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Herein, we report a novel concept of low-cost flexible platform for fluorescence-based biosensor. The
surface of polyethylene naphthalate (PEN) foil was exposed to KrF excimer laser through a photolito-
graphic contact mask. Laser initiated surface modification resulted in micro-patterned areas with surface
functional groups available for localized covalent immobilization of biotin. High affinity binding protein
(albumin-binding domain (ABD) of protein G, Streptococcus G148) recognizing human serum albumin
(HSA), genetically fused with streptavidin (SA-ABDwt), was immobilized on the micro-patterned surface
through biotin-streptavidin coupling. Fluorescently labelled HSA analyte was detected in several block-
ing environments, in 1% bovine serum albumin (BSA) and 6% fetal serum albumin (FBS), respectively. We
conclude that the presented novel concept enabled us to micropattern functional biosensing layers on
the surface of PEN foil in a fast and easy way. It brings all necessary aspects for continuous roll-to-roll
fabrication of low-cost optical bioanalytical devices.
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1. Introduction

Optical sensing strategies include numerous approaches and
can be applied in many fields such as medicine, pharmaceuticals,
toxicology, environmental monitoring and others [1]. In clini-
cal diagnostics, proteins are one of the most frequently detected
components in body fluids [2]. For their optical detection, label-
based immunoassays, which can also be classified as optical
biosensors [3], are used as the most common qualitative and quan-
titative detection methods [4]. Singleplex formats (detection of
single target molecules in analyte) of affinity-based immunoas-
says such as ELISAs (Enzyme-Linked Immunosorbent Assays) [5]
have been the basic diagnostic systems for a long period of
time. Recent progress in the development of fabrication tech-
niques in microtechnology has facilitated the miniaturization of
the immunoassays. These miniaturized analytical systems, the so-
called protein microchips or microarrays, have not only been used
as singleplex but also as multiplex detection formats (detection of
multiple target molecules in analyte) [6]. Their basic components
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are micropatterns, often designed as microspots, with immobilized
recognition elements. They provide affinity-based optical analysis
of the measured samples and their main advantages, in compari-
son with macrosystems, are: i) increased sensitivity, described and
explained by Ekins in 1990s [7], ii) multiplex samples detection in
one experiment and iii) low consumption of the analysed samples.
Progress in the miniaturization also facilitated the development of
microfluidic immunoassays and their integration into more com-
plex Lab-on-Chip microdevices [8].

The crucial factor in the development of robust immunoassays
is the quality of the immobilization process preserving important
affinity-based properties of the immobilized proteins. If proper ori-
entation of the proteins on the immobilization surface is necessary,
a bioaffinity method performed with avidin-biotin system can be
considered a suitable strategy [9].

Because immobilization is usually performed on solid surfaces,
their chemical and physical properties are important for the overall
performance of the detection system. From the fabrication point of
view, immobilization techniques for generation of micropatterns
on 2D surfaces have been intensively studied in the last decades.
Several different types of contact and non-contact techniques have
been developed [10] and some of them can be performed in a
high throughput automatized arrangement. As the most com-
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monly used substrates, onto which immobilization is performed,
are glass, silicon, thin metal films, polymers such as polystyrene
(PS), polycarbonate (PC), polymethylmethacrylate (PMMS), cyclic
olefin copolymers (COC), 3D matrixes such as hydrogels, nylon or
nitrocellulose and others, reviewed in [11].

Recently, thin and flexible polymeric materials have been
used for the development of Lab-on-a-Chip systems, the so-called
Lab-on-a-Foil [12]. These polymeric foils become materials for
fabrication of MEMS sensoric devices [13], and in life science
applications for simple or more complex microfluidic solutions
[14], filtration and separation devices for molecules [15], biosen-
sors [16] or flexible electrode arrays [17]. Due to their relatively
straightforward physical or chemical modification [18], natural
flexibility, easy way of micro- or nano-structuring, and their poten-
tial to be processed by hot embossing [19] necessary for the
device mass-production, polymeric foils are good candidate mate-
rials for a low-cost and a high-volume production of commercial
microsystems. Moreover, their specific modifications by roll-to-roll
processing enable effective immobilization of bioaffinity molecules
in manufactured microdevices [20].

