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Functional nucleic acids (FNAs) are single-stranded DNA or RNA molecules, typically generated through
in vitro selection, that have the ability to act as receptors for target molecules (aptamers) or perform
catalysis of a chemical reaction (deoxyribozymes and ribozymes). Fluorescence-signaling aptamers and

KeyWO_TdS.“ deoxyribozymes have recently emerged as promising biological recognition and signaling elements,
Nucleic acid although little has been done to evaluate their potential for solid-phase assays, particularly with species
Aptamer

made of RNA due to their lack of chemical stability and susceptibility to nuclease attack. Herein, we pres-
ent a detailed overview of the methods utilized for solid-phase immobilization of FNAs using a sol-gel
entrapment method that can provide protection from nuclease degradation and impart long-term chem-
ical stability to the FNA reporter systems, while maintaining their signaling capabilities. This article will
also provide a brief review of the results of such entrapment studies involving fluorescence-signaling ver-
sions of a DNA aptamer, selected RNA-cleaving deoxyribozymes, and two different RNA aptamers in a ser-
ies of sol-gel derived composites, ranging from highly polar silica to hydrophobic methylsilsesquioxane-
based materials. Given the ability to produce sol-gel derived materials in a variety of configurations, par-
ticularly as thin film coatings on electrodes, optical fibers, and other devices, this entrapment method
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should provide a useful platform for numerous solid-phase FNA-based biosensing applications.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Advances in nucleic acid technology have expanded the range of
biomolecules for sensing applications through the generation of
functional nucleic acids (FNAs). These include single-stranded
DNA or RNA molecules that can function as receptors for target
molecules or as catalysts for chemical reactions owing to their
ability to fold into distinct three-dimensional structures [1,2]. An
advantage of FNAs is that they can be generated by in vitro
selection from large random-sequence or semi-rationally designed
libraries containing up to 10'® unique molecules, allowing for iden-
tification of sequences that exhibit desired functionalities such as
ligand binding or catalytic activity [3-6]. Thus, hundreds of apta-
mers that function as receptors for a variety of targets (including
proteins, small metabolites or even cells) with high specificity
and affinity [7], as well as (deoxy)ribozymes (also known as
DNA/RNA enzymes, DNA/RNAzymes or catalytic DNA/RNA) with
catalytic capabilities such as cleavage of RNA substrates, auto-
phosphorylation, and porphyrin metallation [8,9] have been gener-
ated in recent years. Moreover, RNA-based aptamers and enzymes
have also been derived from natural sources (i.e. riboswitches and
ribozymes, respectively) [10-13].
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The chemical stability of DNA and ease of site-specific modifica-
tion of nucleotides for signal-development have revealed the
potential of DNA-based FNAs as desirable alternatives to tradi-
tional protein-based enzymes and antibodies for use as biological
recognition elements in analytical and diagnostic applications
[14-16]. However, the limited range of analytes for DNA aptamers
(with only ~50 targets as of 2009) [1] and the lack of known nat-
urally-evolved DNA aptamers limit their potential for widespread
use in sensing applications.

RNA aptamers, by contrast, can fold into more complex struc-
tures in order to provide a greater diversity of potential analytes,
as demonstrated by the existence of over one hundred unique
RNA aptamers for various small-molecule and protein targets
[7,17]. However, reports on the use of RNA-based aptamers in solu-
tion or solid-phase biosensing applications are still relatively lim-
ited, mostly due to their inherent chemical instability and
susceptibility to nuclease attack [18-20].

To address the signaling ability of DNA and RNA-based apta-
mers, the Li group developed a structure-switching/fluorescence-
signaling reporter system [21,22]. In this approach, complemen-
tary fluorophore-labeled DNA (cFDNA) and quencher-labeled
DNA (cQDNA) strands are designed to hybridize adjacent to one
another on the aptamer sequence (APT) to create a tripartite con-
struct. Switching conformations from an aptamer/DNA duplex to
an aptamer/target complex is thus coupled to a fluorescence-
dequenching mechanism that generates a fluorescence signal due
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to displacement of the cQDNA upon target binding. Bipartite con-
structs can also be designed using a fluorophore-labeled aptamer
strand and cQDNA as seen in Fig. 1.

Real-time fluorescence signal generation by means of dequen-
ching due to (deoxy)ribozyme catalysis can function similarly
through the incorporation of strategically placed fluorophore-
quencher pairs. This technique has been widely used with the most
common type of deoxyribozymes reported to date, which catalyze
cleavage of a single RNA linkage within a DNA substrate [23,24].
High signal enhancements are observed when using fluorophore-
quencher pairs situated immediately on either side of the scissile
phosphodiester linkage due to their close proximity prior to cleav-
age [25-27]. Since DNAzymes require specific divalent metal ion
cofactors to induce the formation of a catalytic site that cleaves
the RNA linkage, these fluorescence signaling DNAzymes can be
used as metal ion sensors [28].

The employment of FNA reporters for solid-phase biosensing
applications relies on their immobilization on or within a suitable
surface while maintaining chemical stability and structure-switch-
ing abilities [29]. Typical methods used to immobilize nucleic acids
are based on surface attachment via covalent, electrostatic or affin-
ity interactions [30,31]. Physical adsorption can result in the DNA
molecules being immobilized in a random orientation, which
may reduce activity, increase dissociation from the surface or make
them inaccessible to their target [32]. Although the use of covalent
or affinity interactions offers greater control over orientation [33],
these methods may still suffer from poor sensitivity due to low
packing density, steric effects that reduce activity, the incorpora-
tion of functional groups for immobilization, and lack of protection
against nuclease degradation [31,34].

An alternative route for bio-immobilization involves entrap-
ment of nucleic acids within three-dimensional matrices of porous
silica or organosilane composite materials using the sol-gel pro-
cess [35,36]. Typically, this is a two-step process that begins with
the hydrolysis of a suitable silane precursor to form an aqueous
“sol”. This hydroxysilane is then mixed with a buffered aqueous
solution containing the biomolecules of interest. The sudden
change in ionic strength and more neutral (physiological) pH, re-
sults in condensation and polycondensation of the silane, forming
siloxane bonds that entrap the biomolecules within the nanoscale
pores of the cross-linking gel matrix. Thus, using this method, bio-
molecules are not bound to the support surface but are retained
through size-exclusion, while small analyte molecules may diffuse
into the region containing the biosensing species. Indeed, this sim-
ple immobilization process has been shown to be “biofriendly” and
applicable to the entrapment of a variety of viable biomolecules
[37,38], including soluble and labile membrane-bound proteins,

Tripartite Complex

cFDNA ;é CQDNA

Q0J0O
Covalent Fﬁ‘“‘\

suggesting that the method should be useful for solid-phase immo-
bilization of FNAs.

