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Abstract

Abstract

English
Early, sensitive, and selective detection of various analytes is a critical step in

quality assurance, environmental monitoring, clinical diagnostics and industrial
process control (e.g. biotechnological production of recombinant therapeutic
proteins). Conventional procedures are often time-consuming, laborious and
require highly specific equipment, complex sample processing, and well trained
staff. A promising approach for highly specific and rapid detection of various
compounds is the development of biosensors. To date, available sensor systems
are mostly based on fluorescence detection or include complicated assay

schemes.

In order to overcome these limitations, we designed biosensors based on oxidized
porous silicon (PSi), which is used as the optical transducer, conjugated with
target-specific aptamers. Exposure of these scaffolds to analyte molecules or cells,
results in capture of analytes within the nanostructure or on the PSi surface
respectively. These binding events induce predictable changes in the thin-film
optical interference spectrum of the biosensor - or a decrease of the signal intensity
- and can easily be monitored in real time by a simple spectrometer. Through the
novel combination of aptamers and PSi, these biosensors have prolonged shelf-
lives and outstanding stability in aqueous environment for repeated cycles of

biosensing when the aptamer allows for elution of the bound target.

The biosensors presented in this work are a novelty with regard to their tunable
design, which can be tailored for many other relevant targets. Exchanging the
conjugated aptamer while retaining immobilization chemistry and other system
parameters, allows to easily build a new biosensor capable of specific detection of
the respective aptamer ligand. These aptamer-based, label-free sensor schemes
provide tremendous advantages in terms of speed and cost of measurement, as

well as simplicity and portability of the system.

Keywords: optical biosensor, aptamer, label-free, porous silicon
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Abstract

Deutsch

Die schnelle, sensitive und spezifische Detektion unterschiedlichster Substanzen
ist essentiell in Diagnostik, Qualitatskontrolle, Umweltuberwachung und vielen
Produktionsprozessen (z.B. in der biotechnologischen Produktion pharmazeutisch
relevanter Proteine). Konventionelle Detektionsmethoden sind oftmals
zeitintensiv, arbeitsaufwandig und erfordern spezielles Equipment sowie komplexe
Probenaufarbeitung und deshalb gut ausgebildetes Personal. Ein
vielversprechender Ansatz fir eine hochspezifische und schnelle Detektion
verschiedener Molekule ist die Entwicklung von Biosensoren. Moderne optische
Biosensoren basieren meist auf Fluoreszenz-Messungen oder beinhalten

komplizierte Assays.

Um diese Einschrankungen zu Uberwinden, wurden Biosensoren entwickelt, die
oxidierte pordsen Silizium-Schichten (PSi) als optische Transducer verwenden.
Analyt-spezifische Aptamere sind hier als Biorezeptoren kovalent an dieser Matrix
immobilisiert und das Aufgeben von Analyt-Proben resultiert in deren Bindung
innerhalb der Porenstruktur, bzw. an der PSi-Oberflache. Diese spezifischen
Bindungen fuhren zu vorhersagbaren Veranderungen im Reflektionsspektrum des
Biosensors bzw. zu einem Signalabfall und konnen in Echtzeit mit einem
Spektrometer verfolgt werden. Durch die neuartige Kombination von Aptameren
und PSi besitzen diese Biosensoren eine deutlich verlangerte Lagerstabilitat und
verbesserte Korrosionsresistenz in wassrigen Medien. Zudem kdnnen dieselben
Biosensoren fur mehrere Detektionszyklen verwendet werden, wenn das

entsprechende Aptamer eine Elution des Analyten zulasst.

Die in dieser Arbeit prasentierten Biosensoren stellen eine Neuheit im Hinblick auf
ihre universelle Anwendung dar. Durch Austausch der Aptamer-Sequenz, lasst
sich mit geringem Aufwand ein neuer Biosensor zur spezifischen Detektion des
jeweiligen Aptamer-Targets herstellen. Diese Aptamer-basierten
markierungsfreien Biosensoren haben enorme Vorteile im Hinblick auf
Schnelligkeit, Kosten der Messungen, sowie Einfachheit und Tragbarkeit des

Systems.

Keywords: optischer Biosensor, Aptamer, markierungsfrei, pordses Silizium
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Preamble

1. Preamble

Early and rapid detection, as well as identification of different analytes, is a critical
step in food safety and quality assurance, environmental monitoring, industrial
processes and of utmost importance in disease diagnostics. As intensive research
discovers more and more disease-specific biomarkers (e.g. overexpressed
proteins, DNAs, short and micro RNAs etc.) and scandals about environmental
toxins in food (e.g. herbicides, antibiotics or bacterial contaminations) repeatedly
flood news reports, the need for new assays to reliably detect and quantify such

analytes is emphasized.

A promising approach for highly specific and rapid detection of target analytes
(ranging from small molecules to whole cells) is the development of biosensors.
Most conventional biosensor schemes rely on natural bioreceptors like antibodies,
enzymes or matching DNA/RNA sequences, which are not readily available for all
analytes and implicate significant limitations. For instance, antibody-function is
dependent on near-physiological conditions and the regeneration of antibody-
based biosensors is hampered by their tendency to irreversibly denature. Also the
selectivity of the capture probe can significantly restrict the biosensor’s
performance, especially for detection in complex samples, e.g., of clinical origin,
food or wastewater samples. Direct biosensing approaches without tedious pre-
treatment of samples are desired to lower the overall assay time and to pave the
way towards point-of-care application of biosensors in a simple and portable

manner outside the laboratory environment.

A novel category of bioreceptors is represented by aptamers. These are short
single stranded oligonucleotides that can exhibit specific target affinity as a product
of an iterative selection process called SELEX (Systematic Evolution of Ligands
by Exponential Enrichment), which was first established in 1990 (- 2. In brief,
during this process, a large library of random RNA or DNA sequences is screened
for their ability to capture the desired target under the given experimental
conditions (i.e. sample matrix compositions). Following a separation step, only

target-affine sequences are amplified and form the starting library for the next
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Preamble

cycle. After a number of iterations, the final library is sequenced and usually yields
only a small number of different but often similar sequences that can then be

synthesized and characterized for their precise binding properties individually.

As the prices for synthetic oligonucleotides as well as sequencing services have
decreased significantly over the last few years; while methods for selection and
characterization have been facilitated and firmly established, it is believed that
aptamers may have the potential to replace antibodies in most fields in the near
future . The main disadvantage of antibodies is their often poor characterization
and unreliable production. A study from 2008 has shown that only half of 6000
commercially available antibodies were indeed recognizing their specific target (4
. Andrew Bradbury, Andreas Pluckthun, and 110 more co-signatories are pillorying
the waste of research time and budget caused by non-standardized antibodies in
their Comment in Nature ® and are calling for action to create an accessible

database for all types of binding reagents.

Further advantages of aptamers are their high binding affinities, while their
production is performed fully in vitro and thus fast, low-cost, and with constant high
quality (¢ 7). Employed as capture probes, biosensors especially profit from the
aptamers’ versatile chemical modification options, small molecule size and high
stability. During synthesis, aptamers can be modified with a wide range of
functional groups either on their 5’ or 3’ terminus to allow for facile conjugation in
the desired immobilization orientation and density (79, Aptamer-modified
biosensors — depending on the nature of the transducer — may have long shelf
lives due to the aptamers’ excellent stability and ability to reversibly fold and unfold
their active secondary structure. Aptamers can be designed to bind virtually any
desired target (©® and their selection under conditions of the native target
conformation and surrounding matrix, foster a highly selective and affine aptamer

sequence as a result.

An ideal transducer for the beneficial combination with aptamers as receptor
probes seems porous silicon. Its history, material properties and fabrication for the

use as optical transducers are described in the following section (taken and

20



Preamble

adapted from the book chapter “Porous Silicon Biosensors Employing Emerging

Capture Probes” which appeared 2015, see appendix).

Although porous silicon (PSi) was already discovered in the 1950s, it only gained
scientific attention in the 1990s when Leigh Canham reported bright
photoluminescence of the material (’"). While the interest in PSi for optoelectronic
switches, displays and lasers quickly faded due to its poor chemical and
mechanical stability, it became a material of choice for sensors design. PSi unique
combination of properties i.e., high surface area and volume, tunable
nanostructure, versatile surface chemistry and compatibility with other silicon
microfabrication technologies, allow for the design of sophisticated biosensing
platforms (7. 2, Indeed, a growing number of biosensing schemes employing PSi
as a transducer are reported in recent years. By 2013, the yearly number of new
publications already reached 40. Included here are not only electrochemical
biosensors taking advantage of the semiconductor electrical properties, but also
many optical biosensing schemes, which utilize the unique optical properties of

this nanostructured material.

The most common fabrication method of PSi is electrochemical etching in the
presence of hydrofluoric acid (HF) and in a two-electrode setup: a platinum wire
serves as electrode and aluminum on the Si-backside is the counter-electrode (see

Fig. 1.1). The reaction equation for PSi formation is shown in Fig. 1.2.
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Figure 1.1. (a) A scheme and (b) a photograph of an electrochemical-etching cell used
for anodization of Si. (c) A photograph of a PSi sample etched in this apparatus. (d) Cross-
sectional view SEM micrograph of a thin layer of PSi etched under conditions to yield

cylindrical pores. Adapted from ref. ™9,

H
|
2Si+ 6 HF+2h"™ —> /Sli\ + H,SiF+ 2H" +1/2 H,

Porous S1 Surface

Figure 1.2. Reaction scheme for galvanostatic etching. “h+” indicates the positively charg

ed hole in the crystal structure due to doping with boron.

This method allows to easily define the properties of the formed porous layer in
terms of pore dimensions, morphology and porosity, by adjustment of the etching
parameters (e.g., current density, anodization time, HF concentration) (74:(1%, By

controlling the current density during the etching process, different porous

22
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structures can be fabricated such as single porous layers, double

layers,microcavities and rugate filters (see Fig. 1.3) (12

(d)

I (a) (b) (c)
[+ |
cs
[
e

& >

Wavelength (nm)
e

Tum = 2'um 2 um 2 pm

Figure 1.3. Bottom to top: HR-SEM micrographs, schematics and corresponding
reflectance spectra of different PSi structures. (a) Single layer; (b) Double layer; (c)

Multilayer (Rugate filter); (d) Microcavity. Adapted from ref. (2,

The freshly-etched PSi is unstable in ambient environment and in aqueous
medium as the Si hydride-terminated surface is prone to nucleophilic attack by
water molecules. A simple method to stabilize PSi is to grow an oxide layer on the
surface to slow spontaneous oxidation (PSiO2 formation). The resulting PSiO2
layer provides a convenient means for subsequent surface modification, as it
enables the simple reaction with different alkyl silanes (72 73. 76) Reactive groups at
the distal end of the silane molecules, such as amines and thiols, provide
attachment points for biorecognition elements. Silanization of oxidized PSi has
been used to create biorecognition interfaces composed of DNA (16, antibodies (77

19 and small molecules (20,

Porous silicon has proven to be a suitable transducer, showing excellent
sensitivity, and allowing for label-free detection of many analytes of interest (27. 22,

PSi optical biosensors are based on changes in the photoluminescence or the
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reflectivity spectra upon exposure to the target analyte, which replace the media
in the pores. A change in the refractive index (RI) of the liquid in the pores affects
the average RI of the porous film, and is commonly observed as quenching of the
PSi photoluminescence or as a wavelength shift in the reflectivity spectrum. For
analytes that are size excluded from penetrating into the porous nanostructure,
changes in the reflected light intensity are observed as a result from a change in

the RI contrast at the PSi-medium (air or other) interface (23,

Optical transducers received significant attention in the field of PSi-based
biosensors since the pioneering work of Sailor and co-workers (24-26) and there are
already few commercially-available optical sensing systems (Silicon Kinetics, Inc.).
Nevertheless, PSi is also studied as an electrochemical transducer for biosensing
applications (27, The two main electrochemical transduction types are
potentiometry and amperometry. Potentiometric biosensors measure the potential
difference occurring as a result of an acidic/basic substance formation. These
substances are usually a product of an enzymatic reaction, where the catalyzing
enzyme is immobilized to the PSi surface. Amperometric biosensors measure
current density resulting from redox reactions, catalyzed by immobilized enzymes.
Amperometric PSi-based biosensors are less applicable due to the relatively poor
conductivity of PSi and therefore, coupling of metal electrodes to the PSi may

increase their sensitivity (27 28),

Apart from the transducer quality, the properties of the biorecognition elements to
be used for analyte binding have a critical effect on the performance of any
biosensor system. The use of novel capture probes is emerging for new assay
designs and for targeting a wide variety of analytes. These capture probes:
aptamers, peptide nucleic acid (PNA), synthetic antibodies, antimicrobial peptides
(AMPs) or enzymes, hold in store many advantages over the common
bioreceptors. These include improved conformational stability, higher affinity
towards the target analyte, and reduced production costs. We believe that the
integration of these novel biorecognition elements with the advantageous

properties of PSi will improve the performance of PSi-based biosensors
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dramatically, especially in terms of sensitivity. Low limits of detection will allow
these biosensors to meet the requirements in the fields of food safety, medical

diagnostics or homeland security.

In this work, we show the first examples for the implementation of aptamer
receptors in optical prorous silicon biosensors. While stressing the simplicity of
optical systems based on PSi nanostructures, we highlight the advantages of
aptamers and demonstrate regenerability of the recognition element, selective and
sensitive detection, not only for protein targets, but also for whole cell capture.
Furthermore, we show the possibility to obtain system-specific affinity constants
for the utilized aptamer/target pairs by non-linear regression of the optical signal
vs. the target concentration and to determine the limit of detection of the optical

biosensor.
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2. Literature survey

2.1 Book chapter: Porous Silicon Biosensors Employing Emerging
Capture Probes
The following literature survey is based on and adapted from the book chapter

“Porous Silicon Biosensors Employing Emerging Capture Probes” which appeared
2015 in the Springer Series in Material Science book entitled “Electrochemically
Engineered Nanoporous Materials — Methods, Properties and Applications” edited

by Dusan Losic and Abel Santos (see Apendix).

2.1.1 Emerging Bioreceptors
All biosensors rely on an element facilitating molecular recognition — the so-called
bioreceptor, which specifically binds the target analyte. Binding between the
bioreceptor and the analyte occurs due to biomolecular recognition which is based
on the complementarities of the surfaces of the two binding partners (29, Different
molecular interactions can contribute to binding: Hydrogen bonding, van der Waals
forces, electrostatic interactions, 11-11 interactions, and combination of thereof are
working in concert to enable high specific and high affinity binding. Moreover,
during the binding event, successive replacement of water from the binding sites
of the bioreceptor and the analyte takes place, resulting in an increase of enthalpy
making binding favorable. In aqueous solutions — which are most often the media
to be analyzed by biosensors — this so-called hydrophobic effect has a profound

role and may even dominate the bioreceptor-analyte complex formation (39,

In this section a brief overview on bioreceptors will be given with an emphasis on
emerging new types of recognition elements. This section makes no claim to be

complete, more comprehensive reviews can be found elsewhere (e.g. 37 39),

2.1.1.1  Natural Bioreceptors
The first biosensor systems utilized bioreceptors provided by living organisms.
Examples for such biological recognition elements are antibodies and enzymes.
These naturally occurring receptors have been developed by nature via evolutional
processes. Today, biotechnology allows not only the construction of completely
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new bioreceptors, which will be discussed in the section 2.1.2.2, but also facilitates
rational modification of naturally occurring bioreceptors e.g. manipulation of their
binding site to permit new specificities. Therefore, a precise discrimination between
natural and synthetic bioreceptors is difficult and the line between them is blurred.
In this subsection we are summarizing some naturally occurring bioreceptors as

well as engineered variants derived from these molecules.

2.1.1.1.1 Antibodies
The most prominent example for bioreceptors may be antibodies. In nature,
antibodies are produced by the immune system by an evolutional process resulting
in high affinity and specificity. The human immune system is estimated to possess
a repertoire of 10" distinct antibody structures from which appropriate antibodies
are chosen by recombinant selection (33. This allows the production of antibodies
directed against numberless potential antigens. This diversity in combination with
the well-established techniques of antibody development and production are
responsible for the broad use of antibodies in biosensing systems. The dominance
of antibodies was especially boosted by the development of monoclonal antibody
technology, facilitating the production of large amounts of antibodies directed
against one single epitope of the antigen in cell culture. Instead of using the
complete, intact antibody, Fab fragments or even smaller fragments can be used

as bioreceptors (34-36),

Based on their generation in living organisms — cells or animals - antibodies
possess some limitations. For instance, antibodies directed against small
molecules in general, and especially against toxic or non-immunogenic molecules,
are difficult to generate. Here the analyte has to be coupled to a protein before
immunization 37 and the obtained antibodies have to be purified in order to isolate
the fraction binding to the target of interest. The development of antibodies against

small molecules is thus laborious, time-consuming and expensive.

Detailed understanding of the genetic background of antibodies has resulted in the
possibility to manipulate antibodies structure (3%. Recombinant expression of

antibodies allows the design of chimeric antibodies; the binding sites of antibodies
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can be selected by phage display techniques using genetic engineered phage
libraries. In antibody phage display, the minimized antibodies are fused to a coat
protein of the virus, resulting in phages presenting the antibody on the phage
surface. The phages are then used for the selection of antibody fragments with the
desired binding properties, they not only display the antibody fragment on their
surface, but they also carry the corresponding genetic information and can thus be

used for the amplification of these features (39,

Although these modern selection techniques have overcome the limitations
associated with the development of antibodies in living organisms, other problems
remain unsolved. These include poor antibody stability and their limitation to near-

physiological conditions.

21.1.1.2 Enzymes
Enzymes do not only bind a substance — the so-called substrate — they also convert
it in a product. The binding of the substrate into the active binding pocket of the
enzyme is driven by the forces described above and results in high specificity.
Moreover, the catalytic process results in detectable reaction products like protons
and electrons, which can be exploited for signal amplification. Enzymes were the
first recognition elements used in biosensors. The pioneering work of Clark and
Lyons (39, immobilizing glucose oxidase on an electrode to allow for the
determination of glucose concentration, has boosted the development of
numerous enzymatic biosensor platforms, which exploit the outstanding specificity

of enzymes (40,

Drawbacks of naturally occurring enzymes are their rather low stability with regard
to environmental conditions (temperature and pH) “?), and the lack of specific
enzymes for all analytes of interest. Here, genetic engineering can broaden up the
diversity of possible substrates and fine-tune the characteristics of the bioreceptor
(42). An interesting approach to develop enzymes, which can be tailored to allow
the detection of specific analytes of interest, was described by Ostermeier (2005)

(44). Target binding sites were engineered and inserted into the regulatory subunit
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of an allosteric enzyme. Binding of the target to the regulatory subunit resulted in

a structural switch affecting the activity of the catalytic site 43 44).

21.1.2 Synthetic Receptors
As already mentioned, natural bioreceptors are limited by their low stability, poor
performance in organic solvents, and/or their availability against a specific analyte.
Therefore, technologies have been developed to advance naturally occurring
bioreceptors or to even completely substitute them by novel types of bioreceptors.
Using modern DNA technology naturally occurring bioreceptors can be further
evolved to result in engineered receptors with improved properties. In addition,
completely synthetic bioreceptors are developed by rational design, computational
chemistry, combinatorial chemistry, molecular imprinting, self assembly or

combinations of these techniques (4%,

2.1.1.2.1 DNA and PNA
DNA oligonucleotides can be used as bioreceptors for the detection of
complementary DNA sequences. Here, the hybridization between the DNA and
the oligonucleotide is exploited for the detection of the DNA - or more specifically
- the source of the DNA. Thus, oligonucleotides are most valuable for a variety of
targets ranging from pathogens in infectious diseases “9 and food-borne
contaminations 47), cancer biomarkers (49, to the diagnosis of genetic diseases by

microarray-based multiplexed detection of genes and gene alterations (49-57),

One drawback associated with DNA oligonucleotides as bioreceptors is their
susceptibility to degradation by nucleases. In this context, the use of
phosphorothioates can improve DNA stability (°2 and locked nucleic acids (LNAs)
have been developed which contain at least one bicyclic furanose unit which,
nucleases do not accept as a substrate (33. Other disadvantages associated with
DNA are the limited sensitivity and rapidity of the sensing. Conventionally, the DNA
originating from the sample to be analyzed needs to be amplified via PCR prior to
sensing, resulting in a lengthy procedure. Moreover, the negatively charged
phosphate backbone of the oligonucleotides is also the source of some concerns.

The negative charge results in electrostatic repulsion, which further increases upon
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duplex-formation and causes Coulomb blockage of the hybridization (54 %9, To
circumvent these problems, a new type of nucleic acid oligomers has been
developed. In peptide nucleic acids (PNAs) (%9, the negatively charged phosphate
backbone of natural oligonucleotides is replaced by a neutral peptide-like
backbone composed of repeated N-(2-aminoethyl)glycine units linked by amide
bonds. The number of bonds between the bases in the obtained PNA is similar to
that in DNA, resulting in a proper inter-base spacing, which allows for hybridization
of DNA and PNA. The use of PNA in DNA biosensors offers some major
advantages. PNA is not recognized by nucleases and proteases and is thus stable
in biological fluids. Due to the lack of electrostatic repulsion, which exists between
two DNA oligonucleotides, the binding between PNA and DNA is even stronger
and more specific than the formation of DNA duplexes. Thus, PNA is considered
to offer extraordinary specific detection of DNA to facilitate the identification of

single-nucleotide mismatches (57),

Despite their improved properties, PNAs are limited to the detection of DNA
sequences. Another type of oligonucleotide — termed aptamer — broadens up the

specificity of oligonucleotide-based detection to virtually all types of analytes.

2.1.1.2.2 Aptamers
Aptamers are single-stranded oligonucleotides composed of RNA or DNA
generated by in vitro selection techniques like SELEX (systematic evolution of
ligands by exponential enrichment) (%8-60) modified SELEX procedures (6. 62)
MonoLEX (63, During the selection, aptamers are isolated from combinational
oligonucleotide libraries containing up to 10" individual sequences based on their
affinity and specificity towards the desired target molecules. Once an aptamer
sequence has been identified, the aptamer can be produced by chemical

synthesis.

In contrast to conventional DNA, which binds complementary DNA based on
Watson-Crick base-pairing and is usually thought of as a rather linear molecule,
aptamers fold into unique three-dimensional (3D) structures that enable the

molecular recognition of their corresponding targets (64 65, Thus, they are often
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described as nucleic acid-based alternatives to antibodies. While the development
of antibodies depends on the immunization of animals and their production via cell
culture techniques, aptamers are selected by in vitro techniques and can be
produced via chemical synthesis. Consequently, aptamers can be selected against
virtually all types of targets, including those with low immunogenicity or high
toxicity. Moreover, aptamers can be selected under non-physiological conditions
in order to generate aptamers that are functional under desired conditions. Thus,
in case of aptamers, a tailor-made bioreceptor can be designed and optimized to

meet the requirements of specific applications (66 67),

In the special context of biosensing, the major advantages of aptamers over their
amino acid-based counterparts include their superior stability, ease of
regeneration (to allow subsequent usage in multiple sensing cycles), and highly
reproducible production by chemical synthesis. During this synthesis the aptamer
can be modified at defined positions; for instance linker molecules can be
incorporated to facilitate highly controlled immobilization of the aptamer on the
transducer surface. Moreover, due to their oligonucleotide nature, aptamers offer
completely new biosensing schemes, as we reviewed recently (68 69), For instance,
oligonucleotides complementary to the target-binding site of the aptamer can be
designed and hybridized to the aptamer. Thus, in the presence of the target, the
target will replace the complementary oligonucleotide, while the release of the
oligonucleotide can be detected and quantified via different labeling techniques.
This strategy has been already successfully applied for the detection of
ethanolamine, which is the smallest analyte against which an aptamer has been
selected (7. In more sophisticated sensing schemes, the aptamer can
simultaneously act as both the bioreceptor and the transducer. In these so called
aptamer beacons, the aptamer can be modified with a quencher and a fluorophore
positioned in close proximity, resulting in low fluorescence in the absence of the
target. Binding to the target results in conformational changes; fluorophore and
quencher depart from each other to yield an increase in the of fluorescence

intensity (77),
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One concern associated with aptamers is their sensitivity to degradation by
nucleases. Today this problem can be easily overcome by different modifications
(’2) and even non-modified aptamers are already successfully applied in complex
biological samples (73 74 In addition, the high negative charge presented by the
aptamer molecule may result in failure to select of aptamers, which are directed
against negatively charged species, and may also induce non-specific binding to
aptamer-modified surfaces. To overcome these issues, PNA aptamers have been
developed in recent years. Lee et al. have synthesized a PNA aptamer using the
same base sequence known from a DNA aptamer directed against thrombin (72,
However, it remains uncertain whether this simple transition from DNA to PNA may
be applicable for other aptamers, in which the folding of the aptamer may be
influenced strongly by the negatively charged phosphate backbone. In this context,
the direct selection of aptamers from a PNA library, which has already been used
to develop PNA aptamers directed against dihydrofolate reductase (7%, may prove

to be a more versatile tool.

2.1.2 Porous Silicon-Based Biosensors
Over the past decade, a great number of PSi-based biosensors were reported in
the literature (72 22 77) \With its most attractive property, the large surface area of
up to 500 m?%/cm3, PSi allows dense immobilization of different capture probes:
enzymes (78 DNA fragments (79, antibodies (7), or any of the aforementioned
emerging bioreceptors. Optical biosensors make up for the largest share in PSi-
based assays and can be further categorized to two subgroups, based on the
optical transduction mechanism, to include biosensors based on changes in
photoluminescence (20 89 and those based on changes in reflectivity (76 7). Upon
infiltration of the target analyte molecules into the porous layer and their
subsequent binding to the respective bioreceptors, which are immobilized onto the
pore walls, a change in the RI of the thin film can be observed, as a modulation in
the photoluminescence or as a wavelength shift in the reflectivity spectra,
respectively. Other biosensors based on PSi are mainly electrochemical, relying

on PSi semiconductor characteristics (2. Examples include voltammetric
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approaches (83 as well as amperometric (4, potentiometric characterization (6%

and impedance-based sensors (89,

Another appealing characteristic of PSi transducers is the ability to easily tailor
their nanostructure ("): pore sizes to accommodate the interacting species, pore
architecture, as well as surface chemistry, can be varied and tuned to meet the

needs of any specific application.

2.1.2.1 Optical Biosensors

While the discovery of photoluminescence in PSi kick-started scientists’ attention
on the material, this emission of secondary photons upon light induced excitation
has not established itself as a prevalent transduction methodology for biosensors
development. This is in spite of the promising early studies by Starodub et al. (67,
in which specific protein binding to the corresponding antibody was demonstrated
by a decrease in the PSi photoluminescence. The complex photoluminescence
mechanisms, associated with electron transfer and interfacial charging (77. 8. 89),
pose a major challenge in the development of reliable biosensors 99, Yet, a recent
study demonstrated the quenching of a reporter-label inside the porous structure

in a very interesting manner 7).

Fluorescent labels have also been used in assays to combine both a fluorescent
signal and reflectivity spectra (92 or electrical impedance 9, respectively.
Nonetheless, label-free methods are often preferred. The necessity of additional
steps for labeling the capture probes or target, add cost and complexity to the
assay and may interfere with target recognition. Other disadvantages of labeled
approaches include the rapid photobleaching of fluorescent organic dyes
conjugated to the biomolecules of interest, as well as challenges associated with
quantitative analysis due to the fluorescence signal bias, as the number of
fluorophores on each molecule cannot be precisely controlled (9.

For label-free PSi biosensors based on reflectance, two different signals can be
monitored: the shift in the wavelength due to Rl variation 29 and a change in the

intensity of the reflected light due to scattering effects (¥9. Different PSi
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architectures e.g., single and double layers (6:97) microcavities (78 98), and photonic
crystals 99 100) have been used for the construction of reflectivity-based optical
biosensors. The tunable architecture of PSi allows incorporating additional
functionalities within the optical transducer, such as internal reference channels,
and size exclusion features. Pacholski et al. (197 demonstrated a double layer
biosensor, where a layer with smaller pore size serves for separation of
biomolecules by size exclusion and also as an internal signal reference channel.
This nanostructure allowed for simultaneous detection of a macromolecule (bovine
serum albumin) and a small molecule (sucrose). This concept was later exploited
by Bonanno and DelLouise (%9 using a microcavity structure for filtering, enabling
a label-free detection of rabbit IgG in complex media (such as whole blood

samples).

We believe that a combination of the advantageous properties of the novel capture
probes, described in the previous section, with PSi can bring forth a new

generation of high performance biosensing concepts.

2.1.2.2 Electrochemical Biosensors
In electrochemical biosensors, the investigated reaction usually produces or
consumes an electro-active moiety due to the activity of the recognition element in
the device. An important characteristic of these biosensors is a direct spacial
contact between the electrochemical transducer and the bioreceptor, enabling a
measurement of either current (amperometric), potential or charge accumulation
(potentiometric) between the electrodes (792 703 These changes in electrical
properties of the biosensor system are induced by the occurrence of analyte
attachment to the recognition element. A similar technique that does not require
labeling, relies on the measurement of impedance spectra. Here, the observed
change in the characteristic impedance spectrum of the sensor is solely based on

the binding of the target molecule.

The dielectric constant, space-charge distribution and therefore conductance and
capacitance of the PSi transducer are the signal-producing properties in different

electrochemical sensing techniques. These depend on the Si-dopant, the
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interacting surface area (hence layer thickness and porosity), as well as the
number of available binding sites (72 76.77. 104) |n order to sensitively follow changes
of these properties during target capture, a thorough characterization of the

biosensor surface in respect to all relevant parameters is essential.

2.2 Aptamer-conjugated nanomaterials
The following part of the literature survey is based on and adapted from the review
article “Aptamer-modified Nanomaterials: Principles and Applications” which
appeared 2016 in a special issue “Biofunctionalization” of the journal

BioNanoMaterials (see Apendix).

2.2.1 Introduction
Aptamers are synthetic short single stranded oligonucleotides composed of DNA

or RNA. Based on their unique three-dimensional structure, aptamers exhibit
specific binding to their corresponding target molecule, which can be a small
molecule, a macromolecule, or a complete cell. Due to this specificity and their
high affinity, aptamers can be used to substitute antibodies in different
applications. In comparison to antibodies, aptamers offer several advantages
which are mainly based on their in-vitro generation and their oligonucleotide
nature: aptamers are selected in an in-vitro process termed systematic evolution
of ligands by exponential enrichment (SELEX)(79%. Due to this animal-free process,
aptamers can be selected to exhibit binding of the target under non-physiological
conditions and the selection of aptamers is also possible for highly toxic or non-
immunogenic molecules (799, Once aptamers are selected and their sequence is
revealed, they can be produced by chemical synthesis, a process not only resulting
in high and consistent product quality, but also facilitating the precise introduction
of labels or other modifications at defined positions within the aptamer sequence.
Aptamers have already been applied successfully e.g. for the detection of proteins
and small molecules (107. 108) the purification of proteins (799-777) and depletion of
small molecules (72, as well as in cell targeting and drug delivery ("73-775)_|n most
of the developed aptamer-based methods, the aptamer has to be immobilized on
a solid support, which might be a nano-structured surface. Aptamer binding to the
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corresponding target molecule depends on the correct three-dimensional folding
of the aptamer (7). Therefore, it is crucial to immobilize aptamers without affecting
their ability to fold into this binding-competent structure. Herein, we highlight
factors that may interfere with correct folding of aptamers on solid supports and

give general suggestions for the immobilization of functional aptamers.

2.2.2 Immobilization of Aptamers
As mentioned before, functional groups can be incorporated into the aptamer
sequence and can subsequently be used for the immobilization of the aptamer on
a solid support. For different types of materials, different modifications can be
utilized, for example the introduction of terminal thiol groups is allowing for the
straight-forward immobilization of aptamers on gold surfaces. Since the chemical
synthesis enables precise control of the position of functional groups, the aptamer
can be immobilized in a highly controlled orientation, i.e. via one of the termini of
the aptamer. This controlled orientation facilitates high binding activity by avoiding
a loss of functionality resulting from immobilization in random orientation.
Nonetheless, several factors influencing aptamer folding have to be carefully
considered during the immobilization of aptamers and in many cases, optimization
of aptamer conjugation has to be performed to obtain functional aptamer-modified

surfaces (177).

2.2.2.1 Effects of immobilization to aptamer performance

In order to immobilize aptamers in a functional manner, the conjugation process
must not interfere with aptamer folding (78 779). Here, the user has to consider that
during most of the selection processes, aptamers are present free in solution.
Thus, aptamers can adopt their binding-competent folding while they are in
solution but might lose their binding competence after immobilization mainly due
to three different factors (177):

First, the surface may directly interfere with aptamer folding. This is especially
problematic when truncated versions of the aptamer sequence are used. To
overcome steric hindrance caused by too close proximity of aptamer and surface,

the use of spacer molecules can be recommended. Here, rather simple spacers
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like polyethylenglycol moieties can be used and either be provided on the surface
or fused between the aptamer sequence and the aptamer modification used for
immobilization chemistry (29, Also the elongation of the aptamer sequence, e.g.
by introduction of several thymine bases, can provide additional space to allow for
proper aptamer folding. One other factor that might interfere with correct folding of
the aptamer is its orientation. Therefore, a screening of different aptamer
orientations (3’ terminal versus 5’ terminal immobilization) may be useful to
optimize aptamer performance.

The second feature of aptamers that has to be considered is their highly negative
charge. Immobilizing aptamers on positively charged surfaces may result in
complete unfolding of aptamers - which interact with the surface electrostatically.
This can be prevented by capping of the surface (177).

Finally, the third factor influencing the folding of conjugated aptamers is the
immobilization density. While generally, high immobilization densities are desired
to guarantee high binding capacity for the aptamer target, too high aptamer density
may prevent formation of the correct three-dimensional structure. Here, one has
to consider that the immobilized aptamer must be provided with sufficient space to
fold encountering no steric interference caused by neighboring aptamers.
Moreover, the negative charge of aptamers can provoke electrostatic repulsion of
neighboring aptamers, thereby forcing the aptamers to erect into a rather linear
conformation not able to bind the target molecule. Therefore, the aptamer density,
which can be easily influenced by the aptamer concentration applied during the

immobilization process, has to be optimized experimentally.

2.2.2.2 Methods to investigate immobilized aptamers
As elaborated briefly in the previous subsection, several parameters including the
aptamer density, aptamer orientation, surface charge, and the presence of spacers
influence the performance of immobilized aptamers. Thus, methods for the
investigation and optimization of aptamer conjugation are needed. Surface
plasmon resonance (SPR) measurements allow for the quantitative investigation
of the binding affinities of immobilized aptamers. SPR measurements are

especially useful to reveal immobilization-induced reduction of aptamer affinity
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when they are compared with immobilization-free methods for the determination
of dissociation constants such as isothermal titration calorimetry (ITC) or
microscale thermophoresis (MST) (27). The comparison of dissociation constants
obtained by different methods may uncover negative effects evoked by
immobilization. Nonetheless, SPR measurements suffer from a limited degree of
parallelization, thus require a large set of experiments to screen different
immobilization conditions and additionally require rather large amounts of aptamer
and target. Aptamer microarrays have shown to be a suitable alternative for the
systematic investigation and optimization of aptamer immobilization (777, 7120, 122),
Here, many different immobilization conditions (e.g. different aptamer orientations
and immobilization densities, as well as different spacer moieties) can be screened
in parallel on one single microarray. When aptamers are utilized as a receptor
probe in a biosensing scheme, depending on the type and complexity, optimization
of aptamer-conjugation directly within the biosensing platform may be the most
suitable approach. Aptamer performance can be set in relation with the output

signal and optimized accordingly.

