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Abstract

Responsive DNA hydrogels are a group of hydrogels which feature DNA
as a structural and/or functional building block. The DNA and its unique
properties provide a great degree of control over its higher order structure
and interactions. The combination of programmability and control on the
molecular level, afforded by DNA, and of the responsiveness and tissue-like
properties of hydrogels on the micro- or macrolevel, allows for a multitude
of different designs tailored for different purposes within biosensing, drug
delivery, tissue engineering, cell culturing and as various nanodevices. A
thorough understanding of the behavior and interactions of the DNA in-
cluded in the hydrogel is crucial for efficient designing of DNA-based re-
sponsive hydrogels and their tuning to the needs of each application.

In this thesis, the response of dual-crosslinked hydrogels to single-stran-
ded oligonucleotide targets is explored. The hydrogels of covalently cross-
linked polyacrylamide with additional double-stranded oligonucleotide crosslinks,
swell as a result of crosslinks being opened by the target oligonucleotide.
The crosslink opening is a result of a toehold-mediated strand displacement
— a mechanism often employed within the DNA hydrogel field.

The overall swelling of the hemispherical hydrogels attached to an opti-
cal fiber is detected using an interferometric setup. The focus of this thesis
is on the interconnected processes of target diffusion, binding and crosslink
opening which are the basis of the hydrogel response and which profoundly
affect one another, influencing the kinetics of the overall response in a non-
trivial manner.



To characterize these processes, confocal laser scanning microscopy us-
ing fluorescent dyes attached to molecules of interest was employed. A
method to extract concentration profiles from the micrographs in the vicin-
ity of the optical fiber was developed, as the glass fiber led to an optical aber-
ration in the micrographs collected from the hydrogels. Hydrogels crosslin-
ked with DNA as well as hydrogels crosslinked with Morpholino oligonu-
cleotides (MOs) were prepared and exposed to DNA and MO targets, re-
spectively. Hydrogels were prepared with different oligonucleotide concen-
trations, as well as different lengths of the blocking region, while targets
were prepared with various toehold lengths. The spatiotemporal concen-
tration profiles of the targets were obtained using CLSM and the developed
correcting procedure.

The profiles were then analyzed in order to assess the effect of the vary-
ing molecular parameters on the swelling kinetics as well as on other pro-
cesses involved in the hydrogel response. One of the parameters that was
varied was the toehold length. An increase in the toehold length was shown
to increase the overall swelling rate, but only moderately compared to what
would be expected from the displacement rate constants, due to the stronger
binding of the longer toehold leading to slower effective diffusion of the tar-
get into the hydrogel and thus swelling occurring in a limited, slowly in-
creasing, region of the hydrogel. Shorter toeholds led to targets easily dis-
sociating from their binding sites and thus penetrating quickly far into the
hydrogel volume.

Comparison of MOs and DNA highlighted the effect of partitioning on
the response kinetics. MOs had less partitioning related concentration de-
pletion in the hydrogel relative to the immersing solution than DNA. This
is due to their neutral backbone, while DNA was being pushed out of the hy-
drogel due to its negative charge. As a result, the response of MO hydrogels
to MO targets was significantly faster than that of DNA hydrogels to DNA
targets.

Fitting the measured spatiotemporal concentration profiles to a reaction-
diffusion model allowed for estimation of various molecular and hydrogel
parameters, notably the target diffusion coefficient and the binding, disso-

il



ciation and crosslink opening rate constants. In case of DNA, the fitted pa-
rameters were close to what would be expected from the known data on
DNA diffusion and strand displacement, but in the case of MOs, the ob-
tained parameters suggest that the strand displacement process of MOs has
very different kinetics than that of DNA.

In summary, this thesis uses the effect of toehold length and that of the
charged/uncharged oligonucleotide backbone to highlight the complexity
of interactions leading to the response of DNA-based responsive hydrogels
and the underlying reaction-diffusion character of these interactions. The
characterization of these processes offers new insight into these systems
and can be valuable when designing and tuning oligonucleotide-based re-
sponsive hydrogels.
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Chapter 1

Introduction

While most people might not be familiar with the term “hydrogel”, it is quite
likely they have used one at some point. The first hydrogel that was arti-
ficially synthesized was produced by Professors Wichterle and Lim' from
Prague (Czech Republic) in 1950’s and was soon used for fabrication of soft
contact lenses. Apart from contact lenses, hydrogels can be found in hy-
giene products, such as disposable diapers and sanitary napkins, capsules
for prolonged watering of crops, medical electrodes for electroencephalog-
raphy and electrocardiography, medical implants and some wound dress-
ings (for burns especially).? These applications take advantage of the unique
hydrogel properties. Hydrogels are crosslinked polymeric networks that
can absorb very large amounts of water, which makes them similar to bio-
logical tissues. They possess properties of both solids and liquids, as they
have elasticity and retain their shape, but allow for diffusion of molecules
through them.

There is a category of hydrogels that have been gaining more and more
interest over the last few decades, namely responsive hydrogels, sometimes
referred to as "smart” hydrogels. These hydrogels adjust their properties to
their environment, and coupled with their unique tissue-like mechanical
properties, this makes them good candidates for performing various roles
both in and outside of the body. Their applications range from sensing,



CHAPTER 1. INTRODUCTION

through targeted drug delivery in cell cultures as well as in organisms, to
serving as scaffolds for tissue growth or as nanodevices with complex be-
haviors.

A large portion of responsive hydrogels employ deoxyribonucleic acid
(DNA) in their design. DNA is an important biological molecule, respon-
sible for storing the genetic information of virtually every living organism.
When Nadrian Seeman tried using it to create three-dimensional cages for
his hard-to-crystallize molecules in 1980, a new era started for DNA - era
of DNA nanotechnology.3 The properties of DNA make it a unique struc-
tural and functional building block for many applications. Its structure and
interactions are predictable and customizable, which allows for designing
complex, multi-step reactions involving not only DNA, but other molecules
as well, since DNA can be selected to act as an aptamer, i.e. specifically bind
to a molecule of interest.

The inclusion of DNA within a hydrogel leads to a very useful union.
DNA provides remarkable control over the structure and interactions on
the molecular level, allowing it to detect and respond to changes in its envi-
ronment (mostly molecular triggers), and the hydrogel serves to translate
this change from the molecular level to an output at a larger scale, whether
to amplify the signal for purposes of detection or to react to it in some way
(release of molecules, change in hydrogel properties, etc.).

11 Aim of the thesis

A large number of different DNA hydrogels with a wide range of designs for
various applications have been reported, but each necessitates the knowl-
edge of the DNA’s behavior within the hydrogel, to tune the response tim-
ing, rate and magnitude to the desired function. While DNA is a very well
studied molecule, its incorporation inside a hydrogel affects its interactions.

Strand displacement reactions are among the most used mechanisms
within the DNA hydrogel field. In this reaction, a free DNA strand displaces
another DNA strand as it binds to a third strand that they are both comple-

2



11. AIM OF THE THESIS

mentary with. A large number of DNA hydrogel designs feature one or sev-
eral strand displacement reactions, either involving only DNA or featuring
other molecules as well, thanks to the inclusion of aptamer DNA strands.

The aim of the presented thesis was to explore a model DNA-hydro-
gel system with DNA crosslinks incorporated in a polyacrylamide network
which could be opened by a target DNA strand in a toehold-mediated strand
displacement process. The focus was on the interplay of the cascading pro-
cesses of diffusion, binding, strand displacement and local swelling, which
lead to the desired output — overall swelling, and which greatly affect each
other.

An established method for monitoring the swelling was used, namely
interferometric readout, but a method to monitor the interconnected pro-
cesses needed to be established. Further, the effect of variations in toehold
length of the target on the hydrogel response was to be explored. Finally,
the use of a nucleic acid analogue — Morpholino oligonucleotides — instead
of the DNA, allowed to investigate the effect of charges on the oligonucleo-
tide backbone, or lack thereof, on the hydrogel response.
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Chapter 2

Background

2.1 DNA-based responsive hydrogels

211 DNA as a building block
Structure of DNA

Deoxyribonucleotic acid (DNA) plays an important biological role encod-
ing, storing, replicating and translating the genetic information of virtually
every living organism. DNA’s form supports its function. It is a polymeric
molecule (see Figure 2.1) with a backbone composed of alternating sugar
(deoxyribose) and phosphate groups. The deoxyribose carries a nitrogen-
containing nucleobase (cytosine C, guanine G, adenine A or thymine T).

It is the sequence of bases that encodes the genetic information. The de-
oxyribose, phosphate and base are covalently bound together and consitute
a DNA monomer — a nucleotide. The nucleotides are in turn also covalently
linked to create a single-stranded DNA polymer (ssDNA) . The phosphate
end of the polymer is referred to as 5’ end and the pentose end as 3’ end.

DNA nucleobases have the ability to specifically bind with each other
through hydrogen bonds, namely thymine to adenine and cytosine to gua-
nine. The bond between C and G consists of 3 hydrogen bonds and is stronger

5
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e T OH 3! D cytosine
Sk o I‘S\‘ [:(guam_ne
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o/ Yo sugar-phosphate
backbone

Figure 2.1: Molecular structure of DNA shown at various levels of detail.
The backbone is formed by a phosphate-pentose (deoxyribose) polymer
that carries the nucleobases attached to the pentose. Two anti-parallel
strands can bind with each other and form a double helix if the bases are
complementary, i.e. adenine binds to thymine (via two hydrogen bonds)
and guanine to cytosine (via three hydrogen bonds).
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than that between A and T, which consists of 2 hydrogen bonds. Bases, and
subsequently nucleotides, that bind each other are called complementary
and it is the complementarity that is the basis of a double helix formation
(hybridization). Hybridization occurs between two anti-parallel comple-
mentary ssDNA strands, i.e. strands that are side by side, but run in op-
posite directions (5’ to 3° and 3’ to 5). As a result of their complemetarity,
the strands associate through hydrogen bonds to create the famous double-
stranded DNA helix (dsDNA).

The DNA double helix has a width of about 2 nm a pitch of 3.4—3.6 nm
(10 base pairs). dsDNA is fairly stiff and rigid on the nanometer scale, with
a persistence length of 50 nm, which corresponds to about 150 base pairs,
while ssDNA is flexible with persistence length of only about 1 nm.4¢ (Per-
sistence length reflects the stiffness of the polymer chain and is defined as
the length over which all correlation in the direction of a tangent is lost).

Electrostatics of DNA

The dsDNA helix is among the most densely charged molecules in nature,
due to the charge of the phosphates closely spaced together in its backbone.
In the presence of counterions, some of this charge is neutralize by Manning
condensation (Figure 2.2), when counterions associate with DNA. The cri-
terion for when Manning (counterion) condensation can occur is based on
the dimensionless Manning ratio (:7

¢= I (2.1)

where b is the average distance between the charged phosphate groups on
the backbone and

(2.2)

lp=—"———
B dme cokpT

is the so called Bjerrum length. (e is the charge of an electron, ¢, and ¢
are the relative and vacuum permitivity, respectively, kg is the Boltzmann
constant and 7' is the absolute temperature). For two elementary charges
separated by the Bjerrum length, the electric potential energy is the same

7
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Figure 2.2: Manning condensation showing the counterions associated
with the double-stranded DNA as a result of its high charge density.

as the thermal energy.

In aqueous solutions at room temperatures, the Bjerrum length is ap-
proximately [z ~ 0.715 nm and the distance between the DNA charges is
b = 0.17 nm. Their ratio — the Manning ratio ¢ = 4.2 is larger than 1, mean-
ing that more than one charge is present within a Bjerrum length and as
a result, counterions condense around the charged polymer. This conden-
sation occurs for DNA and its charge is neutralized to the critical charge
density given by the Bjerrum length (0.715 nm).

DNA hybridization and denaturation

The thermodynamics of DNA hybridization and denaturation will be dis-
cussed in more detail in a later section of this thesis (2.2.4), but some of the
key elements will be introduced here.

DNA hybridization is the process of establishing a duplex from comple-
mentary anti-parallel single nucleic acid strands through hydrogen bonds
and stacking attractions between the bases. Stacking in this case refers to
stabilizing electrostatic and hydrophobic interactions between the adjacent
bases. The duplex can undergo a reverse process — denaturation — separa-
tion into individual strands. It can be induced by chemicals, as well as by
physical denaturation through, for example, heat, in which case it is also
referred to as melting.

8
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5%

Fraction unpaired
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Figure 2.3: Illustration of the melting temperature which defines the point
at which half of all the base pairs are dissociated.

T, Temperaturg

The melting temperature (7,,) is defined as the temperature at which
half of the DNA strands are denatured (Figure 2.3). It depends on the length
of the DNA double helix as well as on its specific nucleotide sequence.

DNA in nanotechnology

The nucleotide sequence and its precise interactions with other nucleotides,
governed by the rules of complementarity, allows DNA to fulfil its role of a
biological blueprint. The sequence of bases encodes the genetic informa-
tion, where a group of three bases forms a codon which signifies a single
amino acid. The genetic information is then stored by DNA, replicated to
be included in other cells and translated into ribonucleic acid (RNA) and
further into protein. The higher order structure and the complementarity
rules are at the basis of DNA’s biological function.

The same properties that are at the basis of DNA’s ability to perform its
biological role, namely the dependence of its structure and interactions on
the sequence of nucleobases, led to the exploration of DNA in nanotech-
nology. DNA nanotechnology uses DNA purely as a structural building
block, not using the codon amino acid alphabet, but taking advantage of
its structural properties and interactions.> The possibility to design and
produce a custom nucleotide sequence (with precision at nanoscale) allows
to control the molecule’s higher order structure and its interactions with
other molecules (DNA or other). This provides the structural blocks, con-

9
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Figure 2.4: DNA origami box. A box with lid that can be opened made by
self-assembly of DNA. The box can be unlocked using molecular "keys” in
a "lock” (shown as orange and blue lines), In red and green are fluorescent
dyes reporting when the box is opened. Reproduced with permission from
Andersen et al.,8copyright (2009) Springer Nature.

nectivity and programmability suitable especially for bottom-up molecular
self-assembly,* i.e. a process in which the higher-order structure is cre-
ated spontaneously from the interactions of its components. DNA nan-
otechnology comprises design of DNA-based structures and objects in both
two and three dimensions, such as lattices, nanotubes, polyhedra and other
shapes,® structures that can serve as a scaffold for assembly of other
structures,'> 13 as well as functional devices — nanomachines!4~'7 and DNA
computers.'®19 One of the many examples is shown in Figure 2.4, namely
a self-assembled DNA box that can be opened using molecular "keys”.

DNA analogues

Nucleic acid analogues are artificially prepared polymers structurally simi-
lar to nucleic acids, but with one or several of the main nucleic acid compo-
nents altered (phosphate, sugar - pentose and/or nucleobase). An altered
nucleobase gives the polymer different base pairing properties than natu-
rally occurring nucleic acids, while a change in the backbone will affect other
properties, such as charges, hydrophobicity, stiffness, susceptibility to en-
zymes, etc.

Analogue nucleic acids with changes to the backbone include peptide
nucleic acid (PNA),?° Morpholino,* locked nucleic acid (LNA),?? glycol nu-
cleic acid (GNA)?3 and threose nucleic acid (TNA)(Figure 2.5).24

10
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Figure 2.5: Comparison of backbones of DNA, and nucleic acid analogues:
Morpholinos (MO), peptide nucleic acid (PNA), locked nucleic acid (LNA),
glycol nucleic acid (GNA) and threose nucleic acid (TNA). R and R’ denote
the rest of the polymer.

PNA has its pentose-phosphate backbone replaced by N-(2-aminoethyl)-
glycine monomers linked by peptide bonds. The backbone is free of charges
and the binding with DNA through hybridization is stronger than that of
DNA-DNA pairs, with PNA-PNA duplexes being even more stable. It is also
resistant to degradation by nucleases and proteases, stable over a wide pH
range and more hydrophobic than DNA.?> Their applications are in gene
expression modification, therapy,?5~27 and in nanotechnology and biosens-
ing.28_3°

Morpholino oligomers (MO) have a backbone of methylenemorpholine
rings linked through phosphorodiamidate groups. Similar to PNA, their
backbone is uncharged and they are resistant to nucleases and proteases,
but they also have good solubility.?! They are mainly used in molecular bi-
ology for gene expression modification by binding to ribonucleic acid (RNA)
with a potential to be used in gene therapy.3'—33

Locked nucleic acid is an RNA analogue with an extra bridge within the
ribose molecule. This conformation enhances base stacking and stabilizes
the duplexes.3* Its uses are also within molecular biology, genomics and
potentially therapy.35

Glycol nucleic acid is a nucleic acid analogue with a backbone consisting
of glycol units linked by phosphodiester bonds, i.e. the pentose is substi-
tuted with a glycol, making it the simplest nucleic acid analogue. Its base
pairing is stronger than that of natural nucleic acids, with a high melting

11
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temperature.3%37

Threose nucleic acid contains a four-carbon threose sugar instead of the
five-carbon pentose sugar found in DNA and RNA. It can base pair with
both DNA and RNA, and similarly to other nucleic acid analogues, it is re-
sistant to enzymatic degradation. TNA polymerases have been engineered,
allowing transcription and translation between DNA and TNA,38 which in
turn led to preparation of TNA aptamers.39-4°

21.2 DNA hydrogels and their applications

Hydrogels are three-dimensional polymer networks of both natural and
man-made origin. They are created by crosslinking polymers through cova-
lent bonds, non-covalent bonds, physical entanglements or a combination
of these.#*"4* The cross-links are not disrupted by addition of water and as
much as 99% of the weight of a swollen hydrogel can be water.#* The elas-
tic network along with the high water content gives hydrogels their unique
properties of both solids (elasticity) and liquids (transport of materials, dif-
fusion).*3 Their composition makes them similar to extra-cellular matrix,
non-abrasive and often biocompatible.

