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An SPR investigation toward the therapeutic drug monitoring of
anticancer drug imatinib with selective aptamers operating in
human plasma

Stefano Tartaggia,* Anna Meneghello,®® Ottavia Bellotto,>® Ariana Soledad Poetto,>® Martina
Zanchetta,* Bianca Posocco,? David Bunka,® Federico Polo®™* and Giuseppe Toffoli?

The anticancer drug imatinib is often involved in therapeutic drug monitoring (TDM) studies aimed at improving the
treatment of several forms of leukemia and gastrointestinal stromal tumors (GIST). To further implement the TDM of
imatinib in the clinical practice, we developed a detection assay by using a ssDNA aptamer, which demonstrated an excellent
selectivity and was not affected by interference from components of human plasma samples. The efficient binding of
imatinib to the aptamer was demonstrated by means of surface plasmon resonance (SPR) analysis, which allowed the
development of a quantitative assay in the concentration range between 400 and 6000 ng mL? (0.7-10 uM), where a lower
limit of quantification (LLOQ) of 400 ng mL! was achieved. The precision of the assay was found within 12.0%, whereas the
accuracy was in a range between 97.1 and 101.5%. The sample preparation procedure displayed a recovery in the range
48.8-52.8%. Solid validation data were collected according to regulatory guidelines and the method was compared with
standard analytical techniques, leading to the development of a feasible aptasensor for the TDM of patients administered

with imatinib.

Introduction

Imatinib (1) is an anticancer drug, widely used in the treatment
of Philadelphia positive-chromosome chronic myeloid leukemia
(CML),123 acute lymphoblastic leukemia (ALL) and gastro-
intestinal stromal tumor (GIST).#58 The antitumoral activity of
imatinib relies on the inhibition of several tyrosine kinases,
proteins such as ABL (encoded by the “Abelson leukemia” gene
1, ABL1) in CML, KIT (encoded by the “tyrosine kinase receptor”
gene, KIT) and PDGFRA (encoded by the “platelet-derived
growth factor receptor alpha” gene, PDGFRA) in GIST.7 Imatinib
strongly binds to tyrosine kinase receptors, preventing
phosphorylation (transfer of phosphate groups from ATP) of the
tyrosine residues on protein substrates and ultimately
hampering the signal transduction necessary for cellular
proliferation, which is abnormally activated in the malignant
transformation process.?

Imatinib mesylate (Gleevec®) is administered to patients at an
oral dose of 400 mg per day.> Upon administration, it is
converted by cytochromes P450 3A4 and P450 3A5 primarily to
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N-desmethyl Imatinib (2), whose concentration is usually found
at as much as 20-25% of the parent drug (Fig. 1).° Moreover,
considering that a similar pharmacological activity for 1 and 2
was evidenced in previous studies, the implications of 2 in
therapeutic drug monitoring (TDM) of imatinib is desirable as
well.10.11

TDM is the clinical practice of measuring the plasma levels of
therapeutic drugs at regular time intervals in order to maintain
the drug concentration within the therapeutic window for any
individual patient.

Imatinib (1) is often chosen as a model drug for TDM studies, as
it has dramatically changed the management of several tumor
diseases that are resistant to conventional cytotoxic
chemotherapy.12
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Fig. 1 Chemical structures of Imatinib (1) and N-desmethyl imatinib (2).

Indeed, the minimum plasma concentration (Cmin), reached
after successive administrations of Gleevec®, was correlated
with the clinical response, as it exhibited a large inter-individual
variability with a consistent dose—response relationship.>
Several clinical trials demonstrated that threshold levels in
plasma should exceed 1000 ng mL1 (1.70 uM) and 1100 ng mL"
1 (1.87 uM) to obtain clinical benefits in CML!3 and in GIST?



patients, respectively. Therefore, TDM is highly recommended
in therapies involving imatinib, where Cnin is the analytical
parameter of interest that allows establishing a dose escalation
to improve the therapeutic response or a dose reduction to
prevent adverse effects during the administration of
Gleevec®.14

To-date, standard analytical methods, employed to quantify 1
and its main metabolite (2) in clinical samples, rely on their
simultaneous  quantification by reverse-phase  high-
performance liquid chromatography (RP-HPLC) coupled with
mass spectrometry.15.16,11

Research and development efforts aimed at miniaturizing
analytical devices to enable point-of-care testing (PoCT),
received an increasing amount of attention over the past
decade. This is due to the advantages and benefits that TDM can
provide as an established clinical practice to oncological
patients.l? In this context, sensing technologies enabling a
precise, fast and reliable detection of the drug concentration
levels in a small sample volume, ideally down to a single blood
drop, are very promising.18

The main challenges to be addressed in the development of
analytical devices and methodologies, can be summarized as
follows. (i) A rapid and selective recognition of the analytical
targets (especially small organic molecules), must be achieved
without the need for significant pre-analytical treatment of
patient samples. For example, HPLC-MS processes require
expensive equipment in which the analytes are separated from
interfering components before passing to the detection system
(e.g. MS). (ii) Each proposed analytical method must be
validated according to regulatory guidelines to provide
quantitative information concerning the concentration of the
therapeutic drugs and to help oncologists make crucial clinical
decisions. (iii) Finally, using organic solvents to dilute and/or
denature samples should be avoided to allow portable
analyzers to be employed outside the centralized laboratories
and core facilities. This may allow testing at patients’ bedside,
in medical practices or potentially at home.

