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ABSTRACT

Purpose A real time detection of gastric cancer-associated
biomarker molecules in the lumen of the stomach could assist
in early detection of this multi-step malignancy.

Methods Employing al-antitrypsin precursor (AIAT) as a
secreted biomarker model, a platform with immunoassay
capabilities, comprising sensing and detecting compartments was
developed. It was made of a microarray-type functionalized glass,
containing a high density of amine groups. Trypsin, the capturing
moiety, was immobilized to the glass surface with the aid of a
PEG-based spacer mixture, identified as being crucial for both
capturing and detecting properties. The detecting compartment
contained near infrared fluorescently labeled nanoparticles conju-
gated to AlAT-specific antibodies, aimed at generating an optical
signal, detectable by a conventional endoscope or a video capsule.
Results The specific recognition reaction between the captured
AIAT and the immuno-nanoparticles generated a profound
fluorescence with a signal to noise ratio (SNR) of 12-32, in a
biomarker-concentration dependent manner. Moreover, the
optical recognition signal was intense enough to be detected by
a video capsule simulator (with optical detection capabilities of a
video capsule) with a SNR of 6-20.

Conclusions This platform could serve as a real time diagnostic
kit for early detection of a secreted biomarker of gastric cancer.

KEY WORDS fluorescent immuno-nanoparticles - gastric
cancer - human o | -antitrypsin-precursor - non-invasive imaging -
protein immobilization
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PBST PBS containing 0.05% Tween 20
PEG polyethylene glycol

SGF simulated gastric fluid USP

SMSA SupermMask® SuperAmine 2
SNR signal to noise ratio
INTRODUCTION

Gastric carcinoma, a worldwide leading cause of cancer-
related death with the highest incidence in the Far East,
Eastern Europe and South America, is treated by radical
surgery and palliative or adjuvant chemotherapy (1,2).
Although it is commonly agreed that early diagnosis is
crucial for maximizing the efficacy of the medical treatment
of the disease, large-scale early diagnosis programs are
feasible in one high-risk country only, Japan (1,3). In
Western countries, screening endoscopy has never been
adopted even in high prevalence areas. Thus, gastric cancer
screening, based on real-time m-vivo analysis of gastric fluid-
born biomarkers, could serve as an attractive methodology
for the detection of early stage gastric carcinoma. This
could be done by probing gastric fluids by an endogastric
capsule (4). An @ siu analysis of gastric fluids during
endoscopic examination could serve as an alternative
approach. This could be done by a video capsule such
as the Pillcam® device. Its ability to transmit high
resolution images of the upper gastrointestinal (GI)
epithelium (5,6) could be further elaborated for the
detection of fluorescence-derived specific reactions with
typical biomarker molecules.

In a previous study (7) we described a polymeric system
(polyHEMA) designed for the specific recognition of al-
antitrypsin precursor (A1AT) after being captured by
immobilized trypsin. In the present report we suggest an
improved diagnostic system, in which the polyHEMA
surface 1s replaced with a microarray-type functionalized
glass (8). This microarray is comprised of a topological
surface of low intrinsic fluorescence, high optical clarity and
high density of functional NHy groups (9). The trans-
parency of this system is crucial for transmitting the
expected specific fluorescence signal back into a detector
mounted underneath. The chemically active surface is
utilized for grafting PEG-based spacers for the purpose of
increasing the recognition capabilities. Furthermore, such
spacers are expected to reduce non-specific adsorption of
biological matter.

In order to amplify the optical immunosensing detection
signal (10), the ELISA-like recognition machinery that
typically employs fluorescently labeled antibodies was
replaced by nanoparticles (FluoNP) (I11) containing a
fluorophore in the near infra red (NIR) range. Such NIR
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labels have the advantage of generating minimal tissue
background fluorescence (12). To eventually detect the
biomarker, FluoNP were modified with antibodies specific
to AIAT.

Microarray platforms have been used extensively in
the past for identifying protein expression, protein—
protein interactions and molecular patterns as disease
“biosignatures” (13). Inasmuch, ELISA microarray technol-
ogy is used to quantify proteins (14,15) by employing
different methods. For example, BSA-N-hydroxysuccimide
(BSA-NHS) was used to covalently bind proteins to a
platform surface, rendering it accessible to macromolecules
in the examined medium (8).

The goals of this study were to immobilize trypsin to a
microarray-type glass surface by a series of PEG-based
spacers and capture AIAT to the immobilized enzyme;
conjugate AIAT antibody (AIAT Ab) to the surface of
fluorescently tagged NP; assess the ability of this newly
created AIAT immunosensor to recognize captured AIAT;
examine if the derived surface fluorescence can be detected
i witro, in a concentration-dependent manner, by a low-
sensitivity optical device with the optical capabilities of a
video pill; and gear towards in wivo testing of the
immunosensor device and test its biocompatibility.