In this review, we provide selected examples from our research
group to demonstrate the protocols used for FNA entrapment in a
variety of sol-gel processed materials (polar, anionic, cationic,
hydrophobic), the methods used to assess and characterize FNA re-
porter function in the materials, and the advantages of solid-phase
sensor design offered by entrapping signaling FNAs in sol-gel de-
rived materials (Fig. 2). The entrapped FNA reporters studied in-
clude a structure-switching DNA aptamer for binding adenosine
5'-triphosphate (ATP) [39], various divalent metal ion-dependent
deoxyribozymes that catalyze RNA cleavage [40] and two different
structure-switching RNA aptamers: the synthetic theophylline-
binding aptamer and a thiamine pyrophosphate (TPP)-binding
riboswitch [41]. Following the description of these methods, we
summarize the resulting data, which clearly show retention of
their signaling capabilities in optimized materials, along with pro-
tection from nuclease degradation and improved long-term stabil-
ity of the entrapped FNA reporter systems. Moreover, since the
types of materials in which the FNAs function optimally have also
shown amenability for protein immobilization, a co-entrapment
assay that uses a signaling DNA aptamer to report the activity of
a protein enzyme [42] is briefly discussed as one example of the
many possible applications for sol-gel-based entrapment of FNA
reporter systems for solid-phase biosensing.

2. List of materials
2.1. Preparation protocol

2.1.1. DNA oligonucleotides
For the experiments described herein, the fluorescence-signal-
ing FNAs used are:

1. Tripartite ATP-binding DNA aptamer [21].

2. Bipartite ATP-binding DNA aptamer [39].

3. OA-Il RNA-cleaving deoxyribozyme for Mg(Il) and Ni(Il)
[26].

4. OA-III RNA-cleaving deoxyribozyme for Mn(II) only [26].

5. OA-IV RNA-cleaving deoxyribozyme for Mn(IlI) and Cd(II)
[26].

6. Synthetic theophylline-binding RNA aptamer [22].

7. Naturally-occurring TPP-binding RNA aptamer [22].

The sequences of the all DNA oligonucleotides are given in

Table 1, including the locations of the fluorescein (F) and DABCYL
(4-(4-dimethylaminophenylazo)benzoic acid) quencher (Q) labels.
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Fig. 1. Schematic of the structure-switching signaling aptamer constructs. The tripartite complex (left) is composed of three separate strands: cFDNA, cQDNA and the
aptamer. Both the cFDNA and cQDNA are complementary to the aptamer or its sequence extension. In the bipartite scheme (right), the construct consists of the cQDNA and
aptamer strand with a covalently tethered fluorophore. Upon target addition, the aptamer undergoes a conformational change, which displaces the cQDNA and results in a

fluorescence signal.
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Fig. 2. Schematic of the two different classes of functional nucleic acid reporter systems entrapped in a sol-gel derived matrix and detection of their fluorescence signal from

a microtiter plate.

Table 1

DNA oligonucleotide sequences for FNA reporter systems.

DNA oligonucleotide

Sequence (5 — 3')

ATP aptamer*

ATP aptamer cFDNA
Fluorescein-labeled ATP aptamer”
ATP aptamer cQDNA

cis-Acting DNAzyme substrate
cis-Acting DNAzyme OA-II°
Ligation template for OA-II
cis-Acting DNAzyme OA-III
Ligation template for OA-III
cis-Acting DNAzyme OA-IV¢
Ligation template for OA-IV

DNA template for theophylline reporter®’

Theophylline aptamer template forward primer
Theophylline aptamer template reverse primer
DNA template for the TPP reporter®"

TPP aptamer template forward primer
TPP aptamer template reverse primer
Theophylline/TPP aptamer cFDNA
Theophylline aptamer cQDNA

TPP aptamer cQDNA

CCTGC CACGC TCCGC TCACT GACCT GGGGG AGTAT TGCGG AGGAA GGT
FGCGGA GCGTG GCAGG

TTTTT TTTTTF TCACT GACCT GGGGG AGTAT TGCGG AGGAA GGT

CCCAG GTCAG TGQ

TTTGT GTCCG TGCFrAGQ GTTCG ATCAA G

ATTGC ACTTG ATCGA GTTCC GGTCT CGAGG GCGTA GCCAC ACGGA C
ATCTG CAATC TTGAT CGAAC CATAG C

ATTGC AGATC GAACC CATTA TGATC CGTAG GAGGA AGAGG GACA

ATCTG CAATC TTGAT CGAAC CATAG C

GACAT TGAAC CAGTC TGTAA GACCA AGGCT GGCGG GAGGA TGCAC GGAC
TTCAA TGTCC TTGAT CGAAC CATAG C

GAATT CTAAT ACGAC TCACT ATAGG CCTGC CACGC TCCGA CGCTA TCACT CTATG
GGCGA TACCA GCCGA AAGGC CCTTG GCAGC GTCCA ACACA TCG

GAATT CTAAT ACGAC TCACT ATA

CGATG TGTTG GACGC

GAATT CTAAT ACGAC TCACT ATAGG CCTGC CACGC TCCGA CGCTA TCACT CTATG CCACT AGGGG
TGCTT GTTGT GCTGA GAGAG GAATA ATCCT TAACC CTTAT AACAC

CTGAT CTAGG TAATA CTAGC GAAGG GAAGT GG

GAATT CTAAT ACGAC TCACT ATA

GCTTC TGTTC CCACT

FTAGCG TCGGA GCGTG GCAGG

TATCG CCCAT AGAGT GQ

CTAGT GGCAT AGAGT GQ

2 Mutant was made by replacing T35 and G43 with Ass and Cys.
b Mutant was made by replacing G5 and Gs7 with Tps and Ts7.
c
d

Mutant was made by replacing G,; with T»;.
Mutant was made by replacing G,g with Tas.

¢ Mutant 1 template was made by replacing Ce4 and Ags with Agy and Tgs.

f Mutant 2 template was made by replacing Cg3Cgs With Gg3Ags.

& Mutant 1 template was made by replacing Ggo, G74, G76, A77 and Gy With Cgo, C74, Tes, Te7, T126-

" Mutant 2 template was made by replacing Geo, T73,.G74, G76, A77, C125, G126, G131, A132 With Cso, C73, C74, Te6.T67, A125, T126, C131, G132.

In the DNAzyme substrate sequence, rA refers to an adenine
ribonucleotide.

Purified water (18.2 MQ cm, 1-5ppb solids) from a Milli-Q
water purification system is used in all experiments. Enzymes
and their buffers as well as nucleotides are purchased from Fer-
mentas Life Sciences (Burlington, ON) while other chemicals are
obtained from Sigma-Aldrich (Oakville, ON) unless otherwise
stated.