Some hydrogels, often referred to as responsive hydrogels,4+45 adjust
their properties (such as swelling equilibrium, mechanical or optical proper-
ties#) to the changes in their environment, such as pH, temperature, ionic
strength, light or a biomolecule (Figure 2.6).45 Especially in the case of
volume phase transitions, a large, even discontinuous, change in the hy-
drogel volume can be induced by a virtually infinitesimal change in one of
the these stimuli, as the underlying hydrogel network changes its structure
abruptly.47-48

Using DNA and/or DNA analogue within a hydrogel allows for its inter-
actions on the molecular level to be translated to changes in the hydrogel’s
equilibrium state. DNA provides great control, specificity and sensitivity in
its interactions with other DNA strands as well as various other molecules
via aptamer reactions (given that the DNA sequence was chosen as an ap-
tamer — a DNA molecule selected so that it specifically binds to another
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Figure 2.6: In responsive hydrogels, a change at the molecular level leads
to a change in the hydrogel’s equilibrium state.

non-DNA molecule). The hydrogel serves to amplify the signal detected at
the nanoscale to a micro- or even macroscale that allows for monitoring of
the molecular reaction in various sensor devices. Alternatively, the molec-
ular input can be used to finely adjust the hydrogel properties, leading to
applications in targeted drug delivery, cell culturing or various nanodevices.

The sensing oligonucleotide sequence can be incorporated into the hy-
drogel in a variety of ways and the binding of the target to the sensing strand
commonly leads to shrinking, swelling or dissolution of the hydrogel. Hy-
drogels can be made of pure DNA, but designs incorporating DNA with
other copolymers are more common. Most hydrogels employ aptamer se-
quences for target detection or as triggers for release.

A number of hydrogels intended for targeted drug release have been
reported in the recent years. Lai and cowerkers4® have prepared a DNA-
polyethylene glycol based hydrogel for controlled sequential release of bi-
ologically relevant signaling molecules, which works as follows (see also
Figure 2.7(a)): (i): a small signaling molecule (ex. adenosine) binds to its
aptamer sequence within the core of the hydrogel, releasing a trigger DNA
sequence originally hybridized with the aptamer; (ii): the trigger DNA se-
quence in turn binds to its complementary DNA in the shell of the hydrogel,
displacing the biologically relevant protein cargo that was previously bound
to the shell DNA.
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Figure 2.7: (a) Schematic illustration of the mechanism of action of the
hydrogel prepared by Lai and coworkers. TM — triggering molecule, AA —
aptamer sequence, TS — triggering DNA sequence, AP — aptamer sequence
binding to the protein. Further description can be found in the text.
Reprinted with permission from Lai et al.#9 Copyright (2017) The Royal
Society of Chemistry. (b) Schematic illustration of the working principle of
a hydrogel prepared by Liu and colleagues. PS-A and PS-B are
polyacrylamide-DNA conjugates. Detailed description can be found in the
text. Reprinted with permission from Liu et al.5° Copyright (2017)
American Chemical Society.

(b)
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Chen et al.>* used DNA-polyacrylamide hydrogel to functionalize the
surface of nanoparticles loaded with a cancer drug. The DNA crosslink in-
cludes an anti-ATP (adenosine triphosphate) aptamer sequence that binds
ATP (overexpressed in cancer cells), leading to crosslink opening, gel disso-
lution and release of the drug.

As another example, Singh et al.’3 combined DNA with carbon dots in
a DNA-carbon dot hydrogels for sustained, pH-dependent drug release.

As an example of a pure DNA hydrogel for drug delivery, we can look
at the work of Li and coworkers>? who developed self-assembled pure DNA
nanohydrogels with aptamers, disulfide links or therapeutic genes, for tar-
geted and stimuli-responsive gene or drug delivery.

A unique hydrogel by Li et al.” has both sensing and drug delivery func-
tionality: A DNA-polyacrylamide hydrogel consisting of two layers: the
outer one with aptamer ssDNA for catching cancer cells, and the inner one
with dsDNA for sequestering of cancer drug to kill the caught cells.

When it comes to hydrogels for sensing applications, a readout method
becomes an important part of the design. One of the most common readout
methods is the colorimetric readout using gold nanoparticles sequestered
inside the hydrogel. The particles are released due to the reaction of the hy-
drogel with its target molecule and impart a typical red color to the solution,
which can be detected with the naked eye. Huang et al.53:54 used DNAzymes
activated by the target ions (lead or uranium) to disrupt the DNA crosslinks
in DNA-crosslinked polyacrylamide hydrogels, inducing hydrogel dissolu-
tion and subsequenct release of the nanoparticles. Same readout method
was used by Ma et al. for the detection of glucose.>® In this work, poly-
acrylamide chains crosslinked via dsDNA were used to prepare a hydrogel
containing encapsulated gold nanoparticles. The DNA has an aptamer se-
quence for specific binding of glucose which leads to crosslink opening and
release of nanoparticles.

A colorimetric readout not based on gold nanoparticles developed by
Wei et al.5° used a microfluidic device for visual detection of multiple tar-
gets (such as cocaine, adenosine, lead). In their setup, some of the channels
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in the detection microfluidic device were blocked by aptamer-crosslinked
hydrogels. The binding of the analyte to the aptamer triggered dissolution
of the hydrogel, unblocking the flow within the device and allowing the color
indicator to travel to the observation spot giving a positive readout.

An electrochemical readout method has also been reported and can of-
fer better quantitative measurements (if desired) than visual colorimetric
readout. For example, Liu et al.5” designed a DNA-hybrid hydrogel with an
electrode for readout of cancer-specific microRNA concentration. Mao et
al.58 combined both electrochemical and colorimetric readout for detection
of bilirubin and hydrogen peroxide by using a surface-bound DNA hydrogel
constructed on the surface of an electrode.

Diffraction gratings have also been used as readout methods, for exam-
ple by Bai et al.59 for virus detection, or Wang et al.®° for thrombin de-
tection in polyacrylamide hydrogels with DNA-aptamer crosslinks. In both
cases, the hydrogel itself was prepared in the form of a grating using soft
lithography and the position of the diffraction peaks obtained by laser light
passing through the grating allows for monitoring of the hydrogel swelling
and shrinking.

Liu et al.5° and Yan et al.°® prepared sensing systems that took ad-
vantage of other available readout instruments, namely pressure detector
and glucometer, respectively. In the first case (see Figure 2.7(b)), polyacry-
lamide chains with attached ssDNA (PS-A, PS-B) are crosslinked by a third
linker strand carrying an aptamer sequence specific to the analyte. The hy-
drogel also contains Pt nanoparticles (PtNPs). The binding of the analyte
dissolves the hydrogel, releases the Pt particles, which then catalyse the re-
action from H,O, to O,. The oxygen then leads to pressure increase in a
sealed environment which can be measured by a pressure detector. In the
second case, aptamer-crosslinked hydrogel with trapped glucoamylase dis-
solves after target binding and releases the enzyme which can hydrolyze
amylose to produce a large amount of glucose. The glucose can then be
measured by a glucometer.

Another readout method was used by Ye and coworkers,®2 namely a pho-
tonic crystal-based readout, using colloidal photonic crystal hydrogels pre-
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pared with heavy metal ion-responsive aptamers as crosslinks. The bind-
ing of the heavy metal ion leads to the aptamers adopting a different struc-
ture (hairpins or G-quadruplexes), shortening the chains and leading to a
deswelling of the hydrogel that can be detected as a change in the Bragg
diffraction peak position, allowing quantitative concentration measurement.

Apart from sensing and targeted drug delivery, DNA-based hydrogels
can be used as substrates for cell culturing and tissue engineering,®3 where
the responsiveness adds unique options, such as the possibility to control
the delivery of bioactive molecules to the cultured cells,®4 or the mechani-
cal properties of the medium.57-95-67 The mechanical properties of the sub-
strate play an important role in modulating interactions between the cell
and the matrix, and influence biological processes, such as proliferation,
movement and differentiation of cells.

DNA hydrogels have also been used to prepare various nanodevices and

logic gates.!9-68

213 Model system: Oligonucleotide-co-acrylamide
hydrogels

The hydrogels used in the work presented here are polyacrylamide hydro-
gels with additional crosslinks based on a nucleic acid (DNA) or a nucleic
acid analogue (Morpholino) oligonucleotides. The particular molecular de-
sign of the hydrogels is based on that of Nagahara and Matsuda®® and used
in our group previously by Tierney and Gao.”°:7*

As depicted in Figure 2.8, the hydrogels consist of a polyacrylamide
network crosslinked by two different types of crosslinks. N,N’-methylene-
bisacrylamide (Bis) forms covalent crosslinks between the polyacrylamide
strands, and oligonucleotide strands present in the network form partially
double-stranded physical crosslinks. The oligonucleotide strands are cova-
lently attached to the polyacrylamide network at their 5’ ends and have a
complementary region at their 3’ ends that leads to their hybridization via
hydrogen bonds and formation of a reversible duplex.
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polyacrylamide network

Bis crosslink

Figure 2.8: Schematic illustration of one oligonucleotide crosslink within
the hydrogel network of our model hydrogels.

The sensing strand (S) and blocking strand (B) are functionalized with
acrydite groups at their 5’ ends, allowing them to be covalently bound to the
polyacrylamide during the free radical polymerization. S and B are mixed
before polymerization so that the hybridization occurs while the strands
are free in a solution and this ensures that they appear as duplexes in the
hydrogel. The crosslink duplex can be opened by a target (T) oligonucleo-
tide strand that is also complementary to S strand on the same region as B.
Additionally, the complementarity region between T and S is longer than
the region of complementarity between S and B (blocking region), so that
the complementary sequence unblocked by B (the toehold) is immediately
available for T to bind to. The inital binding is followed by branch migra-
tion — a back-and-forth migration of the junction point between the three
strands, until the blocking strand is completely displaced. The presence of
the toehold makes the binding of T to S more stable and thus thermody-
namically more favourable than the SB duplex and the hydrogel relaxation
that follows the crosslink opening increases the distance between ST and B
strands so that the probability of a reverse reaction is reduced.

2.2 Properties and processes affecting the
swelling

The dependence of the swelling equilibrium on a hydrogel’s environment is
one of its most useful and most used properties. It is generally easy to ob-
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serve and quantify, and truly manifests the underlying molecular processes
on a macroscopic level for sensing applications. On the other hand, the
swelling can dramatically change many of the hydrogels properties, from its
elasticity, through permeation to refractive index, making hydrogels good
candidates for applications requiring tunability of various properties.

The overall change in the swelling equilibrium is the result of a complex
cascade of processes. In the case of the model system studied in this work,
these processes are the permeation of the target into the hydrogel, its ini-
tial binding followed by the branch migration (which together constitute
a toehold-mediated strand displacement process), oligoncleotide-crosslink
opening, relaxation of the network and swelling. These processes are se-
quential for each target, but happen simultaneously throughout the hydro-
gel and have profound effects on one another.

In the following, these processes will be discussed, as they are expected
to take place in oligonucleotide-co-acrylamide hydrogels described in sec-
tion 2.1.3.

221 Swelling

Swelling of nonionic hydrogels can be described by Flory-Rehner theory.”?
The equilibrium swelling is reached by balancing the osmotic pressure aris-
ing from the mixing of hydrogel with the solvent (II,,;) and the osmotic
pressure resulting from network elasticity (I1). The enthalpy of mixing can
favour both swelling and deswelling, and the entropy of the elastic forces of
the chains opposes the swelling. Osmotic pressure due to mixing is given
as

imix = —fl (In(1 =) +o+x¢?), (2.3)
H,0

and the osmotic pressure due to the elasticity of the polymer chains is

1
vRT [ w3
Iy = —— — | = . .
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In the equations, R is the molar gas constant, 7" the absolute temperature,
V1,0 the molar volume of the solvent, V; the gel volume for the reference
state (as prepared), ¢ the volume fraction of the polymers and ¢ the ref-
erence volume fraction of the polymers, v is the molar number of elastic
chains at reference volume fraction ¢y and y the Flory-Huggins polymer-
solvent interaction parameter.

In case of ionic hydrogels a third term — Donnan term IT;,,, — needs to be
added, reflecting the requirement for electroneutrality both in the hydrogel
and the immersing solution, and for equal chemical potential of ions across
the boundary between them. Alterations to the charge of the hydrogel will
lead to flux of ions and water either into or out of the hydrogel. It also needs
to be said, that the presence of charges in the hydrogel has an effect on the
mixing term as well, as this results from interactions between the hydrogel
and the solvent.”3 The ionic Donnan term has the following form

Mion = RT Y (Cia — Ci) (2.5)

where C; ; and C; » are the concentration of mobile ion ¢ in the solvent and
in the gel, respectively.

The total osmotic pressure IT is a sum of these contributions and defines
the hydrogel’s swelling equilibrium (IT = 0):

I = iy + 1_[elastic + jon, (2-6)

In case of the model DNA hydrogels, the swelling response arises from
a change to two of the osmotic pressure contributions — elastic and ionic.
The opening of the DNA crosslink leads to a reduction in the number of
the elastic network chains, affecting the v term, while the accumulation of
the negatively charged DNA target strands in the hydrogel network leads
to influx of counterions (and the solvent). Morpholino-hydrogels, on the
other hand, are electrically neutral, and their swelling is a result of crosslink
opening only.
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Figure 2.9: Chemical formulas of acrylamide monomer and
N,N’-Methylenebisacrylamide (Bis) crosslinker, as well as the structure of
the resultant polyacrylamide network. Reactive groups are highlited in
red.

2.2.2 Properties of polyacrylamide hydrogel networks

Polyacrylamide hydrogels, which are the basis of oligonucleotide-co-acry-
lamide hydrogels, are polymerized by free radical polymerization of the
monomer — acrylamide (Aam) and crosslinker — N,N’-methylenebisacryla-
mide (Bis) (Figure 2.9). They are neutral and generally do not bind to water
soluble macromolecules. They consist of a chemically crosslinked network
of single chains,”* which possess a large degree of mobility.”> The radius of
a polyacrylamide fiber has been experimentally determined by Williams et
al. tobe ay = 0.8 nm.”® Polyacrylamide hydrogels are among other applica-
tions used in gel electrophoresis and thus many of their properties relevant
for this work have been well studied.

Traditionally, the concentrations of the Aam and Bis in a polyacrylamide
hydrogel are expressed using two parameters: total monomer concentra-
tion (%T, in g/100 ml) and weight percentage of crosslinker (%C):

MAam [g} + MBis {g]
Vtotal [mL]

%T = x 100, (2.72)

mpis|8]
Maam[8] + Mpis|g]

In the work presented here a different notation is used. The concentration

%C = x 100. (2.7b)
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Figure 2.10: Inhomogenous hydrogel network, with areas of higher and
lower crosslink density.

of acrylamide is given directly in g/100 mL, and the concentration of Bis is
expressed as a molar percentage of the acrylamide concentration. The con-
centration of double-stranded oligonucleotide crosslinks is also given as a
molar percentage of acrylamide and this allows to easily add the crosslinker
concentrations (since both Bis and oligonucleotides serve as crosslinkers).

Hydrogels in general, and free radical-crosslinked hydrogels in particu-
lar, inherently exhibit a significant level of heterogeneity in their structure.
This is due to defects, such as loops, crosslinker-crosslinker shortcuts, and
dangling ends, as well as "freezing-in” of the thermal concentration fluctu-
ations at the gelation moment (so called "frozen inhomogeneities). More
importantly, hydrogel imhomogeneities arise also due to inhomogeneities
in crosslink density (Figure 2.10).77-8° During the gelation process, the for-
mation of a crosslink leads to the creation of a domain with higher density,
favouring further crosslinking in this region and the formation of a densely
crosslinked nanogel with a size in the order of 1 — 10 nm. Eventually these
nanogels become crosslinked through areas of sparser crosslink density and
form a macrogel. The distance between the individual nanogels can be in
the order of 10 — 100 nm.” Upon swelling, these heterogeneities become
even more pronounced as areas of higher crosslink density swell less than
those with lower crosslink density.382 In the case of polyacrylamide hydro-
gels, heterogeneities have even been observed at length scales of hundreds
of ym.74

Inhomogeneities in the hydrogel network affect its phase transition, me-
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chanical properties,®3 volume changes (swelling and deswelling)77 as well
as optical clarity and permeability of the hydrogel.”® Inhomogeneities also
lead to a broad distribution of strand lengths and consequently a broad dis-
tribution of pore sizes.

