ﬂ SCNSors m\py

Article
Label-Free Quantification of Anti-TNF-« in Patients
Treated with Adalimumab Using an Optical Biosensor

Rosa Helena Bustos 1'*/, Carlos Zapata !, Efrain Esteban !, Julio-César Garcia 1,

Edwin Jauregui ? and Diego Jaimes !

1 Evidence-Based Therapeutics Group, Clinical Pharmacology, Universidad de La Sabana, 140013 Chia,

Colombia; carloszaam@unisabana.edu.co (C.Z.); efrainesma@unisabana.edu.co (E.E.);
Julio.Garcia@unisabana.edu.co (J.-C.G.); diegojf@unisabana.edu.co (D.].)

Riesgo de Fractura S.A.-CAYRE, 110221 Bogota, Colombia; apoyomedico@cayre.co

*  Correspondence: rosa.bustos@unisabana.edu.co; Tel.: +57-1-8615555 (ext. 54205)

2

Received: 5 December 2017; Accepted: 15 February 2018; Published: 26 February 2018

Abstract: This study describes the development of an immunosensory label-free quantification
methodology based on surface plasmon resonance (SPR) and its applicability in measuring/
evaluating therapeutic drug monitoring (TDM) of anti-TNF-« monoclonal antibody (adalimumab)
in rheumatoid arthritis (RA) patients. The experimental parameters evaluated in this study
were immobilising ligands by pre-concentration assays, sensor surface regeneration, ascertaining
the method’s sensitivity and correlating the results from quantifying plasma samples by ELISA
immunoassay. The results showed that TNF-o« quantification values (in RU) were significantly
different when comparing patients (~50-250 RU) to controls (~10-20 RU). Likewise, there was
0.97 correlation for patients and 0.91 for healthy volunteers using SPR and ELISA comparison
methodologies. SPR immunosensory detection provided a precise, sensitive strategy, along with
real-time determination, for quantifying adalimumab, having great potential for clinical routine
regarding TDM.
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1. Introduction

Anti-tumour necrosis factor (TNF) monoclonal antibodies (mAb) are prescribed for patients
suffering chronic diseases, such as rheumatoid arthritis (RA), ankylosing spondylitis (AS), psoriatic
arthritis (PsA), and intestinal bowel diseases (IBD), such as ulcerative colitis (UC) and Crohn’s disease
(CD), in both adults and children [1]. Such drugs include infliximab (Remicade), a mouse-human
IgGl-kappa anti-TNF-oc mAb, etanercept (Enbrel), a human TNF receptor 2 and IgG1 Fc fusion protein
and adalimumab (Humira), a human IgG1-kappa anti-TNF-& complement mAb. TNF-« inhibitors can
dramatically reduce autoimmune disease activity and induce remission in some patients, although not
all patients respond appropriately/as expected [2].

The mechanisms which could explain such therapeutic failure are still not clear and do not receive
necessary attention on many occasions. Amongst the requirements stipulated by regulatory agencies,
such as the US Food and Drugs Administration (FDA), European Medicines Agency (EMA) and the
World Health Organisation (WHO), therapeutic drug monitoring (TDM) is necessary for minimising the
risks associated with therapeutic failure and optimising therapeutic effects [3-6], thereby rationalising
treatment costs [7-10]. Enormous variations in biologics” plasma levels cannot be explained by classic
pharmacokinetic (PK) parameters governing chemically-synthesised drugs [11-16]. Biopharmaceutical
products represent a great challenge for treating doctors, given the particular behaviour of these
molecules which have been seen to be associated with forming anti-drug antibodies (ADA) [17-19]
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and a PK/pharmacodynamic (PD) profile having significant inter-individual variation [20-22]. This
leads to problems regarding overdosing, therapeutic failure [23,24] and drug interactions [25-27]; this
increases adverse reaction frequency [28-31] (some potentially fatal) [32-35] which can lead to patients
abandoning their treatment [36,37].

Measuring/monitoring these drugs is often expensive, involving prolonged times and (for some
molecules) sensitivity and specificity levels lead to questioning its usefulness in both clinical practice
and the research field [38]. TDM for adalimumab plasma levels has been widely established over the
past few years. The methodologies most commonly used for measuring/monitoring adalimumab have
included ELISA [39,40], electrochemiluminescence [41], radio-immune assays [42—44] and solid-phase
protein adsorption [42]. Surface plasmon resonance (SPR) assay is another analysis format for
biologics since its use has been established for determining antigen-antibody interaction. The assay
for determining anti-TNF-« plasma levels in this study comes from a methodology referred to in
some regulations [3] and pharmacopeia [45] for evaluating antibody or biologics using SPR. This
methodology’s use has become more widespread recently due to shorter analysis times and results
being available in real-time [46]. SPR can be used for assays with human antibodies, or antibody
Fc region constructs, as they enable diluted serum or plasma samples to be analysed and bound to
a protein drug’s independently immobilised domains or for simultaneously determining crossed
reactivity between drugs and homologues, such as endogenous proteins; this facilitates determining
antibody response specificity [47].

SPR nanobiosensors belong to a group of optical biosensors for studying interactions between
an analyte and immobilised ligand on sensor surface in label-free format; results are obtained in a
short time compared to other immunoassays [48,49]. This nanobiosensor’s advantages include rapid
analysis time and simplicity when preparing samples since this can be done without having to use
markers, developers or other reagents to guarantee suitable reading [50]; exactitude and precision
levels are comparable to harmonisation standards for biological sample analysis methods [51,52]. This
ensures consistency regarding results and adjusting therapy according to each patient’s conditions and
specific needs, including the concomitant use of immunomodulatory therapy without compromising
result validity. SPR also enables evaluating affinity and interaction kinetics for a large amount of
therapeutic molecules [53-56], including mAb.

The present study was thus aimed at standardising a label-free real-time methodology for
the plasmatic quantification of adalimumab in RA patients who had been treated with such
biological therapy.

2. Materials and Methods

2.1. Materials and Rreagents

The reagents used in this study were a standard active recombinant human TNF-o« protein
(aa 77-233 aa, ab55237), anti-TNF-a mAb (ab1793) (Abcam PLC, Cambridge, MA, USA), 40 mg/0.8 mL
HUMIRA (adalimumab, AbbVie Ltd., Abbott, North Chicago, IL, USA), M1885 ELISA adalimumab
level (Sanquin, Amsterdam, The Netherlands). Biacore SPR sensor surface for functionalising
assays in the biosensor system, using SCB-CMD200M-5, 10 mM glycine HCI, pH 2.0 (B G20-50),
pH 2.4 (B G25-50), pH 3.0 (B G30-50), a desorption kit containing 0.5% sodium dodecyl sulphate
(SDS) and 10 mM glycine HCl, pH 9.4 (K D-500). All these reagents were bought from Xan
Tec Bioanalytics GmBH (Diisseldorf, Germany). Amino K AN-50 Coupling Kit (containing
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, 0.05 M N-hydroxysuccinimide (NHS)
and 1 M ethanolamine HCl, pH 8.5) (GE Healthcare, Buckinghamshire, UK). HBS-EB buffer (0.01 M
HEPES, 0.15 M NaCl, 0.003 M EDTA, 0.005% Tween-20, pH 7.4) was used as running buffer at
5-60 pL/mL flow. Sodium acetate buffer (0.01 M), at 4.0 to 5.5 pH, was used for pre-concentration
and immobilisation assays; it was prepared in the laboratory using n 0.22 pum filter and degasified
before use. All solutions were prepared with Milli-Q distilled water obtained using the EMD Millipore
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Direct-Q 3 UV system (Merck KGaA, Darmstadt, Germany) and filtered daily using 0.22 pm Millipore
Express Plus system. The anti-TNF-« mAb was used as positive control and HBS-EB as negative
control. A reference cell containing 50 ng/mL foetal bovine serum (FBS) (Sigma-Aldrich, St. Louis,
MO, USA) at pH 5.0, but without immobilising the solution, was used for suppressing background
noise and that from the equipment.