2.2.3 Aptamer-modified nanostructured surfaces
Many different materials are accessible to a wide variety of surface chemistries for
the attachment of biomolecules, such as aptamers. One reason for immobilization
of aptamers to nanostructured surfaces specifically can be to increase the
aptamer-density on the material due to higher surface area of such materials and
thus increased area of interaction between aptamer and target analyte (723 724),
Another main reason are the desirable intrinsic properties of nanostructured
materials in combination with the binding characteristics of the immobilized
aptamers which are opening possibilities for a variety of applications. In the
following chapter, some of the main considerations when conjugating aptamers to

nanomaterials are discussed.

38



Literature Survey

2.2.3.1  Special considerations for aptamer immobilization on nanostructured
surfaces

Nanomaterials and nanostructured materials of different kinds have recently
gained increased attention for their application in concert with aptamer-receptors
tethered to their surface (125-727), Applications thereof can mainly be found in the
field of biosensors and for the capture and purification of cellular targets (e.g.
cancer cells, bacteria cells). However, in contrast to immobilization of
oligonucleotides on planar surfaces, aptamer-conjugation to nanomaterials
requires a number of additional considerations which are discussed in the
following.
Increased immobilization-density of aptamers conjugated to a surface (i.e. by
means of larger surface area in nanomaterials), also brings the risk of higher steric
hindrance effects, commonly occurring (798 7128-130) This phenomenon was recently
studied by Daniel et al. on a planar gold-coated prism for surface plasmon
resonance measurements with the thrombin-binding aptamer as model (3"). The
researchers conducting the study consequently compared binding affinities of the
thrombin to surface-immobilized aptamers and in a competitive mode when
additional aptamers are present in solution. They varied grafting-density as well as
concentrations of free aptamer and found that increasing grafting-density has a
negative effect on the binding affinity (Ko) of the surface-conjugated aptamer, while
it has no effect on the Kp of aptamer in solution. In order to ensure sufficient
spacing and thus maintain aptamer-functionality, even on this planar surface,
additional spacing between aptamer and surface had to be applied.
Nanoscale surface features (e.g. roughness, groves, pores) and spatial
confinement of aptamers when immobilized on nanomaterials adds another
dimension to the challenge of controlling steric hindrance effects. Even though
close proximity of capture probe and target supported by nanostructure
architecture (e.g. in a porous matrix) can enhance their interaction (732, high
grafting-density and crowding within the nanostructures can hamper aptamer-
functionality and accessibility of the target-binding sites (729 730), Herein, also

electrostatic interactions can have a particular effect: high amounts of negative
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charges accumulated by conjugated aptamers on a surface can prevent access of
target analytes to the binding sites, which is enhanced by spatial confinement and
limited free surface. Hence, besides reduced crowding, reduced negative charges
can be a reason for better capture efficiency at lower aptamer immobilization
densities (730, 733) Furthermore, while enhanced surface roughness due to
nanoscale features on the surface can improve interaction of the target (i.e. cells)
with the substrate, it may also render it prone to unspecific adsorption (e.g. matrix
components) (734 735 Thus, when nanomaterials are functionalized with aptamers,
special attention has to be paid to careful optimization of spacer-arms and

immobilization density as well as to orientation of the aptamer.
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3. Research Aims

The general objective of this research was the development of a universal
biosensor platform utilizing aptamers as capture probes for the real-time and label-
free detection of the aptamer target analytes. The biosensor is based on functional
porous silicon nanostructures, enabling simple optical monitoring of target capture
onto or within the porous scaffold. In particular, the broad range of aptamer-target
pairs, ranging from small molecules to whole cells, was to be demonstrated with
model-systems, highlighting the great potential of these easily tunable aptamer-

based biosensors.

Specific aims were:

1. Fabrication and characterization of nanostructured oxidized porous Si
(PSiO2) films.

2. Evaluation of different immobilization strategies for aptamers onto PSiO2
and verification of successful conjugation.

3. Development of biosensing schemes for the specific and reversible
detection of different aptamer targets (i.e. proteins and bacteria cells).

4. Characterization of obtained biosensors in terms of their performance.

5. Direct comparison between PSiO2-based biosensors utilizing aptamers or

antibodies as capture probes.
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4. Experimental

4.1 Materials
Highly doped p-type Si wafers (0.0008 Q cm resistivity, (100)-oriented, B-doped)
were purchased from Siltronix Corp. Aqueous HF (48%) and ethanol absolute were
supplied by Merck. (3-Aminopropyl)triethoxysilane  (APTES),  N-(3-
(dimethylamino)propyl)-N-ethylcarbodiimide hydrochloride (EDC), succinic acid,
(3-Mercaptopropyl)trimethoxysilane (MPTMS), maleimide,
ethylenediaminetetraacetic acid (EDTA), 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB, Ellman reagent), glutaraldehyde 25% solution (GA), sodium
cyanoborohydride, ethyldiisopropylamine (EDIPA), culturing media components
and all buffer salts were purchased from Sigma-Aldrich Chemicals. Buffers and
media were all prepared with deionized water (18.2 MQ cm) and filtered prior to
use. Media were autoclaved prior to their use. Solvents (toluene, acetone) were
purchased from Gadot Israel. All used aptamer and oligonucleotide sequences,
including their original publication source and modification are listed in table 1.

Oligonucleotides were manufactured by Integrated DNA Technologies.

Table 1. Aptamer and oligonucleotide sequences and their modification

Sequence name Sequence Modification

6H7 (139 GCTATGGGTGGTCTGGTTGGGATTGGCCC 5-Amino
CGGGAGCTGGC

6H7 (136) GCTATGGGTGGTCTGGTTGGGATTGGCCC 5-Amino, 3'-
CGGGAGCTGGC Cy5

6H7 (136) GCTATGGGTGGTCTGGTTGGGATTGGCCC 5'-Acrydite
CGGGAGCTGGC

Hemag1P (137 AGCAGCACAGAGGTCAGATGTAGCCCTTC  5-Acrydite
AACATAGTAATATCTCTGCATTCTGTGTGC
CTATGCGTGCTACCGTGAA
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T10-Hemag1P ITTTTTTTTTAGCAGCACAGAGGTCAGATG  5'-Acrydite
TAGCCCTTCAACATAGTAATATCTCTGCAT
TCTGTGTGCCTATGCGTGCTACCGTGAA

PAA (138) ATACCAGCTTATTCAATTAGCAACATGAGG  3’-Amino
GGGATAGAGGGGGTGGGTTCTCTCGGCT

DNA-Pool NNNNNNNNNNNNNNNNNNNNNNNNNNNN  5°-Amino
NNNNNNNNNNNN

N — Random nucleotide, IDT machine mix. During synthesis all bases are allowed to

react simultaneously.

6H7 was selected in 50 mM K2HPO4, 150 mM NaCl, and 0.05% Tween 20 (this
buffer composition is subsequently abbreviated as 6H7-SB-T). As Tween 20 is
known to be responsible for partial blocking of amino-modified surfaces,
immobilization and washing steps, as well as renaturation of the aptamer were
carried out in 6H7-SB-T without Tween 20 (abbreviated as 6H7-SB). For elution,
6H7-SB was supplemented with 500 mM Imidazole (referred to as 6H7-EB).
Hemag1P was selected in 50 mM Tris-HCI (pH 7.4), 100 mM NaCl, 5 mM KCI, 1
mM MgCI2 (this buffer composition is subsequently abbreviated as SB). TE-buffer
was composed of 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA. PBS-buffer was
composed of 137 mM NaCl, 2.7 mM KCI, 10 mM NazHPO4 and 1.8 mM
KH2PO4 (pH 7.0). MES buffer was composed of 100 mM MES, pH 6. Tris washing
buffer was composed of 50 mM Tris-HCI (pH 7.4). HEPES buffer was composed
of 0.1 M HEPES (pH 7.4). PAA was selected in 20 mM Tris-HCI (pH 7.6), 100 mM
NaCl, 5 mM KCI, 10 mM MgCl2 and 1 mM CaClz (subsequently referred to as
BBKC). BBKC supplemented with 0.005% Tween 20 was used for sample dilutions
(BBKCT). Mouse anti-his antibody was obtained from Enco. Streptavidin and
biotinylated protein A were purchased from Sigma-Aldrich Chemicals. Proteins for
biosensing experiments included casein, IgG from human serum, trypsin from
porcine, recombinant Protein A from Staphylococcus aureus (all Sigma-Aldrich
Chemicals), 6xhis T6 lipase from Geobacillus stearothermophilus, referred to as

lipase, generously supplied by Prof. Ayelet Fishman. Escherichia coli strain JL-102
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and K12 (generously supplied by Prof. Sima Yaron — Technion IIT) were cultured
in Luria broth (LB) medium (10 g/L casein peptone, 10 g/L NaCl, 5 g/L yeast
extract, all purchased from  Sigma-Aldrich  Chemicals). Bacteria
strain Lactobacillus acidophilus ATCC 4356 was obtained from Gamidor
Diagnostics and was cultured in MRS medium (CM0359, OXOID).

4.2 Preparation of PSi nanostructures
Si wafers (single side polished, (100) oriented and heavily doped, p-type) were

electrochemically etched in a 3:1 (v/v) solution of aqueous HF (48%) and ethanol
under conditions as outlined in table 2. Caution: HF is a highly corrosive liquid, and
it has to be handled with extreme care and under secured working conditions! Si
wafers with an exposed area of 1.33 cm? were contacted on the back side with a
strip of aluminum foil and mounted in a Teflon etching cell; a platinum mesh was
used as the counter electrode. After etching, the surface of the wafer was rinsed

with ethanol several times and dried under dry nitrogen gas flow.

Table 2. Electrochemical etching conditions

Etching conditions  Constant current density [mnA/cm?] Duration [s]

(1) 300 30
(2) 24 375
(3) 375 30

For condition (3), the etched PSi layer was dissolved in 0.1 M NaOH and rinsed
and dried again before exposure to a mixture of HF:EtOH:H20 1:1:3 for 2 min.
Then etching was repeated under the respective conditions. The freshly etched
PSi samples were thermally oxidized in a tube furnace (Thermolyne) at 800 °C for

1 h in ambient air resulting in oxidized PSi (PSiO2) scaffolds.

4.3 Characterization of PSi nanostructures
Spectroscopic ellipsometry. Spectroscopic ellipsometry measurements of the

neat PSiO2 scaffold were carried out with a Woolam M-2000 Ul Ellipsometer.

Measurements were fitted with an effective medium approximation.
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Scanning Electron Microscopy. High-resolution scanning electron microscopy
(HRSEM) of the PSiO2 scaffolds were performed using a Carl Zeiss Ultra Plus
HRSEM with an accelerating voltage of 1 keV.

Gravimetry. For gravimetric characterization, the silicon samples were weighed
prior (m1) and after etching and oxidation (m2). Subsequently, the oxide layer was
dissolved in a 3:1 (v/v) solution of aqueous HF (48%) and ethanol and the
remnant porous layer was removed by incubation in 1 M aqueous KOH solution.
The remaining sample was weighed again (ms) and the porosity (P) was
determined by the following equation: (77)

P(%) = ZL:Z 100

Spectroscopic liquid infiltration method. The SLIM method provides a
nondestructive determination of thickness and porosity based on data from
reflectance spectra obtained while different liquids infiltrate into the pores ('"). The
differences between the spectra are attributed to the change in optical thickness
as the medium in the pores changes, under the assumption that all void spaces
are filled equally (739. The optical thickness (2nL, where n is the average refractive
index of the porous film and L is its thickness) of the PSiOz2 is determined from the
interferometric reflectance spectrum of the porous film in air and while immersed
in ethanol and acetone, having refractive indices of 1.359 and 1.357, respectively.
The refractive index of the SiO2 portion of the film is assumed to be 1.455. Values
of 2nL are then fitted to a two-component Bruggeman model of refractive index for
the composite-layer, which yields a unique solution for both the porosity and the

thickness of the samples (739 740),

4.4 Biofunctionalization
Conjugation of amino-modified oligonucleotides. The PSiO2 samples were

incubated with a solution of 42 mM APTES in toluene for 1 h. After the solution
was removed, the surface was rinsed with toluene, ethanol, and acetone and dried
under a nitrogen stream. The APTES-modified surface was then immersed in a

freshly prepared solution of 100 mg of succinic acid in 4.7 mL of DMSO and 300
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ML of 0.1 M NaHCOgs, pH 9.4 for 30 min. After removal of the solution, the surface

was washed extensively with DMSO two times and with purified water.

A 52 mM EDC solution (dissolved in MES or respective selection buffer) was
allowed to react for 1 h. Subsequently, 50 uL of 75 yM aptamer solution (diluted
from aqueous stock with either MES or respective selection buffer) was applied to
the sensor for 1 h, followed by thorough washing with 10 mL of 50 mM Tris buffer
and a final folding of the aptamer by incubation in selection buffer for 30 min.
Alternatively, after aptamer-immobilization, the surface was blocked by reaction
with 100 mM aqueous ethanolamine solution for 30 min. In cases where aptamers
were immobilized in MES, an additional washing step with boiling deionized water

was performed before the final rinsing and incubation in selection buffer.

Conjugation of acrydite-modified oligonucleotides. For
PSiO:2 biofunctionalization, the porous film was incubated in a solution of 20 mM
MPTMS in toluene for 1 h. After removal of the solution, the surface was rinsed
with toluene, ethanol and acetone (for 2 min each) and dried under a stream of
nitrogen. The silanized sample was rinsed with TE buffer prior to 1 h incubation
with the aptamer solutions (50 pL dissolved in TE) and successive rinsing with TE
and PBS buffers. 2 mg mL~" maleimide were dissolved in PBS, then applied to the
aptamer-modified sample, and allowed to react for 1 h. Subsequently, the resulting
biosensor was rinsed with PBS and finally incubated (30 min) in SB to allow proper

aptamer folding.

Antibody-conjugation. For unoriented conjugation with antibodies, PSiO:2
samples were first incubated with a solution of 1% APTES and 1% EDIPA in water
for 30 min. After removing the solution, the sample was rinsed with toluene, ethanol
and acetone, then dried under a nitrogen stream. Afterwards, the surface was
incubated in a 2% aqueous glutaraldehyde solution for 30 min. Subsequently, the
sample was washed with water and again dried under a stream of nitrogen. In the
next step, the sample was mounted in the same type of custom made Plexiglas
flow cell and 50 pl of 100 pg/ml anti-his antibody solution were injected. The
sample was first incubated for 1 h at room temperature and then stored over night
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at 8 °C. Prior to the biosensing experiments, unbound antibodies were removed by
thorough washing with PBS and residual reactive groups were capped by

incubation of the sensor with 0.1 M aqueous solution of ethanolamine for 30 min.

For oriented immobilization of antibodies, silanization and modification with GA
were performed as described above, followed by an incubation with 50 mM sodium
cyanoborohydride in HEPES for 30 min. After washing with HEPES, PSiO2
samples were placed in a humidity chamber and 100 uL of a freshly prepared
streptavidin solution (100 pg/mL in PBS) are pipetted on the sample and incubated
for 1 h. Thorough rinsing with PBS was performed before a repetition of the
incubation in sodium cyanoborohydride as described before. Before incubation
with biotinylated protein A (100 pL; 100 ug/mL in PBS) for 1 h in a humidity
chamber, the streptavidin-surface was blocked with ethanolamine (as described
previously). Finally, the samples were rinsed with PBS and incubated with the
antibody (50 pL; 100 ug/mL in PBS; humidity chamber) for 1 h at room temperature
and then overnight in the fridge. On the next day, repeated blocking of residual
groups with ethanolamine after rinsing with PBS was performed, concluding the

oriented immobilization of the anti-his-tag-antibodies.

4.5 Confirmation of aptamer-conjugation
Fourier transform infrared spectroscopy. Surface modifications were verified

using attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy. Spectra were recorded using a Thermo 6700 FTIR instrument

equipped with a Smart iTR diamond ATR device.

Confocal laser scanning microscopy. For confocal microscopy studies,
samples were scanned immediately after sensor functionalization, using a Cy5-
labeled aptamer for immobilization. A LSM 700 confocal laser-scanning
microscope (Carl Zeiss, Inc.) linked to a Zeiss inverted microscope equipped with
a Zeiss X63 oil immersion objective was utilized. Laser lines of 405 nm were
irradiated for the excitation of the PSiOz2 structure. Signals for PSiO2 and the Cy5-
labeled aptamers were obtained at 420 and 635 nm, respectively. For three-

dimensional image projection of the porous structure, z-scans in 0.35 pm
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increments were taken over a depth of ~10 ym and projected by using standard
Carl Zeiss software (ZEN 2009).

Ellmann assay. Silanization of the samples with MPTMS was characterized by
the Ellmann assay for free thiol groups (47, Herein, the silanized PSiO2 samples
were incubated for 15 min in 2.5 mL Ellman buffer (100 mM sodium phosphate,
pH 8.0, 1 mM EDTA) supplemented with 50 ul Ellman solution (4 mg mL~' of DNTB
in Ellman buffer). The supernatant was collected after the reaction and its
absorbance was measured at 412 nm using a Varioskan flash plate reader

(Thermo Scientific).

4.6 Sample preparation and bacteria culturing
Culturing for whole bacteria samples. L. acidophilus was grown in MRS medium

(CM0359, OXOID) under 5% CO2 atmosphere at 37 °C. Bacterial growth was
monitored by optical density (OD) measurements at 600 nm in order to determine
the logarithmic phase of growth. To correlate ODeoo values with bacteria cell
concentration, a standard plate-counting technique (742 was performed. Briefly,
bacteria were grown to the mid-logarithmic phase (ODsoo of 0.44) and plated on
MRS agar plates in replicates. Plates were then incubated for 48 h in 5%
CO2 atmosphere at 37 °C and the formed colonies were counted. Based on
counting, an ODeoo value of 0.44 was correlated to a cell concentration of 3.5 x
107 CFU mL™.

E. coliK12 was cultivated in Luria—Bertani (LB) medium (composed of 5 g of NaCl,
5 g of yeast extract and 10 g of tryptone in 1 L of deionized water) at 37 °C while
shaking. Bacterial growth was monitored by OD measurements and bacteria
concentration was calculated from ODeoo value according to the correlation of 1
ODeoo = 108 cells per mL (99,

For biosensing experiments, L. acidophilus was grown overnight in MRS medium
and a subculture was grown the next morning until a cell density corresponding to
an ODsoo value of 0.44. E. coli K12 was grown overnight in LB medium and a
subculture was grown the next morning until an ODeoo value of 0.5. Samples of the

cultures (1 mL) were spun down in a standard lab centrifuge (10 min at 5000g),
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replacing the supernatant by 1 mL SB. Following the re-suspension of the cell
pellet, the centrifugation and buffer replacement were repeated two more times
before the final cell suspension was either further diluted or used directly for
biosensing experiments.

For the biosensing experiments with mixed bacterial populations, upon the final
centrifugation and supernatant replacement, a bacteria pellet was re-suspended
in 1 mL SB, after which, another bacteria pellet was introduced to form a mixed
culture suspension.

For biosensing experiments with non-viable bacteria, bacteria suspensions were
heat-treated as suggested by Bunthof et al. ('%3). Bacterial suspensions were
placed on a dry heating block for 15 min at 70 °C and then stored on ice until further

use.

Preparation of lysates. A shaking flask with 20 mL of sterile LB medium was
inoculated with 100 uL of a freeze culture of E. coli JL-102 (free of plasmids) and
cultured overnight, shaking at 37 °C. The resulting culture was used for biosensing
experiments to mimic a biologically relevant complex fluid.

A volume of 2 mL of bacteria culture was spun down in a standard lab centrifuge,
replacing the supernatant by 1 mL of PBS selection buffer. Following the
resuspension, the culture was ultrasonicated at 4 °C (Labsonic M, Sartorius Stedim
Biotech). Following removal of cell debris, the suspension was centrifuged again
and the supernatant was taken to a fresh tube and further used as the bacterial

lysate.

4.7 Biosensing experiments

4.7.1 Protein biosensing
Interferometric reflectance spectra of the samples were collected using an Ocean
Optics charge-coupled device (CCD) USB 4000 spectrometer fitted with a
microscope objective lens coupled to a bifurcated fiber-optic cable. A tungsten light

source was focused onto the center of the sample surface with a spot size of
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approximately 1-2 mm?. Reflectivity data were continuously recorded every 30 s
in the wavelength range of 400—-1000 nm with a spectral acquisition time of 100
ms. Both illumination of the surface and detection of the reflected light were
performed along an axis coincident with the surface normal. All the optical
experiments were conducted in a fixed cell to ensure that the sample reflectivity is
measured at the same spot during all measurements. Spectra were collected using
a CCD spectrometer and analyzed by applying fast Fourier transformation (FFT),
as previously described by Massad-lvanir et al. (®. Figure 3.1 depicts
representative reflectivity spectra of the PSiO2 nanostructure before and after
binding of the target molecules, as well as the fast Fourier transformation (FFT) of
the reflectivity spectra, leading to a single peak, whose position (corresponds to
the value of 2 nL, EOT) was monitored. In the present work, the data is presented

as relative EOT and defined as:

EOT ( EOTreadout >

EOTo B EOTat baseline
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Figure 4.1. Schematic illustration of the experimental setup depicting instrumentation and
flow-cell configuration. The lower panels show HRSEM micrographs of porous silicon
nanostructures (left) and schematics of aptamer-functionalized PSiO, before and after
target capture (right). B: RIFTS signal processing steps. Reflectivity spectra were recorded
(1) and a fast Fourier transformation was applied (2). The signal was then expressed as
the relative change in EOT over the course of the experiment (3). The final biosensing
result was extracted as the relative change in EOT before and after exposure of the

aptamer-functionalized PSiO, scaffold to the sample solution (3).
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Please note that the term EOTo refers to the averaged EOT obtained during
baseline establishment at the beginning of the optical experiments. In a typical
optical biosensing experiment, a freshly prepared aptamer-functionalized
PSiO2 sample was incubated with selection buffer for 30 min to allow proper folding
of the aptamer and to acquire a baseline signal. Thereafter, the protein sample
was introduced and allowed to incubate with the biosensor for 1 h. After removal
of the sample and thorough flushing of the cell with selection buffer, the biosensor
was incubated for 30 min in selection buffer. Note that during buffer exchange and
rinsing steps, optical measurements were shortly paused to allow a thorough
washing of the biosensor and the flow cell. For elution of the protein from the
biosensor surface, following the previously described protocol, the biosensor was
incubated with 6H7-EB for 15 min and then rinsed and incubated with 6H7-SB

anew (30 min).

4.7.2 Bacteria biosensing
The biosensors were placed in fixed flow cell apparatus and their interferometric

reflectance spectra were collected using an Ocean Optics charge-coupled device
(CCD) USB 4000 spectrometer fitted with a microscope objective lens coupled to
a bifurcated fiber-optic cable. A tungsten light source was focused onto the center
of the flow cell with a spot size of approximately 1-2 mm?. Reflectivity data were
continuously recorded every minute in the wavelength range of 400—-1000 nm, with
a spectral acquisition time of 100 ms. As previous work on probiotic bacteria
indicated their sensitivity to light (44 749 a shutter was used to block the light from
reaching the sample surface between the measurements. This is to exclude the
possible effect of light on bacteria growth, behavior, and interaction with the
aptamer-conjugated surface. Both illumination of the surface and detection of the
reflected light were performed along an axis coincident with the surface normal.
The collected spectra were analyzed by applying fast Fourier transformation (FFT),
as previously described by Massad-lvanir et al. (%% with the FFT intensity changes
expressed as percentages and calculated using the following equation:

L1

Intensity decrease (%) = - 100%

1
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where /1 is the average intensity during the baseline establishment and /2 is the
average intensity during the incubation of the sensor with SB after exposure to the
bacteria and the respective subsequent washing step.

In a typical optical biosensing experiment, a freshly prepared aptamer-
functionalized PSiO2 sample was incubated with SB for 30 min to allow proper
folding of the aptamer and to acquire a baseline signal. Thereafter, the respective
bacteria suspensions (in SB) were introduced and allowed to incubate with the
biosensor for 20 min. After removal of the bacteria suspension and thorough
flushing of the cell with SB, the sample was incubated for 10 min in SB. Optical
measurements were recorded every 1 min throughout the experiment. Note that
during buffer exchange and rinsing steps, optical measurements were shortly
paused to allow a thorough washing of the biosensor and the flow cell.

To confirm the bacteria capture on the biosensor surface, the biosensor was
removed from the flow cell and immediately examined under a light microscope
(ZEISS upright). Images were taken using the microscope camera (Axio Cam
MRc, ZEISS).
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5. Results

This result section consists of the three original articles that were published (or are

currently under review) in peer-reviewed journals.

5.1 Label-free optical biosensors based on aptamer-functionalized
porous silicon scaffolds

This work presents the first optical porous silicon biosensor employing an aptamer-
capture probe. It provides the proof-of-concept for a simple label-free and
reagentless biosensing platform that demonstrates reliability and robustness as
well as its regenerability. Herein, we describe the fabrication and characterization
of aptamer-conjugated PSiO2 biosensors in detail, where a previously
characterized his-tag binding aptamer (6H7) is used as model system. Exposure
of the aptamer-functionalized PSiOz2 to the target proteins as well as to complex
fluids results in robust and well-defined changes in the optical interference
spectrum ascribed to specific aptamer-protein binding events occurring within the
nanoscale pores monitored in real time. Specifically, we highlight the performance
of the biosensor in highly relevant biological fluids, such as bacteria lysates, with
an abundance of nonspecific proteins. The biosensors show exceptional stability
and moreover can be easily regenerated by a short rinsing step for multiple
biosensing analyses, emphasizing again the advantages of aptamers as
recognition elements in this biosensing platform. In the biosensor working range
(0-56 uM), we show a linear correlation of the biosensor response and target-
protein concentration and the very low signals from unspecific adsorption of non-
target molecules. This proof-of-concept study demonstrates the possibility to
design highly stable and specific label-free optical PSiO2 biosensors, employing
aptamers as capture probes. Such biosensors hold immense potential for

application in detection of a broad range of targets, in a simple yet reliable manner.
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ABSTRACT: A proof-of-concept for a label-free and
reagentless optical biosensing platform based on nano-
structured porous silicon (PSi) and aptamers is presented in
this work. Aptamers are oligonucleotides (single-stranded
DNA or RNA) that can bind their targets with high affinity
and specificity, making them excellent recognition elements for
biosensor design. Here we describe the fabrication and
characterization of aptamer-conjugated PSi biosensors, where
a previously characterized his-tag binding aptamer (6H7) is
used as model system. Exposure of the aptamer-functionalized
PSi to the target proteins as well as to complex fluids (i,
bacteria lysates containing target proteins) results in robust
and well-defined changes in the PSi optical interference
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spectrum, ascribed to specific aptamer-protein binding events occurring within the nanoscale pores, monitored in real time. The
biosensors show exceptional stability and can be easily regenerated by a short rinsing step for multiple biosensing analyses. This
proof-of-concept study demonstrates the possibility of designing highly stable and specific label-free optical PSi biosensors,
employing aptamers as capture probes, holding immense potential for application in detection of a broad range of targets, in a

simple yet reliable manner.

Since the establishment in 1990 of an in vitro selection
process for short, single-stranded oligonucleotides with a
desired target affinity, these molecules are referred to as
aptamers"? and have emerged as promising capture probes for
biosensing applications. Aptamers can be designed to capture
virtually any desired target, e.g., whole cells, proteins, and small
molecules,” by using the Systematic Evolution of Ligands by
Exponential Enrichment (SELEX) process for their develop-
ment. When used as receptor molecules, these synthetic
oligonucleotides present significant advantages compared to
antibodies, while easily accessible in high and constant quality.®
Aptamers exhibit exceptional stability, their small size facilitates
high surface coverage, and their ability for reversible folding
enables the design of sensitive yet regenerable biosensing
schemes.>* Aptamers were already selected for many different
targets including ions, small organic molecules (dyes, amino
acids, ATP, vitamins, antibiotics, several drugs), peptides,
proteins, cells, or microorganisms and the catalogue is steadily
grO\/\ring.3‘5’6 In addition to this diversity in targets, aptamers
can be modified during their synthesis either on the 5’ or 3’
terminus of the oligonucleotide to introduce functional groups,
which allow their facile immobilization onto a variety of
surfaces.”

Over the past decade, aptamer-based biosensors, also called
aptasensors, have been extensively developed, presenting an
immense potential to replace traditional antibody-based assays,

) - ACS Publications  © 2014 American Chemical Society
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due to their high sensitivity and stability.*>*~"" Additionally,
their unique selection process opens up the possibility to target
substances that do not have alternative specific receptors
available, emphasizing their suitability as a receptor element for
biosensing.

Various aptasensor schemes are reported in the literature,
ranging from label-dependent methods such as electro-
chemistry, fluorescence, and chemiluminescence>™** to label-
free optical methods, which are mainly limited to surface
plasmon resonance (SPR).”™" SPR is inarguably a well-
established and highly sensitive method; nevertheless, a
particular challenge in SPR application is the limited sensor
area, leading to a diminished capacity.*® In addition, SPR-based
transducers are particularly sensitive to ambient temperature
drift and, for maximal performance, this parameter must be
controlled, making the instrumentation complex and expen-
sive.”! Thus, SPR analysis requires highly skilled-personnel and
is mostly confined to a laboratory setting.

In recent years, porous silicon (PSi) has emerged as a
promising nanomaterial for the design of different optical label-
free biosensing platforms, owing to its large surface area,
versatile chemistry, and straightforward fabrication.””™>° PSi-
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based interferometers, in which a change in refractive index of
the solution contained within the porous nanostructure can be
measured, are most common and the technique is often
referred to as reflective interferometric Fourier transform
spectroscopy (RIFTS).***3%37 Briefly, the reflectivity spec-
trum of a PSi sensor is comprised of a series of Fabry—Pérot
interference fringes resulting from reflections at the top and
bottom interfaces of the porous thin film. The position of the
peak along the x-axis in the RIFTS spectrum corresponds to the
effective optical thickness (EOT), which equals 2nL (where 7 is
the effective refractive index and L is the physical thickness of
the porous layer). Changes in n or L lead to proportional shifts
in the reflectivity spectra and therefore in the EOT value.*®
Thus, the biosensing concept relies on monitoring changes in
the EOT of PSi with a conjugated capture probe as a response
to target binding. So far, PSi-based biosensors have employed

only conventional receptor molecules, such as antibodies or
33,39-42
enzymes.

Herein, we describe, for the first time, the design and
characterization of a label-free optical PSi-based aptasensor. An
oxidized porous silicon nanostructure (Fabry-Pérot thin film),
used as the optical transducer, is conjugated with a well-
characterized his-tag binding aptamer (6H7).2™* This
aptamer system has been previously used for protein
purification processes and was thoroughly investigated in
microarray applications as described by Walter et al*® We
confirm successful immobilization of the aptamer throughout
the oxidized PSi (PSiO,) scaffold by attenuated total reflectance
Fourier transform-infrared (ATR-FT-IR) spectroscopy and
confocal microscopy. Aptamer-protein binding events, occur-
ring within the nanoscale pores, are monitored in real time,
confirming affinity of the aptamer-immobilized PSiO, toward
the target proteins in the micromolar range as anticipated by
this specific aptamer binding characteristics.”> The high
selectivity and specificity of this biosensing scheme is
demonstrated also in complex biological fluids such as bacteria
lysates. Furthermore, as the aptamer is engineered to withstand
repeated cycles of denaturation and renaturation, the biosensor
exhibits outstanding stability and reusability for numerous
subsequent experiments.

B EXPERIMENTAL SECTION

Materials. Highly doped p-type Si wafers (0.0008 Q cm
resistivity, (100)-oriented, B-doped) were purchased from
Siltronix Corp. Aqueous HF (48%) and ethanol absolute
were supplied by Merck. (3-Aminopropyl)triethoxysilane
(APTES), N-(3-(dimethylamino)propyl)-N-ethylcarbodiimide
hydrochloride (EDC), succinic acid, and all buffer salts were
purchased from Sigma-Aldrich Chemicals. All solutions were
prepared with Milli-Q water (18.2 M cm) and filtered prior to
use. Anti-His Tag aptamer 6H7 (5'-GCT ATG GGT GGT
CTG GTT GGG ATT GGC CCC GGG AGC TGG C-3')
sequence was taken from the U.S. patent specification U.S.
7329742 (Doyle and Murphy, 2008). 6H7 was selected in SO
mM K,HPO,, 150 mM NaCl, and 0.05% Tween 20 (this buffer
composition is subsequently abbreviated as PBS-T). As Tween
20 is known to be responsible for partial blocking of amino-
modified surfaces, immobilization and washing steps, as well as
renaturation of the aptamer were carried out in PBS-T without
Tween 20 (abbreviated as PBS). Aptamers were purchased with
a S’-amino modification from BioSpring. Additional aptamers
with S’-amino modification as well as 3’-CyS fluorescent dye
for laser confocal microscopy imaging were purchased from

Integrated DNA Technologies. Proteins for biosensing experi-
ments included casein, IgG (Sigma-Aldrich Chemicals) and
6xhis T6 lipase from Geobacillus stearothermophilus, referred to
as lipase, generously supplied by Prof. Ayelet Fishman. As a
negative control, Escherichia coli strain JL-102 was cultured in
Luria broth (LB) medium (10 g/L casein peptone, 10 g/L
NaCl, 5 g/L yeast extract, all purchased from Sigma-Aldrich
Chemicals).

Preparation of Bacteria and Their Lysates. A shaking
flask with 20 mL of sterile LB medium was inoculated with 100
uL of a freeze culture of E. coli JL-102 (free of plasmids) and
cultured overnight, shaking at 37 °C. The resulting culture was
used for biosensing experiments to mimic a biologically relevant
complex fluid.

A volume of 2 mL of bacteria culture was spun down in a
standard lab centrifuge, replacing the supernatant by 1 mL of
PBS selection buffer. Following the resuspension, the culture
was ultrasonicated at 4 °C (Labsonic M, Sartorius Stedim
Biotech). Following removal of cell debris, the suspension was
centrifuged again and the supernatant was taken to a fresh tube
and further used as the bacteria lysate.

Preparation of Oxidized PSi. Si wafers (single side
polished, (100) oriented and heavily doped, p-type) were
electrochemically etched in a 3:1 (v/v) solution of aqueous HF
(48%) and ethanol for 30 s at a constant current density of 300
mA/cm?’. Caution: HF is a highly corrosive liquid, and it has to
be handled with extreme care and under secured working
conditions! Si wafers with an exposed area of 1.33 cm” were
contacted on the back side with a strip of aluminum foil and
mounted in a Teflon etching cell; a Platinum mesh was used as
the counter electrode. After etching, the surface of the wafer
was rinsed with ethanol several times and dried under dry
nitrogen gas flow. The freshly etched PSi samples were
thermally oxidized in a tube furnace (Thermolyne) at 800 °C
for 1 h in ambient air resulting in oxidized PSi (PSiO,)
scaffolds.

Scanning Electron Microscopy. High-resolution scanning
electron microscopy (HRSEM) of the neat PSiO, scaffold was
performed using a Carl Zeiss Ultra Plus HRSEM with an
accelerating voltage of 1 keV.

Characterization of PSiO, Films. The structural proper-
ties, ie., thickness and porosity, of the PSiO, layers were
characterized by HRSEM, gravimetry (for porosity), and SLIM
(spectroscopic liquid infiltration method) methods, as we
previously described.*” Detailed description regarding the
application of gravimetry and SLIM for the characterization
of PSi nanomaterials can be found elsewhere.*® Spectroscopic
ellipsometry measurements of the neat PSiO, scaffold were
carried out with a Woolam M-2000 UI Ellipsometer.
Measurements were fitted with an effective medium approx-
imation.

