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In part 1 (A. Vasilescu et al., Porous reduced graphene oxide modified electrodes for the analysis of
protein aggregation. Part 1: Lysozyme aggregation at pH 2 and 7.4 Electrochem. Acta, 254 (2017) 375
—383) we proposed porous reduced graphene oxide coated glassy carbon electrode (GC/prGO) in com-
bination with differential pulse voltammetry as a new analytical tool for aggregation studies of proteins.
Lysozyme was used as a model to follow its aggregation by electrochemical means at pH 2 and pH 7.4,
leading to the formation of amyloid and amorphous aggregates, respectively. Part 2 of this work widens
the scope of this approach by investigating a biopharmaceutical product, as the aggregation of peptide
based drugs affects their therapeutic activity and can induce allergic reactions in patients. The salmon
polypeptide calcitonin (sCT) was chosen as an example of a bioactive peptide with limited pharma-
ceutical potential due to a tendency to form cytotoxic aggregates and amyloid fibrils. For practical ap-
plications, screen printed electrodes (SPE) and flexible electrodes (FE) modified with
polydiallyldimethylammonium (PDDA) and prGO by using the layer-by-layer deposition technique have
been developed for the detection of sCT. The results indicate that these electrodes can differentiate
between formation of amyloid aggregates of calcitonin (2 mg mL~!) in citrate buffer to no aggregation in
acetate buffer. It was further demonstrated that these electrodes are able to analyze a pharmaceutical
drug product of low potency, Miacalcic (8.3 pg mL™"), where no aggregation was observed.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

development and use is their low stability [3]. The native functional
structure of folded proteins and peptides is susceptible to physical

Peptide and protein based drugs have gained considerable
attention as potential therapeutics in the treatment of severe dis-
eases such as cancer, diabetes, osteoporosis, etc. due to their high
potency and specificity [1,2]. One of the major concerns in their
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and chemical instability, which can lead to the destruction or for-
mation of bonds within the therapeutic molecules, altering their
primary structures and affecting their higher-level architectures. To
ensure enhanced stability of biopharmaceuticals, pharmaceutical
excipients such as salt and buffering agents, sugars, preservatives
and larger compounds including polymers are used in protein
formulations [4]; however some preservatives can trigger them-
selves the aggregation of proteins [5]. Consequently, the stability of
protein- and peptide-based drugs during manufacturing and
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storage has to be monitored to ensure their safe use. While this
assessment is typically done by a combination of analytical and
imaging methods, including separation based procedures (chro-
matography, gel electrophoresis), light scattering based methods,
analytical ultracentrifugation, field-flow fractionation etc, electro-
chemical assays were shown to be simple complementary tools
assisting with determining the native, unfolded or aggregated state
of peptide/protein and its interactions with other compounds
[6—14]. The direct electrochemistry of proteins/peptides relies on
the electroactivity of cysteine, tyrosine, tryptophan, histidine and
methionine residues in the protein and on the link between the
efficiency of their oxidation and the surface exposure of these
residues, according to protein conformation [15,16]. Not surpris-
ingly, the major focus of electrochemical assays to evaluate the
aggregation status of peptides/proteins was on peptides and pro-
teins involved in neurodegenerative diseases, e.g. amyloid beta or
a-synuclein [8,17—20]. In Part 1, we have introduced porous
reduced graphene oxide (prGO) modified electrodes for the
investigation of a model protein, lysozyme [21].

In this work, to validate that porous reduced graphene oxide
(prGO) modified electrodes are suitable for the analysis of phar-
maceutical formulations, the electrochemical aggregation assay
was tested on a salmon calcitonin (sCT) containing pharmaceutical.
Calcitonin, a polypeptide hormone which regulates the calcium-
phosphorus metabolism in our body, was chosen because it rep-
resents an excellent example of a bioactive peptide with limited
pharmaceutical potential due to a tendency to aggregate [22—24],
leading to the formation of cytotoxic aggregates and amyloid fibrils,
which can elicit important immunogenic response in patients [22].
Synthetic or recombinant human calcitonin (hCT) as well as salmon
calcitonin (sCT) formulations have been used to cure metabolic
bone disorders such as osteoporosis, Paget's disease, hypercalcemia
of malignancy and musculoskeletal pain [25,26]. Salmon calcitonin,
an approximately 50% amino acid homology to hCT [27], has been
preferentially included in various pharmaceutical preparations,
such as nasal sprays or parenterals, for the treatment of osteopo-
rosis due to its longer half-life time and 40 times higher potency
over hCT. While the recent association between the use of sCT and
the development of cancer has prompted the suspension of calci-
tonin nasal sprays from the European market and limited the
duration of use of other calcitonin products [28], it is currently still
the active pharmaceutical ingredient in injectable calcitonin solu-
tions for the treatment of hypercalcemia and Paget's disease.