Being a reference drugin TDM studies, several examples of non-
conventional analytical methodologies for imatinib detection
have been reported in literature. In particular, direct detection
in clinical samples was described using electrochemical
such as adsorptive stripping square-wave
voltammetry. 1920 This was successfully applied to the detection
of 1 and 2 in urine. Recently, a label free detection approach
based on surface-enhanced Raman spectroscopy (SERS) and
multivariate calibration was also applied to human plasma
samples, showing a good correlation with HPLC-MS data.?!
Specific antibodies for 1 were recently investigated and applied
to develop an ELISA protocol, which was applied to serum
samples from mice.22.23

methods

Herein, we investigated the feasibility of detecting imatinib and
its main metabolite at clinically relevant concentrations by
means of a surface plasmon resonance (SPR) sensing platform
employing a ssDNA aptamer as selective receptor in human
plasma.
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Aptamers are single-stranded nucleic acid oligomers which fold
into selective 3D structures to form ligand-binding sites
complementary in charge and shape to a specific target. Many
aptamer-based applications have been demonstrated in the
field of optical and electrochemical sensors.242526,27,28,29,30,31
Selective aptamers are available against a large number of
targets and are usually selected and produced by external
companies.32

Our investigation was performed by means of a SPR-based
platform, which consists in a label-free optical detection
methodology suitable to characterize the kinetic and steady-
state affinity properties of biomolecular interactions. In general,
the receptor molecule is immobilized at the sensor surface and
the interaction with analyte molecules in solution, can be
monitored in real time. A refractive index change is correlated
to the mass change occurring at the sensor surface and is
usually recorded as response units (RU). Although this
technique is extensively applied to study large biomolecular
systems (e.g. protein biomarkers and antibodies),33 measuring
the interactions between small molecules and aptamers or
other biomolecular receptors is considered difficult. This is due
to the small local change in mass density on the sensor surface
which occurs when low molecular weight targets (<1000 Da)
bind to heavier biomolecular receptor (typically >50000 Da).34.3>
The aim of our research work was to develop an analytical
method to detect the small molecule and anticancer drug
imatinib in human plasma, while relying on the use of a newly
developed and specifically designed aptamer as the receptor of
our biosensing platform. To this end, we exploited the Biacore
X100, a robust SPR workstation that allowed us developing an
analytical method that could be validated following the strict
FDA regulatory guidelines to address the needs of oncologists
and clinicians.

Experimental

Chemicals. Analytical reference standards of 1 (imatinib
mesylate), PBS buffer, magnesium chloride (MgCly), calcium
chloride (CaCl,), formic acid and ammonium acetate, LC-MS
grade isopropanol, imatinib-d8 and acetonitrile were purchased
from Merk Sigma-Aldrich (Milan, Italy). N-Desmethyl imatinib
(2) was purchased from Santa Cruz Biotechnology Inc (Dallas,
TX, USA). Tween20 was purchased from VWR International S.r.l.
(Milan, Italy). Imatinib aptamer (3a, 100-mer), 5’biotin imatinib
aptamer (3b), 5’amino imatinib aptamer (3c), 5’thiol imatinib
aptamer (3d) and 5’biotin immobilization oligomer (4, 15-mer)
(see details in Supporting Information) were purchased from
Aptamer Group (York, UK). Upon arrival, lyophilized oligomers
were solubilized with milli-Q water, aliquoted and stored at -
20°C. Co-medications for selectivity tests, in particular
telmisartan (5), lansoprazole (6), tamsulosin (7), finasteride (8),
lisinopril (9), pravastatin (10) were purchased from Merk Sigma-
Aldrich. Amlodipine (11), paracetamol (12), furosemide (13),
enalapril (14), hydrochlorothiazide (15) and allopurinol (16)
were provided by the pharmacy of the Centro di Riferimento
Oncologico di Aviano, Italy. The chemical structures of the co-
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medications are reported in the Supporting Information, Table
S1. Control human plasma stabilized with K;EDTA for the
preparation of daily standard calibration curves and quality
control (QC) samples, was obtained from healthy volunteers
and was provided by the Transfusion Unit of the Centro di
Riferimento Oncologico di Aviano, Italy. The analytes, aptamers
and co-medications employed in this work to develop the SPR
biosensing platform are summarized in Table 1.

Table 1. Summary of the analytes, comedications and aptamers used in this work

Compound Name Role
1 Imatinib mesylate Main analyte
2 N-Desmethyl Co-analyte
imatinib
3a Imatinib aptamer Capturing of 1 (and 2)
(100-mer)
3b 5’biotin imatinib Capturing of 1 (and 2). Tethered to
aptamer the streptavidin-functionalized
surface of SPR chip
3c 5’amino imatinib Capturing of 1 (and 2). Covalently
aptamer bound to the carboxylic acid-
functionalized surface of SPR chip
3d 5’thiol imatinib Capturing of 1 (and 2). Covalently
aptamer bound to the maleimide-
functionalized surface of SPR chip
4 5’biotin Binding of 3 (a, b, c or d). Tethered
immobilization to the streptavidin-functionalized
oligomer (15-mer) surface of SPR chip
5 Telmisartan Co-medication
6 Lansoprazole Co-medication
7 Tamsulosin Co-medication
8 Finasteride Co-medication
9 Lisinopril Co-medication
10 Pravastatin Co-medication
11 Amlodipine Co-medication
12 Paracetamol Co-medication
13 Furosemide Co-medication
14 Enalapril Co-medication
15 Hydrochlorothiazide = Co-medication
16 Allopurinol Co-medication

