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Surface plasmon resonance (SPR) has been widely used to detect a variety of biomolecular systems, but only a
small fraction of applications report on the analysis of patients’ samples. A critical barrier to the full imple-
mentation of SPR technology in molecular diagnostics currently exists for its potential application to analyze

;‘;2;25 blood plasma or serum samples. Such capability is mostly hindered by the non-specific adsorption of interfering
species present in the biological sample at the functional interface of the biosensor, often referred to as fouling.

Self-assembled monolayers i ) i . . .

Disulfides Suitable polymeric layers having a thickness ranging from 15 and about 70 nm are usually deposited on the

active surface of biosensors to introduce antifouling properties. A similar approach is not fully adequate for SPR
detection where the exponential decay of the evanescent plasmonic field limits the thickness of the layer beyond
the SPR metallic sensor surface for which a sensitive detection can be obtained. Here, a triethylene glycol (PEG
(3))-pentrimer carboxybetaine system is proposed to fabricate a new surface coating bearing excellent anti-
fouling properties with a thickness of less than 2 nm, thus compatible with sensitive SPR detection. The high
variability of experimental conditions described in the literature for the quantitative assessment of the anti-
fouling performances of surface layers moved us to compare the superior antifouling capacity of the new pen-
trimeric system with that of 4-aminophenylphosphorylcholine, PEG-carboxybetaine and sulfobetaine-modified
surface layers, respectively, using undiluted and diluted pooled human plasma samples. The use of the new
coating for the immunologic SPRI biosensing of human arginase 1 in plasma is also presented.

1. Introduction real-time and with high sensitivity [3]. SPR imaging (SPRI) expands the

ability of SPR to detect analytes of clinical interest by allowing the

Molecular diagnostic plays a central role in modern medicine [1].
Molecular biomarkers are detected in biological fluids to diagnose and
monitor the progression of important diseases. Biological fluids are also
analyzed to assess the patient’s response to therapy. A large number of
analyses are performed using conventional analytical platforms. How-
ever, challenges still exist in the rapid detection of ultra-low concen-
trated analytes in complex body fluids such as blood. Biosensors have
been shown to offer a credible alternative to conventional in vitro
diagnostic platforms with great potential for the development of inno-
vative detection methods able to meet the most challenging re-
quirements [2]. Surface plasmon resonance (SPR) is an optical
biosensing platform able to investigate biomolecular interactions in

multiplexed detection of molecular targets [4,5]. SPR has been used to
detect a wide variety of biomolecular systems including nucleic acids,
antibodies, enzymes, drugs and other molecular targets of clinical in-
terest [6-9]. However, only about 1% of papers describing the use of
SPR to detect analytes of clinical interest report on the analysis patients’
samples [10]. A critical barrier to the full application of SPR technology
in molecular diagnostics is represented by the limited capacity to
analyze clinical samples such as blood plasma or serum. Such capability
is mostly hindered by the non-specific adsorption of interfering species
present in the biological medium at the functional interface of the
biosensor, often referred to as fouling [11]. The minimization of the
fouling on the sensor surface contributes to improving the sensitivity
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and selectivity of the assay, thus allowing the analysis of low concen-
trated biomarkers in the biological fluid [12,13]. Until now, various
materials able to minimize the fouling on surfaces have been identified
[14]. They can be classified according to their chemical composition and
include poly(ethylene glycol)/oligo(ethylene glycol)- (PEG/OEG)-based
materials [15], zwitterionic compounds [16], and polysaccharide-based
materials [17].

PEG-based materials are the most deeply investigated and widely
adopted to fabricate antifouling coatings [18,19]. Polymeric materials
bearing zwitterionic moieties, such as carboxybetaine (CB), sulfobetaine
(SB) and phosphorylcholine (PC), have been put forward as an alter-
native to PEG polymers since they provide a high protein resistance in
complex media, such as blood plasma and serum [20], with long-term
stability in aqueous solutions and excellent biocompatibility [21,22].
However, preserving the antifouling activity of similar materials while
introducing functionalities to immobilize biomolecular receptors for
biosensing is still a challenge [23]. To overcome such constraint, the
functionalization of three-dimensional polymer brushes not compro-
mising the zwitterionic character and the antifouling property of the
structure has been proposed [24].

Antifouling performances of hydrophilic polymers are tightly
correlated with the formation of a water layer that prevents the non-
specific adsorption of biomolecular entities on the surface [14]. In
zwitterionic compounds, electrostatic forces are combined with the
hydration layer to provide further resistance to protein adsorption [25].
Physicochemical properties, such as polymer chain flexibility, packing
density, molecular weight and surface charge, also play a critical role in
providing active antifouling materials [26,27].

The decay length (Ig) of the evanescent plasmonic field represents an
essential parameter to consider when dealing with SPR biosensors. Ig
limits the thickness of the layer beyond the metallic surface for which
sensitive detection of analytes can be obtained. A reasonable estimate of
l4 (37% of SPR wavelength) [28] provides a thickness of the SPR sensing
layer at the level of a few hundreds of nanometers. However, the
exponential decay of the field strength beyond the metallic surface of the
SPR sensor makes layers closer to the gold surface better performing in
terms of sensitive detection than further layers. For this reason, the
frequent usage of antifouling polymeric layers having a thickness
ranging from 15 and about 70 nm introduces a significant barrier to the
development of highly sensitive SPR assays for the analysis of blood
plasma or serum samples.