We demonstrate in this article that next to prGO modified glassy
carbon electrodes, screen printed electrodes as well as flexible in-
tegrated electrical interfaces can be modified with prGO by a layer-
by-layer approach using positively charged poly-
diallyldimethylammonium (PDDA) and negatively charged prGO.
These electrodes exhibited improved sensitivity towards sCT and
could be successfully used to discriminate between sCT amyloid-
type aggregation in citrate buffer and no amyloid formation in ac-
etate buffer, respectively. The approach is further exemplified on a
sCT pharmaceutical product of low potency, Miacalcic injection,
containing 50 IU mL~" (8.3 pgmL ) sCT in acetate buffer.

2. Experimental
2.1. Materials

Potassium hexacyanoferrate (II) ([K4Fe(CN)g]), thioflavin T (ThT),
polydiallyldimethylammonium (PDDA), hydrazine hydrate and
phosphate buffer tablets (PBS, 0.1 M) were purchased from Sigma-
Aldrich and used as received. Graphene oxide (GO) powder was
purchased from Graphenea, Spain. Thioflavin T stock solutions
(500 uM) were prepared daily in PBS (0.1 M, pH 7.4) and stored at

room temperature in the dark to avoid any possible photo-
degradation. Salmon calcitonin (sCT) was purchased from Merck,
Germany. Miacalcic 50 Ul mL~! solution for injection and infusion
produced by Novartis (UK) was obtained from a local pharmacy.

Screen-printed electrodes (SPE) including a carbon working
electrode with a dimeter of 4 mm, a carbon auxiliary electrode and
a Ag reference electrode were provided by Dropsens, Spain.

The preparation of porous reduced graphene oxide (prGO) is
reported in Part 1 [21]. It is based on the dispersion of rGO (100 mg)
in H,0, (100 mL; 30%) followed by ultrasonication for 30 min and
refluxing for 12 h at 60 °C.

2.2. Preparation and modification of electrodes

2.2.1. Formation of flexible electrode

Circular polyimide substrates (DuPont™ Kapton® HN) of
0.125 mm in thickness and 76.2 mm in diameter were cleaned with
acetone in an ultrasonic water bath for 30 min, followed by cleaning
with isopropanol for 10 min and then blown dry under a nitrogen
flow. To drive off any moisture that may be present on the sub-
strates' surface, the substrates were first dried at 110 °C overnight,
then coated with bis(trimethylsilylJamine (HMDS) in a vapor prime
oven (LPIII, Yield Engineering Systems). The substrates were spin
coated with AZ® nLOF 2020 negative photoresist (MicroChemicals)
at 2500 rpm with an acceleration of 1000 rpmy/s for 20 s. Then, they
were soft baked on a hotplate at 110 °C for 60 s. The photoresist was
exposed with a 365 nm i-line lamp at an energy of 66 mj/cm? in a
SUSS MA/BA6 mask aligner. After exposure, they were heated on a
hotplate at 110 °C for 60 s to help the crosslinking of the exposed
resist. The development step was achieved by soaking the photo-
resist in AZ® 362 MIF developer for 60s. Then, the samples were
rinsed with deionized water and blown dry with nitrogen.

The polyimide substrates were coated with 5 nm Ti, followed by
70nm Au at a rate of 1A/s via electron-beam physical vapor
deposition. Finally, the photoresist was removed by soaking poly-
imide substrates with Nano™ Remover PG (MicroChem) in an ul-
trasonic water bath for 10 min. Then, the samples were carefully
rinsed with isopropanol, followed by rinsing with deionized water,
and blown dry with nitrogen.

2.2.2. Modification of GC with prGO

Glassy carbon electrodes (GC, A=0.078 cm?) polished with
alumina powder were modified by drop-casting 5 pL of a suspen-
sion of prGO (1 mg mL~! in water) and drying for 24 h in an oven at
60 °C. The formed GC/prGO electrodes were immersed in 0.1 M PBS
(pH 7.0) and cycled 30 times between —1.5 V and +1.1 V at a scan
rate of 0.1 V s~ to stabilize the interface. Thereafter, to insure good
reduction of the prGO, the potential was furthermore keptat —1.5V
for 3 min.