MATERIALS AND METHODS
Materials
Proteins

Alexa-fluor 555 labeled ovalbumin (OVA) was purchased
from Molecular probes (Eugene, OR, USA); trypsin from
bovine pancreas (>10,000 BAEE units/mg protein) and
human ol-antitrypsin precursor (AIAT) were purchased
from Sigma (St Louis, MO, USA).

Antibodies

Alexa-fluor 568 and 647 (secondary Ab) labeled goat anti-
rabbit IgG (h+]) were purchased from Molecular Probes
(Eugene, OR, USA); anti rabbit HRP-conjugated IgG and
rabbit anti human AIAT IgG (primary Ab) were purchased
from Sigma (St Louis, MO, USA).

Spacers

N, N'-disuccinimidyl carbonate (DSC), O-[(n-succinimidyl)
succinyl-aminoethyl]-O’-methylpolyethylene glycol
2,000 (NHS-**PEG) and O,0'-bis[2-(M-succinimidyl-
succinylamino)ethyl]polyethylene glycol 3,000 (NHS-**PEG-
NHS) were purchased from Sigma (St Louis, MO, USA).
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a-N-[(3-maleimido-1-oxopropyl)aminopropyl-o-(succini-
midyloxy carboxy), polyoxyethylene glycol 5,000
(NHS-"®PEG-MAL) and NHS-PEG were purchased
from NOF (Tokyo, Japan). 4,4'-Dithiopyridine (DTDP);
N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) and
3,3",5,5"-tetramethylbenzidine (TMB reagent) were purchased
from Sigma (St Louis, MO, USA).

Supermask Superamine® 2 (SMSA) glass slides,
partitioned into 24 wells, possessing ultra-low intrinsic
fluorescence and background noise, containing 2x 10"
surface amino groups/mm?, were purchased from Arrayit,
Sunnyvale (CA, USA).

Optical simulator, equipped with a low power laser source,
uncooled small silicone detector, a lock-in amplifier, and
appropriate filters, mimicking the detection capability of an
endoscopic video pill was provided by Given Imaging,
Yoqneam, Israel.

Fluorescent Nanoparticles (FluoNP)

Carboxylate-modified polystyrene nanoparticles (Fluo-
spheres®, 200 nm) labeled with boradiazaindacene
(BODIPY, 660-680) were purchased from Molecular
Probes (Eugene, OR, USA).

All solvents were analytical grade.Water was purified by
reverse OsMmosis.

Cell Cultures

Caco2 cells (human colon adenocarcinoma cells, ATCC
169, DSMZ GmbH, Braunschweig, Germany) were culti-
vated in Dulbecco’s MEM/Nut Mix F-12 (HAM) medium
supplemented with 20% fetal calf serum and 1% penicillin/
streptomycin (Invitrogen, Karlsruhe, Germany). 1929 cells
(from mouse connective tissue, ATCC, DSMZ, Germany)
were cultivated in RPMI 1680 medium (Invitrogen,
Karlsruhe, Germany) supplemented as above.

Proteins Thiolization

The PyMOL molecular modeling software (DeLano Scientific
LLC, CA, USA) was used to assess the number of available
cysteine molecules on the surface of trypsin and OVA, in
order to evaluate the potential of either of the proteins to
interact with maleimide moieties presented in the PEG
spacers. According to this analysis, trypsin had no surface
cysteines but six internal S—S bonds, while OVA had four
buried sulthydryls and one S—S bond.

To allow the heterobifunctional NHS-"*PEG-MAL
spacer to react with the proteins used in this study (trypsin
or Alexa Fluor 555 labeled OVA), proteins were thiolated
(16) by mixing 0.1 mg of either protein with a 200-fold
molar excess of A-succinimidyl-3-(2-pyridyldithio) propio-

nate (SPDP) for 30 min at RT. Unreacted SPDP was
removed by centrifugation (14,000 rpm, 30 min, RT) in
Microcon YM-10 ultrafiltration test-tubes equipped with a
10 kDa cut-off, low-binding, hydrophilic cellulose membrane
(Millipore, Billerica, MA, USA). The protein-SPDP complex
was then reduced with 1 mM of dithiothreitol (DTT) (30 min
in PBS pH 7.4, 2 mM EDTA, RT) under Ny, after which
DTT was removed by filtration (Microcon YM-10 as above).
The thiolated trypsin and OVA were re-suspended in PBS,
pH 6.5 and stored at —20°C until use.