2.1.2. Ligation of DNAzymes with substrates

e T4 polynucleotide kinase (PNK).

10x reaction buffer A (for forward reaction; 500 mM
Tris-HCl, 100 mM MgCl,, 50 mM DTT, 1 mM spermidine at
pH 7.6).

T4 DNA ligase.

10x DNA ligase buffer (400 mM Tris-HCI, 100 mM MgCl,,
100 mM DTT, 5 mM ATP at pH 7.8).

ATP.

Tetrabutylammonium fluoride (TBAF) solution.

Sodium dodecyl sulfate (SDS).
Tris(hydroxymethyl)aminomethane.

Nanosep® 3 K Omega spin column (Pall Corp., Ann Arbor,
MI).
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2.1.3. RNA aptamer transcription

e Taq DNA polymerase (Biotools, Madrid, Spain).

e 10x standard reaction buffer with MgCl, (750 mM Tris-HCl,
500 mM KCI, 200 mM (NH4),SO4, 20 mM MgCl, at pH 9.0;
Biotools).

Deoxyribonucleoside triphosphate (dNTP) set.
Ribonucleoside triphosphate (NTP) set.

T7 RNA polymerase.

5x transcription buffer (200 mM Tris-HCI, 30 mM MgCl,,
50 mM DTT, 50 mM NacCl, 10 mM spermidine at pH 7.9).

e Deoxyribonuclease I (DNase I).

2.1.4. Preparation of sol-gel derived materials

Glycerol (anhydrous, ~99.5%).

Dowex 50 x 8-100 cation exchange resin.

Hydrochloric acid concentrate (HCI, 0.1 N).

Sodium silicate solution (SS solution; purum, ~10% Na,O,
~27% Si0).

Tetramethyl orthosilicate (TMOS).

Methyltrimethoxysilane (MTMS).
(3-Aminopropyl)triethoxysilane (APTES).

Diglycerylsilane (DGS; prepared from TMOS in-house, see
below).

e Acrodisc® syringe filter: 0.2 um, 0.45 pum (Pall Corp.).

2.1.5. Preparation of FNA reporter complexes

e DNA aptamer assay buffer: 20 mM Tris-HCl, 100 mM NacCl
and 5 mM MgCl, at pH 7.8.

e Deoxyribozyme assay buffer: 50 mM HEPES at pH 6.8 (for
OA-II); 50 mM HEPES at pH 7.5 (for OA-III); 50 mM HEPES,
100 mM KCL at pH 7.5 (for OA-IV).

e RNA aptamer assay buffer: 50 mM Tris-HCl, 20 mM MgCl, at
pH 7.5.

2.2. Assay procedure
2.2.1. Sol-gel derived materials screen

e For ATP-binding DNA aptamer: 2 mM ATP.

e For metal ion-binding deoxyribozymes: 1 mM MgCl, and
0.1 mM NiCl, (for OA-II); 2 mM MnCl, (for OA-III); 1 mM
MnCl, and 0.1 mM CdCl, (for OA-IV).

e For theophylline-binding RNA aptamer: 1 mM theophylline.

e For thiamine-binding RNA aptamer: 100 pM TPP.

2.2.2. Sensitivity and selectivity assays

e For ATP-binding DNA aptamer: cytosine 5’-triphosphate
(CTP), guanosine 5'-triphosphate (GTP), uridine 5'-triphos-
phate (UTP).

e For metal ion-binding deoxyribozymes: MnCl,, CdCl,, CoCl,
(for OA-II); MgCl, NiCl,, CdCl,, CoCl, (for OA-III); MgCly,
NiCl,, CoCl, (for OA-IV).

e For theophylline-binding RNA aptamer:
caffeine.

e For thiamine-binding RNA aptamer: thiamine monophos-
phate (TMP), thiamine, oxythiamine.

theobromine,

2.2.3. Nuclease degradation studies

e DNase L.
e Ribonuclease A (RNase A).

e Ribonuclease H (RNase H).
o Streptavidin-coated 96-well multiwall plate (NoAb Biodis-
coveries Inc., Mississauga, ON).

2.2.4. Coentrapment assays

e Adenosine.

e Adenosine deaminase (ADA; from Sigma-Aldrich).

e Erythro-9-(2-hydroxy-3-nonyl)adenine
hydrochloride.

(EHNA)

3. Description of methods
3.1. Preparation protocol

3.1.1. DNA oligonucleotide synthesis and purification

All DNA oligonucleotides are synthesized using standard phos-
phoramidite chemistry by Integrated DNA Technologies (Coralville,
IA). Fluorescently-labeled DNA sequences are purified by HPLC,
while unmodified oligonucleotides are purified by 10% denaturing
(8 M urea) polyacrylamide gel electrophoresis (PAGE), followed by
elution, ethanol precipitation, and quantification by absorbance at
260 nm prior to use. Detailed descriptions of these procedures are
described in another Methods article from the Li group [43].

3.1.2. Ligation of DNAzymes with substrates

The cis-acting DNAzymes (OA-II, OA-IIl, and OA-IV) are pro-
duced by ligating the substrate sequence, containing the adenine
ribonucleotide flanked by a fluorophore-quencher pair, with a rel-
evant 5-phosphorylated DNAzyme sequence using a matching
ligation template (to ensure substrate proximity to the catalytic
core). All three DNAzymes were optimized from a single selection
pool for the same substrate strand under different metal ion condi-
tions [26], increasing ease and cost-efficiency in constructing a sin-
gle dual-labeled substrate for different DNAzymes. Note: these
same DNAzymes can also function in trans, with the substrate as
a separate strand, but this requires extending the number of base
pairs hybridizing the 3’-end of the substrate with the DNAzyme
to create a stable helix.

Phosphorylation reactions are performed in 1x reaction buffer A
(diluted from 10x reaction buffer) with 0.1 units/uL PNK, 1 mM
ATP, and 400 pmol DNAzyme sequence at 37 °C for 30 min followed
by heating at 90 °C for 5 min to inactivate the enzyme. Once cooled
to room temperature, 400 pmol substrate and 0.05 units/pL T4 DNA
ligase in 1x DNA ligase buffer are added and incubated at 25 °C for
12 h, followed by enzyme inactivation 90 °C for 5 min.

The TOM (triisopropylsisyloxymethyl) protecting group on the
2’-hydroxyl group of the RNA linkage is removed by incubation
with 150 pL of TBAF solution at 60 °C with shaking for 6 h, fol-
lowed by the addition of 250 pL of 100 mM Tris-HCI (pH 8.3) and
further shaking at 37 °C for 30 min. The DNA is recovered using
ethanol precipitation, dissolved in water containing 0.1% SDS,
and the tetrabutylammonium salt is removed by centrifugation
using the Nanosep® spin column.