Functionalization of PSiO, Films. The PSiO, samples
were incubated with a solution of 42 mM APTES in toluene for
1 h. After the solution was removed, the surface was rinsed with
toluene, ethanol, and acetone and dried under a nitrogen
stream. The APTES-modified surface was then immersed in a
freshly prepared solution of 100 mg of succinic acid in 4.7 mL
of DMSO and 300 uL of 0.1 M NaHCO;, pH 9.4 for 30 min.
After removal of the solution, the surface was washed
extensively with DMSO two times and with purified water.

In order to follow the reflectivity changes upon the surface
modifications, the sample was mounted in a custom-made
Plexiglas flow cell and fixed underneath the light source. An O-
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ring inside the cell limits the modified area and an in- and outlet
allow the injection of solutions for the different reaction steps
(see Table 1). Table 1 summarizes the detailed procedure

Table 1. Synthetic Steps Followed for Aptamer
Immobilization onto PSiO, and Details of Protein
Biosensing Experiment

incubation
reaction step details volume time

washing/wetting PBS 10 mL a

EDC activation 52 mM EDC in PBS 1 mL 1h
aptamer 75 pM aptamer in PBS 50 uL 1h

immobilization
washing 50 mM Tris buffer 10 mL a
elution PBS-T, 1 M imidazole 10 mL 30 min
aptamer folding PBS 10 mL 30 min
sensing protein diluted in SO uL 1h
PBS-T

washing PBS 10 mL a
readout PBS 10 mL 30 min
elution PBS-T, 1 M imidazole 10 mL 30 min
regeneration PBS 10 mL 30 min

“Sensor is gently rinsed in a time interval of 2 min.

followed for the biosensor preparation. Briefly, a 52 mM EDC
solution was injected to the flow cell and allowed to react for 1
h. Subsequently, 50 uL of 75 uM aptamer solution was applied
to the sensor for 1 h, followed by thorough washing with 10 mL
of 50 mM Tris buffer and a final folding of the aptamer by
incubation in PBS for 30 min.

Measurement of Interferometric Reflectance Spectra.
Interferometric reflectance spectra of the samples were
collected using an Ocean Optics charge-coupled device
(CCD) USB 4000 spectrometer fitted with a microscope

objective lens coupled to a bifurcated fiber-optic cable. A
tungsten light source was focused onto the center of the sample
surface with a spot size of approximately 1—2 mm?. Reflectivity
data were continuously recorded every 15 s in the wavelength
range of 400—1000 nm, with a spectral acquisition time of 100
ms. Both, illumination of the surface and detection of the
reflected light were performed along an axis coincident with the
surface normal. All the optical experiments were conducted in a
fixed cell to ensure that the sample reflectivity is measured at
the same spot during all measurements. Spectra were collected
using a CCD spectrometer and analyzed by applying fast
Fourier transformation (FFT), as previously described by
Massad-Ivanir et al.*’ Figure S-1 (see the Supporting
Information) depicts representative reflectivity spectra of the
PSiO, nanostructure before and after binding of the target
molecules, as well as the fast Fourier transformation (FFT) of
the reflectivity spectra, leading to a single peak, whose position
(corresponds to the value of 2 nL, EOT) was monitored. In the
present work, the data is presented as relative EOT and defined
as

EOTreadout
EOT/EOT, = | ——radout_
OTtbas

eline

Please note that the term EOT) refers to the averaged EOT
obtained during baseline establishment at the beginning of the
optical experiments.

Infrared Spectroscopy. Surface modification was verified
using attenuated total reflectance Fourier transform-infrared
(ATR-FT-IR) spectroscopy. Spectra were recorded using a
Thermo 6700 FT-IR instrument equipped with a Smart iTR
diamond ATR device.

Protein Biosensing. Biosensing experiments were carried
out in a flow cell configuration, described for the functionaliza-

Scheme 1. Surface Modification and Immobilization Steps”
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Figure 1. (a) ATR-FT-IR of the different functionalization steps (illustrated in Scheme 1) followed for the preparation of aptamer-immobilized
PSiO,: (I) APTES-modified surface, (II) succinic anhydride-modified surface, and (IV) 6H7-modified surface. As a control, neat PSiO, was
incubated with the 6H7 aptamer solution under similar conditions and washed with PBS. (b) Confocal microscope z-stack images of PSiO, sensors
conjugated with different aptamer-concentrations (30 and 100 ym of CyS-labeled 6H7 aptamer).

tion of PSiO, scaffolds, immediately following the preparation
of the biosensor. The aptamer-functionalized PSiO, samples
were incubated with the protein solution (in PBS-T) for 1 h.
After removal of the protein solution and flushing the cell with
PBS, the sample was incubated for 30 min in PBS (see Table
1). For the regeneration of the biosensor, the protein was
eluted with 1 M imidazole, followed by the renaturation of
aptamers in PBS (see Table 1). Optical measurements were
recorded every 15 s throughout the whole experiment. Please
note that during buffer exchange and rinsing steps, EOT
measurements were shortly paused to allow for a thorough
washing of the biosensor and the flow cell.

Confocal Laser Microscopy. For confocal microscopy
studies, samples were scanned immediately after sensor
functionalization, using a Cy5-labeled aptamer for immobiliza-
tion. A LSM 700 confocal laser-scanning microscope (Carl
Zeiss, Inc.) linked to a Zeiss inverted microscope equipped with
a Zeiss X63 oil immersion objective was utilized. Laser lines of
405 nm were irradiated for the excitation of the PSiO,
structure. Signals for PSiO, and the CyS-labeled aptamers
were obtained at 420 and 635 nm, respectively. For three-
dimensional image projection of the porous structure, z-scans
in 0.35 ym increments were taken over a depth of ~10 ym and
projected by using standard Carl Zeiss software (ZEN 2009).

B RESULTS AND DISCUSSION

Functionalization of PSiO, Films with Amino-Modi-
fied Aptamers. The PSi films were prepared from a highly
doped p-type crystalline Si wafer by an electrochemical etching
process at 300 mA/cm? for 30 s. The resulting freshly etched
PSi film was then thermally oxidized at 800 °C to create a
hydrophilic PSiO, scaffold.”® The average values for scaffold
characterization are summarized in Table S-1 (see the
Supporting Information). Briefly, the resulting porous layers
are around 5400 nm thick and the calculated porosity is
approximately 80%. The SLIM results are in excellent
agreement with spectroscopic ellipsometry experiments, in
which fitting with the effective medium approximation results
in a calculated layer thickness of 5000 nm and porosity of 79%.
HRSEM studies (top-view and cross-section) of the films reveal
their highly porous nature and depict interconnecting
cylindrical pores ranging in diameter from SO to 80 nm (see
Figure S-2, Supporting Information). It should be noted that
the resulting nanostructure is characterized by a high specific
surface area and porous volume over a small working area (980

cm® STP em™ and 3.24 X 107 cm® STP em ™% respectively,
with STP being standard temperature and pressure), facilitating
an effective large volume for monitoring reactions/events
occurring within the pores.

The synthetic approach for grafting the amino-modified
aptamers onto the PSiO, surfaces is based on well-established
silanization and coupling chemistries, which we have previously
employed for conjugation of single-stranded DNA onto PSi
nanostructures.®® The detailed synthesis scheme is outlined in
Scheme 1. First, the PSiO, film was treated with APTES in
toluene, resulting in an amino-silanized surface (Scheme 1,I). In
the following step, the amino groups were capped by succinic
anhydride, forming a carboxylated surface (Scheme L,II).
Finally, the amine-terminated oligonucleotide was conjugated
via EDC coupling chemistry (Scheme 1,IILIV), resulting in an
aptamer-functionalized PSiO,.

To confirm the immobilization of the aptamer to the PSiO,
scaffold, samples were characterized using ATR-FT-IR spec-
troscopy. Figure la shows the ATR-FT-IR spectra of the
porous film following the different modification steps. The
spectrum of the neat PSiO, surface shows a typical —(OySin)
vibration mode at 801 cm™ and a peak at 1039 cm™ that is
related to the Si—O—Si stretching mode. The APTES-modified
surface spectrum (Figure 1a,I) depicts two additional peaks; the
1641 cm™" is ascribed to the bending of primary amine and the
1555 cm™ to the bending of protonated amines.”" Following
the modification with succinic anhydride, the spectrum shows
two strong bands near 1400 and 1570 cm™ for the symmetric
and the antisymmetric stretching vibration, respectively,
indicative of the deprotonated carboxylate group (Figure
la,II).SZ’53 Characteristic DNA bands, around 1688 cm™!
(carbonyl), as well as around 1230 cm™" (phosphate groups),
are observed after conjugation of the aptamer (Figure 1a,IV).
As a control, the neat PSiO, was incubated with the 6H7
aptamer solution under similar conditions, followed for aptamer
conjugation, and washed with PBS prior to FT-IR analysis. The
resulting spectrum (Figure la, control trace) shows minor
changes in comparison to the neat PSiO,, which may be
ascribed to electrostatic interaction of the negatively charged-
aptamer and highly porous film.>>*

Immobilization onto the PSi nanostructure was also validated
by confocal laser microscopy imaging using an aptamer
sequence with a Cy5-dye conjugated to its 3’ end. Figure 1b
depicts z-stack images of PSiO, films with two different
aptamer concentrations (30 and 100 #M). These images reveal
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Figure 2. Relative EOT value vs time of 6H7-functionalized PSiO, during a typical biosensing experiment. A baseline is obtained in buffer solution
followed by the introduction of lipase solution, binding events occur, and the signal increases rapidly. After a rinse step to remove unbound
molecules, a stable readout signal is attained. Competitive elution with 1 M imidazole leads to the release of the captured target protein and the rapid
removal of such in the following rinse step. Following a short incubation in the aptamer’s selection buffer, the biosensor can be restored for
subsequent use. Note that during buffer exchange and rinsing, EOT measurements are briefly paused.

that the aptamer was immobilized both on the top surface and
throughout the entire porous scaffold. Using low and high
aptamer concentrations, results in significant differences in the
fluorescence signal intensity, ascribed to different surface
coverage values. For the subsequent biosensing experiments,
we used an intermediate aptamer concentration of 75 yM. It is
crucial for target recognition, that the aptamers maintain their
ability to fold in their specific 3D-structure; thus, based on our
preliminary results (data not shown) an intermediate aptamer
concentration was employed to provide sufficient surface
coverage by the aptamers yet allowing spacing for folding and
target recognition.>>*° In line with these findings and to ensure
a high yield of functional aptamers, we have introduced an
additional step of aptamer refolding (in PBS) following the
aptamer conjugation to the PSi scaffold (see Table 1).
Optical Biosensing Experiments. As a model system we
chose the 6H7 aptamer,43 which is designed to target the
polyhistidine tag (his-tag) of proteins. In our previous work we
have thoroughly characterized this aptamer and demonstrated
its binding affinity to his-tagged proteins.*>*® A typical
dissociation constant (calculated from the Langmuir isotherm)
of 4.6 yuM was determined for the aptamer when immobilized
onto magnetic particles.* To investigate the potential of the
6H7-functionalized PSiO, for biosensing, we have studied its
optical response to a variety of his-tagged (6X His) protein
targets, characterized by different properties and molecular
weights. In a typical biosensing experiment, the 6H7-function-
alized PSiO, is exposed to a solution containing the target
protein and the reflectivity spectra of the porous film is
monitored in real time and corresponding EOT values are
computed. Figure 2 presents the change in the relative EOT
values (EOT/EOT,) upon exposure of the 6H7-functionalized
PSiO, to lipase (T6 from Geobacillus stearothermophilus,
molecular weight 44 kDa) at a concentration of 19 uM. First,
PBS buffer was introduced into the flow cell to acquire a stable
EOT baseline. Following this step, the lipase solution was

58

introduced and the sample was incubated with the solution.
Immediately after the introduction of the lipase, a rapid increase
in the relative EOT value was observed, after which the signal
steadily increased until a constant EOT value was attained
(after ~1 h). The increase in the EOT is attributed to the
infiltration of the protein solution into the pores and to binding
events of the his-tagged protein to the 6H7 aptamer. Next, the
protein solution was removed and the biosensor surface
extensively rinsed with PBS (during this washing step, EOT
acquisition was briefly paused). Subsequently, because of
removal of the unbound protein molecules, the relative EOT
sharply decreased and a stable EOT value was obtained,
corresponding to a net EOT shift of 40 nm. This significant
EOT shift is attributed to binding of the target protein to the
aptamer-functionalized surface. The stability of the EOT signal
during the rinsing step implies that the captured protein
molecules are tightly bound to the aptamer under these
conditions. It should be emphasized that exposure of the
biosensor to non his-tagged proteins, e.g, casein and human
IgG, did not induce significant changes in the relative EOT (see
Figure S-3, Supporting Information). This clearly indicates that
the developed surface chemistry protocol in combination with
the high surface coverage by the aptamers, provide an effective
passivation of the sensor surface and minimize effects of
nonspecific binding,

One of the main advantages of aptamers over conventional
recognition elements (e.g, antibodies) is their ability to
undergo reversible changes of conformation with variations in
temperature or salt concentration, rendering aptamer-based
sensors as potentially recyclable.’” Alternatively, gentle elution
conditions can be predefined during SELEX to facilitate
aptamer regeneration during application processes.58 In the
case of the aptamer 6H7, we have eluted the target protein
competitively by exposing the biosensor to a high concen-
tration of imidazole (a strong chelating agent), see Figure 2.
This results in an immediate increase in EOT signal
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(corresponding to a net shift of approximately 120 nm) due to
the higher refractive index of this buffer solution (n = 1.347).
This elution procedure was adapted from immobilized metal
ion affinity chromatography (IMAC), which is conventionally
used for the purification of His-tagged proteins.** Whereas,
imidazole is the most common and effective agent for elution
and recovery of captured His-tagged proteins from an IMAC
column.”® Indeed, following this step, the relative EOT readout
returns to its original value. Figure 2 demonstrates that we were
able to remove the captured proteins from the biosensor
surface. Consequently, the biosensors were incubated with PBS.
Following this step, the biosensor was exposed to the lipase
solution for subsequent optical experiments. Figure 3 depicts

Protei LIPASE (target) CASEIN (control) MIXTURE (target)
Rl 28 uM 78 M 28 M LIPASE 39 pM CASEIN
Cycle number 1 2 3 a s
1,004
1,004 1,004
Optical 1
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Figure 3. Biosensing results, expressed in terms of the averaged
relative EOT value, for the 6H7-functionalized PSiO, exposed to 28
uM lipase for two subsequent cycles (cycles 1 and 2) and a successive
third cycle of exposure to 78 uM casein (cycle 3, used as a negative
control). Consequently, the biosensor was exposed to a protein
mixture, containing 28 #M lipase and 39 M casein, for two additional
cycles (cycles 4 and S). All experiments were carried out on a single
biosensor sample. Schematics underneath depict the course of
biosensing experiments and the mode of biosensor regeneration and
cycling. Figure S-4 (see the Supporting Information) presents the
relative EOT vs time data for these experiments and details how data
was extracted.

the optical response of the biosensor, expressed in terms of the
relative EOT shift, upon consecutive exposure to different
protein solutions. The biosensor exhibited highly reproducible
results, i.e., similar EOT shifts were obtained during cycling of
lipase solution (28 uM). Whereas, upon subsequent exposure
of the biosensor to a high concentration solution of a nontarget
protein, ie., casein (78 yM), no EOT shift was observed,
demonstrating the high specificity of this biosensing platform.
Furthermore, successive introduction of target/nontarget
protein mixtures, containing lipase and casein (at a
concentration of 28 uM and 39 uM, respectively), resulted in
reproducible EOT shifts, corresponding to the concentration of
the lipase target. It should be noted that all these experiments
were carried out using a single biosensor, demonstrating the
stability of our biosensing scheme and the ability to reuse the
biosensor for numerous subsequent experiments. Figure S-4
(see the Supporting Information) presents the relative EOT vs
time data for these experiments and details how data was
extracted for Figure 3.

A key challenge in PSi biosensors is to effectively stabilize the
nanostructure during experiments in biological solutions, as PSi
oxidation and dissolution in aqueous environments lead to
significant signal baseline drifts, signal loss, and ultimately to
structural collapse of the PSi thin film.>**% Also in the case of
the aptamer-functionalized PSiO, biosensors, baseline drifts
were observed during the prolonged exposure to buffer
solutions (EOT/EOT, = 1.0040 after 4 h of buffer flow).
Nevertheless, we were able to reuse the biosensors for
numerous subsequent experimental cycles. The aptamer-
functionalized PSiO, biosensor was used for 12 subsequent
sensing cycles, showing their excellent reusability (see Table S-
2 in the Supporting Information). To the best of our
knowledge, this is the first report on PSi-based optical affinity
biosensors utilizing aptamers as capture probes, demonstrating
their successful reuse while retaining detection accuracy, as
presented in Figure 3. It should be noted that all experiments
were carried out in solution and following the regeneration step
(see Figure 3), and the biosensor was dried under a stream of
nitrogen and stored overnight. After usage for a >7 day time
period, the PSi film showed poor optical properties. Visual
assessment of the biosensor suggested residues of salts and
protein to have clogged the pores and therefore impaired its
performance.

The dynamic range of the biosensor was studied by exposing
the biosensor to a set of lipase solutions with different
concentrations (0—56 pM). Figure 4 summarizes the results of
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Figure 4. Optical response (relative EOT) of the biosensor vs lipase
concentration. The concentration row, including the negative control
with IgG (nontarget protein), was carried out on a single biosensor
and repeated again on a different biosensor scaffold.

these experiments, depicting the maximal relative EOT value
attained for each protein concentration. All experiments were
carried out using a 6H7-functionalized PSiO, surface by
performing biosensing experiments with varying lipase
concentration. All experiments were performed in triplicates,
and IgG is introduced as a nontarget protein control. Indeed,
no optical shifts were observed upon exposure to IgG,
demonstrating again the excellent selectivity of the 6H7
aptamer. A good linear correlation between the relative EOT
signal and the protein concentration is obtained (R* = 0.985).

Biosensing in Complex Biological Fluids. One of the
major obstacles in the application of label-free biosensors is the
ability to detect the tar%et molecule in complex biological fluid
in which it resides."®> This is ascribed to the strong
interference from nonspecific binding of nontarget proteins
onto the transducer/solution interface.”> Thus, to study the
ability of our biosensor to selectively detect target molecules in
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the presence of overabundant nonspecific proteins, the
aptamer-immobilized PSiO, was exposed to an overnight
bacterial culture grown in LB medium as well as to bacteria
lysate solution, both are rich in overabundant nonspecific
proteins (but do not contain target his-tagged proteins). Figure
S shows the optical response of the biosensor, expressed as the
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Figure S. Optical response (relative EOT) of the biosensor to different
complex fluids. A single biosensor was subsequently exposed to an
overnight bacterial culture grown in LB medium, a solution of bacteria
lysate in PBS, and a target-containing bacterial lysate solution.

maximal relative EOT value attained, upon exposure to these
complex biological fluids. For the bacterial culture suspension,
negligible EOT changes were observed; exposure to the
bacteria lysate solution (total protein concentration is 1.8
mg/mL) induced a minor increase in the relative EOT value of
6 nm. These values are similar to those observed upon exposure
to the biosensor to nontarget protein solutions in buffer at
protein concentrations corresponding to 2 mg/mL (see Figures
3 and 4). On the other hand, introduction of the biosensor to a
bacteria lysate solution, overexpressing target his-tagged
proteins (total protein concentration is 19.6 mg/mL), resulted
in a profound change in the relative EOT of 67 nm. Please note
that experiments with pure lipase samples were conducted in
concentrations of 0—56 uM, corresponding to a range of 0—
247 mg/mL. These results demonstrate the ability of this
biosensing platform to selectively detect its target protein in a
complex solution of bacteria lysate. This is attributed to the
excellent specificity of the 6H7 aptamer and to its viable
immobilization strategy and surface modification, minimizing
nonspecific adsorption of unrelated molecules. Thus, when
designing a PSi-based biosensor with other aptamer—target
pairs, nonspecific interactions between the capture probe, the
modified surface, the appropriate target as well as possible
interfering substances, must be carefully studied and optimized
accordingly. This is critical when targeting proteins, as
properties such as the isoelectric point, molecular weight, and
folding will affect both target recognition and unintended
adsorption onto the biosensor.”

Current work in our lab is focused on a few aspects: (i)
reducing the overall analysis time by optimizing the assay; (ii)
exploring the use of more sophisticated PSi structures such as
rugate filters, to improve the sensor resolution and (iii)
employment of aptamers with lower affinity constants to
address the sensitivity aspect. We expect these advancements to
result in biosensors exhibiting superior sensitivity according to
the dissociation constant of the aptamers (i.e., in nanomolar
range) and will make them indeed comparable to the
performance of antibody-based PSi biosensors.

B CONCLUSIONS

In this proof-of-concept work, a label-free optical biosensor
based on aptamer-conjugated porous Si (Fabry—Pérot layers)
was designed and characterized. For the first time, a model
aptamer was covalently immobilized onto the oxidized PSi
nanostructure and the resulting biosensor scheme demon-
strated specific binding of target proteins, detected and
quantified by RIFTS. Exposure to the target proteins, also in
mixture solutions (containing target and nontarget proteins)
and even complex fluids (bacteria in culture media and their
lysates), resulted in highly robust and reproducible changes in
the optical reflectivity spectrum of the biosensor corresponding
to the affinity constant of the used aptamer model system.
Control experiments revealed negligible binding of nontarget
proteins, even in complex biological fluids, confirming the
excellent selectivity of these aptamer-based biosensors toward
their target analytes. Importantly, the biosensors show
exceptional stability and could be easily regenerated by a
short rinsing step for multiple biosensing analyses.

The presented optical label-free biosensor scheme holds a
great promise for the design of versatile bioanalytical assays,
allowing for rapid detection and quantification of analytes in a
simple and reliable manner. The superior properties of
aptamers as recognition elements, mainly their availability for
various targets and their excellent selectivity and stability,
combined with the advantages of PSi-optical transducers, can
be exploited for construction of simple, flexible, inexpensive,
robust, and portable biosensing platforms. Where many
biosensing schemes fail due to their lack of stability in real
world samples and settings, the presented system can fill this
gap and provide a real alternative to antibody-based assays.
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Figure S-1. RIFTS signal processing steps. Reflectivity spectra are recorded with a CCD
camera spectrometer and a fast Fourier transformation is applied. The signal is then
expressed as the relative change in EOT before and after exposure of the aptamer-
functionalized PSiO; scaffold to the target protein solution.

Figure S-2. Cross-section and top-view high-resolution scanning electron microscopy
images section, depicting the interconnected porous structure with pore sizes between 50
and 80 nm.
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Figure S-3. Relative EOT value vs. time of 6H7-functionalized PSiO> during a control
experiment. A baseline is obtained in buffer solution followed by the introduction of casein
solution (78 uM). The signal barely increases due to unspecific interactions (corresponding
to a net shift of 5 nm). After a rinse step to remove the unbound molecules, a stable readout
signal is attained. Elution with imidazole and a short incubation in the aptamer’s selection
buffer restores the biosensor for subsequent use. Note that during buffer exchange and
rinsing, EOT measurements are briefly paused.
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Figure S-4. Excerpt of relative EOT value vs. time data of 6H7-functionalized PSiO»
during a series of repeated sensing cycles. Relative EOT values from baseline and readout
sections are averaged in order to express the biosensor signal as bar. This trace shows the
readout signal after incubation with casein as control protein, as well as the following
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elution step and a complete cycle of biosensing with a mixture of lipase and casein. Values
from these traces were extracted and summarized in Figure 3. Note that during buffer
exchange and rinsing, EOT measurements are briefly paused.

Table S-1. Results of PSi0; scaffold characterization.

Etching HRSEM Gravimetry SLIM Ellipsometry
conditions

Etch Current Pore Thickness Total Open Thickness Porosity Thickness
time density Diameter Porosity Porosity

(s)  (mA/ecm?) (nm) (nm) (%) (%) (nm) (%) (nm)

30 300 65+£10 5440+80 781 79+1 4975+88 79+4 5000 £ 30

Table S-2. Relative change in EOT of a single biosensor to 28 uM lipase; 12 consecutive
biosensing cycles spanning over a period of 7 days.

Cycle number EOT/EOT),
3 1,0069
7 1,0091
8 1,0099
9 1,0061
11 1,0077

Cycles 1, 2, 4-6, 10 and 12 included exposure of the sensor to control proteins, mixtures and other

lipase concentrations. The sensor was dried and stored overnight after cycle 1, 3,5, 7,9 and 11.
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5.2 Whole cell detection of live Lactobacillus Acidophilus on aptamer-
decorated porous silicon biosensors

This work depicts the consequent advancement of the idea to utilize aptamers as
capture probes in optical porous silicon biosensors for the design of a highly
versatile and simple biosensing platform. The paper not only presents a different
mode of biosensing with PSiO2 (with targets being size-excluded from the
nanostructure), but also emphasizes the broad range of targets that can be
specifically bound by aptamer receptors. Herein, aptamer Hemag1P, which
specifically binds the important probiotic Lactobacillus acidophilus, was utilized for
direct bacteria capture onto oxidized PSi Fabry—Pérot thin films. Monitoring
changes in the reflectivity spectrum (using reflective interferometric Fourier
transform spectroscopy) allows for bacteria detection in a label-free, simple and
rapid manner. The performance of the biosensor was optimized by tuning the PSi
nanostructure, its optical properties, as well as the immobilization density of the
aptamer. We demonstrate the high selectivity and specificity of this simple “direct-
capture” biosensing scheme by comparisons with non-target bacteria cultures and
mixtures. Furthermore, we show its ability to distinguish between live and dead
bacteria populations. The resulting biosensor presents a robust and rapid method
for the specific detection of live L. acidophilus at concentrations relevant for
probiotic products and as low as 10° cells per mL. Rapid monitoring of probiotic
bacteria is crucial for quality, purity, and safety control as the use of probiotics in

functional foods and pharmaceuticals becomes increasingly popular.
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This work describes the design of optical aptamer-based porous silicon (PSi) biosensors for the direct
capture of Lactobacillus acidophilus. Aptamers are oligonucleotides (single-stranded DNA or RNA) that
can bind their targets with high affinity and specificity, making them excellent recognition elements for
biosensing applications. Herein, aptamer HemaglP, which specifically targets the important probiotic
L. acidophilus, was utilized for direct bacteria capture onto oxidized PSi Fabry—Pérot thin films. Monitoring
changes in the reflectivity spectrum (using reflective interferometric Fourier transform spectroscopy)
allows for bacteria detection in a label-free, simple and rapid manner. The performance of the biosensor
was optimized by tuning the PSi nanostructure, its optical properties, as well as the immobilization density
of the aptamer. We demonstrate the high selectivity and specificity of this simple “direct-capture” biosen-
sing scheme and show its ability to distinguish between live and dead bacteria. The resulting biosensor
presents a robust and rapid method for the specific detection of live L. acidophilus at concentrations rele-
vant for probiotic products and as low as 10° cells per mL. Rapid monitoring of probiotic bacteria is
crucial for quality, purity and safety control as the use of probiotics in functional foods and pharmaceuti-
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Introduction

Aptamers are short single-stranded oligonucleotides with
specific target affinity which are yielded from an iterative selec-
tion process called SELEX (Systematic Evolution of Ligands by
Exponential Enrichment), first established in 1990."> Com-
pared to antibodies, these oligonucleotides possess a number
of advantages: aptamers can exhibit similarly high affinities
while their production is fully performed in vitro, assuring
fast, low-cost and reproducible synthesis.** Aptamers can be
designed to bind any desired target® and their selection under
conditions of the native target conformation and surrounding
matrix fosters a highly selective and affine aptamer sequence
as a result. When employed as capture probes in biosensors,
the aptamers’ versatile chemical modification options facili-
tate their surface conjugation in a desired orientation and

“Institute of Technical Chemistry, Leibniz University of Hannover, Callinstr. 5,
30167 Hannover, Germany

bDepartment of Biotechnology and Food Engineering, Technion Israel Institute of
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cals is becoming increasingly popular.

density’™® and their small molecule size and high stability are
highly advantageous.’ ™"

When designing biosensors targeting whole cells, aptamer
technology enables the development of highly affine capture
probes even without exact knowledge of the molecular compo-
sition of the targeted structure. Whole-cell SELEX approaches
utilize the cells in their native conformation and targeted
structures do not need to be available in a purified form, as it
would be necessary for antibody generation.>*'* Indeed,
aptamer capture probes have been generated against a variety
of bacteria (e.g. Escherichia coli,"> Campylobacter jejuni,"* Myco-
bacterium tuberculosis,"® Staphylococcus aureus'® and Salmonella
enterica’’) and many aptamer-based capture assays have been
reviewed recently.'® For Lactobacillus acidophilus (L. acidophi-
lus), a common lactic acid bacteria, the aptamer Hemag1P was
developed by Hamula et al.™ L. acidophilus is the most com-
monly used probiotic bacteria with several health benefits,
including stimulation of the immune system and better
digestibility.>**" L. acidophilus is a Gram-positive, rod-shaped
bacterium, widely found in fermented and dairy-containing
food products.

The HemaglP aptamer is a 78-nucleotide long sequence,
selected against whole, live L. acidophilus cells by a SELEX
approach. The aptamer is believed to target the abundantly
present S-proteins on the outer bacteria membrane. This
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hypothesis was confirmed by flow cytometry studies of the
aptamer-target interactions comparing Lactobacillus strains
with and without S-layer proteins and its affinity was reported
to be 13 + 3 nM." Since its selection, Hemag1P has been
employed twice as a capture probe. A preliminary work by
Zhang et al®* demonstrated the capture of fluorescently
labelled L. acidophilus onto a Hemag1P-functionalized chip.*?
Zuo et al.*® have developed a fluorescence-based biosensor in
which fluorophore-labelled Hemag1P was adsorbed to a gra-
phene oxide (GO). Bacteria detection was facilitated by moni-
toring changes in GO fluorescence quenching.>® Yet, these two
studies required tedious labelling and employed a fluorescence
microscope for signal readout. Thus, their potential appli-
cation is confined to a laboratory setting.

Label-free optical biosensors can be designed using porous
silicon-based systems. In the past few years, porous silicon
(PSi) has received much attention as an optical transducer due
to its facile fabrication, large surface-to-volume ratio and
numerous available surface chemistries.**” Many PSi-based
biosensors use reflective interferometric Fourier transform
spectroscopy (RIFTS) to monitor target capture within the
porous layer.**?%*° However, for cellular targets (such as
microorganisms), which are too large to penetrate into the
pores, monitoring changes in the intensity of the reflectivity
spectrum upon “direct cell capture” onto antibody-modified
PSi allows their detection and quantification.*”**> This bio-
sensing scheme has allowed for a sensitive detection of E. coli
bacteria using a peptidomimetic antimicrobial compound as a
recognition element.”®> However, these biosensors are non-
specific in their nature and require cell lysis to induce a
response. Thus, in the present work, we design a highly
specific biosensor for detection of L. acidophilus employing the
Hemag1P aptamer as the capture probe. The biosensing
concept relies on monitoring changes in the amplitude (inten-
sity) of the FFT peak, which is obtained from the raw reflectiv-
ity spectra of the PSi, during exposure to bacteria suspensions.
Bacteria capture onto the biosensor surface induce intensity
changes. Recent work on aptamer-functionalized PSi has
demonstrated their immense potential for designing highly
stable and specific PSi biosensors for protein detection.***’
Herein, we describe the design and characterization of a label-
free optical PSi-based aptasensor, where an oxidized PSi
(PSiO,) Fabry-Pérot thin film, used as the optical transducer,
is conjugated with the L. acidophilus binding aptamer
Hemag1P. We demonstrate the high selectivity and specificity
of this simple “direct-capture” biosensing scheme and show

Table 1 Aptamer and oligonucleotide sequences and their modification

Paper

its ability to distinguish between live and dead bacteria. The
resulting biosensor presents a robust and rapid method for
the specific detection of live L. acidophilus in concentrations as
low as 10° cells per mL.

Experimental
Materials

Silicon wafers (0.0009 Q cm resistivity, p-type, <100>-oriented,
heavily boron-doped) were purchased from Siltronix Corp.
Aqueous HF (48%) and absolute ethanol were supplied by
Merck. (3-Mercaptopropyl)trimethoxysilane (MPTMS), malei-
mide, ethylenediaminetetraacetic acid (EDTA), 5,5-dithiobis-
(2-nitrobenzoic acid) (DTNB, Ellman reagent), culturing media
components and all buffer salts were purchased from Sigma-
Aldrich Chemicals. Buffers and media were all prepared with
deionized water (18.2 MQ cm) and filtered prior to use. Media
were autoclaved prior to their use. Solvents (toluene, acetone)
were purchased from Gadot Israel. The sequence of aptamer
Hemag1P (5-AGC AGC ACA GAG GTC AGA TGT AGC CCT TCA
ACA TAG TAA TAT CTC TGC ATT CTG TGT GCC TAT GCG TGC
TAC CGT GAA-3') was published by Hamula et al.'® and pur-
chased with a 5'-acrylamide phosphoramidite (Acrydite™
phosphoramidite; Mosaic Technologies) modification from
Integrated DNA Technologies. Other aptamers included in this
work as controls are listed in Table 1. Hemag1P was selected
in 50 mM Tris-HCI (pH 7.4), 100 mM NaCl, 5 mM KCl, 1 mM
MgCl, (this buffer composition is subsequently abbreviated as
SB). TE-buffer was composed of 10 mM Tris-HCI (pH 8.0) and
1 mM EDTA. PBS-buffer was composed of 137 mM NacCl,
2.7 mM KCl, 10 mM Na,HPO, and 1.8 mM KH,PO, (pH 7.0).
Bacteria strain Lactobacillus acidophilus ATCC 4356 was
obtained from Gamidor Diagnostics and Escherichia coli strain
K12, as a negative control, was generously supplied by
Prof. Sima Yaron (Technion - Israel Institute of Technology).

Bacteria culturing, sample preparation and cell count

L. acidophilus was grown in MRS medium (CM0359, OXOID)
under 5% CO, atmosphere at 37 °C. Bacterial growth was
monitored by optical density (OD) measurements at 600 nm in
order to determine the logarithmic phase of growth. To corre-
late ODgqo values with bacteria cell concentration, a standard
plate-counting technique®” was performed. Briefly, bacteria
were grown to the mid-logarithmic phase (ODgo of 0.44) and
plated on MRS agar plates in replicates. Plates were then incu-

Sequence name Sequence Modification

Hemag1P AGCAGCACAGAGGTCAGATGTAGCCCTTCAACATAGTAATATCTCTGCATTCTGTGTGCCTAT 5'-Acrydite
GCGTGCTACCGTGAA

T10-Hemag1P TTTTTTTTTTAGCAGCACAGAGGTCAGATGTAGCCCTTCAACATAGTAATATCTCTGCATTCTGTGTGCC 5'-Acrydite
TATGCGTGCTACCGTGAA

6H7* GCTATGGGTGGTCTGGTTGGGATTGGCCCCGGGAGCTGGC 5'-Acrydite
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bated for 48 h in 5% CO, atmosphere at 37 °C and the
formed colonies were counted. Based on counting, an
ODggo value of 0.44 was correlated to a cell concentration of
3.5x10” CFUmL™".

E. coli K12 was cultivated in Luria-Bertani (LB) medium
(composed of 5 g of NaCl, 5 g of yeast extract and 10 g of tryp-
tone in 1 L of deionized water) at 37 °C while shaking.
Bacterial growth was monitored by OD measurements and bac-
teria concentration was calculated from ODgg, value according
to the correlation of 1 ODgq, = 10° cells per mL.*"

For biosensing experiments, L. acidophilus was grown over-
night in MRS medium and a subculture was grown the next
morning until a cell density corresponding to an ODgq, value
of 0.44. E. coli K12 was grown overnight in LB medium and a
subculture was grown the next morning until an ODgo value
of 0.5. Samples of the cultures (1 mL) were spun down in a
standard lab centrifuge (10 min at 5000g), replacing the super-
natant by 1 mL SB. Following the re-suspension of the cell
pellet, the centrifugation and buffer replacement were
repeated two more times before the final cell suspension was
either further diluted or wused directly for biosensing
experiments.