The amount of sulthydryl groups in the thiolated proteins
was determined by the DTDP method (17). Samples of the
thiolated proteins were diluted with PBS pH 6.5 to a final
volume of 200 pL (estimated final sulthydryl concentration of
~40 pM). The pH was adjusted to 7.0 by the addition of
40 pL of NaH,PO4 (100 mM) and 0.2 mM of EDTA. After
the addition of 10 uL of 4 mM 4,4"-dithiodipyridine (DTDP)
reagent, the mixture was immediately vortexed, and after
5 min incubation at RT, its absorbance was measured at
324 nm against a blank buffer. The amount of sulthydryl
groups in the tested proteins was calculated employing 4-
thiopyridone (=21400 M em™ at A=324 nm) as a standard.

Grafting the SMSA Glass Slides with Spacer Arms
and the Subsequent Protein Attachment

In separate experiments SMSA surfaces were grafted with
one of the following spacer arms: () the homobifunctional,
DSC, (h) the homobifunctional NHS-**PEG-NHS, (¢ a
mixture of NHS-"*PEG-NHS and **PEG-NHS and (d) the
heterobifunctional MAL-"*PEG-NHS (Scheme 1).

N-hydroxy-succinimide (NHS) PEG derivatives were
used as this chemistry allows facile attachment of the
spacers to the SMSA surface. The monofunctional
NHS-*®PEG and NHS-*PEG spacers were used as
controls due to their expected ability to bind to the SMSA
surface and wability to bind the protein probes (trypsin,
OVA or IgG). In general, the ability of the spacer-modified
SMSA surfaces to interact with proteins was examined by
their incubation (1 h, 25°C) with increasing concentrations of
Alexa Fluor 555 labeled OVA (1-50 pg/ml) or Alexa Fluor
568 labeled IgG (25-100 pg/ml) in PBS, pH 7.4. Unbound
proteins were removed by rinsing with PBS containing 0.05%
w/v Tween 20 (PBST). The extent of protein binding was
determined fluorometrically in a GenePix Pro 4000 micro-
array scanner (Axon Instruments, CA, USA).

Grafting SMSA with the Homobifunctional Spacers Followed
by Trypsin Immobilization

SMSA wells were incubated for 1 h (at 25°C) with 30 mM

of DSC or 30 mM of NHS-**PEG-NHS or a mixture of
10 mM of NHS-**PEG-NHS with 50 mM of NHS-2X*PEG

@ Springer
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in 45 mM phosphate/10 mM borate buffer (pH 8.5). A
PBS rinse was used to remove physically adsorbed spacer
residues. Trypsin (200 pg/ml in PBS, pH 5) was then
added to each well and incubated (1 h, RT), followed by a
PBST rinse to remove unbound trypsin residues. To block
unbound spacer ends the wells were then incubated with
1% BSA followed by glycine buffer (30 mM glycine, 1 mg/
ml NaNj3, 0.1 mg/ml Tween 85, pH 8.8).

Grafting the SMSA with the Heterobifunctional NHS->PEG-MAL
Spacer Followed by Thiolated Trypsin Immobilization

The SMSA wells were incubated (1 h, 25°C) with 20 mM
of NHS-""PEG-MAL in PBS (pH 7.4). A PBS rinse was
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used to remove physically adsorbed spacers residues.
Thiolated trypsin (200 pg/ml in PBS, pH 5) was then
added to the wells and incubated (1 h, RT). Unbound
thiolated trypsin was removed by washing with PBST.
Unbound spacer ends were blocked with 1% BSA.

Atomic Force Microscopy (AFM)

The surface of SMSA glass slides onto which trypsin or
thiolated trypsin was immobilized with the aid a mixture of
NHS-*"PEG-NHS and PEG-’"NHS or with
NHS-""PEG-MAL was examined by a Dimension 3100
microscope equipped with a Nanoscope V controller
(Veeco, CA, USA). The AFM images were recorded in a



Gastric Cancer Biomarker Detection by Targeted Nanoparticles

987

tapping mode at 25°C. A commercial silicon tip (rotated to
optimize sidewall angle symmetry) was used with a
resonance frequency (fj of 300 kHz and a spring constant
(k) of 50 Nm™'. The AFM analysis was repeated twice in
different SMSA wells (three different locations, chosen
randomly) for each type of immobilized protein. Images were
processed using NanoScope software (Digital Instruments/
Veeco Metrology Group).

Ab Coupling to the FluoNP

The FluoNP (9.2x10'" particles/200 pl) were activated by
their mixing with 10 mg of sulfo-NHS and 5 mg of EDAC in
PBS (10 mM, pH 7.0) for 15 min (18). Unreacted reagents
were removed by centrifugation (14,000 rpm 12 min) and
rinsed with a carbonate buffer (10 mM, pH 8.5).