Here we present new surface functionalization protocols for the
fabrication of anti-fouling layers having controlled thickness and thus
better suited for sensitive SPR biosensing assays involving human
plasma-based samples. In particular, we present surface functionaliza-
tion procedures for the fabrication of a new PEG-pentrimer carbox-
ybetaine-based layer with excellent anti-fouling capacity. The
combination of PEG and carboxybetaine moieties with a dendrimer
brush-like structure allows the accommodation of functional groups by
keeping antifouling properties and limited thickness of the layer. We
developed the new approach for the antifouling surface fabrication by
also evaluating its compatibility with the standard protocols for the
functionalization of gold chip surfaces used for SPR experiments.

The antifouling capacity of surfaces is often evaluated by quantifying
with SPR [27] or other methods such as QCM [29] the mass of protein
adsorbed when the surface comes in contact with single-protein buffered
solutions (human serum albumin, fibrinogen, lysozyme are among the
most abundant protein in the blood). Unfortunately, the reduced
adsorption of a single type of protein does not imply the minimized
fouling from the mixture of proteins available in blood-derived fluids
[12,30]. Another issue to tackle when using blood-derived fluids to test
antifouling performances refers to the different fouling usually observed
on the same coating when blood plasma samples from different indi-
vidual donors [30-32] are simultaneously analyzed. Such
sample-to-sample variability is minimized with samples of pooled
plasma [33].
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A PEG-pentrimer carboxybetaine (PPCB) system is here proposed to
fabricate new surface coatings bearing excellent antifouling properties
with a thickness of less than 2 nm, thus compatible with sensitive SPR
detection. The high variability of experimental conditions described in
the literature for the quantitative assessment of the antifouling perfor-
mances of surface layers moved us to compare the antifouling capacity
of the new PEG-pentrimer carboxybetaine system with those of other
surface layers compatible with the SPR requirements above discussed.
With this aim, we tested with SPR and under the same experimental
conditions antifouling performances of the systems shown in Fig. 1 using
undiluted and diluted pooled human plasma samples.

We tested the capacity of PPCB to operate as an antifouling func-
tional surface for SPR biosensing. With this aim, we used an immuno-
logical approach to detected human Arginase 1 in plasma and compared
results obtained using surfaces with and without PPCB to highlight
improvements of performances in biosensing obtained when analyzing
plasma-based samples with PPCB surfaces.

Arginase is a trimeric metalloenzyme that converts L-arginine into L-
ornithine and urea [34]. Arginase 1 is over-expressed in plasma of pa-
tients with lung, gastrointestinal and bladder cancers [35] and its
expression level correlates with suppressed T-cell function and prolif-
eration in patients with different histologies [36].

2. Experimental
2.1. Reagents, materials and apparatus

All chemicals and solvents were used without further purification. 3-
Dimethylamino-1-propyne, beta-propiolactone, ethanol, dithiobis(N)
succinimidylpropionate (DTSP), acetonitrile (CH3CN), dimethyl sulf-
oxide (DMSO), tris(thydroxymethyl)aminomethane (Trizma) hydro-
chloride, and 11-azido-3,6,9-trioxaundecan-1-amine (NH,-PEG-N3), N-
(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), and 2-morpholinoethanesulfonic acid
(MES) were purchased from Sigma-Aldrich (Milan, Italy). Hexadecaoxa-
28,29-dithiahexapentacontanedioic acid di-N-succinimidyl ester (PEG
(7)NHS ester disulfide or NHS-PEG-S) was purchased from Polypure
(Oslo, Norway). Tetrahydrochloride PEG(3)-Pentrimer-G1-(NHy+4N3)
*4HCl  (NH2-PP-4N3, CgqHi25N21020*4HCl, molecular weight
1508.81%145.81 g mol ™}, Fig. 2) was purchased from Iris Biotech GmbH
(Marktredwitz, Germany). 4-Aminophenylphosphorylcholine (APPC)
was obtained from Santa Cruz Biotechnology, Inc., Dallas, Texas, USA.
Human plasma (SER-PLE Human Recovered Plasma Frozen. Anticoag-
ulant: EDTA 200 mL) was purchased from ZenBio (North Carolina, USA).
Mouse monoclonal antibodies (mAB-ARG1 N-term -sc-166920- and
mAB-ARG1 C-term - sc-365547) against human Arginase 1 were pur-
chased from Santa Cruz Biotechnology (DBA, Italy). Recombinant
human Arginase 1 (ARG1) was purchased from Enzo Life Sciences
(Milan, Italy) and supplied in 10 mM TRIS-HCI buffer, pH 7.5, con-
taining 1 mM B-mercaptoethanol, 1 mM MnCl, and 50% glycerol.
Phosphate buffered saline (PBS) (137 mM NacCl, 2.7 mM KCl, 10 mM
phosphate buffer, pH 7.4) was obtained from Amresco (Italy).
Carbonate-bicarbonate buffer was prepared by mixing sodium carbon-
ate and sodium bicarbonate stock solutions and the pH of the buffer was
adjusted to 10.2 using NaOH (0.1 M). We used ultrapure water produced
with a Milli-Q Integral S3 system (Millipore, Italy) for all the experi-
ments. SPRI gold substrates (Xantec bioanalytics GmbH, Germany) were
washed with ultrapure water (Milli-Q water) and ethanol and dried with
a stream of nitrogen gas. The substrates were cleaned with UV/ozone for
5 min, immersed in ethanol for 10 min and dried with a nitrogen stream.