For the biosensing experiments with mixed bacterial popu-
lations, upon the final centrifugation and supernatant replace-
ment, a bacteria pellet was re-suspended in 1 mL SB, after
which, another bacteria pellet was introduced to form a mixed
culture suspension.

For biosensing experiments with non-viable bacteria, bac-
teria suspensions were heat-treated as suggested by Bunthof
et al.*® Bacterial suspensions were placed on a dry heating
block for 15 min at 70 °C and then stored on ice until further
use.

Preparation and characterization of aptamer-conjugated PSiO,,
biosensors

Si wafers were electrochemically etched in a 3:1 (v/v) aqueous
HF (48%) : ethanol solution. Two different etching conditions
were used: (i) 30 s at 300 mA cm™? current density and (ii)
375 s at 24 mA cm™>. CAUTION: HF is a highly corrosive liquid
and must be handled with extreme care and under secured
working conditions! A strip of aluminium foil was brought in
contact with the backside of a Si wafer (exposed area 1.33 cm?)
and mounted in an etching cell made from Teflon material.
A platinum wire was used as the counter electrode. After
etching, the wafer surface was rinsed with ethanol and sub-
sequently dried under dry nitrogen gas flow. The obtained
freshly etched PSi samples were thermally oxidized in a tube
furnace (Thermolyne) at 800 °C for 1 h in ambient air, result-
ing in oxidized PSi (PSiO,) films.

For PSiO, biofunctionalization, the porous film was incu-
bated in a solution of 20 mM MPTMS in toluene for 1 h. After
removal of the solution, the surface was rinsed with toluene,
ethanol and acetone (for 2 min each) and dried under a
stream of nitrogen. The silanized sample was rinsed with TE
buffer prior to 1 h incubation with the aptamer solutions
(50 pL) and successive rinsing with TE and PBS buffers. 2 mg
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mL™!

maleimide were dissolved in PBS, then applied to the
aptamer-modified sample, and allowed to react for 1 h. Sub-
sequently, the resulting biosensor was rinsed with PBS and
finally incubated (30 min) in SB to allow proper aptamer
folding.

Characterization of PSiO, films. The structural properties of
the fabricated PSiO, films, i.e., thickness, pore size and poro-
sity, were characterized by electron microscopy, gravimetry (for
porosity), and SLIM (spectroscopic liquid infiltration method),
as described in detail by Massad-Ivanir et al.**

High-resolution scanning electron microscopy (HRSEM)
of PSiO, films was performed with a Carl Zeiss Ultra Plus
instrument at an accelerating voltage of 1 keV.

For gravimetric characterization, the silicon samples were
weighed prior (m;) and after etching and oxidation (m,). Sub-
sequently, the oxide layer was dissolved in a 3:1 (v/v) solution
of aqueous HF (48%) and ethanol and the remnant porous
layer was removed by incubation in 1 M aqueous KOH solu-
tion. The remaining sample was weighed again (m;) and the
porosity (P) was determined by the following equation:*®

my —my
0= = m,

x 100 (1)

The SLIM method provides a nondestructive determination
of thickness and porosity based on data from reflectance
spectra obtained while different liquids infiltrate into the
pores.*” The differences between the spectra are attributed to
the change in optical thickness as the medium in the pores
changes, under the assumption that all void spaces are filled
equally.’® The optical thickness (2nL, where n is the average
refractive index of the porous film and L is its thickness) of the
PSiO, is determined from the interferometric reflectance spec-
trum of the porous film in air and while immersed in ethanol
and acetone, having refractive indices of 1.359 and 1.357,
respectively. The refractive index of the SiO, portion of the film
is assumed to be 1.455. Values of 2nL are then fitted to a two-
component Bruggeman model of refractive index for the com-
posite-layer, which yields a unique solution for both the poro-
sity and the thickness of the samples.**>°

Characterization of PSiO, biofunctionalization. Surface
modifications were verified using attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy. Spectra
were recorded using a Thermo 6700 FTIR instrument equipped
with a Smart iTR diamond ATR device.

Silanization of the samples was characterized by the
Ellmann assay for free thiol groups.”’ Herein, the silanized
PSiO, samples were incubated for 15 min in 2.5 mL Ellman
buffer (100 mM sodium phosphate, pH 8.0, 1 mM EDTA) sup-
plemented with 50 ul Ellman solution (4 mg mL™" of DNTB in
Ellman buffer). The supernatant was collected after the reac-
tion and its absorbance was measured at 412 nm using a
Varioskan flash plate reader (Thermo Scientific).

Bacteria biosensing

The biosensors were placed in fixed flow cell apparatus, as pre-
viously described®* and their interferometric reflectance
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spectra were collected using an Ocean Optics charge-coupled
device (CCD) USB 4000 spectrometer fitted with a microscope
objective lens coupled to a bifurcated fiber-optic cable. A tung-
sten light source was focused onto the center of the flow cell
with a spot size of approximately 1-2 mm?. Reflectivity data
were continuously recorded every minute in the wavelength
range of 400-1000 nm, with a spectral acquisition time of
100 ms. As previous work on probiotic bacteria indicated their
sensitivity to light,”>>* a shutter was used to block the light
from reaching the sample surface between the measurements.
This is to exclude possible effect of light on bacteria growth,
behavior and interaction with the aptamer-conjugated surface.
Both illumination of the surface and detection of the reflected
light were performed along an axis coincident with the surface
normal. The collected spectra were analyzed by applying fast
Fourier transformation (FFT), as previously described by
Massad-Ivanir et al.*! with the FFT intensity changes expressed
as percentages and calculated using the following equation:

-1,

Intensity decrease (%) = ——— x 100% (2)

1
where I; is the average intensity during the baseline establish-
ment and I, is the average intensity during the incubation of
the sensor with SB after exposure to the bacteria and the
respective subsequent washing step.

In a typical optical biosensing experiment, a freshly-
prepared aptamer-functionalized PSiO, sample was incubated
with SB for 30 min to allow proper folding of the aptamer and
to acquire a baseline signal. Thereafter, the respective bacteria
suspensions (in SB) were introduced and allowed to incubate
with the biosensor for 20 min. After removal of the bacteria
suspension and thorough flushing of the cell with SB, the
sample was incubated for 10 min in SB. Optical measurements
were recorded every 1 min throughout the experiment. Note
that during buffer exchange and rinsing steps, optical
measurements were shortly paused to allow a thorough
washing of the biosensor and the flow cell.

To confirm the bacteria capture on the biosensor surface,
the biosensor was removed from the flow cell and immediately
examined under a light microscope (ZEISS upright). Images
were taken using the microscope camera (Axio Cam MRc,
ZEISS).

Results and discussion
Biosensors fabrication and characterization

The first step in the biosensor preparation involves an anodiza-
tion process of a Si wafer at a current density of 300 mA cm™>
for a duration of 30 s. These etching condition were adapted
from our previous work on the design of aptamer-functiona-
lized PSi for protein biosensing.** Following anodization, the
resulting porous films were thermally oxidized in order to pas-
sivate the silicon hydride surface and render it into a hydro-
philic PSiO, scaffold.’® The detailed nanostructure and
physical properties of the resulting PSiO, were characterized
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by HRSEM, gravimetry and SLIM and the results are summar-
ized in Table S1 (ESIf). Detailed description of these tech-
niques for the characterization of PSi films was previously
reported.*>***° The PSiO, films display a macroporous struc-
ture®® of cylindrical pores with a diameter ranging between
55-75 nm, the thickness of the porous layer was ~5 pm, and a
porosity of 79%.

A simple three-step biofunctionalization route was used to
immobilize the aptamers to the PSiO, surface, as illustrated in
Fig. 1a. The PSiO, was first silanized with (3-mercaptopropyl)
trimethoxysilane (MPTMS) to result in a thiolated surface
(Fig. 1a-I), which was then reacted with the acrydite-modified
aptamers to form thioether bonds®>”*° (Fig. 1a-II). The latter are
temperature and pH insensitive and provide stable conjugation
of the aptamers to the porous nanostructure.’®>” The third
and final step (Fig. 1a-III) involved blocking of the residual
thiol groups with maleimide in order to minimize subsequent
non-specific reaction with buffers or sample components.

Successful aptamer immobilization was confirmed by
ATR-FTIR spectroscopy and the results are presented in
Fig. 1b. For neat PSiO,, the typical -(O,SiH,) vibration mode at
801 cm™' and a peak at 1039 cm™', ascribed to the Si-O-Si
stretching mode, were observed clearly. The aptamer-functio-
nalized surface depicted an additional characteristic DNA
band at 1635 cm™' (carbonyl) as well as a new peak at
1717 em ™, which is attributed to the two C=O0 stretching fre-
quencies of the maleimide blocking group.’®>° It should be
noted that other typical DNA peaks below 1500 cm ™" (e.g., the
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Fig. 1 (a) Three-step biofunctionalization route for aptamers immobil-

ization onto PSiO,. (I) Silanization of the PSiO, with 3-aptamer via for-
mation of thioether bonds and (lll) blocking of residual thiol groups with
maleimide. (b) ATR-FTIR spectra of aptamer-functionalized PSiO, and
neat PSiO,. Inset depicts the marked area for clarity. (c) Ellman’s assay
results for neat PSiO,, silanized PSiO, and aptamer-functionalized
PSiO,, presented as absorbance intensity (at 412 nm). All measurements
were taken in triplicates.
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phosphate diester bands) could not be observed due to the
strong absorption of the silicon species, as well as the malei-
mide C-N-C stretching which overlaps with the Si-O-Si
stretching modes (around 1180 cm™").%9"%?

Another validation of the immobilization scheme was per-
formed by using the Ellman assay for thiol-groups. This assay
is based on the reduction of 5,5-dithio-bis-(2-nitrobenzoic
acid) (Ellman’s reagent, DTNB) in the presence of free sulf-
hydryls, resulting in the formation of 2-nitro-5-thiobenzoic
acid (TNB),>" which can be easily quantified by absorbance
measurements at 412 nm. Thus, following silanization
(Fig. 1a-1), the resulting modified PSiO, was incubated with
DTNB and the -collected supernatant absorbance was
measured. The absorbance values are presented in Fig. 1c and
compared to those obtained for neat PSiO, and an aptamer-
functionalized PSiO,. Negligible absorbance was observed for
both the neat and the aptamer-functionalized PSiO, samples,
confirming that no free sulfhydryls were present on the
surface, before silanization and following aptamer conjugation
and blocking with maleimide, respectively. On the contrary,
the measured absorbance for the silanized PSiO, was drasti-
cally higher, indicative of successful thiolation of the scaffold.
Note that aptamer conjugation to mesoporous PSiO, was
studied using the same methods and similar results as those
presented above were observed (data not shown).

Optical biosensing experiments

The Hemagl1P-modified PSiO, biosensors were exposed to
L. acidophilus suspensions while the reflectivity spectra of the
porous film was monitored in real time and the corresponding
EOT intensity values were computed. In a typical biosensing
experiment, see Fig. 2a, aptamer selection buffer (SB) was first

Bacteria
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'
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Fig. 2 (a) Relative intensity change of the HemaglP-modified PSiO,

upon exposure to L. acidophilus bacterial suspensions (107 cells per mL).
First, a baseline was established in SB. After incubation with bacteria sus-
pension, the biosensor was extensively washed before continued signal
readout in SB. Note: the intensity values are normalized to the initial
average intensity, marked as intensity,. (b) Microscope image taken
immediately after the biosensing experiment depicts L. acidophilus cells
captured onto the aptamer-modified PSiO,.
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introduced to assure correct folding of the aptamer and
to establish the initial intensity baseline on the freshly
prepared aptamer-functionalized biosensor. Introduction of
L. acidophilus suspension (107 cells per mL in SB) induced a
sharp decrease of approximately 10% in relative intensity due
to light scattering by the bacteria cells on the biosensor
surface; followed by incubation for 20 min with the suspension
to allow proper interaction of the bacteria with the aptamer-
decorated surface. The L. acidophilus cells targeted by the
aptamer HemaglP possess a typical size of 0.6-0.9 pm in
width and 1.5-6 pm in length,? thus, they are too large to
penetrate into the porous nanostructure and they only reside
on the biosensor surface influencing the intensity of reflected
light. Subsequent washing of the biosensor with SB was per-
formed to remove unbound species; after which the intensity
increased and stabilized at a net intensity decrease value of
5.5%. These results are in agreement with our previous work
on direct-capture of E. coli with conjugated antibodies®'**°
and suggest successful capture of the bacteria onto the bio-
sensor surface. However, the profound increase in the intensity
during the washing step suggests that a fairly high amount of
cells contained in the sample were not captured by the apta-
mers. A second washing step however, showed no further
change in the optical signal, indicating that the remaining bac-
teria were tightly bound by the aptamers. Microscope images
taken immediately after experiments (see Fig. 2b), reveal a
large number of bacteria cells, with a typical morphology of
L. acidophilus cells, captured onto the biosensor surface.

Numerous replications of these biosensing experiments
have demonstrated a similar behavior to that presented in
Fig. 2 and a highly reproducible net intensity decrease value of
5.5% (+ 0.07%) was achieved. However, attempts to detect 10°
cells per mL of L. acidophilus demonstrated negligible optical
response throughout the biosensing experiments.

The aforementioned results demonstrate the successful
construction of an aptamer-functionalized PSi biosensor and
its successful operation in detecting high bacteria concen-
trations. While these concentrations are relevant for potential
application of this biosensor in the food industry, we aimed to
increase the dynamic range of the biosensor. Thus, we tuned
the nanostructure of the PSi transducer by reducing the pore
diameter to exhibit a mesoporous morphology>® with
improved optical properties®® (see Table S1, ESIT). Moreover,
the increased top surface area (see Fig. S1, ESI}) available for
aptamer immobilization may facilitate the interaction between
the target bacteria with the capture probe. For the mesoporous
PSi transducer, noise-level was considerably reduced although
the attained signal was lower (2.4% intensity decrease in com-
parison to 5.5%), the signal-to-noise ratio has improved sig-
nificantly (see Fig. S2 and Table S2, ESIf). Based on these
results, we have attempted to optimize the performance of the
mesoporous PSi in terms of the aptamer surface coverage and
spacing. Previous studies have revealed the vital role of the
immobilized aptamer surface density, affecting the biosensor
response,®®® especially in systems where the amount of
surface-immobilized capture probes directly correlates with
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the biosensor binding capacity (i.e. one capture probe can
bind one target analyte). However, in this study, as the target
is several orders of magnitude larger than the capture probe, it
is likely that several aptamers bind one bacteria cell. As we
used a relatively high aptamer concentration (i.e. 50 pM) to
ensure a uniform coverage of the surface, the closely packed
aptamers may hamper target cells from capture. The latter is
ascribed to the target’s limited access to the aptamer as well as
to the aptamer’s improper folding into secondary struc-
tures,®>®” leading to decreased binding capacity.””*® Thus, two
strategies for biosensor optimization were employed: lowering
of the immobilization density (utilizing 10 uM instead of
50 pM aptamer solution) and optimization of the aptamer
sequence, i.e. extension of the sequence by ten thymine bases
positioned between the aptamer sequence and the 5’ acrydite
modification (T;,-Hemag1P).

Fig. 3 summarizes the biosensing results for the different
aptamer-functionalized mesoporous PSiO,. For the standard
Hemag1P sequence as well as the elongated sequence, the
optical signals increased at lower aptamer-density (4.9% and
4.5%, respectively) giving rise to the notion that a steric hin-
drance effect had occurred. At unchanged high aptamer immo-
bilization density (50 uM employed concentration), utilization
of T;p-Hemag1P has a profound effect and the intensity signal

107 108 107
6
*
[ non-target control
S M T, -Hemag1P
M Hemag 1P

N

N

Intensity decrease [%]
w

—

10 M aptamer

; C

50 uM aptamer

Fig. 3 Optical response upon exposure to 106107 cells per mL of the
mesoporous biosensor and its optimization. At high aptamer immobiliz-
ation concentration (50 pM), the HemaglP-based biosensor yields a
reproducible signal upon introduction to 107 cells per mL, at lower bac-
teria concentration, unstable results are obtained. Using the Tigo-
elongated HemaglP improves the biosensors signal; however, the
results deviate significantly (for both 50 and 10 pM). Lower HemaglP
concentration of 10 pM, allows reproducible detection of 106-107 cells
per mL. A negative control experiment with a non-target sequence (6H7
aptamer) results in minor and highly deviating intensity changes. * Stat-
istically significant (p < 0.05).
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increases from 2.4% (for the standard sequence) to 4.3%. The
improved response of the biosensor may be attributed to the
enhanced flexibility of the grafted aptamer and its proper
folding.®® However, it should be noted that the unmodified
HemaglP sequence yields more reproducible results (see
Fig. 3). The latter is observed for all studied bacteria concen-
trations. Accordingly, in order to allow reproducible and sensi-
tive L. acidophilus detection, we have optimized the
concentration of the Hemag1P. We found that lower aptamer
concentrations (10 uM) facilitate the detection of 10° cells per
mL L. acidophilus (a net intensity decrease of 0.68% was
attained). As a negative control and to exclude possible effects
of non-specific interactions between surface immobilized DNA
and the bacteria, PSiO, films conjugated with a non-target
6H7 aptamer, which is directed against his-tagged proteins,
and exposed to 107 cells per mL L. acidophilus. These experi-
ments resulted in inconsistent low intensity changes, indi-
cative of minor adhesion of bacteria cells to the aptamer-
decorated surface.”® Fig. 4 presents micrographs of the bio-
sensors’ surface, taken immediately after the biosensing experi-
ments. Dense coverage of cells with a typical L. acidophilus
morphology were observed (Fig. 4a). HRSEM images (see
Fig. 4d) reveal the rod-shaped bacteria cells, with a charac-
teristic length of ~5 pm,>® nestled on the PSiO,. Bacteria cover-
age was observed to decrease profoundly upon exposure to
lower bacteria concentration (Z.e. 10° cells per mL, see Fig. 4b)
in agreement with the lower optical biosensor response.
Exposure of PSiO,, decorated with a non-target sequence (6H7
aptamer), to 107 cells per mL L. acidophilus, reveals a negligible
number of cells bound to the surface (see Fig. 4c).

Although the change in pore size of the nanostructure
improved the performance of the designed biosensor, the sen-
sitivity is still lacking in comparison to similar biosensor
systems. While Massad-Ivanir et al. achieved a limit of detec-
tion of 10° cells per mL of E. coli with their antibody-conju-
gated PSi biosensor;** herein, a limit of detection of only 10°
cells per mL was observed. Nevertheless, it should be taken
into consideration that for L. acidophilus and other probiotics,
a minimum therapeutic daily dose of 10®-10° viable cells is
suggested and an intake of 100 g of fermented bioproducts

4
4
§

Fig. 4 Microscope images of the mesoporous biosensors, taken
immediately after bacteria capture experiments: (a) 10 uM HemaglP +
107 cells per mL L. acidophilus; (b) 10 uM HemaglP + 10° cells per mL
L. acidophilus; (c) 10 uM 6H7 control aptamer + 107 cells per mL
L. acidophilus; (d) HRSEM micrographs of L. acidophilus captured on
Hemag1P-functionalized PSiO, biosensor.

73

This journal is © The Royal Society of Chemistry 2016

Analyst, 2016, 141, 5432-5440 | 5437



Paper
Results

(

Q
N’
o

»

Intensity decrease [%]
w

2
1
5 G 3
'éoQ S & W
N @
O &
° PO
o

Analyst

Fig. 5 (a) Optical response (intensity decrease) of the Hemag1P-functionalized biosensor to different bacteria suspensions (containing 107 cells per
mL). Corresponding microscope images taken immediately after biosensing experiments: (b) 107 cells per mL L. acidophilus; (c) mixture of 107 cells
per mL E. coli + 107 cells per mL L. acidophilus, (d) 107 cells per mL E. coli and (e) 107 cells per mL heat inactivated L. acidophilus.

with a content of 10°-10’ viable cells per mL is rec-
ommended.”®”® Some probiotic products even claim much
higher microorganism contents (e.g. 10'" cells per g in VSL#3
probiotic preparation’!). Hence, with regard to its possible
application, the sensitivity of the presented biosensor lies in
the range of relevant concentrations and excels other systems
by far in terms of its simplicity, cost, stability and speed of
measurement. In the case of applications that necessitate
higher sensitivity, integration of our biosensing scheme with a
bacteria pre-concentration step,”* could facilitate detection.

Biosensing in mixtures and heat inactivated samples

One of the main challenges of biosensors is the ability to
perform in “real-time”, detecting the target analyte in its
natural environment, surrounded by interfering mole-
cules.**”® To study the ability of the constructed biosensor to
selectively bind its target bacteria in the presence of interfering
microorganisms and molecules, the biosensor was exposed to
a mixed suspension containing 10” cells per mL L. acidophilus
and 107 cells per mL E. coli in SB. The latter was chosen as
model Gram-negative bacteria, displaying a different mem-
brane composition,”* which is also of high relevancy in the
food industry. Fig. 5 presents the obtained optical signals and
respective microscope images taken immediately after the bio-
sensing experiments. Herein, all biosensors used were functio-
nalized with 10 pM HemaglP aptamer. Exposure of a
biosensor to a mixture of 107 cells per mL L. acidophilus and
107 cells per mL E. coli yielded an average intensity decrease of
4.6%, which is in agreement with the results obtained for pure
suspensions of 10 cells per mL L. acidophilus, see Fig. 5a. This
result was also validated by the comparable amount of bound
bacteria cells on the biosensors surface as shown in Fig. 5b
and c. This demonstrates the ability of the biosensor to dis-

tinguish between the different bacteria species and selectively
bind the target cells with high accuracy. As a control, the bio-
sensor was also exposed to a suspension of 10” cells per mL
E. coli, resulting in a negligible intensity decrease (Fig. 5a) and
no cells were observed on its surface (Fig. 5d).

Another important advantageous characteristic of a bio-
sensor for bacteria detection would be its ability to distinguish
between live and dead bacteria.”>’® To study the response of
the Hemag1P-functionalized PSiO, biosensor upon exposure
to dead L. acidophilus, we have thermally treated the cell sus-
pensions (15 minutes at 70 °C*®) prior to biosensing experi-
ments. Fig. 5a displays the biosensor’s average intensity
decrease upon introduction of these suspensions, revealing
their significantly reduced response of 1.5% in comparison to
4.9% for a live culture. This result supports the hypothesis that
the Hemag1P aptamer targets the membrane S-protein of the
bacteria.'® When L. acidophilus is heat treated, these mem-
brane proteins denature and as a result the aptamer-affinity to
the bacteria cells drastically decreases. We suggest that the
detected signal may be attributed to a combination of non-
specific adsorption of denatured cells and some viable bacteria
remaining in the suspensions, see Fig. 5e. This was confirmed
by bacterial growth after medium addition to the biosensor.
Thus, the biosensor can distinguish between live/dead popu-
lations due to the profound difference in its response.

Conclusions

In the presented work, a label-free optical biosensor based on
aptamer-functionalized porous Si (Fabry-Pérot thin film) was
designed, characterized and optimized. This demonstrates the
first label-free detection of L. acidophilus with HemaglP
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aptamer as capture probe at relevant concentrations for pro-
biotic intake.>® Exposure to the target suspensions and mixed
bacterial populations resulted in highly robust and reproduci-
ble changes in the optical reflectivity of the biosensor, given
that the bacteria are viable. Control experiments revealed neg-
ligible binding of non-target species, confirming the excellent
selectivity of this aptamer-based biosensor. Other important
advantages of this biosensor are its ability to distinguish
between live and dead target bacteria populations, as well as
the short total assay time of less than one hour. Biosensing
schemes for the rapid and label-free monitoring of live
L. acidophilus are highly relevant for the functional food and
pharmaceutical industry.”®”” These products become increas-
ingly popular as the importance of the human microbiome
and its influence on a variety of diseases is revealed.”®”°
However, live bacteria cultures are essential for their probiotic
activity.”*®° Finally, the availability of other species-targeting
aptamers enables to implement this biosensing concept to
facilitate the fast detection and identification of bacteria
species in a simple and reliable manner, overcoming the need
for time-consuming and unspecific culturing techniques as
well as assays requiring highly sophisticated instruments.
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Table S1. Results of PSiO; scaffold characterization.

Etching conditions = HRSEM Gravimetry SLIM

Etching  Current Pore Thickness Total Open Thickness
time density Diameter Porosity Porosity

(s) (mA/em?)  (nm) (nm) (%) (%) (nm)

30 300 65+ 10 5440 + 80 78 +1 79+1 4975 + 88
375 24 25+5 - 546+1 52+1 5172 £57

Porous Si films were tuned in terms of pore size and thus porosity, in order to improve
optical properties. Smaller pore sizes result in a higher number of reflection interferences
as the light beam is reflected on more pore walls which is represented by a higher number
of Fabry-Pérot fringes in the sample reflectivity spectrum 2. In the electrochemical
etching process of porous silicon, pore diameter decreases with decreasing current density.
In order to change this parameter, but not the thickness of the porous film, the product of
current density and etch time has to be kept in the same range so that the total charge
passing through the sample stays constant > 4. Therefore, the current density was lowered
to 24 mA/cm? and the etch duration was extended accordingly to 375 seconds. The
characterization of the resulting new PSiO; scaffold is presented in Table S1. Figure S1
shows HRSEM images of both the original macroporous structure and the tuned
mesoporous PSi revealing the differences in pore size. The average pore diameter in the
mesoporous transducer was reduced to 25+5 nm (as determined by HRSEM) while the
average thickness of the porous layer was nearly unchanged (as determined by SLIM). In
addition, the porosity of the porous layer was reduced, suggesting increased free surface
area as expected.
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¥ Macropores

R

b

Fig S1. HRSEM top-view micrographs of porous silicon films obtained from etching
conditions as listed in Table S1.
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Fig S2. Typical baselines of aptamer-functionalized biosensors in SB prior to incubation
with bacteria suspensions. Macroporous biosensors (green lines) show higher standard
deviations between the measurements while the noise for mesoporous structures (blue
lines) is significantly reduced.
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Table S2. Signal-to-noise ratios calculated from baseline standard deviations and obtained
biosensing signals with 107 cells/mL.

Biosensor Average noise Average signal (for  Signal-to-noise
structure 107 cells/mL) ratio
(%) (%)
Macroporous 0.5 5.5 11
Mesoporous 0.1 2.4 24
References:
1. S. Jang, J. Chosun Natural Sci, 2011, 5, 13-17.
2. M. J. Sailor, Porous silicon in practice: preparation, characterization and
applications, John Wiley & Sons, 2012.
3. M. J. Sailor and E. C. Wu, Advanced Functional Materials, 2009, 19, 3195-3208.
4, E. Segal, L. A. Perelman, F. Cunin, F. DiRenzo, J. M. Devoisselle, Y. Y. Li and M.

J. Sailor, Advanced Functional Materials, 2007, 17, 1153-1162.
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5.3 Rapid and label-free detection of Protein A

In this work, we extend the examination of a RIFTS protein biosensor beyond the
linear detection range. For the capture of protein A, which is a virulence factor
secreted by and displayed on the cell membrane of Staphylococcus aureus, by a
protein A-binding aptamer, we present a thorough characterization of the binding
behavior and consequent modeling with the three variable Hill equation. The
specific detection of protein A is a valuable tool in the fast identification and battle
against infections, as it is an important biomarker for the presence of S. aureus
which often develops methicillin-resistance. Herein, we present the simple, label-
free and rapid optical detection of protein A with minimal instrumentation. We
determine the system-specific apparent dissociation constant Kp at the protein
concentration corresponding to the half-maximum biosensor response, extract the
Hill coefficient providing information about the number of binding sites and we
calculate the limit of detection as well as resolution of the biosensor system.
Furthermore, to reduce the protein A concentrations necessary for a significant
signal, we harness the affinity between protein A and antibodies and demonstrate
a sandwich assay that enables protein A detection at concentrations as low as 1
MM.
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ABSTRACT

Protein A, which is secreted by and displayed on the cell membrane of Staphylococcus
aureus 1s an important biomarker for S. aureus. Thus, its rapid and specific detection may
facilitate the pathogen identification and initiation of proper treatment. Herein, we present
a simple, label-free and rapid optical biosensor enabling specific detection of protein A.
Protein A-binding aptamer serves as the capture probe and is immobilized onto a
nanostructured porous silicon thin film, which serves as the optical transducer element. We
demonstrate high sensitivity of the biosensor with a linear detection range between 8-23
UM. The apparent dissociation constant was determined as 13.98 uM and the LoD is 3.17
uM. Harnessing the affinity between protein A and antibodies, a sandwich assay format
was developed to amplify the optical signal associated with protein A capture by the
aptamer. Using this approach, we increase the sensitivity of the biosensor, resulting in a

three times lower LoD.
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1. INTRODUCTION

Staphylococcus aureus is a leading cause of infections and bacteremia in humans, but also
causing food-borne diseases due to excretion of several enterotoxins!. Treatment is
especially challenging as S. aureus has a remarkable ability to rapidly adapt its genetic
characteristics and develop resistance against new antibiotics>*. Hence, the most efficient
way to fight S. aureus infections is to prevent their transmission by isolation,
decontamination and strict hygienic guidelines. Moreover, studies have concluded that
active screening for methicillin-resistant Staphylococcus aureus (MRSA) can efficiently
reduce bloodstream infections, which results in high mortality*>.

Rapid and reliable detection and identification of MRSA is critical for effective infection
control as well as for therapeutic decisions. Traditional culturing techniques using selective
media are sensitive and cost-effective, but are time-consuming (several days) and therefore
problematic®’. Molecular methods based on polymerase chain reaction (PCR) exhibit
faster turnaround times (~2-6 h) and are considered the gold standard for MRSA detection
nowadays; however, they are cost-intense, require trained staff and may not keep up with
new evolving genetic variants®. A rapid user-friendly point-of-care test for S. aureus is thus
urgently needed to allow fast screening of patient samples and provide effective infection
control.

Protein A, a virulence factor specific for S. aureus, is linked to peptidoglycans on the
bacterial cell surface and promotes general surface adhesion’. Protein A binds to the von
Willebrand factor (vVWF), an essential protein for hemostasis, and therefore promotes
wound infection. It also binds the Fc-region of human antibodies, thereby inhibiting

phagocytosis, which in consequence prevents bacterial elimination!®!!. Real-time PCR for
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typing and detection of different S. aureus variants utilizes the specific spa gene, encoding
protein A. As the gene is highly conserved, showing one mutation in 70 months'2, protein
A provides an optimal molecular marker for the detection of S. aureus. Several assays,
mostly ELISA (Enzyme Linked Immunosorbent Assay) based, for the detection of protein
A using antibodies have been developed'® and are commercially available. While these
labeled techniques are highly sensitive, they suffer from several limitations, which are
ascribed to the complicated required equipment and the delicate nature of the antibody
receptor and its costs'*1>.

Aptamers are single-stranded DNA or RNA oligonucleotides with the ability to specifically
bind their target due to their unique 3-dimensional structure. Aptamers are selected in vitro
for a specific target using the Systematic Evolution of Ligands by Exponential Enrichment
(SELEX) process!®. Aptamers can be engineered towards specific targets, ranging from
small molecules or proteins to whole cells, and synthesized with high reproducibility and
at a fraction of the cost of antibodies!*!”!8, Thus, due to these advantageous properties, a
variety of aptamer-based analytical methods and biosensors have been developed in recent
years, also for the detection of S. aureus'?%. Lian et al. developed a piezoelectric sensor
employing S. aureus aptamer and demonstrated detection at bacterial concentrations as low
as 59 CFU/mL in milk samples?. The aptamer they used was selected against S. aureus
whole cells and as such, the molecular binding site of the aptamer on the cell surface is
unknown?*. Since S. aureus has many variants and is evolving quickly, the aptamer may
lose its affinity, thereby limiting the applicability of this method!?.

Recently, the Strehlitz group has developed a modified SELEX process, termed FluMag-

SELEX, wherein the target is immobilized on magnetic beads and fluorescent labels are
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used for aptamer quantification?®. Using this process, they selected an aptamer binding
protein A with high affinity and demonstrated that it binds specifically to both, native and
recombinant protein A, but not to other immunoglobulin-binding proteins like protein G.
Herein, we use the this aptamer as a receptor for the design of a label-free optical biosensor.
The biosensor is based on a porous silicon (PSi) nanostructure which is used as the optical
transducer. PSi-based optical biosensors have demonstrated outstanding performance in
terms of rapid and reliable detection of numerous targets’®2°. Specifically, biosensors
employing interferometric Fourier transform spectroscopy (RIFTS)*%%2, which harness the
series of Fabry-Pérot interference fringes from light reflections from the top and bottom
interfaces of a porous thin film, allow for the design of simple and sensitive detection of a
specific analyte upon its binding to surface-tethered capture probes®>=>. Recently, the
excellent integration of aptamers as capture probes with PSi-based transducers has been
demonstrated, enabling exceptionally stable and reliable biosensing, applicable for both,
proteins and bacteria®®®,

In the present study, protein A-targeting aptamers are conjugated to PSi thin films and the
resulting biosensors demonstrate a specific detection and quantification of protein A in a

range of 2 to 50 uM with a total assay time of < 2 h. The biosensing scheme is further

optimized and we show a measured limit of detection (LoD) of 1 uM.

2. MATERIAL AND METHODS

2.1 Materials
Heavily boron doped p-type Si wafers (0.0008 Q-cm resistivity, <100>-oriented) were

purchased from Sil'tronix Silicon Technologies (France). Aqueous HF (48%) and ethanol
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absolute were obtained from Merck and toluene and acetone were supplied by Gadot
Biochemical Industries LTD (Israel). (3-aminopropyl)-triethoxysilane (APTES), succinic
acid, N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) and all
buffer salts were purchased from Sigma-Aldrich Chemicals. Buffers were prepared with
deionized water (18.2 MQ cm), filtered and autoclaved prior to use. The protein A-binding
aptamer, selected by Stoltenburg et al.* was used in its truncated form PA#2/8[S1-58]: 5°-
ATA CCA GCT TAT TCA ATT AGC AAC ATG AGG GGG ATA GAG GGG GTG
GGT TCT CTC GGC T - 3’(abbreviated as PAA). Its selection buffer (SB) was composed
of 20 mM Tris, 100 mM NaCl, 5 mM KCI, 10 mM MgCl, and 1 mM CaCl,. MES buffer
was composed of 100 mM 2-Morpholinoethanesulfonic acid at pH 6. PAA and a
completely randomized 40 nucleotides long DNA-Pool (N4o) were purchased with a 3’-
amino-C6- modification from Integrated DNA Technologies (Coralville, USA). Proteins
for biosensing experiments included recombinant protein A (PA) and IgG from human
serum (both from Sigma-Aldrich Chemicals). As Tween 20 enhances protein solubility, all

proteins solutions were prepared in SB supplemented with 0.005% Tween 20 (SBT).
2.2 Preparation of Oxidized PSi

Si wafers were anodized in a two-step process. First, a sacrificial layer was etched at a
constant current density of 375 mA/cm? for 30 s in a solution of 3:1 (v/v) aqueous HF
(48%) and ethanol. Etching setup details are reported elsewhere’**°, The resulting PSi layer
was dissolved in an aqueous NaOH solution (0.1 M). Next, a second etching step was
performed using the above-mentioned conditions. After each step, the silicon surface was

thoroughly rinsed with ethanol and dried under a stream of nitrogen. Finally, the PSi
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samples were thermally oxidized in a tube furnace (Thermolyne) at 800 °C for 1 h in

ambient air, yielding oxidized PSi (PSiOy) scaffolds.
2.3 Characterization of PSiO: Films

The nanostructure and the thickness of the neat PSiO> samples were studied by a Carl Zeiss
Ultra Plus high-resolution scanning electron microscopy (HRSEM) at an accelerating
voltage of 1 keV. The porosity of the films was characterized by gravimetry (for porosity),
and the spectroscopic liquid infiltration method (SLIM)°, as described by Massad-Ivanir

et al.*'.