The fraction containing the activated FluoNP was
collected and re-suspended (Labsonic U tip sonicator) in
100 pl of the carbonate buffer. Coupling of the activated
FluoNP with the secondary Ab (goat anti-rabbit IgG) was
accomplished by a 3 h mixing of 200 pg of the Ab with the
activated FluoNP in PBS, after which the conjugated
microspheres were rinsed with a glycine buffer twice
(14,000 rpm, 30 min, 4°C)). Remaining active groups and
unreacted regions on the FluoNP surface were blocked by
storing the goat anti-rabbit IgG-coupled FluoNP in a
glycine buffer containing 10 mg/ml of BSA, at 4°C. Before
use, the FluoNP were mixed thoroughly and sonicated to
break possible aggregates. IgG—FluoNP conjugation effi-
ciency was determined fluorometrically by using of the
Alexa Fluor 488-labelled Ab (Fig. 1). The FluoNP-

conjugates properties are summarized in Table 1.
Functional Analysis of the Detection System

The studies were conducted in the modified SMSA wells.
Each well contained 50 pl of simulated gastric fluid USP
(SGF) or aspirated gastric contents. Gastric contents were
obtained from human subjects undergoing elective gastro-
intestinal surgery for reasons other than gastric cancer. The
study protocol was reviewed and approved by the Inde-
pendent Ethical Committee of the Hadassah-Hebrew
University Medical Center (Helsinki Committee, protocol
#0524-08-HMO). Gastric fluids were buffered with a
bicarbonate buffer (3.5 mM NaHCOj; and 0.8 mM
citric acid, pH 8.5) and spiked with increasing concen-
trations (0—100 pg/ml) of AIAT. After 1 h incubation at
37°C and a PBS rinse, rabbit polyclonal anti-human
AlIAT (first Ab) was added to each well, incubated
(60 min, 37°C) and rinsed. In separate studies either
75 pg/ml of secondary Alexa Fluor 647-labeled goat anti-
rabbit IgG, or 1.8 mg/ml of the FluoNP, coupled to goat

Fig. I Confocal laser scanning microscope (CLSM) images (x252) of two
fluorescent NP in 19 agarose gel. (@) Two 200 nm NP labeled with
BODIPY-660-680; (b) overlapped images of a after coupling with the
Alexa Fluor 488®-labeled -goat anti-rabbit IgG.

anti-rabbit IgG (20-30 pg/ml) were added to each well
and incubated (37°C, 60 or 30 min, respectively).
Unbound IgG or IgG-FluoNP conjugates were removed
by PBST rinse. Fluorescent intensity was measured by the
GenePix Pro 4000 microarray scanner.

The use of FluoNP coupled to the goat anti-rabbit IgG
for the AIAT detection allowed us to decrease the photo-
multiplier tube (PMT) intensity from 500 to 290 for
obtaining a comparable fluorescent signal by the micro-
array scanner.

Cytotoxicity Assessment of the Modified SMSA
Glass Slides

Since this platform was designed for real-time gastric
cancer detection (after insertion into an endoscopic device),
possible cytotoxicity of the SMSA glass slides was prelim-
marily assessed after conjugation to 30 mM of either
NHS-**PEG-NHS spacer or DSC linker. This was
conducted by the BrdU cell proliferation assay and by
viable count. Naked (unmodified) SMISA glass slides served
as a control.

BrdU Assay (Roche, Mannheim, Germany)

The conjugated SMSA glass sides were crushed to a fine
powder, added to each cell culture medium and shaken
for 24 h. The Caco-2 or the 1.929 cells were seeded,
separately, in 96 well-microplates (10* cells/100 pl/well)
and cultivated over 24 h. The incubation medium was then
replaced by the medium incubated with the crushed
SMSA. Triton X-100 2% was used as a positive control.
After an additional incubation (24 h, 37°C), 10 pl of BrdU
labeling solution was added to each well to obtain a final
BrdU concentration of 10uM. To quantify the cellular
proliferation rate, the developed absorbance in each well
was monitored in a microplate ELISA-reader (Tecan
Deutschland, Crailsheim, Germany) at 450 nm (reference
wavelength 690 nm).
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Table 1 Characterization
of the FluoNP-conjugates with
Secondary Ab

*FluoNP recovery after Ab conju-
gation: 85%
®Ab recovery: 10-15%

Final number of FluoNP/ml dispersion

Number of dye (BODIPY, 660-680) molecules/single FluoNP
Number of dye (BODIPY, 660-680) molecules/ml dispersion
Number of dye molecules used for the detection/42 mm? slide well
Ab bound to a single FluoNP (ug/ml)

Number of Ab molecules/single FluoNP

4% 10'%
I.1x10°
44x10"
2.4% 10"
20-30°

~100-150

Direct Contact Assay

In this study cells (2,500 per well) were seeded on the
modified SMSA. After incubation (24 h, 37°C) the cell
culture medium was replaced with 1 ml of a dye solution
composed of fluorescein diacetate (30 pg/ml) and propi-
dium iodide (40 pg/ml) for a short 15 s incubation. After
washing the cells with PBS the amount of viable and dead
cells cultured on the modified SMAS was analyzed
immediately by a BH2-RFCA-water immersion microscope
(Olympus, Hamburg, Germany). Successively, a bright field
image and two fluorescent images (470 nm and 555 nm)
were taken from the same section of the sample (HV-C20
camera). In total, three separate independent sections of
cach sample were analyzed. The ratio of viable (emit green
light at 525 nm) to dead cells (emit red light at 602 nm) was
calculated using the software analysis 3.2 (Olympus,
Hamburg, Germany).