Aptamer selection. Selection of the aptamers against imatinib
was carried out by Aptamer Group (York, UK) according to the
company’s ‘Displacement Selection’ approach, which was
extensively developed and automated, based on previously
reported methods.3%37-Aptamer 3a was selected among a pool
of sequences as the best candidate to bind 1, as described in
details in the Supporting Information. Further modifications of
3a at the 5’-end with a 6-carbon linker bearing specific
functional groups, namely biotin, amino and thiol, provided the
related functional aptamers against imatinib: 3b (5’-biotin), 3c
(5’-amino) and 3d (5’-thiol), respectively (see Table 1). Details
and sequences regarding the aptamer 3a-d selection process
and concerning the use of oligomer 4, which is a shorter
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sequence binding to the aptamer in a hybridization region
within the molecule, can be found in the Supporting
information and in the recently accepted patent.38

SPR measurements. SPR measurements were performed using
a Biacore X100 workstation (GE Healthcare Life Sciences), at 25
°C, with a flow rate of 5 and 10 pL min-1. Streptavidin coated
sensor chips (SA) and running buffer (HBS-EP+) were purchased
from GE Healthcare Life Sciences (Milan, Italy). The SPR system
allows a differential measurement as the sample passes
sequentially over two flow cells. The first flow cell (FC1) lacks
the receptor and acts as the reference, while the second flow
cell (FC2) contains the receptor. The signal resulting from the
difference in response of the two flow cells (FC2-FC1) provides
the information concerning the desired interaction, thus
excluding non-specific interactions and any interference
generated by refractive index changes due to mixing
phenomena or variations in the experimental conditions, such
as density, viscosity and pressure.

Binding analysis. The immobilization of 3b onto the SA chip, as
schematically shown in Figure S1, occurs as it follows. After
conditioning the surface of a SA chip with a mixture of 50 mM
NaOH and 1M NaCl (3 x 1 min), 3b (5 uM) in PBS buffer (25 mM,
pH 7.2) was injected for 240 s at 10 uL/min over FC2 only. PBS
buffer (25 mM, pH 7.2) containing 0.05% Tween20 was used as
the running buffer. The system was finally washed with a
mixture of 50% isopropanol in 50 mM NaOH and 1M NacCl. The
immobilization process yielded 2713 RUs of 3b (Fig. S2). Binding
analysis was performed on the SA chip functionalized with
biotinylated aptamer 3b, using twelve imatinib dilutions (from
0.021to 1.26 M) in PBS buffer (10 mM, pH 6,0) containing NaCl
(100 mM), KCI (2 mM) MgCl, (5 mM), CaCl, (2 mM) and Tween
20 (0.05%). Flow rate was set at 30uL/min and association and
dissociation time were both 180 s. A blank sample (0 nM) was
included. Regeneration between each imatinib injection was
performed with H,0. All sensorgrams were corrected by
subtracting the signal recorded in FC2 (functionalized cell) from
the signal recorded in FC1 (reference cell); FC2-FC1 data were
double referenced by blank (0 nM sample) signal subtraction.
Collected data were evaluated by non-linear analysis of the
association curves using SPR kinetic evaluation software
(BlAevaluation Software, version 2.0.2 Plus Package, Biacore).
Data fitting was carried out according to a 1:1 steady state
approximation model to obtain Kp. Fitting analysis was
evaluated for all the performed assays and was compliant to the
following statistical parameters: X? < 5% of Rmax and SE
(standard error) values < 10% of the corresponding parameters.

Concentration analysis in buffered media. The immobilization of 4
onto the SA chip, as schematically shown in Fig. S1, occurs as it
follows. After conditioning the surface of a SA chip with a mixture of
50 mM NaOH and 1M Nacl (3 x 1 min), 4 (5 uM) in PBS buffer (25
mM, pH 7,2) was injected for 240 s at 10 uL/min over FC1 and FC2.
Standard HSB EP+ buffer (GE) was used as the running buffer. The
system was finally washed with a mixture of 50% isopropanol in
NaOH 50 mM and NaCl 1M. The immobilization process yielded 2084
and 2007 RUs of 4in FC1 and FC2, respectively (Fig. S3). Aptamer 3a
(1.2 uM) in PBS buffer (50 mM, pH 7.2) containing NaCl (685
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mM), KCI (13,5 mM) MgCl, (5 mM) and CaCl; (2 mM), named
‘hybridization buffer’, was injected over 540 s into the FC2
housing the SA chip functionalized with 4. After 300 s of
stabilization time, imatinib standards were injected over 420 s
on both flow cells. Experiments were performed at a flow rate
of 10 pL/min using PBS (25 mM, pH 7.2) containing NaCl (342
mM) and KCI (6.75 mM) as the running buffer with 6 calibration
standards of 1 from 50 to 500 ng mL1in PBS buffer (10 mM, pH
6,0) containing NaCl (100 mM), KCI (2 mM) MgCl; (5 mM), CaCl;
(2 mM). Surface regeneration was performed with a mixture of
8 mM NaOH and 160 mM NacCl for 20 s. A blank sample (0
ng/mL) was always included.

Concentration analysis in human plasma

Standards and quality control working solutions. A stock solution
of imatinib mesylate at 1000 g mL* was prepared in DMSO and
stored at -20 °C. A series of working solutions (‘a’ to ‘g’), used to
prepare calibration standards and quality control (QC) samples
at low (QCL), medium (QCM) and high (QCH) concentrations
were obtained by diluting the stock solution with DMSO to the
concentrations reported in Table S2 (Supporting Information).
Aliquots of these solutions were kept in Eppendorf
polypropylene tubes at -20 °C and used for a maximum of five
freeze-thaw cycles.

