) are the loading percentages of 4 before
and after the electrolysis of f-G(3), respectively.

As shown in Fig. 3, electro-oxidation induces 43% of the
burst drug release during the first 10 s followed by a more sus-
tained release (62% in 120 s; see the ESIf for details).
Importantly, without the application of the potential, the
release of aldehyde was only 9.5% in 120 s, which confirms the
accelerated aldehyde release under the applied voltage. Such a
rapid drug release is a very desired feature when developing
carrier-drug hybrids, particularly because it helps to overcome
drug resistance.”® Note that the SEM images of deposited f-G
(3) in the electrode (Fig. S221) showed a surface composed of
different stacked graphene structures. Thus, it is reasonable
that the obtained non-complete release (62%) of the drug after
electro-oxidation is due to the morphology of the electrode
surface and trapped molecules between layers. Additionally,
SEM images showed an apparent thickness of ~1 mm for an
individual f-G(3) structure, which evidences the typical multi-
layer structure of chemically exfoliated graphene.

According to the tendency of the previously reported
electrochemical oxidation of para-toluidines towards the ortho-
coupling process,” we hypothesise the aminophenol-substi-
tuted f-G(4) in Scheme 1a as a possible product of electrolysis.
Hence, f-G(4) would be obtained by the addition of the
hydroxyl groups present in the media (trace of water in DMF)
in the ortho-position of the phenyl ring. The increment of the
atomic concentration of oxygen of f-G(4) with respect to f-G(1)
(Tables S1 and S4t) obtained by XPS supports our hypothesis.

The properties displayed by graphene place this 2D material
among the most attractive and versatile materials for a large
number of applications; therefore any issue concerning their
safety is crucial for any application (not only bio-medical

70 4

Released Aldehyde (%)
8 8 & & 8

-
o

0 30 60 90 120
Electrolysis time (s)

Fig. 3 (a) Cumulative release profile of the aldehyde from f-G(3) at 1.35
V vs. Ag/AgCl, and each time point was repeated three times.
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related) and a possible obstacle for translation to the industry.
Studies performed in the last decade show that the toxicity in
different biological systems strongly depends on the size,
shape, surface properties, and functionalization/passivation
methods of the graphene platform and certainly indicates that
safety needs to be assessed for any newly proposed graphene-
based material.'®**>* We performed cell viability assays (by
the MTS test>®) using the mouse astrocyte cell line C8-D1A in
the presence of our graphene-based carriers, CE (graphene
support before functionalisation with aniline) and f-G(1), at
different concentrations for 24 and 72 h. The cell viability
remained above 80% even at the highest concentration tested
(100 pg mL™", Fig. S5t) and this further indicates the potential
suitability of this graphene platform for bio-applications. The
next step for this study will focus on exploring the electrically
controlled release of different drugs toward specific biological
targets.

In conclusion, an electrochemically controlled delivery
system was fabricated by covalently binding aldehydes (3 and
4) to a graphene platform pre-coated with aniline groups (f-G
(1)) to form imine bonds. The aldehydes used as drug models
were responsively released from the graphene platform upon
the cleavage of the imine linker induced by electro-oxidation at
a relatively low voltage (1.35 V vs. Ag/AgCl) compared to some
reported studies.’*® The carrier-drug system is relatively
stable under the conditions employed (graphene losing only
9.5% of the attached aldehyde), whilst 40% of the cargo is
released during the first 10 s upon the application of the
voltage, achieving a total release of 60% in 60 s.

Thus the system developed here displays fast, time-depend-
ing and electro-responsive release of the cargo from its
support, and preliminary studies in cells confirm the potential
biocompatibility of the material employed, which are the key
features in the design of hybrids for electro-controlled drug
release. Importantly, here we focused on establishing a novel
approach to coat an electro-responsive graphene support with
drug models, focusing on employing a covalent bond between
the cargo and the graphene carrier, rather than depending on
n-n and non-covalent interactions. This new strategy poten-
tially offers a better control and characterisation of the loading
as well as the release of the drug upon the application of
electro-stimuli, and introduces the use of electro-responsive
graphene as a support not only for aromatic agents but also
for smaller or non-aromatic drugs and other functional agents.
Given the high potential of the hybrid developed, we are now
focusing on complementary studies useful to design a control-
lable drug release system compatible for in vivo studies. In par-
ticular, the approach developed here will be implemented by
exploring alternative graphene derivatives such as CVD gra-
phene or graphene oxide, which recently showed impressive
potential as electro-responsive components of implantable
devices, with abilities to either record electrical activity (i.e.
within neuronal interfaces) or perform electrochemical stimu-
lation in vivo.?”*%*> At the same time we are already exploring
different biologically significant cargos (i.e. drugs), combined
with different cargo/graphene loading and electrochemical
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stimulation time/power conditions, to identify the best options
and optimize a fine ON/OFF control of cargo release.
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