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Abstract: The use of infliximab has completely changed the therapeutic landscape in inflammatory
bowel disease. However, despite its proven efficacy to induce and maintain clinical remission, in-
creasing evidence suggests that treatment failure may be associated with inadequate drug blood
concentrations. The introduction of biosensors based on different nanostructured materials for the
rapid quantification of drugs has been proposed for therapeutic drug monitoring. This study aimed
to apply atomic force microscopy (AFM)-based nanoassay for the measurement of infliximab con-
centration in serum samples of healthy donors and pediatric IBD patients. This assay measured the
height signal variation of a nanostructured gold surface covered with a self-assembled monolayer
of alkanethiols. Inside this monolayer, we embedded the DNA conjugated with a tumor necrosis
factor able to recognize the drug. The system was initially fine-tuned by testing known infliximab
concentrations (0, 20, 30, 40, and 50 nM) in buffer and then spiking the same concentrations of inflix-
imab into the sera of healthy donors, followed by testing pediatric IBD patients. A good correlation
between height variation and drug concentration was found in the buffer in both healthy donors and
pediatric IBD patients (p-value < 0.05), demonstrating the promising use of AFM nanoassay in TDM.

Keywords: atomic force microscopy; inflammatory bowel disease; infliximab; pediatric; nanoassay

1. Introduction

Inflammatory bowel diseases (IBD) are complex disorders of the gastrointestinal
tract, characterized by a relapsing and remitting course, and include Crohn’s disease (CD)
and Ulcerative Colitis (UC). Patients with IBD must face long-term medical therapy and
even surgical interventions [1]. Infliximab, an anti-TNF agent, represents a significant
advance in the treatment of these chronic disorders thanks to its ability to induce and
maintain clinical remission [2]. Dose optimization through therapeutic drug monitoring
(TDM) is now a standard of care for therapy personalization, by which drug dosing is
adjusted based on the stratification on immunogenic (presence of anti-drug antibodies),
pharmacokinetic (insufficient drug trough concentrations without anti-drug antibodies),
and pharmacodynamic (lack of efficacy despite adequate trough concentrations) loss of
response (ECCO-ESPGHAN guideline) [3]. Even though several assays such as the radioim-
munoassay, the homogeneous mobility shift assay, and the cell reporter gene assay-have
been set up to measure the concentrations of infliximab and anti-drug antibodies, the
enzyme-linked immunosorbent assay (ELISA) remains the most commonly used test for
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TDM in clinical practice [4-6]. Although these assays give reliable and reproducible results,
they are expensive, especially when processing a limited number of samples [4]. Miniatur-
ization is the key for the creation of point of care devices capable of testing low volumes of
biological samples [7]. In recent years, by allowing the preparation of miniaturized devices
and supports, nanotechnology offered the possibility of overcoming several limitations of
the available assays with the possibility of measuring nanomolar protein concentrations in
a small volume [8-13]. A variety of sensors based on different nanostructured materials
and techniques have been developed in order to allow highly sensitive, non-invasive, and
fast detection of biomarkers with the potential for being used as point of care devices [14].
Atomic force microscopy (AFM) has been used for realizing and analyzing miniaturized
devices. Indeed, AFM is a scanning probe technique that combines a nanoscale resolution
and a high imaging capacity; it is a valuable tool for the analysis of biological samples,
with the possibility of performing measures in a liquid environment. Moreover, the ca-
pability of AFM to apply force with a nanometer-sized tip also allows the patterning of
surfaces with high spatial resolution, favoring the creation of nanoarrays of molecules
for biodetection purposes [15-17]. In particular, in recent years, the combination of AFM
nanografting of single-stranded DNA (ssDNA) and DNA-directed immobilization (DDI) of
conjugated binders allowed to confine high-affinity antigen-binding molecules on a surface
and to create ligand-binding assays that are very sensitive, specific, with a relatively high
throughput, that only requires small amounts of samples for the analysis [18,19]. Com-
pared with the gold standard ELISA, multiplexing nanoarrays have several advantages: the
high-throughput nature, efficiency in terms of time and cost, and the ability to measure one
antigen in the context of multiple others; it has already been demonstrated as successful for
the detection of cancer biomarkers [20,21].

Here, we applied the innovative AFM technique to measure infliximab serum concen-
trations in pediatric IBD patients.

2. Materials and Methods
2.1. AFM-Based Nanoassay

The AFM (XE-100 Park Instruments) based nanoassay measured the height varia-
tion of a nanostructured gold surface covered with a self-assembled monolayer (SAM) of
alkanethiols. To avoid unspecific protein adsorption, alkanethiols were terminally function-
alized with oligoethylene glycol (TOEGS). Inside this monolayer, we embedded proteins
able to recognize the infliximab present in a solution, as represented in Figure 1.