2.2. PEG-carboxybetaine functionalized surface (PCB)
We functionalized gold chips with NHS-PEG-S (4 mM in DMSO, 2

days) (Fig. 1a). Then, we immersed sensor chips into a 4 mM solution of
NH>-PEG-N3 in water for 3 h. Treatments with carbonate-bicarbonate
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Fig. 1. Schematic diagram showing the different antifouling layers tested with SPR.
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Fig. 2. Structure of PEG(3)-pentrimer-G1-(NHz+4N3) (NH,-PP-4N3).

buffer (pH = 10.2, 60 min) and Trizma hydrochloride solution (0.5 M in
water, 45 min) followed to hydrolyze and deactivate unreacted NHS
ester groups, respectively. We used some of the obtained chips directly
for SPRI testing with human plasma and processed others by performing

a click-chemistry reaction between the NH2-PEG-N3 modified surface
and carboxybetaine alkyne (1) (Fig. 3) (4 mM in water) and CuBr(PPhgs)3
(0.02 mM in water/t-BuOH, 2:1) for 2 h (Fig. 1c). We rinsed the sensor
chips with water, ethanol, and dried them with nitrogen gas after each
reaction step.

2.3. PEG(3)-pentrimer carboxybetaine functionalized surface (PPCB)

We functionalized gold chips with NHS-PEG-S (4 mM in DMSO, 2
days) (Fig. 1a) and the immersed them in NHy-PP-4N3 solution (4 mM in
water) for 3 h. Afterwards, we treated chips with carbonate-bicarbonate
buffer (pH = 10.2, 60 min) and Trizma hydrochloride (0.5 M in water,
45 min) to hydrolyze and deactivate unreacted NHS ester moieties,
respectively. Cu-mediated click reaction was then performed using (1)
(Fig. 3) (4 mM) and CuBr(PPhs)3 (0.02 mM in water/t-BuOH, 2:1) acting
as a catalyst for a Copper(I)-catalyzed azide-alkyne cycloaddition for 2 h
to obtain PEG(3)-pentrimer carboxybetaine-based compound (PPCB)
(Fig. 1d). After each reactive step, we rinsed the modified surface with
water and ethanol and dried it with nitrogen gas.

2.4. 4-Aminophenylphosphorylcholine (APPC) and sulfobetaine disulfide
(SBDS) functionalized surfaces

We functionalized gold chips with NHS-PEG-S (4 mM in DMSO, 2
days) (Fig. 1a). Then we immersed them in an aqueous 4-aminophenyl-
phosphorylcholine solution (4 mM) for 3 h. Before to use the APPC
functionalized chips (Fig. 1b) for SPRI testing we soaked them in
carbonate-bicarbonate buffer (pH = 10.2, 60 min) and Trizma hydro-
chloride solution (0.5 M in water, 45 min) to hydrolyze and deactivate
unreacted NHS esters, respectively.
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Fig. 3. Structure of (1) carboxybetaine alkyne (3-[dimethyl(prop-2-ynyl)ammonio]propanoate) and (2) sulfobetaine disulfide (SBDS). (Details on synthetic pro-

cedures are reported in Supplementary data).

We obtained sulfobetaine sulphide (SBDS) (2) (Fig. 3) functionalized
surfaces immersing the bare gold chip in SBDS solution (1 mM in water)
overnight. The modified chip was then rinsed with water and ethanol
and dried with nitrogen. Full details of the synthesis and characteriza-
tion of SBDS are provided in Supporting data.

2.5. SPRI experiments

SPR imager apparatus (GWC Technologies, U.S.A.) was used for SPRI
experiments and V++ (version 4.0, Digital Optics Limited, New Zea-
land) and ImageJ 1.32j (National Institutes of Health, U.S.A.) software
to analyze SPR images. SPRI experiments were conducted as elsewhere
described [37] and obtained kinetic data by plotting the difference in
percent reflectivity (A%R) from selected regions of interest (ROIs) of
SPR images as a function of time. Changes of difference in percent
reflectivity (A%R) were calibrated by measuring SPRI responses to NaCl
water solutions (1%, 3% and 5%) with known refractive indices (n..
1.3347, 1.3383, 1.3418, respectively). The refractive index sensitivity
(S = A%R/An,) of the SPRI system is S = 6009.28 A%R/RIU.