RESULTS

To enable the efficient coating of the SMSA glass slide
surface (bearing reactive amino moieties) with capturing
molecules, a spacer molecule was employed. In a set of
preliminary studies utilizing Alexa Fluor 555 labeled OVA
as a protein probe, the glass surface was treated with either
DSC (a short, homobifunctional linker), or the homobifunc-
tional PEG spacer, NHS-**PEG-NHS. The magnitude of
attachment of a protein probe to the glass surface was then
assessed fluorometrically. The use of DSC did not increase
SMSA surface reactivity towards Alexa Fluor 555 labeled
OVA (Fig. 2). A profound coupling of the fluorescent
protein probe was observed when the slide surface was
modified with the NHS-"PEG-NHS. The successful
interaction was a result of the bifunctionality of the PEG-
based spacer. When the monofunctional spacer
NHS-*PEG was used in a parallel control study, the
binding of the protein probe to the activated SMSA surface
was very low. The use of the NHS-**PEG-NHS spacer led
to a decrease in non-specific binding to the surface.

The heterobifunctional MAL-"PEG-NHS spacer was
also tested for its capability to prevent non-specific
adsorption of protein probes onto the SMSA surface. For
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that purpose, two types of Alexa Fluor 555 labeled OVA
were compared: a non-treated probe served to assess non-
specific adsorption, while a thiolated probe served to assess
specific binding. Figure 3 demonstrates that increasing the
surface density of the spacer (as expressed by its elevated
concentrations) by 5-folds interfered with non-specific
adsorption of the non reactive Alexa Fluor 555 labeled
OVA (creating an adsorption ‘“shield”). The opposite
occurred when the protein was thiolated. Increasing
amounts of the latter were attached to the SMSA surface
along with increased surface density of the grafted spacer.
The signal to noise ratio (SNR) of the thiolated Alexa Fluor
555 labeled OVA compared with the non-treated Alexa
Fluor 555 labeled OVA was 2-11, depending on the
MAL-"“PEG-NHS surface density.

A tapping mode atomic force microscopy (AFM) was
used to assess how surface modification, followed by
immobilizing the capturing moiety to the modified surface,
affected the SMSA morphology (Fig. 4). In these images,
surface roughness (visualized in the Z-axis) was quantified
by measuring the root-mean-square (RMS). Thus, the
surface of the unmodified SMSA slide glass was smooth
with a RMS roughness value of 0.29 nm (Fig. 4a). Grafting
the SMSA slide with the short DSC linker increased the
RMS value to 0.36 nm (Fig. 4b). Reacting the SMSA
surface with a mixture of the NHS-*PEG-NHS and
NHS-**PEG (Fig. 4c) or with the longer heterobifunctional
NHS-"*PEG-MAL (Fig. 4d) increased RMS to 0.42 and

10000
8000

6000
2000
0 T S— T T

-zoooJ DSC (10mM)  NHS-3KPEG-NHS NHS-3KPEG-NHS NHS-3KPEG-NHS
(3mM) (10mM) (30mM)

Fluorescence (AU)

Fig. 2 Binding of Alexa Fluor 555 labeled OVA to SMSA glass slides pre-
treated with either DSC linker or NHS-*PEG-NHS spacer (3, 10 and
30 mM), as analyzed by fluorescence measurements (expressed in
arbitrary units) on the SMSA surface. The results were normalized to
the fluorescence of non-treated (naked) SMSA, which served as a control
for the DSC study, or to NHS-*“PEG-treated SMSA, which served as a
control for the NHS-*PEG-NHS study. Shown are the mean values of
two separate experiments (performed in triplicates, altogether six
replicates) =S.D.
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Fig. 3 The effect of thiolation of Alexa Fluor 555 labeled OVA on its
binding to the surface of SMSA glass slide, pre-treated with increasing
concentrations (3-30 mM) of NHS-"PEG-MAL. Empty columns: Alexa
Fluor 555 labeled OVA, filled columns: thiolated Alexa Fluor 555 labeled
OVA. Shown are the mean values of two experiments.

1.4 nm, respectively, with accompanied white bulges ranging
from several nm to 4.37 nm (Fig. 4c) or 7.64 nm (Fig. 4d).