TNFa-ssDNA Infliximab

conjugate \ﬁ'(/ ...................

ST A

G allhs sl

Figure 1. Infliximab measurement in an AFM-based nanoassay: a schematic representation of thiolated
ssDNA patches fabricated through nanografting inside a TOEG6 carpet, TNFx-ssDNA conjugate binding,
and infliximab detection. Image created with BioRender.com (accessed on 4 April 2022).

In detail, single-stranded thiolated DNA (SH-cF9: SH-(CH2) 6-5'-CTTATCGCTTTAT
GACCGGACC-3' from Biomers GmbH Ulm, Germany) patches are fabricated through
nanografting inside a TOEG6-SAM carpet; the procedure has already been reported in the
work of Ambrosetti and colleagues [20]. Ultraflat gold surfaces are coated with biorepellent
self-assembled monolayers (TOEG6) through overnight incubation in a 300 uM TOEG6
in ethanol. The freshly prepared samples are glued into the AFM liquid cell using a
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Reprorubber to guarantee stability and chemical inertness. The cell is filled with TE buffer
(Tris 10 mM, EDTA 1 mM, NaCl 1 M; pH 8) containing 5 uM of a thiolated ssDNA (SH-cF9).
To fabricate the micrometer sized patches, we used NSC36 cantilevers (Mikromasch, spring
constant = 0.6-2 N/m, radius of curvature <10 nm) in contact mode with a scan rate of
1-2 Hz. The application of a force of roughly 100 nN allows the displacement of the TOEG6
molecules in favour of the thiolated ssDNA present in solution. The height of the ssDNA is
then checked by topographic measurements in contact mode in the TE buffer (Tris 10 mM,
EDTA 1 mM, NaCl 1 M; pH 8) using very soft cantilevers (CSC38 cantilevers, Mikromasch,
spring constant = 0.003-0.006 N/m, radius of curvature <10 nm) with a contact force of
100 pN and a scan rate of 1 Hz. A new single ssDNA sequence complementary to the
nanografted one (cF9-SH), conjugated with TNF« (cF9-TNF« conjugate), is immobilized
on the nanospot via DNA-DNA interaction. This process is known as DNA-Directed
Immobilization (DDI). To perform this operation, we incubated the gold chip with the
ssDNA micrometer-sized patches with 100 nM of cF9-TNF«x conjugate in the TE buffer for
2 h. The chip is then thoroughly washed with TE buffer to remove loosely bound conjugates
and is imaged through topographic measurements in contact mode in the TE buffer using
very soft cantilevers (CSC38 cantilevers, Mikromasch, spring constant = 0.003-0.006 N/m,
radius of curvature <10 nm) with a contact force of 100 pN and a scan rate of 1 Hz. The final
structures (the conjugate) composed by double-stranded DNA linked to TNFa on the top
are now ready to recognize the analyte infliximab present in solution. The chip is therefore
incubated with the infliximab sample for one hour, thoroughly washed with TE buffer, and
imaged through topographic measurements in contact mode in TE buffer using very soft
cantilevers (CSC38 cantilevers, Mikromasch, spring constant = 0.003-0.006 N/m, radius
of curvature <10 nm) with a contact force of 100 pN and a scan rate of 1 Hz. The height
variation on the patches before and after incubation with the sample is representative of
the effective/not effective immobilization of the antibody on the sensing surface.

To fine-tune the assay, several concentrations of infliximab (20, 30, 40, and 50 nM) were
initially tested in the TE buffer. Afterwards, sera of six healthy donors spiked with known
concentrations of infliximab below and within the therapeutic range (10, 20, 30, 40, and
50 nM, that correspond to 1.5, 3, 4.4, 6, and 7.5 ng/mL, respectively) were used to check the
compatibility of the AFM system with serum sample and avoid unspecific measurements.
In this preliminary study, we selected a concentration range between 0 and 7.5 ng/mL,
which includes the therapeutic target (5 ng/mL during maintenance therapy) defined by
the recent ECCO guideline to achieve the mucosal healing in Crohn’s disease [3].

The serum samples were diluted 1:100 in a physiologic solution with 10 mM EDTA
added. The addition of EDTA, a chelator of Mg?* ions, allows to maintain the integrity of the
patches created during the nanografting phase, minimizing the action of nucleases, present
in serum, on nanografted DNA. All the AFM images were taken at a frequency of 1 Hz and
result from 256 x 256 lines. The images were recorded in gentle contact at minimum force
values, and the topography analysis was determined using the Xei software, version 1.8.