3.1.3. RNA aptamer transcription

Aptamer sequences made of RNA are prepared by in vitro tran-
scription using aptamer-encoded DNA templates for ease of syn-
thesis and cost efficiency. Polymerase chain reaction of the DNA
templates for the theophylline and TPP aptamer is conducted in
1x standard reaction buffer (from the 10x standard reaction buf-
fer) with 0.5 uM primer, 3 nM template, 0.5 mM of each dNTP
and 5 units of Tag DNA polymerase. Thermal cycling steps are:
94 °C for 1 min, 20 cycles of 94 °C-45 °C-72 °C for 30 s each, and
72 °C for 8 min.
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The transcription reactions are conducted at 37 °C for 2 h in
150 uL of 1x transcription buffer with 25 pmol PCR amplified
DNA, 2.5 mM of each NTP and 1.5 units/uL T7 RNA polymerase.
The transcription mixture is then treated with 3 units of DNase I
for 30 min at 37 °C to degrade the DNA templates and the tran-
scribed RNA purified by 10% denaturing PAGE and quantified
spectroscopically.

3.1.4. Synthesis of DGS precursor

Diglycerylsilane precursor is prepared in-house beginning with
the transesterification of TMOS with glycerol by mixing neat TMOS
(24.2 mL, 0.164 mol) and anhydrous glycerol (25.4 mL, 0.348 mol)
in a round-bottom flask and heating with an oil bath at 60 °C, with
a fractionating (Vigreux) column and short-path distillation head
with jacketed condenser in place under N, and increasing 20 °C
each hour until a temperature of 105 °C is reached and the solution
is homogenous (~3 h). Following this, insulation is added around
the column and the methanol is slowly distilled off at 120 °C for
18-20 h. Further distillation and drying in vacuo at 130 °C for 1 h,
using only the distillation head with condenser, allows complete
removal of residual methanol and unreacted starting materials to
produce uncontaminated DGS.

After allowing the reaction to cool to room temperature, the
remaining hard white solid is broken up and stored in many small
N,-purged vials in a desiccator. Since hydrolysis competes to form
polyglycerylsilanes, it is imperative that anhydrous conditions are
maintained throughout synthesis and storage and the purity of the
DGS product should be confirmed by solid state MAS 2°Si- and 3C-
NMR. Additional details on the preparation and characterization of
DGS are given elsewhere [44,45].

3.1.5. Preparation of sol-gel derived materials

A series of sol-gel derived materials were assessed as potential
materials for FNA entrapment, including those prepared from two
previously reported biofriendly precursors (SS and DGS) with and
without APTES (to produce a cationic surface), along with TMOS-
derived composites containing up to 80% MTMS to produce a gradi-
ent of polarity, and hydrophobic methylsilsesquioxane (MSQ)
materials derived from pure MTMS. Owing to the ability of DNA
to withstand ethanol precipitation with recovery of function after
placement in water we were not concerned about the effect of alco-
hol byproducts of organosilane hydrolysis (though this is a major is-
sue for protein entrapment [46]), allowing these “less biofriendly”
alkoxysilanes to be included in our evaluation of materials.

Sodium silicate sols are prepared by diluting 2.6 g of a stock SS
solution to 10 mL with water, immediately mixing the solution
with 5.5 g Dowex for 1 min to bring the pH of the SS solution to
~4, and then vacuum filtering this solution through a Biichner fun-
nel to remove the Dowex resin followed by further filtration
through a 0.45 pm membrane syringe filter to remove any particu-
lates in the solution. Before use, 120 g of the Dowex resin is cleaned
with 150 mL 0.1 N HCI and stirring for 1 h, followed by vacuum fil-
tration and washing with water until the filtrate runs clear. It is very
important to ensure that the final pH of the sol solution is close to
4.0, otherwise the final material will not form optimal materials.

The DGS sol is prepared by grinding DGS precursor to a fine
powder and dissolving 0.5 g in 1 mL of water, followed by 15 min
sonication in ice-cold water and filtering the solution through a
0.2 um membrane syringe filter. These sols should be used imme-
diately. Materials containing 0.1% (v/v) APTES in either SS or DGS
are made by adding APTES to the sol prior to addition of buffered
FNA solutions.

To make TMOS and MTMS sols, 700 pL of water and 50 pL HCl
(0.1 N) are added to 2.25 mL TMOS or MTMS and then sonicated
for 20 min in ice-cold water. The TMOS-MTMS mixtures are
prepared by proportionally dividing the 2.25 mL of silane using

volume percentages of 20-80% MTMS in TMOS (in 20% incre-
ments), mixing with water and acid and co-hydrolyzing in a soni-
cator as described above. All prepared sols should be stored on ice
until use (and used within the hour).

3.1.6. Characterization of sol-gel derived materials

The physical properties of the sol-gel derived materials are gen-
erally characterized by a variety of methods in order to establish
the compositions of materials that provide an optimal environ-
ment for FNA entrapment. For these characterization studies, lar-
ger monoliths (3 mL total volume of 1:1 sol-gel precursor:buffer,
v:v) of the various sol-gel derived materials described above are
prepared in order to have sufficient material for the measurements
described below. After gelation, monoliths are cured in air for 4-
6 h at room temperature prior to aging for 5 days in sealed vials.

In order to assess the polarity of materials, water contact angle
measurements are performed using a Kriiss drop shape analyzer
system (DSA10, Dataphysics) at 22 °C by applying conventional ses-
sile drops on the material surface. Average contact angle is calcu-
lated from three values obtained in different areas of each sample.

For mesopore size distribution data, samples are desiccated for
another 7 days. Nitrogen sorption measurements of the dried,
crushed monoliths are performed with a Quantachrome Nova
2000 surface area/pore size analyzer (Boca Raton, USA). At least
50 mg of each sample is evacuated to 0.1 Torr and heated at
120 °C for 6 h to remove air and residual water from the surface.
Pressure is measured as nitrogen is adsorbed and desorbed at a
constant temperature of —196 °C. Surface area can be calculated
by the BET (Brunauer, Emmett and Teller) equation and the aver-
age pore size and distribution of pore sizes (from the desorption
branch) is calculated using the BJH (Barrett, Joyner and Halenda)
method using the software provided with the instrument. Mercury
intrusion porosimetry measurements are used to determine mac-
ropore properties, and are performed using a Quantachrome Pore-
master® GT mercury intrusion porosimeter (Boca Raton, USA) with
~100 mg of each sample. The contact angle is 140°, running a fixed
speed pressure gradient from 1.4 to 4195 kg cm~'. Median pore
diameters, bulk particle density and percent porosity are deter-
mined as a function of intruded volume using the software pro-
vided by Quantachrome. It is important to note that the methods
used to prepare samples for nitrogen and mercury porosimetry
(i.e., heating, degassing) generally cause a reduction in pore size
relative to the hydrated samples, hence porosimetry is best used
to compare relative pore sizes between different materials rather
than to ascertain pore sizes of functional, hydrated materials.