Laser material processing is a widely used manufacturing tech-
nique in industrial applications [21]. It can be used for bulk material
and also for material surface processing. Laser processing can also
be used as a serial microfabrication technology. It has been shown
that by exposing the surface of polymeric material to a focused
excimer laser beam with an intensity below the ablation threshold,
permanent morphological changes in the form of regular micro-
to nano-patterns, laser-induced periodic surface structures (LIPSS)
can be induced. Such physical changes can be performed on vari-
ous polymeric substrates [22], where periodic pattern or significant
roughness increase may be induced [23,24]. Moreover, polymer
foil treatment with laser beam can induce chemical changes on its
surface [25]. Chemical surface modification of polymer with laser
beam leads to surface oxidation with a high number of available car-
bonyl groups. Such activated surface of polymers can be exploited
in biosensing application for immobilization of various bioactive
molecules to the polymer surfaces [26,27].

In this work, we present a proof of concept (PoC) of a relatively
cheap, simple, high-volume and roll-to-roll production compati-
ble fabrication process of fluorescence-based biosensor designed
on excimer laser micropatterned PEN foil, which is further modi-
fied with biotin to suit avidin-biotin affinity-based immobilization
of the sensing molecules. This patterned foil was integrated into a
well-based format with 8 pl of working sample per well. The func-
tionality and analytical performance of the device was verified on
detection of model analyte, human serum albumin (HSA), recog-
nized by recombinant albumin-binding domain (ABD) of protein
G (Streptococcus G148), genetically fused with streptavidin (SA-
ABDwt) and immobilized on biotinylated surface of the device [28].
Although the patterning of substrates through a photolithography
mask with excimer laser for bioapplications was already published
[29], to our best knowledge, a patterning process through a con-
tact photolithography mask on a PEN foil has not been used for
diagnostic affinity based systems so far. Our concept can be further
developed and integrated into more sophisticated Lab-on-a-Foil
systems or it can be further developed for point of care diagnostics
(POCs) and as a clinical diagnostic tool.

2. Materials and methods

Biaxially oriented polyethylene naphthalate foils (1.36 gcm—3,
thickness of  0.05mm, Tm ~250-290°C, Tg~120°C)
supplied by Goodfellow Ltd., UK; O-(2-Aminoethyl)-0’-[2-
(biotinylamino)ethyl]octaethylene glycol (PEG-biotin) was
supplied by Polypure, Norway, ATTO 542 NHS-ester supplied

by ATTO-TEC GmbH, Germany; bovine serum albumin (BSA)
— albumin Fraction V, biotin-free supplied by Carl Roth GmbH,
Germany; human serum albumin (HSA), fetal serum albumin (FBS),
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC), ethanolamine, Hellmanex™ III, Corning” microscope slides
25 x75mm were supplied by Sigma-Aldrich, Czech Republic;
abrasive powder (50 wm aluminium oxide, Comco Inc., USA) was
supplied by Epak Electronics Ltd, United Kingdom; recombinant
proteins, streptavidin coupled with ABD binding domain (SA-
ABDwt), were constructed, expressed and purified in our labs;
3M™ Laminating Adhesives - 7955MPL were supplied by G3 s.r.o.,
Czech Republic; p.a. grade chemicals for buffers were supplied by
Sigma-Aldrich, Czech Republic and prepared in deionized water.

2.1. Micropatterning of the PEN foil

Details on the micropatterning of PEN foil were already pub-
lished elsewhere [26]. In brief, a photolithography mask was
fabricated by electron beam lithography (VEGAII, TESCAN Brno,
s.r.0., Czech Republic) with 12 testing fields. The testing fields were
arranged into 3 rows and 4 columns. Every testing field contained
several small squares arranged into a square. The length of the small
square edge was 200 pwm. PEN foil was cut to the size of a micro-
scope glass slide. It was put on a holder and covered by a contact
mask. The surface of the foil was irradiated by excimer laser beam
(Lambda Physik Compex Pro 50, Coherent Inc., USA) through each
designed testing field (12 fields) in a step by step process. The laser
fluence was set to 8 mJ cm~2 with a frequency of 10 Hz, and 100,
250 or 500 pulses were applied. A scheme of the micropatterning
and the biosensor fabrication process is presented in Fig. 1.