Microfluidic devices, integrating six parallel channels (400 pm in
width, 80 pm in depth) to independently perform different SPRI ex-
periments for each functionalized chip were fabricated as elsewhere
described [38].

We quantified the surface coverage of protein adsorbed on the
functionalized surfaces after exposure to human plasma using SPRI.
Experiments were conducted using pooled human plasma centrifuged at
16,000 g (10,800 rpm) for 10 min at 4 °C and its PBS solutions. Firstly, a
stable SPR signal was established by flowing running buffer (PBS) for at
least 5 min (flow rate 10 pL min~1). Then, undiluted or diluted (in PBS)
human plasma samples flowed for 30 min. During the last step of the
SPRI experiment, we replaced the human plasma sample with PBS that
was flowed for 10 min to wash off weakly adsorbed protein and to
establish the final baseline. We quantified surface coverage (I'" ng cm™?)
of protein adsorbed on the surface of the treated SPRI chips measuring
the variation of A%R after the injection of the human plasma sample.
The mass of adsorbate per unit area (ng cm~2) was estimated on the
basis of the theoretical model described by Shumaker-Parry et al. [39].
For the calculation, we considered specific density for human plasma
protein ppp = 1.42 g cm ™3, as the average value of the specific density of
plasma proteins [40], the refractive index of plasma protein npp = 1.53
[41] and refractive index of PBS buffer npgs = 1.33. We also considered
the decay length I3 as 37% of SPR wavelength [28].

We adopted the same theoretical model to quantify by SPRI the
thickness of the layer obtained after the surface functionalization with

NH,-PEG-N3, PCB, APPC and PPCB as already described. A different
experimental procedure was instead adopted to evaluate the thickness of
the layer obtained after treating for two days the gold surface with NHS-
PEG-S (4 mM in DMSO). In this case, we detected with SPRI the NHS-
PEG-S desorption from the gold surface induced by dithiothreitol
(DTT, 100 mM in water, 2 h) [42]. For the calculation, we considered a
refractive index n = 1.50 for the organic layer [43,44]. We calculated a
thickness lower than 2 nm for all the investigated systems (Table 1). The
thickness of SBDS layer was not calculated because it represents the
smaller system among those we considered. The SPR shift detected after
the surface functionalization was not large enough in the latter case to
allow a reliable evaluation of the thickness of the layer.

2.6. SPRI biosensing of human arginase 1 using PPCB-functionalized
surface

We immobilized mAB-ARG1 N-term antibody on PPCB surface to
develop an SPRI biosensor for ARG1. With this aim, we activated the
carboxyl group of carboxybetaine units of PPCB with EDC/NHS chem-
istry (0.4 M/0.1 M in MES) and immobilized the antibody by amine
coupling. Experiments were performed at room temperature using a 10
pg mL ! solution of mAB-ARG1 N-term capture antibody (30 min, flow
rate 10 pL min~1). After the immobilization, we washed the surface with
PBS to remove reversibly adsorbed species. Unreacted NHS ester moi-
eties were blocked with Trizma 0.5 M. To evaluate the specific contri-
bution of the PPCB surface on ARG1 biosensing, we compared ARG1
biosensing on PPCB surface with biosensing on gold. In the latter case,
we translated the same protocol already described for PPCB on gold
surfaces functionalized with DTSP and mAB-ARG1 N-term (30 min, flow
rate 10 pL. min_l) was immobilized on PPCB-free surface through amine
coupling with N-succinimidyl-ester moieties of DTSP.

We used 1:10 diluted pooled plasma samples unspiked and spiked
with ARG1 (12.5 nM, 50 nM) and a 12.5 nM solution of ARG1 in PBS to
evaluate the biosensing capacity of PPCB surfaces. Those samples were
adsorbed on mAB-ARG1 N-term for 30 min, then the surface was washed
with PBS for 15 min.

We used mAB-ARG1 C-term antibody to confirm the specific detec-
tion of ARGl. mAB-ARG]1 C-term was raised against amino acids
271-322 close to C-terminus of human Arginase 1. mAB-ARG1 N-term is
instead specific for an epitope mapping between amino acids 46-65 near
the N-terminus of human Arginase 1. In the last step of the assay, we
adsorbed mAB-ARG1 C-term (10 pg mL~! in PBS) for 15 min (flow rate 8
uL min~?!) that interacted with a region of ARG1 not involved in the
interaction with the surface immobilized mAB-ARG1 N-term antibody.
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Table 1

Antifouling materials and the corresponding values of the mass of protein adsorbed per unit area (I') after treatment of the surface with human plasma. " values
obtained from SPR experiments. The thickness of the antifouling layer and the time of the plasma adsorption are also shown.
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Antifouling materials I' (ng Antifouling layer thickness Adsorption time Refs.
cm’z) (nm) (min)

Bare Au 307 0 75 [52]

PEG/OEG Carboxy-capped tri(ethylene glycol) undecanethiol 105 2.1 30 [53]
11-azido-3,6,9-trioxaundecan-1-amine (NH,-PEG-N3) 148.5 <2 30 this

work

Poly(oligo(ethylene glycol) methyl ether methacrylate) 48 27.3 30 [53]