The pore size of polyacrylamide hydrogels has been measured repeat-
edly using various techniques, with a wide range of results,%4-88 due to their
broad distribution.89-91

For example, according to Stellwagen et al, the effective pore radius of
a polyacrylamide hydrogel is:9*

rp = 290 (%T) "% nm, for 1%C hydrogels, (2.8a)

rp = 290 (%T) "% nm, for 2%C hydrogels. (2.8b)

2.2.3 Permeation through hydrogels

Thanks to their high water content, hydrogels allow small molecules to per-
meate through their aqueous phase. The concentration of the solute in the
hydrogel depends on the hydrogel’s permeability, which is a characteristic
that depends both on the properties of the hydrogel and those of the perme-
ating molecule. Permeability P can be defined as the product of the diffu-
sion coefficient D, which is a transport property, and a partition coefficient
K, which is a thermodynamic property:9>

P=KD. (2.9)
This comes from a definition of steady state flux |.J| of solute across a mem-

brane from a donor phase to a receptor phase:

- KD
|J| = TAC’ (2.10)

where L is the thickness of the membrane and AC is the concentration dif-
ference of the solute in the donor and receptor phase.
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Partitioning

Partitioning refers to the equilibrium distribution of the solute between the
hydrogel and the immersing solution, as given by the partition coefficient
K:

(2.11)

where Cgg is the equilibrium concentration of the solute in the hydrogel and
C) its concentration in the immersing solution. The partitioning depends
on the chemical and physical properties of the solute and the hydrogel, as
well as on their interactions. Assuming these contributions to be indepen-
dent, the overall partition coefficient can be written as%*

ln(K) :ln(Ksize) +1n(Kconf) +ln(Kel)+ (2-12)
+ ln(thhob) + 1n(K’biosp) + In(Kother) (2.13)

where size, conf, el, hphob, biosp and other refer to effects based on size
of the solute and network strands, their conformation, as well as based on
electric, hydrophobic and biospecific interactions and other effects, respec-
tively. While size and conformational effects will lead to the solute prefer-
ring the immersing solution over the hydrogel and subsequently leading to
Ki,e and K ¢ < 1, other interactions, such as electrostatic, biospecific and
hydrophobic, can lead to potential accumulation of the solute inside the hy-
drogel with the corresponding partition coefficients being larger than 1.

The contribution of the size effect to the partitioning can be estimated
by a model developed by Ogston. In the model, the solute molecules are
assumed to behave as spheres of radius « in a hydrogel matrix composed of
infinitely long randomly-placed fibers of radius a s, with interactions being
purely hard-sphere in nature®3

2
a
Ksize,conf = €xp [_80 <1 + af) ] . (2.14)

The Ogston model was previously found to provide an adequate fit for par-
titioning data of dextran’® and polyethylene glycol, bovine serum albumin
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and RNase’* in neutral polyacrylamide hydrogels. Hydrogel crosslinking
inhomogeneities discussed earlier can have a profound effect on the parti-
tioning.”492

Diffusion

Diffusion is a net movement of molecules along a concentration gradient,
i.e. from areas of high concentration c to areas of low concentration c¢. A
flux vector J represents both the quantity and the direction of the transfer
per unit time per area unit. This is captured by Fick’s first law which defines
a diffusion coefficient D as the proportionality constant between the flux .J
and the concentration gradient in a spatial direction x;:

OJc

J=-D—.
8$Z‘

(2.15)

The diffusion reaction itself is given by Fick’s second law and it is a
parabolic partial differential equation which for a constant diffusion coef-
ficient has the following form:

Jc(x,t)
ot

= DV?c(z,t), (2.16)
where ¢ is time and V? is the Laplace operator:

Vin(z,t) = (2.17)

In the following, the diffusion data are usually referring to standardized
conditions of 20°C. The diffusion coefficient of ssDNA with 10 or more bases
in aqueous solutions has been estimated to:%4

Despna = 7.38 x 1076 x N 70539 eyy2g~1 (2.18)

where N is the number of nucleotides.

For solutes in water, the diffusion coefficient mainly depends on their
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molecular weight. However, D is not a property of the solute itself, but re-
flects the properties of both the solute and the environment in which it is
diffusing. Inside hydrogels, solutes can diffuse through the aqueous phase,
in the spaces between the polymer chains. In the following, the discussion
will be limited to the diffusion of spherical solutes in hydrophilic networks
without interactions between the solute and the polymer other than the ex-
cluded volume effects. The diffusion coefficient in this case depends mainly
on factors that influence the size of the spaces not occupied by the polymer
chains, such as the relative size of the solute compared to the pore size of
the network or polymer chain mobility. In general, solute diffusivity will
decrease with an increasing crosslinking density, size of the solute and a
decreasing volume fraction of the polymer in the hydrogel.9>

A variety of models have been proposed to describe the reduction in dif-
fusivity of solutes in hydrogels compared to that of free diffusion in aqueous
solutions. They can be sorted into several categories: free volume theory,%°
based on a solute diffusing by jumping into adjacent available voids within
the solvent; hydrodynamic theory,%799 based on Stokes-Einstein equation
for solute diffusivity, where the solute is affected by a frictional drag; ob-
struction theory,93-19°7193 which assumes the polymer chains to be obsta-
cles that increase the path length of the diffusing solute and act as a sieve;
and lastly a combined obstruction and hydrodynamic model.’°4 Amsden”>
identified the hydrodynamic model by Cukier®” to provide the best fit for
hydrogels, where the polymer chains have a high level of mobility (ex. poly-
acrylamide, polyethelene oxide, polyvinyl alcohol) and the Amsden obstruc-
tion model'©? to be the best fit for hydrogels with chains of low mobility at
molecular level (ex. alginate, agarose).

The Cukier hydrodynamic model®7 estimates the decrease in diffusion
coefficient inside the gel D, compared to that in solution Dj as:

DQ) 0.75
—= =exp (—kcayp™ "), (2.19)
<DU Cukier ( )

where k. is an undefined constant for a given polymer-solvent system, a is
the radius of the solute and ¢ is the volume fraction of the polymer inside
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the hydrogel. By comparing this model to experimental data, Amsden’> sug-
gests that the dependence on the solute radius 7, seems to be a weak power
function, rather than the linear dependence suggested by the model. While
application of the Cukier model requires the knowledge of the k. constant
for the polymer-solvent system, an empirical equation of a similar form was
derived by Park and coworkers for the diffusion of benzospiropyran dye and
bovine serum albumin in polyacrylamide gels:'°>

<gg) =exp (—3.03 r2'59 00‘94) , (2.20)
0/ park

where 7, is hydrodynamic radius in angstrom and c the acrylamide concen-
tration in g/mL. This equation was also validated by measuring the diffu-
sion of D, O, urea, and sucrose in polyacrylamide hydrogels. The radius of
the molecule appears here as a power function, not linear, as suggested by
Amsden for the Cukier model as well.*°*

Williams et al”® found another hydrodynamic model, the Brinkman ef-
fective-medium model to provide the best fit for diffusion of dextran in poly-
acrylamide hydrogels, if the radius of the solute was determined from par-
titioning data. Tong and Anderson,’# also found this model suitable for the
diffusion of proteins (bovine serum albumin and RNase) in polyacrylamide,
but not for linear polymers (polyethylene glycol). The Brinkman model has

D 1 2\ —1
=7 = Ts 2 (T
<DU>Brinkman (1 * \/E + 3 (ﬁ) ) ’ (2.21)

where « is the Darcy permeability of the matrix, a measurable property of

the form:

the hydrogel, which can also be estimated from a geometric model of the
network.

2.2.4 Strand displacement through toehold exchange

Strand displacement refers to a reaction in which one strand (target strand
T) displaces another strand (blocking strand B) in binding to a third strand
(sensing strand S) which is at least partially complementary to both. If T
and B are complementary to S on the exact same region, the initial bind-
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ing region for T is provided by the spontaneous pairing and unpairing of
the end basepairs in S-B duplex (i.e. fraying). Reactions relying on fraying
have small reaction rate constants, on the order of 0.5 M~!s~!. The reac-
tion rate can be increased by providing a so-called toehold to target T, i.e.
an overhang region on S that is complementary to T, but not blocked by B.
This region provides an initial binding site for the target.

Strand displacement

Strand displacement can follow two pathways: dissociative and sequen-
tial.1°%:197 The dissociative pathway is of importance only at temperatures
close to the duplex’s melting temperature, as it involves an initial complete
dissociation of the DNA duplex, before the target strand binds to the sens-
ing strand. At lower temperatures, the fraction of completely denatured
dsDNA duplexes in a solution is low, while at the melting temperature, it
is 50 %. At lower temperature, the sequential pathway dominates and is
undoubtedly the more interesting case. It starts by the binding of the tar-
get T to the sensing strand S, whether initiated by fraying or mediated by
binding to a toehold, forming a three-strand complex. The process is then
continued by a back-and-forth branch migration mechanism.*®”

Initial binding - hybridization

The toehold-mediated strand displacement is initiated by hybridization of
the toehold regions of T with the complementary regions of S. Hybridization
— the process of formation of the DNA double-helix from two complemen-
tary ssDNA strands — has been briefly described in section 2.1.

The thermodynamics of DNA hybridization is often treated as a two-
state process, with the strands being either separate, or hybridized, neglect-
ing the possibility of any intermediate states with partial binding of the two
ssDNA:

Ke
dsDNA Kﬁq ssDNA, + ssDNA,
eq
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The equilibrium constant K, of this reaction is

_ [ssDNA,|[ssDNA,]
Keg= dsDNA] . (2.22)

The free energy of the hybridization AG depends on K,:

ssDNA1|[ssDNA2|
[dsDNA] ’

AG° = -RTInK.; = —RTIn [ (2.23)
where R is the ideal gas law constant and T absolute temperature in kelvins.
The melting temperature 7},, occurs, by definition, when half of the duplexes
are denatured, which leads to concentrations of all present DNA entities
being equal, and equal to the initial concentration of the duplex (Figure
2.3). Thus the melting temperature is

AG*°

Ty =———ee—.
Rln [dSDNéA]initial

(2.24)

Through the free energy, the melting temperature 7,, is also related
to other thermodynamic parameters, enthalpy AH° and entropy AS°, as
AG° = AH° — TAS°. The hybridization of the two ssDNAs that behave
virtually as random coils into a much stiffer dsDNA duplex comes with an
entropic penalty that needs to be paid and the effect of which depends also
on the temperature.

The dependence of the melting temperature on the thermodynamic pa-
rameters means that the knowledge of the melting temperature of a given
sequence can be used to determine its thermodynamic parameters, but also
that the knowledge of the thermodynamic parameters allows for estimation
of the melting temperature. Since interactions between complementary
base pairs depend to some extent on their neighbouring nucleotides, the
DNA duplex can not be treated as a sequence of independent interacting
base pairs. This is reflected in the nearest-neighbour model, which treats
the DNA duplex as a sequence of interactions between two consecutive base
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pairs.'°® For example, in a sequence:

5G-T-T-A-C4g (2.25)
33C-—A-A-T-Gj5, (2.26)

The free energies of pairs GT/CA, TT/AA, TA/AT and AC/TG would be
used, as well as initiation energies for the first and last base pair (GC and
CG). While the nearest-neighbour model provides reasonably good results
in most cases, its accuracy is limited among other things by its assumption
that the DNA hybridization and melting is an all-or-nothing process, thus ig-
noring the possibility of intermediate, partially hybridized states, which can
be more or less likely to occur, depending on the sequence in question.*?®

The nearest-neighbour model was developed for hybridization of free
molecules in solution, but the tethering of DNA to a hydrogel network is
likely to have an effect on the process. As there are few studies on hydrogel-
bound DNA hybridization, some insight into the effect of immobilization
can be obtained by looking at hybridization of DNA bound to hard surfaces.
It has been found that the nearest-neighbours model does not always sat-
isfactorily describe hybridization of surface-bound DNA!%: ! and that the
rates of hybridization are affected by the length of the attached DNA,%- 112
the position of the complementary sequence (close or far from the attach-
ment point),™3 the temperature,’° the density of the immobilized DNA and
inhomogeneities in this density.!*-'4:115 The underlying mechanism for
most of these effects is the shielding of the binding sites, which reduces
the hybridization rate and lowers the melting temperature of the duplexes.
The shielding can be mechanical in nature, when the binding sites are sur-
rounded by other strands, or in close proximity to the surface which limits
access to them; or due to electrostatic shielding, in cases of higher density
of the surface-bound DNA, which repels the target DNA.

Unlike hard surfaces, polyacrylamide hydrogels are three-dimensional
structures with polymer chains that have a high degree of mobility. Some
of the effects observed for surface-bound DNA, such as the position of the
complementary sequence affecting the hybridization rate, might not be as
pronounced for hydrogels. One of the very few studies investigating DNA
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hybridization inside gels was done by Fotin et al.,"*® in which they investi-
gated the hybridization thermodynamics of DNA 8-mers bound to a poly-
acrylamide network. The observed melting curves had a similar shape to
the ones for hybridization in solution, but the hybridization free energy AG°
and the melting temperature 7;,, were decreased:

AG°(gel) = aAG°(solution) + g, (2.27)

Tn(gel) = 1.2 x T, (solution) — 27.8°C, (2.28)

wherea = 1.1 £0.2 and g = —3.2 4+ 0.4 kcal /mol.

Toehold-mediated DNA strand displacement

The presence of the toehold on the target and on the sensing strand provides
a region for initial attachment and greatly increases the forward reaction
rate. Using toeholds allows to favour strand replacement in artificially de-
signed system in vitro without the use of enzymes and has led to a construc-
tion of a variety of DNA devices, such as logic gates,'9:*729 motors,'?" 122
timer circuits,'*3 devices for signal amplification'*#'25> and neural network

computations.'2%

Toehold-mediated strand displacement is a subcategory of toehold ex-
change reactions. The mechanism of toehold exchange is shown in Figure
2.11 and can be described by a three-step model developed by Zhang and
Winfree:'#7

SB + T(m, n) ké I(m,n) é J(m,n) \%B + ST(m, n) -

r(y") Ky o

In the presentation of their model, some of their notation will be used.
Greek letters signify domains — particular regions on the DNA strand — and
subscripts and superscripts define parts of these domains. As an example,
domain 3 is formed by two subdomains: 5" describes the m bases at the 5°
end, while 3,,, denotes all the other bases except for the m bases at the 5" end.
The kinetic constants of association, dissociation and branch migration are
also specified in the reaction equation.
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As depicted in Figure 2.11, during toehold exchange, the target strand
binds to the complex SB, as it has a unique toehold region 4", which is com-
plementary to the v domain of the S strand. The resulting intermediate
complex I(m,n) is one where B binds more bases of S than T does. The
branch migration process then can lead to T binding more bases of S than B
does, and this complex is denoted J(m,n). Domain 5" then spontaneously
dissociates releasing strand B and complex ST. The difference between gen-
eral toehold exchange and the particular case of toehold-mediated strand
displacement lies in the fact that in the generalized toehold exchange both T
and B possess unique toeholds with S, while in the case of toehold-mediated
strand displacement, only T has a toehold with S. The lack of toehold for B
increases the likelihood that B is replaced by the target, which (including
the toehold) has a longer complementary region to S, making the ST duplex
thermodynamically more favourable than SB duplex. The reverse reaction
is also suppressed as the likelihood of the displaced strands binding to the
duplex again without a toehold is low.

The branch migration was previously described as a random-walk pro-
cess,'°® but this behaviour was in disagreement with experimental data.
Srinivas et al.”*® have investigated the thermodynamics of the toehold ex-
change in depth and found two phenomena that explain the strong depen-
dence of the kinetics on the toehold length. A thermodynamic barrier re-
sults from the presence of the single-stranded DNA overhangs, crowding
the junction point and forcing the strands to bend away from each other. To
initiate the branch migration, this barrier has to be overcome. The branch
migration was also found to occur significantly slower than the fraying of
the individual bonds. This can be explained by greater structural rearrange-
ment taking place during branch migration.

The dependence of kinetics of the DNA toehold exchange in general, and
toehold-mediated strand displacement in particular, has been described by
Zhang and Winfree.'?”

The kinetic constants of strands binding to their toeholds in a hybridiza-
tion reaction are denoted ks and kg, for binding of T to S and of B to S
respectively. They assume these constants to be identical k. The constant
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B™  Bm .
— I B V",
SB v T (m,n)

kr(B"‘) ﬂ kfz
% Bm V"
B Bm ——

B B™ ST (m,n)

Figure 2.11: The mechanism of toehold exchange reaction. Invading
strand T binds to the S strand through its toehold domain «" as the S
strand possess a complementary domain ~™. The intermediate complex
I(m,n) represents all the states in which B binds to more bases on £3,, than
T. As the branch migration continues, T eventually binds to more bases
than B and this is represented by the complex J(m,n). Domain 5™, which
represents the toehold of strand B, spontaneously dissociates, releasing
the products of the reaction: strand B and complex ST. This reaction is
reversible as B can bind to ST through its own toehold. The kinetic
constants for each reaction are shown in the scheme. The arrows on the
strands denote the 3’ end. Adapted from Zhang and Winfree.'?”
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ky is difficult to estimate from first principles and probably reflects the ki-
netics of hybridization.'*” It strongly depends on the nucleobase sequence
in the toehold region (i.e. strong toeholds with only GC bases have & twice
as large as toeholds with GC:AT = 50:50, and 20 times as large as weak toe-
holds with only AT bases). The best-fit values provided for the association
constants are:'*7

k=3 x10° M s, for intermediate strength toeholds,

(2.29a)
k¢ (strong) = 6 x 10° M~'s™*, for strong toeholds, (2.29b)
ky(weak) = 4 x 10° M~*s™*, for weak toeholds. (2.29¢)

Dissociation constants for the dissociation of T from S and of B from S
are denoted k,(,»y and k,.gm), respectively. The dissociation constant k,(n
can be calculated from the corresponding association constant k¢, the bind-
ing energy between 4" and its complement +,,: AG°(y") < 0, and the length
of the 3,,, domain (b — m where b is the length of the full 3 domain):*?”

x eAG°(1")/RT (2.30)

2
kr(,},n) — kf X b

—m
The dissociation constant &,.gm) is calculated accordingly.