For morphology visualization, samples for SEM imaging are
aged for 10 days before analysis and coated with 5 nm of platinum
under vacuum to improve conductivity. Imaging is performed at
5 kV using a JEOL JSM 7000F Scanning Electron Microscope.

3.1.7. Preparation of FNA reporter complexes

Stock solutions of the various FNA components are prepared at
a concentration of 10 uM in water. For RNA studies, buffer solu-
tions are autoclaved after preparation to ensure that no active nuc-
leases are present. The tripartite complexes of the aptamer
reporters are prepared by combining cFDNA, APT, and cQDNA in
a 1:2:3 M ratio in the appropriate buffer, incubating for at least
1 hat 25 °C to ensure annealing/quenching and storing at 4 °C until
analysis. For studies involving RNA aptamers, this mixture is first
heated at 65 °C for 2 min to eliminate any self-complementation
of the aptamer strand (allowing for optimal cFDNA and cQDNA
hybridization), cooled at room temperature for 10 min, and then
stored. The ratios of 1:2:3 the three components ensures adequate
quencher is present to significantly reduce fluorescence intensity
upon hybridization of all species. However, it is recommended that
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optimization of cFDNA:APT:cQDNA be done for each aptamer sys-
tem to maximize signal enhancement upon target binding.

To create the bipartite complex, the labeled aptamer strand
(F-APT) and the cQDNA are combined in a 1:3 M ratio in the appro-
priate buffer (to ensure that the fluorophore/quencher ratio are the
same as in the tripartite system). Signaling DNAzymes are diluted
in the appropriate buffer after being ligated to their substrate se-
quence. Final concentrations of aptamers and DNAzymes both in
solution and entrapped in materials are 80 nM and 250 nM, respec-
tively (these concentrations provide sufficient signal levels and al-
low direct comparison to previous FNA reporter studies in solution
that used similar concentrations for fluorescence detection).

3.1.8. Entrapment of FNA reporter complexes

The FNA mixture solutions for entrapment are prepared at dou-
ble the concentration of typical solutions in double concentration
(2x) buffer. These buffered FNA solutions are then stored at 4 °C
until mixing in a 1:1 (v:v) ratio with a freshly-prepared silica sol
at room temperature. The FNA-sol mixtures are deposited into
microtiter plates at a volume of 50 pL per well (96-well plate) or
15 uL per well (384-well plate) and allowed to gel (typically
5 min-1.5 h, depending on the sol composition, as determined by
loss of ability to flow when the plate is tilted). The materials in
the plates are left to age in air at 4 °C for at least 2 h and then over-
laid with 50 pL or 15 pL of the appropriate buffer for storage before
analysis (for 96-well and 384-well plates, respectively).

3.2. Factors affecting entrapped FNA activity

Proper performance of any entrapped fluorescence-signaling
FNA requires that (i) the fluorophore- and quencher-labeled
strands remain fully hybridized/intact upon entrapment to ensure
low background prior to target addition, (ii) the FNA does not leach
out from the matrix, and (iii) the FNA remains accessible to exter-
nally added target molecules for recognition/binding. Additionally,
each FNA should also retain enough conformational flexibility to
undergo the structural switch necessary for correct folding (of a
recognition or catalytic site) upon target binding, and the QDNA
should be able to move far enough from the FNA to produce a large
fluorescent signal increase. Thus, an optimal material for FNA
entrapment should provide the highest overall signal and most ra-
pid signal evolution, while also conferring benefits such as protec-
tion from degradation to provide the long-term stability that is
required of a viable and robust biosensor. Below we describe the
procedures for evaluating FNA properties and performance when
entrapped in sol-gel derived materials by first optimizing the
choice of entrapment material for minimal leaching and maximal
signaling, followed by more extensive studies of the FNA perfor-
mance using only these optimal materials (Fig. 3).

3.3. Fluorescence detection

All DNA aptamer and DNA enzyme studies are performed at
25 °C, while those involving the RNA aptamers are performed at
37°C, using a Tecan Infinite® M1000 platereader (San Jose, CA)
operated in fluorescence mode. We have found that black plates
with flat, clear bottoms provide the lowest background for these
fluorescence studies. However, before running assays, full emission
scans (2-nm increment, 500-650 nm emission) should be per-
formed to assess the maximal fluorescence emission wavelength
of reporters under varying buffer conditions and any effects of
background signals. Moreover, samples must also be corrected
for light scattering by blank subtraction of signals originating from
the materials or from buffer without entrapped FNA reporters
present; failure to do so produces artificially low fluorescence
enhancements upon target binding. Finally, it is important to avoid

the outermost ring of wells, as these produce fluorescence signals
that are not within error of those obtained from inner wells. In all
the following experiments, both solution and entrapped FNA sam-
ples are excited at 490 nm with emission collected at 520 nm using
a 5-nm bandpass for both excitation and emission and a 0.5 s inte-
gration time using the bottom-read setting, as these parameters
demonstrate the highest signals with the lowest background
levels.

Kinetic measurements are performed to assess FNA response to
addition of given species (i.e. targets, nucleases, etc.) using fluores-
cence intensity reads every 1 min for both baseline measurements
(no target; typically 5-10 min) and after addition of targets/nuc-
leases for a total of at least 60 min, with orbital shaking of
2.5 mm amplitude for 2 s between each measurement to ensure
proper mixing.

For ease of comparison, raw fluorescence measurements can be
normalized to fluorescence enhancement or F/F, where F is the
endpoint fluorescence intensity and F, is the initial fluorescence
intensity at time =0 prior to target addition. In some cases (for
example, with measurements involving metal ion analytes that
quench fluorescence at higher concentrations), when the endpoint
fluorescence intensity does not equal the maximal fluorescence, i.e.
the intensity reaches a plateau and subsequently decreases, F may
refer to the maximal enhancement reached during plateau and not
the final intensity.

Dynamic response data (i.e., initial rates) can also be used to
indicate signaling efficiency and can be determined from kinetic
measurements by calculating the initial slope of the response
(change in fluorescence versus time) over the first few minutes
after addition of target (more than three measurements within
the linear range) and thus, also leads to a shorter analysis time since
it is not necessary to wait until a steady-state signal is reached.