2.2. Plasma Ccollection

The study involved recruiting 50 patients and 50 healthy volunteers from an institution offering
outpatient rheumatology care (CAYRE-Riesgo de Fractura) in Bogota, Colombia. The group of patients
was selected from a database of people who were being treated with adalimumab. Inclusion criteria
involved determining people over 18 years-old having a diagnosis of AR who had been treated with
adalimumab for at least 6 months. Exclusion criteria established that pregnant women and patients
having had a relapse of base disease during adalimumab treatment were to be excluded. The group
of healthy volunteers consisted of people aged over 18 years-old and who had been evaluated by
general practitioner/medicine and then submitted to a set of paraclinical tests (haemogram, fasting
glucose, TGO, TGP, bilirubin, BUN, creatinine, uroanalysis and BHCG for women). The clinical and
paraclinical information was used for verifying each person’s state of health; healthy volunteers’
conditions were determined.

Blood samples (3 mL) were collected in ~1.8 mg EDTA-K tubes for plasma from both groups
and in polymer gel tubes for serum determination/separation (Vacutainer, Becton Dickinson &
Company, Franklin Lakes, NJ, USA) for healthy volunteers. Samples were handled according to
Clinical Laboratory Improvement Amendments guidelines, “necessary for achieving valid results
in diagnostic tests” [57]. Each sample was spun and supernatants aliquoted and stored at —20 °C
for one week and then deep-frozen at —80 °C until biosensor analysis. The intentions of the study
were explained to the groups participating in it; the informed consent forms were read and signed,
following Universidad de La Sabana Medicine Faculty Bioethics Committee approval.

2.3. Biosensor System

Biosensor analysis was carried out on a Biacore 2000 automatic analyser (GE Healthcare,
Uppsala, Sweden), equipped with a microfluidic system and precision liquid injection. The
anti-TNF-a quantification strategy was based on direct interaction between TNF-o recombinant
protein/anti-TNF-a mAB. Anti-TNF-« detection was based on changes in refraction index produced
by ligand (TNF-« protein) and analyte (anti-TNF-«) interaction. As the analyte bound to the ligand
these biological entities accumulation of mass it led to an increase in refraction index. Changes
in refraction index were measured in real time and the results were graphically represented on
a sensorgram, the response being given in resonance units (RU) (arbitrary units) [58]. Plasma
samples containing anti-TNF-« were injected into the channel containing the TNF-« recombinant
protein ligand by real-time assay format, represented in association/dissociation curves shown
in sensorgrams. The instrument and sensor chip were normalised, following the manufacturer’s
indications. All experiments were carried out in triplicate at 25 °C with a CMD 200 chip.

2.4. Establishing Conditions for Immobilising Recombinant Proteins (Pre-Concentration Assays)

The parameters evaluated in this assay were 0.01 M sodium acetate buffer pH, assay running flow
and recombinant protein concentration. Each buffer pH (4.1, 4.5 and 5.0) was explored at three different
recombinant protein concentrations (50, 10 and 5 pg/mL) and flow from 5-10 uL/min. A regeneration
solution (1 M ethanolamine hydrochloride, pH 8.5) was used between each protein injection as agent
for removing protein electrostatically adsorbed on the chip.
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2.5. Immobilising TNF-a Recombinant Protein

The most critical SPR assay step occurs during immobilisation. Depending on the nature of
the ligand (the isoelectric point for proteins), molecular weight, amino acid sequence and other
physicochemical characteristics optimum immobilisation conditions on the sensor surface should be
found. Once the ligand has been immobilised, epitope availability must be taken into account so that
therapeutic antibodies or proteins can be bound [47].

TNF-« recombinant protein was immobilised on the CMD200 sensor surface using an amine
coupling protocol [59]. Amine-based immobilisation is one of the most used strategies due to its
strong covalent binding between sensor surface and a protein and its high sensitivity and orientation
specificity [60]. The surface of this chip contains a layer of carboxymethyl-dextran which was activated
by an NHS/EDC mixture to produce NHS esters for the reaction containing primary NH,-containing
ligands. This enabled a covalent link between the ligand and chip surface, once the carboxyl dextran
had been activated. The carboxyl groups on the CMD 200 chip surface were activated by exposure
to a mixture of equal parts EDC and NHS (1:1) in a 5 pL./min flow for 7 min. TNF-o« recombinant
protein was diluted in acetate buffer at pH which had been previously selected in pre-concentration
assay. Recombinant protein solution was injected onto activated surface until immobilisation level was
reached. Excess carboxyl groups remaining activated were blocked with ethanolamine hydrochloride
(pH 8.5) at 5 uL/min flow rate for 7 min. Figure 1 gives a typical example of the chemical surface and
covalent immobilisation functionalisation steps.
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Figure 1. Schematic overview of the direct bioassay. (a) Schematic representation of activation via amino
coupling on the CMD 200 surface. Carboxyl groups have been activated for covalently immobilising
the TNF-« protein. Ab anti-TNF-« is detected once the protein has been immobilised. (I) Plasma
samples from patients taking adalimumab and their controls; (II) Procedure for obtaining adalimumab
spiked calibration curve in vitro. (b) A typical sensorgram obtained by SPR, showing all the stages
involved in adalimumab quantification.

2.6. Regeneration Assays

Surface reuse is an additional advantage of using SPR for determining antibodies in plasma or
serum compared to other assays. The analyte must be removed but the ligand must remain intact
for continuing with new binding assays. Regeneration assays must be used for avoiding complexes
forming on sensor surface and analyte-ligand binding results must be reproducible. Strategies reported
and used for good regeneration have led to using diluted mixtures of regeneration agents (basics,
chelates, non-polar, polar acids and detergents) [61] and strong regeneration solutions [62]. The latter
sometimes lead to damage to sensor surface matrix.
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Anti-TNF-o regeneration assays were carried out for ensuring complete ligand availability
between each injection according to previously reported protocols [61,62] and considering the
physicochemical nature of the analyte; 10 mM glycine hydrochloride solutions at 2.0-3.0 pH and
0.00005% SDS were assayed as regeneration agents. The percentage of regenerating analyte obtained
for each solution used was calculated using the following equation [1 — (Rreg/Ro) x 100], where Rreg
were RU after regeneration solution had been injected and Ro were RU before analyte injection [63,64].
Percentages greater than 80% were considered optimum for continuing analyte injection and ensuring
assay consistency and reproducibility. Regeneration solutions were injected in 60 uL volume at
60 pL./min flow rate.

2.7. SPR-Based Real-Time Quantification

A standard curve was constructed for quantifying anti-TNF-oc mAb by serial dilutions of antibody
in HBS-EB buffer with concentration ranging from 1000-20,000 ng/mL. Each antibody dilution was
individually injected at 60 uL/min flow rate. The range of linearity, binding capacity, limit of detection
(LOD) and limit of quantitation (LOQ) were determined for each assay. LOD was determined by the
following equation: (CLop = 3(gblank)/ Sconc) where Cpop: analyte concentration oyani: target standard
deviation and Sconc: assay sensitivity (calibration curve slope). LOQ determined by the equation:
(CLo@ = 10(sblank)/ Sconc)- Anti-TNF-ae mAb was used as control and was evaluated at 0.01, 0.1 and
1 mg/mL concentrations for determining study specificity. The plasma samples from patients and
healthy volunteers were unfrozen at room temperature (RT) and injected in triplicate at 1:100 dilution.
Dissociation was monitored for 30 s at 60 L /min flow rate. Reporting points were established 30 s
after finalising each injection. Regeneration followed each measurement by a 30 s pulse of previously
chosen regeneration solution at 60 pL/min flow rate for enabling biological and non-biological material
on the ligand to be removed. No more than 100 measurements were made per channel, according to
SPR protocols. Correlation assay coefficients were calculated for the samples and all biosensor assays
were done in triplicate.

2.8. ELISA Assays

A commercial ELISA kit reported in the literature (M1885, Sanquim, Plesmanlaan, Amsterdam,
The Netherlands) was used for evaluating the groups’ plasma samples and comparing immunoassay
results established by SPR; the assays were carried out according to the manufacturer’s indications.
A sample of 44 patients and 14 healthy volunteers was chosen for this assay, according to reagent
availability. Both groups’ samples were handled in the same way as that for the biosensor assay; all
assays were carried in duplicate.