Preparation of standards and quality control samples. A seven-point
calibration curve was newly recorded every day during this study.
Each calibration and QC sample was freshly prepared by adding 1.25
UL of working solution from ‘@’ to ‘g’ in 23.75 UL of pooled blank
human plasma in a 0.5 mL Eppendorf polypropylene tube to obtain
the final concentrations reported in Table S2 (Supporting
Information). Each calibration curve included a blank and three QC
samples, which were analyzed in triplicate. The calibration standards
and QCs were diluted with 350 pL of PBS buffer (12 mM, pH 5.6)
containing NaCl (103 mM), KCI (2 mM) MgCl, (6 mM), CaCl; (2
mM) and Tween 20 (0.05%), named as ‘incubation buffer’, and
thoroughly vortexed for 10 seconds three times. The content of each
tube was transferred on a centrifugal filter (Millipore Amicon® Ultra
0.5 mL, 50 KDa cut off) and centrifuged at 8000 rpm for 15 min at 25
°C. Then, 330 pL of the filtrate were transferred on 11 mm plastic
vials (Scheme S1, Supporting Information) and analyzed as described
below.

Concentration analysis. Experiments were performed with the SA
chip functionalized with 4, as described above, using PBS (25 mM,
pH 7.2) containing NaCl (342 mM), KCI (6.75 mM) and Tween 20
(0.05%) as the running buffer. For each run, 3a (1.2 pM) in the
hybridization buffer was firstly injected in FC2 for 600 s at 5 pL/min.
Imatinib standards, prepared as described above, were injected in
both flow cells after 300 s of stabilization time at 10 pL/min for 420
sin the following order: blank, calibration standards, QCs in triplicate
and unknown samples. The chip surface was regenerated after each
injection with a mixture of 8 mM NaOH and 160 mM NaCl for 20 s.
The regression analysis to establish the dose-response relationship
was performed with the software OriginPro 2019b (OriginLab,
Northampton, MA, USA).

Validation study. This study was carried out by taking into account
recommendations of the U.S. Food & Drug Administration (FDA) for
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ligand-binding assays (LBA) validation.?® The following parameters
were evaluated to validate the method: recovery, intra- and inter-
day precision and accuracy, reproducibility, lower limit of
quantification (LLOQ), selectivity and matrix effects (see Supporting
Information for full details).

Mass Spectrometry. Quantification of imatinib in plasma samples
collected from patients undergoing therapeutic regimen was
performed by using tandem mass spectrometry, as the reference
method to assess the quality of the SPR assay. The analysis was
conducted with an APl 4000 QT (Sciex) working in multiple reaction
monitoring (MRM) mode and preceded by a Shimadzu LC system.
The procedure and operative conditions were similar to those
previously reported by our group.!! Briefly, a 5 L aliquot of each
calibrator, QC and unknown samples was transferred to a clean
polypropylene tube and mixed with 245 pL of a methanolic solution
containing the internal standard imatinib-ds at 10 ng mL1 (0.017 uM)
to perform plasma protein precipitation. After vortexing and
centrifugation at 16000 g at 4 °C for 10 min, the supernatant was
transferred to an autosampler vial for analysis. Chromatographic
separation was performed on a Synergi Fusion-RP column (4 um, 80
A, 50 x 2.0 mm) in solvent gradient. At time to = 0 the mobile phase
A (2 MM ammonium acetate and formic acid 0.01% in water) was run
into the column; at t; = 3.02 min the solvent gradient was changed
to 90% A and 10% B (80% acetonitrile, 20% isopropanol and 0.1%
formic acid); at t; = 5.99 min B was increased to 60% , while it was
kept constant at 98% between t3 = 6.2 minand t; =7 min. At t; = 7.49
min, B was reduced to 2% and kept at the same ratio until the end of
the run, at ts = 8.5 min. Flow rate was 0.45 mL/min, except between
1.49 and 3.03 min, where it was fixed at 0.4 mL minl. Column
temperature was set at 50 °C and the injection volume was 2 L. The
ESI source was set to positive ion mode and the selected transitions
for the quantification of analytes were 494.4 to 394.2 and 480.4 to
394.2 m/z for 1 and 2, respectively.

Ethics statement regarding human samples. Patient’s samples were
collected within a clinical study (CRO-2017-19, EudraCT number:
2017-002437-36) approved by the local ethics committee (Comitato
Etico Unico Regionale- C.E.U.R.) and by Agenzia Italiana del Farmaco
(AIFA, Rome, Italy), which was conducted according to the principles
expressed in the Declaration of Helsinki. Informed consent was
obtained from all participants involved in the study.

Results and discussion

The aptamers for imatinib 3a-d and related complementary oligomer
4 were first tested to assess their properties and optimize
experimental conditions to develop a quantitative bioassay.
Preliminary experiments to functionalize the chip surface were
attempted by means of common immobilization strategies with
aptamers bearing a 6-carbon linker ending with biotin (3b), amino
(3c), thiol (3d) functional groups at the 5’ end. Although successful
protocols for immobilization of amino or thiol modified receptors on
the carboxylated dextran of CM53% or bare gold chip® were reported
in the literature, these approaches led to poor immobilization and
hybridization yields for our purposes (in general below 300 RUs) and
could not be efficiently employed for further investigations. Details
concerning the immobilization procedures adopted for 3c and 3d
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aptamers are provided in the Supporting Information along with the
related sensorgrams (Fig. S4 and S5). Instead, the simple injection of
a 5 UM solution in PBS buffer of 3b or 4 on a streptavidin coated chip
(see Supporting information, Fig. S1) provided high immobilization
levels. In fact, ca 2000 and 2700 RUs were achieved for 4 and 3b
respectively (see Supporting Information, Fig. S2 and S3) on the
sensor surface.