2.4 Aptamer Immobilization onto PSiO2 Films

The aptamer was conjugated to the PSiO: films by a previously described coupling
chemistry*®. Briefly, the PSiO, was amino-modified by incubation (1 h) in a solution of
APTES in toluene (42 mM); after which, the samples were rinsed with toluene, ethanol
and acetone and dried under a nitrogen stream. Next, the PSi02 was incubated for 30 min
in a freshly prepared solution of 100 mg succinic acid in 4.7 mL DMSO and 300 puL of 0.1
M NaHCOs, pH 9.4 and subsequently washed with DMSO and deionized water. Successive
chemical modifications were carried out in a custom made Plexiglas flow cell*®. A 52 mM
solution of EDC in MES was introduced into the flow cell and allowed to react for 1 h.
Next, 50 uL of the aptamer solution (75 uM in MES) was introduced and incubated with
the surface for 1 h, followed by washing with 10 mL MES. Finally, the surface was
incubated for 30 min with 300 uL of 0.1 M ethanolamine solution to block remaining active

sites.

2.5 Infrared Spectroscopy
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Surface modification steps were followed with attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy. Spectra were recorded using a Thermo 6700
FTIR instrument equipped with a Smart iTR diamond ATR device.

2.6 Measurement of Interferometric Reflectance Spectra and Protein Biosensing
The experimental setup for optical measurements and biosensing experiments is
schematically illustrated in Figure 1A. The sample was mounted in a fixed flow cell to
ensure that data is collected from the same spot during the entire course of measurements.
Reflectivity spectra were collected by an Ocean Optics charge-coupled device (CCD) USB
4000 spectrometer coupled to a microscope objective lens with a bifurcated fiber-optic
cable. A tungsten light source was connected to the second port of the fiber-optic cable and
the light spot was focused onto the center of the PSiO» sample (spot size 1-2 mm?). Surface
illumination and detection of the reflected light were both performed along an axis
coincident with the surface normal. Spectra were continuously recorded every 30 s at a
spectral acquisition time of 100 ms and in the wavelength range of 400-1000 nm. The raw
spectra (see Fig. 1B-1) were processed in real time by applying Fast Fourier
Transformation (FFT). The FFT spectra, shown in Fig. 1B-2, depict a single peak, whose
location along the x-axis corresponds to the effective optical thickness (EOT) of the film.
The latter equals 2nL, where n is the effective refractive index and L is the physical
thickness of the porous film.

Prior to biosensing experiments, the PAA-modified PSiO> were rinsed with boiling
deionized water to unfold any secondary structures in the oligonucleotide and followed by
incubation in SB to allow functional folding of the aptamer. In a typical biosensing

experiment, a baseline was recorded in SB followed by introduction of the protein
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dissolved in SBT (100 uL) and incubation for 1 h. Next, the protein solution was removed
and the biosensor was rinsed extensively with SB (10 mL). Reflectivity spectra were
recorded every 30 s throughout the entire experiment and data are presented as the relative
change of EOT in respect to a baseline value (as depicted in Fig. 1B-3). Please note that
during buffer exchange and rinsing steps, EOT measurements were shortly paused to allow

a thorough washing of the biosensor and the flow cell.
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Figure 1. A: Schematic illustration of the experimental setup, depicting instrumentation

and flow-cell configuration. The lower panels show HRSEM micrographs of porous silicon

nanostructures (left) and schematics of aptamer-functionalized PSiO, before and after

target capture (right). B: Reflectivity collection and processing steps. Reflectivity spectra
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were recorded (1) and a Fast Fourier transformation was applied (2). The signal was then
expressed as the relative change in EOT over the course of the experiment (3). The final
biosensing result was extracted as the relative change in EOT before and after exposure of

the aptamer-functionalized PSiO> scaffold to the sample solution (3).
2.7 Statistical and regression analysis

For statistical analysis, unpaired t-tests were performed. Resulting two-tailed P values
below 0.05 were required to consider the compared groups as significantly different from
each other. Non-linear regressions were performed using SigmaPlot software (Systat

Software, Inc).

3. RESULTS AND DISCUSSION

3.1 Functionalization of PSiO: Films with Amino-Modified Aptamers
Porous silicon thin films were prepared from heavily boron-doped p-type crystalline Si
wafers by anodization at a constant current of 375 mA/cm? for 30 s. In order to stabilize
the PSi nanostructure and to render it more hydrophilic, the films were thermally oxidized
for 1 h at 800 °C*2. The thickness of the resulting films, as determined from HRSEM
studies, 1s ~5500 nm and their morphology (see Fig. 1A, bottom panel) is characterized by
interconnected cylindrical pores with pore size ranging between 35 and 65 nm. The
porosity of the films is 70%, calculated based on SLIM and gravimetry experiments (data
not shown). Thus, the film’s nanostructure provides a high surface area and large porous
volume for proper infiltration of biomolecules (e.g., the diameter of PA is approximately

5.3 nm, based on the number of amino acid residues*’) and their interaction.
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Previous studies by Stoltenburg et al.** have shown that the protein A-binding aptamers
(PAA) possess higher functionality when immobilized from the 3’ terminus, hence, we
have used 3’-amino modified aptamers. The latter were conjugated to the PSiO; by
standard carbodiimide-mediated coupling chemistry®®. Preferably, the aptamer

y*. However, as in this case

immobilization should be carried out in its selection buffer (SB
the aptamer’s SB contains Tris, which could impede its conjugation to the PSiO» surface,
immobilization was carried out in MES buffer instead. PSiO; surface modifications and
aptamer-conjugation were verified by ATR-FTIR (see Fig. S1, SI) and were found to
coincide with our previous work®®*’. As the aptamers' ability to bind their targets depends

crucially on proper folding and 3-D structure*>*¢

, the aptamer-modified PSiO: films were
thermally treated at 100°C (well above the predicted melting temperature of the aptamer*”)
in order to allow the PAA to unfold. To support the tethered aptamers to correctly fold into

their functional structure, the porous films were incubated in SB prior to subsequent

biosensing experiments.

3.2 Optical Biosensing Experiments with Protein A

PAA-modified PSiO> films were exposed to different concentrations of PA solutions to
investigate the target-aptamer binding behavior within the nanoporous scaffold. In a typical
biosensing experiment, the reflectivity spectra of the biosensors were monitored in real
time and corresponding EOT values were computed. Figure 2 presents the change in the
relative EOT (AEOT/EOTy) upon exposure of the biosensor to recombinant PA from S.
aureus (molecular weight 45 kDa) at a concentration of 5 uM. First, SB buffer was

introduced into the flow cell to acquire a stable EOT baseline. Subsequently, the target
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solution was injected and incubated with the aptamer-conjugated PSiO.. Immediately after
the introduction of PA, a rapid increase in the relative EOT value is observed, after which
the signal steadily increases until a constant EOT value was attained (after ~ 1 h). This
represents a typical binding curve: PA infiltrates into the pores and is bound by PAA
inducing an increase in the EOT. Thereafter, the protein solution was removed and the
biosensor surface was extensively rinsed with SB to eliminate unbound protein molecules
and attaining a new stable EOT value. In a control experiment (see Fig. 2, trace b), the
biosensor was exposed to a non-target protein, human IgG (molecular weight 150 kDa) at
the same concentration (5 uM). The EOT is observed to rapidly increase upon the IgG
introduction due to the higher refractive index of this solution. During incubation, minor
changes in the EOT occur, possibly owing to unspecific adsorption of IgG to the porous

scaffold.

‘Protein a
‘introduction

' Signal
... Teadout §

0 50 Time [min] 100

N

AEOT/EOT, (x10%)
o -

Figure 2: Relative change in EOT vs. time of PAA-functionalized PSiO> during a typical
biosensing experiment. A baseline was acquired in SB followed by introduction of PA
(trace a) or IgG (trace b), respectively. After rinsing to remove unbound molecules, a stable
readout signal was attained. Note that during buffer exchange and rinsing, EOT

measurements were briefly paused.
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3.3 Non-specific Adsorption and Aptamer Selectivity

Next, control experiments were performed utilizing an amino-modified DNA-Pool,
investigating non-specific adsorption and verifying aptamer selectivity. In these
experiments, random sequence oligonucleotides (40-bases long, Nsp) were immobilized
onto PSiO; in the same manner and concentration as previously described for PAA and
biosensing experiments were performed by exposing the N4o-functionalized PSiO2 to 1gG
(5 uM). Figure 3 summarizes results of these experiments and presents the average relative
change in EOT in comparison to values obtained for the PAA-functionalized biosensors
upon exposure to IgG and the target PA (at a concentration of 5 uM). Both, the Nao-and
the PAA-functionalized PSiO», exhibit comparable relative EOT changes (of 0.92 + 0.09
and 0.85 + 0.16 respectively) upon incubation with the IgG solution. These results suggest
that the increase in EOT can be attributed to non-specific adsorption of IgG onto the porous
surface and not to binding by the aptamers. Whereas, the PAA-functionalized biosensors
are exposed to the PA, the attained EOT change is considerably higher (by 62 %) and these
are statistically significant. Moreover, it is important to note that IgG molecules are more
than 3 times larger (molecular weight 150 kDa) than PA (45 kDa) and thus, a smaller
number of IgG molecules can evoke a higher optical signal. Hence, the biosensor response
upon exposure to IgG is not only significantly lower in signal, but is also expected to
represent the adsorption of much fewer IgG molecules in comparison to the specific

binding of PA.
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Figure 3: Averaged optical response (relative EOT) of N4o-functionalized PSiO2 and PAA-
functionalized PSiO2 upon exposure to IgG or PA at a concentration of 5 uM (n > 3 for
each experiment). * indicates statistically significant difference between the values (t-test,

p < 0.05).

3.4 Binding Affinity Characterization

To determine the binding affinity, the PAA-functionalized PSiO2 biosensor responses from
different concentrations of PA and IgG were analyzed. Figure 4 shows the biosensor
response, expressed as the relative EOT change, for different PA concentrations. The
sensor response shows a consistent behavior and the relative EOT change increases with
increasing concentration of PA. The data were fit to the 3-parameter hill function (see

Equation 1)* and is presented as the solid black line in Figure 4.

[r1"
Max gos+[(T"

R=R

Equation 1
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where R is the relative change in EOT of the biosensor to the target concentration [T], Rmax

is the maximal response signal at [T] — oo, h the hill coefficient and Ko s the equilibrium

constant, also known as the apparent dissociation constant Kp.

The three parameter hill function is a suitable model to describe biosensor characteristics
from its binding curve as shown by Kurganov et al.*. The equilibrium constant Ko s (Kp)
is calculated to be 13.98 + 1.54 uM, describing the concentration at which half of the
maximum signal is attained. For [T] — oo, saturation of the biosensor occurs at a relative

EOT change of 10.12 £ 0.94, corresponding to Rmax. The sensitivity, S, of a biosensor is

. A . ) . )
defined as S = ﬁ, expressing the ratio of signal change AR per concentration change

]

A[T]. Accordingly, the sensitivity of PAA-functionalized PSiO2 biosensors is determined
as the slope at Ko s and is 0.6 (in (AEOT/EOT) x 10°)/uM), implying that the optical signal
increases by ~0.6 per uM of the target PA. The hill coefficient, h, of 2.61 + 0.69 indicates
that on average the PA is bound by 2 or 3 aptamers within the PSiO> nanostructure (PA
exhibits 5 identical binding sites). The correlation coefficient R%is 0.977, proving excellent
prediction of the experimental data using this model.

It should be noted that that the Kp value obtained in this work varies from that calculated

1. The apparent Kp is known to be highly depending on the method of

by Stoltenburg et a
the affinity characterization®’. Hence, different values for PAA affinity have been reported
for measurements with either microscale thermophoresis or surface Plasmon resonance™’.
The main reason for the differences may lie in the accessibility of the aptamer binding sites

1 52,53

due to its immobilization on a surface’!. Recent studies by Chang et a , comparing

between literature-reported Kp values and their obtained results, highlighted that
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differences in Kps are largely attributed to the effect of environmental and experimental

conditions on aptamer binding kinetics and affinities.

a PA

[==]
1

AEOT/EOT, (x10%)
f N

10 100
c (PA/IgG) [uM]

—

Figure 4: Aptamer-functionalized PSiO, biosensor responses, expressed as the relative
EOT change, from different concentrations of PA (triangles) and IgG (circles). The solid

line is a fit using equation (1), and Kp is determined, yielding 13.98 + 1.54 uM.

3.4 Limit of Detection

The limit of detection (LoD) for the presented aptamer-based optical PSiO2 biosensor was
determined from the standard deviation of the relative EOT. Standard deviation between
relative EOT values (measured during baseline establishment and incubation of the
biosensors in SB) was calculated to be 6= 0.068 (as AEOT/EOT, x10%). By definition, the
LoD corresponds to a protein concentration which can be reliably distinguished from the

background noise. With a confidence level of 98.3% this is true for an optical signal as
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high as 3*c = 0.205 (as AEOT/EOT, x10?). Thus, by interpolation of the hill fit (see Fig.
4), the LoD was determined as 3.166 uM.

The resolution of a sensor is defined as the smallest change in analyte concentration that

nosise. Given that, a resolution of 0.113 uM was calculated for the

can be detected, Res =

PAA modified scaffold. It should be emphasized that the LoD and the resolution are
instrument-specific and in this case, it is assumed that the instrument is the limiting factor.
While aptamer-based protein A detection has been previously reported with lower LoD
values (Kp = 287 + 16.2 nM)*°, the inherently high standard deviation of RIFTS signals is
accredited to the simplicity of the experimental setup. However, there are possibilities to
lower the noise, e.g. by minimizing environmental influences (i.e. temperature) or by

means of signal processing®*.

3.5 Enhancing the Biosensor Sensitivity: Sandwich Assay with IgG

Finally, we present a sandwich assay designed for the enhancement of optical signals
induced by PA binding to the surface-tethered PAA within the nanostructured PSi films.
For this assay, it is assumed that PA binds to the PAA-functionalized PSi0O; biosensor even
at low concentrations, however, the number of molecules being too low to cause a change
in EOT above the noise level. Protein A is known for its affinity to the Fc-region of
antibodies and often used for their oriented immobilization in order to retain their ability
to bind their specific antigen'®>>>7, Furthermore, it is known, that protein A has five IgG
binding domains>®. Thus, introduction of IgG should result in its binding by the aptamer-
captured PA. As the molecular weight of IgG is three times larger than that of PA, a distinct

change in EOT is expected even when the number of molecule is low. Figure 5 presents
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the change of relative EOT over time for a characteristic experiment in which we study the
response of the biosensors to a PA concentration of 1 uM, which is well below the LoD.
Upon introduction of PA, no significant change in the EOT can be observed. Subsequent
injection of IgG at the same low concentration (1 uM) induces a rapid response, depicting
a typical binding behavior (see Fig. 5a). For comparison, Figure 5b shows the EOT signal
of the biosensor to IgG exposure, while eliminating prior introduction to PA. In this case,
a negligible change in the EOT is detected following the rinsing step, indicating that no

specific binding has occurred.

2+ 1 UM PA:; P 1uMIgG - © 1uMIgG
o P RPN Ser | LAY
X :
o 17 f 1 -
= Signal : : Signal
o readout ; readout
= ) R WRIRY it bt Wil Y"¥ P
O o T UMAALIN A itk oo VR I
<

0 50 100 150 200 0 50 100
a) Time [min] b) Time [min]

Figure 5: a) Relative change in EOT vs. time of PAA-functionalized PSiO2 upon exposure
to a concentration of 1 uM of PA (below the LoD) followed by incubation with IgG at the
same concentration and a final rinsing step with SB. b) Optical response of the PAA-

biosensor upon introduction of 1 uM IgG without prior incubation with PA.

Figure 6 summarizes the results of the developed sandwich assay. While the biosensing
signals from single exposure to either PA or IgG were insignificant and below the limit of
detection, the sandwich assay resulted in meaningful optical signals. While signal

amplification in the presented sandwich assay relies on the specific binding between PA
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and antibody, this approach can certainly be applied to other biosensors. Most protein
ligands have more than one binding site for aptamers or antibodies and can thus be exposed

to a secondary ligand for signal amplification.
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Figure 6: Sensitivity enhancement of the PAA-functionalized PSiO2 biosensor. Averaged
optical response (relative EOT) of the biosensor upon exposure to 1 uM of: PA, IgG or
both in a successive manner. Schematic illustration of biomolecules captured by the
aptamers within the porous scaffold. Upper dashed line indicates the LoD value.
Differences between both single exposures (of PA or IgG) and the sandwich assay are

statistically significant (p<0.05, n>3).

4. CONCLUSIONS
Reliable and fast detection of protein A is an important step towards improved diagnosis
of S. aureus infections. Since direct recognition of S. aureus bacteria cells is hampered by
the fast evolution of the bacterial genome, capture of the highly conserved protein A may

provide indirect detection of S. aureus. Protein A-targeting aptamers have proven to be
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suitable capture probes, convincing with their high selectivity, sensitivity and superior
stability. Herein, PAA was successfully integrated into a simple optical biosensor scheme
based on a nanostructured PSi. The biosensor displays a high sensitivity with a ten-fold
higher change in the EOT signal (6%; 0.6 as AEOT/EOT, x10%) per uM protein A than the
noise (0.7%; 0.068 as AEOT/EOT, x10%) in a linear range of the target concentration (8-
23 uM). Its binding affinity towards protein A is determined to be 13.98 uM with an LoD
value of 3.17 uM. Taking advantage of the affinity between protein A and antibodies, we
demonstrate a proof-of-concept scheme for enhancing the sensitivity of the PAA-
functionalized PSiO> biosensors by three fold. Subsequent introduction of IgG in a
sandwich-assay format allows for the detection of protein A at a concentration of 1 uM.
Thus, the short assay time combined with the simplicity of the biosensing system can
potentially provide for a suitable point-of-care method for the fast identification of S.

aureus infections.
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Figure S1: PSiO> ATR-FTIR spectra of a neat sample (grey), after silanization with
APTES (red) and aptamer-conjugation (blue). For a control (black), PSiO> was treated

similarly during all steps without exposure to aptamer. Inset for clarification.

The spectrum of neat PSiO, shows the typical SiH vibration mode at 801 cm™ and a strong
peak from the Si-O-Si stretching mode at 1040 cm™! !. The silanized sample reveals peaks
ascribed to bending of primary amines (1645 cm™') and protonated amines (1565 cm™), as
expected after treatment with APTES 2. The blue line shows the spectrum after conjugation
of protein A binding aptamer and the blocking of residual groups: a peak around 1690 cm”
lis characteristic for the carbonyl groups stemming from the conjugated oligonucleotides
3. Similarly to the control (black line), the peak for primary amines is elevated after the

complete conjugation chemistry, which includes blocking with ethanolamine.
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6. Unpublished work

One of the main advantages of aptamers as receptors is their availability against
a wide range of target analytes, beyond those accessible to antibody development.
However, due to the progress in the field of monoclonal antibody production, these
traditional capture probes often challenge aptamers when they are targeting the
same analyte. Thus, to allow for appropriate choice of suitable bioreceptors, a
direct comparison between the performance of biosensors utilizing antibodies and

aptamers for the capture of the same protein target was performed.

The following chapter presents preliminary results from studying PSiO2 biosensors
conjugated with either the well-known 6H7 aptamers or antibodies targeting his-
tag sequences immobilized either randomly or in an oriented manner. Herein,
biosensor responses for all three types of biosensors were investigated utilizing
different concentrations of the same target protein tyrosinase (6x histidine).
Furthermore, we focused on the evaluation of signals from exposure to non-target
proteins and complex samples, emphasizing the stability and advantage of

regenerability for the aptamer-conjugated biosensors.
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INTRODUCTION

Countless publications and review articles elaborate the properties, advantages and
disadvantages of both aptamers and antibodies. Having been established in 1990 with the
development of the SELEX (Systematic Evolution of Ligands by Exponential Enrichment)
process, aptamers have since been termed “chemical antibodies” and predicted to replace
antibodies in the near future '-*. With the possibility of selecting high affinity aptamers for
a wide range of ligands (including small molecules, proteins and whole cells), their small
size, high stability and outstanding performance even in complex sample matrices, many
biosensing schemes have been recently designed utilizing aptamers as receptors %>,
However, aptamers have not yet replaced antibodies in many applications and there is still
a steady number of reports on antibody-based biosensing. While some studies present
results of different assays using antibodies or aptamers as capture probes to the same target
analyte %7, direct performance comparisons of antibodies and aptamers binding the same

target in one biosensing scheme are rare ®,

Our previous work has focused on the demonstration of various label-free optical
biosensors based on porous silicon (PSi). Therein, we emphasized the advantages of PSi
as a promising platform in combination with minimal instrumentation reflective
interferometric Fourier transform spectroscopy (RIFTS), monitoring changes in refractive
index or reflection intensity depending on the analyte of interest **!°. Detailed description
of the optical properties of PSi, the different biosensing principles as well as various
applications can be found elsewhere in literature and reviews. Moreover, our group has
shown these biosensing concepts realized with both antibodies and aptamer receptors for
the detection of protein and bacteria targets *!"!2. With the present study we are aiming to
provide a direct comparison of aptamer and antibody capture probes within the same
biosensing platform and for the detection of the same target to evaluate the performance

and benefits of each receptor.

Herein, an oxidized porous silicon nanostructure (Fabry-Pérot thin film), used as the optical
transducer, is functionalized with either the well-characterized his-tag binding aptamer
(6H7) '*15 or an anti his-tag antibody for the detection of a his-tagged protein. As a

representative target, 6x-his tyrosinase from Bacillus megatherium was used. It is to note,
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that in our previous work, the target was a his-tagged lipase. As the aptamer (and antibody
respectively) target the histamine-sequence in the protein, binding affinity strongly
depends on the secondary protein structure and accessibility of the target structure for the
receptor. Hence, previously reported limit of detection values or absolute signals cannot be
compared with the results of the present study !'. We confirm successful conjugation of the
capture probes to the oxidized PSi (PSiO2) nanostructure by RIFTS and attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. The binding of protein
target molecules to the receptors within the porous scaffold is monitored in real time and
the limit of detection for both the aptamer- and the antibody-conjugated biosensors are
extracted from a series of optical biosensing experiments. Focus is laid especially on
comparing the performance of both receptors in the detection of the target protein within

complex samples, namely bacteria lysates.

EXPERIMENTAL SECTION

Materials. Si wafers (p-type, boron doped, 0.0008 Q-cm resistivity, <100>-oriented) were
purchased from Siltronix Corp. Aqueous HF (48%) and ethanol absolute were purchased
from Merck. All chemicals, such as (3-aminopropyl)triethoxysilane (APTES),
ethyldiisopropylamine (EDIPA), glutaraldehyde 25% solution (GA), ethanolamine, N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), succinic acid, sodium
cyanoborohydride and buffer salts were obtained from Sigma-Aldrich Chemicals. Buffers
were prepared with deionized water (18.2 MQ cm) and filtered before use. Anti-his-tag
aptamer 6H7 (5’- GCT ATG GGT GGT CTG GTT GGG ATT GGC CCC GGG AGC TGG
C - 3’) sequence was taken from the US patent specification U.S.7329742 (Doyle and
Murphy, 2008). 6H7 was selected in 50 mM K;HPO4, 150 mM NaCl, 0.05% Tween 20
(this buffer is subsequently abbreviated as SB-T). To prevent possible blocking of amino-
modified surfaces, Tween 20 was omitted during immobilization and washing steps, as well
as renaturation of the aptamer (buffer SB). Other utilized buffers were PBS and HEPES,
prepared according to standard recipes. Aptamers were purchased with a 5’-amino
modification from Integrated DNA Technologies. Mouse anti-his antibody was obtained

from Enco. Streptavidin and biotinylated protein A were purchased from Sigma-Aldrich

111



Results

Chemicals. Proteins for biosensing experiments included trypsin from porcine (Sigma-
Aldrich Chemicals) and 6xhis tyrosinase from Bacillus megatherium (recombinant,
expressed in E. coli), generously supplied by Prof. Ayelet Fishman. As a negative control,
Escherichia coli strain JL-102 was cultured in Luria broth (LB) medium (10 g/L casein

peptone, 10 g/L NaCl, 5 g/L yeast extract, all purchased from Sigma-Aldrich Chemicals).

Preparation of Bacteria and Bacteria Lysates. A shaking flask with 20 ml sterile LB
medium was inoculated with 100 ul of a freeze culture of E. coli JL-102 (free of plasmids)
and cultured over night, shaking at 37°C. The resulting culture was used for biosensing

experiments to mimic a biologically relevant complex fluid.

2 ml of bacteria culture were spun down in a standard lab centrifuge, replacing the
supernatant by 1 ml PBS selection buffer. Following the re-suspension, the culture was
ultrasonicated at 4°C (Labsonic M, Sartorius Stedim Biotech). Following removal of cell
debris, the suspension was centrifuged again and the supernatant taken to a fresh tube and

further used as the bacteria lysate.

Preparation of Oxidized PSi. Electrochemical preparation of oxidized porous silicon
layers from boron-doped p-type Si wafers was performed as previously described. Freshly

etched samples were thermally oxidized described likewise (800°C for 1 h in ambient air).

Characterization of PSiO: Films. Specific properties (i.e. thickness and porosity) of the
fabricated PSiO> layers were characterized by several techniques: HRSEM, gravimetry (for
porosity), and SLIM (spectroscopic liquid infiltration method) methods, as previously

described %17,
Functionalization of PSiO:2 Films.

Aptamers. The PSiO; samples were conjugated with 75 pM aptamer as previously

described .

Antibodies. For unoriented conjugation with antibodies, PSiO, samples were first
incubated with a solution of 1% APTES and 1% EDIPA in water for 30 min. After
removing the solution, the sample was rinsed with toluene, ethanol and acetone, then dried
under a nitrogen stream. Afterwards, the surface was incubated in a 2% aqueous

glutaraldehyde solution for 30 min. Subsequently, the sample was washed with water and
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again dried under a stream of nitrogen. In the next step, the sample was mounted in the
same type of custom made Plexiglas flow cell and 50 ul of 100 pg/ml anti-his antibody
solution were injected. The sample was first incubated for 1 h at room temperature and
then stored over night at 8°C. Prior to the biosensing experiments, unbound antibodies were
removed by thorough washing with PBS and residual reactive groups were capped by

incubation of the sensor with 0.1 M aqueous solution of ethanolamine for 30 min.

For oriented immobilization of antibodies, silanization and modification with GA were
performed as described above, followed by an incubation with 50 mM sodium
cyanoborohydride in HEPES for 30 min. After washing with HEPES, PSiO; samples were
placed in a humidity chamber and 100 pL of a freshly prepared streptavidin solution (100
pug/mL in PBS) are pipetted on the sample and incubated for 1 h. Thorough rinsing with
PBS was performed before a repetition of the incubation in sodium cyanoborohydride as
described before. Next, the streptavidin-surface was blocked with ethanolamine (as
described previously) and then incubated with biotinylated protein A (100 pL; 100 pg/mL
in PBS) for 1 h in a humidity chamber. Finally, the samples were rinsed with PBS and
incubated with the antibody (50 pL; 100 pg/mL in PBS; humidity chamber) for 1 h at room
temperature and then overnight in the fridge. On the next day, repeated blocking of residual
groups with ethanolamine after rinsing with PBS was performed, concluding the oriented

immobilization of the anti-his-tag antibodies.

Measurement of Interferometric Reflectance Spectra. Interferometric reflectance
spectra of the samples were collected as described previously !!. RIFTS was used to verify
biomolecule-attachment as previously reported by Massad-Ivanir et al. °. Therefore, sample
reflectivity spectra were taken before and after the respective modification steps in the

same sample spots and the change in effective optical thickness (EOT) was determined.

Infrared Spectroscopy. Modification steps were verified using attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy. Spectra were recorded using a

Thermo 6700 FTIR instrument equipped with a Smart iTR diamond ATR device.

Protein Biosensing. Biosensing experiments were carried out in a flow cell configuration,
described for the functionalization of PSiO; scaffolds, following the conjugation of the

respective receptor. At first, spectra were recorded for a baseline of the biosensor immersed
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in PBS or SB respectively. The binder-functionalized PSiO> samples were then incubated
with 100 pL of the protein solution (in PBS or SB-T respectively) for 1 h. After removal
of the protein solution and flushing the cell with PBS/SB, the sample was incubated for 30
min in PBS/SB. For the regeneration of the aptamer-based biosensor, the protein was eluted
with 1 M imidazole, followed by the renaturation of aptamers in SB. Optical measurements
were recorded every 30 s throughout the entire experiment. Please note that during buffer
exchange and rinsing steps, EOT measurements were shortly paused for to allow a

thorough washing of the biosensor and the flow cell.
Statistical analysis and data regression

For statistical analysis, unpaired t-tests were performed. Resulting two-tailed P values
below 0.05 were required to consider the compared groups as significantly different from

each other.

Non-linear regression of obtained data was performed with GraphPad Prism software

utilizing the model for specific binding with hill slope. The following equation is used for

modelling:
Bmax xh :
Y = (k- x) Equation 1

Herein, Bmax is the interpolated concentration at which the maximum biosensor response
is reached. Kq (also known as the apparent dissociation constant) is the target concentration
needed to reach the half-maximum biosensing signal. The parameter h is the Hill

coefficient.

RESULTS AND DISCUSSION

Functionalization of PSiO: films with receptor biomolecules.

Electrochemical etching with a constant current density of 375 mA/cm? for 30 s was
performed to create porous silicon thin films from highly boron-doped p-type crystalline
Si wafers. For stabilization of the PSi structure and increased hydophilicity, freshly-etched
films were thermally oxidized for 1 h at 800 °C '®. Resulting PSiO> samples were

characterized by their morphological properties by HRSEM, SLIM and gravimetry (data
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not shown). In brief, PSiO» layers were around 5500 nm thick at an approximate porosity
of 70 %. HRSEM studies depicted characteristic interconnected cylindrical pores within
the PSiO; films and revealed pore sizes between 35 and 65 nm. The large porous volume
and surface area provide an ideal structure for the anchoring and capture of biomolecules
and the pore sizes allow for their infiltration (e.g. tyrosinase has an approximate diameter

of 4.6 nm ).

Amino-modified aptamer 6H7 was immobilized onto the PSiO, samples as previously
reported at a concentration of 75 uM !!. Surface modification steps were followed with and

confirmed by ATR-FTIR (data not shown).

For the immobilization of antibodies, two different strategies were chosen: (1)
straightforward conjugation of a random amine-group within the antibody to an aldehyde-
modified surface and (2) oriented conjugation of the antibody Fc-region to a protein A-
modified surface. Unoriented conjuation encompassed silanization of PS10; samples with
APTES resulting in a terminal amine-group, followed by a reaction with glutaraldehyde.
Thereafter, an aldehyde-group on the PSiO> was available for the attachment of a primary
amine within the antibody. Therefore, antibody at a final concentration of 100 pg/mL was
incubated with the surface over night. Finally, biosensors were rinsed and residual
aldehydes blocked by incubation with ethanolamine. Attachment of functional groups and
conjugation of biomolecules within the porous scaffold leads to a red-shift of the PSi
reflectivity spectrum 2°. This is due to the change of the average refractive index of the
matrix which is governed by the Fabry-Pérot equation describing the reflection

interferences:

m-A=2-n-L Equation 2

Therein, m is an integer, A the light wavelength, n the average refractive index of the
material and L the constant thickness of the porous layer. The term 2nL represents the
effective optical thickness. Thus, a change in EOT indicates a change in the refractive
index. Sample EOT was measured before and after the respective surface modification

(resulting in the delta) and the averaged values are presented in Figure 1.
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Figure 1. Changes in the EOT upon respective surface modifications of PSiO2 biosensors.
Measurements were taken in quadruplicates and stars indicate statistically significant

differences (p<0.05).

While the changes in EOT upon each step of the unoriented antibody-conjugation were
significant and easy to observe, the strategy for oriented antibody-immobilization includes
several steps where the differences in EOT are minor (due to the attachment of small
moieties). However, the accumulated changes in EOT confirm the attachment of the

antibody on a statistically significant basis.

Biosensing experiments

Biosensing experiments were carried out as previously described with different
concentration of the his-tagged tyrosinase protein, bacteria lysates, non-target proteins for
negative control and mixtures '!. While aptamer-functionalized PSiO> has been regenerated
by protein elution to perform subsequent series of increasing concentrations on the same
biosensor, antibody-modified biosensors were each used only once and then discarded. For
each biosensing experiment, biosensors were first incubated in selection buffer or PBS,
respectively, to establish a stable baseline. Reflectivity spectra were therefore recorded
every 30 s. Next, the investigated sample was injected to the chamber and allowed to react

with the respective bioreceptor. This resulted in immediate and profound increases in the
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optical signal, reaching saturation after about 1 h. Following brief pausing of the
reflectivity measurements, the biosensors were rinsed with buffer (SB or PBS) extensively
in order to remove unbound molecules. Subsequently, signal acquisition was continued to
obtain the final biosensing signal. In case of aptamer-conjugated biosensors, the previously
described steps were followed by an incubation with elution buffer for 15 min and
subsequent washing and incubation with SB to establish a new baseline. Typical signal
traces for each of the three tested biosensors, expressed as the relative change in EOT to

the average signal during baseline establishment (AEOT/EOT)) are presented in Fig. 2.
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Figure 2. Relative change in EOT vs. time of respective biofunctionalized PSiO> during
typical biosensing experiments. A baseline was obtained in SB or PBS respectively
followed by the injection of tyrosinase (16.5 uM). After rinsing to remove unbound
molecules (indicated by green arrows), a stable readout signal was attained. Note that

during buffer exchange and rinsing, EOT measurements were briefly paused.

Selectivity and performance in complex samples.

PSiO, biosensors modified with 6H7-aptamer have previously demonstrated high
selectivity towards their his-tagged target protein and robustness against unspecific
adsorption even in complex media with an abundancy of non-target proteins (i.e. bacteria

lysates)!!. In the present study, we have consequently compared the biosensor responses
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obtained upon unspecific adsorption of non-target proteins as well as bacteria lysates and
lysates spiked with target protein tyrosinase for the three types of biosensors. The results

are summarized in Figure 3.
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Figure 3. Biosensor responses upon introduction of different samples: trypsin as a non-
target protein (concentration 16.5 pM), bacterial lysates and lysates spiked with 16.5 uM

tyrosinase and pure tyrosinase (concentration 16.5 pM) for comparison. (n 2 3)

Exposure of biosensors - conjugated with antibodies in random orientation - to pure his-
tag protein solutions and other types of non-target proteins or mixtures, results in signals
indiscernible from each other. This is not only due to the high deviations between responses
obtained in several repeats of the experiments, but also the relatively low signals in general.
The inconsistent display of antibody-regions other than the antigen binding sites due to
undirected immobilization may promote unspecific adsorption to the biosensor. Surface
coverage with antibodies and stability of the utilized surface chemistry should be

investigated further to investigate their influence on biosensing signals.

The results for both, biosensors functionalized with aptamers and oriented antibodies, show
good selectivity, low unspecific adsorption and robust biosensing signals for target protein
in complex media, which are in good agreement with biosensor responses from pure

analyte solutions. While the antibody-conjugated PSiO> shows minor adsorption from the
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complex protein mixture of the bacterial lysates, aptamer-modified scaffolds were not

prone to any adsorption, confirming previous reports'!.