2.9. Statistical Analysis

A descriptive analysis was made of the range of adalimumab RU in the groups and the linear
correlation between methodologies and ELISA obtained by the assays was estimated by calculating
Spearman Rho (p) correlation coefficients, given the data distribution where a value of 1 or close to
it represented a very high level of correlation of data obtained by both methods. STATA statistical
software (version 14.2 for Windows, College Station, TX, USA) was used for statistical analysis of
the data. BIA evaluation (version 4.1, GE Healthcare, Uppsala, Sweden) and Origin Lab (version 8.1,
Originlab Corporation, Northampton, MA, USA) software was used for analysing the SPR data.

3. Results

3.1. A Description of the Patients

Information regarding 181 patients being treated with adalimumab was analysed from the revised
patient database (i.e., after inclusion and exclusion criteria had been applied); 80 eligible patients were
found, of which 50 were finally submitted to clinical and paraclinical evaluation (88% of these patients
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were female and 12% male). Fifty healthy volunteers were chosen, according to established parameters
and paraclinical studies.

3.2. Establishing Conditions for Immobilising Rrecombinant Pproteins (Pre-Concentration Assays)

Figure 2 shows TNF-a recombinant proteins’ electrostatic interactions influenced by pH. The
highest protein concentration (50 pg/mL) produced greater adsorption on carboxylated surface:
~15,000 RU relative responses at pH 4.5 and ~22,500 RU at pH 4.1. However, such results were outside
the dynamic range established for the equipment. The response (measured in RU) when checking the
sensorgram signal and the Biacore 2000 message (signal with a grey bakcground in the sensorgram)
were outside the dynamic range.
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Figure 2. The pH scouting of human recombinant TNF-« (17 KDa molecular mass and 5.8 pl). The
protein was diluted in 10 mM sodium acetate buffer, pH ranging from 4.1 to 5.5. Ligand surface
concentration on the chip at pH 4.1 was much higher than that obtained at pH 5.5. Optimum
pre-immobilisation pH was 4.1 (10 ug/mL).

A dynamic device’s range describes the range of analyte values which can be measured by the
post-selected SPR sensing system with specific precision [65]. The regular curves in the sensorgram
indicate reflected light intensity compared to incident light angle on sensor surface. SPR is usually
used for monitoring changes in reflectance (reflected minimum light) intensity over a range of incident
angles when molecules interact on the sensing surface to be then denoted as resonance angles [66].
Thus the meaning of “being outside/beyond the equipment’s dynamic range”, regarding our assays, is
that the solution’s refractive index was affected by high protein concentration, producing a very large
electrostatic interaction. This, in turn, produced a signal outside the refractive index range established
for the equipment, as well as its resonance angles. This would have affected measurement sensitivity.

Relative response was ~5000 RU at 10 pug/mL concentration and 2500 RU at 5 pg/mL at 4.1 pH.
Results in RU were very similar for pH 4.5 at 10 pg/mL (~2500 RU) and 5 ug/mL concentrations
(2480 RU). The weakest interaction was observed at pH 5.5 for the three established concentrations.
This enabled observing the protein concentration’s influence on interaction occurring on carboxymethyl
dextran surface (maximum effect at 50 pg/mL concentration). The sensorgram curves for this assay
thus showed that the optimum condition for immobilising protein was 10 pg/mL at pH 4.1.
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3.3. Immobilising TNF-x Recombinant Protein

Figure 3 shows the result of immobilising ligand on the CMD 200 sensor surface. The response
for immobilising human TNF-« recombinant protein was 10,449 RU. This value was 10.44 ng/ mm?
surface concentration, based on the equivalence of changing the signal in SPR of 1000 units being
equivalent to increasing immobilising matrix mass by about 1 ng/mm? [67].
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Figure 3. Immobilising TNF-« protein by covalent amine coupling onto the CMD 200 chip. The
sensorgram shows TNF-« used as ligand, with its characteristic parts: surface activation (NHS/EDC),
ligand attraction and covalent coupling, blocking unoccupied sites (ethanolamine HCI) and final
immobilisation response (10,449 RU).

3.4. Regeneration Assays

Regeneration assays must be carried out with suitable chemical solutions to ensure total
availability of ligand binding to analyte and good analyte removal. Regeneration was studied using
the equation reported in the pertinent literature [58,61,64], ensuring higher than 90% for individual
sample injections. Glycine HCI solutions at low pH function very well and are used as agents for
optimising regeneration. This may possibly be due to proteins being positively charged at these pHs.
Protein binding sites repel each other and this causes molecule remoteness [64]. Other agents such
as surfactant solutions (i.e., SDS) enable good removal of analytes and plasma samples. Monitoring
base line stability is fundamental for ensuring ligand activity and total removal of remaining bound
proteins. The good plasma sample binding assay reproducibility and regeneration percentages ensured
specific binding and that the matrix was not damaged.

Sensor surface stability was investigated by making repeated injections of anti-TNF-oc mAb and
regeneration solutions. Glycine HCl solutions at pH 2.0 were seen to produce very weak regeneration
interaction percentages (20%), 2.4 (22.5%) and 3.0 (25%). These pH values for glycine did not produce
changes in dissociation curves for reaching initial base line again before injecting the sample. The 0.5%
SDS solution produced very strong regeneration, causing an irreversible loss of ligand and thereby
its activity; 0.005% SDS solution led to regeneration reaching 70% and 0.0005% led to 90%. SDS at
0.0005% in distilled water was chosen as optimum regeneration solution for the study. Each signal was
evaluated in triplicate, using the different regeneration agents.
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3.5. Calibration Curve

A standard curve was constructed from serial dilutions of anti-TNF-«-adalimumab mAb (1.0, 2.5,
5.0,10.0, 15.0 and 20.0 ug/mL) in HBS-EB buffer. Figure 4 shows this curve; it had a polynomial ratio
regarding its relative response. LOD value (defined as the lowest analyte concentration distinguishable
in a sample which could be detected but no necessarily quantified as an exact value) was calculated
based on response standard deviation, the slope of the curve and equation for straight-line fit of
standard points. LOD concentration was estimated at 0.093 pg/mL, whilst LOQ concentration
(explained as lower limit for precise measurements) was estimated as being 0.13 pug/mL. Data
expressed in RU for each concentration injected was analysed and linearised with high precision
(R? > 0.90). The coefficients of variation produced by repeated injections of anti-TNF-o for recombinant
protein ranged from 0.001% to 0.011%, finding good assay reproducibility.
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Figure 4. (a) Association and dissociation curves for the different adalimumab spiked concentrations
invitro. (b) Standard curve for resonance units (RU) compared to anti-human TNF-x. The
concentration values used for the standard curve were 1.0, 2.5, 5.0, 10.0, 15.0 and 20.0 ug/mL. R-squared
was 0.9311.

3.6. Assay Specificity

When determining assay specificity, it was found that plasma samples from patients treated
with adalimumab had association and dissociation interactions reflected in each sensorgram when
interacting with recombinant protein immobilised on the chip. There was high repeatability between
each injection for the same sample (Figure 5).

Figure 6 shows the range of adalimumab resonance units (RU) for the patient group, ranging
from ~50-250 RU. Injecting plasma samples onto deactivated surface (reference channel) provoked no
interaction. These results showed that the chip designed for the interaction was highly specific for
anti-TNF-« detection. Healthy volunteers’ samples had an interaction, but values only ranged from
~10 to 20 UR. These values were significantly different to those for the patient group. Plasma samples
were diluted 1:100 with HBS-EB buffer.
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Figure 5. Association and dissociation sensorgrams for replicas of patient (a) and control (b) samples.
Regeneration level with 0.0005% SDS. The RU obtained for patients having anti-TNF-o plasma levels
was greater than that for controls (without anti-TNF-«).
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Figure 6. Resonance units (RU) obtained for samples from patients and healthy volunteers; the results
were significantly different (p < 0.005).

3.7. Correlation between SPR and ELISA Assays

Bearing SPR immunoassay results in mind, an assay was developed for comparing its
methodology to that for ELISA. The commercial kit’s indications were followed to the letter for
plasmatic quantification of both study populations. The 1:100 dilution was sufficient for detecting
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anti-TNF-« concentrations within the calibration curve range (1500-50 ng/mL) constructed for ELISA.
Figure Al gives the ELISA calibration curve.