Affinity studies. When a small molecules (low MW) binds to a
receptor (high MW) immobilized on a SPR sensor surface, the change
of the refractive index or the local value of dielectric constant at the
interface (receptor-functionalized surface/solution) may be low;
compared with that caused by the immobilization of the receptor on
the sensor surface. Therefore, it may not provide a detectable
change of reflectivity and thus a measurable SPR signal. However,
injection of imatinib solutions in PBS buffer at increasing
concentrations over the aptamer immobilized on the sensor chip
provided a typical association/dissociation response as shown in Fig.
2a. The shape of the sensorgrams related to this interaction display
the classical behavior in which both association and dissociation of
the substrate (1) and the ligand (3b) are fast processes. After
injecting imatinib solutions at a flow rate of 30 uL/min, the response
quickly achieved a plateau, enabling the evaluation of Kp by fitting
the steady state affinity curve with a 1:1 binding model (Fig. 2b,
BlAevaluation Software, version 2.0.2 Plus Package, GE). Despite the
low intensity of the signal, the data analysis provided a Kp of 131 +
11 nM, which is in a typical range for small molecule binding.35

(a) 1 (uM)

—0.021
——0.042

35 F
30 F
25 |
20
15 |
10 |

0.063
—0.084

0.125
—0.167

0.251
—0.335
0.502
—0.670
—0.837
—1.255

SPR shift (RU)

1 P PR I | I 1 P PR I 1 s Il

-50 0 50 100 150 350

Time (s)

200 250 300

35
30
25
20
15

10
5 1 n 1 n 1 " 1 " 1 " 1 N 1 n 1
00 02 04 06 08 1.0 1.2 1.4
1 (uM)

T T T T T

Steady state affinity (RU)

Fig. 2 (a) blank subtracted sensorgrams and (b) steady state affinity curve
obtained after injecting imatinib solutions in the concentration range 0.021 - 1.26
M in PBS buffer (10mM, pH 6,0) containing MgCl, (5 mM), CaCl; (2 mM) and
ween 20 (0.05%) on the SA ch|p functionalized with 3b. Each data point is
referred to measurements in triplicate.

Calibration strategy. The affinity study showed that a SPR response,
arising from the direct binding of 1 with the aptamer, was achieved.
However, the signal was relatively low in PBS. Therefore, one may
ask whether the response of the bioassay could be further affected
when running a real sample. For this reason, we investigated another
strategy to develop the bioassay, which was based on the SA chip
modification with 4 followed by the duplex formation with 3a and
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imatinib  solutions at different
Our hypothesis was that aptamer
displacement in the presence of imatinib would have significantly
greater SPR response in view of developing a quantitative assay
operating in complex biological matrices for TDM applications. In

fact, the conformational change occurring in the presence of 1 was

subsequent injection of

concentrations (Fig. 3).

expected to release the aptamer from the duplex structure, thus
generating a suitable signal for the analytical measurement.3’

biotin
streptawdm

hybndlzatlon
TITITIITIITTITT?
chip surface regeneration chip surface
incubation
7

Fig. 3 Schematic representation of the aptamer-based assay for the detection of
imatinib. After hybridization of 3a with 4 immobilized on SA chip, imatinib
solutions were injected, leading to the release of 3a from the surface and the
generation of a SPR response suitable for analytical quantification.

Preliminary investigations to optimize the hybridization of the
aptamer 3a toward 4 immobilized on SA sensor chip were
carried out. Injection of the aptamer in 50 mM PBS
(hybridization buffer) over the sensor surface for 540 s at 10
ML/min or 600 s at 5 pL/min led to a satisfactory coverage of 3a
on the surface. Instead, complete dissociation of 3a was
obtained upon injection of a mixture of 8 mM NaOH in 160 mM
NaCl for 20 sec. This washing allows the platform to be
regenerated and reused after each experiment. We also found
similar hybridization levels by injecting 3a in the concentration
range from 1 to 2 uM on a new chip. Therefore, we preferred
using the lower amount possible of aptamer to reduce its
consumption. However, the aptamer concentration was
increased to 1.2 uM to compensate the chip degradation, which
occurred with the increasing numbers of runs. In fact, even
though the hybridization yield varied from 1100 to 1200 RUs
while using different SA chips;
reproducibility on the same chip. Indeed, a CV of 2% was usually
maintained after the first 200 experiments in a typical life cycle
of a single SA chip, while a 15% loss in activity occurred during
the following 200 runs, due to surface degradation. Only FC2

it maintained an excellent

was functionalized with the aptamer; FC1 was used as reference
cell to correct for non-specific interactions.

After hybridization of the aptamer over immobilized 4, imatinib
solutions were injected over both flow cells. Dissociation of
aptamer from FC2 was observed as a decrease in the SPR signal,
proportional to the concentration of imatinib. The PBS buffer
(10 mM at pH 6) was used to dilute 1, analogously to that
utilized for selection process. However, its composition was
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optimized for the development of the analytical method by
recording the SPR response at 50, 200 and 500 ng mL! (0.09,
0.34, 0.85 uM, respectively) of 1 while varying the
concentrations of MgCl, and CaCl; in the buffer (see Supporting
Information Fig. S6). Specifically, MgCl, was tested in a range
from 2.5 to 10 mM and an optimal concentration of 5 mM was
determined, especially at 50 ng mL1 (85 nM) of 1. Instead, CaCl,
was evaluated from 0 to 5 mM and displayed an optimal
response at 2 mM. Therefore, a 10 mM PBS at pH 6 containing
5 mM MgCl; and 2 mM CaCl; was chosen for the incubation.
The sensorgrams corresponding to each injection of imatinib
were double referenced, firstly by subtracting the response of
FC1 (reference cell) from FC2, to provide data as shown in Fig.
4a. Secondly, a further correction was performed by subtracting
the blank ‘target-free’ sample from each non-zero sample and
flipping data to plot the aptamer dissociation as a positive
response (Fig. 4b). ARU (RUsampie - RUplank) Was evaluated 200 s
after the stop of each sample injection, while sampling the
signal from 1700 to 1750 s (from run start). The results showed
a linear response in simple buffer matrix in the concentration
range of 50 to 500 ng mL1 (0.09-0.85 uM) of 1 (Fig. 4c).