The toehold binding energy AG°(~™) and subsequently the dissociation
constant depends on the length of toehold as well as its strength, i.e. its GC
content. Zhang and Winfree'?” used toehold binding energy values from
works by Santa Lucia et al.,** Bommarito et al.'3° and Protozanova et al.'3!
which can be found summarized in a table’” in their article. They range
from AG°(y") = +1.9 keal/mol to AG°(7'0) strong = —21.2 keal /mol.

The constant for the branch migration is:**”

b 2
ky = 1.0 x <> s™!, or (2.31)
b—m

400 _
ky = G m)? st (2.32)
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Figure 2.12: Forward rate constant of toehold-mediated strand
displacement (m = 0) as a function of the toehold length n, as determined
by the model of Zhang and Winfree.'” The rate constant is calculated for
intermediate, strong and weak toeholds and for a blocking region 3 of
length b = 20. The value of b has minimal effect on the curves.

This three-step model is then used by Zhang and Winfree'?” to develop
a bimolecular toehold exchange reaction model of the form:

(gm B )

SB + T(m, n) B + ST(m, n),

k('}’n ,Bm s B™)

and express the forward rate constant k(gm g, n) = k{p n) as

krgmyk rkp

Py K (gmy + Ky (yny ke + K (gmyky

This bimolecular model simplifies the equations and allows for easier
comparison with experimental data, but comes with some limitations. It is
only valid for small concentrations of SB and T below a critical concentra-
tion.

In case of toehold-mediated strand displacement, m = 0, meaning B
has no unique toehold with S strand. This means that &, g0y >> k; and the
forward rate constant kg ,) in Equation (2.33) can be simplified.
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As can be seen from Figure 2.12 the forward reaction rate constant k ,,
in solution increases exponentially with toehold length until reaching a pla-
teau at around a toehold length of 7 bases.

There is no data for how this is affected by the covalent linkage to the
hydrogel network, but we know that the hybridization itself is somewhat
slower inside a hydrogel than in solution, as discussed in section 2.2.4. This
would affect the & constant, but whether there is an effect on the dissocia-
tion and branch migration constants is unknown.

Toehold-mediated strand displacement has been shown to take place
with Morpholino oligonucleotides,'3? but its kinetics has not been studied.
The differences between DNA and MOs of identical sequence suggest that
the kinetics of strand displacement could differ for the two oligonucleotides.
The higher melting temperature of Morpholinos could be expected to de-
crease the dissociation constant, while their lack of charge could lead to less
destabilization by the dangling ends during the branch migration process.
Furthermore, base stacking plays an important role in the thermodynamics
of the branch migration'33 and MOs were reported to differ from DNA in
this regard.

2.3 Size monitoring via interferometry

In the work described in this thesis, one of the methods to monitor the over-
all swelling of hydrogels was an interferometric readout setup. For this pur-
pose, each hydrogel was prepared at the end face of an optical fiber, which
was in turn connected to a light source and a detector. The nearly hemi-
spherical hydrogel constitutes a Fabry-Perot cavity for measurement of the
optical path length by using the interference of the light reflected at the
fiber/hydrogel and hydrogel/solution interface.

The optical length [, of the hydrogel is a product of the physical length
I of the hydrogel and its refractive index »n and can be calculated from the
frequency difference A f between two neighbouring frequency peaks in the
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Figure 2.13: A hydrogel attached to the end face of an optical fiber as seen
in a transmitted light microscopy image. The interferometer sends out a
light wave (blue) which is then reflected at the fiber/hydrogel interface
(orange) and at the hydrogel/solution interface (green). The interference
wave of the two reflected waves is detected by the interferometer and used
to calculate the optical length and the change in the optical length of the
hydrogel cavity.

measured interference signal spectrum:

(2.34)

lopt:ln:

2Af7
where c is the speed of light.

The change in the optical length Al,,; can be measured using the change
in phase Ay of the interference signal wave:

Apg

Alopt = p

(2.35)

where )\ is the center wavelength of the light source, which has wavelengths
in the range A € [1530 — 1560] nm.

The parameter Al,, is the average change to the optical length, result-
ing from the change to the physical length [ of the hydrogel, as well as change
to the refractive index of the hydrogel 4., both brought on by the swelling:

lo l1
Alopt = / n2(l)dl — / n (l)dl, (236)
0 0
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where n;(l) is the optical index of the hydrogel at position [ at times step i.
By defining the average refractive index along the optical path as

l;
(n;) = lfl/ ni(l)dl, (2.37)
0
we can rewrite Equation (2.36) as
Alopt = <n2>l2 — <’I’L1> P~ <TL1>AZ + ll An. (238)

If An is sufficiently small, the change in the physical length is proportional
to the change in the optical length.

2.4 Confocal laser scanning microscopy and
fluorescent dyes

In order to determine the dynamics of the processes taking place in the hy-
drogel, a method to visualise them is necessary. Laser scanning microscopy
taking advantage of fluorescent dyes was chosen as a tool to monitor the be-
havior of oligonucleotides within the hydrogels.

241 Fluorescence

Fluorescence is a process of light emission from certain substances after
absorption of electromagnetic radiation (either visible light or ultraviolet).
Molecules capable of fluorescence can be both natural and man-made, and
are usually referred to as fluorophores, or fluorescent dyes in case of fluo-
rophores that are added to other molecules.

The principle of fluorescence can be summarized by a Jablonski dia-
gram (Figure 2.14). In the first step, an electron absorbs a photon and the
molecule is excited from a ground state Sy to its first excited singlet state 5.
The molecule then undergoes non-radiative vibrational relaxation, where
some of the energy is dissipated as heat. Eventually, the molecule returns
to its ground state via fluorescence, i.e. emission of a photon. The emit-
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Figure 2.14: Jablonski diagram showing the generation of fluorescence
emission.

ted photon can have energy up to that of the excitation photon, but usually
lower. This means its wavelength is longer than that of the absorbed pho-
ton.

Molecules excited through absorption of photons can return to their
ground state via other processes as well, which are not depicted in the Fig-
ure. If another fluorescent molecule is present, with excitation energy simi-
lar to the emission energy of the excited fluorophore and in sufficient prox-
imity (up to ~ 10 nm), the energy can be transferred non-radiatively to
this second fluorophore, which then can undergo fluorescence. This phe-
nomenon is called Forster resonance energy transfer (FRET).

The fluorophore can also relax to ground state through collisional quench-
ing or intersystem crossing, so not all of the absorbed excitation light results
in fluorescence.

A parameter called fluorescence quantum yield ® quantifies the effi-
ciency of the fluorescence:

_ # photons emitted
~ # photons absorbed”

(2.39)
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Figure 2.15: Principle of confocal microscopy. The specimen is illuminated
via a laser, which leads to excitation of fluorophores in it. The fluorophores
from the entire sample emit fluorescence, but only the light originating in
the focal point passes the pinhole and is able to reach the detector.

242 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) is an optical imaging technique,
which uses a spatial pinhole to remove out-of-focus light. This improves im-
age quality by reducing signal-to-noise ratio, compared to bright field mi-
croscopy and allows for optical sectioning, i.e. taking 2D images at different
depths, to then be able to reconstruct the 3D image.'34

In standard (fluorescence) microscopy the whole specimen is illumina-
ted, so the whole specimen can (and does) emit fluorescence, which reaches
the detector (or the ocular), if emitted in the right direction. The area that
is within the focal point appears sharp in the image, but the rest of the spec-
imen will be seen as a blurry background and add to the noise in the im-
age. In CLSM (Figure 2.15), the excitation laser is focused onto a small
area around the focal point by a lens, limiting the exposure of the rest of
the sample to excitation. More importantly, the emitted fluorescence light
has to pass through a pinhole — an aperture in a screen — that is placed in
such a way that only light from the focus passes through, eliminating any
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unfocused light, improving signal to noise ratio and leading to high spa-
tial resolution both in the lateral (x-y) and axial (z) planes. It also allows
for imaging deeper into the specimen than conventional microscopy. Each
point in the specimen is imaged individually and the whole image is created
by scanning over a regular raster pattern. This improves the image quality,
allows for imaging at greater depths and for 3D reconstructed images of the
sample.

243 Quantitative fluorescence microscopy

While “seeing is believing”, just the existence of optical illusions should in-
spire us to be careful in interpreting what we are seeing. The work presented
in this thesis required quantitative information on the fluorescently labelled
target oligonucleotides within the hydrogels. Several aspects of CLSM need
to be considered in order to extract quantitative data.

Optical aberrations are phenomena that lead to the distortion of the im-
age. Most commonly, it is due to properties of the system itself (such as the
lenses), that lead to blurring, defocusing or other distortion of the image.
They affect the point spread function of the system (PSF), which is the image
the system produces of a point source. Of interest to the work presented in
this thesis is one aberration that has been well studied and that results from
a mismatch in the refractive index along the axis of the objective, between
the immersing solution and the sample.!35714! The specimen appears to be
at a different depth than it is and is distorted in the axial direction. There
is also an associated loss of detected fluorescence with increasing depth.

Fluorescent molecules are crucial to the use of confocal laser scanning
microscopy. The images, however, need to be interpreted by taking into
account their properties as well as their effect on the properties of other
molecules around them.
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2.5 Reaction-diffusion model

One of the main goals in this thesis was to disentangle the coupled processes
that were described in a previous section 2.2, in order to better understand
how changing the different factors affects the resulting swelling equilibrium
and swelling kinetics. The complex and interconnected nature of these un-
derlying processes makes systematic investigation of the system challeng-
ing. However, the main steps leading to the swelling fall into the category
of reaction-diffusion processes.

In general, reaction-diffusion refers to systems in which a diffusing spe-
cies is also reacting with another species (usually immobilized, but not nec-
essarily). The reactions can range from production, to catalysis, reversible
or irreversible binding, degradation, etc. The overall net transport of the
diffusing species through the system is a result of the reaction-diffusion pro-
cess and can differ significantly from pure diffusion of the species in ques-
tion. The diffusing molecule can exhibit a sharp advancing boundary be-
tween areas of high and low concentration and diffusional broadening can
be completely suppressed. This has been observed in a variety of systems
where (even transient) interactions occur between an invading molecule
and a matrix with a limited number of interaction sites. This diffusion retar-
dation has been reported for diffusing antibiotic in an alginate biofilm,'+>
DNA hybridization in polyacrylamide gels,'43 autocatalysis of poly(D,L-lac-
tic-co-glycolic acid) polymer microspheres,'44 antigen binding to an anti-
body immobilized in a nanofluidic channel,’#> DNA strand displacement
reactions with all DNA strands being free in agarose gels,'4° or diffusion of
small molecules into glassy polymers.'4”

2.51 Mathematical formulation of the model

In the case of oligonucleotide-polyacrylamide hydrogels which are the focus
of the thesis, the target strand is diffusing within the aqueous phase of the
hydrogel and simultaneously attaching to the network, more precisely to the
toehold region of the sensing strands (with a reaction rate constant £ ™). The
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binding is followed by a branch point migration of the toehold-mediated
strand displacement, which can be finished by an opening of the crosslink
(kp), or the target strand can be released back into the solvent and diffuse
further (k7):

kt kp
SB+T—SBT — ST+ B
o

This process can be described by a two-step reaction-diffusion model.
Some assumptions are made first to simplify the situation as a first approx-
imation:

1. The hydrogel does not swell. This model describes the net trans-
port of the target only and does not account for the swelling. This has
several implications:

(a) The diffusion coefficient is constant. In reality, the diffu-
sion coefficient changes depending on the volume fraction of the
hydrogel, so it would be larger in more swollen areas of the hy-
drogel.

(b) Hydrogel size does not change. Due to swelling, the diffus-
ing molecules travelling through the swollen part of the hydrogel
have a longer path than those passing through unswollen parts.
This difference is not taken into account.

(c) The binding site concentration is constant. The swelling
leads to a decrease in the concentration of the binding sites, i.e.
SB duplexes attached to the network, which is not taken into ac-
count here.

2. The partition coefficient is constant. The partition coefficient
changes both with the volume fraction, i.e. swelling, and due to solute
interactions with the solvent. In this approximation, we assume that
the swelling and the increased charge on the hydrogel due to binding
of the target do not affect the partition coefficient.

3. The presence of the fiber has no effect. It is assumed that the
nearly hemispherical hydrogel attached to the end face of an optical
fiber behaves identically to a half of a free hydrogel sphere. Diffusing
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molecules reaching the end face of the fiber and bouncing back would
be equivalent to molecules diffusing from the other half of the (hypo-
thetical) sphere. The presence of the fiber is assumed not to affect the
strand displacement, diffusion and permeation constants.

The diffusion following Fick’s second law (equation (2.16)) can be writ-
ten for a radially symmetric sphere for a relative radial position 7 = r/R (r
being the radial position and R the radius of the sphere)'4+ as:

de 10 (AQD(‘)C

ot o \| R 5—%) : (2.40)

By introducing o = % > (0 equation (2.40) can be rewritten as:

oc a 0 [ 50c
5 =20 \ 75 ) (2.41)

The reaction part is modeled as a two step process comprising of asso-
ciation/dissociation of T to S-B with rate constants k* and £~ and a subse-

+
quent dissociation of B from the complex (rate constant k;): SB + T %
SBT 2 ST + B

The spatio-temporal evolution of the target concentration can then be
described by the following partial differential equations (PDEs):

Jdc a0 [ 50c n _
TS Z (22 o 2.42
ol f28f<r 8f> Kemy +km (2.42)
% = k:+cmf — k™ me — kyme, (2.43)
8(;7;0 = kyme, (2.44)
my = my + Me + Mo, (2.45)

where m, is the total molar concentration of binding cites, m is the
molar concentration of free binding sites, m. the molar concentration of
three-strand complexes and m,, of the open crosslinks. Equation (2.45) is
a conservation equation for the total molar concentration of sites m;.
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By expressing m as a function of m., m, and m; in equations (2.42),
(2.43) and (2.44) (using equation (2.45)) a set of three equations (for ¢ and
m. and m,) with their corresponding boundary and initial conditions is ob-
tained:

ge_ao <A2 00) — ktemy + kteme + kT emo + k" me (2.462)

ot~ o \\ o
t
B.C.: aC(Oj ) =0, t>0 (2.46Db)
or
c(1,t) =cowt, t>0 (2.46¢)
0, 0<r<l1
I1.C.:¢(r,0) = (2.46d)
Cout s r=1
8ch =ktemy — kTeme — kT emy — k" me — kyme (2.47a)
B, 2me0t) (2.47b)
ot
me(1,t) =0 (2.47¢)
I.C.:m.(r,0)=0, 0<r<1 (2.47d)
8(;’;“ = kyme (2.48a)
B.C.: M =0 (2.48b)
ot
me(1,t) =0 (2.48¢)
I.C.:my(7,0)=0, 0<7<1 (2.48d)

where c,,,; is the concentration in the outside solution.
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2.5.2 Numerical solution using Method of Lines

A possible numerical solution to this system of equations is by applying the
Method of Lines. It relies discretizing one of the dimensions, in this case
the spatial dimension 7 onto a finite equaly spaced grid and expressing the
PDE as a set of ordinary differential equations (ODEs) for each of the spatial
points.

The radial dimension is discretized as 7; = iA# for i=0,1,...,N, where
Ar is the spacial step; and the concentrations ¢, m., m, are discretized ac-
cordingly (¢;, me;, mo;). The spatial derivatives are approximated by their
second order centered finite difference in spherical coordinates'4® giving
rise to a system of three ODEs for each spatial point i:

29 (1 — o) — kTeomy + kT comeo + kT comen + k™me, if i = 0;
de; 0, ifi = N;
dt S+ D)eipn — 2ie; + (i — )ega]—
—kTeimy + kT eyme + kY eime; + K~ me, otherwise.

(2.492)

depi + + + —

pral ETcimy — kT eime — kT eimeog — kT me; — Ky (2.49b)

dcoi

o = ke (2.49¢)

This set of equations can be solved using MATLAB built in functions, such
as ode15s.
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Summary and overall
discussion

31 Summaries of papers

311 Paper |

Paper I is a review on the topic of DNA-hybrid hydrogels with sensing ca-
pability. The focus is solely on hydrogels that employ DNA in combination
with another co-polymer and that have been suggested for use as sensors or
have a sensing step in their application (such as environmentally-triggered
release of loaded molecules).

The swelling theory of hydrogels is outlined, detailing the possible role
of DNA in it, as well as how DNA’s properties and higher order structure
and the changes to it can be used to induce swelling changes in the hydro-
gel. The main mechanisms of recognition are hybridization (or binding),
stem-loop changes and strand displacement reactions. A change from sin-
gle to double-stranded DNA increases both the stiffness of the DNA struc-
ture and its charge. Both of these changes can induce swelling in the hydro-
gel. Similarly, displacement reactions lead to a change in charges attached
to the hydrogel and a crosslink opening, facilitating swelling or even dissolu-
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tion of the hydrogel. Stem-loop formation or opening can lead to a change
in the length, stiffness and charge of the crosslink. In all of these cases,
the DNA structure can form a crosslink (single or double-stranded), or can
only be attached to the network by one end. Changes to DNA complexes
forming a crosslink have generally bigger potential to affect the network.
Among the possible targets are DNA and RNA strands, but also ions, small
molecules, biomolecules and parts of bigger entities, such as viruses or bac-
teria. Aptamer-based recognition is widely used.