1: Height

b Height

Trypsin immobilization to the spacer mixture could be
visualized by the appearance of white bulges ranging from
several nm to 10.2 nm (Fig. 4¢). Thiolated trypsin immobiliz-
ing to the SMSA surface with the aid of the NHS-"*PEG-
MAL spacer increased the RMS to 2 nm (Fig. 4) and the
bulges ranged from several nm to 19.8 nm (Fig. 4e).

A comparative study was then conducted in which Alexa
Fluor 647 labeled secondary Ab and the FluoNP-Ab
conjugates were compared for their potential to identify
(immobilized trypsin) captured AIAT. Prior to this, non-
specific binding was excluded by measuring the non-specific
interaction of the two (without the addition of the primary
anti AIAT specific Ab) in SGF with SMSA slides contain-
ing captured AIAT. The results are shown in Fig. 5 and
demonstrate that compared to the short homobifunctional,
DSC, when a mixture of the two long PEG-based spacers
was used to immobilize trypsin, a significant (10- to 12-fold)
decrease in the non-specific adsorption of both the
fluorescent IgG and the FluoNP conjugates was observed.
These results led us to employ a mixture of the homo-

1: Height

Fig. 4 Surface morphology and roughness of plain and modified SMSA slide surfaces as visualized by AFM, displayed as two- and three-dimensional images. (a)
Untreated (naked) surface; (b) after DSC grafting; (c) after grafting with a mixture of NHS-*PEG-NHS and NHS-*PEG; (d) after NHS-"PEG-MAL grafting;
() after trypsin immobilization via NHS->*PEG-NHS and NHS-*PEG mixture; (f) after thiclated trypsin immobilization via NHS->PEG-MAL.
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Fig. 5 Comparison of the non-specific adsorption of the Alexa Fluor 647
labeled secondary Ab (a at a PMT intensity 500) and the FluoNP
conjugates with the secondary Ab (b at a PMT intensity 290) to the SMSA
surface modified by the short homobifunctional linker DSC (30 mM,
empty columns) and a mixture of the homobifunctional NHS-*PEG-NHS
with NHS-2PEG spacers (10 and 50 mM, respectively, filed columns), used
to immobilize trypsin to the surface of the SMSA slide, (both do not contain
primary anti AIAT Ab). Shown are the values of three experiments +S.D.

bifunctional and the monofunctional PEG spacers in the
proceeding study in order to maximize the SNR of the
captured AIAT detecting reaction.

The capability of immobilized trypsin to capture AIAT
was compared to that of immobilized thiolated trypsin in SGF.
Trypsin was immobilized to the surface of the SMSA slide via
a mixture of NHS-*PEG-NHS and NHS-**PEG, while
thiolated trypsin was immobilized via NHS-"*PEG-MAL.

Quantitation of the captured AIAT was conducted by
measuring fluorescence intensity employing primary and
secondary, Alexa Fluor 647 labeled IgG. In a series of
detection studies, conducted in SGF spiked with increasing
concentrations of A1AT, it was found that immobilized
trypsin enabled capturing of AIAT in a concentration-
dependent manner. Compared with the non-specific
adsorption to the trypsinized SMSA with no AIAT, a
SNR of 12-32 (for 25-100 pg/ml of captured AIAT)
was obtained (Fig. 6a).
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Using identical experimental conditions, thiolated tryp-
sin also enabled capturing of the AIAT to the SMSA
surface, however, with a profoundly lower specific fluores-
cence and a lower SNR value of 3-7 (Fig. 6b). Therefore,
the successful combination of NHS-"PEG-NHS with
NHS-*®PEG was employed in a subsequent study where
A1AT was assessed in aspirated human gastric juice.
Figure 7 shows that although detection was possible, the
presence of gastric juice interfered to some extent with the
detection of the captured AIAT, as indicated by the lower
SNR value of 3-5.

After verifying that captured A1AT onto the SMSA
surface could be detected in a sandwich ELISA-like
manner, the second stage of the study was conducted, in
order to increase the fluorescent detection signal in a
manner that would allow detection by the optical machinery
of a video capsule.