4000 - (a) 1 (ng mLY)
3800 | 0
3600 [ — 50
=) 3400 running 100
@ 3200 ~ buffer — 200
& 3000 - —— aptamer — 300
@ 2800—: =~ imatinib 400
x T — 500
% s * regeneration HT
200 | (iii)
-1200F = i i
-1400 —» (0 > (i) :l -x-«:»/
-1600 1 " 1 " 1 " 1 ///I " 1 1 1 " ' 1 1 N
0 200 400 600 1200 1400 1600 1800
Time (s)
= 1(ng mL?)
>
[E_ — 500
= —— 400
£ — 300
o — 200
‘E’L) S— 100
—50
1 1 1
1100 1200 1300 1400 1500 1600 1700 1800
Time (s)
250 - (c)
5 200
0/{ L
2 150
S 100 |
14 r =
a 50k y =0.46x - 8.26
2] L R2 =0.996
0F
1 1 1 1 1 1 1

0 100 200 300 400 500 600
1(ng mL")

Fig. 4 (a) Sensorgrams for the overall calibration experiment (FC2-FC1). The three
regions can be summarized as it follows: (i) aptamer hybridization on the sensor
chip surface, (ii) sample incubation and (iii) regeneration of the chip for the next
run. (b) Dissociation of aptamer from the surface. The data were obtained by
subtracting the sensorgram of the blank (corresponding to 0 concentration) and
then flipped to plot the results as a positive response. (c) Calibration curve
obtained by plotting ARU values, collected 200 s after the end of sample injection,
against the concentration of 1. Experiments were carried out in triplicate.
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Unfortunately, the process deviated significantly from linearity at
higher concentrations. The detection limit in buffered media was
evaluated by analyzing the blank variability, according to LOD =
3*SDy/m, where SD, is the standard deviation of the blank and m is
slope of calibration curve, providing a LOD of 3.2 ng mL (5.4 nM).

Imatinib detection in human plasma. Once the feasibility of the
outlined strategy had been shown to reliably detect and quantify 1
by employing 3a hybridized to the SPR platform functionalized with
4, a further effort was needed to develop a methodology for the
quantification of 1 in plasma samples. Unlike simple buffered media,
human plasma is a complex matrix with a high protein content,
especially albumin and a-glicoproteins, which are known to bind 90-
95% of imatinib.41:42

Moreover, direct injection of plasma samples into the flow cells
of Biacore X100 instrument resulted in a consistent binding of
the plasma components to the sensor surface, leading to an
irreproducible SPR response with the additional risk of severe
damages to the sensor surface and to the microfluidics of the
instrument.

A 1:10 and 1:15 dilution step were investigated to match the
instrumental linear response, previously obtained between 50
and 500 ng mL? (0.09-0.85 pM) in buffer media, with the
clinically relevant concentration of 1 in plasma samples, whose
range is from 1000 ng mL? (1.7 puM, Cmin for CML patients) to
3500 ng mL1 (5.9 uM).*3

A PBS buffer containing 6 mM MgCl; and 2 mM CaCl, was used
as incubation buffer to dilute the samples. Unfortunately, even
diluted plasma was not suitable for SPR analysis, as plasma
proteins still resulted in a huge SPR shift due to their adsorption
on the sensor surface, obscuring the aptamer dissociation
process (see Fig. S7 in the Supporting Information for details).
To avoid the response of the large protein content, a further
step of microfiltration by employing 50 KDa centrifugal filters
was included. In this case, sensorgrams appeared completely
free of non-specific binding by proteins and were similar to
those previously recorded in simple buffer media (Fig. 4a).
However, imatinib response was still too low and a calibration
curve could not be obtained. This could be reasonably ascribed
to the binding of imatinib to plasma proteins, which prevented
enough recovery of unbound imatinib in the filtrate. To address
this issue, the addition of Tween 20 in the buffer used to dilute
plasma samples successfully reduced non-specific binding (NSB)
related to protein-drug interactions in plasma. Other
surfactants (e.g. sodium dodecyl sulfate or cetyl trimethyl
ammonium bromide) or standard dextran NSB reducer** (from
GE) did not provide significant recovery from plasma. The
amount of Tween 20 in the buffer was adjusted to 0.05% after
testing different amounts of the surfactant.

During our investigation, we found that at least 15 and 12 mM
PBS was necessary to dilute plasma 1:10 and 1:15 respectively
to maintain a pH of 6. Interestingly, we found a higher SPR
response using the 1:15 dilution at each standard
concentration, which was due to the increased aptamer
dissociation occurring in a more diluted buffer even in the
presence of a lower final concentration of analyte. Moreover, a
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1:15 sample dilution allowed a minimum plasma volume of 25
uL for the SPR analysis and reduced those biological
interferences that would have affected the measurement using
lower dilution factors.