In case of sensors, which are the topic of this review, a readout method
is integral to the system. Optically based principles are the most common,
many using visual recognition for qualitative sensing purposes, but colloidal
crystal arrays, surface plasmon resonance, diffraction gratings and interfer-
ometry have also been reported. Other methods include the use of quartz
crystal microbalance, suspended micro-channel resonator and pedestal res-
onator.

In Paper I, a number of reported DNA-hybrid hydrogels with sensing
capabilities is discussed, detailing their recognition mechanisms, readout
methods, analytes, and sensitivity.
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312 Paperll

In Paper I, the focus was on finding a method to extract concentration data
from fluorescence intensity measured by CLSM in samples with abrupt lat-
eral refractive index change. This unique challenge was due to the presence
of the optical fiber to which our model hydrogels were attached and which
is integral to the interferometric size readout. However, this problem is not
limited to the case of optical fibers being present in the sample, but also
affects microscopy within microfluidic channels or in the vicinity of glass
walls and beads.

The presence of objects with refractive index significantly differing from
that of the sample of interest leads to diffraction of both the excitation and
emission light and distortion of the point spread function of the imaging sys-
tem. This is then manifested in the image as a loss of fluorescence intensity
that gives the impression of lower fluorophore concentration in the vicinity
of the disruptive element (fiber, PDMS wall, etc). The effect is more pro-
nounce the closer to the object and the deeper into the solution the imaging
is performed, as larger and larger fractions of the light are being refracted.
At depth 60 ym in an aqueous solution in the proximity of a glass cuboid, the
aberration in the form of reduced detected fluorescence intensity reaches
~ 70 pm from the cuboid solution interface and the intensity close to this
interface is reduced to one-third of the not aberrant intensity.

In the Paper, the origin of this phenomenon was discussed, as well as a
simple method of estimating the extent of the intensity loss (both in terms
of how far from the object it reaches and how much intensity is lost) from
ray optics-based calculation of the unaffected light cone fraction. The point
spread function is also imaged for beads far and close to a fiber, showing
large distortions and loss of intensity in the fiber proximity. Intensity pro-
files for glass and PDMS cuboids and glass fibers are recorded at various
depths and compared, showing dependence on the imaging depth, object
geometry and refractive index. Lastly, a correction method is suggested and
tested, using a reference profile obtained by imaging the refractive object in
a solution of homogeneous fluorophore concentration and either smooth-
ing the curve or fitting it to a Gaussian. The sample intensity profiles then
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can be scaled by dividing with the reference profile, to provide the corrected
concentration profiles.

Some limitations of the procedure arise from the necessity to accurately
align the sample and reference profiles, as small shifts can result in large
changes, especially at the edge of the refractive object. In the ideal case,
the same object is used for its own reference, limiting the effect of small
differences in the shape of different objects, but a satisfactory correction can
be achieved even by using a different reference object of the same general
shape and same refractive index as the sample.
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313 Paperlll

In Paper III, we have explored the effect of the toehold length on the reaction

diffusion of target DNA within DNA-responsive hydrogels. The hydrogels
in question are dual-crosslinked DNA-co-polyacrylamide hydrogels with
added dsDNA crosslinks which can be opened by a target DNA strand com-
plementary to one of the crosslink strands. The binding of the target to the
sensing strand is facilitated by the presence of a toehold — a complemen-
tary region on target and sensing strand not blocked by the other crosslink
strand — the blocking strand.

The aim of this study was to gain more understanding about the pro-
cesses that take place in the hydrogel, from the diffusion of the target through
the network, its initial binding, which is followed by a branch migration pro-
cess of the toehold-mediated strand displacement and finally the crosslink
opening.

Quasi-hemispherical hydrogels were prepared at the end of optical fibers
to support the interferometric size monitoring which is the basis of their
potential sensor application. The interferometer provides highly accurate
information on the changes to the overall optical length brought on by the
swelling, but does not provide any insight into the underlying mechanisms.
For this reason, we have employed fluorescent labelling and confocal laser
scanning microscopy to observe the individual processes. We have also de-
signed three different target sequences, a target T3 with a toehold of 3 bases
and a target T77 with a toehold of 7 bases, in order to explore the effect of the
length of the toehold on the hydrogel response, as well as a target To, that
does not bind to the network and serves as a control. The targets were flu-
orescently labelled, in order to monitor their concentration throughout the
hydrogel. This concentration would correspond to that of the free targets,
together with the targets bound to the network DNA. We have developed
a method to extract fluorescence intensity profiles along the hydrogel axis
from the CLSM micrographs and turn them into concentration profiles, ac-
counting for the optical aberration caused by the presence of the fiber.

Concentration profiles of non-binding target To revealed strong depen-
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dence of the equilibrium partitioning of the target on the presence of DNA
within the hydrogel. Most likely due to the high charge density of DNA
molecules, the target To was being excluded from the hydrogel to a larger
degree than from a pure polyacrylamide hydrogel of the same crosslink den-
sity. The presence of fluorescent dyes on the DNA or the acrylamide also
led to further reduction in partitioning, whether through effects on electro-
static, hydrophobic or size-related interactions.

The swelling kinetics was measured via interferometry and showed a
toehold-dependent difference in the initial swelling rate. This difference,
however, was dependent on the presence or absence of fluorescent dyes at-
tached to the hydrogel-DNA. The swelling rate for T7 was generally faster
than that for T3 (up to 5 times faster), but large inter-hydrogel variability
was observed. The swelling rate difference between the two toeholds (5-
fold) also did not reflect the difference in their rate of toehold-mediated
strand displacement in solution (T7 being ~ 10* times faster).

The reason for the large difference in the strand displacement rate not
being manifested in the hydrogel was revealed by spatiotemporal concen-
tration profiles of the binding targets acquired by CLSM. Targets T7, due to
their low dissociation constant would bind at the edge of the hydrogel to the
point of saturation, before they would penetrate further into the hydrogel,
exhibiting a steep moving concentration front. On the other hand, targets
T3 which have a high binding rate, but also a high dissociation rate would
quickly diffuse far into the hydrogel in a series of binding and unbinding
events and saturation was reached more evenly throughout the hydrogel.
The limited volume available for binding to the target T7 makes up for its
high strand displacement rate.

Finally, the data was fitted to a reaction-diffusion model assuming two
steps in the strand-displacement process: binding and dissociation of the
target to and from the toehold (rate constants £ and &k, respectively) and
branch migration ending with crosslink opening (k;). Parameters obtained
by fitting were diffusion coefficient, the rate constants and the concentra-
tion of the available targets, which were then compared to the estimates
from literature.
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314 Paper IV

In Paper IV, we used the same design of hydrogels as in Paper I1I, but ex-
changed DNA for Morpholino oligonucleotides, preparing polyacrylamide
hydrogels with additional MO crosslinks. We explored the effect of the toe-
hold length of the target MO (toeholds 2 and 10) on the swelling kinetics
and on the transport of the target within the hydrogel. The Morpholino hy-
drogels were also compared to DNA hydrogels and DNA targets prepared
using sequences identical to those of Morpholinos. The main difference be-
tween DNA and MOs in this context is the lack of charges to the Morpholino
backbone.

The swelling rate of the hydrogels attached to optical fibers was mea-
sured by interferometric readout and the diffusion and binding of the tar-
gets was observed by CLSM. The partitioning of non-binding control targets
To was also studied.

DNA non-binding targets DNA-To were excluded from the hydrogels to
a larger extent than partitioning models based on pure size exclusion would
suggest, primarily due to their highly charged nature. Electrostatic interac-
tions between the hydrogel-bound and target DNA lower the targets parti-
tion coefficient. We also observed changes to the partitioning depending on
the fluorescent dye attached to the target, suggesting that the interactions
between the dye and the components of the hydrogel also play a role.

On the other hand, MO-To were seen to penetrate into MO hydrogels to
a larger extent than expected from size exclusion models, with a partition
coefficient of approximately 0.8 . Their uncharged backbone eliminates the
possibility of electrostatic interactions, but introduces the potential for hy-
drophobic ones. It is plausible that hydrophobic interactions between MOs
and polyacrylamide could lead to their higher concentrations within the hy-
drogels.

The equilibrium partitioning is expected to affect the kinetics of the tar-
get transport for binding targets. We observed faster kinetics for MOs than
for DNA (in their respective hydrogels), but a reduced overall response, i.e.
DNA hydrogels were swelling to a larger extent than corresponding MO hy-
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drogels, albeit slower.

The swelling rate was dependent on the toehold length both for MOs
and DNA, with T10 targets swelling faster and to a larger degree than T2
targets. The effective diffusion of the MO targets in MO hydrogels exhib-
ited differences depending on the toehold, with T2 concentration increas-
ing throughout the whole hydrogel, with minimal slope in the concentra-
tion profile, while T10 concentration profiles featured a sharp transition
between a region of high concentration and low concentration, which was
moving towards the center of the hydrogel virtually unchanged. This was
again due to the strong binding of T10 to the network, as they are unlikely to
detach after their first binding event and are thus captured by the network
very quickly and fill up the available binding sites by saturating each con-
secutive layer of the hydrogel. T2 targets on the other hand move quickly
into the hydrogel in a series of binding and unbinding events.

In case of DNA hydrogels, the concentration profiles showed unexpected
increases in the concentration within parts that were expected to be satu-
rated with the targets already, suggesting another mechanism taking place.

Lastly, we have used the MO-T10 concentration profiles to fit a reaction-
diffusion model of the the target diffusion and binding, where binding con-
sisted of two steps: binding-unbinding and irreversible crosslink opening.
The fitting yielded results for the diffusion coefficient, reaction rate con-
stants of the targets and the available binding sites concentration. The diffu-
sion coefficient was reasonably close to the estimated one, but the reaction
rate constants differed significantly from estimates valid for DNA, suggest-
ing that toehold exchange kinetics of Morpholinos differs from that of DNA.

Morpholinos offer a possibility to exploit the base pairing properties of
DNA while changing its other properties, such as charge density or stiffness,
profoundly affecting the hydrogel response.
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3.2 General discussion

The use of DNA as a recognition element within hydrogels has great poten-
tial not only for biosensing, but for other applications that have a sensing
component as well, such as target drug delivery and release (whether in the
body or in cell cultures), responsive tissue scaffolds, DNA machines and de-
vices, etc. In recent years, the interest in DNA hydrogels have grown, as can
also be seen from the large number of reported designs featured in Paper I
and in the Background chapter of this thesis (2.1.2).

The response of the hydrogels, be it their swelling, deswelling, dissolu-
tion or a change in other mechanical or optical properties, depends strongly
on the higher order structure of the embedded DNA and its interactions
with target molecules. The DNA properties in turn can be designed through
the sequence of the bases. Each application requires a unique response
from the hydrogel, in terms of the response magnitude, timing and rate.
While the DNA interactions are well studied in solution, less is known about
how they are influenced by embedding DNA in a hydrogel and how each of
the sequential processes that lead to the overall response is affected by the
other ones. Furthermore, the existence of nucleic acid analogues, such as
Morpholino oligonucleotides, provides means for further customization of
the oligonucleotide properties beyond what can be achieved with DNA.

The aim of this thesis was to develop a method to monitor the coupled
processes leading to the swelling of the model system of oligonucleotide-res-
ponsive oligonucleotide-co-polyacrylamide hydrogels and study these pro-
cesses and their effect on each other.

Confocal laser scanning microscopy was chosen to monitor the target
transport. Several challenges to using this for quantitative concentration
measurements of target in hydrogel were encountered. The main one of
these was the aberration that arises from the presence of the optical fiber
to which the hydrogel is attached. Before we could gain quantitative con-
centration data from the CLSM micrographs, this aberration had to be ac-
counted for. Paper II describes and quantifies this phenomenon and fea-
tures a correcting procedure, which we have later used in Papers III and IV
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to turn the recorded fluorescent intensity profiles into concentration pro-
files. The correcting procedure relies on using reference profiles acquired
by imaging the refractive object in a homogeneous fluorescent solution and
dividing the sample profiles by a normalized reference profile. In case of
the hydrogels, the reference images were those of a fiber with a hydrogel
imaged in a non-binding target To. The correcting procedure was success-
fully used for all of the hydrogels in Papers III and IV.

With the ability to extract target concentration profiles from the micro-
graphs, it was possible to observe its binding and accumulation within the
hydrogel. Using DNA and Morpholino oligonucleotides (binding targets
as well as non-binding controls) and varying the toehold, allowed for explo-
ration of the effect of charges on the backbone — through DNA-MO compar-
ison; and the effect of binding and unbinding kinetics through the length of
the toehold.

3.21 Comparison of estimated and measured hydrogel and
target parameters

For further discussion, the properties of the different hydrogels are summa-
rized in table 3.1, both estimated and measured. Many of these are derived
based on theory and equations introduced in secion 2.2. Hydrogels DNA
III are hydrogels featured in Paper III. These hydrogels contained DNA
crosslinks and were exposed to DNA targets. They differ in their oligonucle-
otide concentration, length of the blocking region, target length and toehold
lengths from DNA hydrogels used in Paper IV (DNA IV), which were also
exposed to DNA targets. In Paper IV, we have also reported on Morpholino
hydrogels (MO IV), which were exposed to MO targets and which have oth-
erwise the same concentrations and oligonucleotide sequences as DNA IV
hydrogels.

All hydrogels were prepared with a constant pregel concentration of
Aam and Bis: cpam = 10 wt% and cpis = 0.6 mol%. Oligonucleotides were
added at cgjigo = 0.2 mO1% 0T cglig, = 0.4 mol%, adding to total crosslinker

concentration of cerogs = 0.8 M0l% Or ceross = 1.0 mol%. In terms of %T and
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Table 3.1: Comparison of properties of hydrogels and corresponding
target oligonucleotides from all papers. Both theoretical estimates and
measured properties are given

\ DNA III DNAIV  MOIV
CAam (Wt%) 10 10 10
CRis (mol%) 0.6 0.6 0.6
Coligo (mol%) 0.2 0.4 0.4
Ceross (mol%) 0.8 1.0 1.0
%T equiv 10.2 10.2 10.2
%C equiv 1.7 2.1 2.1
blocking length (#bases) 10 14 14
target length (#bases) 18 25 25
©vo 0.07 0.07 0.07
© 0.06 0.06 0.06
pore radius (nm) (Stellwagen9") 81 81 81
af (nm) (Williams7®) 0.8 0.8 0.8
@ (nm) (Williams?®) ) 3 3?
Ko (Ogston3) 0.48 0.26 <0.26°
Dg (um2s—1) (Stellwagen94) 155 130 <130?
Dy (um2s~1) (Park'o) 36 21 <21?
Dg (xm2s—1) (Brinkman?7°) 39 21 <21?
Dg (pm2s—1) (exp) 17+8 - 10£2
kEt (M~1s—1) (Zhang & Winfree'2”) | T3: 108 T2: 10%-° -
T7: 10°% T10: 10°° -
Et (M—1s71) (exp) T3: 104700 - -
T7Z 10(4A5i0.1) _ TlO: 10(3A2i02)
k™ (s—1) (Zhang & Winfree!27) T3: 1023 Ta: 10%4 -
T7: 10752 Ti0: 10754 -
k™ (s~ (exp) T3: 1021£0:3) -
T7: 105D - T10: 0.947 + 0.06
kp (s—1) (Zhang & Winfree!27) 4 2 -
kp (s=1) (exp) T3:3.0+0.7 - -
T7:1.5+£0.5 - T10: 3.1+ 04
binding site density (mM) (theor) 2 4 4
binding site density (mM) (exp) 0.2+0.07 - 0.18 £0.03

? Signifies the estimates for Morpholino oligonucleotides based on DNA oligonucleotides

of the same sequence.
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%C equivalent to the total crosslinker fraction, this would be 10.2%T and
1.7%C for DNA III and 10.2%T and 2.1%C for DNA IV and MO IV, where
%C expresses the total crosslinker (Bis + oligo) weight percentage.

To estimate the effective pore size of the hydrogels, we use the formula
given by Stellwagen et al®* (equation : (2.8)) for 2%C which is close for all of
the hydrogels in question. With the value 10.2%T, the estimated apparent
pore radius will then be 81 nm. Naturally, the actual distribution of the
sizes will be much broader, with the existence of substantially larger as well
as smaller pores.

The size contribution to the partitioning was calculated using the Ogston
formula (2.14). Estimates of target strand radius, polyacrylamide chain ra-
dius and volume fraction of the hydrogel are needed. The target strand ra-
dius can be approximated by the radius of gyration of ssSDNA'9 ¢ = 2 nm
for DNA III targets of 18 bases, and ¢ = 3 nm for DNA IV targets of 25
bases. The size of MO IV targets (25 bases) can be expected to be slightly
larger than that of corresponding DNA, since MOs are claimed to be stiffer
than DNA.'32 The radius of the polyacrylamide chains has been previously
reported as a; = 0.8 nm.”® The volume fraction of the hydrogels with 10
wt% Aam, where 0.7 ml of Aam weights 1 g,74 is ¢y = 0.07 in the pregel so-
lution and ¢ = 0.06 after equilibration in buffer before the addition of the
target. The calculation is based on the measured average size of the hydro-
gel as upon preparation, and after reached swelling equilibrium in buffer.

Taking these values into the Ogston formula suggest a partitioning con-
tribution of: Kge cont = 0.48, for DNA III and Kye cont = 0.26 for DNA IV
and possibly slightly less than 0.26 for MO 1V.