2.2.3. Modification of screen-printed electrodes (SPE) and flexible
electrodes (FE)

The electrodes were modified with prGO by first depositing 5 uL
of a solution of PDDA (5% in 0.1 M NaCl/water) onto the electrode
surface and allowed to adsorb for 15 min at room temperature in a
humidity-saturated chamber. After rinsing and drying, a 5pL
aliquot of prGO (1 mgmL™!) was deposited onto the electrode
surface and allowed to adsorb in the same manner. These steps
were repeated three times. Before use, the PDDA/prGO interface
was cycled between —1.5V and 0.6V in 0.1 M PBS buffer for 10
times.
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2.3. Aggregation studies

2.3.1. Salmon calcitonin (sCT) aggregation

2.3.1.1. Investigation of aggregation of 2 mg mL™!sCT in citrate buffer
and acetate buffer. Calcitonin solutions 2 mgmL~! (0.59 mM) in
two different buffers were investigated in this study: one enabling
aggregation and one supposed to be stable according to a large
screening work by Capelle et al. [29]. A concentration of 2 mg mL ™"
sCT, higher than sCT based biopharmaceuticals developed so far
(8.3—367 ugmL~!) was chosen based on the screening study by
Capelle et al. [29]. To aggregate sCT, a 2 mg mL~! solution of sCT in
citrate buffer (10 mM, pH 6) was kept under shaking at room
temperature for 14 days. As a control, 2mgmL~' sCT were dis-
solved in acetate buffer (0.1 M, pH 4.2) a supposedly stable
formulation [29] and kept under shaking at room temperature for
several days. The acetate buffer reflected the excipients in Miacalcic
injectable 50 IU mL-! i.e., acetic acid, sodium acetate and sodium
chloride.

2.3.1.2. Investigation of low potency sCT solutions. Aggregation of
low potency sCT solutions was investigated at room temperature,
under shaking: (i) Miacalcic injectable solution (containing
~8.3pgmL~! sCT), (ii) 8.3 pgmL~" sCT solution in acetate buffer
(0.1 M, pH 4.2) and (iii) 8.3 pgmL~! sCT solution in citrate buffer
(10mM, pH 6). The conditions and concentrations of sCT were
chosen to allow observing aggregation within a reasonable time-
frame (up to 10 days). Mechanical stress and temperature are
among the commonly used stress factors in forced degradation
studies employed in the pharmaceutical industry to assess the
stability of biopharmaceuticals, when developing new products. As
the aggregation of a 2 mg mL~! sCT in citrate buffer (10 mM, pH 6)
at room temperature under shaking occurs in some hours, for
better observing the changes in the stability of this particular so-
lution and the correlations with the electrochemical signal the
shaking part was omitted for this sample. For all other calcitonin
samples investigated (at 2 mg mL~! in acetate and at 8 g mL~! sCT
in 10 mM citrate pH 6 and in 10 mM acetate pH 4.2) the stability
was studied under shaking at room temperature.

2.3.2. Fluorescence based aggregation studies

A volume of 380 uL of thioflavin T (135 uM in 0.01 M phosphate
buffer pH 7.4) was mixed with 20 pL of the 2 mg mL~' sCT sample,
vortexed shortly, and then its fluorescence was measured with a
Glomax 20/20 Luminometer from Promega equipped with a fluo-
rescence Blue Module (excitation 465—485nm, emission at
515—575 nm). Undiluted Miacalcic solutions were mixed in equal
volumes with the thioflavin T solution before measuring the
fluorescence.

2.3.3. Electrochemical-based aggregation assay

For electrochemical measurements, sCT samples were diluted
(20 or 2 pgmL~!) with acetate or citrate buffer just before the
measurements, to be in the linear range of the calibration curves.
sCT standard solutions in acetate buffer were used for calibration.
The electrodes were immersed into the sCT solution and kept for
30 min to adsorb the protein onto their surface, rinsed copiously
with the buffer solution, and then analyzed by differential pulse
voltammetry (DPV).

2.4. Instrumentation

Scanning electron microscopic images (SEM) of the films were
obtained using an electron microscope ULTRA 55 (Zeiss) equipped
with a thermal field emission emitter and three different detectors
(ESB detector with filter grid, high efficiency In-lens SE detector,

Everhart-Thornley Secondary Electron Detector).

