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Cefiderocol is a novel siderophore-conjugated p-lactam antibiotic which has been approved for clinical use. It has
demonstrated efficacy against infections caused by Gram-negative bacteria, including carbapenem-resistant
strains. Novel antibiotics are rarely brought to market and, as such, are ideal candidates for therapeutic drug

monitoring which enables optimised dosing across a range of clinical scenarios whilst also reducing the chances
of antimicrobial resistance. Here we demonstrate direct electrochemical detection of cefiderocol by oxidation
using untreated gold and glassy carbon electrodes as well as multi-walled carbon nanotube (MWCNT)-coated
glassy carbon and foamed gold electrodes. Quantification of cefiderocol in the therapeutic range is demonstrated
in spiked whole human blood using MWCNT-coated pyrolytic carbon screen-printed electrodes.

1. Introduction

Antimicrobial resistance develops in nature due to selection, allow-
ing populations of microbes to protect themselves from toxic substances.
For example, beta lactamase, an enzyme which deactivates beta lactams
such as penicillin, has existed in nature for millions of years [1]. In
human medicine, for antimicrobials to be effective they have to be at a
concentration above a minimum inhibitory concentration (MIC) [2],
“the lowest concentration which resulted in maintenance or reduction of
inoculum viability” [3]. Below this concentration, the antimicrobial will
still act as a selection pressure on the microbials, increasing the chance
of resistance developing [4]. Selecting a dosage that maintains blood
concentrations above the MIC, while avoiding toxicity, is therefore
hugely important. This, however, is not straightforward. Therapeutic
drug monitoring is not only relevant in respect to drugs with a narrow
therapeutic index, but is also important due to large inter- and intra-
patient variations in pharmacokinetics, making the standardisation of
dosing difficult [5].

New antibiotics, such as cefiderocol, are developed very infre-
quently: only three new antimicrobial drugs were approved by the FDA
in 2019 alongside cefiderocol [6]. Globally around 700,000 people a
year die from antimicrobial-resistant infections and this number could
rise to 10 million a year by 2050 [7]. Analytical methodology can play a
large part in protecting the efficacy of these vital treatments [8] and the

low cost and ease of miniaturisation of electrochemical methods makes
them ideal candidates for point-of-care monitoring and dose
optimisation.

Cefiderocol is a novel siderophore-conjugated cephalosporin anti-
biotic developed by Shionogi & Co. Ltd. Its combination of a catechol
siderophore with a cephalosporin core has led to a drug with potent in
vitro activity against carbapenem-resistant and multidrug-resistant
Gram-negative bacteria [9]. The drug has been approved for the treat-
ment of Gram-negative infections in several countries, including the
USA, which has approved the use of cefiderocol for the treatment of
hospital-acquired bacterial pneumonia and ventilator-associated pneu-
monia caused by Gram-negative bacteria. The susceptibility breakpoint
standard provided by the Clinical and Laboratory Standards Institute
(CLSI) is < 4ug/mL (< 5.3uM) against Enterobacterales, P. aeruginosa,
and Acinetobacter spp., and < 1ug/mL (< 1.3uM) against S. maltophilia
[10].

Here we propose a novel electrochemical sensor for the direct elec-
trochemical detection of cefiderocol for use as a point-of-care sensor for
therapeutic drug monitoring. The electrochemical behaviour of cefi-
derocol was studied at unmodified glassy carbon electrodes using cyclic
voltammetry (CV). Calibration curves were subsequently obtained by
differential pulse voltammetry (DPV) for a range of electrodes with
surface modifications. Performance in whole blood was evaluated in the
therapeutic range for MWCNT pyrolytic carbon electrodes.
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Fig. 1. Cyclic voltammograms of 100 pM cefiderocol on unmodified glassy carbon electrodes at a variety of scan rates in 7.4 pH 0.1 M PBS solution.

2. Materials and methods
2.1. Materials

All chemicals were procured from Sigma Aldrich unless specified
otherwise. Cefiderocol was provided by Shionogi & Co. Ltd.

Gold and glassy carbon working electrodes, silver-silver chloride
reference electrodes (Ag|AgCl|NaCl(aq) (3 M)) against which all po-
tentials are reported, and platinum counter electrodes were purchased
from CH Instruments.