Figure 7a,b shows a 0.97 R? correlation for patients and 0.91 for healthy volunteers regarding
response values obtained by SPR and traditional ELISA methodology. Such results suggested that SPR
had similar sensitivity to a commercial ELISA kit in quantifying anti-TNF-c in plasma samples.
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Figure 7. Correlating SPR and ELISA concentrations. (a) Patients (R% =0.97) and (b) healthy volunteers
(R% =0.91) sample.

4. Discussion

The SPR strategy used in this study is a direct assay unlike the strategy involved in using
commercial ELISA kits (bridging or indirect) [40,68,69]. The commercial ELISA kits used here for
evaluating these types of biological drugs were mostly bridging, thereby increasing measurement
sensitivity. The bridging strategy has more advantages than direct ELISA since biological fluids’
interference when evaluating anti-TNF drugs and ADA hampers antigen recognition, thereby needing
greater sensitivity. However, this strategy is not complete, since functional monovalent antibodies
such as IgG4Y cannot be detected on occasions [70].

pH scouting gave values outside the equipment’s dynamic range (50 ug/mL, pH 4.1 and 4.5);
it could thus be inferred that the data so obtained at this concentration exceeded the refraction
index response limit for Biacore 2000 equipment (i.e., 15,000-30,000 RU, with 1.33-1.36 refraction
index) [71]. Because the other 10 pg/mL concentration protein injections at pH 4.1 and 4.5 (shown
on the sensorgram) came within the dynamic range (signal shown without grey shading on the
sensorgram), it was decided to choose the one having the greatest SPR signal electrostatic interaction.
However, refractive indices for solutions at the other two concentrations (10 ug/mL and 5 ug/mL)
came within the dynamic range estimated for the equipment. According to reports in the pertinent
literature, pre-concentration assays change ligand surface and charge; pH scouting is influenced by
ligand concentration and the pH of the buffer used for dilution. Ligand dilution buffer values are
usually lower than those for its isoelectric point (pI) (0.5 pH units). High pre-concentration values do
not guarantee that a ligand will bind in large quantities [64].

Studies concerned with determining anti-TNF-o using SPR are still scarce. Bian et al., have
reported a study evaluating adalimumab in Crohn’s disease patients’ serum by fibre optic SPR
(FO-SPR). Anti-TNF-a mAb was immobilised using self-assembling monolayer (SAM) having high
detection sensitivity [72,73]. However, (comparing our study to that reported by Bian) we used direct
immobilisation which has been widely used in studies involving proteins [17,74], thereby avoiding the
SAM formation step and taking advantage of the chip for functionalising it and directly evaluating
anti-TNF-o antibodies. The amine coupling-based TNF-« recombinant protein immobilisation in our



Sensors 2018, 18, 691 11 of 16

study thus had good density according to the recommendations for this methodology (+1000 RU). The
requirements state that there are no changes in binding activity and/or specificity. The above was
demonstrated by the good linearity and sensitivity obtained in the anti-TNF-o mAb calibration curve
(R? > 0.90). Another study has reported identifying anti-adalimumab antibodies and characterisation
kinetics based on amine route immobilisation, but using an indirect bridging strategy with ELISA [75].

All the parameters were determined for the final part of developing validation assays. Background
levels due to non-specific plasmatic protein interactions were monitored in the reference chip and
subtracted from sample signal. The p-value (<0.0001) confirmed statistically significant differences
between study groups. Our results agreed with that reported in the literature stating that plasma
and serum samples produce instrumental background noise [75]. However, using a reference channel
in SPR-based assays helps in correcting non-specific adsorptions and compensating for refraction
index differences [76]. An mAb-anti-TNF-a positive control was used for ensuring that Humira drug
excipients did not cause antibody noise in interactions, unlike adalimumab. No interactions were
observed which were different to those observed with the drug. Quantitative determination of patients’
samples’ binding levels was possible once the interaction range had been established.

Studies for evaluating adalimumab by Bian et al., showed plasma concentrations ranging from
19 to 0.3 ug/mL (SPR) [75] agreeing with results of the same magnitude reported in other studies
which had been determined by evaluating three types of commercial ELISA, values ranging from
20 to 0.5 pg/mL [39,77,78]. Our results for patients” samples agreed with the previously reported
magnitude. The values reported in the literature were 0.2-6 pg/mL for the commercial ELISA kit used
in our study [39]. The data from our research agreed with both SPR and ELISA concentration. It is
worth noting that the presence of ADA could have made drug concentration detection vary. It would
be interesting to carry out more studies on this topic even though this was not the objective of this
research. Previous reports regarding SPR-related assay speed have given an estimated 5 min delay
from the time of injection until results are obtained (after standardising all conditions) [58], compared
to an average 12-16 h when using an ELISA kit [78], thereby highlighting the assay’s ease of use and
speed for this type of protein using SPR.

Our study had some limitations. We were only able to evaluate a limited amount of samples by
ELISA due to (a lack of) reagent availability. Secondly, ELISA assays were measured in duplicate, just
once. Such assays are probably carried out in this way in clinical practice, with concentrations only
being determined once.

5. Conclusions

An SPR immunoassay-based label-free assay was successfully developed in this study. This
methodology could be used in routine clinical practice for TDM regarding biologics and biosimilars.
Real-time quantification should enable optimising the costs involved in biological therapies as well as
minimising therapeutic failures in patients.
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Appendix A

This section gives the calibration curve obtained for ELISA immunoassays using a commercial kit.
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Figure A1. Calibration curve obtained using a commercial ELISA kit.

References

1.

10.

11.

12.

13.

Feagan, B.G.; Choquette, D.; Ghosh, S.; Gladman, D.D.; Ho, V.; Meibohm, B.; Zou, G.; Xu, Z.; Shankar, G.;
Sealey, D.C; et al. The challenge of indication extrapolation for infliximab biosimilars. Biologicals 2014, 42,
177-183. [CrossRef] [PubMed]

Bendtzen, K.; Svenson, M. Enzyme Immunoassays and Radioimmunoassays for Quantification of
Anti-TNF Biopharmaceuticals and Anti-Drug Antibodies. In Detection and Quantification of Antibodies to
Biopharmaceuticals; John Wiley & Sons: Hoboken, NJ, USA, 2011.

European Medicines Agency. Guideline on Immunogenicity Assessment of Biotechnology-Derived
Therapeutic Proteins. 2015. Available online: http:/ /www.ema.europa.eu/docs/en_GB/document_library/
Scientific_guideline/2015/10/WC500194507.pdf (accessed on 3 November 2017).

US Food and Drug Administration. Biosimilars Guidances; US FDA: New Hampshire, MD, USA, 2017.
WHO (World Health Organization). Guidelines of Evaluation for Similar Biotherapeutics Products
(SBPs).  2009. Awvailable online: http://www.who.int/biologicals/areas/biological_therapeutics/
BIOTHERAPEUTICS_FOR_WEB_22APRIL2010.pdf (accessed on 21 February 2018).

Ternant, D.; Paintaud, G. Pharmacokinetics and concentration-effect relationships of therapeutic monoclonal
antibodies and fusion proteins. Expert Opin. Biol. Ther. 2005, 5, 37-47. [CrossRef] [PubMed]

Kaneko, Y.; Takeuchi, T. Targeted antibody therapy and relevant novel biomarkers for precision medicine for
rheumatoid arthritis. Int. Immunol. 2017, 29, 511-517. [CrossRef] [PubMed]

Schmier, J.; Ogden, K.; Nickman, N.; Halpern, M.T.; Cifaldi, M.; Ganguli, A.; Bao, Y.; Garg, V. Costs of
Providing Infusion Therapy for Rheumatoid Arthritis in a Hospital-based Infusion Center Setting. Clin. Ther.
2017, 39, 1600-1617. [CrossRef] [PubMed]

Einodshofer, M.T.; Duren, L.N. Cost Management through Care Management, Part 2: The Importance of
Managing Specialty Drug Utilization in the Medical Benefit. Am. Health Drug Benefits 2012, 5, 359-364.
[PubMed]

Batticciotto, A.; Ravasio, R.; Riva, M.; Sarzi-Puttini, P. Efficacy and Treatment Costs of Monotherapy with
bDMARD:s in the Treatment of Rheumatoid Arthritis in Patients Intolerant to or Inappropriate to Continue
Treatment with Methotrexate. Adv. Ther. 2016, 33, 1360-1373. [CrossRef] [PubMed]