Electrochemical measurements were performed with a poten-
tiostat/galvanostat (Metrohm Autolab, The Netherlands). A con-
ventional three-electrode configuration was employed using a
silver wire and a platinum mesh as reference and auxiliary elec-
trodes, respectively. Differential pulse voltammograms (DPV) were
recorded within the potential range from 0.4 V to +1.0 V under
modulation amplitude of 5 mV with a step potential of 80 mV, step
height of 15 mV and step time of 250 ms.

Atomic Force Microscopy (AFM) was used to observe the nature
of the protein aggregates formed in the forced aggregation exper-
iments. In order to obtain the AFM images, 20 uL aliquots of the sCT
solutions (undiluted 8 pg mL~! solutions or dilutions at 50 pg mL~!
from the 2 mgmL~! solutions) were spotted onto freshly cleaved
mica samples. The mica samples were then dried in a desiccator
under vacuum, thoroughly washed with ultrapure water and finally
dried under a flow of nitrogen. A NanoWizard Il AFM instrument
(from JPK Instruments AG, Germany), Arrow Silicon SPM-Sensors
(with typical resonance frequency of 285 kHz and force constant
of 42 N/m, from Nano World AG, Switzerland), and intermittent
contact mode were used to record AFM images of the aggregates
adsorbed onto the mica samples. The dimensions of the scanned
area were adjusted in order to obtain representative images of a
reasonable number of fibrils. The obtained AFM data was leveled by
mean plane subtraction and/or corrected by matching height
median.

3. Results and discussion

3.1. Direct electrochemical oxidation of sCT on glassy carbon
electrodes modified with prGO

Fig. 1A depicts the differential pulse voltammogram of a solution
of salmon calcitonin (sCT, 20 ug mL~!) in PBS (pH 7.4, 0.1 M) after
adsorption for 30 min on a glassy carbon electrode modified with
prGO (GC/prGO) (for optimization of adsorption time see Fig. S1). It
displays an oxidation peak at 0.61V assigned to the tyrosine (Tyr)
residue present on sCT [21]. The peak current at 0.61V scales
proportional with the concentration of sCT between 1 and
50pugmL~! with a coefficient of 0.9998 according to j (pA
cm™2) = 0.038 + 0.16 [sCT] (ug mL™") and a detection limit of
1 pug mL~! sCT estimated from five blank noise signals.

3.2. Direct electrochemical oxidation on screen printed and flexible
electrodes modified with rGO

For practical applications, it is advantageous to use cheap and
disposable electrodes. To bring our prGO based approach closer to
reality, in addition to glassy carbon electrodes we investigated
commercially available screen printed electrodes (SPE) with a car-
bon working electrode of about 0.13 cm? active area and a flexible
electrode (FE) design, based on a spherical gold electrode
(A=0.0095 cm?) integrated together with a silver reference elec-
trode and gold counter electrode onto a flexible polymer support
(Fig. 2A). Integration of prGO onto these interfaces was achieved by
a layer-by-layer deposition approach [30] using subsequently
positively charged PDDA and negatively charged prGO. Fig. 2B ex-
hibits the surface morphology of the SPE and FE before and after
modification with one and several of PDDA/prGO layers. In the case
of SPE, the deposition of 4 PDDA/prGO layers results in an electrode
surface completely covered with prGO, whereas in the case of the
flexible interfaces, 3 layers of PDDA/prGO coat evenly the interface.
The electrochemical responses of both electrical interfaces before
and after PDDA/prGO modification were recorded (see SI, Fig. S1).
Enhanced electron transfers with a AE =86 mV and larger current
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Fig. 2. (A) Images of screen printed electrodes (SPE) and flexible gold electrodes (FE); (B) SEM images of SPE and FE before and after modification with PDDA/prGO.

densities are observed on SPE-(PDDA/prGO)4 when compared to
unmodified SPE. Additional layers showed only a slight increase of
the current density. In the case of the FE, coating with three layers
of PDDA/prGO results in enhanced current densities and a good
electron transfer is retained.