Pyrolytic carbon disposable electrodes were purchased from Respire
Diagnostics Ltd.

2.2. Electrode preparation

Gold electrodes and glassy carbon electrodes (GCEs), 3 mm in
diameter, were first polished sequentially with aqueous alumina slurry,
starting at an average size of 1 pm, followed by 0.3 pm, then 0.05 pm.
They were then sonicated in aqueous detergent (Decon) solution and
rinsed thoroughly in de-ionised water.

Electrochemical cleaning was performed by cycling 1000 times be-
tween —0.4 and —1.35 V against a Ag|AgCl|NaCl(aq) (3 M) electrode at
2 Vs~! in aqueous 0.5 M NaOH. The electrodes were then rinsed thor-
oughly with de-ionised water, before being transferred to 0.5 M HSO4
and cycled between —0.35 and 1.5 V for 20 cycles at 4 Vs~ and for 4
cycles at 0.1 Vs! [11].

2.3. Modified electrodes

Foamed gold electrodes were prepared by electrodeposition from a
solution of 0.1 M HAuCly and 2 M NH4CI at a potential of —4 V for 20 s
against a Ag|AgCl|3M NacCl(aq) electrode with a platinum counter
electrode [12]. This forms a series of pores of increasing size, producing
a honeycomb-like structure with a hugely increased surface area by
electroplating gold around a scaffold of hydrogen bubbles [12].

For the multi-walled carbon nanotube (MWCNT)-modified elec-
trodes, 1 mg/ml of carbon nanotubes was added to a 0.05% (w/v) so-
lution of Nafion in ethanol and sonicated to obtain a well-dispersed

suspension. 5 pL of the suspension was pipetted onto the prepared glassy
carbon electrodes, or pyrolytic carbon disposable electrodes (Respire
Diagnostics) and left to dry for 30 min at room temperature [13] before
use.

Thorough characterization of the pyrolytic carbon disposable elec-
trodes can be found on the Respire Diagnostics website [14].

2.4. Electrochemical methods

Electrochemical measurements were conducted using a three-
electrode cell with either carbon or gold electrodes as the working
electrode (as above), a platinum wire electrode as the counter electrode
and a Ag|AgCl|NaCl(aq) (3 M) reference electrode. Cyclic voltammetry
and differential pulse voltammetry were carried out on an Ivium Com-
pactStat potentiostat. Measurements were carried out at 22.5 + 1
degrees.

2.5. Blood sample collection

Sample collection was approved by the London-Harrow Research
Ethics Committee (reference 19/1.0/0219). Samples were collected from
healthy volunteers (who were not taking any medication) via a cannula,
with the first 3 ml of blood taken being discarded. Samples were com-
bined with EDTA to stop clotting and used immediately.

3. Results and discussion
3.1. Electrode mechanism

To investigate the electrochemical properties of cefiderocol on un-
modified glassy carbon electrodes, cyclic voltammetry was performed
with scan rates ranging from 1 to 1000 mV s~ in phosphate-buffered
saline (PBS) containing 100x M cefiderocol. Well-defined anodic and
cathodic peaks are present at 0.21 V and 0.19 V respectively (Fig. 1),
which are not found in a blank solution (see Fig S1 in the supplementary
information), indicating that the peak represents the oxidation of cefi-
derocol on the GCE. For further analysis of the reaction occurring at the
electrode surface, the diffusion gradient at the electrode must not be
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Fig. 3. The effect of scan rate on (A)-(C) the principal redox peaks and (D) the minor adsorbed peaks. (A) Peak separation as a function of scan rate; (B) anodic to

cathodic peak current ratio (I, /I, ) versus scan rate; (C) anodic peak current
occurring around 0.1 V (Ip,a1) versus scan rate.

affected by the natural convection boundary layer (approximately 0.05
cm [15]). This sets a lower limit to the scan rate of 30 mV st (estimated
diffusion coefficient of cefiderocol is 5 x 10~ 1% m? s1). At scan rates
above 30 mV s~ ! additional peaks appear at 0.1 and 0.05 V. These peak
currents scale linearly with scan rate (Fig. 3D), which is a characteristic
of adsorbed redox processes. These minor peaks appear to be due to the
absorption of an electroactive species that we have not identified [16].
Adsorption pre-waves can be excluded since adsorbed cefiderocol in the
absence of the solution phase drug does not show this redox couple (see
below). An initial potential of —0.3 V was used since these additional
minor peaks could not be clearly distinguished when starting at 0 or
—0.4 V.