2.2. Fabrication of the biosensor

12 holes with a diameter of 3 mm were cut into a microscopy
glass slide b@y a precise CNC microblasting lathe (Comco Inc., USA).
An AccuFlo nozzle (type MB2520-30, Comco Inc. USA) with an
opening of 0.76 mm diameter was used in combination with par-
ticles of 50 wm. The holes were arranged (designed) in the same
way as the micropatterned testing fields on the foil. Then, the glass
slides were sonicated in 2% solution of Hellmanex™ III for 30 min.
They were rinsed thoroughly by deionized water and dried by nitro-
gen flow. The bottom part of the glass was covered with laminating
adhesive, which had been cut to fit the size of a microscopy glass.
The adhesive under the holes was removed by a dissection needle.
The glass slide with the adhesive was put into contact with the top
(micropatterned) surface of the foil so that the micropatterned sur-
face of the foil created the bottom of the well. The bottom part of the
well (the patterned foil) was further chemically modified and used
as an active detection part. In the same manner, testing wells ana-
logical to microtitter plate (testing strip) were created above every
testing field. The volume of chemicals which were further used dur-
ing each step of the performed assays was 8 pl. Subsequently, the
wells were incubated in the solution of EDC (100 mg/ml of EDC
in MES buffer) and PEG-biotin (100 mg/ml in DMSO) in ratio 7:1
(biotin concentration in the reactive mixture was 12.5 mg/ml) at
4°C for 90 min. After the incubation of the micropatterned foil sur-
face with the mixture of EDC and PEG-biotin, the surface of the PEN
foil was incubated in 1% ethanolamine in dH, O for one hour to block
the rest of the activated carboxyl groups on the foil surface.

2.3. Affinity-based assays

For the performed assays, streptavidin and HSA were con-
jugated with a fluorescent dye ATTO 542 NHS-ester (Atto-tec,
Germany) according to the dye manufacturer protocols. When
the biotin-streptavidin interaction was tested, the fluorescently
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The surface of PEN foil was exposed to laser beam through a contact mask by positioning of the laser beam above the transparent parts of the photomask in a serial manner
(A). In a specified position of the laser above the mask, a certain number of laser pulses with a defined output were applied and the laser was moved to the next position. By
this process, micropatterned areas were fabricated on the PEN foil (B). Then, glass slides with cut holes with laminated adhesive were put into contact with the patterned
foil and a well-based format of detection system was created (C). Coupling of biotin to the micropatterned foil surface followed (D) and the biotinylated micropatterns on

the PEN foil were ready for affinity-based assays (E) with 12 testing wells.

labelled streptavidin was diluted in a blocking solution of 1% BSA
in 0.15M NacCl, 0.1 M PBS, pH 7.2 (blocking buffer) and the concen-
tration aliquots were prepared. Then, the streptavidin was pipetted
into the test and the control wells and incubated at 4 °C for 30 min.
All control wells had surfaces micropatterned by laser beam, but
they were not biotinylated. During the assays, they were treated
only with appropriate pure dilution buffers, solvents or blocking
solutions. After the incubation, all wells were gently washed with
deionized water and dried with nitrogen stream. In the experi-
ments, where the amount of the immobilized biotin was optimized,
we used the same protocol as described above and tested 5 dif-
ferent concentration ratios of PEG-biotin in an activating buffer
(100 mg/ml of EDC in MES buffer) by gradual dilutions of the
original solution (1:32, 1:16, 1:8, 1:4, 1:2, 1:1) resulting in con-
centrations of the PEG-biotin in the immobilization mixtures from
1.56 to 50.00 mg/ml. In the affinity-based assay, the concentration
aliquots of SA-ABDwt (10 pg/ml) and fluorescently labelled HSA
(the concentration aliquots were prepared in the scale range of
0-30 pg/ml) were prepared in a blocking solution of 1% BSA or 6%
FBS (in 0.15M Nacl, 0.1 M PBS, pH 7.2) separately. SA-ABDwt was
pipetted into the test wells and incubated at 4°C for 30 min. The
control wells were incubated and washed 3 x only with the appro-
priate blocking solution, and HSA-ATTO 542 was pipetted into all
wells. After 60 min of the incubation, all wells were gently washed
with deionized water and dried with nitrogen stream.