The influence of the number of PDDA/prGO layers on the elec-
trochemical response towards sCT was in addition investigated.
After 30 min adsorption of 5pL of sCT and rinsing, DPVs were
recorded (Fig. 3A). Increased peak currents are detected on SPE-

(PDDA/prGO)4 and FE-(PDDA/prGO)s; when compared to unmodi-
fied SPE and FE and when coated with only one layer of PDDA/prGO.
Well-defined oxidative bands are observed at 0.64V on SPE and
0.61V on FE, assigned to the oxidation of tyrosine residue in
calcitonin. On PDDA/prGO modified interfaces the redox band is
shifted cathodically to 0.61 and 0.57 V for SPE-(PDDA/prGO)4 and
FE-(PDDA/prGO); respectively. In the case of SPE-(PDDA/prGO)a,
the peak current at 0.60V scales linearly between 0.2 and
80pugmL~! with a coefficient of 09994 according to j (pA
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cm~2) = 0.188 + 1.714 [sCT] (ug mL~!) and a detection limit of
0.1 pg mL ! estimated from five blank noise signals was achieved.
When compared to GC/prGO, the linear range is enlarged on these
electrical interfaces with a detection limit lowered by one order of
magnitude.

Somewhat improved performances were recorded with the FE-
(PDDA/prGO); interface with a linear range between 0.1 and
100 pg mL~" according to j (A cm~2) = 0.128 + 2.81 [sCT] (ug
mL~!) with a detection limit of 0.08 pygmL~! estimated from five
blank noise signals. This concentration range is well adapted for the
investigation of pharmaceutical samples such as the Miacalcic
injectable solution from Novartis, which contains about
8.3 pugmL ! of sCT.

3.3. Salmon calcitonin (sCT) aggregation studies

When proteins unfold, the number of surface-exposed electro-
active amino acids available for direct electrochemical oxidation
changes. This has been intensively discussed in Part 1 using lyso-
zyme as a model compound [21]. Here we investigate if this
concept is applicable to sCT aggregation knowing that this molecule
comprises electrochemical active amino acids (1 tyrosine, 1 histi-
dine and 2 cysteine residues linked through a disulfide bridge) in its
structure. Aggregation of sCT (2 mg mL~1!) at room temperature
under shaking in acetate buffer as well as in citrate buffer (without
shaking) was followed electrochemically using GC/prGO, SPE-
(PDDA/prGO)4 and FE-(PDDA/prGO)s; electrodes. As can be seen
from Fig. 4A, after an increase in the current density reaching a
plateau after 50 h, the electrochemical response decreases. Various
studies, including tyrosine, tyrosine-containing peptides, peptide
isoforms and inverse peptides, have shown that the electro-
chemical signal of tyrosine (or other electroactive amino acids) in

peptides and proteins is influenced by neighboring amino acid
residues and by the secondary structure of proteins [6,31—33],
determining surface exposure and accessibility for oxidation of
tyrosine, adsorption and secondary reactions. In a simplistic
interpretation of the evolution of the current density in Fig. 4A, the
current density is determined by major contributions from mono-
meric unfolding sCT contributing to the increase in current in the
first 50 h and the depletion of sCT monomers with formation of
high amount of fibrils for long aggregation time. Indeed, the in-
crease in the electrochemical signal at 0.61V in the first 50 h of
aggregation is attributed to the unfolding of calcitonin, resulting in
the surface exposure of different amino acids compared to the
native conformation and to an easier accessibility of tyrosine for
oxidation at electrode surface. The conformational changes also
result in the modification of the hydrophobicity of sCT as verified by
measurements with the fluorescent probe 8-anilino-1-sulphonate
(see SI, Fig. S2). The results show that there are large variations in
surface hydrophobicity of sCT during the first 2 days. Modified
hydrophobicity is anticipated to influence the adsorption of sCT on
the electrodes, thus indirectly contributing to the electrochemical
signal. These modifications lead to more important adsorption or
more favorable exposure of tyrosine residues, resulting in the
higher oxidation current densities in the first 50 h of aggregation
(Fig. 4A). After 72 h of aggregation, the formation of oligomers and
aggregates lead to tyrosine being hidden inside the polypeptide
structure, shielded by non-electroactive amino acids, resulting in
its inaccessibility for oxidation at electrode surface-hence a marked
decrease of the electrochemical signal with time. The loss of elec-
trochemical signal was complete after 250 h of aggregation. The
same trend was observed using SPE-(PDDA/prG0O)4 and FE-(PDDA/
prGO)s electrodes (Fig. 4B). In the case of FE-(PDDA/prGO)s, the loss
in electrochemical signal after 50 h is more pronounced than in the
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other cases most likely due to the higher sensitivity of the interface.