Wong, U.; Cross, R K. Primary and secondary nonresponse to infliximab: Mechanisms and countermeasures.
Expert Opin. Drug Metab. Toxicol. 2017, 13, 1039-1046. [CrossRef] [PubMed]

Ordas, I; Mould, D.R.; Feagan, B.G.; Sandborn, W.J. Anti-TNF monoclonal antibodies in inflammatory bowel
disease: Pharmacokinetics-based dosing paradigms. Clin. Pharmacol. Ther. 2012, 91, 635-646. [CrossRef]
[PubMed]

Kamath, A.V. Translational pharmacokinetics and pharmacodynamics of monoclonal antibodies. Drug Discov.
Today Technol. 2016, 21-22, 75-83. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.biologicals.2014.05.005
http://www.ncbi.nlm.nih.gov/pubmed/24962198
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2015/10/WC500194507.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2015/10/WC500194507.pdf
http://www.who.int/biologicals/areas/biological_therapeutics/BIOTHERAPEUTICS_FOR_WEB_22APRIL2010.pdf
http://www.who.int/biologicals/areas/biological_therapeutics/BIOTHERAPEUTICS_FOR_WEB_22APRIL2010.pdf
http://dx.doi.org/10.1517/14712598.5.1.S37
http://www.ncbi.nlm.nih.gov/pubmed/16187939
http://dx.doi.org/10.1093/intimm/dxx055
http://www.ncbi.nlm.nih.gov/pubmed/29069431
http://dx.doi.org/10.1016/j.clinthera.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28716293
http://www.ncbi.nlm.nih.gov/pubmed/24991333
http://dx.doi.org/10.1007/s12325-016-0372-z
http://www.ncbi.nlm.nih.gov/pubmed/27376373
http://dx.doi.org/10.1080/17425255.2017.1377180
http://www.ncbi.nlm.nih.gov/pubmed/28876147
http://dx.doi.org/10.1038/clpt.2011.328
http://www.ncbi.nlm.nih.gov/pubmed/22357456
http://dx.doi.org/10.1016/j.ddtec.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27978991

Sensors 2018, 18, 691 13 of 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Deng, R,; Jin, E; Prabhu, S.; Iyer, S. Monoclonal antibodies: What are the pharmacokinetic and
pharmacodynamic considerations for drug development? Expert Opin. Drug Metab. Toxicol. 2012, 8,
141-160. [CrossRef] [PubMed]

Lobo, E.D.; Hansen, R.J.; Balthasar, ].P. Antibody pharmacokinetics and pharmacodynamics. . Pharm. Sci.
2004, 93, 2645-2668. [CrossRef] [PubMed]

Wang, W.; Wang, E.Q.; Balthasar, ]J.P. Monoclonal antibody pharmacokinetics and pharmacodynamics.
Clin. Pharmacol. Ther. 2008, 84, 548-558. [CrossRef] [PubMed]

Yanai, H.; Lichtenstein, L.; Assa, A.; Mazor, Y.; Weiss, B.; Levine, A.; Ron, Y.; Kopylov, U.; Bujanover, Y.;
Rosenbach, Y.; et al. Levels of drug and antidrug antibodies are associated with outcome of interventions
after loss of response to infliximab or adalimumab. Clin. Gastroenterol. Hepatol. 2015, 13, 522-530. [CrossRef]
[PubMed]

Van Schie, K.A.; Wolbink, G.J.; Rispens, T. Cross-reactive and pre-existing antibodies to therapeutic
antibodies—Effects on treatment and immunogenicity. MAbs 2015, 7, 662-671. [CrossRef] [PubMed]
Krishna, M.; Nadler, S.G. Immunogenicity to Biotherapeutics—The Role of Anti-drug Immune Complexes.
Front. Immunol. 2016, 7, 21. [CrossRef] [PubMed]

Jani, M.; Isaacs, ].D.; Morgan, A.W.; Wilson, A.G.; Plant, D.; Hyrich, K.L.; Chinoy, H.; Barton, A.; BRAGGSS.
High frequency of antidrug antibodies and association of random drug levels with efficacy in certolizumab
pegol-treated patients with rheumatoid arthritis: Results from the BRAGGSS cohort. Ann. Rheum. Dis. 2017,
76,208-213. [CrossRef] [PubMed]

Vincent, F.B.; Morand, E.E; Murphy, K.; Mackay, E.; Mariette, X.; Marcelli, C. Antidrug antibodies (ADAD) to
tumour necrosis factor (TNF)-specific neutralising agents in chronic inflammatory diseases: A real issue,
a clinical perspective. Ann. Rheum. Dis. 2013, 72, 165-178. [CrossRef] [PubMed]

Wolbink, G.J.; Vis, M.; Lems, W.; Voskuyl, A.E.; de Groot, E.; Nurmohamed, M.T.; Stapel, S.; Tak, P.P;
Aarden, L.; Dijkmans, B. Development of antiinfliximab antibodies and relationship to clinical response in
patients with rtheumatoid arthritis. Arthritis Rheum. 2006, 54, 711-715. [CrossRef] [PubMed]

Prado, M.S.; Bendtzen, K.; Andrade, L.E.C. Biological anti-TNF drugs: Immunogenicity underlying treatment
failure and adverse events. Expert Opin. Drug Metab. Toxicol. 2017, 13, 985-995. [CrossRef] [PubMed]
Bartelds, G.M.; Krieckaert, C.L.; Nurmohamed, M.T.; van Schouwenburg, P.A.; Lems, W.F.; Twisk, J W.;
Dijkmans, B.A.; Aarden, L.; Wolbink, G.J. Development of antidrug antibodies against adalimumab and
association with disease activity and treatment failure during long-term follow-up. JAMA 2011, 305,
1460-1468. [CrossRef] [PubMed]

Seitz, K.; Zhou, H. Pharmacokinetic drug-drug interaction potentials for therapeutic monoclonal antibodies:
Reality check. J. Clin. Pharmacol. 2007, 47, 1104-1118. [CrossRef] [PubMed]

Darwish, M.; Burke, ].M.; Hellriegel, E.; Robertson, P., Jr.; Phillips, L.; Ludwig, E.; Munteanu, M.C.; Bond, M.
An evaluation of the potential for drug-drug interactions between bendamustine and rituximab in indolent
non-Hodgkin lymphoma and mantle cell lymphoma. Cancer Chemother. Pharmacol. 2014, 73, 1119-1127.
[CrossRef] [PubMed]

Zhou, H.; Sharma, A. Therapeutic protein-drug interactions: Plausible mechanisms and assessment strategies.
Expert Opin. Drug Metab. Toxicol. 2016, 1-9. [CrossRef] [PubMed]

Matucci, A.; Nencini, F,; Pratesi, S.; Maggi, E.; Vultaggio, A. An overview on safety of monoclonal antibodies.
Curr. Opin. Allergy Clin. Immunol. 2016, 16, 576-581. [CrossRef] [PubMed]

Doessegger, L.; Banholzer, M.L. Clinical development methodology for infusion-related reactions with
monoclonal antibodies. Clin. Transl. Immunol. 2015, 4, €39. [CrossRef] [PubMed]

Vultaggio, A.; Maggi, E.; Matucci, A. Immediate adverse reactions to biologicals: From pathogenic
mechanisms to prophylactic management. Curr. Opin. Allergy Clin. Immunol. 2011, 11, 262-268. [CrossRef]
[PubMed]

Hansel, T.T.; Kropshofer, H.; Singer, T.; Mitchell, ].A.; George, A.]. The safety and side effects of monoclonal
antibodies. Nat. Rev. Drug Discov. 2010, 9, 325-338. [CrossRef] [PubMed]