Target binding behavior.

For direct comparison of biosensor responses for the different biosensor types (modified
with (i) antibodies, (ii) oriented antibodies and (iii) aptamers), respective functionalized
PSi0; scaffolds were exposed to different concentrations of the his-tagged target protein
tyrosinase. Figure 4 presents the average biosensor responses to the different samples and
the corresponding curve fit (lines) utilizing a model for specific binding with Hill slope

(see equation 1).
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Figure 4. Measured responses and deviations of different PSiO; biosensors to a series of
tyrosinase concentrations. Triangles correspond to aptamer-conjugated biosensors, squares
correspond to biosensors with oriented antibodies and circles represent signals from
antibody-conjugated biosensors. The lines show the curves fitted for specific binding with

Hill slope. (n 2 3)
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Conjugation of antibodies to porous silicon functionalized with glutaraldehyde via a
primary amine in the antibody-structure, results in random orientation of the antibodies
owed to the large number of amines in an antibody-structure. Thus, the functionality of the
capture probes and the protein layer that is presented to the target-structure varies
enormously between the biosensors and repetitions of the same experiments. Moreover,
target binding to these biosensors was generally low so that no statistically significant
difference between the signals measured for different protein concentrations could be
observed (see Fig. 4 blue line and circles). We conclude that the simple immobilization of
antibodies via a random amine-functionality is not suitable for the fabrication of robust and

specific PSiO» biosensors.

Contrary, careful directed immobilization of the same anti-his-tag antibodies results in a
target binding behavior that can be modeled according to equation 1. Signals at protein
concentrations in the linear range of the biosensor (8.25 pM to 28 uM) are statistically
significant in their differences. The R? value for the fitted curve is 0.73, representing the
relatively high deviations between experiment repeats (see Fig. 4, black line and squares).
This can be due to the necessity of repeated fabrication of antibody-conjugated biosensors

due to their short storability and the inability to regenerate the biosensors for repeated use.

The best fit is achieved with the aptamer-functionalized biosensors (R? = 0.94). Robust
biosensing signals were obtained and biosensor responses were statistically significant

different in the linear detection range (see Fig. 4, red line and triangles).

Limit of detection.

For the determination of the limit of detection (LoD) for each of the biosensor types, the
respective noise was calculated (as the standard deviation between relative EOT values
measured during baseline establishment and incubation of the biosensors in SB). The
results are shown in Table 1. The LoD is defined as the minimum protein concentration
which evokes a signal that can be reliably distinguished from the background noise. Thus,
the fitted binding curves were interpolated for each biosensor type for a y-value

corresponding to 3xc. The calculated values are shown in Table 1.
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Table 1. Limit of detection.

Antibody unoriented = Antibody oriented Aptamer

Noise [AEOT/EOT) x103] 0.042314 0.044022 0.045849
3x0 [AEOT/EOT, x103] 0.126942 0.132065 0.137548
LoD [uM] 5.026617 1.859828 1.13771

These values represent a theoretical limit of detection and it is not confirmed that the
respective protein concentrations would indeed result in a signal as calculated. Especially
for the curves with less accurate fit (i.e. lower R?), the actual protein concentration

necessary to achieve a signal distinguishable from the noise may deviate.

Nevertheless, robust signals at a concentration of 5 pM tyrosinase (see Fig. 4) already
demonstrate improved target binding of this analyte in comparison to the previously tested
protein lipase . Therein, the lowest protein concentration resulting in a significant signal
was 11 pM !, This may be attributed to the tyrosinase secondary structure and the better

accessibility of the histidine sequence for the binding aptamer.

CONCLUSIONS

This preliminary study presents a direct comparison for the specific detection of his-tagged
tyrosinase with antibody and aptamer capture probes, utilizing porous silicon optical
biosensors. One of the main results is that a simple random immobilization of antibodies
does not result in PSiO> biosensors capable of specific target detection. Although, the
conjugation of anti-his-tag-antibodies was confirmed by RIFTS, their random orientation
within the porous nanostructure makes them prone to unspecific adsorption of non-related
molecules and severly hampers the capacity for specific target capture. This is represented
by low signals indistinguishable from each other at different target protein concentrations

and controls.

Laborious directed conjugation of the antibodies via an anchored protein A layer, however,

results in PSiO, biosensors suitable for the detection of his-tagged tyrosinase at low
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unspecific adsorption of non-target molecules. While the agreement of experimental data
and modeled biosensor response is not as good (R? = 0.73), further investigation with
optimized immobilization densities and additional tested concentrations may result in a
better curve fit and thus more robust biosensor responses. Nevertheless, this conjugation
chemistry is significantly more complicated, cost-intense and time consuming while

resulting in antibody-biosensors for one-time use and with limited storability.

Aptamer-functionalized optical biosensors, showed the best performance in this study.
Biosensor responses corresponded well with the specific binding model and no unspecific
adsorption of interfering molecules, even in complex matrices, was observed. The affinity
of the target tyrosinase and the associated biosensing signals and detection limits present

an improvement from the previously reported biosensing scheme .

We hypothesized that antibodies may provide higher sensitivity and therefore enable
protein detection at lower concentration, however, under the presented conditions, aptamer-
functionalized PSiO> have no disadvantages compared to the antibody biosensors. On the
contrary, they can be fabricated much easier, cost-effective and fast, while allowing for

robust multiple biosensing cycles on the same biosensor.

Adjustment of immobilization density or the choice of a different target/receptor pair may
eventually result in an advantage of antibodies over aptamers regarding the biosensor
sensitivity. However, in this comparison for the capture of his-tagged tyrosinase with 6H7

aptamer or mouse anti-his-tag antibodies, the aptamer prevails in all categories.
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7. Discussion

This chapter summarizes the main results and achievements of this research, as

presented in the previous sections.

PSi fabrication and characterization

Throughout this work, optical transducers based on PSiO2 were prepared by

electrochemical etching of crystalline p-type silicon wafers. According to the

applied current density and etching duration, their morphological properties differ

(see table 3). Freshly etched PSi samples were all thermally oxidized to create

more stable and hydrophilic scaffolds. Structural properties, such as pore sizes,

layer thickness and porosity were characterized by HRSEM, SLIM, gravimetry and

ellipsometry. The results are summarized in table 3.

Table 3. Etching conditions and structural properties of PSiOs.

Etching HRSEM Gravim  SLIM Ellipsometry Wafer
conditions etry resistivity
Etch Current Pore Thick Total Open Thick Porosity Thickness
time density Diameter ness Porosity Porosity ness
(s) (mA/cm?)  (nm) (nm) (%) (%) (nm) (%) (nm) (Q-cm)
30 300 65+ 10 5440 78+ 1 79 + 1 4975 794 5000 £ 30 0.0008
+ 80 + 88
375 24 25+5 - 546+1 52+1 5172 - - 0.0008
+ 57
30 375 50 + 15 - 62 + 1 68 £ 5 4948 - - 0.00095
+
302
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The porous silicon scaffolds were characterized by cylindrically shaped pores that
were interconnected. HRSEM images of a typical PSiOz2 film are included in Fig.
4.1 (page 46, lower panel, left). While the current density strongly influences the
resulting pore size, etching duration directly reflects on the thickness of the
resulting layers. Furthermore, the resistivity of the wafer has a profound effect on
the efficacy of the etching process and thus influences both pore size and layer
thickness. Pore sizes were chosen and adjusted depending on the application of
the scaffold: PSiOz2 for protein biosensors (see 5.1, 5.3 and 6) required pore sizes
large enough to accommodate both aptamer receptors as well as captured target
protein molecules. For analytes not infiltrating the nanostructure (see 5.2), smaller

pores had beneficial optical properties

Once the PSIO2 films were fabricated and thoroughly characterized, we have
continued to study different strategies for the conjugation of aptamers onto the

outer surface and within the porous layers of the films.

Aptamer conjugation

Following the fabrication and characterization of the porous silicon thin films,
covalent conjugation of the aptamer capture probes was required to functionalize
the PSiOz layers.

As discussed in section 2.2 in detail, aptamer immobilization and subsequent
functionality of the receptors necessitates consideration of various factors, such as
immobilization density, aptamer orientation and the possible use of spacer

molecules.

The infiltration of the aptamers into the porous silicon scaffold and their conjugation
within presents a challenge: spatial confinement within the nano-scale pores and
the high negative charge of oligonucleotides can hamper efficient immobilization.
On the other hand, numerous functionalities on the aptamer-termini are available
during their chemical synthesis and also porous silicon is highly compatible with a
wide range of chemical modifications through silanes.
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Thus, during this work two different strategies for PSiO2-functionalization with
aptamers were employed, verifying the success of each modification step by
various methods, such as ATR-FTIR, confocal microscopy, and Ellmann assay
(see Fig. 5.1.1and 5.2.1).

The respective detailed strategies for chemical modifications are presented in
scheme 5.1.1 and Fig. 5.2.1. Herein, the first scheme utilized standard
carbodiimide-mediated coupling of amino-modified aptamers to a previously
treated surface exhibiting a carboxy-functionality. This strategy relies on standard
procedures and can be rapidly performed using inexpensive reagents. The second
strategy, wherein acrydite-modified aptamers were directly conjugated to a
mercapto-silanized surface has fewer synthetic steps and is shorter. However,
modification of aptamers with acrydite during their chemical synthesis is limited to
the 5’ end of oligonucleotides and hence, this approach is not suitable for aptamers

which require immobilization at their 3’ terminus.

Additionally, biosensors were functionalized with antibodies. Herein, results
showed that simple conjugation of antibodies via an amine-functionality to PSiO2
displaying an aldehyde group, resulted in biosensors with low functionality and
tendency for unspecific adsorption of proteins. Directed conjugation of antibodies,
retaining their functionality and achieving a good surface coverage is considerably
more laborious: after silanization and reaction with glutaraldehyde, streptavidin
was conjugated to the PSiO2 scaffolds. In the next step, biotinylated protein A was
bound to the surface. Finally, the affinity of protein A to the Fc region of antibodies
allowed for the oriented capture of such within the PSiO2 nanostructure. The
detailed schematics for the different conjugation approaches are shown in Fig. 6.1
(upper panel). It should be emphasized again that directed immobilization of
aptamers is possible in only two steps (see Fig. 5.2.1). Due to the presence of only
one functional group, which can be chosen and positioned as needed, oriented
conjugation can be achieved easily.
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Biosensing

Porous silicon nanostructured films exhibiting Fabry-Pérot interference can be
exploited as optical transducers in two different modes: when the pore sizes allow
for infiltration of the analyte molecule, the average refractive index of the matrix
changes upon its capture. This results in a shift towards higher EOT and can be
easily monitored as a shift in position of the FFT peak (see Fig. 7.1, upper panel).
For cellular targets, such as bacteria, which cannot infiltrate mesoporous silicon
structures, cells captured on the surface cause increased light scattering which
can be monitored as a decrease in the FFT peak’s intensity (see Fig. 7.1, lower

panel).
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Figure 7.1. Different biosensing modes for aptamer-functionalized PSiO, layers. Upper
panel shows the principle for analytes small enough to infiltrate the porous layer, causing
a shift in FFT peak. Lower panel shows bacteria capture on top of the porous layer,

causing an intensity-decrease in the FFT peak.

Functionalization of such optical transducers with aptamers as specific receptors

enables the design of a vast number of different biosensors. As aptamers can be
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selected against virtually any target, this is especially relevant for analytes, against

which antibodies are not readily available.

Protein biosensing

In our first demonstrated proof-of-concept for the detection of his-tagged proteins,
we focused on the linear detection range (11-56 pM) of the biosensor and
emphasized the unique regenerability of the utilized aptamer and the highly
selective performance of the biosensor in complex samples, such as bacteria
lysates. Figures 5.1.4 and 5.1.1 illustrate the biosensor response versus the target-
protein concentrations as well as controls, while Fig. 5.1.3 highlights the robust
changes in EOT up to 15 biosensing cycles with target proteins and protein

mixtures on the same PSiO2-biosensor.

For the evaluation of PSi biosensors with a second aptamer/protein analyte pair,
we chose to further investigate the detection range of the biosensor and to analyze
common biosensor characteristics such as limit of detection, apparent dissociation
constant, and resolution. Figure 5.3.3 presents the total binding of protein A to an
aptamer-modified PSiO2 layer and the unspecific adsorption of a non-target
molecule to the scaffold, as well as the corresponding curves fitted with the three
parameter Hill equation. Biosensor parameters determined for the binding of
recombinant protein A to the truncated aptamer selected by Stoltenburg et al. (739

are shown in table 4.

Table 4. Biosensor parameters for the detection of protein A.

Linear detection range Apparent dissociation Limit of detection Sensitivity

constant

8-23 uM 13.98 +1.54 yM 3.166 uM 6 % change in EOT

per uM protein A

Bacteria biosensing
Utilizing the second mode of detection in RIFTS biosensors and simultaneously
highlighting the broad range of aptamer targets, we presented a porous silicon-

based aptasensor for the direct capture of Lactobacillus acidophilus bacteria cells.
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While this system has indeed high relevance in the food industry, it mostly serves
as a model for the concept of whole-cell detection with aptamer-tethered PSi

nanostructures.

We demonstrated the efficient and rapid capture of L. acidophilus cells from pure
and mixed populations of bacteria with high selectivity (see Fig. 5.2.3, 5.2.4 and
5.2.5). Additionally, the molecular recognition of membrane-protein structures
enabled the aptamer to distinguish between live cultures and those that were heat-
inactivated. Thus, the presented biosensing system allows for rapid and direct
capture of live L. acidophilus cells at concentrations relevant for their application

in probiotic products.

Optimization strategies

Over the course of this work, several aspects of the aptamer-functionalized porous
silicon nanostructures were optimized and adjusted to ensure good aptamer-
functionality, robust optical signals, and their amplification to reach lower limits of

detection.

As outlined in section 2.2, aptamer immobilization density and the use of spacer
molecules can have a severe impact on their functionality and induce steric
hindrance. For the application of surface-tethered aptamers to directly capture
bacteria cells, we found that lowering the aptamer concentration (10 uM instead of
50 uM) per fixed surface area has a similar effect as increasing the spacing by
extension of the aptamer sequence. In both cases, greater flexibility of the
aptamers without interference with neighboring capture probes enhanced the
functional folding and access to the target structures, which resulted in increased

biosensing signals (see Fig. 5.2.3)

Moreover, two specific optimizations have been established for the respective

systems:

For bacteria capture, where no infiltration of targets into the porous structure is
necessary and thus also immobilization of the aptamers within the pores is not

relevant, the PSiO2 nanostructure has been tuned in terms of its morphological
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properties. In order to enhance the robustness and stability of the optical signal,
pore sizes have been decreased, resulting in a higher number of Fabry-Pérot
fringes in the reflectivity spectrum and thus in turn a higher signal-to-noise ratio
(see Fig. 5.2.51, 5.2.S2 and table 5.2.52).

Protein A is known to have a specific affinity to human IgG. Thus, for the detection
of protein A with protein A-binding aptamers, we were able to harness this affinity
to demonstrate a sandwich assay for the amplification of biosensing signals in a
simple RIFTS biosensor. While exposure of aptamer-functionalized biosensors to
sample concentrations below the biosensor detection limit for each, protein A and
IgG separately, does not result in any significant signal, subsequent exposure of a
biosensor to first protein A and then human IgG resulted in a pronounced EOT
signal (see Fig. 5.3.5 and 5.3.6). While the change in refractive index due to
binding of few protein A molecules could not be observed by RIFTS, subsequent
attachment of 1IgG which has a significantly higher molecular mass, induced a
measurable EOT signal. This mechanism for signal amplification can be applied to
other aptamer/target pairs and utilization of a second aptamer for the same target
coupled to a higher mass particle or molecule is imaginable to enhance the signal
further.

Comparison between aptamers and antibodies

The differences between antibodies and aptamers in terms of their production and
properties are obvious. However, studies reporting on direct comparison of their
performance as receptors in biosensors are rare and often leave the question,
which recognition element results in better biosensors, open. In a preliminary
study, we compared the behavior of biofunctionalized PSiOz2 to different non-target
proteins, mixtures and different target protein concentrations (see Fig. 6.2 and 6.3).
We studied three types of biosensors, (i) aptamer-conjugated, (ii) with randomly
conjugated antibodies and (iii) with antibodies immobilized oriented. We found that
aptamer-functionalized biosensors performed best in terms of robust signal
following the model of specific target binding (see Fig. 6.4). Moreover, the
calculated limit of detection (see Table 6.1) was the lowest for aptamer-tethered
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biosensors and they could be regenerated for multiple uses, while their fabrication

is easier and they have longer shelf life.
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8. Conclusion

The major achievements of this work are:

- Introduction of aptamers as a new class of receptor probes in optical porous
silicon biosensors

- Straightforward fabrication of tunable porous silicon nanostructures and
simple strategies for the controlled conjugation of oligonucleotide
sequences.

- Fabrication of highly stable biosensors that exhibit — due to the superior
stability of aptamers and porous silicon — long shelf lives, especially
compared to antibody-based assays.

- Reliable optical biosensing for two exemplary aptamer/target protein pairs,
wherein one model-system (for capture of his-tagged proteins) additionally
demonstrated easy regenerability for multiple usage. Therein,
instrumentation was minimalistic and sample and reagent consumption low.
The system has immense potential for multiplexing (i.e. immobilization of
different aptamers on the same biosensor to detect several analytes
simultaneously) and miniaturization of the experimental setup.

- Second detection mode for the RIFTS platform, highlighting the versatility
of possible aptamer targets: with minimal changes in the PSiO2
nanostructure and slightly different analysis of the data, we showed specific
capture of whole bacteria cells onto the surface of the biosensor by aptamer
receptors.

- Complete characterization of aptamer-functionalized PSiO2 biosensors and
additional comparison to antibody-functionalized biosensors targeting the
same target.

- Sandwich assay format as proof-of-concept for the amplification of obtained
biosensing signals by attachment of a secondary binding molecule that

enhances the biosensor response at low analyte concentrations.

132



Conclusion

The demonstrated biosensor system based on aptamer capture probes and
porous silicon transducers represents a universal detection scheme with
enormous potential for further development: the simplicity of the system allows for
miniaturization of the required instruments and combination with microfluidics, as
it has been already demonstrated for porous silicon biosensors (746, could enable
convenient point-of-care application. Integration of automated liquid handling
would advance the system to high-throughput multiplexing and seamless

integration into production processes for online monitoring of multiple analytes.
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Chapter 4
Porous Silicon Biosensors Employing
Emerging Capture Probes

Katharina Urmann, Elena Tenenbaum, Johanna-Gabriela Walter
and Ester Segal

Abstract The application of porous silicon (PSi) for biosensing was first described
by Thust et al. in 1996, demonstrating a potentiometric biosensor for the detection of
penicillin. However, only in the past decade PSi has established as a promising
nanomaterial for label-free biosensing applications. This chapter focuses on the
integration of new emerging capture probes with PSi-based biosensing schemes. An
overview of natural and synthetic receptors and their advantageous characteristics
for the potential application in PSi biosensors technology is presented. We also
review and discuss several examples, which successfully combine these new bio-
receptors with PSi optical and electrochemical transducers, for label-free biosensing.

4.1 Introduction

Although porous silicon (PSi) was already discovered in the 1950s, it only gained
scientific attention in the 1990s when Leigh Canham reported bright photolumi-
nescence of the material [1]. While the interest in PSi for optoelectronic switches,
displays and lasers quickly faded due to its poor chemical and mechanical stability,
it became a material of choice for sensors design. PSi unique combination of
properties i.e., high surface area and volume, tunable nanostructure, versatile sur-
face chemistry and compatibility with other silicon microfabrication technologies,
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allow for the design of sophisticated biosensing platforms [1, 2]. Indeed, a growing
number of biosensing schemes employing PSi as a transducer are reported in recent
years. By 2013, the yearly number of new publications already reached 40.
Included here are not only electrochemical biosensors taking advantage of the
semiconductor electrical properties, but also many optical biosensing schemes,
which utilize the unique optical properties of this nanostructured material. The most
common fabrication method of PSi is electrochemical etching in the presence of
hydrofluoric acid (HF). This method allows to easily define the properties of the
formed porous layer in terms of pore dimensions, morphology and porosity, by
adjustment of the etching parameters (e.g., current density, anodization time, HF
concentration) [3, 4]. By controlling the current density during the etching process,
different porous structures can be fabricated such as single porous layers, double
layers, photonic crystals and microcavities [2].

The freshly-etched PSi is unstable in ambient environment and in aqueous med-
ium as the Si hydride-terminated surface is prone to nucleophilic attack by water
molecules. A simple method to stabilize PSi is to grow an oxide layer on the surface to
slow spontaneous oxidation (PSiO, formation). The resulting PSiO, layer provides a
convenient means for subsequent surface modification, as it enables the simple
reaction with different alkyl silanes [2, 5, 6]. Reactive groups at the distal end of the
silane molecules, such as amines and thiols, provide attachment points for biorec-
ognition elements. Silanization of oxidized PSi has been used to create biorecognition
interfaces composed of DNA [5], antibodies [7-9] and small molecules [10].

Porous silicon has proven to be a suitable transducer, showing excellent sensi-
tivity, and allowing for label-free detection of many analytes of interest [11, 12].
PSi optical biosensors are based on changes in the photoluminescence or the
reflectivity spectra upon exposure to the target analyte, which replace the media in
the pores. A change in the refractive index (RI) of the liquid in the pores affects the
average RI of the porous film, and is commonly observed as quenching of the PSi
photoluminescence or as a wavelength shift in the reflectivity spectrum. For ana-
lytes that are size excluded from penetrating into the porous nanostructure, changes
in the reflected light intensity are observed as a result from a change in the RI
contrast at the PSi-medium (air or other) interface [13].

Optical transducers received significant attention in the field of PSi-based bio-
sensors since the pioneering work of Sailor and co-workers [14-16], and there are
already few commercially-available optical sensing systems (Silicon Kinetics, Inc.).
Nevertheless, PSi is also studied as an electrochemical transducer for biosensing
applications [17]. The two main electrochemical transduction types are potenti-
ometry and amperometry. Potentiometric biosensors measure the potential differ-
ence occurring as a result of an acidic/alkaline substance formation. These
substances are usually a product of an enzymatic reaction, where the catalyzing
enzyme is immobilized onto the PSi surface. Amperometric biosensors measure
current density resulting from redox reactions, catalyzed by immobilized enzymes.
Amperometric PSi-based biosensors are less applicable due to the relatively poor
conductivity of PSi and therefore, coupling of metal electrodes to the PSi may
increase their sensitivity [17, 18].

144



Appendix

4 Porous Silicon Biosensors Employing Emerging Capture Probes 95

Apart from the transducer quality, the properties of the biorecognition elements
to be used for analyte binding have a critical effect on the performance of any
biosensor system. The use of novel capture probes is emerging for new assay
designs and for targeting a wide variety of analytes. These capture probes: apta-
mers, peptide nucleic acid (PNA), synthetic antibodies, antimicrobial peptides
(AMPs) or enzymes, hold in store many advantages over the common bioreceptors.
These include improved conformational stability, higher affinity towards the target
analyte, and reduced production costs. We believe that the integration of these
novel biorecognition elements with the advantageous properties of PSi will improve
the performance of PSi-based biosensors dramatically, especially in terms of sen-
sitivity. Low limits of detection will allow these biosensors to meet the require-
ments in the fields of food safety, medical diagnostics or homeland security.

4.2 Emerging Bioreceptors

All biosensors rely on an element facilitating molecular recognition—the so-called
bioreceptor, which specifically binds the target analyte. Binding between the bio-
receptor and the analyte occurs due to biomolecular recognition which is based on
the complementarities of the surfaces of the two binding partners [19]. Different
molecular interactions can contribute to binding: Hydrogen bonding, van der Waals
forces, electrostatic interactions, 7-7 interactions, and combination of thereof are
working in concert to enable high specific and high affinity binding. Moreover,
during the binding event, successive replacement of water from the binding sites of
the bioreceptor and the analyte takes place, resulting in an increase of enthalpy,
making binding favorable. In aqueous solutions—which are most often the media to
be analyzed by biosensors—this so-called hydrophobic effect has a profound role
and may even dominate the bioreceptor-analyte complex formation [20].

In this section a brief overview on bioreceptors will be given with an emphasis
on emerging new types of recognition elements. This section makes no claim to be
complete, more comprehensive reviews can be found elsewhere (e.g. [21, 22]). The
main features of the bioreceptors described in this chapter are summarized in
Table 4.1.

4.2.1 Natural Bioreceptors

The first biosensor systems utilized bioreceptors provided by living organisms.
Examples for such biological recognition elements are antibodies and enzymes.
These naturally occurring receptors have been developed by nature via evolutional
processes. Today, biotechnology allows not only the construction of completely
new bioreceptors, which will be discussed in Sect. 4.2.2, but also facilitates rational
modification of naturally occurring bioreceptors e.g. manipulation of their binding
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Table 4.1 Main features of the bioreceptors

K. Urmann et al.

Bioreceptor Classification Targets/Analytes | Advantages Disadvantages
Antibody Natural/engineered | Proteins, small High affinity, well Low stability, not
molecules established production readily available
and application for all analytes
Enzyme Natural/engineered | Small molecules | High affinity Not available for
all analytes of
interest
AMP Natural/engineered | Bacteria High affinity, chemical Not specific
(antimicrobial stability when compared | towards certain
peptides) to antibodies, broad strain
antimicrobial spectrum
DNA Synthetic DNA/RNA Ease of production, well Prone to nucleases,
established technologies negative charge
PNA (peptide | Artificial DNA/RNA Higher affinity when Poor solubility
nucleic acid) compared to DNA, (depending on the
resistant to nucleases length and
sequence)
Aptamer Artificial Proteins, small High affinity and Less established
molecules, cells specificity, in vitro selection and
(including selection and production | application
pathogens) techniques,
negative charge
MIP Artificial Proteins, DNA High stability High amount of
target required

site to permit new specificities. Therefore, a precise discrimination between natural
and synthetic bioreceptors is difficult and the line between them is blurred. In this
subsection we are summarizing some naturally occurring bioreceptors as well as
engineered variants derived from these molecules.

4.2.1.1 Antibodies

The most prominent example for bioreceptors may be antibodies. In nature, anti-
bodies are produced by the immune system in an evolutional process resulting in
high affinity and specificity. The human immune system is estimated to possess a
repertoire of 10" distinct antibody structures from which appropriate antibodies are
chosen by recombinant selection [23]. This allows the production of antibodies
directed against numberless potential antigens. This diversity in combination with
the well-established techniques of antibody development and production are
responsible for the broad use of antibodies in biosensing systems. The dominance
of antibodies was especially boosted by the development of monoclonal antibody
technology, facilitating the production of large amounts of antibodies directed
against one single epitope of the antigen in cell culture. Instead of using the
complete, intact antibody, Fab fragments or even smaller fragments can be used as
bioreceptors [24-26].
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Based on their generation in living organisms—cells or animals—antibodies
possess some limitations. For instance, antibodies directed against small molecules
in general, and especially against toxic or non-immunogenic molecules, are difficult
to generate. Here the analyte has to be coupled to a protein before immunization
[27] and the obtained antibodies have to be purified in order to isolate the fraction
binding to the target of interest. The development of antibodies against small
molecules is thus laborious, time-consuming and expensive.

Detailed understanding of the genetic background of antibodies has resulted in
the possibility to manipulate antibodies structure [25]. Recombinant expression of
antibodies allows the design of chimeric antibodies; the binding sites of antibodies
can be selected by phage display techniques using genetic engineered phage
libraries. In antibody phage display, the minimized antibodies are fused to a coat
protein of the virus, resulting in phages presenting the antibody on the phage
surface. The phages are then used for the selection of antibody fragments with the
desired binding properties, they not only display the antibody fragment on their
surface, but also carry the corresponding genetic information and can thus be used
for the amplification of these features [28].

Although these modern selection techniques have overcome the limitations
associated with the development of antibodies in living organisms, other problems
remain unsolved. These include poor antibody stability and their limitation to
near-physiological conditions.

4.2.1.2 Enzymes

Enzymes do not only bind a substance—the so-called substrate—they also convert
it to a product. The binding of the substrate to the active binding pocket of the
enzyme is driven by the forces described above and results in high specificity.
Moreover, the catalytic process results in detectable reaction products like protons
and electrons, which can be exploited for signal amplification. Enzymes were the
first recognition elements used in biosensors. The pioneering work of Clark and
Lyons [29], immobilizing glucose oxidase on an electrode to allow for the deter-
mination of glucose concentration, has boosted the development of numerous
enzymatic biosensor platforms, exploiting the outstanding specificity of
enzymes [30].

Drawbacks of naturally occurring enzymes are their rather low stability with
regard to environmental conditions (temperature and pH) [31], and the lack of
specific enzymes for all analytes of interest. Here, genetic engineering can broaden
up the diversity of possible substrates and fine-tune the characteristics of the bio-
receptor [32]. An interesting approach to develop enzymes, which can be tailored to
allow the detection of specific analytes of interest, was described by Ostermeier
(2005) [33]. Target binding sites were engineered and inserted into the regulatory
subunit of an allosteric enzyme. Binding of the target to the regulatory subunit
resulted in a structural switch affecting the activity of the catalytic site [33, 34].
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4.2.1.3 Antimicrobial Peptides

Antimicrobial peptides (AMPs) are positively charged short (10-50 amino acids)
oligopeptides occurring as natural antibiotics and immunomodulating substances
which have been evolved as a part of the innate immune system [35]. Various types
of AMPs have already been identified including defensins, cecropins, magainins
and cathelicidins [36]. AMPs are stable molecules, which can survive under flow or
heat conditions, as well as different salt concentrations and pH variations. They can
also bind to a broad spectrum of microorganisms. As such, they have already been
successfully used for the detection of pathogens in various formats of diagnostic
assays [37]. Although their affinity towards many bacteria strains might also be a
drawback for biosensing applications, it is interesting to mention that it has been
shown that the natural AMP Magainin I exhibits preferential binding towards some
pathogenic species [38].

Besides naturally occurring peptides, synthetic peptides which mimic the bio-
physical characteristics of naturally occurring AMPs can be generated by combi-
national synthesis. For a synthetic peptide, consisting of 10 of the 20 essential
amino acids, 20'% (2 x 10"") distinct peptides are possible, but the diversity can be
further expanded by the use of non-essential and unnatural amino acids [39]. These
huge libraries have to be screened for peptides with the desired binding properties
by high throughput screening. Molecular modeling is expected to improve and
simplify the identification of peptides derived by combinational synthesis. Peptides
with desired affinity against a given target can also be selected by phage display
technology. These synthetic peptides have the advantages of simple cost-effective
synthesis procedure, stability in the presence of proteases and the ability to design
their binding properties [40].

4.2.2 Synthetic Receptors

As already mentioned, natural bioreceptors are limited by their low stability, poor
performance in organic solvents, and/or their availability against a specific analyte.
Therefore, technologies have been developed to advance naturally occurring bio-
receptors or to even completely substitute them by novel types of bioreceptors.
Using modern DNA technology, naturally occurring bioreceptors can be further
evolved to result in engineered receptors with improved properties. In addition,
completely synthetic bioreceptors are developed by rational design, computational
chemistry, combinatorial chemistry, molecular imprinting, self assembly or com-
binations of these techniques [41].
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4221 DNA and PNA

DNA oligonucleotides can be used as bioreceptors for the detection of comple-
mentary DNA sequences. Here, the hybridization between the DNA and the oli-
gonucleotide is exploited for the detection of the DNA—or more specifically—the
source of the DNA. Thus, oligonucleotides are most valuable for a variety of targets
ranging from pathogens in infectious diseases [42] and food-borne contaminations
[43], cancer biomarkers [44], to the diagnosis of genetic diseases by microarray-
based multiplexed detection of genes and gene alterations [45-47].

One drawback associated with DNA oligonucleotides as bioreceptors is their
susceptibility to degradation by nucleases. In this context, the use of phosphoro-
thioates can improve DNA stability [48] and locked nucleic acids (LNAs) have
been developed, which contain at least one bicyclic furanose unit that nucleases do
not accept as a substrate [49]. Other disadvantages associated with DNA are the
limited sensitivity and rapidity of the sensing. Conventionally, the DNA originating
from the sample to be analyzed needs to be amplified via PCR prior to sensing,
resulting in a lengthy procedure. Moreover, the negatively charged phosphate
backbone of the oligonucleotides is also the source of some concerns. The negative
charge results in electrostatic repulsion, which further increases upon
duplex-formation and causes Coulomb blockage of the hybridization [50, 51]. To
circumvent these problems, a new type of nucleic acid oligomers has been devel-
oped. In peptide nucleic acids (PNAs) [52], the negatively charged phosphate
backbone of natural oligonucleotides is replaced by a neutral peptide-like backbone
composed of repeated N-(2-aminoethyl)glycine units linked by amide bonds. The
number of bonds between the bases in the obtained PNA is similar to that in DNA,
resulting in a proper inter-base spacing, which allows for hybridization of DNA and
PNA. The use of PNA in DNA biosensors offers some major advantages. PNA is
not recognized by nucleases and proteases and is thus stable in biological fluids.
Due to the lack of electrostatic repulsion, existing between two DNA oligonucle-
otides, the binding between PNA and DNA is even stronger and more specific than
the formation of DNA duplexes. Thus, PNA is considered to offer extraordinary
specific detection of DNA to facilitate the identification of single-nucleotide mis-
matches [53].

Despite their improved properties, PNAs are limited to the detection of DNA
sequences. Another type of oligonucleotide—termed aptamer—broadens up the
specificity of oligonucleotide-based detection to virtually all types of analytes.

4.2.2.2 Aptamers

Aptamers are single-stranded oligonucleotides composed of RNA or DNA gener-
ated by in vitro selection techniques like SELEX (systematic evolution of ligands
by exponential enrichment) [54-56], modified SELEX procedures [57, 58]
or MonoLEX [59]. During the selection, aptamers are isolated from combinational
oligonucleotide libraries containing up to 10"° individual sequences based on their
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affinity and specificity towards the desired target molecules. Once an aptamer
sequence has been identified, the aptamer can be produced by chemical synthesis.

In contrast to conventional DNA, which binds complementary DNA based on
Watson-Crick base-pairing and is usually thought of as a rather linear molecule,
aptamers fold into unique three-dimensional (3D) structures that enable the
molecular recognition of their corresponding targets [60, 61]. Thus, they are often
described as nucleic acid-based alternatives to antibodies. While the development
of antibodies depends on the immunization of animals and their production via cell
culture techniques, aptamers are selected by in vitro techniques and can be pro-
duced via chemical synthesis. Consequently, aptamers can be selected against
virtually all types of targets, including those with low immunogenicity or high
toxicity. Moreover, aptamers can be selected under non-physiological conditions in
order to generate aptamers that are functional under desired conditions. Thus, in
case of aptamers, a tailor-made bioreceptor can be designed and optimized to meet
the requirements of specific applications [62, 63].

In the special context of biosensing, the major advantages of aptamers over their
amino acid-based counterparts include their superior stability, ease of regeneration
(to allow subsequent usage in multiple sensing cycles), and highly reproducible
production by chemical synthesis. During this synthesis, the aptamer can be
modified at defined positions; for instance linker molecules can be incorporated to
facilitate highly controlled immobilization of the aptamer on the transducers sur-
face. Moreover, due to their oligonucleotide nature, aptamers offer completely new
biosensing schemes, as we reviewed recently [64, 65]. For instance, oligonucleo-
tides complementary to the target-binding site of the aptamer can be designed and
hybridized to the aptamer. Thus, in the presence of the target, the target will replace
the complementary oligonucleotide, while the release of the oligonucleotide can be
detected and quantified via different labeling techniques. This strategy has been
already successfully applied for the detection of ethanolamine, which is the smallest
analyte against which an aptamer has been selected [66]. In more sophisticated
sensing schemes, the aptamer can simultaneously act as both the bioreceptor and
the transducer. In these so called aptamer beacons, the aptamer can be modified
with a quencher and a fluorophore positioned in close proximity, resulting in low
fluorescence in the absence of the target. Binding to the target results in confor-
mational changes; fluorophore and quencher depart from each other to yield an
increase in the fluorescence intensity [67].