Fig. 2 shows the proposed reaction mechanism for the oxidation of
cefiderocol in PBS (A) and the regeneration of cefiderocol from its

versus the square-root of the scan rate; (D) anodic peak heights of the minor peaks

oxidised form by reaction with reduced cysteine residues in albumin (B),
the predominant plasma protein. Chemically reversible rapid electron
transfer reactions are typically observed for catechols [17]. Addition-
ally, the one-electron product can oligomerise, and the quinoid can
oxidise other species e.g. the cysteine moiety on albumin, or be subject
to 1,4 addition (Michael) by nucleophiles [18].

The intended clinical use of this detection method is as a point-of-
care sensor which can detect the concentration of cefiderocol in a
drop of serum or blood. This adds complicating factors [19] such as the
presence of approximately 4% (w/w) albumin [20] in human plasma
and its adsorption and denaturation on the electrode surface [21,22].
Potential effects of albumin adsorption include: electrode blocking,
diffusional barriers, analyte partitioning, changes in chemical compo-
sition of the electrode/electrolyte interface arising from the Donnan
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Fig. 4. Cyclic voltammograms of 100 pM cefiderocol in PBS with and without
the addition of 4% w/w albumin. Peak currents are normalised against the peak
anodic current. Scan rate 100 mV s~ .

equilibrium, blocking of adsorption and electrocatalytic sites which are
typically promiscuous, and chemical or catalytic reactions with the
electrode reaction product. This latter phenomenon has been observed
for ferricyanide and dopamine in previous studies of electrode
biofouling [23]. Comparison with dopamine results suggests the possi-
bility of catalytic regeneration of the catechol moiety by reaction with
cysteine residues in the adsorbed protein.

The relationship between the peak-to-peak potential (AE,;) and the
logarithm of the scan rate (log;,v) (Fig. 3A) shows that the reaction can
be considered quasi-reversible. The difference between peak and half
peak height was used to assess the number of electrons transferred in the
electrochemical reaction [24]. A peak potential separation of 0.045 V at
ascan rate of 0.3 Vs ! and assuming the transfer coefficient a = 0.5 gives
n = 2.13, consistent with the proposed reaction mechanism in Fig. 2. A
decrease in the anodic to cathodic peak current ratio (I,,/I,.) with
increasing scan rate (Fig. 3B) suggests that the reduced form of cefi-
derocol is consumed in a homogeneous chemical reaction. For scan
rates > 100 mV s~ ! the peak current ratio is unity. In this case, therefore,
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the characteristic time of the electrochemical method 7 is small
compared to the characteristic lifetime t‘; of the chemical reaction with
rate constant kgc. With 7 = &I for cyclic voltammetry and t'; = i for a
first-order reaction, we conclude that the coupled homogeneous reac-
tion has a rate constant kgc < 4s~1 [24].

A plot of the square root of the scan rate against the principal anodic
peak current reveals a linear relationship consistent with a diffusion-
controlled process (Fig. 3C) [25,26] with analytical utility. Back-
ground currents were subtracted from the peak currents for this analysis.

Fig. 4 shows the cyclic voltammograms, normalised to the anodic
peak current, of 100 uM cefiderocol in PBS and PBS with 4% (w/w)
bovine serum albumin (scan rate 100 mV s~ ). Here the catechol moiety
is regenerated from the oxidised quinone moiety by reaction with the
cysteine groups on the albumin as proposed in Fig. 2, decreasing the
relative size of the reduction peak current (Fig. 4). These CVs were
carried out with a starting potential of —0.3 V, scanning initially towards
—0.4 V. This was done to preserve the small peaks between 0 and 0.1 V.
With an initial potential of 0 or —0.4 V, these peaks were partially
obscured by the capacitive charging current.