Vultaggio, A.; Matucci, A.; Nencini, F; Pratesi, S.; Parronchi, P.; Rossi, O.; Romagnani, S.; Maggi, E.
Anti-infliximab IgE and non-IgE antibodies and induction of infusion-related severe anaphylactic reactions.
Allergy 2010, 65, 657-661. [CrossRef] [PubMed]


http://dx.doi.org/10.1517/17425255.2012.643868
http://www.ncbi.nlm.nih.gov/pubmed/22248267
http://dx.doi.org/10.1002/jps.20178
http://www.ncbi.nlm.nih.gov/pubmed/15389672
http://dx.doi.org/10.1038/clpt.2008.170
http://www.ncbi.nlm.nih.gov/pubmed/18784655
http://dx.doi.org/10.1016/j.cgh.2014.07.029
http://www.ncbi.nlm.nih.gov/pubmed/25066837
http://dx.doi.org/10.1080/19420862.2015.1048411
http://www.ncbi.nlm.nih.gov/pubmed/25962087
http://dx.doi.org/10.3389/fimmu.2016.00021
http://www.ncbi.nlm.nih.gov/pubmed/26870037
http://dx.doi.org/10.1136/annrheumdis-2015-208849
http://www.ncbi.nlm.nih.gov/pubmed/27245864
http://dx.doi.org/10.1136/annrheumdis-2012-202545
http://www.ncbi.nlm.nih.gov/pubmed/23178294
http://dx.doi.org/10.1002/art.21671
http://www.ncbi.nlm.nih.gov/pubmed/16508927
http://dx.doi.org/10.1080/17425255.2017.1360280
http://www.ncbi.nlm.nih.gov/pubmed/28772079
http://dx.doi.org/10.1001/jama.2011.406
http://www.ncbi.nlm.nih.gov/pubmed/21486979
http://dx.doi.org/10.1177/0091270007306958
http://www.ncbi.nlm.nih.gov/pubmed/17766698
http://dx.doi.org/10.1007/s00280-014-2445-5
http://www.ncbi.nlm.nih.gov/pubmed/24677018
http://dx.doi.org/10.1080/17425255.2016.1211109
http://www.ncbi.nlm.nih.gov/pubmed/27391296
http://dx.doi.org/10.1097/ACI.0000000000000315
http://www.ncbi.nlm.nih.gov/pubmed/27749360
http://dx.doi.org/10.1038/cti.2015.14
http://www.ncbi.nlm.nih.gov/pubmed/26246897
http://dx.doi.org/10.1097/ACI.0b013e3283464bcd
http://www.ncbi.nlm.nih.gov/pubmed/21460715
http://dx.doi.org/10.1038/nrd3003
http://www.ncbi.nlm.nih.gov/pubmed/20305665
http://dx.doi.org/10.1111/j.1398-9995.2009.02280.x
http://www.ncbi.nlm.nih.gov/pubmed/19951375

Sensors 2018, 18, 691 14 of 16

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Suntharalingam, G.; Perry, M.R.; Ward, S.; Brett, S.J.; Castello-Cortes, A.; Brunner, M.D.; Panoskaltsis, N.
Cytokine storm in a phase 1 trial of the anti-CD28 monoclonal antibody TGN1412. N. Engl. |. Med. 2006, 355,
1018-1028. [CrossRef] [PubMed]

Wing, M. Monoclonal antibody first dose cytokine release syndromes-mechanisms and prediction.
J. Immunotoxicol. 2008, 5, 11-15. [CrossRef] [PubMed]

Williams, M.; Khalid, T.; Hughes, S.; Bonney, D.; Wynn, R. Rituximab-induced Cytokine Storm in the Absence
of Overt Lymphoproliferative Disease. J. Pediatr. Hematol. Oncol. 2016, 38, 29-31. [CrossRef] [PubMed]
Seymour, H.E.; Worsley, A.; Smith, ].M.; Thomas, S.H. Anti-TNF agents for rheumatoid arthritis. Br. |.
Clin. Pharmacol. 2001, 51, 201-208. [CrossRef] [PubMed]

Caminati, M.; Senna, G.; Stefanizzi, G.; Bellamoli, R.; Longhi, S.; Chieco-Bianchi, F.; Guarnieri, G.; Tognella, S.;
Olivieri, M.; Micheletto, C. Drop-out rate among patients treated with omalizumab for severe asthma:
Literature review and real-life experience. BMC Pulm. Med. 2016, 16, 128. [CrossRef] [PubMed]

Nowatzke, W.L.; Rogers, K.; Wells, E.; Bowsher, R.R.; Ray, C.; Unger, S. Unique challenges of providing
bioanalytical support for biological therapeutic pharmacokinetic programs. Bioanalysis 2011, 3, 509-521.
[CrossRef] [PubMed]

Van Bezooijen, J.S.; Koch, B.C.; van Doorn, M.B.; Prens, E.P.; van Gelder, T.; Schreurs, M.W. Comparison of
Three Assays to Quantify Infliximab, Adalimumab, and Etanercept Serum Concentrations. Ther. Drug Monit.
2016, 38, 432-438. [CrossRef] [PubMed]

Freeman, K.; Connock, M.; Auguste, P; Taylor-Phillips, S.; Mistry, H.; Shyangdan, D.; Court, R,;
Arasaradnam, R.; Sutcliffe, P.; Clarke, A. Clinical effectiveness and cost-effectiveness of use of therapeutic
monitoring of tumour necrosis factor alpha (TNF-alpha) inhibitors [LISA-TRACKER(R) enzyme-linked
immunosorbent assay (ELISA) kits, TNF-alpha-Blocker ELISA kits and Promonitor(R) ELISA kits] versus
standard care in patients with Crohn’s disease: Systematic reviews and economic modelling. Health Technol.
Assess. 2016, 20, 1-288. [PubMed]

Chellaraj, V.; Cicero, K.; Abuarjah, K.; Lundberg, L.; Desai, H.; Gadkari, S.; Hantash, J.; Scott, G.;
Beaver, C. Comparison Between Two UV ELISA Kits and an Electrochemiluminescence ELISA Method
for the Quantification of HUMIRA® (Adalimumab) in Human Serum. 2012. Available online: http:
/ /www.inventivhealthclinical.com /497801ee-21a9-4235-91b1-2d3c9e279b38 /download.htm (accessed on
5 November 2017).

Bendtzen, K.; Geborek, P; Svenson, M.; Larsson, L.; Kapetanovic, M.C.; Saxne, T. Individualized monitoring
of drug bioavailability and immunogenicity in rheumatoid arthritis patients treated with the tumor necrosis
factor alpha inhibitor infliximab. Arthritis Rheum. 2006, 54, 3782-3789. [CrossRef] [PubMed]

Svenson, M.; Geborek, P; Saxne, T.; Bendtzen, K. Monitoring patients treated with anti-TNF-alpha
biopharmaceuticals: Assessing serum infliximab and anti-infliximab antibodies. Rheumatology 2007, 46,
1828-1834. [CrossRef] [PubMed]

Radstake, T.R.; Svenson, M.; Eijsbouts, A.M.; van den Hoogen, FH.; Enevold, C.; van Riel, PL.; Bendtzen, K.
Formation of antibodies against infliximab and adalimumab strongly correlates with functional drug levels
and clinical responses in rheumatoid arthritis. Ann. Rheum. Dis. 2009, 68, 1739-1745. [CrossRef] [PubMed]
The United States Pharmacopeial Convention. Available online: https://www.google.com.hk/url?sa=t&
rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiL9riFmLvZAhXMEbwKHdWOAwWMOQFggIMA A&
url=https%3A%2F%2Fwww.ipgpubs.com%2Fwp-content%2Fuploads%2F2010%2F06%2FUSP_1032.pdf&
usg=AOvVaw2leNseZklkroyS3UtgspjB (accessed on 20 January 2018).

Moberg, A.; Lager, A.; Hamalainen, M.D.; Jarhede, T. Increased sensitivity of SPR assays in plasma through
efficient parallel assay optimization. J. Pharm. Biomed. Anal. 2013, 78-79, 224-232. [CrossRef] [PubMed]
Swanson, S.; Mytych, D. The use of Surface Plasmon Resonance for the Detection and Characterization of
Antibodies. In Detection and Quantification of Antibodies to Biopharmaceuticals; John Wiley & Sons: Hoboken,
NJ, USA, 2011.