2.4. Design and preparation of albumin binding
domain-streptavidin fusion protein (SA-ABDwt)

The design and the construction of the SA-ABDwt pro-
tein was described recently [28]. Briefly, an open reading
frame encoding a TRP leader-ABDwt was PCR-amplified on

the templates of plasmid DNA [30] with specific primers
(TabdSpel-5'-tcactagtatgaaagcaattttcgtactg-3’ and TabdHindlIII-
5’-caaagcttgaaccagggatcaaggtaa-3’) and fused in a frame to the 3’
end of a codon-optimized synthetic gene encoding residues 13-139
of the SA from Streptomyces avidinii into the pET28b expression
vector (Novagene, Darmstadt, Germany). Sequence-confirmed SA-
ABDwt fusion protein was produced in E. coli BL21 ADE3 at 37°C
following IPTG induction (0.5 mM) as insoluble protein into the
inclusion bodies [31]. The protein was extracted by solubilisation
of washed inclusion bodies with 8 M urea in 50 mM Tris-Cl pH 8
(loading buffer) and the extract was loaded onto DEAE Sepharose
column. Upon washing of the resin with 10 bed volumes of the
loading buffer, the protein was eluted with 50 mM NaCl in load-
ing buffer. The purified denatured monomeric form of SA-ABDwt
was then dialyzed against deionized water buffered to pH 8.5 with
ammonia in order to form soluble and stable tetramers, as verified
by SDS-PAGE analysis. The final tetrameric form of the SA-ABDwt
fusion protein was stored at 4 °C for several days or at —80°C for
several months.

2.5. Data collection and evaluation

The excitation of fluorescence probes and the observation of
fluorescence intensity on the surface of the polymeric foil was
performed by an inverted optical microscope Olympus IX 71 com-
bined with CoolLED pE 4000 illumination system for fluorescence
microscopy. The collected images were cropped and horizontal
misalignment was corrected by a freely available version of Zoner
Photo Studio 17 software. No other post process steps were per-
formed. The intensity of the fluorescence and of the background
signal was evaluated by custom-made scripts written in the sta-
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Fig. 2. XPS spectra of the PEN foil surface treated by laser beam.
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Detailed carbon C1s XPS spectra of the PEN foil surface treated by laser beam with 8 mjcm~2 and 250 (A) or 500 (B) pulses.

tistical language R in RStudio. All data were further processed in
statistical software SigmaPlot or GraphPad Prism.

3. Results and discussion

With the aim to design a bioanalytical microsystem for optical
affinity-based assays on polymeric PEN foil, we have optimized the
fabrication procedure and performed several types of experiments
directed to prove, that: i) we are able to covalently graft PEG-biotin
molecules onto the PEN foil surface treated with laser beam through
a photolithography mask, ii) the number of the pulses of the laser
beam can influence the quality of surface modification and biotiny-
lation leading to a lower or a higher signals of the assays, iii) we can
perform affinity-based assays of a specific analyte by competitive
or direct detection method and detect the specific analyte in the
sample, in this particular case, human serum albumin (HSA).

Fig. 3. Fabricated sensing system (data expressed as mean+SD, n=3).

It has been reported that chemical changes on the surface of
polymeric materials can be induced by their exposure to high
energy radiation such as laser beam [27] or UV radiation [18]. Such
processes can be exploited in preparation of biofunctionalized sur-
faces. In our study, chemical changes on the PEN foil surface were
induced by excimer laser beam irradiation of the polymeric foil.
The fluence and the number of pulses of the excimer laser beam
were optimized before [26,32]. XPS analysis of the PEN foil surface
treated with different settings of laser beam is presented in Fig. 2.

The data are in good agreement with our previous studies [26],
where we have shown that chemical changes on the surface of
PEN foil can be introduced also by irradiation of the foil surface by
laser beam through a photolithography mask. Such modified sur-
face can exhibit carbonyl, carboxyl and hydroxyl reactive groups
necessary for the subsequent covalent coupling chemistry, as it is
obvious from deconvoluted XPS spectra of samples treated with

o
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8 3
—
—

1 2 3 4
modified spots from left to right
(fluorescent signal)

A well-based sensing system with 4 testing wells (A) and 12 testing wells (B). PEN foil with surface irradiated by laser beam is attached to the bottom side of the glass slide
and put on the microscope stage holder. On the bar graph on panel C, we can see the increase in signal intensities of fluorescently labelled streptavidin on biotinylated spots
and the corresponding image of the treated spots as inlet. The difference among the spots from the left to the right is caused by irradiation of the PEN foil with uncorrected

laser beam through the lithography mask.
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Fig. 4. The signal of the PEN foils treated with different number of laser pulses (data expressed as mean +SD, n=6).