In the presented hydrogels, size and conformation are not the only ef-
fects contributing to the target partitioning, but other interactions are present
as well. In case of DNA, electrostatic interactions are likely to dominate and
favour target exclusion from the hydrogel and for Morpholinos possible hy-
drophobic interactions are likely to increase their concentration in the hyd-
rogel. In both cases, target strands complementary to the hydrogel-bound
strands introduce biospecific interactions, which are of interest for the real-
ization of sensing applications, as they lead to accumulation of the targets
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in the hydrogel far beyond their concentration in the immersing solution.

The diffusion coefficients for the ssDNA targets of 18 and 25 nucleotides
in solution according to Stellwagen et al.4 (equation (2.18)) are:

Dig = 1.55 x 107% em2s™* = 155 um?3s~* (3.1)

and
Dos =1.30 x 107% em2s™* = 130 um3s . (3.2)

There is no known reference for diffusion coefficient of Morpholino oli-
gonucleotides, but MO IV targets have the same length as DNA IV targets,
and can be expected to behave similarly, although their larger stiffness is
likely to make them larger and thus diffuse slower.

The diffusion coefficient in a gel D, will be reduced compared to that in
solution and several models predicting this reduction have been introduced
in section 2.2.3.

The formula by Park'®> (equation (2.20)) requires the acrylamide con-
centration in g/mL which for our hydrogels swelling by 145% from 0.1 g/mL
would be C' = 0.07 g/mL. The diffusion coefficient is expected to be reduced
to:

D .
< g) = 0.23, for a = 2 nm, for 18 bases long target in DNA III,
Park

Dy
b (3-32)
<g> = 0.16, for a« = 3 nm, for 25 bases long target in DNA IV.
Dy Park (3.3b)
3.3

Another model for reduction of diffusion coefficient in hydrogels — the
Brinkman model (equation (2.21)) has been found to provide a good fit
for polyacrylamide hydrogels.”® This model requires the knowledge of the
Darcy permeability of the matrix . It can be calculated using a formula
obtained by Tong and Anderson’+ using the data of Tokita and Tanaka:'5°
Kk = 2.64 (@0)’1'42 A2, where ¢ is the volume fraction of the monomer and
the crosslinker in the pregel solution. Using 0.7 ml/g for acrylamide,’* we
find a value of x = 115 A2,
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The Brinkman model thus yields

D .
<g> = 0.25, for « = 2 nm, for 18 bases long target in DNA III,
Do Brinkman

5 (3.42)
<g) = (.16, for a« = 3 nm for 25 bases long target in DNA IV.

Dy Brinkman ( b)
34

The diffusion coefficient of the single stranded DNA target can thus be
expected to be reduced in the DNA III hydrogels to 23 — 25% of its value
in solution, and to approximately 16% of the value in solution for DNA IV
hydrogels. For Morpholinos, the reduction could be even larger due to their
higher stiffness. It should also be noted that the crosslinking density does
not enter either of the presented formulas in any other way then through
the volume fraction of the hydrogel, which in the presented estimate was
the same for all three types of the hydrogels.

Finally, the estimates of the rate constants £, £~ and k;, are from Zhang
and Winfree'?” (see section 2.2.4), who provide rate constants for toehold
exchange of DNA in solution. Targets T2 and T10 had toeholds with equal
number of strong and weak base pairs and their binding energies were thus
AG°(y?) = —1.7 keal/mol and AG°(y10) = —14.8 keal/mol, while targets
T3 and T7 had strong toeholds with almost exclusively GC bonds and so
their binding energies were AG°(y?) = —5.0 kcal/mol and AG°(y7) =
—15.1 kecal/mol. The strength of the toehold affects the binding constant
k™, which is twice as large for T3 and T7 as for T2 and T10, as well as the
dissociation constant £~ (equation (2.30)).

3.2.2 Insight into the coupled processes leading to
hydrogel swelling

One of the main observations from Papers III and IV is the effect of the
toehold length on the hydrogel swelling and the net transport of the target
within. The swelling rate was seen to be higher for longer toeholds, but the
difference was much less than the difference in the rate constants would
suggest. This was due to the changes to the effective diffusion that resulted
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from increased binding of the targets with long toeholds. While they were
accumulating within the hydrogel much faster than the short toehold tar-
gets, the volume available to them for binding was increasing slowly, while
short toeholds were binding throughout the hydrogel. The apparent diffu-
sion was then a complex result dependent more on the reaction kinetics
than on the diffusion coefficient of the targets.

Notably, the difference in swelling rates between the short and long toe-
hold was significantly more pronounced for hydrogels in Paper IV, both
DNA IV and MO 1V, than DNA III. One of the reasons for this could be
the fact that for DNA III the difference between toehold lengths was only
4 bases (T3 and T7), compared to the difference of 8 bases (T2 and T10)
for MO IV and DNA IV. However, due to the toehold T7 being strong (in
the sense used in section 2.2.4, as in predominantly composed of GC bases,
in this case GC/AT=6/1), while T10 was of intermediate strength (GC/AT
= 50/50), the associated constants for these toeholds were similar. As was
also discussed previously (section 2.2.4), from toeholds of 7 bases and longer,
the overall strand displacement rate reaches a plateau. On the other hand,
the difference is much larger between T3 and T2, where the expected disso-
ciation constant for T2 is larger by two orders of magnitude than that of T3.
It is this difference that makes T2 hydrogels swell significantly slower than
T3 hydrogels and accounts for the swelling rate differing more for DNA IV
and MO IV than for DNA III.

Additionally, the oligonucleotide crosslink density for DNA IV and MO
IV is twice that as for DNA III, but we have observed both MO IV and DNA
III to reach similar maximum concentrations within the hydrogel, which
corresponded to approximately 10% for DNA III and 5% for MO IV of the
oligonucleotide duplex concentrations known from the hydrogel prepara-
tion. This would suggest that only a very limited number of oligonucleo-
tide crosslinks is available for actual binding. DNA IV was seen to accu-
mulate to similar levels as MO IV, but the experiments were not concluded
until equilibrium and a steady rise in the maximum concentration within
the hydrogel was observed, hinting to the possibility that more and more
binding sites were being made available as the hydrogel was swelling. This
phenomenon did not occur for DNA III, which could mean that there is
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a threshold concentration of hydrogel-bound oligonucleotides above which
any added crosslinks will be unavailable, whether due to physical or electro-
static constraints. In such a case, swelling would reduce the oligo-crosslink
concentration and allow targets to bind to them.

The development of the two-step reaction diffusion model and its op-
timization with experimental data allowed us to extract some valuable pa-
rameters from the concentration profiles. It also highlighted the presence
of other phenomena, which were less expected and which the model does
not account for, such as the aberrant profiles of T7b in Paper III or what
seems to be a gradual uncovering of binding sites in DNA IV. Nonetheless,
the fitted values for DNA III correspond well with those predicted by liter-
ature for DNA strand displacement in solution, with the exception of the
association constant which is two orders of magnitude lower than the pre-
diction. The association constant k™ reflects the kinetics of the hybridiza-
tion process, and hybridization has been shown to be affected by the im-
mobilization of DNA, whether on a hard surface or in a hydrogel (section
2.2.4). Within a hydrogel, a reduction in the melting temperature of the
DNA duplex has been reported, which could be manifested here by a lower
association constant. In any case, the available model for DNA strand dis-
placement in solution was in good overall agreement with our measured
values, especially when taking into account the possible effect of oligonuc-
leotide immobilization. On the other hand, the rate constants predicted for
DNA in solution (DNA 1V) did not describe the behavior of Morpholinos of
identical sequences within a hydrogel (MO IV), suggesting that the strand
displacement kinetics and potentially its mechanism is significantly differ-
ent between Morpholinos and DNA.

The diffusion coefficient of the targets extracted from the data was in
both cases (DNA III and MO IV) about half of that estimated from litera-
ture. Since the data from CLSM actually reflect the behavior of only the
labeled targets, it is possible that the fluorescent dye led to alteration of the
target oligonucleotide properties. Fluorescent dyes attached to molecules
of interest have been previously reported to affect both their adsorption ki-
netics and diffusion.>!
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We have observed the fluorescent dyes (ones attached to the network,
namely coumarin and fluorescein) to affect the transport of the targets mostly
through their effect on the partitioning (Paper III). Many have also been
shown to stabilize DNA duplexes and affect their hybridization kinetics.'*
Some dyes can also change their properties depending on their surround-
ings, for example the quantum yield of fluorescein being dependent on whether
it is bound to a single- or double-strand DNA.'53 All of these effects need to
be carefully considered when planning and interpreting quantitative mea-
surements relying on fluorescent labelling.

Both in Paper III and in Paper IV, taking into account the permeation,
and more specifically partitioning of the non-binding target in the hydro-
gel, was found to be of importance. The equilibrium partitioning of the
non-binding target reflects the ability of the targets (both binding and not)
to penetrate into the hydrogel and as a consequence the rate of the effective
target diffusion. In our model, this came into play in the boundary condi-
tions, namely the concentration of the target on the boundary. With targets
exhibiting low partitioning, their effective concentration as experienced by
the hydrogel can be significantly lowered compared to that in the surround-
ing solution and this has a similar effect on the reaction-diffusion kinetics
as a lower diffusion coefficient would.’>* In sensing applications, this can
potentially lead to an increase in the minimum target concentration neces-

sary for detection.

The use of MOs allowed for further exploration of the partitioning effect
on the spatiotemporal target concentration distribution. Due to their un-
charged backbone and probably due to hydrophobic interactions, the parti-
tioning coefficient of Morpholinos was much higher at 0.8 than that of DNA
(0.1 — 0.3). As a result, the kinetics of the net target transport was much
faster for MO IV than DNA IV. But while the Morpholinos reached their
equilibrium faster and had similar maximum concentrations of targets in-
side the hydrogels as DNA IV, their swelling response was less pronounced.
This can be again explained by their uncharged backbone. While the action
of DNA targets in DNA IV leads to hydrogel swelling through two mecha-
nisms: changes to the elastic term of the osmotic pressure through crosslink
opening, and changes to the ionic term through the influx of charged targets
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into the network; MO targets only affect the elastic contribution and thus
lead to less total swelling. Despite Morpholino oligonucleotides possessing
the same nucleobases as DNA, their behavior in this model system differs
significantly, due to their different backbone. This allows for further cus-
tomization of the hydrogel properties. However, for MOs to be used to the
same degree as DNA, progress would have to be made towards preparation
of MO aptamers.

Another important aspect of the hydrogels, which was manifested in
both papers, were the (at times very large) differences between the indi-
vidual hydrogels. Parallel preparations of hydrogels, often prepared from
the same solution on the same day, exhibited different target saturation lev-
els, different swelling rates and different relative swelling equilibrium vol-
umes. A likely cause of these differences between the hydrogels is the under-
lying heterogeneity of polyacrylamide networks (as discussed in 2.2.2) and
by extension DNA-polyacrylamide networks. Inhomogeneities in the form
of dense nanogels linked by sparse network can be expected at the order of
tens to hundreds of nanometers, but inhomogeneities at a larger scale, hun-
dreds of micrometers, have also been experimentally observed. Since our
hydrogels have a radius of approximately 100 pum, such differences would
be manifested as differences between individual hydrogels. Notably, even
with these differences, when fitted to the model, these experimental data
led to fairly consistent estimates of diffusion coefficient, as well as reaction
rate constants, as long as the concentration of the binding sites was treated
as a variable parameter.

3.23 Implications beyond our model system

The system investigated here presents only one of many possible oligonuc-
leotide-based hydrogel designs. A large variety of hydrogels have been re-
ported, many of which can be categorized in one of the categories depicted
in Figure 3.1. The response can be based on ds hybridization (a, b), stem-
loop changes (c, d) or strand displacement (g, h). Variations of strand dis-
placement (I, m, n) and stem-loop changes (e, f) can also be realised with an
aptamer-biomolecule pair. Another possibility is presented by employing
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Figure 3.1: Schematic depiction of some of the most common hydrogel
designs. Adapted and extended from Paper 1.'55
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an enzyme catalysing a reaction within the hydrogel (i, j, k). Such hydro-
gels were recently reported by English and colleagues:'5° a CRISPR-Casi2a
enzyme cuts the hydrogel-bound DNA, which leads to various hydrogel re-
sponses from release of biomolecules to hydrogel dissolution, depending
on the underlying molecular design. The hydrogel’s mode of action can
also be based on a series of any of these mechanism, such as hydrogels
by Cangialosi and colleagues®>” that swell through a series of DNA hairpin
monomers attaching to one another and to a dsDNA crosslink in a hydrogel,
thus extending the crosslink to several times its original length, or the hy-
drogels prepared by Lai et al.,49 in which binding of a biomolecule releases
a DNA trigger strands which then binds elsewhere in the hydrogel to release
the molecular cargo.

Strand displacement is a commonly exploited mechanism in many of
the reported hydrogels and as we have seen throughout this thesis, the in-
clusion of oligonucleotides within a hydrogel has profound, non-trivial ef-
fects on the kinetics of the process. While the kinetics of toehold exchange is
well studied in solution, little to no data is available for the case of hydrogel-
integrated DNA. While this work is far from comprehensive, it offers a case-
study employing one of the simplest possible designs featuring a strand
displacement reaction. This system can also serve as a model system for
other reaction-diffusion based systems, which all of the hydrogel designs
presented in Figure 3.1 could be considered as, but can also be extended to
other reaction-(advection)-diffusion situations, such as adsorption of dif-
fusing species in nanochannels. In one such system, similar moving con-
centration wavefronts and a slowing of effective diffusion of antigens in
antibody-covered nanochannels was reported.'45 In this regard, hydrogels
involving strand displacement can serve as model systems with highly cus-
tomizable parameters, from diffusion (controlled through hydrogel volume
fraction) to reaction kinetics (controlled through toehold length).

The application of reaction-diffusion modelling was also shown as a valu-
able tool to gain more quantitative understanding of the system and its un-
derlying processes as well as revealing situations when mechanisms beyond
pure diffusion and reaction are involved.
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Chapter 4

Conclusions and outlook

The aim of this thesis was to disentangle the coupled processes leading to
swelling of oligonucleotide-based hydrogels that were chosen as a model
system. Such an endeavour is rarely reported in the literature, as most DNA
hydrogels are introduced as proof-of-concept. However, the knowledge of
the underlying mechanisms and the ability to predict the behavior of these
hydrogels could be the missing link that is preventing more of the hydrogels
being used commercially.

As we have shown in this thesis, even in a relatively simple DNA hydro-
gel, the cascade of the underlying processes and their interactions are com-
plex. Their study is further complicated by our inability to directly observe
the events at the molecular level. Microscopy using fluorescent dyes is a
powerful and valuable tool, but as we have seen, it poses its own challenges.
In our case, it was the presence of the fiber and the resulting aberration, but
also the fact that the attachment of fluorescent dyes to molecules of inter-
est alters their behavior. In an almost quantum-mechanical way, we cannot
see without affecting the system.

The reaction-diffusion modeling proved to be a powerful tool in this
case, as it allowed us to extract valuable molecular and hydrogel parame-
ters from the concentration profiles, which were shown to be more consis-
tent than the inter-hydrogel variability would suggest. This suggests that
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CHAPTER 4. CONCLUSIONS AND OUTLOOK

the model can be useful in the reverse situation as well: to use it to predict
the behavior of a hydrogel based on its known properties and the known
properties of featured oligonucleotides.

Most commercially available hydrogels nowadays are not of the respon-
sive kind, but simply hydrogels deriving their function from their structural
properties and the ability to hold water. The number of reported responsive
hydrogel systems, and especially those DNA-based, has been increasing in
the recent years, but most could be classified as proof-of-concept. While it
is difficult to predict the future of the responsive hydrogels, I can voice my
thoughts on some of the challenges I believe this field faces. One of them lies
in the inhomogeneity of many polymer networks (such as polyacrylamide)
and the resulting large inter-hydrogel variability of the response. A pos-
sible way to address this issue would be through use of more regular net-
works, such as regular polyethylene glycol molecules with several reactive
arms,'58:159 or materials made purely of DNA, which provides more control
over the hydrogel structure than most co-polymers.'60-162

Furthermore, the high cost of custom DNA can make many of the ap-
plications unprofitable, although this cost has been decreasing. Another
challenge, especially for sensing applications, lies in the need for reliable,
high-precision, low-threshold readout methods allowing for quantitative
concentration measurements of the target. This is again complicated by
high variability, as it requires each sensor to be calibrated, increasing their
cost.