The formation of amyloid aggregates in citrate buffer occurring
after 72h in sCT solution (2mgmL~! in citrate buffer) was
confirmed by AFM measurements (Fig. 4C). The diameter of single
calcitonin fibrils is rather large with a mean diameter 5.8 + 1.4 nm
along with a wide distribution of the fibril diameters. The calcitonin
fibrils also tend to laterally associate to each other and form ribbon-
like structures.

Several authors have attempted to correlate the electrochemical
signals with the size of aggregates measured by AFM [9] or Dy-
namic Light Scaterring (DLS) [12,17]. For example Suprun et al. have
used (DLS) and fluorescence of thioflavin T in conjunction with
square wave voltammetry to study the aggregation of Ap42 [17].
The authors found that the magnitude of the current is manly
dictated by the monomer amount and once aggregation has pro-
gressed so much that aggregates larger than 35 nm are formed, the
current due to AB42 oxidation decreases linearly with the magni-
tude of aggregates. It is important to point out however that the
electrochemical signal reflects the global contributions from the
aggregated solution which contains, at any given time-point,
different amounts of monomer, degradation products, oligomers
and aggregates. In our case, identifying the specific contributions to
the electrochemical signal exclusively due to sCT aggregates re-
quires both highly stable aggregates and a combination of several
analytical methods.

To support some of our claims, we have used thioflavin T fluo-
rescence measurements as second analytical method and
compared the aggregation in citrate buffer with a stability study of
a 2mgmL~! sCT solution in acetate buffer. Thioflavin T is a ben-
zothiazole dye that binds to f-sheets which are characteristic and
abundant in amyloid-type aggregates. For 2 mg mL~" sCT solutions
in citrate buffer (1 mM, pH 6) kept at room temperature with no
stirring, the fluorescence based assay gave a strong ThT emission
reaching a plateau after about 4 days with a lag time of 1 day. The

high fluorescence signal after 3—4 days is in line with the amyloid
fibers observed by AFM and supports the link between a high
amount of amyloid aggregates and the loss of electrochemical
signal as observed by DPV.

In contrast to results in citrate buffer, the fluorescence signal of
thioflavin T mixed with 2 mg mL~! sCT solutions in acetate buffer
increases only by approximately 10% from the initial value (Fig. 5A).
The solution remains clear after 5 days and the change in electro-
chemical signal recorded by DPV is small (Fig. 5B), indicating that
acetate-based sCT formulations are long-time stable against ag-
gregation, in accordance to literature-reported data [29].

In conclusion, the electrodes reported here can detect changes
in peptide conformation and in solution composition that precede
and accompany the formation of aggregates. The results obtained
with 2 mg mL~! sCT solutions in citrate and acetate are indicative of
the potential of SPE-(PDDA/prGO)4 and FE-(PDDA/prGO)s; elec-
trodes and the manner of their application for stability studies and
formulation development in the biopharmaceutical industry. We
believe the electrodes to be useful, complementary tools in com-
bination with optical methods [34] for the screening of pharma-
ceutical formulations.

3.4. Aggregation studies of a pharmaceutical sCT containing
product

Protein aggregation strongly depends on the experimental
conditions such as protein concentration type of buffer solution,
pH, temperature shaking and many others. To achieve protein
stabilization through retardation of chemical degradation pro-
cesses and prevention of aggregation various excipients are
included in pharmaceutical formulations. Some excipients might
interfere with the electrochemical approach described here. For
example, phenol, and m-cresol are two preservatives used to in-
crease the antimicrobial stability of drugs based on therapeutic
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Fig. 5. (A) ThT fluorescence intensity upon aging a solution of sCT (2 mg mL™") in citrate buffer (black) or acetate buffer (gray) at room temperature; (B) Change of peak current
density with time recorded on GC/prGO, SPE-(PDDA/prGO)4 and FE-(PDDA/prGO)s electrodes upon aging of a sCT solution (2 mg mL~") in acetate buffer (diluted to 20 ug mL~" to be

in linear range of calibration curve).