Fluorescence images of microwell plates can also be acquired
using a Typhoon Trio+ Variable Mode Imager (Molecular Dynamics,
Sunnyvale, CA) with excitation at 488 nm, 526 nm emission collec-
tion, medium sensitivity and 100 micron resolution. Quantitative
data can be obtained from pixel intensity values calculated using
software supplied with the system. To avoid the need to acquire
two separate fluorimages, an appropriate blank (no target or
mutant FNA sequence) made in the same plate can be used for
subtraction of blanks.

3.4. Assay procedure

3.4.1. Leaching of FNA species

Prior to any fluorescence assays, the various sol-gel derived
materials containing the reporter complexes are washed three
times with buffer at room temperature using a plate shaker for
~10 min per wash to remove any un-encapsulated FNA from the
material surface beforehand. The percentage of FNA leached can
be determined by comparing the total fluorescence intensity of
the materials prior to a washing step with that of the materials
after each wash, being careful to ensure identical pH and ionic
strength conditions. Each wash solution can also be added to an
empty well and measured to ensure that the intensity correlates
well with the changes in fluorescence intensity from the material.

3.4.2. Sol-gel derived materials screen

The performance of the FNA reporter system must be examined
(using binding assays) both for FNA that is in solution and for spe-
cies entrapped in the full series of sol-gel derived materials to
determine an optimal material for entrapment of a particular
FNA. The target concentrations listed above in Section 2.2.1
represent the “100% concentration” to induce maximal fluores-
cence signaling of each FNA in solution (note: in DNAzyme solution
assays, the optimal metal ion concentration for maximal signal
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Fig. 3. Order of assays conducted for evaluating sol-gel entrapped FNA properties and performance.

enhancement is ~10% that of maximal cleavage as determined by
PAGE due to quenching of fluorescence by the metal ions at higher
concentrations [47]).

Analytes (3 pL at the appropriate concentration to obtain the
final concentration listed) are either added directly to solution
samples or the overlaying buffer of material samples after measur-
ing initial baseline fluorescence (stock analyte solutions for the
RNA aptamers are heated at 90 °C for 5 min and cooled to room
temperature for 10 min prior to addition to ensure no RNase
contamination).

3.4.3. Sensitivity and selectivity assays

Based on the results obtained from the initial material screen,
one or a subset of materials that show superior performance in
terms of total signal enhancements and/or response rates can be se-
lected for more extensive evaluation of the entrapped FNA target-
binding sensitivity and selectivity. Here, target concentration gradi-
ents for the appropriate FNA system, usually 0-200% the concentra-
tion used in the screen, are introduced to sol-gel entrapped FNAs
and compared to data obtained in solution. From these data, the dy-
namic range and limit of detection can be calculated and compared
from the fluorescence signal enhancements and initial rates.

To assess the selectivity of the entrapped FNA for their cognate
target over structurally-related molecules, both native and mutant
versions of the FNA complexes are immobilized in their optimal
material and examined for fluorescence signal generation. Species
used to test for selectivity are listed above in Section 2.2.2 and are
added to wells containing the native FNA at their respective 100%

concentrations, while the correct targets are added to wells con-
taining the mutant constructs. In these studies, the endpoint fluo-
rescence can be compared to that of the appropriate target (at its
100% concentration) with its respective FNA.

3.4.4. Nuclease degradation studies

To examine the protective effects of entrapping FNA reporters, a
comparison of FNA stability (i) in solution, (ii) immobilized by a
biotinylated 5’-end in a streptavidin coated microwell, and (iii) en-
trapped within its optimal sol-gel derived material, when in the
presence of appropriate nucleases should be performed. In studies
involving functional DNA, DNase I is used since it is an endonucle-
ase that digests both single- and double-stranded DNA [48]. For
RNA species, RNase A is a good choice due to its abundance in bio-
logical fluids [49], while RNase H is known to degrade RNA from
RNA/DNA hybrids [50] such as the tripartite reporter complex.
Degradation by these nucleases can be monitored through an
increase in fluorescence intensity as the distance between the
fluorescein and dabcyl moieties increases due to release of the
cQDNA, cFDNA or both from the digested FNA species.

Solution-phase and entrapped FNAs can be prepared as
described above; while immobilization on streptavidin coated
plates is performed as described by the manufacturer (FNA
sequences can easily be synthesized and ordered with termi-
nally-bound biotin moieties to attach to the plate surface). The
FNA complexes are treated with equimolar amounts (3 units) of
DNAse I, RNase A, or RNase H by direct addition to solution sam-
ples or the overlaying buffer of material samples after measuring
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initial baseline fluorescence (similar to the material screen/target-
binding fluorescence measurements).

3.4.5. Long-term stability assays

The subset of optimal sol-gel derived materials doped with their
respective FNA species can be prepared and aged as described
above. These materials should be overlaid with at least 100 pL buf-
fer and the 96-microwell plates covered with lids and wrapped in
Parafilm to prevent evaporation upon storage. Plates are stored
for up to 1 month at 4 °C in the dark prior to target-binding mea-
surements. Buffered solutions containing the FNA reporter com-
plexes can be prepared in microcentrifuge tubes and stored in the
dark at 4 °C for comparison. Following the appropriate storage time,
the materials in the plates are washed to remove any leached mate-
rials (as in Section 3.4.1) or aliquots of the solutions are put in plates
and assessed for their target-binding response as in Section 3.4.2.

3.4.6. Co-entrapment assays

Using fluorescence signaling FNAs to monitor the catalytic
activity of a protein enzyme can also be performed by co-entrap-
ping these two species. In our co-entrapment study [42], the con-
version of adenosine to inosine by the enzyme ADA is monitored
by the ATP-binding aptamer, which also binds adenosine (but
shows no affinity for inosine). When active ADA and aptamer are
together, adenosine depletes rapidly and the aptamer signal de-
creases with time. However, when ADA is inhibited by EHNA, the
aptamer reporter remains fluorescent with the high concentration
of adenosine present. The aptamer and ADA are either co-en-
trapped in a single phase or segregated by separate material layers
with the enzyme on top of the aptamer layer.

The mixed system is prepared with ADA and aptamer at final
concentrations of 125 nM and 60 nM, respectively, in DNA aptamer
assay buffer mixed with SS in a 1:1 (v/v) ratio to form a 2.3 mm
thick monolith. The layered system is prepared by combining a
buffered solution of aptamer (120 nM final concentration) with
SS to form the first ~1.1 mm thick layer, which is allowed to gel
and age for 1 h prior to the addition of a second layer containing
250 mM ADA entrapped in SS (so that the total concentrations
amount to that of the mixed system). Each final material, single-
phase or top layer, is allowed to gel and age for 2 h prior to addition
of the buffer overlay. Assays are performed by first adding 15 dif-
ferent concentrations of EHNA (one per well), spanning the ex-
pected ICsq value of 100 nM (derived from literature K; of 6.5 nM
[51]), to the buffer overlay and incubating for 60 min. Following
inhibitor incubation, 1 mM final concentration of adenosine is
added and the fluorescence monitored over time as in experiments
listed above.