Lastly, we need a better understanding of the mechanisms taking place
within responsive hydrogels, to be able to efficiently design them, tune them
to the desired application and correctly evaluate their response behavior.
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furthermore characterized by the changes to the hydrogel properties which follow the recognition of the biolog-
ical analyte. Such hydrogels can be synthesized with desired recognition ability through the selection of particu-
lar nucleotide sequence that is recognizing or binding ions, small molecules, biomolecules or parts of larger
entities. The binding of the label-free analyte triggers a response of the hydrogel, such as changes in its swelling
volume, mass, optical or mechanical properties. The hydrogel response is mediated by changes in network pa-
rameters such as charge density, crosslinking density or a combination of these associated with the interaction
with the analyte. Bioresponsive DNA polymer hydrogels have found wide application in biosensors due to

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In nature, nucleic acids are essential molecules in carrying genetic
information, responsible for its transmission and translation. The hered-
itary functionality of nucleic acids was demonstrated more than
70 years ago, and has been widely penetrating the field of molecular bi-
ology since then. The facts that DNA adopts a double helical structure
stabilized by the base-pair (bp) couples A and T and G and C between
the opposing strands; that the two single-stranded constituents are an-
tiparallel; and that the helix is topologically linear; are key features in
such a context. The field of DNA nanotechnology has evolved based on
the versatility of the DNA molecular structure combined with the capa-
bility to synthesize specified bp sequences. Thus, molecular constructs
such as tiles, lattices, origamis with vast variety of geometries, nanoscale
cubes with locks that can be opened with specific cues, and dynamic
structures, have been reported [1-5]. The field of DNA-co-polymer
hydrogels, i.e. DNA structures integrated into non-DNA polymer based
hydrogels has emerged in the past 20 years following the first report
on end-attachment of oligonucleotides amino modified at their 5" end
to a water soluble synthetic (vinyl) polymer [67]. The aim of this first re-
port was to include single-stranded (ss), bp complementary oligonucle-
otides grafted to polymers so that they formed additional DNA-based
non-covalent crosslinks. The temperature dependence of the hybridiza-
tion and denaturation of complementary oligonucleotides was then
reflected in the temperature dependent crosslinking density of the hy-
drogel. It was reported that hybridization of the oligodeoxythymidylate

* Corresponding author.
E-mail address: bjorn.stokke@ntnu.no (B.T. Stokke).

http://dx.doi.org/10.1016/j.cocis.2016.07.001
1359-0294/© 2016 Elsevier Ltd. All rights reserved.

(oligoT) and oligodeoxyadenylate (oligoA) did occur in a cast film sub-
sequently immersed in water. This first hybrid DNA-co-polymer study
exploited the specific oligonucleotide hybridization reaction as an effec-
tor of thermo-sensitive crosslinker functionality of the hydrogel material.
Following this initial study, various other functionalities as hosted by the
DNA and structural transitions associated with the particular sequence
and its recognition have been reported. Incorporation of DNA as the
sensing moiety within hydrogels allows for detection of variety of bio-
molecules. The changes to the gel-bound DNA brought on by the external
stimulus lead to a response of the hydrogel. This can include changes in
the local structure, overall swelling volume and mass as well as altered
mechanical and optical properties. The hydrogel response can be moni-
tored with the use of an appropriate readout platform, thus exploiting
the responsive hydrogel as the recognition and transducing functionality
in a sensor. This field of DNA-co-polymer hydrogels and their applica-
tions are distinct from hydrogels made only of DNA, e.g., by chemical
crosslinking of DNA to yield ionic hydrogels with their characteristic
properties [7-9]. Although the hybrid DNA-co-polymer field is not as
rich in structural DNA motives so far included in the DNA Nanotechnol-
ogy field, there is an increasing versatility. Recent reviews of hybrid
DNA-co-polymer field and mechanisms important for these [10-12],
provide an extensive source of relevant literature. In the following ac-
count, we focus on hybrid DNA-co-polymers with potential for sensing
applications, the design principles exploited to support the specific
sensing, how the changes in the integrated DNA structures mediate
physical changes affecting the hydrogel and how this can be monitored
at the hydrogel level. This will be followed by a brief account of selection
procedures for specific DNA sequences and possible alternatives to the
DNA with potentially similar versatility.

o1
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2. Hydrogels - handles to include DNA as transducing elements

Successful transformation of changes in a DNA higher order struc-
tures to a detectable change in the hydrogel which it is integrated
into depends on details in how the DNA structure is included, how
the DNA transforms into changes of the hydrogel and how this is deter-
mined. In the following, general aspects of transforming hydrogels to re-
sponsive hydrogels where changes in DNA higher order structures are
mechanistic are outlined. The various effect mediators are outlined
based on the Flory-Rehner-Donnan theory of hydrogel swelling, with
critical network parameters to be exploited for DNA-polymer hybrid
swelling responses. In this account, the equilibrium state is governed
by zero total osmotic pressure (I1) of the hydrogel. The total osmotic
pressure for the hydrogel swelling state is given by three contributions
originating from different molecular mechanisms. The first contribution
originates from mixing of solvent and the polymer (I1), the second
from the elastic retraction occurring on polymer chain deformation
(ITe1as) and the third originates from concentration differences of ions
AC in the hydrogel relative to its immersing solution (I'l;o,). Within
this theory, the total osmotic pressure is given by [13-17]:

IT= iy + l};[f_las + ion
M = 7 (I @1 + €+ 16,%)

1/3
N (& (@) 0
Vo 2000 \ @20

Iion = RTACot

where R is the molar gas constant, T is the absolute temperature, V; is
the molar volume of the solvent, ¢; and ¢, are the volume fractions of
the solvent and polymer phase, respectively, y is the Flory-Huggins in-
teraction parameter for intersegment contacts, Vy is the volume of the
hydrogel in the reference state, and v is the molar number of elastic ac-
tive polymer chains in reference to volume fraction ¢, of the hydrogel.
The term AC, describing the difference in molar concentration of mo-
bile ions between the gel and the immersing aqueous solution can be
estimated exploiting the theoretical expression for the Donnan equilib-
rium governing the ionic balance and using the relevant information on
the electrolytes and molecular parameters of the network as reported
[13,15].

In swelling equilibrium, when the ionic hydrogel is immersed in a
solution with its electrolyte content, the volume fraction ¢, will adjust
to yield zero osmotic pressure. Inclusion of DNA within a polymer net-
work possessing DNA recognition capacity is typically carried out with
a small fraction of DNA relative to the polymer it is connected to. Fur-
thermore, it is designed in such a way that the specific recognition
and binding transforms into a hydrogel response based on either one,
or a combination of effects working through the additive contributions
governing the equilibrium swelling state (Eq. (1.1)). A change in DNA-
co-hydrogel swelling mediated by affecting the mixing term can possi-
bly be carried out by binding of components with altered hydrophobic
nature. Such changes in basic physicochemical properties associated
with binding the DNA component of the hydrogel are less discussed in
the literature.

The second term represents the elastic restoring force of the net-
work, limiting the overall expansion of DNA-co-polymer network. To
have this mechanism playing a role associated with DNA-structural
changes requires that the DNA structure undergoing a change on recog-
nition is topologically connected to the polymer network. Or in other
words, molecular binding events to a DNA grafted to the network
with one end only are not directly affecting the crosslinking density of
the network, and for this reason cannot transform the binding event
to a change in the thermodynamics of the network through changes
in the elastic part. On the other hand, DNA strand or complex of strands
that is connected to the network by both its 3’ and 5’ ends, can
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transform binding events to changes in the term describing the elastic
properties due to an altered end-to-end distance and thereby changes
in crosslink density.

Exploitation of changes in properties governing the electrostatic
contribution to the swelling equilibrium is the third option. Estimation
of AC,,¢ and how this is related to alterations in changes in charge den-
sity driven by DNA based recognition processes can be carried out by
exploiting the equilibrium condition for the salt. This can be estimated
starting from

ACur = (¢ +c-)— (¢, +¢) 12)

where c is the concentration of ions and subscripts indicate the positive
or negative ions, the prime depicts the immersing solution and the
unprimed that within the gel. Within the theory of the infinite bath,
the Donnan equilibrium requires electroneutrality in both compart-
ments and equal chemical potential of the mobile ionic species across
the gel-immersing solution interface [14,18]. Thus, the following equa-
tions are obtained:

z.¢, =z.c_ (1.3)
ZiCe =Z-C— +2ZpCp (1.4)
Yic.co =vyid.c (15)

where z depict the valences of the cations, anions and polymer indicated
by the subscripts 4+, — and p, respectively, the prime depict the im-
mersing solution and the unprimed that within the gel. Furthermore,
% and y' 2 are the mean activity coefficients of the salt inside and out-
side of the gel raised to the second power. Structural changes of the DNA
associated with the recognition process yield changes in the z, ¢, pa-
rameter, which conventionally also is written:

0% =1 (1.6)

PP,

2
where p is the mass density of the dry polymer network and M, is the
molar mass of the polymer, including connected DNA, per unit charge.
The term z, ¢, represents the counterions needed to balance the charged
groups on the network, and possible ways to include Manning conden-
sation in the calculation of these have been described [19]. Changes in
the charge density of the DNA conjugated to the polymer network asso-
ciated with the recognition process, can be expected to yield a contribu-
tion to the thermodynamics of the swelling, thus inducing a change in
the equilibrium swelling state.

3. Changes in DNA higher order structures exploited in DNA-polymer
hydrogel swelling changes

DNA is today recognized to have a wide repertoire of higher order
structures far beyond the classical antiparallel duplex structure reported
by Watson and Crick more than 60 years ago. So far, only a small fraction
of such higher order structures have been exploited as recognizing and
transducing element in DNA-polymer hydrogels. The DNA structural el-
ements can exploit changes in crosslink density, equilibrium length of
the DNA supported part connecting to other polymer chains (e.g., the
elastically active network chains), and changes in the charge density
of the ionic hydrogel properties as a consequence of the transformative
molecular designs. The covalent integration of DNA into hydrogels is a
necessary part in realizing the DNA-co-polymer hydrogels. Copolymer-
ization strategies for including DNA strands into acrylamide based
materials have been described and are increasingly being exploited
due to the commercial availability, including custom designed bp se-
quences [20-22]. Such an experimental toolbox allows the realization
of crosslinks, or elastically active network strands made up of oligonu-
cleotides, alongside covalent crosslinks included by addition of bis
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acrylamide. The bp of the oligonucleotides can be designed to simulta-
neously meet different criteria related to stability of junctions, specific-
ity of recognition, and extent of change in physical dimensions and
kinetics of transformation. In the following, we highlight some of
these higher order structural elements, with emphasis on their potential
changes due to recognition of the specific element when included in a
hydrogel. This account focuses on the changes in the physical properties
of the higher order structures and does not explicitly include reference
to a particular bp sequence other than the complementarity require-
ments. Particular sequences mediating specificity of the structural
changes as realized in selected examples will be discussed below.

The double stranded hybridization reaction, e.g., the complementary
bp pairing of one ssDNA with another induces changes both in electro-
static aspects and end-to-end distance that offers means to change the
equilibrium swelling state of the hydrogel. The changes in the overall
physical extension of the structure due to the hybridization can be esti-
mated by applying additive contributions of the root-mean-square end-
to-end distances (r2..)'/ for the single- and double-stranded segments.
In the wormlike chain model, (r2..) depends on the contour length, I,
and persistence length, [, as:

(re—e?) =2, {lfl,,(Fe*’d’v)} 1.7)

There is an emerging consensus that the persistence length of
dsDNA is about 50 nm in high salt concentrations (see [23] for an over-
view) although experimental approaches have been reported to yield
deviating results. The ssDNA state is much more flexible, and [, of
1.5 nm (in 2 M NaCl) to 3 nm (in 25 mM NaCl) were reported by fluo-
rescence correlation spectroscopy [24]. Although alternative values of
I, were reported both for the ss and dsDNA structures, we suggest the
values of 1.5 nm and 50 nm to provide illustrative examples of changes
in the overall extension of the DNA structures. The changes in the over-
all physical dimensions are estimated as additive contributions from the
ss and dsDNA parts as:

A<re—ez>l/z = <re—ez>1/Zend7<re—ez>1/23tart (1.8)

where the value for each state is calculated as the composite value of the
ss and ds segments:

(Feee) 2stae = (Fe—e?) P (les Ips) + (Fe—e®)  (leas ) (19)

In Eq. (1.9), I.s and I.4 are the contour length of the ss and dsDNA
segments, and I, s and [, 4 the persistence lengths, both parameters re-
ferring to the particular state being either the end or start. The contour
length for the duplex segments is estimated based on the axial distance
of 0.34 nm per bp (from the B-DNA double-helical structure), while a
value in the range of 0.43 to 0.58 nm per bp can be used for the ssSDNA
segments. These values are based on analysis of the electrostatic proper-
ties during temperature induced melting of DNA (see below) and the
70% elongation with the transition from the B-DNA to the S-DNA state
[25]. The actual change in the overall extension of the DNA structure de-
pends on the structural change, e.g., the number of bp involved in the
hybridization, stem-loop change or bp overhang (toehold) in the com-
petitive displacement.

Changes in the electrostatic properties are the other main molecular
change exploited for hydrogel transformation triggered by DNA struc-
tural changes. Estimates of changes in effective charge of embedded
DNA structures can be obtained based on electrostatic properties of ss
and dsDNA. The double stranded DNA is among the most heavily
charged macromolecules, and combined with its stiff nature, its electro-
static properties are widely explored. The effective polyion charge of
dsDNA is reduced from that expected from the chemical composition
and spacing along the B-DNA double helical structure due to partial
charge neutralization by counterions, e.g. as described by Manning

condensation due to the large charge density. In the Manning theory,
the dimensionless linear charge density ¢ that expresses the relation be-
tween the Bjerrum length, Iz, and the average spacing between the
charged group of the phosphate backbone, b:

]
=£ 1.10
£=3 (1.10)
is a governing parameter. This parameter has a critical maximum value
being the inverse of absolute value of valence of the counterions. The
Bjerrum length is given by:

e2

b= 4neeokpT

(1.11)

where e is the electronic charge, ¢, and & are the relative and vacuum
permittivity, respectively, kg is the Boltzman constant and T the absolute
temperature. The Bjerrum length in aqueous solution at room tempera-
ture is Iz =~ 0.715 nm. For the B-DNA double helical structure with b =
0.17 nm, the ratio between [, and b indicates a linear charge density far
exceeding the critical value. Thus, counterions are constrained and
thereby reducing the long range electrostatic charge density to that cor-
responding to the critical charge density, being e.g., 0.715 electrons/nm
in the case of monovalent counterions. In this model, there are about
0.76 monovalent counterions associated per phosphate group for the
B-DNA double helical structure.

Analysis of thermodynamic data for melting of T4 DNA indicates a
change in the electrostatic properties, and a value of b = 0.43 +
0.02 nm per phosphate group in the coil state of DNA was obtained
[26,27]. This b value is 26% larger than the axial spacing of phosphate
groups in the B-DNA, which is indicating a substantially smaller increase
in backbone extension going from the duplex to the ss state than stated
above based on force induced structural transitions of duplex DNA.

Various design principles exploited within DNA-co-hydrogels and
their connectivity to polymer network are illustrated in Fig. 1. In these
illustrations, an analyte being a ssDNA is used to illustrate the structural
changes. Nevertheless, recognition events and structural changes initi-
ated by other types of molecules can be analyzed in a similar fashion
using aptamer-type binding. The structural changes exploited are
grouped into double stranded hybridization (Fig. 1a and b), stem
loop-changes (Fig. 1c-f) and competitive displacement (Fig. 1g and h),
and either of these types can be exploited with oligonucleotides cova-
lently anchored with only one or both their 5" and 3’ end to the polymer
network. Changes in the charge density of the network associated with
the various analytes binding are the main effect driving changes in the
state of the hydrogels when only one end of the grafted oligonucleotide
is covalently attached (Fig. 1a, ¢, e and g). The extent of change in the
parameter M in the Donnan term for the swelling of the hydrogel de-
pends on the particular change in DNA structure, as well as on the oligo-
nucleotide grafting density of the hydrogel. It should also be noted for
the competitive displacement [28] pathway, there are intermediate
states where both the displaced oligonucleotide (blocking ssDNA) and
analyte ssDNA are bound to the grafted oligonucleotide (this state is
not explicitly depicted in Fig. 1g). The individual grafted ssDNA is there-
fore mediating a charge density going through a maximum.

The other main topology of the grafted oligonucleotide in the poly-
mer network is with both ends (3’ and 5’) connected to the polymer
chains. For these topologies, changes in the overall extension or connec-
tivity associated with the recognition event will contribute to alter-
ations in the osmotic pressure contribution arising from the elastic
term. For the equilibrated state, this is balanced with the changes in
the electrostatic properties altering the Donnan term. For instance, for
the hybridization of ssDNA (Fig. 1b), use of the information summarized
above indicates that a reduction of the charge density may occur, while
there is increase in the end-to-end distance. The interpretation of the
data reporting [297] a decrease of the swelling volume in such a case
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Fig. 1. Schematic illustrations of structural changes in DNA higher order structures utilized in designing responsive DNA-co-polymer hydrogels. The principles are built on double stranded
hybridization (Fig. 1a and b), stem loop-changes (Fig. 1c-f) and competitive displacement (Fig. 1g and h). These principally three different DNA structural changes can be exploited in the
hydrogel with the oligonucleotides covalently linked with only one or both their 5’ and 3’ end to the polymer network.

needs to include both effects. Similarly, for changes in the stem-loops,
both the changes in the end-to-end distances and charge density
occur, that contribute to adjustment to a new swelling equilibrium
state. For the competitive displacement principle, the completion of
the reaction will directly affect the crosslink density. The overall effect
of this will also depend on the grafting density of oligonucleotide rela-
tive to the covalent crosslink density. The competitive displacement
mechanism can also be extended to serially connected, partly hybrid-
ized oligonucleotides. There is also a range of additional higher order
structures of DNA that can alter their properties based on various stim-
uli, e.g. [30] of which some already are integrated in hydrogels (see
below).