2.2. Infliximab Patients” Cohort

Patients with IBD treated with infliximab were enrolled at the Pediatric Gastroenterol-
ogy Unit of the Institute for Maternal and Child Health IRCCS Burlo Garofolo, Trieste.
Children were treated according to a therapeutic protocol consisting of intravenous adminis-
tration of infliximab at 5 mg/kg in 2 h infusions at weeks 0, 2, 6 (induction phase), followed
by a maintenance phase in which infusions were performed every 8 weeks. The inclusion
criteria were age between 7 and 18 years, with previous diagnosis of IBD and treatment
with infliximab. Infliximab was started as first line therapy or in case of treatment failure
or intolerance to first-line therapies. The exclusion criteria were: patients with ileostomy
or colostomy, disease needing surgery, or contemporary presence of other non-controlled
pathologies that could affect the evaluation of the clinical score being not comparable to
that of the other patients without this intervention. For each patient, clinical efficacy was
assessed using then Pediatric Crohn’s Disease Activity Index (PCDAI) [22] and Pediatric
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Ulcerative Colitis Activity Index (PUCAI) [23] for CD and UC patients, respectively. The
disease was considered in remission if indexes were <10. Local Ethic Committee approval
and appropriate informed consent were obtained from all patients’ parents or caregivers.

The sera of pediatric IBD patient were collected and analyzed by the gold standard
ELISA (Progenika, Derio, Spain). The data obtained were then used to correlate infliximab
concentration and height variation measured by AFM.

2.3. ELISA Assay

Infliximab levels were measured in the sera of six pediatric IBD patients using the
commercial Promonitor ELISA assay (Progenika, Spain). The ELISA kit was used according
to the manufacturers’ instructions, and the lower and upper limits of quantification were
0.017 and 14.4 pg/mL, respectively.

2.4. Statistical Analysis

Linear regression function was used to assess the correlation between infliximab
concentration and signal variation (height variations). Graph-Pad Prism version 6.00
(GraphPad, La Jolla, CA, USA) was used for the one-way ANOVA statistical analysis.

3. Results
3.1. Measurement of Infliximab Concentration, in Buffer and Healthy Control Sera, by Atomic
Force Microscopy

In Figure 2, we report the height variation of the patches after incubation of known
concentrations of infliximab: a good correlation between height variation and drug concen-
tration in buffer was found (linear regression: R? = 0.97 and p-value = 0.003).

10 20 30 40 50 60
[IFX] nM

Figure 2. Calibration obtained in buffer. [IFX] = concentration of infliximab. Data are represented as
mean + standard deviation of three different measurements.

The same trend was also observed in the serum (Figure 3). We observe an increase of
height after incubation with the TNFx-DNA conjugate and after the subsequent incubation
with the serum containing infliximab (Figure 3A with results from serum spiked with
infliximab 20 nM as representative image): the height variation also in this condition shows
a good linear correlation with the drug concentration (linear regression: R? = 0.93 and
p-value = 0.002) (Figure 3B).



J. Pers. Med. 2022, 12, 948

50f9

A
’g e 'Grafting A up'
= 3 e “TNF_cFO A up'
= — IFX 200M"
= 4
.80
o L 4
I
v 2L i
5
2
i) B
| | |
0 2 4 6 Mm
B K
2.5
£ .
E 15
®
g 0.5'/$/'/r

0 10 20 30 40 50 60
[IFX] nM

Figure 3. (A) An example of DNA nanostructures characterization by AFM topography: different
DNA patches profiles with different height taken from AFM images (red line: ssDNA; green line:
TNF-cF9 conjugate; blue line: infliximab (IFX) 20 nM); (B) the calibration line obtained in healthy
donor sera spiked with IFX at different concentrations.

3.2. Measurement of Infliximab Concentration in Pediatric IBD Patients” Sera, by Atomic
Force Microscopy

The sera of six pediatric IBD patients treated with infliximab, whose serum concen-
tration has been already determined by the Promonitor ELISA (Progenika, Spain) gold
standard assay, were used for AFM-based nanoassay. The demographic characteristics of
the IBD patients are summarized in Table 1.

Three pediatric patients (50%, median age = 13.13) were affected by CD and three by
UC (50%, median age = 15.33). The 33.3% and 66.7% of CD and UC were, respectively,
female. The disease activity index at inclusion was 14.2 (interquartile range, IQR: 7-19) and
15.1 (IQR: 8-21) for CD and UC, respectively. The infliximab quantifications obtained by
ELISA are reported in Table 2 and permitted to include infliximab values below (0, 6.7 and
13.4 nM), above (65 nM), and in the therapeutic range (20 and 28 nM).

A good correlation between infliximab concentration measured by ELISA and height
variation measured by AFM was assessed (linear regression: R? = 0.98 and p-value = 0.025)
(Figure 4). The pediatric IBD patient with 0 pg/mL infliximab level was positive for anti-drug
antibodies, measured by ELISA assay. The presence of anti-drug antibodies did not affect the
height measurement performed by AFM assay.
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Table 1. Demographic and clinical characteristics of the IBD population enrolled.