Betaines Polycarboxybetaine acrylamide (ATRP) <5 15-25 10 [20]
Polycarboxybetaine acrylamide (SIP) 4.2 25.6 10 [49]

Poly(sulfobetaine methacrylate) 6.09 62 15 [48]
3,3'-disulfanediylbis(N-(2-azidoethyl)propanamide 203.4 - 30 this

(SBDS) work
PEG(3)-carboxybetaine-based-compound 35.8 <2 30 this

(PCB) work
PEG(3)-Pendrimer carboxybetaine 2.4 <2 30 this

(PPCB) work

Phosphoryl Poly[(methacrylic acid)-ran-(2-methacryloyloxyethyl phosphoryl- ~20 ~8 15 [54]

cholines choline)]

2-Methacryloyloxyethyl phosphorylcholine ~200 - 15 [25]
4-aminophenilphosphoryl choline (APPC) 264.9 <2 30 this

work

Polypeptides Poly(lysine methacrylamide) 5.4 14.5 10 [55]
Poly(serine methacrylate) 12.9 37.2 10 [56]

poly-L-lysine polymers with anionic oligopeptide side-chains 48 7.5 10 [57]

3. Results and discussion

Fig. 1 depicts the surface functionalization approaches we have
designed and tested to identify the best strategy to fabricate antifouling
surfaces for SPR analysis of human plasma samples. We exploited
zwitterionic structures to improve the surface resistance to the adsorp-
tion of human plasma components and designed functionalization pro-
cedures for the fabrication of antifouling layers having controlled
thickness, thus allowing the design of sensitive SPR biosensing assays. As
we already pointed out, the exponential decay of the field strength
beyond the metallic surface makes the region close to the gold surface
better performing in terms of SPR sensitive detection than further layers.

Protocols we designed to functionalize the gold surface of SPR sen-
sors comprise incubation in PEG(7)NHS ester disulfide solution for 2
days leading to the formation of NHS-PEG-S layer exposing reactive NHS
moieties as a consequence of bonds established between Au surface and
disulfide groups (Fig. 1a). We used NHS ester moieties to extend the
layer by moieties bearing zwitterionic units through a simple amine
coupling reaction. In particular, we produced different zwitterionic
layers using i) APPC (Fig. 1b), ii) PCB (Fig. 1c) or iii) PPCB (Fig. 1d)
compounds. A simplified approach for the surface functionalization with
zwitterionic groups was also considered by treating Au surface with
SBDS (Fig. 1e).

We tested the antifouling capacity of surface coatings measuring the
change of the SPRI signal produced by the running buffer (PBS) after the
surface exposure (30 min) to undiluted or diluted (1:5, 1:10 in PBS)
pooled human plasma samples. Molecular species non specifically
adsorbed on the surface are responsible for the detected SPRI signal
change and, for this reason, we converted the measured SPRI change
into the mass of adsorbate per unit area (ng cm™2) on the basis of the
theoretical model described elsewhere [39]. We used samples of pooled
plasma instead of plasma from a single donor to minimize the sample to
sample variability usually found when human plasma samples from
different donors are analyzed [45].

The simplest surface functionalization protocol we designed and
tested has been based on the direct immobilization of SBDS on Au
(Fig. 1e). The adsorption of SBDS on Au results in a stable interaction
between the disulfide moiety and Au thus providing, after only a single
functionalization step, a surface layer exposing sulfobetaine moieties.

The capacity of selected polymeric structures bearing sulfobetaine
units to minimize non-specific adsorption of components from blood-

derived fluids has been already investigated [46,47].

Fig. 4 shows SPR sensorgrams we detected when testing the anti-
fouling capacity of SBDS modified gold surfaces with undiluted and 1:5
and 1:10 diluted human plasma. We observed the saturation of the
detected SPR signal while undiluted human plasma samples were
adsorbed on the modified surface. 1:5 and 1:10 diluted plasma samples
instead produced changes in percent reflectivity (A%R) at the level of
27.9 (change in refractive index units, RIU = 4.6 1073) and 19.3 (RIU =
3.2 1073), respectively. We quantified the mass of non specifically
adsorbed protein per unit area, considering A%R values after stable SPRI
responses were detected when the PBS running buffer replaced plasma
samples (Fig. 3 t = 2500 s). In particular, we identified a stable SPR
signal at A%R = 16.8 after the adsorption of undiluted human plasma
and at A%R = 12.8 and A%R = 11.3 after the adsorption of 1:5 and 1:10
diluted plasma samples, respectively. We determined the coverage of
SBDS-modified Au surfaces by non specifically adsorbed plasma protein

considering the latter A%R values. I'spps = 203.4 ng em ™2 was

40 - Undiluted plasma
30 - 1:5 diluted plasma
(14
§ 20 -
[
10{a |
m I
o
e PRSI (Y
0 500 1000 1500 2000 2500
Time (s)

Fig. 4. Time-dependent SPRI curves obtained after the adsorption of undiluted
plasma (black curve), diluted plasma (1:5) (light gray curve), diluted plasma
(1:10) (dark gray curve) on a sulfobetaine-functionalized surface (SBDS).
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determined for 1:10 diluted human plasma.