The signal of the PEN foil treated with 100, 250 and 500 pulses of laser beam. On panel A, the dependence of signal intensities on the concentration of fluorescently
labelled streptavidin is presented. The assays were performed on biotinylated surfaces. On panel B, the same signal intensities are plotted versus different concentrations of
fluorescently labelled streptavidin but without the treatment of the foil surface with PEG-biotin (control samples).

8 mJcm~2 and 250 or 500 pulses. The atomic concentration of oxy-
gen was increased with the number of applied laser pulses. We have
determined 25.5+0.5% (mean 4 SD, n=3) of oxygen for samples
treated with 100 pulses, 27.6 + 0.8% (mean + SD, n=3) for samples
treated with 250 pulses, and finally the highest amount of oxy-
gen 28.0 4+ 0.8% (mean + SD, n = 3) was observed for samples treated
with 500 pulses. For development of the presented affinity biosens-
ing system, we used EDC coupling chemistry to form amide bonds
between amine terminated PEG-biotin and the surface of the PEN
foil possessing carboxyl groups generated by laser irradiation.

At the same time, we were creating methodology for fabrication
of awell-based format of a sensing system methodology for foil irra-
diation by laser and for testing samples with a small volume of assay
samples. It was important for performing easy and fast measure-
ments of fluorescence intensities with rapid data evaluation. For the
purpose of the well-based format of the sensing system and small
assay volumes, we cut openings into microscopy glass slides by a
microabrasive lathe. The openings were cut into the glass in pre-
cisely defined positions corresponding to the micropatterns on the
contact mask. Coupling the exposed polymeric foil to the bottom
part of the glass slides was performed through transfer adhesive.
We optimized the layout of the micropatterns on the contact mask
to simplify the process of the foil irradiation just by simple move-
ment of the laser beam above the contact mask, and to increase the
number of testing wells on one single slide. At the beginning, the
design of the wells on the slide was 1 row with 4 squared wells
(the volume of one well was 100-150 1), Fig. 3A. It was further
adjusted into 3 rows with 4 circular wells on one slide (volume of
one well was 5-10 pl), Fig. 3B. Because the excimer laser beam has
Gaussian fluence profile, the laser beam had to be adjusted for the
best fluence distribution in X, y, position [33]. When the beam was
not adjusted properly, the irradiated, further modified and analysed
spots exhibited an unequal detected signal from the same well, see
Fig. 3C.

The final system consisted of 12 testing wells (the optimized
sample volume was 8 I per a well) above the patterned arrays
on the PEN foil. It was easy to fabricate and the assays were per-
formed with a very low amount of the sample. The number of wells
could be further increased up to 24 wells per one glass slide (sub-
strate 26 x 76 mm) and their size/number was dependent on the
arrangement and the size of the laser beam. The measured signal
was collected by a camera on an inverted microscope. The pro-

cess was automated by custom-made scripts actuating microscopy
stage and acquiring the pictures. The obtained pictures were man-
ually cropped and the signals from the image data were evaluated
automatically by custom-made scripts in program R. With the
described workflow, the data collection and the evaluation was
semi-automated and very rapid.

The number of the pulses of the laser beam at a given fluence
can influence the degree of surface chemical modification, see XPS
spectra in Fig. 2. Based on our previous experience and on the pub-
lished data in [26], the effectivity of laser beam polymer surface
modification for coupling chemistry is dependent on the availabil-
ity of carbonyl reactive groups exposed to the outside of the foil
surface and do not only depend on the amount of carbonyl groups
detected in the XPS spectra. As a consequence, it can influence the
amount of the immobilized biotin on the foil surface and therefore,
the intensities of the detected signal during the affinity-based assay
performed on the foil. Due to this fact and our previous experience,
we micropatterned the foil surface with excimer laser beam with
100, 250 and 500 pulses. PEG-biotin molecules were immobilized
on the patterned surface of the foil, and subsequently, the modi-
fied surface was incubated with fluorescently labelled streptavidin.
Data are presented in Fig. 4.