Overall
(n=6)

Ulcerative Colitis
(n=23)

Crohn’s Disease
(n=23)

Age-years (IQR)
Disease duration—months (IQR)

14.88 (12.7-16.1)
39.4 (25.2-51.6)

13.13 (10.8-15.7)
43.18 (28.4-56.6)

15.33 (13.1-16.1)
22.6 (17.3-29.5)

Disease activity index at inclusion

PCDAI (IQR) 14.2 (7-19) -
PUCAI (IQR) - 15.1 (8-21.3)
Paris Classification:
Localization E3/E4 (%) - 0 3 (100)
Localization L3 /L4 (%) - 3 (100) 0
Behavior B1 (%) - 3 (100) 3 (100)
Maintenance treatment 6 3 3
Other biologics before infliximab (yes/no) no no no
Gender
Female (%) 3 (50) 1(33.3) 2 (66.7)
Male (%) 3 (50) 2 (66.7) 1(33.3)

Abbreviations: IQR, interquartile range, PCDAI, Pediatric Crohn’s disease activity index; PUCAI, Ulcerative
Colitis activity index.

Table 2. ELISA measurements in the pediatric IBD cohort.

Pediatric IBD Patient Infliximab (nM) Infliximab (ug/mL)
1 0 0.0
2 6.7 1.0
3 13.4 2.0
4 20 3.0
5 28 4.2
6 65 9.75

Abbreviations: IBD, inflammatory bowel disease.
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Figure 4. (A) Representative figure of DNA nanostructures characterization by AFM topography:
different DNA patches profiles with different height taken from AFM images (green line: TNF-
cF9 conjugate; blue line: IBD patient serum containing infliximab at a concentration of 65 nM);
(B) calibration line obtained in six pediatric patients’ sera.

4. Discussion

In this study we used an AFM-based nanoassay to quantify infliximab in buffer TE,
infliximab-spiked healthy donors, and infliximab-treated pediatric IBD patients’ sera. A
good agreement was observed between signal variation and drug concentration both in
buffer and in control sera. Considering the fact that the applied force, even if small, can
reduce the observed height of biomolecules, and considering that IgG antibodies immo-
bilised on a surface resulted to have heights comprised between 1 and 3.5 nm depending
on their orientation [24], the height variations corresponding to the calibration in buffer
and serum (Figures 2 and 3) are compatible with the creation of a single layer of antibodies
with different orientations.
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The same trend was maintained in IBD patients’ sera, but a higher signal variation
was observed compared to healthy donors. The increased height variation in the patients’
sera in comparison with the calibration curve may be due to clustering effects induced
by other biomolecules such as anti-infliximab antibodies subtypes that do not affect the
capability of the drug to recognize TNF«x [25]. We argue that patients’ sera have different
protein profiles with an increased expression of some proteins involved in inflammation,
and these characteristics could affect the AFM analysis, inducing a clustering of molecules
on the target patches increasing the height during TNFo-infliximab recognition. This con-
sideration could be supported by Tomekova and colleagues who have shown qualitative
and quantitative changes of proteins in blood serum samples of IBD patients compared
to healthy donors by fluorescence analysis and AFM technique [26]. In particular, their
morphological analysis of serum deposited on a specially cleaned slide (ultrasound, special
nanopaper) revealed characteristic patterns of lipids, proteins, cholesterol, and other or-
ganic compounds with significant qualitative and quantitative differences in morphology
(arrangement, size, particle distribution) between the samples of healthy individuals and
IBD patients.

Furthermore, AFM-based detection as well as other label-free approaches present as
confounding factor the unspecific binding of other proteins/antibodies on the sensing area.
This unspecific binding could be strongly reduced by the DDI approach and by the presence
of antifouling TOEGS6 carpet, and could be easily monitored in a multiplexing fashion by
introducing control patches [18,20,21]. At the moment, the use of AFM for biomedical
applications has been mainly limited for the analysis of stiffness of tissues and cells to
help in diagnosing several diseases (neurodegenerative diseases, cancer, cardiovascular
diseases, etc.), but also for detecting specific biomolecules [27]. Nonetheless, the reported
nano-assay approach is quite unique, although similar attempts building on the seminal
work of Sahin [28] have been made, mainly for miRNA analysis and DNA hybridization.

5. Conclusions

In conclusion, we successfully demonstrated the promising use of AFM nanoassay as
a potential sensitive tool for TDM for pediatric IBD patients in treatment with infliximab.
This preliminary study has some limitations regarding the small sample size and the higher
signal variation observed in IBD patients’ sera. Thus, further AFM analysis including
higher concentrations of infliximab and modifications in the technique will be considered
to avoid, among other aspects, the detection of particles present in the serum of patients, in
view of its possible application in clinical practice.
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