Mire-Sluis, A.R.; Barrett, Y.C.; Devanarayan, V.; Koren, E.; Liu, H.; Maia, M.; Parish, T.; Scott, G.; Shankar, G.;
Shores, E. Recommendations for the design and optimization of immunoassays used in the detection of host
antibodies against biotechnology products. J. Immunol. Methods 2004, 289, 1-16. [CrossRef] [PubMed]
Bhalla, N.; Jolly, P.,; Formisano, N.; Estrela, P. Introduction to biosensors. Essays Biochem. 2016, 60, 1-8.
[CrossRef] [PubMed]

Damborsky, P.; Svitel, ].; Katrlik, J. Optical biosensors. Essays Biochem. 2016, 60, 91-100. [CrossRef] [PubMed]


http://dx.doi.org/10.1056/NEJMoa063842
http://www.ncbi.nlm.nih.gov/pubmed/16908486
http://dx.doi.org/10.1080/15476910801897433
http://www.ncbi.nlm.nih.gov/pubmed/18382853
http://dx.doi.org/10.1097/MPH.0000000000000485
http://www.ncbi.nlm.nih.gov/pubmed/26583621
http://dx.doi.org/10.1046/j.1365-2125.2001.00321.x
http://www.ncbi.nlm.nih.gov/pubmed/11298065
http://dx.doi.org/10.1186/s12890-016-0290-5
http://www.ncbi.nlm.nih.gov/pubmed/27562427
http://dx.doi.org/10.4155/bio.11.2
http://www.ncbi.nlm.nih.gov/pubmed/21388264
http://dx.doi.org/10.1097/FTD.0000000000000310
http://www.ncbi.nlm.nih.gov/pubmed/27120178
http://www.ncbi.nlm.nih.gov/pubmed/27845027
http://www.inventivhealthclinical.com/497801ee-21a9-4235-91b1-2d3c9e279b38/download.htm
http://www.inventivhealthclinical.com/497801ee-21a9-4235-91b1-2d3c9e279b38/download.htm
http://dx.doi.org/10.1002/art.22214
http://www.ncbi.nlm.nih.gov/pubmed/17133559
http://dx.doi.org/10.1093/rheumatology/kem261
http://www.ncbi.nlm.nih.gov/pubmed/18032541
http://dx.doi.org/10.1136/ard.2008.092833
http://www.ncbi.nlm.nih.gov/pubmed/19019895
https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiL9riFmLvZAhXMEbwKHdWOAwMQFgglMAA&url=https%3A%2F%2Fwww.ipqpubs.com%2Fwp-content%2Fuploads%2F2010%2F06%2FUSP_1032.pdf&usg=AOvVaw2leNseZklkroyS3UtgspjB
https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiL9riFmLvZAhXMEbwKHdWOAwMQFgglMAA&url=https%3A%2F%2Fwww.ipqpubs.com%2Fwp-content%2Fuploads%2F2010%2F06%2FUSP_1032.pdf&usg=AOvVaw2leNseZklkroyS3UtgspjB
https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiL9riFmLvZAhXMEbwKHdWOAwMQFgglMAA&url=https%3A%2F%2Fwww.ipqpubs.com%2Fwp-content%2Fuploads%2F2010%2F06%2FUSP_1032.pdf&usg=AOvVaw2leNseZklkroyS3UtgspjB
https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiL9riFmLvZAhXMEbwKHdWOAwMQFgglMAA&url=https%3A%2F%2Fwww.ipqpubs.com%2Fwp-content%2Fuploads%2F2010%2F06%2FUSP_1032.pdf&usg=AOvVaw2leNseZklkroyS3UtgspjB
http://dx.doi.org/10.1016/j.jpba.2013.02.018
http://www.ncbi.nlm.nih.gov/pubmed/23501443
http://dx.doi.org/10.1016/j.jim.2004.06.002
http://www.ncbi.nlm.nih.gov/pubmed/15251407
http://dx.doi.org/10.1042/EBC20150001
http://www.ncbi.nlm.nih.gov/pubmed/27365030
http://dx.doi.org/10.1042/EBC20150010
http://www.ncbi.nlm.nih.gov/pubmed/27365039

Sensors 2018, 18, 691 15 of 16

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.
72.

Patel, S.; Nanda, R.; Sahoo, S.; Mohapatra, E. Biosensors in Health Care: The Milestones Achieved in Their
Development towards Lab-on-Chip-Analysis. Biochem. Res. Int. 2016, 2016, 1-12. [CrossRef] [PubMed]
Nguyen, H.H.; Park, J.; Kang, S.; Kim, M. Surface plasmon resonance: A versatile technique for biosensor
applications. Sensors 2015, 15, 10481-10510. [CrossRef] [PubMed]

Gutierrez-Gallego, R.; Bosch, J.; Such-Sanmartin, G.; Segura, J. Surface plasmon resonance immunoassays—A
perspective. Growth Horm. IGF Res. 2009, 19, 388-398. [CrossRef] [PubMed]

Malmborg, A.C.; Michaelsson, A.; Ohlin, M.; Jansson, B.; Borrebaeck, C.A. Real time analysis of
antibody-antigen reaction kinetics. Scand. J. Immunol. 1992, 35, 643—-650. [CrossRef] [PubMed]

Mytych, D.T,; La, S.; Barger, T.; Ferbas, J.; Swanson, S.J. The development and validation of a sensitive,
dual-flow cell, SPR-based biosensor immunoassay for the detection, semi-quantitation, and characterization
of antibodies to darbepoetin alfa and epoetin alfa in human serum. J. Pharm. Biomed. Anal. 2009, 49, 415-426.
[CrossRef] [PubMed]

Wadhwa, M.; Bird, C.; Dilger, P.; Gaines-Das, R.; Thorpe, R. Strategies for detection, measurement and
characterization of unwanted antibodies induced by therapeutic biologicals. J. [mmunol. Methods 2003, 278,
1-17. [CrossRef]

Centers for Medicare & Medicaid Services. Clinical Laboratory Improvement Amendments (CLIA).
2017. Available online: https://www.cms.gov/Regulations-and-Guidance/Legislation/CLIA /index.htmlI?
redirect=/CLIA (accessed on 21 February 2018).

Van der Merwe, A. Surface Plasmon Resonance. 2011. Available online: http://www.biophysics.bioc.cam.ac.
uk/wp-content/uploads/2011/02/sprl.pdf (accessed on 14 November 2017).

O’Shannessy, D.J.; Brigham-Burke, M.; Peck, K. Immobilization chemistries suitable for use in the BIAcore
surface plasmon resonance detector. Anal. Biochem. 1992, 205, 132-136. [CrossRef]

Trilling, A.K.; Beekwilder, J.; Zuilhof, H. Antibody orientation on biosensor surfaces: A minireview. Analyst
2013, 138, 1619-1627. [CrossRef] [PubMed]

Andersson, K.; Areskoug, D.; Hardenborg, E. Exploring buffer space for molecular interactions. J. Mol.
Recognit. 1999, 12, 310-315. [CrossRef]

GE Healthcare. Biacore™ Assay Handbook. 2012. Available online: http:/ /proteins.gelifesciences.com/~/
media/protein-purification-ib /documents /handbooks /biacore_assay_handbook.pdf?la=en (accessed on
15 November 2017).

Bustos, R.H.; Suesca, E.; Millan, D.; Gonzalez, ].M.; Fontanilla, M.R. Real-time quantification of proteins
secreted by artificial connective tissue made from uni- or multidirectional collagen I scaffolds and oral
mucosa fibroblasts. Anal. Chem. 2014, 86, 2421-2428. [CrossRef] [PubMed]

Marquart, J.A. Surface Plasmon Resonance and Biomolecular Interaction Analysis Theory and Practice. 2014.
Available online: http:/ /www.lulu.com/shop/ja-marquart/surface-plasmon-resonance-and-biomolecular-
interaction-analysis/hardcover/product-21404460.html (accessed on 20 February 2018).

Homola, J.; Piliarik, M. Surface Plasmon Resonance (SPR) Sensors; Springer Series on Chemical Sensors and
Biosensors; Springer: Berlin/Heidelberg, Germany, 2006.

Jang, D.; Chae, G.; Shin, S. Analysis of Surface Plasmon Resonance Curves with a Novel Sigmoid-Asymmetric
Fitting Algorithm. Sensors 2015, 15, 25385-25398. [CrossRef] [PubMed]

Lundstrom, I. Real-time biospecific interaction analysis. Biosens. Bioelectron. 1994, 9, 725-736. [CrossRef]
Sanquin. Adalimumab Level Elisa M1885. 2015. Available online: https://www.sanquin.nl/repository/
reagentia/ifu/Product_flyer_Adalimumab_ELISA_kit.pdf (accessed on 15 November 2017).