3.2. Nanostructured electrodes

Modification of electrode surfaces with nanostructures frequently
offers the analytical advantage of enhanced sensitivity [27]. Indeed,
anodic peak currents for 100 pM cefiderocol in 4% BSA were signifi-
cantly higher for a MWCNT-Nafion-coated GCE than for Nafion-coated
and untreated GCEs over a range of scan rates (Fig. 5A). MWCNTs
have multiple edges which are largely occupied by oxygen functional-
ities which can enhance both adsorption and electron transfer rates. The
presence of the MWCNTSs can also introduce thin-layer behaviour [28].

Three different processes could contribute to the enhanced response
of the nanostructured electrode [29]:

(1) increased electrocatalytic activity could lead to a larger effective
rate constant ko, which results in an increase in the current by the
ratio of reversible to irreversible peak currents in the Randles-
Sevcik equation;

(2) thin-layer behaviour of the analyte in any porous layer formed by
MWCNTs could lead to higher peak currents which would be
proportional to the scan rate;

5 -5 -5
14 ><1'0 . . i 10 x10 23 x10
[ untreated 3 = % X X
Il nafion -7 c
1.2 | [ IMWCNT + nafion 1 © . X g 2 XX
_a b X 3
— 1r 1 x . %
X
< o LseX B S 4 C
508} ] 0 0.5 1 0 2 4
s V() Time [n]
[&]
<067 1 %107 x107
g ' 1
04¢ 1 % 0
0ol 505 S -
’ g —cylce #1
-2 | ——cycle #50]
0 A L 0 D E
1 10 100 1000 0 20 40 60 -0.5 0 0.5
v Cycle # Potential vs Ag/AgCl [V]

Fig. 5. (A) Cyclic voltammetric anodic peak currents in PBS at three different stages of the MWCNT modification; (B) plot of current against the square root of scan
rate for the modified electrode; (C) DPV peak current of an MWCNT-modified electrode against time in 4u M cefiderocol solution. (D) Peak currents in PBS against CV
cycles for a MWCNT electrode previously exposed to cefiderocol solution. (E) Example of the CVs used to remove adsorbed analyte.
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Fig. 6. Calibration curves for cefiderocol on (A) glassy carbon electrode in PBS; (B) glassy carbon in 4% albumin; (C) MWCNT in PBS; (D) MWCNT in 4% albumin;
(E) gold in PBS; (F) bulk gold in 4% albumin; (G) foamed gold in PBS; (H) foamed gold in 4% albumin.

(3) enhanced extent of diffusion-limited adsorption arising from the
increased electrode area and changed geometry.

The relative contributions of these three processes can be evaluated
voltammetrically. The increased peak currents for the MWCNT-modified
electrodes cannot be accounted for solely by a putative increased het-
erogeneous rate constant. A plot of the square root of the scan rate versus
the anodic peak current, Fig. 5B, reveals a linear relationship, indicating
that the overall reaction at the electrode is diffusion controlled and the
contribution to the current of the analyte in solution is large compared
to the contribution of the analyte trapped in the MWCNT layer for the
scan rates examined [30].

To investigate analyte adsorption, a MWCNT-coated GCE was left in
a solution of 4 uM cefiderocol in PBS for 4 h. At different timepoints (10,
20, 30, 40, 50, 60 s, 5, 20, 30 min and 1, 2, 3 and 4 h), the electrode was
rinsed thoroughly with PBS before obtaining a DPV curve in PBS. Clear
peaks were observed, indicating analyte adsorption. The peak current
increased for two hours (Fig. 5C). As suggested by Huang and co-
workers, the adsorbed analyte can be removed from the MWCNT-
nanotube electrode between measurements by repeated cycles in the
background analyte until the oxidation peaks disappear [31]. 50 CV
scans were conducted on the electrode and the anodic peak currents
were plotted against the number of cycles (Fig. 5D). This confirmed that
the oxidation peaks due to absorbed material on the electrode dis-
appeared after 50 CV cycles (Fig. 5E); MWCNT GCE electrodes can be
cleaned in supporting analyte by CV after each measurement. The peak
potentials were consistent with the major peaks in cefiderocol solution,
showing that the minor peaks cannot be attributed to adsorption pre-
waves.