peptides and are used as preservatives in various calcitonin par-
enterals and nasal sprays. Due to their chemical structures, these
compounds have similar redox properties as tyrosine and might
potentially interfere with electrochemical tyrosine oxidation in sCT.
As illustrated in Fig. S3, phenol and metacresol interfere with the
direct oxidation of sCT as they are oxidized at similar potentials as
the tyrosine residue in calcitonin. However, some bio-
pharmaceuticals do not include preservatives, as is the case of
Miacalcic vials for injection with a potency of 50 IU mL~! calcitonin
studied here [35], in contrast to higher potency Miacalcin injectable
drugs which do contain phenol as preservative [36]. Moreover,
there are significant efforts nowadays towards developing
preservative-free formulations as the compounds chosen to
enhance the stability of proteins were found in some case to induce
themselves the protein aggregation [5]. Taken together, these facts
justify our choice to study Miacalcic 50 IU mL~! aggregation.

Before investigating the stability of Miacalcic 50 IU mL™!, we
performed aggregation studies with sCT solutions prepared in the
laboratory at the same concentration (8.35 pg mL™') and in acetate
buffer (pH 4.2) mimicking the formulation of Miacalcic. Under
these conditions, no significant decrease, indicative of aggregation
was observed with either the SPE-(PDDA/prGO)s; or FE-(PDDA/
prGO)s electrode (Fig. 6A). No visible aggregates were observed in
the sample solution at the end of the study.

The same behavior is recorded for the Miacalcic 50 U mL!
formulations: although the intensity of the oxidation current dis-
played some variations throughout the 250 h study, there is no
significant decrease in the current density over the course of 5 days
at room temperature, under shaking (Fig. 6B), a sign of a lack of
aggregation. The observed variations in current densities deserve
further investigation in a future work with parallel analysis (e.g by
chromatography, circular dichroism etc) to correlate with confor-
mational modifications or product degradation. Obviously, the
sensitivity of SPE-(PDDA/prGO)4 and FE-(PDDA/prGO); recommend
them as complementary analytical tools for such aggregations
studies.

Fluorescence was used as second analytical method to confirm
the absence of amyloid aggregates in the pharmaceutical drug
product (Fig. 6C) where indeed no change in fluorescence was
observed. The apparent stability of the Miacalcic solution and of
8.35ugmL™! sCT in acetate is not surprising, considering the
similar results obtained with 2 mgmL~! sCT solution (240 times
more concentrated, see Fig. 5B) and that the speed of the aggre-
gation process is influenced by the concentration of the monomer,
proceeding slower for lower concentrations. With respect to the

last, we have verified that while for sCT prepared in citrate buffer
(10 mM, pH 6) where aggregation is promoted, amyloid formation
occurs fast in a 2mgmL! solution, in the case of a 8 pg mL™!
sample it starts being observed only after 14 days of shaking at
room temperature, as emphasized by electrochemical, fluorescence
and AFM procedures (see SI, Figure S4). Bundles of short fibrils are
visible by AFM analysis, similarly to images recorded for 2 mg mL™"
calcitonin solutions aggregated 3 days (Fig. 4C). For a 8 pgmL™!
calcitonin in 10 mM citrate pH 6 aggregated 14 days the increase in
fluorescence of thioflavin T is significant after 14 days (532 + 37 FLU
at day 14 compared to 431 + 3 FLU initially) and correlates with the
fibrils observed by AFM.

This work with prGO-modified disposable electrodes comple-
ments the current knowledge on the application of electrochemical
methods for peptide and protein detection and for the study of
interactions and aggregation, particularly with concern of the
development of novel, more performant and cost-effective in-
terfaces. While very sensitive assays for calcitonin were reported
based on molecular imprinted polymers or antibodies, reaching
detection limits of 0.7pgmL~! [37], and 3.09pgmL~!) [38],
respectively, the direct electrochemical detection of calcitonin is
less studied [39,40]. Oesteryoung reported the square wave
adsorptive stripping voltammetry of salmon calcitonin at hanging
mercury drop electrodes with a detection limit of 343 pg mL~! [39].
Glassy carbon electrodes were largely used for the study of protein
aggregation and their electrochemistry [32,41], including in recent
works reporting on the antibody drugs Rituximab and Bev-
acizumab [42,43]. Boron-doped diamond electrodes [44] were used
in protein electrochemistry studies and a few works were based on
screen-printed carbon electrodes [45]. No works were yet reported
with flexible electrodes and prGO-modified interfaces. With
regards to calcitonin aggregation, a great deal of knowledge on
human and salmon calcitonin and their pharmaceutical formula-
tions was acquired by optical assays and imaging methods [29] and
the subject continues to be of interest [46], however none of these
reports included an electrochemically-based assessment.