When we applied the same protocol to assess the surface layer ob-
tained after the amine coupling of APPC with NHS-PEG-S layer formed
on the Au surface (Fig. 1b), A%R values corresponding to 22.9, 18.5 and
15.9 were measured for undiluted, 1:5 diluted and 1:10 diluted plasma
samples, respectively. A%R value we measured after the adsorption of
1:10 diluted plasma (t = 2500 s) corresponds to I'appc = 264.9 ng cm?
of protein adsorbed on the modified surface.

We obtained the best antifouling performances when surface func-
tionalization protocols involving carboxybetaine units were designed
and used. We developed protocols to produce surface geometries
compatible with the requirements for both the thickness of the SPR
sensitive layer as well as the simplicity of the functionalization pro-
cedures and stability of the formed antifouling layer.

We fabricated PCB functionalized gold surfaces modifying the Au-
immobilized NHS-PEG-S layer through amine coupling with NH,-PEG-
N3, then we introduced carboxybetaine alkyne (1) groups with a click-
chemistry reaction (Fig. 1c). The final surface architecture comprised
a PEG-based layer with carboxybetaine end groups. To assess the role
played by carboxybetaine in improving the antifouling capacity of the
surface layers, we compared SPRI kinetic data referring to the adsorp-
tion of human plasma samples on surfaces functionalized without and
with the zwitterionic carboxybetaine groups. Fig. 5a shows representa-
tive SPRI kinetic data related to the adsorption of undiluted and 1:5 and
1:10 diluted human plasma samples, respectively, on the layer obtained
after NH2-PEG-N3 coupling to NHS-PEG-S. Fig. 5b instead refers to the
adsorption of the plasma samples on surface layers modified with also
carboxybetaine groups (Fig. 1c. PCB). The comparison of SPRI responses
detected after the signal stabilization with PBS running buffer (t = 2500
s) provided us with the evidence of the critical role played by zwitter-
ionic carboxybetaine groups on the antifouling capacity of the surface
layer. In particular, A%R values of 2.0 (RIU = 3.3 104 and 8.2 (RIU =
1.4 107%) have been measured after the adsorption of 1:10 diluted
plasma samples on the modified surface layers with and without car-
boxybetaine groups, respectively. Such responses correspond to I'pcg =
35.8ng em 2 and I'ny2-PEG-N3 = 148.5ng em 2 of protein adsorbed after
30 min of diluted plasma adsorption on surfaces with and without car-
boxybetaine groups, respectively.

Antifouling properties of surface layers are correlated with their
capacity to bind water molecules forming a stable hydration layer. Such
layer contributes to minimizing the release of water molecules from both
the surface and the adsorbed protein that reduces the free energy bar-
rier, thus favouring the non-specific adsorption. The flexibility of the
surface layer also plays an essential role in determining antifouling
properties because the compression of the layer by protein causes steric
repulsion [14]. The above-reported considerations moved us to design a
new surface functionalization approach based on a pentavalent den-
drimer system (Fig. 2) bearing one amino and four azido functions. After
amine coupling of NHy-PP-4N3 with the NHS-PEG-S layer formed on the
Au surface, we introduced carboxybetaine alkyne (1) via click-chemistry
reaction to obtain PPCB (Fig. 1d). The resulting PPCB system alters the
ratio between zwitterionic and ethylene glycol units compared to PCB. It
also enhances the flexibility of the surface layer. Also in this case, we
tested the antifouling performances of the new surface layer by
measuring changes of the running buffer (PBS) SPRI baseline after 30
min exposure to undiluted and diluted (1:5, 1:10 in PBS) human plasma
samples.

Fig. 6 shows representative SPRI sensorgrams we detected. A%R
values after the signal stabilization with PBS running buffer (t = 2500 s)
were 4.6 (RIU = 8.0 10™%), 1.1 (RIU = 1.8 10 %) and 0.1 (RIU = 1.7
1075 for undiluted, 1:5 diluted and 1:10 diluted plasma samples,
respectively. The A%R value we measured after the adsorption of 1:10
diluted plasma (t = 2500 s) corresponds to I'ppcg = 2.4 ng cm™ 2 of
protein adsorbed on the PPCB-modified surface.