Contrary to the simple buffer media, the correlation of SPR
response against concentration of 1 in plasma required a 4
parameter logistic (4PL) model to properly fit the calibration
points,*> as suggested also by LBA validation guidelines (see
Supporting Information for a brief description of the model).3°

Finally, once the procedure to prepare plasma samples for SPR
analysis was optimized; a quantitative assay was set up to verify
the full potential of the aptamer-based assay for the
quantification of 1 and its main metabolite 2 for TDM
applications. The recommendation and guidelines of FDA3°
were taken into account to validate our methodology as
described in the following section.

Recovery. As described above, the preparation of samples was
based on 1:15 dilution of plasma samples with incubation buffer
followed by microfiltration with 50 KDa cut-off centrifugal filters
(Scheme 1). The recovery of imatinib from microfiltration
procedure, evaluated in three replicates at three QC
concentrations, was in the range 48.8 — 52.8% with CV < 8.8%
(Table 1). The recovery of our method was evaluated by means
of the efficiency of centrifugal microfiltration procedure and
indicates the amount of 1 found in the filtrate, with respect to
the theoretical quantity spiked in the sample. Although a
significant loss of the analyte occurred during the
microfiltration, both calibration standards and samples were
processed following the same procedure to simulate the
processing of real samples as much as possible. This was
confirmed by preparing calibration standards with independent
stock solutions of imatinib, other than those utilized for QCs.
The back-calculated concentrations allowed determine the
intra- and inter-day accuracy and precision as described in the
following sections.

Calibration curves. Accuracy and precision data for each
standard were evaluated on six calibration curves recorded in
different days and summarized in Table 2. After processing
sensorgrams as described above, the response was plotted
against the nominal concentration of the analyte (undiluted
plasma samples) to generate calibration curves through a 4PL
regression (Fig. 5a). A linear fitting with acceptable back-
calculated concentrations was obtained in the concentration
range of 400 to 6000 ng mL (0.7-10 uM), as shown in Fig. 5a.
Pearson’s coefficient of determination (R2?) was higher than
0.995 for each set of measurement, while the accuracy was
between 97.1% and 101.8% and the precision, expressed as
CV%, ranged from 1.3% to 5.2%.

Calibration curves in plasma were corrected for the dilution
factor (1:15) and compared with those obtained in buffer (see
Supporting Information, Fig. S8). Even though the working
range for both matrices is almost the same, a slightly higher
sensitivity was observed in buffer. This is mainly due to the
recovery of centrifugal microfiltration procedure that limited
the sensitivity of the method in plasma.

This journal is © The Royal Society of Chemistry 20xx

Intra-day and inter-day precision and accuracy and
reproducibility. Precision and accuracy of the method were
evaluated using QC samples (750, 2500, 4500 ng mL?1) in
triplicate within a single-set analysis for intra-day and in
triplicate over six sets of measurements for inter-day
assessment. The intra- and inter-day precision (CV%) were in
the range 1.7-8.4% and 2.0-7.9%, respectively. Moreover, the
method showed intra- and inter-day accuracy within the range

99.9-101.1% and 99.0-100.4% (Table 2).

Table 2 Summary of the validation data for the SPR analysis of imatinib in plasma.
Standards and QCs were prepared according to Scheme S1.

N. C. Mean B. C. £ SD Precision Accuracy
Entry
(ng mL?) (ng mL?) (%) (%)
400 40510 2.5 101.2
1000 991 +30 3.0 99.1
) ) 2000 1979 + 68 34 99.0
calibration
3000 3054 + 158 5.2 101.8
curves
4000 4043 £128 3.2 101.1
5000 4857 £ 121 2.5 97.1
6000 6077 + 81 1.3 101.3
750 749 63 8.4 99.9
Intra-day 2500 2528 +74 2.9 101.1
4500 4525+ 75 1.7 100.6
750 747 £ 59 7.9 99.6
Inter-day 2500 2476 + 106 4.3 99.0
4500 4519 + 88 2.0 100.4
Matrix
400 406 + 48 12.0 101.5
effect
Nor 750 693 +42 6.1 92.4
o 2500 2217 £19 0.9 88.7
imatinib
4500 4351 +47 1.1 96.7
Recovery (%) + SD CV %
750 48.8+3.3 6.7
Recovery 2500 51.7+2.0 3.9
4500 52.8+4.7 8.8

LLOQ =400 ng mL*

N. C. = nominal concentration; B. C. = back calculated concentration.

Lower limit of quantification (LLOQ) and matrix effect. Taking
into account that a spontaneous dissociation of 3a from the
sensor surface was occurring to some extent in the buffer used
for incubation with the drug, aptamer dissociation due to the
interaction with 1 was obtained by subtraction of the response
from a blank sample. According to guidelines, a bias of up to
25% is allowed at the LLOQ level.3® However, a tighter bias was
suggested to be beneficial when fitting a model to the
standards.*> To asses LLOQ, eight independent replicates for
each standard were analyzed by plotting biases against
concentration. Biases were within 10% for all calibrators except
at 400 ng mL?! (0.7 pM), in which a 20% value was found.
Therefore, it was considered appropriate as the LLOQ and the
lowest standard of the calibration curve (see Supporting
Information, Fig. S9). As a consequence, this method can be
applied to the entire therapeutic range to evaluate imatinib
concentration below the Cnin and to detect toxic dosage of the
drug, usually above 3000 ng mL? (5 uM).*¢ To check possible
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interference by plasma components or other interference in the
sample, aliquots of plasma from eight different donors were
spiked with 1 at the lowest calibrator. The quantification
through a calibration curve prepared with pooled plasma
provided the same back calculated concentration at 400 ng mL
1 (0.7 pM) with precision of 12.0% and accuracy of 101.5%.
Moreover, the co-medications 5 to 16, commonly associated
with the administration of 1, gave no interference at all in terms
of additional interaction with 3a hybridized on the chip surface
(see Supporting Information, Table S2 and Fig. S10). The LOD of
the method was estimated on six replicates of the blank, which
were analyzed within a single set analysis. Therefore, the
analysis of the blank variability (3*SD,), with the 4PL model,
provided a LOD of 79.5 ng mL? (0.13 uM) in plasma.