In Fig. 4A we can see that the maximal intensity of the signal val-
ues from samples with 100 pulses is significantly lower comparing
to the biotinylated foil surface treated with laser beam with 250
or 500 pulses. The highest signal can be observed and the lowest
streptavidin concentrations can be detected with samples treated
with 500 pulses comparing to the samples treated with 250 and 100
pulses (Fig. 4A). The signal of the control samples treated with 250
and 500 pulses (Fig. 4B) is significantly lower comparing to the sig-
nal of biotinylated foil treated with the same number of pulses. We
do not observe great difference between the signal of biotinylated
and non-biotinylated samples treated with 100 pulses.

When comparing the images of the detected fluorescent signal
from the samples treated with 100, 250 and 500 pulses, we found
that the signal on the border of the patterned squares on the sam-
ples treated with 500 pulses showed deviations compared to the
samples treated with a lower number of laser pulses, see Fig. 5A, B.

Similar behaviour was observed also in our previous studies
[26]. When AFM scans were performed in target areas (Fig. 5C,
D), the changes in the foil morphology were increasing towards
the edges of the patterns, where typical ripples started to have
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Fig. 5. Influence of laser treatment on the morphology and the signal of the PEN foil.
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In the top images (A, B), there is signal of fluorescently labelled streptavidin on biotinylated PEN foil treated by 250 (A) and 500 (B) laser pulses. On panel B we can see
deviations of the signal intensities near the borders of the fluorescent spots. In the bottom images (C, D), there are AFM data of the left bottom part of the spots treated by
250 (C) and 500 (D) laser pulses. Deviations of the signal on the spot border (B) correspond to the changes of the surface topology of that place - the hollows on the border.

The scale bars on the top panels (A, B) represent 100 pm.

higher amplitude on the patterned surfaces. Similar patterns were
also reported in [34], where interference patterns of concentric cir-
cles were observed on the PEN foil substrates treated through a
glass contact mask with a circular pinhole and also in [35], where
a diffraction circular pinhole was used for laser micropatterning of
silicon surfaces. Because the morphological changes of the polymer
foil treated with laser irradiation with 500 pulses increased and the
uniformity of the detected signal on the borders was defected, we
decided to micropattern the foil surface only with 250 pulses for
further experiments. The described phenomena can be studied in
more details in other studies.

When the parameters of the laser treatment were set for the
foil micropatterning, we optimized the amount of the immobi-
lized biotin on the surface of the polymer foil in relation to the
detected signal of bound, fluorescently labelled, streptavidin. We
observed that by increasing the concentrations of the PEG-biotin
in the immobilization mixture, the signal of the bound streptavidin
increases as well, see Fig. 6A.

Our observation confirms that the amount of the immobilized
biotin can significantly influence the detected levels of the mea-
sured signal of bound streptavidin, and therefore its immobilized
surface density can be further tuned based on the desired appli-
cation. For any further experiments, we were using the ratio of
PEG-biotininactivating buffer 7:1 (concentration of PEG-biotin was
12.5 mg/ml).

To prove that a biotinylated surface of PEN foil is able to selec-
tively bind streptavidin through biotin-streptavidin interactions,
we performed competitive assays with a mixture of fluorescently
labelled streptavidin (fixed concentration of 25 ug/ml) and non-
labelled streptavidin (concentration range 0-100 p.g/ml). The data
from the assays are presented in Fig. 6B. We can see that both vari-
ants of the streptavidin compete for binding to the biotinylated
surface and by increasing the concentration of the non-labelled
streptavidin, the fluorescent signal decreases. Such behaviour cor-
responds to the decreased amount of bound fluorescently labelled
streptavidin to the biotinylated surface.

After basic characterization of the micropatterned biotinylated
surface of the PEN foils discussed above, we performed affinity-
based assays with the aim to detect human serum albumin as
target model analyte. HSA is one of the most abundant proteins
in human plasma, and can be present also in other body fluids such
as saliva or urine. It has many functions in the human body and it
is also used as biomarker for diagnostic and prognostic purposes
in medicine [36]. For the proof-of-concept purpose, we designed a
binding assay, based on the recently described SA-ABDwt protein
construct [28], which has a natural nM affinity to HSA. It is based
on an albumin binding domain (ABD) scaffold of protein G isolated
from Streptococcus G148, genetically fused with the monomer unit
of streptavidin, which spontaneously assembles into tetrameric
form. In general, the advantage of using such artificial or geneti-
cally modified protein binders comparing to antibodies can be their
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The binding assays were performed on a biotinylated surface of PEN foil (A). In the first step, SA-ABDwt (concentration 10 pg/ml) was incubated with the foil surface and
the surface was washed with PBS buffer. It resulted in a specific attachment of the SA-ABDwt to the biotinylated surface (B). In the second step, fluorescently labelled
HSA (concentrations 0-30 pg/ml) was incubated with SA-ABDwt on the foil surface and then the surface was washed again with PBS buffer. This step resulted in a specific
attachment of the HSA to the foil surface covered with SA-ABDwt (C). Fluorescent detection followed. The pictures of the streptavidin in the presented scheme were generated

with the NGL Viewer [38,39].