Fig. 7 summarizes SPRI responses we detected with running buffer
after the exposure of the studied surface layers to human plasma
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Fig. 5. Time-dependent SPRI curves obtained after the adsorption of undiluted
plasma (black curve), diluted plasma (1:5) (light gray curve), diluted plasma
diluted (1:10) (dark gray curve) on a) NHy-PEG-N; and b) PEG(3)-
carboxybetaine (PCB) functionalized surface.

samples. The changes are proportional to the mass of non specifically
adsorbed plasma-derived species on the surface. Therefore, the lowest
detected SPRI signal corresponds to the better performing antifouling
surface layer. The newly designed surface geometry based on the pen-
trimeric PEG structure bearing carboxybetaine zwitterionic end-groups
(PPCB) has shown the best antifouling performances (Fig. 7, black
spheres). Table 1 shows I' values for the investigated surfaces when
treated with pooled human plasma for 30 min. Table 1 also aims at
comparing the antifouling properties of the plasma-treated surface
coatings here described with antifouling layers already described in the
literature. Unfortunately, a straightforward comparison with data
available in the literature is not readily achievable. In fact, SPR exper-
iments performed to assess the antifouling capacity of surface coatings
described in the literature are often conducted using different experi-
mental conditions. Different surface exposure times to the plasma
sample and, more importantly, different treatments of the plasma before
the analysis introduces high variability in the final SPR responses thus
influencing the surface coverage calculated values. The vast majority of
papers discussing SPR data referring to the adsorption of human plasma
on antifouling surfaces do not provide details on procedures adopted to
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Fig. 6. Time-dependent SPRI curves obtained after the adsorption of undiluted
plasma (black curve), diluted plasma (1:5) (light gray curve), diluted plasma
(1:10) (dark gray curve) on PPCB functionalized surface.
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Fig. 7. SPRI responses in terms in percent reflectivity (A%R) obtained for the
APPC-(triangles), SBDS- (squares) PCB-(gray spheres) and PPCB- surface (black
spheres) after the exposure to human plasma samples.

isolate plasma from whole blood (e.g. type of anticoagulant, information
on the centrifugation steps) and only a few papers refer to experiments
conducted with pooled plasma samples [20,48,49]. Some authors did
not use pure plasma samples, plasma solutions are instead used for the
tests. For this reason, Table 1 reports results we obtained using 1:10
diluted plasma samples to compare the performances of the surface
layers we designed with published data referring to antifouling mate-
rials tested under similar conditions. More than 10-fold diluted plasma
samples can provide low protein adsorption; however, the relevance for
practical use of antifouling surfaces tested with highly diluted plasma
samples may be limited [50]. For example, the detection of ultra-low
concentrated cancer biomarkers circulating in body fluids is essential
for the implementation of diagnostic assays based on liquid biopsy
samples [2,51]. The use of highly diluted plasma samples may prevent
the detection of ultra-low concentrated biomarkers, thus affecting the
capacity to perform effective detection of the selected biomarkers.

An essential aspect to consider to correctly assess possibilities offered
by the PPCB dendrimeric system in fabricating antifouling surfaces for
SPR-based assays of human plasma samples is represented by the bal-
ance between the antifouling capacity (low I" value), the small thickness
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of the antifouling layer (<2 nm) and the simple implementation of the
gold chip surface modification protocol to obtain an antifouling layer
having limited thickness. The latter aspect constitutes a substantial
difference with methods using polymerization reactions such as atom
transfer radical polymerization (ATRP) [20] or surface-initiated poly-
merization (SIP) by photoirradiation to fabricate carboxybetaine-based
antifouling polymeric layers [49]. Polycarboxybetaine acrylamide
layers assembled by ATRP or SIP shows excellent antifouling perfor-
mances (I' < 5 ng cm’z) and thickness that can reach 25 nm. Similar
thicknesses significantly affect the sensitivity of SPR detection.

We develop an SPRI immunosensor for human Arginase 1 to show
that a biosensor can be formed with the use of PPCB and highlight ad-
vantages of such a system over one without PPCB. We immobilized
mAB-ARG1 N-term antibody on PPCB through amine coupling with
carboxyl groups of carboxybetaine units. Carboxyl groups were acti-
vated with EDC/NHS before the immobilization. mnAB-ARG1 N-term is a
monoclonal antibody that specifically interacts with an epitope of ARG1
near the N-terminus (amino acids 46-65). Fig. 8 shows a representative
SPRI sensorgram we detected for the immobilization.

To evaluate the capacity of the PPCB-based biosensor to detect
ARG1, we compared SPRI responses for the adsorption of plasma sam-
ples spiked with ARG1 (12.5 nM, 50 nM) with those obtained for
unspiked plasma and ARG1 in PBS buffer (12.5 nM) (Fig. 9).

SPRI signals detected after the adsorption of spiked and unspiked
plasma samples were in line with the different ARG1 concentrations, and
the comparison of responses detected with plasma samples and the
ARG]1 solution in PBS buffer allows to evaluate the significant impact
played by the plasma matrix on the detected signal (Fig. 9). SPRI re-
sponses detected during the adsorption of the spiked (50 nM and 12.5
nM, respectively) and unspiked plasma samples were produced by ARG1
and the other components included in ARG1 mother solution (10 mM
TRIS-HCI buffer, 1 mM f-mercaptoethanol, 1 mM MnCl, and 50%
glycerol). Such components contributed to the SPRI signals detected
when switching from the PBS running buffer to ARG1 solution. They
adsorb on the surface of the biosensor, thus potentially contributing to
the generation of the different responses we detected when the PBS
baseline was established after ARG1 adsorption. For this reason, we used
mAB-ARG1 C-term antibody to confirm the specific detection of ARG1
(Fig. 10). mAB-ARG1 C-term antibody interacts with an epitope of ARG1
close to C-terminus (amino acids 271-322) and not involved in the
interaction with the surface-immobilized mAB-ARG1 N-term antibody.