To increase the fluorescent signal derived from the
specific reaction between the captured AIAT and the
detecting Ab, our detection tool— Alexa Fluor 647 labeled
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Fig. 6 Recognition and detection of captured AIAT on the surface of the
SMSA slide by the primary Ab followed by Alexa Fluor 647 labeled
secondary Ab in SGF as expressed by fluorescence intensity. AIAT
capturing was accomplished by either immobilized (via a mixture of
NHS->PEG-NHS and NHS-*PEG) trypsin (a), or immobilized (via
NHS->“PEG-MAL) thiolated trypsin (b). The control system (triangles) for
(a) was trypsin-immobilized via NHS-*PEG, while the control for (b) was
thiolated trypsin—immobilized via NHS->PEG. Shown are the mean
values of two separate experiments, performed in triplicates (altogether six
replicates) = S.D.
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Fig. 7 Recognition and detection of captured AIAT on the surface of the
SMSA slide by the primary Ab followed by Alexa Fluor 647 labeled
secondary Ab in gastric juice, as expressed by fluorescence intensity. AIAT
capturing was accomplished by immobilized (via a mixture of NHS-**PEG-
NHS and NHS-*PEG) trypsin. The control system (triangles) comprised of
a NHS-*PEG spacer through which the trypsin was immobilized to the
SMSA. Shown are the mean values of five different experiments (five
volunteers)=S.D.

secondary Ab, was replaced with a secondary Ab conjugated
to the surface of the FluoNP. The fluorescence resulted by the
specific detection reaction with the captured AIAT was
intensive enough to be detected by a bench capsule simulator,
mimicking the capabilities of a video camera inside a remote
capsule. The linear relationship between the fluorescence, as
detected by the array scanner and by the bench capsule
simulator, to the biomarker in SGF is shown in Fig. 8. This
linearity allowed delineating a working range of AIAT of
10-100 pg/ml with a SNR value of 6-20 (Table II).

The results of mdirect BrdU (DNA synthesis) cytotoxicity
assay conducted with Caco2 and L929 cell extracts are
summarized in Fig. 9. The data rules out a cytotoxic effect
of the grafted spacer arms onto the SMSA slide.

The proliferation rate of both tested cell lines did not
exceed that of the non-treated cells. The results of these
studies involving a direct contact of the modified SMSA with
the Caco2 and 1929 cells are shown in Fig. 10 (survival
analysis). Caco2 cell survival was similar for the
NHS-**PEG-NHS grafted SMSA slide and the non-
treated (naked) SMSA slide (77% and 86% survival,
respectively). DSC grafting, however, exerted mild cytotox-
icity (54% survival) to the Caco2 cells (Fig. 10a). None of
the tested SMSA products was cytotoxic to the 1929 cells
(Fig. 10b).

DISCUSSION

In this study we showed that by immobilizing trypsin to the
microarray-type activated glass, SupermMask® Super-
Amine 2 (SMSA), an efficient platform for capturing

Fluorescence x1000 (V) -
Capsule Simulator
-

0

0 200 400 600 800
Fluorescence x1000 (AU) - GenePix 400 scanner

Fig. 8 The correlation between the fluorescence resulted by the specific
detection reaction of the captured AIAT, on top of the SMSA slide, by the
FluoNP conjugates with a secondary Ab, as measured by an array scanner
(expressed by fluorescence arbitrary units) and by a video capsule
simulator output (expressed in volts).

AIAT was accomplished, which was then exploited for
detection of the latter by immuno-FluoNP’s. Trypsin
grafting was achieved via functionalized PEG spacers. This
was 1mportant for accomplishing covalent immobilization
while maintaining trypsin functionality. Although protein
immobilization to solid surfaces for biosensing applications
can be accomplished by direct adsorption (19,20), a loss of up
to 90% activity may occur due to experimental conditions
(L.e. detection in microtiter polystyrene plates) (19,21). Thus,
such an approach is limited for bench tests only.

The use of spacers, such as the PEG derivatives used in
this study, for protein immobilization (22) offers remarkable
flexibility with respect to terminal functionality, orientation
of the recognition molecules, prevention of non-specific
adsorption to the sensor surface and increased biocompat-
ibility, due to fouling resistance of the PEG polymers
(20,23).

In addition to the improved specificity obtained by
introduction of the spacers (Fig. 2), a combination of the
homobifunctional NHS-"*PEG-NHS with the monofinc-
tional NHS-**PEG and the heterobifunctional NHS-"*PEG-
MAL spacers had a profound effect on the recognition
capability of the platform in terms of specificity (Fig. 3) and
prevention of non-specific adsorption (Fig. 5). AFM images
demonstrate how the mixture of NHS-"PEG-NHS with

Table Il Detection of Increasing Concentrations of AIAT by the FluoNP
as Analyzed by a Microarray Scanner (Expressed in Fluorescence Arbitrary
Units) and the Bench Capsule Simulator (Expressed in Electric Potential)
and Their Derived SNR Values

AIAT (ug/ml) Fluorescence SNR Simulator SNR
(AU x1000) potential (V)

0 23 - 0.08 -

10 270 12 0.05 6

50 508 22 I 14

100 755 32 l.6 20
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Fig. 9 Indirect cytotoxicity test (BrdU) of non-treated (naked) SMSA slides, or SMSA slides grafted, each, with 30 mM of DSC or NHS-*PEG-NHS,
analyzed in Caco 2 (filled columns) or L929 (empty columns) cells. TritonX-100 (2%) was used as positive control.