One concern associated with aptamers is their sensitivity to degradation by
nucleases. Today, this problem can be easily overcome by different modifications
[68] and even non-modified aptamers are already successfully applied in complex
biological samples [69, 70]. In addition, the high negative charge presented by the
aptamer molecule may result in failure to select aptamers, which are directed
against negatively charged species, and may also induce non-specific binding to
aptamer-modified surfaces. To overcome these issues, PNA aptamers have been
developed in recent years. Lee et al. have synthesized a PNA aptamer using the
same base sequence known from a DNA aptamer directed against thrombin [71].
However, it remains uncertain whether this simple transition from DNA to PNA
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may be applicable for other aptamers, in which the folding of the aptamer may be
influenced strongly by the negatively charged phosphate backbone. In this context,
the direct selection of aptamers from a PNA library, which has already been used to
develop PNA aptamers directed against dihydrofolate reductase [72], may prove to
be a more versatile tool.

4.2.2.3 Molecularly Imprinted Polymers

Molecularly imprinted polymers (MIPs) are synthesized by contacting the target of
interest with a complementary mixture of functional monomers to allow complex
formation. Subsequently, the monomers are polymerized to form a matrix, which
entraps the target. Removal of the target leaves behind a cavity with a surface
complementary to the target.

Depending on the used monomers, the MIP offers some advantages over natural
and other artificial bioreceptors, including their inherent stability with regard to
temperature, pH, and organic solvents, low cost, and ease of preparation [41, 73].
The affinity and specificity of MIPs are generally inferior in comparison to that of
antibodies and aptamers; e.g. apparent dissociation constants within the micro
molar range have been determined for MIPs [74]. Moreover, MIPs produced by
available techniques are polyclonal binders [75, 76], also restricting their speci-
ficity. The major disadvantage of MIPs is the large amount of target that is required
for MIP production. In the case of antibodies, small amounts of the antigen (cor-
responding to the target) are needed for the immunization of the animal, after which
large quantities of the antibody can be expressed with no need for additional target.
The same applies for the production of aptamers; the target is only required during
the SELEX process. Accordingly, the obtained DNA sequence can be used for the
reproduction of the bioreceptor. In contrast, each cavity within the MIP requires one
target molecule.

4.2.3 Today’s Use of Bioreceptors and Future Perspectives

Today biosensors employ a broad diversity of different bioreceptors, as discussed in
previous sections. Nevertheless, most biosensors still rely on conventional biore-
ceptors based on nature’s well-known binding mechanisms. These include DNA
detection, which is based on Watson-Crick base pairing, proteins are most fre-
quently detected using antibodies, and small molecules are mostly detected by
enzymes. Figure 4.1 summarizes the number of academic publications (between
1980-2013) dealing with biosensors, categorized in accordance to the type of
employed bioreceptor. Clearly, enzymes, DNA and antibodies are dominating the
field, but new capture probes are emerging and gaining significant momentum.
Among these novel types of bioreceptors, AMPs and especially aptamers have
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Fig. 4.1 Publications dealing with biosensors utilizing different natural and artificial bioreceptors.
Search for publications was performed using the term “biosensor” in combination with the terms
“enzyme”, “antibody”, “MIP”, “PNA”, “aptamer”, “DNA”, or “AMP”. Data was created using
MEDSUM: an online MEDLINE summary tool by Galsworthy, MJ. Hosted by the Institute of
Biomedical Informatics (IBMI), Faculty of Medicine, University of Ljubljana, Slovenia. URL:
www.medsum.info

attracted much attention (insert in Fig. 4.1). Our perspective is that aptamers have
the potential to dominate the field in the future due to the fact that they can be
developed to target almost all classes of analytes and produced at relatively low
cost.

4.3 Porous Silicon-Based Biosensors

Over the past decade, a great number of PSi-based biosensors were reported in the
literature [2, 12, 77]. With its most attractive property, the large surface area of up
to 500 m*cm’, PSi allows dense immobilization of different capture probes:
enzymes [78], DNA fragments [79], antibodies [7], or any of the aforementioned
emerging bioreceptors. Optical biosensors make up for the largest share in
PSi-based assays and can be further categorized to two subgroups, based on the
optical transduction mechanism, to include biosensors based on changes in pho-
toluminescence [10, 80] and those based on changes in reflectivity [5, 81]. Upon
infiltration of the target analyte molecules into the porous layer and their subsequent
binding to the respective bioreceptors, which are immobilized onto the pore walls, a
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Table 4.2 Examples of PSi-based biosensor schemes categorized in terms of the type of
bioreceptor employed

Capture Analyte Detection method Porous architecture | Working range | Reference
probe
Antibody | E. coli Optical-reflectivity Single mesoporous | 10°-10° [9]
Streptavidin layer cells/ml
Opiates Optical-fluorescence Single nanoporous | n/a [87]
layer
Optical-reflectivity Single mesoporous | 0.018- [88]
layer 10.8 uM
Enzyme Specifically Optical-reflectivity Single mesoporous | n/a [89]
cleaved layer
peptide Electrical-amperometry | Single mesoporous | 1-50 mM [84]
fragments layer
Proteins (e.g.
cholesterol)
Peptide Enzyme Optical-reflectivity 1D Photonic 0.037-37 uM [90]
crystal
DNA DNA Electrical-impedance Single 0.1-5 uM [5]
macroporous layer
PNA DNA Optical-reflectivity Single mesoporous | n/a [91]
layer
Aptamers | ATP Optical-fluorescence Single 0.1-100 uM [92]
macroporous layer
Tetracycline Electrical-impedance Single mesoporous | 2-100 nM [86]
layer
His-tag Optical-reflectivity Single mesoporous | 11-56 pM [93]
proteins layer

change in the RI of the thin film can be observed, as a modulation in the photo-
luminescence or as a wavelength shift in the reflectivity spectra, respectively. Other
biosensors based on PSi are mainly electrochemical, relying on PSi semiconductor
characteristics [82]. Examples include voltammetric approaches [83] as well as
amperometric [84], potentiometric characterization [85] and impedance-based
sensors [86].

Another appealing characteristic of PSi transducers is the ability to easily tailor
their nanostructure [1]: pore sizes to accommodate the interacting species, pore
architecture, as well as surface chemistry, can be varied and tuned to meet the needs
of any specific application.

Table 4.2 provides an overview of existing PSi-based biosensor schemes and the
type of bioreceptor employed. Without the claim of being complete, it shows that a
wide diversity of bioreceptors in concert with different transduction approaches is
used for the development of PSi-based biosensors.
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4.3.1 Optical Biosensors

While the discovery of photoluminescence in PSi kick-started scientists’ attention
on the material, this emission of secondary photons upon light induced excitation
has not established itself as a prevalent transduction methodology for biosensors
development. This is in spite of the promising early studies by Starodub et al. [94],
in which specific protein binding to the corresponding antibody was demonstrated
by a decrease in the PSi photoluminescence. The complex photoluminescence
mechanisms, associated with electron transfer and interfacial charging [1, 95, 96],
pose a major challenge in the development of reliable biosensors [97]. Yet, a recent
study demonstrated the quenching of a reporter-label inside the porous structure in a
very interesting manner [92], this work will be discussed in more detail in the next
section.

Fluorescent labels have also been used in assays to combine both, a fluorescent
signal and reflectivity spectra [98] or electrical impedance [87], respectively.
Nonetheless, label-free methods are often preferred. The necessity of additional
steps for labeling the capture probes or target, add cost and complexity to the assay
and may interfere with target recognition. Other disadvantages of labeled approa-
ches include the rapid photobleaching of fluorescent organic dyes conjugated to the
biomolecules of interest, as well as challenges associated with quantitative analysis
due to the fluorescence signal bias, as the number of fluorophores on each molecule
cannot be precisely controlled [99].

For label-free PSi biosensors based on reflectance, two different signals can be
monitored: the shift in the wavelength due to RI variation [16] and a change in the
intensity of the reflected light due to scattering effects [9]. Different PSi architec-
tures e.g., single and double layers [88, 100], microcavities [78, 101], and photonic
crystals [90, 102], have been used for the construction of reflectivity-based optical
biosensors. The tunable architecture of PSi allows incorporating additional func-
tionalities within the optical transducer, such as internal reference channels, and
size exclusion features. Pacholski et al. [103] demonstrated a double layer bio-
sensor, where a layer with smaller pore size serves for separation of biomolecules
by size exclusion and also as an internal signal reference channel. This nano-
structure allowed for simultaneous detection of a macromolecule (bovine serum
albumin) and a small molecule (sucrose). This concept was later exploited by
Bonanno and DeLouise [101] using a microcavity structure for filtering, enabling a
label-free detection of rabbit IgG in complex media (such as whole blood samples).

We believe that a combination of the advantageous properties of the novel cap-
ture probes, described in the previous section, with PSi can bring forth a new
generation of high performance biosensing concepts. While there are certainly many
more publications to be expected within the next years, in this review, we focus on
few recent studies, which have demonstrated promising results. The first example of
a fluorescence-based optical biosensor employing PSi in combination with novel
capture probes, is a one-step assay presented by Yoo et al. [92]. In this assay, a
macroporous PSi is modified with streptavidin through physical adsorption followed
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Fig. 4.2 Schematic illustration of the assay for adenosine detection based on
fluorescence-quenching in an aptamer-based macroporous silicon structure. Adapted with

permission [92]

by the introduction of biotin-conjugated DNA aptamer, directed against the target
adenosine. The biosensor is geared up by hybridization of a complementary strand
modified with the fluorescent reporter probe, carboxytetramethylrhodamine
(CTMR), to the aptamer. A detailed scheme of the assay is presented in Fig. 4.2.
Close proximity of the CTMR to the PSi surface effectively quenches the fluores-
cence, while a target-induced dissociation of the complementary strand in the
presence of adenosine target, restores the fluorescence by releasing the fluorophore.
The macroporous silicon structure is produced by electrochemical etch with a
characteristic pore size distribution between 0.8 and 1.6 pm, and its protein
adsorption capacity is determined to be 93.75 pg/cm?. The high hydrophilicity and
high surface area of the scaffold allows for simple and dense immobilization of the
protein probes [104] building further up to the attachment of the aptamer receptor.
The quenching of organic dyes on the scaffold was found to be most efficient when
close proximity of the molecules to the silicon matrix is kept, as this ensures efficient
energy transfer [105, 106], whereas oxide layers or other spacers can hinder this
phenomenon in distances >30 nm from the scaffold [105-107]. Additional
quenching effects are not only achieved by the suitable transducer here, but also by
the guanines abundantly contained in the aptamer sequence due to electron transfer
from aromatic compounds [108]. This combination of fluorescence quenching ren-
ders the biosensor highly effective to sensitive target detection and indeed, the
proposed platform showed reliable detection in sub-micromolar concentrations.
While basal adenosine blood-levels range from 20 to 200 nM [109], hypoxic tissue
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or inflammatory response easily boost the concentrations to the 10-100 fold [110,
111]. Therefore, the presented assay has the potential to differentiate between normal
blood-level and increased adenosine concentrations. In comparison to conventional
analytical methods for the detection of adenosine, e.g. HPLC or enzyme-based
electrochemical sensors, which are not suitable for fast and high throughput analysis
[112, 113], usage of aptamers as receptor molecules profits from easy labeling
procedures, high affinity and specificity of this novel capture probe [114]. However,
previously developed aptasensors either lack in sufficient sensitivity [115] or require
implementation of other nanomaterials such as graphene [116] or single-walled
carbon nanotubes [117], involving laborious and time intensive production pro-
cesses, whereas the use of PSi as transducer provides a simple platform and invites
this proof-of-concept study to be extended with other aptamer-target pairs.
Nevertheless, the assay should be studied with real samples, as components in
complex biological fluids may impede with the quenching and de-quenching effects
and nonspecific adsorption onto the biosensor surface should be assessed. Moreover,
assay time dependency should to be carefully studied, especially when application in
the field might necessitate washing steps prior to analysis.

Our own research efforts are aimed at the development of a generic biosensor
scheme that utilizes aptamers as capture probes. Herein, we exploit the aptamers’
superior properties in terms of stability and reversible folding. Our work [93, 118]
describes, for the first time, the design and characterization of a label-free optical
PSi-based aptasensor. An oxidized porous silicon nanostructure (Fabry-Pérot thin
film), serving as the optical transducer, is conjugated with a well-characterized
his-tag binding aptamer (6H7) [119, 120]. This aptamer system has been previously
used in protein downstream processing and was thoroughly studied in microarray
applications as described by Walter et al. [121]. In a first step, we confirmed
successful immobilization of the aptamer throughout the oxidized PSi (PSiO,)
scaffold. Aptamer-protein binding events, occurring within the nano-scale pores, are
monitored in real time, confirming affinity of the aptamer-immobilized PSiO,
towards the target proteins in uM range (as anticipated by this specific aptamer
binding characteristics) [69]. The assay scheme is outlined in Fig. 4.3, showing a
typical biosensing experiment in which the reflectivity spectra of the porous film are
monitored in real time and corresponding effective optical thickness (EOT) values
are computed. The figure presents the change in the relative EOT values
(EOT/EOT ) upon exposure of the 6H7-functionalized PSiO, to lipase (T6 from
Geobacillus stearothermophilus, molecular weight 44 kDa), which is used as a
model his-tagged protein. After baseline establishment with an appropriate buffer,
the analyte solution is introduced and the biosensor is incubated with the solution.
A rapid increase in the relative EOT value is observed, which is attributed to the
infiltration of the protein solution into the pores and to binding events of the
his-tagged protein to the 6H7 aptamer. Subsequently, the target solution is removed
and the biosensor is thoroughly rinsed with a buffer to remove unbound species,
inducing a sharp decrease in the relative EOT after which a stable signal is attained.
Thus, the significant change in EOT, corresponding to a net shift of 40 nm, is
attributed to binding of the target protein to the aptamer-functionalized surface.

156



Appendix

4 Porous Silicon Biosensors Employing Emerging Capture Probes 107
Baseling Target protein introduction - Elution of target .
i i g Signal readout " New baseling
Functional aptamers Binding events occur atter finging protemns Aptamers are regenerated

|
| / Linkage chemistry

=3
= 4
8 1,008 &: Target pratein
= A =
8 1,004 - g Aptamer
1 | | " A
1,000 v T 1 |
1 1 n | |
T i T T
50 100 150 200
Time [ Min]

Fig. 4.3 Relative EOT value versus time of 6H7-functionalized PSiO, during a typical biosensing
experiment. A baseline is obtained in buffer solution followed by the introduction of lipase
solution, binding events occur and the signal increases rapidly. After a rinse step to remove
unbound molecules, a stable readout signal is attained. Competitive elution with 1 M imidazole
leads to the release of the captured target protein and the rapid removal of such in the following
rinse step. Following a short incubation in the aptamer’s selection buffer, the biosensor can be
restored for subsequent use. Note that during buffer exchange and rinsing, EOT measurements are
briefly paused. Adapted with permission [93]

The stability of the EOT signal during the rinsing step implies that the captured
protein molecules are tightly bound to the aptamer under these conditions.

During the 6H7 aptamer selection, gentle elution conditions for the resulting
sequence to release the captured target were pre-defined, resulting in an aptamer
engineered to undergo reversible changes of confirmation when exposed to high
concentrations of imidazole. Therefore, the resulting biosensor can withstand
repeated cycles of denaturation and renaturation, exhibiting outstanding stability
and reusability for numerous subsequent experiments. Indeed, exposing the bio-
sensor to the elution buffer, see Fig. 4.3, results in an immediate increase in EOT
signal (due to the higher refractive index of this buffer solution) and induces the
release of the target molecules. Following this step and another thorough rinse of
the biosensor, the relative EOT readout returns to its original value and a new cycle
can be initiated (see Fig. 4.4).

The notably high selectivity and specificity of the proposed biosensing scheme is
demonstrated in several controls: aptamer-conjugated PSiO, are exposed to
non-target protein solutions, mixtures of proteins as well as to complex biological
fluids such as bacteria in their culturing medium and bacterial lysates. All these
experiments confirmed the very low non-specific adsorption of unrelated molecules
on the aptamer-functionalized surface, indicating that the biosensor is suitable for
application in real samples.
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Fig. 4.4 The concept of the aptamer-porous silicon biosensor. Adapted with permission from [93]

A limitation of the presented biosensing scheme lies in the sensitivity of the
sensor. Due to the poor dissociation constant of the 6H7 aptamer [69], a linear
response could only be shown in the micromolar range. However, as the study has a
proof-of-concept character, we expect to adapt this principle for other aptamers
displaying nanomolar dissociation constants against highly relevant target mole-
cules. This will allow the design of simple, flexible, inexpensive, robust and por-
table biosensing platforms combining the superior properties of aptamer capture
probes and PSi-optical transducers.

4.3.2 Electrochemical Biosensors

In electrochemical biosensors, the investigated reaction usually produces or con-
sumes an electro-active moiety due to the activity of the recognition element in the
device. An important characteristic of these biosensors is a direct spacial contact
between the electrochemical transducer and the bioreceptor, enabling a measure-
ment of either current (amperometric), potential or charge accumulation (potenti-
ometric) between the electrodes [122, 123]. These changes in electrical properties
of the biosensor system are induced by the occurrence of analyte attachment to the
recognition element. A similar technique that does not require labeling, relies on the
measurement of impedance spectra. Here, the observed change in the characteristic
impedance spectrum of the sensor is solely based on the binding of the target
molecule.

The dielectric constant, space-charge distribution and therefore conductance and
capacitance of the PSi transducer are the signal-producing properties in different

158



Appendix

4 Porous Silicon Biosensors Employing Emerging Capture Probes 109

electrochemical sensing techniques. These depend on the Si-dopant, the interacting
surface area (hence layer thickness and porosity), as well as the number of available
binding sites [2, 5, 77, 124]. In order to sensitively follow changes of these
properties during target capture, a thorough characterization of the biosensor sur-
face in respect to all relevant parameters is essential.

Zhang et al. successfully demonstrated the application of the well-known
tetracycline-aptamer in an electrochemical impedance spectroscopy setup. The
aptamer is immobilized within PSiO, structures via standard silanization and
coupling chemistry [125, 126]. The sensor’s faradic impedance is measured and
compared to a neat PSi sample, showing a decrease in impedance due to aptamer
attachment. Upon exposure of the aptamer-functionalized PSiO, to different con-
centrations of tetracycline, further decrease in impedance is observed, while the
neat PSi (no aptamer) retains constant impedance when subject to different target
solutions. The recorded results in form of Nyquist plots are fitted as a function of
the semicircle-diameter corresponding to the electron-transfer resistance, as pre-
sented in Fig. 4.5. The biosensor shows a linear response in the range between
2.079 and 62.37 nM with the lowest concentration detectable of about 2 nM and the
maximum of 100 nM, above which the signal plot remains constant. Utilization of
PSi as the transducer allows for bioreceptor immobilization in higher densities in
comparison to planar surfaces [127] and accordingly improves the biosensor sen-
sitivity. Although, enzyme-linked immunosorbent assay (ELISA) approaches have
shown superior sensitivity levels (~2 ng/ml [128]), aptasensors still offer a number
of advantages especially concerning simplicity of the assay and stability of the
fabricated sensors. The work by Zhang et al. [125, 126] does not state or investigate
the dissociation constant (Kp) of the aptamer sequence obtained in their SELEX
process. Therefore, it is not possible to assess whether the detection method or the
Kp value might be the limiting factor for the obtained sensitivity. Thus, further
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Fig. 4.5 Fitted biosensor signal upon exposure to different target concentrations. Trace a shows

the response for an aptamer-functionalized PSi biosensor, while trace b serves as negative control
showing the response of neat PSi (no aptamer). Adapted with permission from [86]
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studies using aptamer/target pairs with known dissociation constants in combina-
tion with PSi-based impedance assays may result in promising detection schemes,
which are highly sensitive yet simple.

A potentiometric PSi-based biosensor for triglyceride (TG) detection was
developed by Setzu et al. [85]. As high levels of TG in the bloodstream are linked
with cardiovascular problems, there is an increasing demand for simple and rapid
TG monitoring systems [129]. The operation principle of the biosensor is the
lipase-catalyzed hydrolysis of the TG tributyrin to glycerol and free butyric acid.
Fatty acid production induces changes in the solution pH, which are measured using
an open circuit potential (OCP) configuration. The enzyme is physisorbed onto an
n-type PSi scaffold, which is 50 pm thick. Despite the thickness of the layer, the
enzymatic reaction is not limited by the diffusion of tributyrin within the porous
film. In fact, the adsorbed lipase follows the Michaelis Menten law, which is widely
used to describe enzymatic reactions. It is interesting to mention that the biosensor
is reusable and has a relatively long shelf life. Thus, the performance of this
biosensing scheme is impressive; however, more work is needed in order to
establish a reliable calibration curve, which correlates the change in the OCP to the
TG concentration. Nevertheless, this work significantly advances previous poten-
tiometric PSi-based schemes for monitoring of triglycerides [130], in which the
enzyme was not loaded into the PSi matrix but rather added to the electrolyte
solution together with the tributyrin.

The study by Setzu et al. suggests a promising approach for the detection of
analytes, which are the substrates of enzyme-mediated biological reactions. Further
studies should optimize the immobilization method (adsorption/covalent immobi-
lization), as well as the enzyme concentration so that the enzymatic reaction will be
confined to the linear range of the Michaelis-Menten curve. Also, time of reaction
should be optimized and fixed for all measurements.

4.4 Conclusions

In this book chapter, we briefly reviewed novel capture probes and described their
properties, emphasizing their advantages and disadvantages when applied in bio-
sensors. We focused on PSi-based biosensors, which combine these new biore-
ceptors with different transduction schemes. These studies, although few in number,
demonstrate the compatibility of PSi with a wide range of novel receptor molecules.
As for now, many of the reported biosensors are still in a proof-of-concept stage
applying model-systems; nonetheless, we believe that further improvements of the
sensors systems will soon enable real applications. PSi, facilitating different
transduction strategies, and the broad range of available bioreceptors, both provide
a versatile toolbox for developing biosensors that can be tailored to fit the needs of
uncountable analytical applications. It is important to keep in mind that for the
development of a biosensor, the chosen bioreceptor and PSi-based detection
method need to be thoroughly validated for this specific application. It could be
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concluded from the given examples, that sensitivity and limit of detection are
crucial parameters to determine the applicability of a biosensor. Not only the res-
olution and sensitivity of the detection have to be considered, but also binding
properties of the bioreceptor/target pair as well as possible cross-reactions with
other substances involved. Critical studies on these performance-determining issues
need to be conducted.

As one of the most promising methods, label-free optical biosensing provides the
easiest and most generally applicable method. Excellent examples of effective and
reliable biosensors utilizing label-free optical schemes with traditional bioreceptors
have already been reported; these biosensing approaches can be further improved
by the implementation of novel receptor molecules that will not only enhance the
resulting system performance but may also generate new designs (e.g.
target-induced dissociation of complementary oligonucleotides from aptamers).
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Abstract: Aptamers are promising alternative binders
that can substitute antibodies in various applications.
Due to the advantages of aptamers, namely their high
affinity, specificity and stability, along with the benefits
originating from the chemical synthesis of aptamers, they
have attracted attention in various applications includ-
ing their use on nanostructured material. This necessi-
tates the immobilization of aptamers on a solid support.
Since aptamer immobilization may interfere with its bind-
ing properties, the immobilization of aptamers has to be
investigated and optimized. Within this review, we give
general insights into the principles and factors controlling
the binding affinity of immobilized aptamers. Specific
features of aptamer immobilization on nanostructured
surfaces and nanoparticles are highlighted and a brief
overview of applications of aptamer-modified nanostruc-
tured materials is given.
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Introduction

Aptamers are synthetic short single stranded oligonucle-
otides composed of DNA or RNA. Based on their unique
three-dimensional structure, aptamers exhibit specific
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binding to their corresponding target molecule, which can
be a small molecule, a macromolecule, or a complete cell.
Due to this specificity and their high affinity, aptamers
can be used to substitute antibodies in different applica-
tions. In comparison to antibodies, aptamers offer several
advantages which are mainly based on their in-vitro gen-
eration and their oligonucleotide nature: aptamers are
selected in an in-vitro process termed systematic evolu-
tion of ligands by exponential enrichment (SELEX) [1].
Due to this animal-free process, aptamers can be selected
to exhibit binding of the target under non-physiological
conditions and the selection of aptamers is also possible
for highly toxic or non-immunogenic molecules [2]. Once
aptamers are selected and their sequence is revealed, they
can be produced by chemical synthesis, a process not
only resulting in high and consistent product quality, but
also facilitating the precise introduction of labels or other
modifications at defined positions within the aptamer
sequence.

Aptamers have already been applied successfully e.g.
for the detection of proteins and small molecules [3, 4],
the purification of proteins [5-7] and depletion of small
molecules [8], as well as in cell targeting and drug delivery
[9-11]. In most of the developed aptamer-based methods,
the aptamer has to be immobilized on a solid support,
which might be a nano-structured surface. Aptamer
binding to the corresponding target molecule depends on
the correct three-dimensional folding of the aptamer [12].
Therefore, it is crucial to immobilize aptamers without
affecting their ability to fold into this binding-competent
structure. Within the first section of this review article we
will highlight factors that may interfere with correct folding
of aptamers on solid supports and give general suggestions
for the immobilization of functional aptamers.

Immobilization of aptamers

As mentioned before, functional groups can be incorporated
into the aptamer sequence and can subsequently be used
for the immobilization of the aptamer on a solid support.

- 10.1515/bnm-2016-0012
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For different types of materials, different modifications can
be utilized, for example the introduction of terminal thiol
groups is allowing for the straight-forward immobilization
of aptamers on gold surfaces. Since the chemical synthesis
enables precise control of the position of functional groups,
the aptamer can be immobilized in a highly controlled ori-
entation, i.e. via one of the termini of the aptamer. This
controlled orientation facilitates high binding activity by
avoiding a loss of functionality resulting from immobiliza-
tion in random orientation. Nonetheless, several factors
influencing aptamer folding have to be carefully considered
during the immobilization of aptamers and in many cases,
optimization of aptamer conjugation has to be performed to
obtain functional aptamer-modified surfaces [13].

Effects of immobilization to aptamer
performance

In order to immobilize aptamers in a functional manner,
the conjugation process must not interfere with aptamer
folding [14, 15]. Here, the user has to consider that during
most of the selection processes, aptamers are present free
in solution. Thus, aptamers can adopt their binding-com-
petent folding while they are in solution but might lose
their binding competence after immobilization mainly
due to three different factors [13]:

First, the surface may directly interfere with aptamer
folding. This is especially problematic when truncated ver-
sions of the aptamer sequence are used. To overcome steric
hindrance caused by too close proximity of aptamer and
surface, the use of spacer molecules can be recommended.
Here, rather simple spacers like polyethylenglycol moie-
ties can be used and either be provided on the surface
or fused between the aptamer sequence and the aptamer
modification used for immobilization chemistry [16]. Also
the elongation of the aptamer sequence, e.g. by introduc-
tion of several thymin bases, can provide additional space
to allow for proper aptamer folding. One other factor that
might interfere with correct folding of the aptamer is its ori-
entation. Therefore, a screening of different aptamer orien-
tations (3’ terminal versus 5’ terminal immobilization) may
be useful to optimize aptamer performance.

The second feature of aptamers that has to be consid-
ered is their highly negative charge. Immobilizing aptam-
ers on positively charged surfaces may result in complete
unfolding of aptamers — which interact with the surface
electrostatically. This can be prevented by capping of the
surface [13].

Finally, the third factor influencing the folding of
conjugated aptamers is the immobilization density. While
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generally, high immobilization densities are desired to
guarantee high binding capacity for the aptamer target,
too high aptamer density may prevent formation of the
correct three-dimensional structure. Here, one has to con-
sider that the immobilized aptamer must be provided with
sufficient space to fold encountering no steric interference
caused by neighboring aptamers. Moreover, the negative
charge of aptamers can provoke electrostatic repulsion
of neighboring aptamers, thereby forcing the aptamers to
erect into a rather linear conformation not able to bind the
target molecule. Therefore, the aptamer density, which
can be easily influenced by the aptamer concentration
applied during the immobilization process, has to be opti-
mized experimentally.

Methods to investigate immobilized
aptamers

As elaborated briefly in the previous subsection, several
parameters including the aptamer density, aptamer orien-
tation, surface charge, and the presence of spacers influ-
ence the performance of immobilized aptamers. Thus,
methods for the investigation and optimization of aptamer
conjugation are needed. Surface plasmon resonance (SPR)
measurements allow for the quantitative investigation
of the binding affinities of immobilized aptamers. SPR
measurements are especially useful to reveal immobili-
zation-induced reduction of aptamer affinity when they
are compared with immobilization-free methods for the
determination of dissociation constants such as isother-
mal titration calorimetry (ITC) or microscale thermopho-
resis (MST) [17]. The comparison of dissociation constants
obtained by different methods may uncover negative
effects evoked by immobilization. Nonetheless, SPR meas-
urements suffer from a limited degree of parallelization,
thus require a large set of experiments to screen differ-
ent immobilization conditions and additionally require
rather large amounts of aptamer and target. In our group,
aptamer microarrays have shown to be a suitable alterna-
tive for the systematic investigation and optimization of
aptamer immobilization [13, 16, 18]. Here, many different
immobilization conditions (e.g. different aptamer orien-
tations and immobilization densities, as well as different
spacer moieties) can be screened in parallel on one single
microarray. When aptamers are utilized as a receptor
probe in a biosensing scheme, depending on the type and
complexity, optimization of aptamer-conjugation directly
within the biosensing platform may be the most suitable
approach. Aptamer performance can be set in relation
with the output signal and optimized accordingly.
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Aptamer-modified nanostructured
surfaces

Many different materials are accessible to a wide variety
of surface chemistries for the attachment of biomole-
cules, such as aptamers. One reason for immobilization
of aptamers to nanostructured surfaces specifically can
be to increase the aptamer-density on the material due to
higher surface area of such materials and thus increased
area of interaction between aptamer and target analyte [19,
20]. Another main reason are the desirable intrinsic prop-
erties of nanostructured materials in combination with
the binding characteristics of the immobilized aptamers
which are opening possibilities for a variety of applica-
tions. In the following chapter, we will discuss some of
the main considerations when conjugating aptamers to
nanomaterials and present a number of applications with
their corresponding materials, where such concepts were
realized in an outstanding manner.

Special considerations for aptamer immobili-
zation on nanostructured surfaces

Nanomaterials and nanostructured materials of different
kinds have recently gained increased attention for their
application in concert with aptamer-receptors tethered to
their surface [21-23]. Applications thereof, see Tables 1and
2, can mainly be found in the field of biosensors and for
the capture and purification of cellular targets (e.g. cancer
cells, bacteria cells). However, in contrast to immobiliza-
tion of oligonucleotides on planar surfaces, aptamer-con-
jugation to nanomaterials requires a number of additional
considerations which are discussed in the following.

Table 1: Aptamer-modified nanostructured surfaces for cell capture.
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Increased immobilization-density of aptamers conju-
gated to a surface (i.e. by means of larger surface area in
nanomaterials), also brings the risk of higher steric hin-
drance effects, commonly occurring [4, 13, 38, 39]. This
phenomenon was recently studied by Daniel et al. on a
planar gold-coated prism for SPR measurements with the
thrombin-binding aptamer as model [39]. The research-
ers conducting the study consequently compared binding
affinities of the thrombin to surface-immobilized aptam-
ers and in a competitive mode when additional aptam-
ers are present in solution. They varied grafting-density
as well as concentrations of free aptamer and found that
increasing grafting-density has a negative effect on the
binding affinity (K,) of the surface-conjugated aptamer,
while it has no effect on the K of aptamer in solution.
In order to ensure sufficient spacing and thus maintain
aptamer-functionality, even on this planar surface, addi-
tional spacing between aptamer and surface had to be
applied.

Nanoscale surface features (e.g. roughness, groves,
pores) and spatial confinement of aptamers when immo-
bilized on nanomaterials adds another dimension to the
challenge of controlling steric hindrance effects. Even
though close proximity of capture probe and target sup-
ported by nanostructure architecture (e.g. in a porous
matrix) can enhance their interaction [40], high grafting-
density and crowding within the nanostructures can
hamper aptamer-functionality and accessibility of the tar-
get-binding sites [38, 41]. Herein, also electrostatic interac-
tions can have a particular effect: high amounts of negative
charges accumulated by conjugated aptamers on a surface
can prevent access of target analytes to the binding sites,
which is enhanced by spatial confinement and limited free
surface. Hence, besides reduced crowding, reduced nega-
tive charges can be a reason for better capture efficiency at

Aptamer-target NS material Immobilization Application Comments  References
Antiepithelial cell Nano-structured glass slides  Phenyldiisothio-cyanate — NH2 Circulating tumor [24]
adhesion molecule aptamer cell capture
EGFR (RNA aptamer) Nanotextured PDMS Silanization, isothiocyanate groups,  Circulating tumor [25]
NH2-DNA, prehybridization with cell capture
salmon sperm, hybridization of RNA
aptamer
Tlymphocyte Silicon nanowires MPTMS, heterobifunctional linker Cell capture Release [26]
(GMBS), DNA aptamer mechanism
TDO5 Polymer-modified silicon Click chemistry [copper-catalysed Circulating tumor [27]
nanowires azide—-alkyne cycloaddition (CuAAC)] cell capture
Lactobacillus Porous SiO, Acrydite-coupling on SH-surface Optical biosensor [28]

acidophilus
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lower aptamer immobilization densities [28, 38]. Further-
more, while enhanced surface roughness due to nanoscale
features on the surface can improve interaction of the
target (i.e. cells) with the substrate, it may also render it
prone to unspecific adsorption (e.g. matrix components)
[42, 43]. Thus, when nanomaterials are functionalized with
aptamers, special attention has to be paid to careful opti-
mization of spacer-arms and immobilization density as
well as to orientation of the aptamer (see Section “Effects
of immobilization to aptamer performance”).

Exemplary applications of aptamer-tethering to nano-
structured surfaces are presented in the following.

Application of aptamer-modified nano-
structured surfaces

Cell capture

Circulating tumor cells (CTCs) are an interesting target
for the early detection, understanding and therapy of
different cancer types [44, 45]. Since they occur in low
numbers in the blood stream of patients with solid
tumors, there is a strong need for effective methods to
enrich and isolate these cells [46-48]. Over the past few
years, efficient approaches have been developed, many
of which take advantage of highly specific aptamers that
have been selected for targeted capture of such cells with
high affinity. Combination of aptamer capture probes and
nanostructured materials has brought forth a number of
excellent studies taking advantage of increased surface
roughness and receptor-density by means of the used
nanomaterials or by appropriate treatment of substrates
in order to create nanoscale features [49].

One example was presented by Wang et al. [24], dem-
onstrating an increase of target cell capture by almost 50%
with only one additional step of nanostructuring their
glass slides prior to functionalization with anti-EpCAM
(epithelial cell adhesion molecule) aptamers for the spe-
cific capture of EpCAM-expressing PC3 cells. Aiming to
mimic the surface roughness of extracellular matrix (with
feature sizes between 260 and 410 nm [50]), Wang and col-
leagues exposed borosilicate glass to a reactive ion etching
(REI) process yielding average features of 374.3 nm under
optimized conditions. Such homogeneously nanostruc-
tured glass slides were then subject to further functionali-
zation and finally conjugation with aptamers before being
studied for the effectiveness of cell capture onto them. As
a result, the group showed a 76% cell-capture efficiency
for the nanostructured slides in comparison to only 30%
of PC3 cells captured on the planar slides.