As a final remark, we can further confirm that the quantification
of 1 through the optimized aptamer displacement approach
was a better strategy, when compared to the direct detection
approach. In fact, for the latter one, showing an aptamer
immobilization level of 2700 RU, the response range of 1 was
found in a range from 9 to 34 RUs, as shown in Fig. 2. Instead,
the optimized aptamer displacement approach, provided
responses in a range from 13 to 214 RUs in buffer media (Fig.
4b) and 12 to 132 RUs in plasma (see next sections and Fig. 5a),
thus enhancing the sensitivity of about 4 to 6 times, with
excellent precision and accuracy data, as shown below in the
validation study.

Response of N-desmethyl imatinib. Detection of 2 was also tested
on three QC samples at 750, 2500 and 4500 ng mL1 (1.3, 4.2 and
7.6 uM, respectively). The SPR response was evaluated using
the calibration curve obtained for imatinib standards. The back
calculated concentrations were almost identical to those

obtained for QC samples containing 1 and showed CV < 6.1%

and accuracy between 88.7 and 96.7%. A comparison of SPR
determination of 1 and 2 in spiked human plasma is shown in the
Supporting Information, Fig. S11. The results clearly demonstrated
that the aptamer could not discriminate between 1 and 2, which is
not surprising as there is no substantial difference in their chemical
structures. This evidence provides both advantages and
disadvantages. In fact, the main drawback is that both compounds
are detected simultaneously unless a suitable separation system,
such as chromatography, is used before the sample reaches the
sensor. However, one should keep in mind that both compounds
exploit the same antitumor activity and that, from a clinical point of
view, it is important to determine the total concentration of active
drug, being 1, 2 or both. Although further investigations on their
simultaneous quantification for TMD purposes are needed, this is the
first time, to the best of our knowledge, that a biosensing approach
is employed to develop an analytical method to detect 1 and 2 with
accuracy and precision data suitable for analytical validation in
clinical samples.

Comparison of the SPR assay with HPLC-MS. Our findings showed
promising validation data when utilizing aptamer 3a to detect 1 and
2in human plasma, including excellent linearity, recovery, selectivity,
low matrix effect, inter- and intra-day precision and accuracy values.
Therefore, our protocol was finally tested on 12 available samples,
taken from patients administered with imatinib at the Centro di
Riferimento Oncologico di Aviano, Italy) which were also analyzed via
HPLC-MS. The samples were processed following the same
procedure for standards and QCs (Scheme S1).

As shown in Table 3, a Pearson coefficient of 0.98 and a mean
difference of 5.3% shows a good correlation and accuracy of the
SPR assay with respect to HPLC-MS values, as shown also in the
histogram in Fig. S5b.
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Fig. 5 (a) Calibration curve obtained upon blank subtraction and 4PL regression analysis of three replicates of undiluted plasma sample; (b) histogram showing the
comparison of plasma concentration of 1 and 2 detected by SPR and HPLC-MS; (c) Bland-Altman plot showing biases vs HPLC-MS.
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Table 3 Summary of comparison data for the SPR assay vs HPLC-MS.

patients HPLC-MS SPR
(ng mL?) (ng mL?)
1 2 total
1 1354 265 1619 1883
2 950 242 1192 991
3 1643 399 2042 2080
4 1766 638 2404 2689
5 669 184 853 953
6 1130 315 1445 1302
7 792 156 948 937
8 898 171 1069 1008
9 623 177 800 1044
10 3170 586 3756 4210
11 699 188 887 923
12 1736 484 2220 2425
R? 0.98
Mean 5.3%
difference

Moreover, although a small sample size was available, an
acceptable degree of correlation between the two techniques
was obtained by analyzing data with the Bland-Altman plot (Fig.
5c). Considering the preliminary nature of these results, we
conclude that a biosensor approach employing aptamers would
potentially lead to the development of a reliable analytical tool
for TDM of imatinib and, in perspective, of other drugs. This
would be beneficial for both the patient outcome and the
healthcare system, especially when considering that it would
prevent those toxicity events occurring in the case of over
dosage, such as thrombocytopenia and hematological Grade
3/4 adverse effects.14

Conclusions

In conclusion, we described an SPR investigation employing an
aptamer as receptor for the anti-cancer drug imatinib and its
main metabolite N-desmethyl imatinib in human plasma.
Despite SPR response of small molecules interacting with
biomolecular receptors is usually considered challenging due to
the low mass change at the sensor surface, we successfully
developed a quantitative assay with consistent validation data
covering the range of concentrations within the therapeutic
window of this drug. The method was then validated and tested
on plasma samples with very promising results. A significant
outcome of this study is that preparation of clinical samples
suitable for the analysis by a biosensing approach required
dilution of the samples with aqueous buffers, avoiding the need
of organic solvents and denaturing conditions. Furthermore,
this work demonstrates that biosensor-based strategies can be
implemented to detect and quantify small drug molecules in
biological fluids with reliable validation data for clinical analysis,

as required by regulatory guidelines. We therefore prospect the
possible application of aptamer-based assays to the
development of novel analytical tools aimed at monitoring
therapeutic drugs in large groups of patients, which are still
excluded from TDM practice in clinical oncology.
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