4. Conclusion

This study reports on the development of different electro-
chemical interfaces for the sensitive detection of salmon calcitonin.
Next to glassy carbon electrodes modified with prGO by drop
coating, screen printed electrodes as well as flexible electrodes
were modified with prGO using a layer-by-layer approach alter-
nating PDDA and prGO. Compared to GC/prGO, these interfaces
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Fig. 6. (A) Change in differential pulse voltammograms upon aging of sCT solution (8.35 ug mL~") in acetate buffer (0.1 M, pH 4.2) under shaking at room temperature, recorded
with SPE-(PDDA/prGO), and FE-(PDDA/prGO)s electrodes; (B) Change of peak current density with time recorded upon aging Miacalcic 50 IU mL~" (8.35 pg mL~') calcitonin so-
lution under shaking; (C) ThT fluorescence intensity upon aging Miacalcic 50 IU mL™" calcitonin solution under shaking.

showed an improved detection limit towards sCT oxidation as well
as an wider linear range up to 100 pg mL~". These electrodes proved
to be adaptable to investigate aggregation of sCT under different
conditions as well as to monitor the stability of a low potency sCT
pharmaceutical product. It was found that sCT is stable in acetate-
based solutions, while aggregation is spontaneously occurring in
citrate buffer at pH 6. The Miacalcic pharmaceutical product
showed no aggregation as the low concentration of sCT together
with being solubilized in acetate buffer results in a stable phar-
maceutical solution. Acknowledging the limitations related to
possible interferences due to electroactive excipients, there is a
good deal of applicability in our proposed approach which could be
extended to other therapeutic peptides or formulations. Thanks to
their good sensitivity, the proposed electrodes could function for
example as detectors in conjunction with a separation-based
method, e. g chromatography. More importantly, since they allow
observing changes in the stability of biopharmaceuticals such as
calcitonin, at concentrations ranges typically used in the pharma-
ceutical industry, the prGO-based electrodes can be used during the
drug development process. For example, they can be useful in
forced degradation studies as part of screening various formula-
tions and excipients and for validating the storage and processing
of the active pharmaceutical peptide/protein.

This electrochemical approach is thus proposed as a general and
easy manner, complementary to available analytical techniques to
get information about the aggregation behavior of protein thera-
peutics in short time, using rather cheap instrumentation and
electrical interfaces.
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Figure S1: Cyclic voltammograms of (A) SPE and (B) FE modified with one or several layers of

E vs. Ag(wire) / V

E vs. Ag(wire) /V

PDDA/prGO in Fe(CN)e* (10 mM/ PBS (0.1 M, pH 7.4), scan rate: 100 mV s’
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Figure S2. Fluorescence of the hydrophobicity probe 8-anilino-1-sulphonate mixed with a 2 mg
mL! sCT (10 mM citrate buffer, pH 6) that was kept at room temperature for increasing periods

of time;
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Figure S3: Study of potential interferences from the preservatives used in
biopharmaceuticals containing sCT: Cyclic voltammograms of (1) salmon calcitonin (2 mg
mL"); (2) m-cresol (0.13 mg mL") and (3) phenol (1 mg mL™") in acetate buffer (0.1 M, pH 4.2)
recorded with SPE-(PDDA/prGO)4 electrodes, scan speed=0.1V/s.
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Figure S4. Control experiments to prove that the electrochemical method is appropriate for
the analysis of diluted sCT (8.35 ng mL™") undergoing amyloid type aggregation. (A) SWV
of a 8.35 pg mL! sCT in citrate buffer (10 mM, pH 6) freshly prepared (black) and after 14 days
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at room temperature under shaking (red) recorded with SPE-(PDDA/prGO)s. Conditions:
potential step: 0.005 V, pulse amplitude: 0.04 V, scan between 0 and 1 V, frequency: 25 Hz; (B)

AFM analysis of this solution after 14 days aggregation, (C) Measurements of the fluorescence
of thioflavin T mixed with solutions of calcitonin 2 mg mL"! (black squares), 50 pg mL! (red
circles) and 8 pg mL! (blue triangles) in citrate buffer (10 mM, pH 6), submitted to aggregation
at room temperature for different periods of time with (for 50 pg mL! and 8 pg mL™') or

without stirring (2 mg mL™).
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