NHS-®PEG (Fig. 4c) or the NHS-"PEG-MAL spacer
(Fig. 4d) increased the distance between the SMSA surface
and the immobilized trypsin (either native or thiolated forms,
Fig. 4e and f), providing sufficient spatial freedom for the
capturing and detection activities of AIAT. A series of
detection studies, conducted in a simulated gastric fluid
(SGF), as well as gastric juice, confirmed the importance of
the PEG-based spacers (Fig. 6). Using a mixture of
NHS-®PEG-NHS with NHS-**PEG and Alexa Fluor
647-labelled secondary Ab, A1AT was detected in SGI' with
a SNR of 22-27.

We anticipated that using thiolated trypsin would
allow the wuse of the heterobifunctional spacer
NHS-"PEG-MAL and, in turn, efficient capturing of
the AIAT. However, grafting thiolated trypsin to the
SMSA surface, followed by a detection analysis of the
captured A1AT with the aid of Alexa Fluor 647-labelled
secondary Ab, yielded an SNR value of 3 (a 7-fold
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Fig. 10 Direct biocompatibility test of non-treated (naked) SMSA slides,
or SMSA slides grafted, each, with 30 mM of DSC or NHS->PEG-NHS
analyzed in Caco 2 (a) or L929 (b) cells.
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reduction, Fig. 6b). This could be a result of either trypsin
aggregation, which took place during the immobilization
process (Fig. 4e), or the interference of the AIAT
recognition sites on the modified trypsin.

The success of the specific spacer mixtures NHS-**PEG-
NHS and NHS-**PEG (10 and 50 mM, respectively) in
enhancing AIAT capturing and detection on the SMSA
platform can be related to the mixture’s ability to prevent
chain backfolding, thus maintaining maximal free NHS
ester ends (the leaving group) accessible to the coupling
reaction with trypsin. This polymer orientation is important
for the creation of a “brush” assembly (“end on”) rather
than a “mushroom” assembly (“side-on”) (24) that could be
formed when the homobifunctional spacers layer is not
dense enough (25). This architecture enabled the formation
of optimal density of binding ends, leading to the successful
grafting of trypsin or thiolated trypsin onto the SMSA
surface and the consequent capturing of AIAT even in
gastric juice (Fig. 7), where biological matter interferes with
the detection reaction (20,26).

In this study we were interested in analyzing the specific
fluorescence reaction in a bench simulator, mimicking low
detection capabilities of typical diagnostic machinery such
as video capsules. Indeed, we observed that optical signals,
at the NIR range, that were detected casily by the GenPix
4000 scanner (Fig. 6) could not be detected by the bench
(video capsule) simulator due to insufficient photonic
activity on top of the SMSA surface. This led us to adopt
an alternative strategy that enabled intensifying of the
specific fluorescence required for the AIAT detection
under real-time conditions. Instead of using a
fluorescently-labelled Ab, Ab molecules were coupled to
the surface of FluoNP (27,28) that, by definition, contained
a higher amount of fluorescent molecules (Table I). After
covalently attaching the secondary Ab to the surface of the
FluoNP, the detection reaction between the captured
AlAT and the immuno-FluoNP was monitored by the
bench simulator. By this approach, a profound optical
signal was detected in a biomarker-concentration-
dependent manner (Fig. 8). Comparison between the
fluorescence resulted by the specific interaction between
the captured AIAT and the Ab—FluoNP conjugates to that
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of captured AIAT and fluorescently-labeled Ab (Figs. 6, 8)
revealed that the calculated amount of fluorescent
molecules was two orders of magnitude higher when
FluoNP-Ab conjugates were employed (equal to ~1x10"*
molecues/42 mm?® SMSA well). This amplification has led
to a recognition signal 30-fold higher than the detection
limit of the bench simulator, leading to the notion that the
new diagnostic platform is capable of detecting AIAT at
real time conditions (in SGF).

Because the SMISA glass slide was designed to detect AIAT
in the lumen of the stomach (after mounting inside a video
capsule), preliminary biocompatibility tests of the SMSA
platforms were conducted by comparing the cytotoxicity of a
naked SMSA to that of a SMISA grafted with the PEG spacer
mixture. The results summarized in Figs. 9 and 10 highlight
the safety of our system.

It is concluded that immobilized trypsin can capture
ATAT which, in turn, can be recognized by an Ab—FluoNP
conjugate. The resulted specific fluorescence could be used
for the quantitative detection of AIAT in SGF and, to a
lesser extent, in gastric juice by clinically used optical
diagnostic machinery. This technology is being tested by
our group for the real time detection of additional GI
fluid-born (secreted) biomarker molecules, for the early
detection of GI malignancies.
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