We replicated the same analytical approach using bare gold surfaces
to evaluate the role played by PPCB on the specific detection of ARG1 in
plasma. We used DTSP-functionalized gold surfaces to immobilize mAB-
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Fig. 8. Time-dependent SPRI curves obtained for the immobilization of mAB-
ARG1 N-term (10 pg mL™) on EDG/NHS activated PPCB.
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Fig. 10. Time-dependent SPRI curves obtained for the adsorption of mAB-
ARG1 C-term on surfaces resulting from the adsorption of spiked (ARGI.
12.5 nM, 50 nM) and unspiked plasma samples on mAB-ARG1 N-term cova-
lently immobilized on PPCB.

ARG1 N-term antibody through amine coupling reaction. Fig. 11 shows
SPRI kinetic profiles for the adsorption of ARG1 spiked (12.5 nM, 50 nM)
and unspiked plasma samples and a solution of ARG1 in PBS buffer
(12.5 nM). Whereas no significant differences were observed in SPRI
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responses for the solution of ARG1 in PBS compared to experiments
performed on PPCB (Fig. 9), responses detected for plasma solutions
highlighted the different properties of the surfaces. In particular, higher
A%R values, resulting from the non-specific adsorption of plasma
components on the surface, were detected when the running buffer
baseline were acquired after the adsorption of unspiked and spiked
plasma solutions on gold compared to PPCB surface. Moreover, re-
sponses not in line with ARG1 concentration were detected (Fig. 11b),
likely due to the interaction of components of ARG1 mother solution,
which include B-mercaptoethanol that spontaneously chemisorbs on
gold, with the DTSP functionalized gold surface. The direct detection of
ARG1 in plasma was then not useful to achieve a correct evaluation of
ARG1 concentration and discrimination between spiked and unspiked
samples when the PPCB-free surface was used.

The adsorption of mAB-ARG1 C-term antibody was also affected by
the surface instability resulting from the adsorption of components of
plasma-based samples of the PPCB-free surface, as testified by the
negative drift of the SPRI signal visible in Fig. 12. The SPRI detection of
the interaction between ARG1 adsorbed on the primary antibody and
mAB-ARG1 C-term antibody recovered the correct correlation between
ARG]1 concentrations and A%R values, but with SPRI signals close to the
instrumental noise. A difference corresponding to A%R = 0.236 was
measured between PBS baselines for 50 nM ARG1 spiked plasma and
unspiked plasma (Fig. 12), whereas A%R = 1.076 was measured for the
same samples when using PPCB surface (Fig. 10), thus further testifying
the better analytical performance of the PPCB surface over DTSP-
functionalized gold surface.

4. Conclusions

The PPCB-based surface functionalization here presented offers new
opportunities for the fabrication of antifouling layers for SPR experi-
ments based on human plasma samples. The thickness of the antifouling
layer is an often under-estimated issue when dealing with SPR detection
of analytes in complex biological samples. Such an issue introduces even
more stringent limitations when using localized SPR (LSPR) for the
analysis of human plasma samples due to the much smaller decay length
of the electromagnetic field induced by LSPR compared to propagating
SPR [58]. The presented method provides a convenient way to fabricate

Fig. 11. a) Time-dependent SPRI curves obtained for
the adsorption of ARG1 spiked plasma samples (12.5
nM, 50 nM), unspiked plasma and a 12.5 nM solution
of ARG1 in PBS buffer on mAB-ARG1 N-term cova-
lently immobilized on DTSP-functionalized gold sur-
faces. b) An SPR response not in line with ARG1
concentration is detected when PBS buffer is run after
the adsorption of plasma-based samples. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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Fig. 12. Time-dependent SPRI curves obtained for the adsorption of mAB-ARG1 C-term on surfaces resulting from the adsorption of spiked (ARG1. 12.5 nM, 50 nM)
and unspiked plasma samples on mAB-ARG1 N-term covalently immobilized on DTSP-functionalized gold surfaces. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

effective antifouling surface layers with a thickness of less than 2 nm,
thus compatible with sensitive SPR and LSPR detection. SPR experi-
ments here presented showed that the dendrimeric PPCB structure
provides excellent antifouling resistance to nonspecific adsorption of
proteins from 1:10 diluted, pooled human plasma (I'ppgg = 2.4 ng cm™2).
PPCB also represents a suitable functional platform for SPR biosensing of
biomolecular analytes in human plasma. In particular, ARG1 in plasma
is detected with an immunological approach more efficiently when
using a PPCB modified surface compared to a PPCB-free surface. The
comparison of antifouling performances of different molecular systems
tested under the same experimental conditions here provided offers
indications for the future development of antifouling coatings compat-
ible with the challenging requirements of plasmonic platforms able to
detect ultralow concentrated biomarkers in peripheral blood.
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