In both cases, the data are normalized and the fluorescence re-
sponse plotted against inhibitor concentration, with the most con-
sistent ICsg values obtained by integrating the area under the
response curve (as opposed to using endpoint intensity or slope
of the curve). These ICsq values are determined by fitting the data
to the Hill equation, using Sigma Plot graphing software and K val-
ues can be derived from the ICsq plots using the equation [52]:

Ky =1Cso/([S]/Km + 1) (1)

where [S] is the substrate concentration and Ky, is the Michaelis
constant for the enzyme and substrate.

4. Results and discussion
4.1. Evaluating the materials screen

The time-dependent target-binding response data can be used
to compare the degree and rate of signal enhancement in the

various materials with solution. For example, Fig. 4 shows that
the greatest enhancements and rates of signal development for
the tripartite ATP-binding DNA aptamer were obtained after
entrapment in DGS and SS. In our other studies assessing the
entrapment of DNAzymes or RNA aptamer reporters, optimal per-
formance was observed when using composite materials with 40%
MTMS (in 60% TMOS), demonstrating that different types of FNA
reporters may require a different optimal material (although only
polar materials were tested in the study involving DNA aptamers
so their function in composite materials is currently unknown).
Generally, a slight reduction in the response time of entrapped
FNAs is expected due to diffusional barriers to mass transport of
the analyte through the silica matrix. However, mass transport
limitations can be minimized by reducing the volume of the mate-
rial through which the analyte must travel to reach entrapped
FNAs by, for example, employing thin films [53].

Evaluating the un-normalized data from the materials screen
allows for discrimination of a few factors that could affect the per-
formance of the entrapped FNA species. Firstly, a very low initial
fluorescence may be caused by a high amount of leaching, which
can be correlated to the results of the leaching experiments. In
all our studies, leaching demonstrated the general trend of in-
creased leaching with increased hydrophobicity and pore size of
the material, with the overall degree of leaching being relatively
high compared to proteins [54]. Despite this, it was found that
even materials with up to 30% leaching can still provide sufficient
signal enhancements upon target introduction.

Observing a high initial fluorescence background may be due to
reduced quenching due to cFDNA and/or cQDNA dehybridization
upon entrapment. It is important to ascertain the expected de-
crease and increase in fluorescence signal, upon cQDNA or target
addition, respectively, for the FNA reporters in solution for ease
of comparison to entrapped species at the same concentration after
accounting for leaching. Assessing the emission intensity of en-
trapped FNA complexes with cQDNA to those without can also
aid in interpreting dehybridization upon entrapment. For example,
using the tripartite ATP-binding aptamer, the quenching efficiency
of the reporter in solution is greater than 12-fold in the presence of
cQDNA, however, in comparing the background intensities of the
entrapped cFDNA-aptamer system with the tripartite complex
containing cQDNA, only a 10-fold decrease in fluorescence is ob-
served [39]. Thus, the lower quenching efficiency when entrapped
leads to the decreased signal potential upon binding target

Fluorescence Enhancement

0 200 400 600 800 1000 1200 1400 1600 1800
Time, s

Fig. 4. Screening various materials for optimal performance of the ATP-binding
DNA aptamer. Fluorescence signal enhancements of the tripartite aptamer upon
addition of 2 mM ATP in solution (A), or entrapped in different sol-gel derived
materials: DGS (H), DGS + 0.1% APTES (<), SS (®), SS+0.1% APTES (V), and TEOS
(a). The signal enhancement for the bipartite aptamer in solution (O) is also shown.
Figure adapted from [39].
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Fig. 5. Concentration-dependent response curves of entrapped TPP-binding RNA aptamer using (A) normalized fluorescence signal enhancement or (B) changes in initial rate

of response. Data adapted from [41].

(observed in Fig. 4). Generally, the fold quenching of any reporter
system should be at least 1.2x the expected final signal enhance-
ment. The use of the cis-acting DNAzyme construct and bipartite
DNA aptamer complex may help to eliminate any false signaling
arising from substrate or cFDNA dehybridization, respectively;
however, such bipartite designs for RNA aptamers are more diffi-
cult and expensive to create (as this cannot be done through
in vitro transcription). Moreover, moving the fluorophore to the
aptamer strand may increase its distance from the quencher moi-
ety, slightly increasing background fluorescence and lowering the
potential target-binding signal enhancement (due to the sensitive
Forster distance dependence involved in energy transfer systems),
as seen in Fig. 4.

If the background intensity is low but little to no signal
enhancement is observed upon addition of target, the FNA may
be inaccessible to the externally added target molecules or may
not have enough conformational flexibility to undergo the struc-
tural change for target binding and signaling. In either case, hin-
drance of the target binding or signaling of the entrapped FNA
reporter is indicative of a poor material for this FNA entrapment.

4.2. FNA performance in optimal materials

Using the optimal materials found in the screen, the target con-
centration-dependent signal enhancements of the entrapped FNAs
should be tested for to ensure that the sensitivity, detection limit
and dynamic range is equivalent to the values reported in solution.
An advantage of using kinetic measurements when evaluating en-
trapped FNA sensitivity is the ability to assess the rate of response,
which has proven to be useful in broadening the dynamic range of
detection. For example, Fig. 5 compares the endpoint fluorescence
signal enhancement with the initial rate responses for TPP
detection using an RNA aptamer reporter. While both methods of
analysis provide a detection limit of 1 uM, the use of initial rate
data offers a dynamic range 20x greater than that using the
fluorescence signal enhancement only. A combination of analysis
methods may prove advantageous for certain applications that
require an extended dynamic range.

Selectivity of each entrapped FNA reporter should also be sim-
ilar to that observed in solution in order to demonstrate that the
integrity of binding/catalytic site was not compromised upon
entrapment. Retaining the selectivity of the signaling FNAs can
be exploited to produce microwell plate-based multiplex assays
by adding FNAs for different targets to different wells in a single
plate.

Fluorimaging of the entire plate can then be performed to
quickly determine target binding “hits” as demonstrated by com-
paring the response of the three metal ion-sensing DNAzymes in
two different materials upon introduction of various metals
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Fig. 6. Fluorimage of a 384-well plate with three different metal ion-sensing
DNAzymes entrapped in two different materials, taken after the addition of various
divalent metal ions (or buffer). Figure adapted from [40].
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Fig. 7. Changes in fluorescence signal of the ATP-binding aptamer upon exposure to
DNase in different conditions: aptamer in solution (®), aptamer immobilized on
streptavidin-coated microtiter wells (O), aptamer entrapped in SS (¥), and DNase-
free control (V). Figure adapted from [39].