Urmann et al.: Aptamer-modified nanomaterials: principles and applications =—— 5

In a similar study, Wan et al. [25] compared the specific
capture of human glioblastoma and meninges-derived
primary fibroblast cells (h\GBM) by a RNA-aptamer, tar-
geting cell membrane overexpressed epidermal growth
factor receptors (EGFRs) on planar and nanotextured
polydimethylsiloxane (PDMS) substrate. While a treat-
ment with NaOH on the PDMS template resulted in an
increased PDMS surface roughness (with feature sizes
of about 289 nm after complete functionalization with
RNA capture probes), untreated templates resulted in a
PDMS substrate with minor features of 22 nm. Herein, the
authors draw a direct connection of the surface roughness
and the amount of subsequently immobilized aptamers.
Thus, enhanced cell capture on the nanotextured PDMS
was concluded to be a synergistic effect of increased
aptamer density and simulation of basement membrane
structure through appropriate roughness on the substrate,
both promoting cell attachment.

Besides their excellent biocompatibility [51], silicon
nanowires (SiNWs) have also shown high efficiency in cell
capturing, especially when functionalized with specific
aptamer-capture probes [26, 27]. Significantly increasing
the aptamer density on the exposed substrate surface and
through their topography preferred by cells, the nanow-
ire structures facilitate the contact between capture probe
and cell receptors and provide a suitable 3D structure for
cell contacts [52-55], see Figure 1C. Nanowires have dem-
onstrated capture efficiencies two orders of magnitude
higher, in comparison to planar silicon substrates, and
enable controlled release of captured cells through revers-
ible aptamer-folding [26]. While such a SiNW-system has
been demonstrated for the capture of T-lymphocyte cells
[26], an example of SiNWs grafted with Ramos-cell spe-
cific aptamers and glycopolymers, showed high capturing-
efficiency at notably low cell-concentrations and directly
in serum-containing medium [27]. Herein, the utilized
glycopolymer has a cell-affinity itself, binding glucose
transporter proteins on the cell membrane, but only the
combination with cell-specific aptamers created a highly
efficient multifunctional surface for the capture of CTCs.

In the aforementioned examples, the aptamer-
functionalized nanostructures and their high surface
to volume ratio, had the main purpose to promote cell
attachment through cell-compatible roughness and
nanoscale features. Not in all applications, where cells
are captured, their detection based on labeling or cell
staining is suitable. Instead, depending on the nature of
the utilized nanomaterial, it can be additionally exploited
as the signal transducer: visible white light reflection
from Faby-Pérot thin films can easily be recorded with
a spectrometer. Porous silicon thin films display such
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Figure 1: SEM micrographs of different nanomaterials.
(A) Au-capped nanopillars [30]. (B) Porous silicon oxide structure cross section and top-view (inset) [4]. (C) Silicon nanowires top view
and cross section (inset) [27]. (D) Au-hexagon structures [29]. (E) CPPy nanotube-networks on electrodes [32]. (F) Molybdenum selenide
flower-like nanostructures [56]. Adapted with permission from the respective references.

light interferences and are commonly used for biosensing
applications in a reflective interferometer Fourier trans-
form spectroscopy (RIFTS) mode [57-59], see Figure 1B.
Additionally, cell capture on porous nanostructures has
been reported [28, 60, 61]. The technique enables rapid
capture and detection of cells with minimal instrumen-
tation and without the need of labeling. One example
where the advantages of aptamers have been combined
with optical porous silicon structures was recently dem-
onstrated for distinct capture of live probiotic bacteria
[28]. Herein, the importance of spacing between aptamer
and biosensor surface as well as immobilization density
was highlighted as it directly affected optical signals and
the ability of the structure to capture bacteria cells. The
porous silicon matrix in concert with the tethered highly
specific aptamers, showed fast and robust optical signals
upon bacteria capture on the nanostructured surface and
importantly, could distinguish between live and dead
bacteria populations based on the specificity of the uti-
lized aptamer [28].

Due to the availability of aptamers against many
other bacteria species, several systems for their capture
have recently been reported (e.g. against Escherichia coli
0157:H7 [62], Salmonella typhimurium [63] or Staphylococ-
cus aureus [64]), however, to the best of our knowledge,
none of the so far published examples, harnesses the
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advantages of nanostructured surfaces, but are rather
designed utilizing different types of nanoparticles.

Biosensing

A classification of biosensors is usually firstly made
by separating label-free and label-based approaches.
Secondly, biosensors of different signal transductions
(optical, electrical etc.) can be divided. In the following,
we are presenting several examples of biosensors, cover-
ing all types, and outlining their beneficial combination
of nanomaterials and aptamer capture probes.

Contrary to the previously described cell capture
methods, in biosensors, most schemes involving the use
of nanomaterials, take advantage of them for the purpose
of signal transduction and/or amplification. The most
popular material, chosen not only for its intrinsic proper-
ties but also due to facile and well-characterized immo-
bilization of oligonucleotides, is probably gold. While it
is being widely utilized as planar material for functional-
coating or as electrode material [65], researchers have also
increased efforts in studying gold nanostructures due to
their plasmonic properties as well as absorbance, cou-
pling and scattering properties which are depending on
their geometry [29, 30, 37].
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Chemisorption of thiols to elemental gold is a well-
known mechanism resulting in stable self-assembled
monolayers (SAM) [66, 67]. With the facile possibility of
post-synthesis functionalization of oligonucleotides with
thiols, the immobilization of thiolated DNA to gold in
any form, has proven to be a viable strategy and remains
widely utilized [68] as can be seen from the examples pre-
sented in the following.

Surface-enhanced Raman spectroscopy (SERS) is a
promising technique for the sensitive detection of chemi-
cal or biological species. Herein, characteristic molecu-
lar vibrations are observed as the inelastic scattering of
monochromatic light by surface-tethered species. The
use of noble metal nanostructures (i.e. gold) enhances
the signals obtained significantly due to (i) the localized
surface plasmons on the gold surface that get excited
and (ii) the formation of a target-analyte complex ena-
bling charge transfers [22, 29, 69]. It is crucial, that dis-
tinct Raman signals are observed only upon binding of
the target molecule. One example by Peters et al. [29],
presents the detection of dopamine, also investigating the
influence of different gold nano-geometries on the signal
output. Herein, hexagonal Au is used as substrate for the
immobilization of the capturing aptamer, see Figure 1D.
Raman signals are observed only when the target is
present and bound.

Unlike the previously mentioned assay, in an example
by Yang et al. [30], an additional TAMRA-tag (5-carboxyte-
tramethylrhodamine) on the targeted vasopressin protein
hormone is necessary to achieve distinct and enhanced
Raman signals upon target capture. The authors of this
study on a SERS biosensor pay specific attention to opti-
mization of the aptamer immobilization density, aptamer
orientation and surface effects on the Au coated silicon
nanopillars. One interesting aspect they emphasize, is
the treatment of the gold layer with mercaptohexanol
(MCH), which on the one hand blocks access of analyte
and buffer components to the gold surface (causing
unspecific adsorption), and on the other hand, supports
the vertical orientation of the aptamers when conjugated
to the surface (by preventing interaction of aptamer and
gold surface, thereby enhancing functional structures).
However, the authors do not report if they observed a
ligand exchange induced by prolonged exposure to MCH.
This is highly relevant when choosing utilized MCH con-
centrations and incubation times [30, 70]. Their hypoth-
esis is confirmed by significantly higher Raman peak
intensities for samples treated with MCH. With their opti-
mized setup, highly reliable and quantitative detection of
picomolar concentrations was achieved. In achieving sen-
sitive signals, the utilized nanostructure, namely silicon
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nanopillars, was of the essence: trapping target molecules
between the nanopillars resulted in intense Raman scat-
tering enhanced by the localized plasmon resonance
induced by the gold-capped pillars leaning towards each
other, see Figure 1A.

Among the label-free methods, field effect transis-
tors (FET) have recently gained a lot of attention due to
the advantages of nanostructured materials that can be
integrated to the gate of the transistor [71]. In one example
by So et al., the well-studied and in this case amine-mod-
ified thrombin-aptamer was conjugated to single walled
carbon nanotubes (CNTs) within a FET via carbodiimida-
zole chemistry. Thanked to the small size of the aptam-
ers and the conducting properties of the nanotubes, the
FET enabled robust thrombin detection at low nanomolar
concentrations with the additional possibility of biosen-
sor regeneration for consecutive sensing cycles. It should
be noted that in label-free FETs where the use of CNTs
provides significant advantages, their nanostructure is
not means of signal attainment, but a suitable and highly
beneficial material enabling the observation of changes in
its conductance upon target binding. Other nanomaterials
such as graphene or SiNWs are also widely used as FET-
gate materials due to their tunable material properties [71].
Another novel nanomaterial that has been demonstrated
for the use as FET-gate material are carboxylic-acid-func-
tionalized polypyrrole (CPPy) nanotubes. In a study by
Yoon et al. [32], similarly as previously described for CNTs,
the conducting polymer nanotubes, possessing a carboxy-
functionality, were conjugated to the electrodes and gate
surface and subsequently modified with amine-termi-
nated aptamers targeting thrombin. Besides the facile
synthesis of the material, its stable attachment to the FET
basis and a reliable biosensing performance at thrombin
concentrations between 50 and 500 nM, the authors show
the beneficial effects of the formation of interconnected
CPPy networks on the gate surface between source and
drain electrode, evoking higher signal amplification as
well as the improved sensor sensitivity at high aptamer-
densities [32], see Figure 1E.

Oxidized porous silicon (PSiO,) nanostructures
serving as optical transducers are an example where the
nanomaterial not only provides increased surface area
but also facilitates signal transduction: when an aptamer
is immobilized onto a PSiO, structure, it can serve for the
capture of target proteins while the induced changes in
optical properties of the functionalized scaffold can be
recorded with a spectrometer. This simple experimental
setup was proven successfully with an aptamer directed
against his-tagged proteins, demonstrating rapid protein
detection in a reversible manner and with outstanding
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simplicity [4]. Herein, the signal upon target capture,
arises through the changes in refractive index of the
nanostructured matrix induced by the formation of the
aptamer-target complex. Noteworthy is the reversibility
of the target binding and complete regeneration of the
sensor for multiple consecutive biosensing cycles result-
ing in highly reproducible signals.

Likewise utilizing multifunctional porous silicon sub-
strates, Yoo et al. demonstrated a biosensor for the detec-
tion of adenosine [33]. Herein, the authors take advantage
of the target induced dissociation of a TAMRA-labeled
complementary strand from the aptamer-functionalized
porous silicon surface. Thereby the fluorescence of the
label, which was previously effectively quenched by the
silicon surface properties, is restored and a fluorescence
signal can be observed. The authors demonstrate this
simple one-step assay with submicromolar concentra-
tions of adenosine and propose the application of this
scheme for the detection of other biomolecules. Despite
the simple design, the assay relies on a labeled compo-
nent impeding the reuse of the biosensor and additionally
requires fluorescence detection which implies the neces-
sity of sophisticated laboratory instruments.

Electrochemical aptasensors for thrombin utilizing
amperometry or impedance spectroscopy (EIS) as well as
electrochemical quartz crystal microbalance (EQCM) have
been studied extensively by the group of Hianik [34, 35,
72-75]. Pre-treatment of their multiwalled CNTs (MWCNTSs)
with methylene blue (MG) has shown significant improve-
ments in sensitivity for most of their biosensing schemes
[34, 35]. This is not attributed to a direct effect on the target
affinity of the biosensor, but rather improved immobiliza-
tion of aptamers due to the MB’s positive charge counter-
balancing the negative charges of the carboxy-terminated
MWCNTs and aptamers respectively. Thus, MWCNT-MB
composites possess a higher aptamer-density after func-
tionalization and subsequently display lower detection
limits. Furthermore, MB in its role as a phenothiazine
dye provides means of signal detection by its change in
redox-status upon interaction of immobilized aptamers
and its target analyte. The group has demonstrated a wide
range of detection schemes and consequently improved
the performance of their biosensors. Noteworthy is also
their investigation of so called aptabodies [73]. Heterodi-
mers of two anti-thrombin aptamers modified each with a
poly-A or poly-T tag respectively form Y-shaped aptabod-
ies due to the complementarity of the tags, subsequently
each possessing two binding sites for the target protein.
Contrary to improved sensitivity in EQCM, investigations
for EIS emphasize the fragile balance of aptamer density
and steric hindrance phenomena as well as charge-related
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affinity losses: the authors were not able to further
improve biosensor sensivity from their reported 0.3 nM
for the EQCM biosensing scheme and assume a negative
effect of the high density negative charges on the coordi-
nation of the binding motifs [34, 35].

Going beyond the commonly demonstrated thrombin
model-systems, a highly relevant application of an elec-
trochemical aptasensor has been demonstrated by Miodek
et al. [36]. For the sensitive detection of human cellular
prions, the authors combined several elements: a MWCNT-
coated gold surface served as electrode, while a layer of
fourth generation polyamidoamine dendrimers coupled
to the MWCNTSs further increased available surface func-
tionalities for the following conjugation of modified ferro-
cene markers [76]. Finally, traditional biotin-streptavidin
was used to immobilize prion specific aptamers. Binding
of human cellular prions significantly impacted the elec-
tron transfer in the system, enabling specific detection of
prions at concentrations as low as 0.5 pM and notably,
applicability directly in blood plasma [36].

The range of the presented examples in this review
makes no pretence to be complete, however, in the
authors’ opinion it reflects the variety of nanomaterials,
aptamer-immobilization strategies and different target
analytes well and shall give the reader a good idea of the
capabilities and limitations of currently studied aptasen-
sors employing nanostructured materials.

Combination of nanostructured surfaces and
nanoparticles

In search of mechanisms to amplify attained signals and
enhance specificity, some assays rely on sandwich formats
where aptamer-conjugated nanoparticles can serve as
secondary capture probes and labels [77, 78]. While the
advantages and different applications for aptamer-func-
tionalized nanoparticles will be discussed in the next
chapter, herein, we would like to give one example where
both, a nanostructured material and nanoparticles are
implemented with aptamer-assisted target capture.

In the study by Huang et al. [37], molybdenum sele-
nide nanoflowers were prepared by a simple hydrother-
mal method on the surface of an electrode. This material
was chosen due to its high surface area, the exceptional
intrinsic electrical conductivity and finally its electro-
catalytical activity induced by the selenite component,
see Figure 1F. They constructed a highly sensitive elec-
trochemical sensor for the detection of ochratoxin A
(OTA) by integration of oligonucleotide-functionalized
gold nanoparticles (AuNPs). Therein, the aptamers were
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also hybridized with a second complementary sequence.
Methylene blue (MB) was utilized as the electrochemical
probe due to its specific interaction with single stranded
DNA (ssDNA). Upon target binding, complementary DNA
was released and thus became available (as ssDNA) for
interaction with MB. This can be observed by the change
in redox currents. With this construction of a combination
between nanostructured surfaces and additional nano-
particles, the authors achieved a highly sensitive assay
with detection limits as low as 0.08 pM OTA.

Aptamer-modified nanoparticles

Special considerations for aptamer immobili-
zation on nanoparticles

For aptamer conjugation to nanoparticles, the surface
charge of the nanoparticles has to be considered. Direct
immobilization of aptamers on cationic surfaces, such
as polyethylenimine (PEI), may lead to an aptamer-PEI-
complex which interferes with correct aptamer folding
and thereby renders the aptamer useless as targeting mol-
ecule. Thus, nanoparticles composed of neutral material
[e.g. polymers such as polylactic acid (PLA) or polylactic-
co-glycolic acid (PGLA)] may be most convenient for con-
jugation with aptamers [79].

An important goal during aptamer-immobilization
is maintaining the binding affinity and selectivity the
aptamer displays in solution [14]. This is usually accom-
plished by covalent binding of the aptamer to a surface
bound linker and, in some cases, non-covalent attach-
ment by physisorption [14]. In the last few years, many
advantages in synthesis and characterization of different
nanoparticles such as metallic, silica, magnetic, hydrogel
or polymeric nanoparticles and CNTs have been revealed
[80]. These nanomaterials generally possess a large surface
area in combination with a unique size and shape. Due
to their small sizes, nanoparticles can potentially move
through cell and tissue barriers and their cellular uptake
can be compared much easier as for larger drug delivery
systems [81, 82]. The large surface-area-to-volume ratio
leads to a greater drug delivery efficiency [81]. Addition-
ally, the high surface area allows for high loading of tar-
geting or drug molecules [83]. Furthermore, nanoparticles
display composition and size dependent physical proper-
ties such as SPR, fluorescence and/or magnetism [80].

One advantage of aptamer immobilization on nano-
particle surfaces, for example, is the influence of aptamer
on the nanoparticle stability. Wang et al. showed that
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gold nanoparticles were more stable in high salt con-
centrations when modified with aptamers [84]. High salt
concentrations shield the electric field and un-modified
nanoparticles form aggregates more frequently due to
dipole interactions [85]. To stabilize gold nanoparticles
against aggregation, negatively charged aptamers can be
coupled to nanoparticle surfaces and prevent the aggre-
gation due to the electrostatic repulsion forces between
similarly charged surfaces [85].

Application of aptamer-modified
nanoparticles

The modification of nanoparticles with specific aptamers
has proven advantageous in different areas of applica-
tions. The properties of aptamer-modified nanoparticles
can among others be used for biosensing. If cell-specific
aptamers are used, resulting conjugates can be used for
cell targeting and targeted drug delivery [80].

There are four different types of nanoparticles con-
jugated with aptamers which are commonly used for bio-
logical imaging applications: Gold nanoparticles (AuNP),
quantum dots (QD), silica nanoparticles (SiNP) and mag-
netic nanoparticles (MNP).

In the following, we present examples for applica-
tions of aptamer-modified nanoparticles in cell and intra-
cellular targeting, drug delivery and biosensing.

Cell targeting

One prominent application of aptamer-modified nano-
particles is cell targeting. To date, countless aptamers for
various cellular targets are available. Targets can be cell-
surface bound proteins, viruses, and so on [86]. Table 3
summarizes several applications of aptamer-modified
nanoparticles along with the used aptamer, its target, the
mode of detection and the type of NP.

Most applications aim to target cancer cells. Gao
et al. developed biodegradable nanoparticles consisting
of polyethylene glycol (PEG) and polycaprolactone (PCL),
which are also functionalized with AS1411 aptamer and
loaded with doxorubicin (DOX). They were able to target
and enhance cellular uptake by glioma cells in vitro [89].

Another example for cell targeting is found in litera-
ture: Farokhzad et al. developed a nanoparticle-aptamer
bioconjugate for targeting prostate cancer cells. They
synthesized nanoparticles consisting of poly(lactic
acid)-block-polyethylene glycol (PLA-PEG) and coupled
an aptamer to their surface which selectively binds to
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Table 3: Overview about aptamers, their targets and types of nanoparticles on which they could be conjugated (continued).

Aptamer Target Detection Type of NP References
A9 Prostate-specific membrane QD [87]
antigen (PSMA)
A10 PSMA Colorimetric SPION® [88]
AS1411 Nucleolin Fluorescent Polymer-NP, MSN [89-91]
MUC1 Mucin-1 Fluorescent QD, SiNP [90]
TTA1 Tenascin-C Fluorescent MNP [92]
A30 HER-2 Fluorescent AuNP® [93]
Sgc8c CCRP-CEM cells Fluorescent AgNP* [1]
TDO5 Ramos (B-cell lymphoma) Fluorescent QD [90]
S6 A549 Fluorescent Polymer-NP, QD [90]
SA17, SA61 S. aureus Light scattering AuNPs [94]

3SPION, Superparamagnetic iron oxide nanoparticle; "AuNP, gold nanoparticle; “AgNP, silver nanoparticle.

prostate-specific membrane antigen (PSMA) [80, 93, 95].
Farokhzad and coworkers successfully demonstrated
that their nanoparticle-aptamer conjugates targeted
prostate cancer epithelial cells and were internalized by
them [93].

The imaging and targeting of PSMA has also been
realized by using superparamagnetic iron oxide nanopar-
ticles (SPION) functionalized with the A10 aptamer [88].
The A10 aptamer is an RNA aptamer specifically binding
an extracellular domain of the PSMA. SPIONs are charac-
terized by low toxicity and detection limits, for example.
An important application of SPIONs is to serve as a mag-
netic resonance imaging (MRI) contrast agent for cancer
diagnosis [96]. As mentioned, Wang and coworkers
developed A10 aptamer-modified thermally cross-linked
SPIONSs enabling the detection (by MRI) and treatment of
PSMA [88].

Jalalian and coworkers developed epirubicin loaded
SPIONs functionalized with 5TR1 aptamer, which binds
specifically to mucin-1, a glycoprotein which is overex-
pressed on many epithelial tumors and adenocarcinomas
[97]. They investigated the internalization of the aptamer-
modified particles and cell viability after incubation with
drug loaded and modified particles. Detection of the inter-
nalization was performed by using flow cytometry analy-
sis. Cell viability was assessed by MTT assay [97].

Aptamer-modified QDs are used particularly for cancer
cell imaging [98]. MUC-1 aptamer-conjugated QDs for the
detection of mucin-1 positive cells serve as an example for
fluorescent cell imaging [90]. QDs are also widely used
for targeting breast cancer cells (MCF-7). Gedi and Kim
successfully targeted such cells with aptamer-modified
QDs, resulting in a strong red fluorescence signal [99].

Ulusoy and coworkers developed aptamer-modified
QDs for the detection and imaging of lung cancer cells
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[100]. They used the S15 aptamer directed against the
lung cancer cell line A549 [101]. Fluorescence microscopy
showed that aptamer-modified QDs were successfully
internalized by lung cancer cells while unmodified QDs
were not taken up [100].

Silica is a biocompatible but inorganic material
often used for biological applications such as artificial
implants [83]. It was found that silica is an appropriate
compound for the development of drug releasing systems.
Mesoporous silica nanoparticles (MSN) are responsive to
external (e.g. light or magnetic field) and internal stimuli
(e.g. enzymes or pH). They are also used for imaging, con-
trolled release of therapeutics and cell targeting. When
MSNs are conjugated with aptamers, they can be used for
targeting cancer cells [102]. Li and coworkers developed
MSNs and conjugated them to AS1411 aptamer which is
specific to nucleolin, a protein overexpressed on several
types of cancer cells [89, 102]. The conjugated MSNs have
successfully targeted MCF-7 cells [102, 103]. Investigating
the success of cell targeting, Li and coworkers prepared
fluorescein-modified MSNs, conjugated to AS1411 aptamer
and then incubated them with MCF-7 cells. Utilizing con-
focal microscopy, the targeting and internalization of the
particles were observed [102].

Su and coworkers coated MSNs with carbon quantum
dots and conjugated them with aptamers for the electro-
luminescent detection of MCF-7 cells. The aptamer used
was directed against mucinl. Specifically, Su et al. used a
surface which was cast with a three dimensional graphene
(3D-GR). Additionally, AuNPs were attached to the 3D-GR
to improve the electronic transmission. Subsequently,
MCEF-7 cells were seeded on the modified electrode and
were incubated with aptamer-modified MSNs. Detection
was carried out with electrochemical impedance spectros-
copy [103].
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MNP are widely used for cell targeting as biological
samples mostly exhibit no magnetic properties. Thus,
MNPs may vyield ultrasensitive detection with no inter-
fering background signals [92]. MNPs conjugated with
aptamers have been applied for cell targeting especially
in cancer cell targeting. An example is the detection of
Tenascin-C in glioma cells. Iliuk and coworkers used the
GB-10 aptamer specifically binding to the Tenascin-C
receptor on glioma cells and conjugated it to MNPs. The
interaction between aptamer-modified MNPs and cancer
cells was determined by scanning electron microscopy.
Only aptamer-modified particles interacted with the
glioma cells [104].

Not only cancer cells or their receptors can be tar-
geted, but also bacteria like Staphylococcus aureus [94].
Chang and coworkers selected two aptamers against S.
aureus and conjugated them to AuNPs. They modified
AuNPs with one of the selected aptamers (SA17 and SA61)
and detected the interaction between aptamer-modified
particles and S. aureus cells by direct detection (resonance
light-scattering signals).

Aptamer-modified AuNPs are also used for the detec-
tion of Escherichia coli (E. coli) 0157:H7 and Salmonella
typhimurium (S. typhimurium). Aptamers can stabilize
AuNPs against aggregation in presence of high salt con-
centrations. Furthermore, AuNPs change color when they
aggregate. Wu and coworkers took advantage of these
properties and modified AuNPs with aptamers. Subse-
quently, they incubated E. coli and S. typhimurium with the
conjugates. The conformation of the aptamers changed
upon binding to the bacteria. Thus, the particles could
not be stabilized by aptamers anymore and after applying
high salt-concentrations, AuNPs aggregated and the dis-
persion changed its color. Color change was detected by
UV/Vis spectroscopy [105].

As illustrated by the presented applications, aptamer-
modified nanoparticles are very promising candidates for
cell targeting and diagnostic detection. Especially in the
context of in vivo imaging, there are still some problems to
be solved. The main issue is the investigation of long term
in vivo cytotoxicity.

Drug delivery

Drug delivery systems aim for specific transportation of
pharmaceuticals to the desired site of action. By targeted
delivery of drugs, solely to diseased cells, systemic side
effects should be avoided. To enable specific delivery,
a targeting ligand and its specific binding of the target
cells as well as efficient intracellularization is necessary.

Urmann et al.: Aptamer-modified nanomaterials: principles and applications = 11

The key advantage of such drug delivery systems is the
ability to change pharmacokinetics. Additionally, the
targeted distribution of drugs results in reduced effects
on non-targeted tissues [106]. Aptamer-conjugated nano-
particles serving as targeting delivery systems commonly
consist of iron oxid nanoparticles, gold nanoparticles,
CNTs, dendrimers, quantum dots, liposomes or polymeric
nanoparticles [106]. The drug can either be encapsulated
within the nanoparticle or attached to the nanoparti-
cle surface [81, 107]. Zhang and coworkers developed
an aptamer-nanoparticle conjugate for co-delivery of
both, an entrapped and a surface-attached drug. The
surface-attached drug release was approximately 80%,
while the entrapped drug release was 45% in the same
time interval. These properties may find application for
time-controlled drug delivery [108]. Different research
groups showed the effect of aptamer-functionalized and
drug-loaded nanoparticles on cancer cells [89, 91]. For
example, Aravind et al. used polymeric nanoparticles
consisting of poly(lactic-co-glycolic acid) (PGLA), loaded
with paclitaxel (PTX) and immobilized with AS1411. They
successfully targeted cancer cells in vitro. Additionally,
they showed that cell viability of cancer cells decreased
after incubation with aptamer-modified and drug-loaded
particles. Thus, after targeting the cancer cells, drug
release was induced [91].

Today there are many targeted drug delivery systems
which are able to specifically enhance cellular uptake and
increase cytotoxicity in vitro. Some groups have already
investigated the applicability of aptamer-modified nano-
particles for targeted drug delivery in vivo. For example,
Liu et al. showed that aptamer-modified nanoparticles
could accumulate at tumor sites in mice. They used ApS6
and ApS10 directed against breast cancer cells and dem-
onstrated that the systemic toxicity to other organs was
decreased, compared to systematic strategies of admin-
istration [109]. A problem which has to be solved, is the
multicancer drug resistance. Multidrug resistance (MDR)
hampers the efficacy of chemotherapy [110]. Utilization
of aptamer-modified nanoparticles is one approach to
solve this problem by enhancement of intracellular drug
concentration in cancer cells can be achieved with nan-
oparticles. Simultaneously, the toxicity to healthy cells
is minimal. Due to their small size, nanoparticles are
able to cross the leaky and hyperpermeable tumor vas-
cular [111]. It is also possible to incorporate anticancer
drugs and an additional chemosensitizer. Such delivery
systems, consisting of two different drugs to overcome
multi drug resistance have been reported. Sengupta and
coworkers, for example, developed a nanoparticle deliv-
ery system loaded with combretastatin and doxorubicin
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[112]. The drug attached to the nanoparticle surface was
released first (combretastatin) and caused the destruction
of tumors vasculature. Doxorubicin, which was entrapped
within the nanoparticles, was released secondly and sub-
sequently caused cytotoxicity [112]. This may be a suitable
approach to overcome MDR.

Intracellular sensing

While the aforementioned examples deal with the specific
targeting of cell surface bound receptors, aptamer-modi-
fied nanoparticles can also be exploited for the detection
of targets within cells. Different types of nanoparticles
were already applied for intracellular imaging, such as
quantum dots, silica nanoparticles or graphene oxide
nanoparticles [113]. Furthermore, AgNPs, AuNPs and QDs
functionalized with aptamers were used for intracellular
protein imaging [114-116]. It is possible to target specific
proteins and trace their endocytic pathway [114]. AuNPs
are the most commonly used nanoparticles in intra-
cellular sensing. Zheng et al. developed an assay with
aptamer-modified AuNPs which could detect intracellular
adenosine triphosphate (ATP) concentrations [117]. Wang
and coworkers used aptamer-modified silica nanoparti-
cles to detect ATP [118]. They immobilized a Cy-5 labeled
aptamer on nanoparticle surfaces and upon exposure to
ATP, the aptamer changed its structure. Formation of an
aptamer-target-complex induced the release of the immo-
bilized aptamer and finally a strong fluorescence signal is
observed in the presence of ATP. If ATP is absent, no fluo-
rescence is detectable. The detection limit was reported to
be ~34 pM [118].

Table 4: Different aptasensors for targeting biomolecules (continued).

DE GRUYTER

Biosensing

Recently, aptamer-based biosensors (aptasensors) have
attracted particular attention. The best known aptamer-
modified nanoparticles for biosensing are metallic nano-
particles like gold and silver nanoparticles [119]. Besides,
aptamer-functionalized MNP are used for small-mole-
cule and protein detection (e.g. for detection of human
R-thrombin protein, SPIONs were functionalized with
aptamers) [80]. Aptamer-modified magnetic particles
bind the target protein and MRI is used for detection. In
presence of the target protein, a MRI contrast change is
detectable [120].

There are three main categories of aptasensors: elec-
trochemical, optical and mass sensitive sensor systems
[121]. Table 4 quotes different aptasensors, their detection
limit, corresponding analyte targeted by the aptamer and
application.

Mass sensitive aptasensors are a category of label-free
bioassays which include wave-based sensors like surface-
plasmon resonance (SPR), acoustic wave-based sensors
[quartz crystal microbalance (QCM)] and surface acous-
tic wave (SAW) sensors [121]. Mass sensitive aptasensors
are capable of displaying changes on the sensor surface
without any additional labeling. Furthermore, they can
operate in real-time. Applications of mass sensitive
aptasensors have been reported for the detection of large
molecules like proteins or cells. Small molecules are hard
to detect due to the minor change in mass induced by
binding of small molecules to the sensor [104].

Optical sensors can be divided into fluorescent and
colorimetric sensors [121]. Many colorimetric sensors are
based on size dependent optical properties. An example

Sensor Detection limit Target Application References
Colorimetric - Cocaine AuNP [122]
Colorimetric 20 nM Thrombin AuNP [86]
Colorimetric 5uM Ibuprofen AuNP [123]
Colorimetric 17 nM Glutathione AuNP [86, 124]
Fluorescence 5nM OTA AuNP [86]
Fluorescence 0.5 pM (signal-off mode) Cocaine QD [125]
Fluorescence 10 pM ATP Graphene [86]
Electrochemical 0.1 nM ATP AuNP [86]
Electrochemical 0.5 yM Cocaine AuNP [86]
Electrochemical 9.4nM Kanamycin AuNP; self-assembled [126]
nano-composite
Electrochemical 0.5 nM Heavy metals AuNP [126]
Electrochemical 5nM BPA AuNP [126]
Fluorescent flow 5mM ATP QD [127]
FRET OTA AuNP [128]
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for colorimetric sensing are aptamer-conjugated AuNPs
[126]. Colloidal gold nanoparticles exhibit a red color and
when they aggregate, their color changes to blue due to
SPR effects [116, 129]. SPR is dependent on shape and
particle size, as well as the distance between AuNPs; con-
sequently their absorption wavelength changes upon for-
mation of agglomerates [126].

Another example for a colorimetric aptasensor
was demonstrated for the detection of digoxin. Herein,
Emrani and coworkers used AuNPs and coupled aptam-
ers on the surface of the particles. When digoxin was
absent, the aptamers were attached to the surface of
the AuNPs by electrostatic interaction between aptamer
and particles. Thus, the particles were stabilized against
high salt-concentrations and consequently aggrega-
tion. In presence of digoxin, the aptamer changed its
structure and an aptamer-digoxin-complex was formed.
AuNPs aggregated after adding NaCl and the red colored
colloidal AuNPs change their color into blue upon
aggregation [130].

Fluorescence-based biosensors could be designed
with fluorescent labeled aptamers or with label-free
aptamers [131]. Many fluorescence biosensors apply the
competitive binding principle. This is based on the com-
petition of binding of the analyte or hybridization of a
complementary strand to the aptamer. One example for
competitive binding is a QD-based aptasensor for the
detection of cocaine or the detection of human neutrophil
elstase (HNE) [126, 132].

The fluorescence of the sensors could either be
achieved by (i) direct modification of the aptamer with
fluorophores, (ii) structural changes could cause fluores-
cence of a dye or (iii) the fluorescence resonance energy
transfer (FRET) between two dyes could be affected [131].
As mentioned above, an example for a fluorescence-
based aptasensor was reported by Sharma et al. for the
detection of cocaine with aptamer-conjugated QDs [126].
Herein, distinction is made between two different types
of sensors: signal-on and signal-off sensors. In case of
the signal-on sensor, an oligonucleotide is labeled with
the fluorescent dye Cy-5. FRET (between Cy-5 and QDs)
quenches the signal and no fluorescence is detectable.
If cocaine is present, an aptamer-cocaine-complex is
formed resulting in the restoration of fluorescence exhib-
ited by the labeled oligonucleotide [125, 126, 131]. In case
of the signal-off sensor, the aptamer is hybridized to a
complementary (Cy-5 labeled) strand and coupled to the
QD surface. If cocaine is absent, the fluorescence of Cy-5
is detectable due to FRET between QD and Cy-5. In case of
cocaine presence, the aptamer-target-complex is formed
and the Cy-5 labeled oligonucleotide is released from the

Urmann et al.: Aptamer-modified nanomaterials: principles and applications =—— 13

QD surface. Thus, decreased Cy-5 fluorescence signal indi-
cates the presence of cocaine [125, 126, 131].

Aptasensors can also be of electrochemical nature
and implement aptamer-functionalized gold nanoparti-
cles. Li and coworkers self-assembled AuNPs on a gold
electrode. Subsequently, the aptamer was immobilized on
the nanoparticle surface and the electrical potential was
measured. Upon detection of cocaine, a higher electrical
potential was measured [133].

Conclusions

Potential applications of aptamer-modified nanoparticles
or nanostructured materials are almost as multifarious
as aptamer-sequences and their corresponding targets
themselves. We believe that they will contribute to the
solution of many analytical or other problems based on
target recognition in the future. Even though the need
of optimization for every aptamer-target pair and every
utilized nanostructure persists, we are convinced that
the set of considerations presented in this review can be
a helpful resource when conjugating aptamers to nano-
particles or nanostructured surfaces. The applications
presented here are demonstrating the success of such
optimization processes for a wide range of cell-capture
and biosensor applications based on aptamer-modified
nanomaterials.
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