low molecular weight, simple genetic fusion to other proteins with
defined structure and function, possible modifications leading to
increased specificity, affinity or stability, and easy and cost-efficient
production [37].

The assays were performed in two variants, where i) 1% bovine
serum albumin (BSA) and ii) 6% fetal bovine serum (FBS) solutions
were used as incubation media. The binding assay on the micro-
fabricated PEN foil surface was performed in 2 steps: i) incubation
of the biotinylated surface with SA-ABDwt, ii) further incubation

of the surface with fluorescently labelled HSA. The principle and
details of the binding assays are presented in Fig. 7.

For both assays, calibration binding curves were constructed by
fitting the data to the standard sigmoidal curve (software estimated
goodness of the fit values were R? =0.86 for 1% BSA and R?=0.94
for 6% FBS), see Fig. 8. For both types of the experiment, also the
limit of detection (LOD) and quantification (LOQ) was calculated
as LOD=1.72 pg/ml and LOQ =3.09 pg/ml for assays in 1% BSA. For
assays in 6% FBS, the obtained values were LOD =0.09 pg/ml and
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the biotinylated surface treated with SA-ABDwt recombinant protein.

LOQ=2.29 wg/ml. The evaluated limit of detection of HSA in the
measured samples was equivalent to ~25.86 nM in 1% BSA and to
~1.35nM in 6% FBS.

Comparing our calculated LODs for HSA to the other published
studies focused on fluorescent immunosensing principles such as
detection of HSA in aqueous solution based on time-resolved fluo-
rescence resonance energy transfer [40], detection of HSA on solid
support by using quantum dots [41] or to standard ELISA tests [42],
our achieved values are higher of one or more orders of magnitude.
However, they are comparable or better when compared to other
detection methods, for example to commercially available urinal-
ysis test strips [43] or other types of recently published detection
methods [44]. Moreover, in general clinical praxis, the detection of
serum albumin in association with certain diseases is focused not
only on its very low, but also on its high concentrations, depending
on its physiological concentration range in body fluids (for example
concentration of HSA in saliva ~100-500 p.g/ml and urine less then
~4-25 pg/ml [45]).

4. Conclusions

Our work was focused on development of methodology for PEN
foil micropatterning by laser beam aimed at designing a sensor with
immobilized biotin micropatterns suited for affinity-based optical
biosensing. By optimized exposure of PEN foil through a contact
lithography mask by laser beam, we achieved chemical changes on
the modified polymer, followed by subsequent covalent immobi-
lization of biotin onto its surface. The advantage of the designed
process is that it can be developed for high throughput fabrication
and roll-to-roll device production.

The modified PEN foil sensing surface was adapted into a well-
based format detection system with a low volume of chemical
compounds (5-10 ul). As a proof-of-concept, affinity-based fluo-
rescence detection system for human serum albumin (HSA) was
tested. Here, a specific binding protein with natural affinity to HSA,
the so-called albumin-binding protein domain, genetically fused
with streptavidin (SA-ABDwt), was immobilized on the biotiny-
lated surface of the PEN foil. The binding curves between the
SA-ABDwt and the fluorescently labelled HSA were measured in
different incubation media and conditions, and the calculated LODs
were comparable to already published data concerning the detec-
tion of HSA. The presented format of the sensing system can be
developed into a fully automated fluorescence detection and data
evaluation system, and depending on the required HSA detection
range, it can be adopted for clinical use.

In conclusion, the presented laser beam micropatterning pro-
cess enables to produce micropatterned biosensing layers on thin
and flexible PEN polymeric material, which can be integrated into
simple or more complex sensing devices. The modified surface of
polymer can be used for a large range of affinity-based assays,
where the overall properties of the sensing system, with respect
to the immobilized capture molecules and the type of the target
analyte, can be easily optimized. The presented method of polymer
surface modification can be further adjusted for other studies and
applications.
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