3.3. Calibration curves

Initially calibration curves were generated for plain gold and carbon
electrodes in PBS solution. DPV scans were carried out from 0 to 0.4 V
with a pulse time of 10 ms, a pulse amplitude of 50 mV, a potential step
of 1 mV and a scan rate of 50 mV s~!. Nitrogen-purged PBS was spiked
with cefiderocol and the peak heights at around 0.2 V were plotted
against cefiderocol concentration. The sensitivity of the carbon and gold
electrodes were 28.05 x 1076 A/M and 136 x 10~% A/M, respectively
(see Fig. 6A and E). The gold electrode however proved ineffective at
concentrations below 100 uM.

Calibration was then repeated using the nanostructured electrodes,
the carbon nanotube-modified electrodes, and the foamed gold elec-
trodes. The Nafion layer is thin (approximately 250 nm) and serves to
bind the carbon nanotubes into place. The voltammetric responses of the
bare GC and Nafion-coated GC closely resembled each other (see Fig S2
in the supplementary information).

Fig. 6C and G show DPV calibration curves for the carbon nanotube-
modified electrodes and the foamed gold electrodes in PBS. Their
sensitivity is greatly increased compared with the unmodified elec-
trodes, with a sensitivity of 47.0 x 10 2A/M for carbon nanotubes and
26 x 1073 A/M for foamed gold. Due to the higher surface areas of the
nanostructured electrodes, significantly more of the cefiderocol is oxi-
dised for a similar volume of solution. The local concentration of the
target molecule is reduced more quickly, and the maximum peak current
becomes limited by diffusion of the analyte from bulk solution. The
calibration curves plateau at approximately 100 uM for the carbon
nanotube-modified electrodes and at 60 pM for the foamed gold
electrode.

Calibrations were repeated in PBS with 4% (w/v) albumin [20].
Fig. 6B and F show slightly enhanced sensitivity compared with carbon
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Fig. 7. Calibration of MWCNT screen-printed carbon electrodes in spiked whole human blood: anodic DPV peak height versus cefiderocol concentration.

and gold electrodes in PBS, at 1.24 x 1073 A/M and 0.134 x 103 A/M,
respectively. This can be attributed to the catalytic regeneration of
cefiderocol by reaction with reduced cysteine groups on albumin. For
the carbon nanotube-modified electrodes and foamed gold electrodes
(Fig. 6D and H), the sensitivity is slightly reduced relative to the same
electrodes in PBS, but still significantly greater than the unmodified
electrodes, at 17.4 x 1073 A/M for carbon nanotubes up to 100 uM and
8.37 x 103 A/M thereafter, and 1.79 x 10~3 A/M for foamed gold
electrodes. The reduction in sensitivity is probably due to albumin
fouling the electrodes as well as to the approximately 58% protein
binding of cefiderocol [32], which makes it unavailable to the electrode
nanodomains.

MWCNT-coated pyrolytic carbon electrodes (see supplementary in-
formation) were tested on blood samples from healthy volunteers, as a
prototype for a clinical point-of-care sensor. 40 pL of blood were
pipetted on, and differential pulse voltammetry was carried out (con-
ditions as above).

Fig. 7 shows a calibration curve for disposable carbon electrodes
modified with MWCNT in spiked whole human blood. These have a
sensitivity of 88.8 x 1072A/M and a theoretical limit of detection of
3.96 uM. This limit of detection falls below the minimum inhibitory
concentration for cefiderocol, and key therapeutic target, of 4 uM. This
demonstrates that this detection method could be used clinically for the
therapeutic monitoring of cefiderocol in blood. However, there is
notable sensor-to-sensor variability, due predominantly to inconsistent
deposition of the MWCNT (see Figs. S3 and S4 in supplementary infor-
mation). This will need to be addressed before clinical application of
these point-of-care sensors.

4. Conclusion

We have demonstrated a novel point-of-care sensor for direct elec-
trochemical detection and quantitation of cefiderocol. Fitness for pur-
pose is demonstrated by a limit of detection below the MIC of cefiderocol
and good sensitivity across the therapeutic range. This would allow for
effective therapeutic drug monitoring and the optimisation of cefider-
ocol dosage to ensure blood concentrations remain above the MIC,
improving drug efficacy [33], as well as reducing the risk of develop-
ment of antimicrobial resistance to this drug.
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