(Fig. 6). In this example, mutant constructs (uncleavable versions
of DNAzymes with similar leaching and quenching behavior) were
used for blank subtraction and placed in wells alongside the
samples for simple on-array background correction from a single
image. Upon addition of different divalent ions singly or in
mixtures, the entrapped DNAzymes produced the expected pattern
of response: OA-II fluoresced only with Ni(II), OA-III revealed the
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presence of Mn(Il) either alone or in the presence of Cd(Il) and
OA-IV required both Mn(II) and Cd(II) for maximal signal enhance-
ment. No false signaling occurred from any DNAzyme in the pres-
ence of non-binding metal ions such as Co(Il). Qualitatively, the
samples based on 40% MTMS are much brighter than those derived
from SS (although mutant samples in this material also showed
greater brightness) and quantitative analysis of the pixel intensity
in each well reveals that the DNAzymes entrapped in 40% MTMS
indeed present a greater fold increase in fluorescence even after
mutant blank correction. Importantly, these results show that ionic
species such as metal ions can permeate through the anionic silica
matrix (presumably owing to the high ionic strength of the test
buffer) and that the entrapped DNAzymes are able to retain
catalytic function and displace the F and Q moieties sufficiently
to produce a useable fluorescence signal.
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Fig. 8. Fluorescence signaling ability of solution-based or sol-gel entrapped TPP-

binding RNA aptamer after increasing storage time (using 100 uM TPP). Adapted
from [41].
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The key advantage of entrapping FNAs within a sol-gel derived
matrix, relative to more common covalently and affinity based
immobilization methods, is that it can provide a steric barrier to
entry of digestive enzymes that can degrade the FNA. This can be
observed in Fig. 7, with the entrapped DNA aptamer reporter for
ATP detection undergoing only a minor change in fluorescence
intensity upon addition of DNase I. On the other hand, both the
FNAs in solution and those surface-immobilized via a streptavi-
din-biotin linkage showed a drastic increase in fluorescence inten-
sity due to dequenching upon degradation, demonstrating failure
to provide any protection from nuclease digestion. It should be
noted, however, that while nuclease exclusion from the material
is a great advantage in developing solid-phase FNA biosensors,
the inherent nature of FNA entrapment and retention within mes-
oporous sol-gel derived materials makes this method unsuitable
for the detection of high molecular weight analytes (such as pro-
teins or cells) that also cannot penetrate the pores of the material
in order to interact with the entrapped FNA. Therefore, this method
is limited to small molecule detection, which is serendipitously an
area where elicitation of monoclonal antibodies is difficult.

The benefit of protection from degradation is again highlighted
by long-term stability studies involving the fluorescence signaling
version of a naturally-occurring RNA aptamer for the detection of
TPP (Fig. 8). The signaling capacity of these RNA aptamers in solu-
tion significantly decreases over time with minimal (less than
1.5x) signal enhancements upon target addition after one month
of storage, due to high fluorescence background signals caused
by dequenching during degradation. However, entrapped RNA
aptamers only exhibited a slight loss of activity (~20-30%) over
the 1 month timespan. The loss in signal most likely does not rep-
resent degradation but reflects continued evolution of the sol-gel
matrix, leading to pore shrinkage and restriction of either dynamic
motion (thus an inability to structure-switch) or target access to
the entrapped FNA [55]. Nevertheless, retention of adequate
signaling ability after long-term storage is essential in developing
robust solid-phase sensors, particularly when using labile species
such as RNA aptamers that tend to suffer great susceptibility to
degradation.
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Fig. 9. Schematic of our aptamer-enzyme co-entrapment study using a stacked two-layer monolith approach with ADA above the aptamer layer (left) or a single mixed

component monolith (right).
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4.3. Co-entrapment assays

An advantage of sol-gel-based materials is their ability to en-
trap a wide range of biological species, including protein and
FNA. More importantly, we demonstrated that such material could
be used to separating enzymes and aptamer reporters into distinct
layers, providing a means to control sequential reactions and ulti-
mately generate more accurate ICsy and K; values for inhibition as-
say than when the enzyme and aptamer reporter were entrapped
together (or used together in solution). This result is due to the
ability of the enzyme to establish equilibrium in the upper layer
so that its catalytic rate determines the level of substrate exposure
in the subsequent aptamer layer. When both biomolecules were
co-entrapped in a single layer, target/substrate interacting with
aptamer species near the top of the material generated a higher
background fluorescence signal than in the case where aptamers
were restricted to the bottom material layer (Fig. 9). However, if
the aptamer is selected for the product of a reaction, it is likely that
co-entrapment in a single layer may provide a more accurate
assessment of inhibitor potency since the issue of the enzyme
and FNA competing for the same substrate at the same time will
not exist.

Moreover, this study demonstrates the ability for spatial sepa-
ration of coupled assays in unique solid-phase sensor schemes that
can offer advantages when biomolecules are (i) incompatible (e.g.
FNAs and a nuclease), (ii) require different conditions (such as a
different matrix environment or reagents) to function, or (iii) need
varying reaction times (i.e., for multiple assay steps or pre-incuba-
tion), using a simple methodology.

5. Concluding remarks

A simple and general approach for immobilizing and improving
the stability of viable fluorescence-signaling FNAs is demonstrated
based on their entrapment in sol-gel derived materials. Our stud-
ies have shown that all the different classes of signaling FNA can be
entrapped within optimized sol-gel derived material, demonstrat-
ing only moderate leaching with sensitivity, selectivity and signal-
ing capabilities similar to the same FNAs free in solution.
Entrapment also resulted in protection of the various FNAs against
degradation from nucleases, improving their long-term stability
and potential for in vivo sensing. This immobilization scheme ex-
pands the use of FNA reporter systems in practical solid-phase bio-
sensor technology, including multiplexed target-detection assays
and enzyme inhibitor screens (using FNA/enzyme co-entrapment).

Importantly, sol-gel derived materials possess significant versa-
tility in that they are amenable to many configurations, particu-
larly as thin-film coatings for interfacing to a variety of analytical
devices, such as electrodes and optical fibers [38,56]. Although
the studies presented focus on fluorescence signaling, the use of
the sol-gel method for biomolecular entrapment has been em-
ployed in both colorimetric and electrochemical sensor formats
[57] and thus presents a broadly applicable platform for preparing
solid-phase FNA-based sensors.
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