Bian, S.; Stappen, T.V.; Baert, F.; Compernolle, G.; Brouwers, E.; Tops, S.; Vries, A.; Rispens, T.; Lammertyn, J.;
Vermeire, S.; et al. Generation and characterization of a unique panel of anti-adalimumab specific antibodies
and their application in therapeutic drug monitoring assays. . Pharm. Biomed. Anal. 2016, 125, 62-67.
[CrossRef] [PubMed]

Van der Neut Kolfschoten, M.; Schuurman, J.; Losen, M.; Bleeker, W.K.; Martinez-Martinez, P.; Vermeulen, E.;
den Bleker, T.H.; Wiegman, L.; Vink, T.; Aarden, L.A. Anti-inflammatory activity of human IgG4 antibodies
by dynamic Fab arm exchange. Science 2007, 317, 1554-1557. [CrossRef] [PubMed]

Gizeli, E.; Lowe, C. Biomolecular Sensors; Taylor & Francis: London, UK, 2002.

Lu, J.; Van Stappen, T.; Spasic, D.; Delport, E; Vermeire, S.; Gils, A.; Lammertyn, J. Fiber optic-SPR platform for
fast and sensitive infliximab detection in serum of inflammatory bowel disease patients. Biosens. Bioelectron.
2016, 79, 173-179. [CrossRef] [PubMed]


http://dx.doi.org/10.1155/2016/3130469
http://www.ncbi.nlm.nih.gov/pubmed/27042353
http://dx.doi.org/10.3390/s150510481
http://www.ncbi.nlm.nih.gov/pubmed/25951336
http://dx.doi.org/10.1016/j.ghir.2009.04.022
http://www.ncbi.nlm.nih.gov/pubmed/19473863
http://dx.doi.org/10.1111/j.1365-3083.1992.tb02970.x
http://www.ncbi.nlm.nih.gov/pubmed/1376487
http://dx.doi.org/10.1016/j.jpba.2008.11.028
http://www.ncbi.nlm.nih.gov/pubmed/19135328
http://dx.doi.org/10.1016/S0022-1759(03)00206-0
https://www.cms.gov/Regulations-and-Guidance/Legislation/CLIA/index.html?redirect=/CLIA
https://www.cms.gov/Regulations-and-Guidance/Legislation/CLIA/index.html?redirect=/CLIA
http://www.biophysics.bioc.cam.ac.uk/wp-content/uploads/2011/02/spr1.pdf
http://www.biophysics.bioc.cam.ac.uk/wp-content/uploads/2011/02/spr1.pdf
http://dx.doi.org/10.1016/0003-2697(92)90589-Y
http://dx.doi.org/10.1039/c2an36787d
http://www.ncbi.nlm.nih.gov/pubmed/23337971
http://dx.doi.org/10.1002/(SICI)1099-1352(199909/10)12:5&lt;310::AID-JMR470&gt;3.0.CO;2-5
http://proteins.gelifesciences.com/~/media/protein-purification-ib/documents/handbooks/biacore_assay_handbook.pdf?la=en
http://proteins.gelifesciences.com/~/media/protein-purification-ib/documents/handbooks/biacore_assay_handbook.pdf?la=en
http://dx.doi.org/10.1021/ac4033164
http://www.ncbi.nlm.nih.gov/pubmed/24517886
http://www.lulu.com/shop/ja-marquart/surface-plasmon-resonance-and-biomolecular-interaction-analysis/hardcover/product-21404460.html
http://www.lulu.com/shop/ja-marquart/surface-plasmon-resonance-and-biomolecular-interaction-analysis/hardcover/product-21404460.html
http://dx.doi.org/10.3390/s151025385
http://www.ncbi.nlm.nih.gov/pubmed/26437414
http://dx.doi.org/10.1016/0956-5663(94)80071-5
https://www.sanquin.nl/repository/reagentia/ifu/Product_flyer_Adalimumab_ELISA_kit.pdf
https://www.sanquin.nl/repository/reagentia/ifu/Product_flyer_Adalimumab_ELISA_kit.pdf
http://dx.doi.org/10.1016/j.jpba.2016.03.029
http://www.ncbi.nlm.nih.gov/pubmed/27003121
http://dx.doi.org/10.1126/science.1144603
http://www.ncbi.nlm.nih.gov/pubmed/17872445
http://dx.doi.org/10.1016/j.bios.2015.11.087
http://www.ncbi.nlm.nih.gov/pubmed/26706938

Sensors 2018, 18, 691 16 of 16

73.

74.

75.

76.

77.

78.

Bian, S.; Lu, J.; Delport, E; Vermeire, S.; Spasic, D.; Lammertyn, J.; Gils, A. Development and validation
of an optical biosensor for rapid monitoring of adalimumab in serum of patients with Crohn’s disease.
Drug Test. Anal. 2017. [CrossRef] [PubMed]

Real Fernandez, F.; Di Pisa, M.; Rossi, G.; Auberger, N.; Lequin, O.; Larregola, M.; Benchohra, A.; Mansuy, C.;
Chassaing, G.; Lolli, F. Antibody recognition in multiple sclerosis and Rett syndrome using a collection of
linear and cyclic N-glucosylated antigenic probes. Biopolymers 2015, 104, 560-576. [CrossRef] [PubMed]
Real-Fernandez, F.; Cimaz, R.; Rossi, G.; Simonini, G.; Giani, T.; Pagnini, I.; Papini, A.M.; Rovero, P.
Surface plasmon resonance-based methodology for anti-adalimumab antibody identification and kinetic
characterization. Anal. Bioanal. Chem. 2015, 407, 7477-7485. [CrossRef] [PubMed]

Tam, Y.J.; Zeenathul, N.A.; Rezaei, M.A.; Mustafa, N.H.; Azmi, M.L.M.; Bahaman, A.R.; Lo, S.C,; Tan, ].S.;
Hani, H.; Rasedee, A. Wide dynamic range of surface-plasmon-resonance-based assay for hepatitis B surface
antigen antibody optimal detection in comparison with ELISA. Biotechnol. Appl. Biochem. 2017, 64, 735-744.
[CrossRef] [PubMed]

Schmitz, E.M.; van de Kerkhof, D.; Hamann, D.; van Dongen, ].L.; Kuijper, P.H.; Brunsveld, L.; Scharnhorst, V.;
Broeren, M.A. Therapeutic drug monitoring of infliximab: Performance evaluation of three commercial
ELISA kits. Clin. Chem. Lab. Med. 2016, 54, 1211-1219. [CrossRef] [PubMed]

Sanquin. Adalimumab Level ELISA. 2009. Available online: http://78.41.76.137 /antibodyshop/datasheet/
sanquin/M1885.pdf (accessed on 21 January 2018).

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/dta.2250
http://www.ncbi.nlm.nih.gov/pubmed/28743169
http://dx.doi.org/10.1002/bip.22677
http://www.ncbi.nlm.nih.gov/pubmed/25973844
http://dx.doi.org/10.1007/s00216-015-8915-8
http://www.ncbi.nlm.nih.gov/pubmed/26210546
http://dx.doi.org/10.1002/bab.1528
http://www.ncbi.nlm.nih.gov/pubmed/27506960
http://dx.doi.org/10.1515/cclm-2015-0987
http://www.ncbi.nlm.nih.gov/pubmed/26587745
http://78.41.76.137/antibodyshop/datasheet/sanquin/M1885.pdf
http://78.41.76.137/antibodyshop/datasheet/sanquin/M1885.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Rreagents 
	Plasma Ccollection 
	Biosensor System 
	Establishing Conditions for Immobilising Recombinant Proteins (Pre-Concentration Assays) 
	Immobilising TNF- Recombinant Protein 
	Regeneration Assays 
	SPR-Based Real-Time Quantification 
	ELISA Assays 
	Statistical Analysis 

	Results 
	A Description of the Patients 
	Establishing Conditions for Immobilising Rrecombinant Pproteins (Pre-Concentration Assays) 
	Immobilising TNF- Recombinant Protein 
	Regeneration Assays 
	Calibration Curve 
	Assay Specificity 
	Correlation between SPR and ELISA Assays 

	Discussion 
	Conclusions 
	
	References