4. Readout principles relevant for DNA-co-polymer hydrogels

The monitoring of consequences of the presence of specifically rec-
ognized molecules and the concomitant changes in the hydrogel state
are essential in characterization and implementation of DNA-co-
polymer as biospecific sensing and transducing elements. With the
main strategy of including the DNA structures in the hydrogels being
the transformative consequences of the recognition and processing
events into readily detectable changes on the hydrogel state, we focus
here on the current state of the art of monitoring of hydrogel swelling
or mass. The DNA-co-polymer materials focused on here are considered
mostly in terms of the label-free sensing concept. That implies that the
analyte should not be processed to include some labeling directly mon-
itored by e.g. fluorescence, but it does not imply that components of the
hydrogel cannot be designed in a way to exploit spectroscopic detection
schemes. The relevant readout principles need to be able to monitor
changes in the DNA smart hydrogels that undergo changes when com-
ponents in the embedding solutions interact with the hydrogels. The re-
sponse of the DNA-co-polymer hydrogel can include changes in the
local structure, overall swelling volume and mass. The re-adjustment
to a new equilibrium swelling state is in many cases accompanied by
alterations in physical properties, such as mechanical properties,
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refractive indices, and mass, which are amendable to optical readout
or can be transformed to some other signal.

Optically based readout principles comprise a substantial group, and
exploit various principles such as embedded colloidal crystal arrays in
the hydrogel, Bragg diffraction from surface molded structures, surface
plasmon resonance (SPR) and interferometry. Embedding colloidal
spheres at sufficiently high concentration in a hydrogel matrix creates
sufficient ordering of the beads to make this function like a photonic
material. In the pioneering publications of their integration into respon-
sive hydrogel matrixes [31,32], shifts of diffraction peaks driven by tem-
perature of pNIPAM gel was reported. This principle, referred to as
polymerized crystalline colloidal array (PCCA) can also be used to mon-
itor swelling changes in DNA-co-polymers, e.g., as implemented for
mercury sensing based on its DNA aptamer integrated in such a device
[33"]. Monitoring of swelling of hydrogels with imprinted diffraction
gratings has been reported for aptamer embedded hydrogels for detec-
tion of thrombin, viruses and heavy metals [33°,34,35°] (Fig. 2a). The
wavelength of the Bragg reflected waves for the Hg?* induced swelling
displayed clearly detectable shifts for Hg?* concentrations as low as
10 nM and the aptamer grafted hydrogel displayed high selectivity for
response against Hg?* when compared to other ions such as Pb?*,
Ag*t, Mn?", Zn?", Mg?*, Ca®*, AP F, Ba? T, Fe* T, Cu? and Cr* " [33].

Surface plasmon resonance sensing is based on detection of changes
in the refractive index adjacent to metallic surfaces. Surface plasmons
arise from the confinement of the light at the interface between a thin
metal film and a dielectric medium, which also can be a DNA-co-
polymer hydrogel. Changes in the hydrogel structure, e.g. swelling,
will alter the concentration of the material and thereby the refractive
index, n. The surface plasmons and their resonance frequency depend
strongly on An, which is the basis for its widespread use in biosensing
[36] This readout platform, however, has not been explored for charac-
terization of DNA-co-polymer hydrogels. We have reported on the ap-
plication of a fiber-optic based interferometric monitoring of swelling
of a hemispherical hydrogel synthesized at the end of the optical fiber
[37,38°,39] (Fig. 2b). With a typical radius of the biosensing hydrogel
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Fig. 2. Examples of some readout platforms for determination of hydrogel swelling. (a) Effect of exposure to mercury ions at increasing concentrations on swelling of a DNA-co-polymer
hydrogel embedded with particles to make a photonic crystal material. The end-grafted oligonucleotide was selected as an aptamer sequence capable of inducing a structural change in the
presence of Hg?*. Reproduced with permission from [33°], copyright (2012) Royal Society of Chemistry. (b) A fiber-based interferometric set-up where the optical length of a
hemispherical DNA-co-polymer hydrogel grafted at the end of the optical fiber is determined with high precision. The hydrogel design includes partly dsDNA grafted at both ends to
the polymer, and the dsDNA can be destabilized by competitive displacement by an analyte ssDNA with longer bp complementarity. Reproduced with permission from [38°], copyright
(2009) American Chemical Society. (c) A scanning electron micrograph of mass sensor fabricated using MEMS with a hydrogel centered on top. The mass of the PEGDA-DMPA hydrogel
fabricated employing lithography was determined from the difference in the resonance frequency of the unloaded and hydrogel loaded mass resonator.

Reproduced with permission from [43], copyright (2012) John Wiley and Sons.
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entity of 50 um, and a resolution of 2 nm in the changes in the optical
length passing the hydrogel, the relative sensitivity for detection of
changes in swelling is of the order of 0.002%. The quartz crystal micro-
balance (QCM) readout principle has been employed in combination
with DNA embedded hydrogel for the detection of avian influenza
virus [40]. In this approach, the binding of the virus induces a decreased
in the resonance frequency.

The novel sensing principles based on quantitative phase imaging
(QPI), suspended micro-channel resonator (SMR) and pedestal reso-
nant sensor recently highlighted for monitoring of dry cell mass [41,
42] are also interesting to explore for determination of hydrogel mass.
This is despite that these sensing principles are not yet widely used,
and it is only the MEMS fabricated pedestal resonant sensing principle
that so far have been employed for hydrogels [43] (Fig. 2c). Readout
based on electrochemical transduction, which in general is widely ex-
plored in biosensors, is not used in the field of DNA-co-hydrogels. In ad-
dition to the readout platforms mentioned, the field is supported by a
number of additional characterization tools, e.g., based on fluorescence.

Designing a functional biosensor for a particular application requires
consideration and effective combination of the recognition, transducing
and readout parts. The role of the DNA-co-hydrogel is to integrate the
recognition (specific reaction of the DNA) and the transduction of the
signal (response on the hydrogel level). The last step is the readout of
the hydrogel response, which has to be selected based on the type of re-
sponse to be monitored as well as requirements on the sensitivity, set-
up size, and other factors. The hydrogels can be synthesized in various
shapes and sizes to accommodate different readout platforms. Several
of the readout platforms mentioned above are not straightforward to in-
clude as basis for e.g., in vivo sensing, but there is also an ongoing tech-
nological development driven by the miniaturization approaches that
can be expected to enhance integration of readout principles currently
not considered for in vivo testing. The miniaturization of the optical con-
focal principle to a device based on an endoscope [44] is one example of
this, although not directly supporting hydrogel readout.

5. Selection of oligonucleotide sequence

In the above description, we focused on the general aspect of DNA as
a dynamic structure without being specific on the particular bp se-
quence except requirements on the duplex and stem-loop structures.
For particular realizations, design of bp sequence to accommodate spec-
ificity for a specific recognition, and kinetics of the dynamic change are
required. The inherent capacity of DNA to bind to other types of mole-
cules than their complementary oligonucleotide is well recognized
and exploited today. Of particular importance to identify novel se-
quences is the SELEX process (Systematic Evolution of Ligands by Expo-
nential enrichment) [457,467], that has led to identification of particular
oligonucleotide sequences, aptamers, exploited in various fields, includ-
ing also integration in DNA-co-hydrogels.

6. Examples of DNA-co-hydrogels

Table 1 summarizes some of the hydrogels developed in the last
20 years that possess sensor functionality and fall into the category of
DNA-polymer hydrogels, i.e. they employ DNA as the detecting moiety
within a non-DNA polymer network. The most common type of
supporting network is based on acrylamide and is used in all of the pre-
sented examples. This can be explained by the availability of DNA
strands modified with Acrydite that allows them to be copolymerized
with acrylamide.

The recognition processes used in the presented hydrogel designs,
while often more complicated than the ones summarized in Fig. 1, can
still be classified using these basic principles or their combinations: sim-
ple hybridization of a gel bound DNA strand to the analyte DNA strand
[297], and its equivalent with a single gel bound aptamer binding the li-
gand [337,47,48] (where [48] can also fall into the category of stem-loop
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formation as a result of ligand binding); stem-loop straightening with a
complementary DNA strand [297]; competitive displacement involving
an initial complex of 2 [387,49] or 3 DNA strands [50™,51] and an
aptamer equivalent of competitive displacement where the disruption
of the complex is caused by one of the strands binding to a non-DNA li-
gand [35°,52",53-55,56', also involving 2 or 3 DNA strands. Some prin-
ciples are more difficult to categorize, such as in the hydrogels
developed by Bai et al. [57°], which use an assembly of aptamers
(termed super-aptamer) to bind thrombin and later a virus particle
within the hydrogel. The specific interactions of aptamers with the li-
gand form supramolecular crosslinks which cause the hydrogel to
shrink.

Almost all of the presented systems have the recognition DNA com-
plex anchored to the network with 2 (or more) attachments. This
means that the DNA complex behaves as a crosslink, so changes to its
stiffness or the dissociation of strands (and subsequent crosslink open-
ing) will have an effect on the elastic part of the osmotic pressure. The
two hydrogels in which the DNA is only anchored with one end have
been prepared by Dave et al. [48] and Srinivas et al. [47]. Both designs
use a single DNA strand bound to the network that can bind mercury
ions and thrombin, respectively. Furthermore, the readout is based on
fluorescence in both of the cases. Dave et al. use SYBR Green I dye
which changes its fluorescence wavelength from yellow in the presence
of DNA with random coil structure, to green when the DNA adopts a
hairpin (stem-loop) structure. This structural change is a result of
aptamer-Hg? * binding. The design has been subsequently improved
by tailoring the electrostatic interactions of the dye with the hydrogel
[58], improving the sensitivity, and later by using microparticles instead
of monolithic hydrogels to improve the kinetics of the response [59].
Srinivas et al. used a sandwich-assay within microgels, with one
‘capture’ aptamer bound to the gel and a free ‘reporter’ aptamer that
was fluorescently labeled. The capture of the thrombin within the
hydrogel microparticles was assessed using static imaging and
microfluidic flow-through analysis.

There is a clear tendency towards increased use of aptamer-type
binding, as this gives DNA-based sensors their versatility allowing for
binding of various targets from ions [48], through small molecules
[527] to viruses [34] and cells [60]. There are also several hydrogel de-
signs which support a dual input, responding to two different stimuli.
One such hydrogel has been developed by Sicilia et al. [49], employing
dsDNA crosslink that can be opened by complementary ssDNA as well
as disulfide crosslinks that are disrupted by reducing conditions. The
combination of these effects can be used to control the pore size and
allow for controlled release of the gel's load. A gel developed by Yin
et al. [55] uses a complex of three DNA strands within the gel, two of
which have aptamer functionalities, binding ATP and cocaine. Depend-
ing on the details of the design, OR and AND logic gates can be materi-
alized with either or both of the ligands being needed to disrupt the
network and release gold nanoparticles, which provide the colorimetric
output visible to the naked eye.

When considering the readout platforms used to monitor the pre-
sented hydrogels, it can be seen that many rely on sol-gel transition.
One of the reasons for this is that some of the presented gels were de-
signed for controlled release [49,51,527, rather than sensing. However,
they still possess sensing functionality and could be tailored for sensing
purposes. Sol-gel transitions can be combined with fluorometric or col-
orimetric analyses, using quantum dots [51] or gold nanoparticles [54,
55] that are released following the binding of the analyte and the subse-
quent disruption of the network. Fluorescence can also be used on its
own, without sol-gel transition, in cases where the binding of the
analyte triggers fluorescent output [47,48]. An interesting use of the
sol-gel transition was employed by Yan, Zhu et al. [56°], where the dis-
ruption of the network releases glucoamylase which then degrades the
amylose, which was present outside of the gel, into glucose. The glucose
levels then can be measured using a personal glucose meter. This exam-
ple also shows a possible way of using controlled release type of
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Table 1
Examples of DNA-co-hydrogels, their analyte, recognition process, readout and sensitivity.
Analyte #Attachments Recognition process Readout Purpose Sensitivity Citation
ssDNA 2 Competitive displacement, Sol-gel transition Characterization [507]
Initial complex of 3 strands Rheology
ssDNA 2 1)Stem-loop straightening Size measurement in optical microscopy Detection [297]
2) hybridization
ssDNA 2 Competitive displacement, initial complex of Sol-gel transition, Controlled release [51]
3 strands quantum dots
Adenosine 2 ‘Competitive displacement’. Initial complex of Sol-gel transition Controlled release [527]
3 strands disrupted when one strand binds
adenosine
ssDNA, triggers 2 Competitive displacement. Initial complex of 3 Sol-gel transition Controlled release [53]
thrombin strands, 2 bound to gel, third binding also thrombin.
release Competitive displacement releases thrombin
Cocaine 2 ‘Competitive displacement’. Initial complex of Sol-gel transition, Detection 20 ng [54]
3 strands disrupted when one strand binds cocaine  AuNPs
Hg?* 1 Aptamer functionality, binding mercury, creating  Fluorescence Detection and 10 nM [48]
a stem-loop capture
Thrombin 1 Aptamer functionality, binding thrombin Fluorescence Detection 4pM [47]
Heavy metal 2 Aptamer functionality, binding heavy metal ions ~ CPCH (colloidal photonic crystal hydrogel) — Detection 10 nM [337]
ions
Cocaine and ATP 2 ‘Competitive displacement’, Y DNA structure Sol-gel transition, Detection [55]
disrupted by the analytes AuNPs
Thrombin 2 ‘Competitive displacement’, ds crosslinked Diffraction grating Detection 0.01 [357]
opened when one strand binds thrombin mg/ml
Cocaine 2 ‘Competitive displacement'. Initial complex of Sol-gel transition of gel releases gel bound ~ Detection 4.4 1M [567]
3 strands disrupted when one strand binds cocaine enzyme that degrades amylose to glucose
and is detected with personal glucose meter
Thrombin 2 or more Super-aptamer- assembly of aptamers. When Volume change observed in capillaries Detection M [57°]
binding to target they work as additional
crosslinks
Virus 2 or more Super-aptamer Diffraction grating Detection 10ng/ml  [34]
ssDNA 2 Competitive displacement Controlled release, [49]
Dual input

hydrogels for sensing purposes, by using the released molecule as a
measurable output. Apart from sol-gel transition and fluorescence,
measurements of the hydrogel size can be used to monitor its response.
It can be done directly with the help of an optical microscope [297], or
with naked eye such as in the case of gels manufactured by Bai et al.
[57°] inside of glass capillaries, where a small change in volume was
translated into a large change in length of the gel. However, hydrogels
often have very small sizes which require different methods for size
monitoring. The methods used with the presented hydrogels are: inter-
ferometric readout of the size of a hydrogel synthetized at the end of an
optical fiber [38°], the use of diffraction gratings [34,35"] and the Bragg
diffraction based colloidal crystal array (CPCH) of monodisperse silica
nanoparticles [33°] which have been discussed before.

7. DNA analogs

Hydrogels exploiting DNA analogues, such as peptide nucleic acid
(PNA), locked DNA are so far rare. Kopecek and coworkers [61] reported
on exploiting PNA in combination with DNA in a hybrid design. The
focus was on the possible ssDNA mediated crosslinking of a PNA grafted
on a water soluble polymer (HPMA). PNA are capable of forming hybrid
duplex structures with DNA making a ssPNA-ssDNA duplex structure as
well as other assembly modes between these two types of components.
Substituting PNA with DNA in the structural changes will affect both the
electrostatic considerations outlined above since it will represent
substituting the highly charged DNA backbone with a peptide based
one not carrying charges. Other DNA analogous like locked DNA (LNA)
[62] or click nucleic acids [63] are so far not applied in hydrogels similar
to DNA.

8. Conclusions

The current literature shows DNA-co-hydrogels as (bio) sensing ma-
terials to have large versatility with respect to recognition capacities

that can be included. Use of DNA as a recognition supporting element al-
lows for a range of varying binding and transformative reactions as well
as an almost unlimited list of possible analytes through aptamer reac-
tions. The inclusion of this powerful tool within a hydrogel can facilitate
the monitoring of the sensing reaction, as the role of the responsive hy-
drogel is to translate the change undergone by its sensing part (DNA)
into a change in the state of the hydrogel itself. Consequently, monitor-
ing the changes in the hydrogel can reveal information on the specific
recognition reactions taking place without the need for labeling or
processing the analyte. However, most of the current responsive DNA-
co-hydrogels that have been demonstrated are based on a sol-gel tran-
sition to monitor the changes. While this is the only necessary outcome
if controlled release is the goal, for sensing applications more accurate
monitoring can be desirable. A variety of readout platforms are avail-
able, but not often integrated with DNA-co-hydrogel sensors. We expect
further advancement, as to exploit DNA-co-hydrogels as sensing and
transducing materials will require stronger consideration of the kinetic
aspects, the integration of these responsive materials with readout plat-
forms that are appropriate for the particular monitoring, being it of
environmental character, biomarker detection in clinical setting or nar-
cotics. The combination of high sensitivity and specificity of the nucleo-
tide based recognition should make them an ideal choice, where we so
far only have seen a few of the all potential application areas.

References and recommended reading™™*

[1] Rothemund PWK. Folding DNA to create nanoscale shapes and patterns. Nature
2006;440:297-302.

[2] Andersen ES, Dong M, Nielsen MM, Jahn K, Subramani R, Mamdouh W, et al. Self-
assembly of a nanoscale DNA box with a controllable lid. Nature 2009;459, 73-U5.

[3] Zhang F, Nangreave ], Liu Y, Yan H. Structural DNA nanotechnology: state of the art
and future perspective. ] Am Chem Soc 2014;136:11198-211.

° Of special interest.
“ Of outstanding interest.

97



8 E.P. JondSovd, B.T. Stokke / Current Opinion in Colloid & Interface Science 26 (2016) 1-8

[4] Jones MR, Seeman NC, Mirkin CA. Programmable materials and the nature of the
DNA bond. Science 2015;347.

[5] Seeman NC, Structural DNA. Nanotechnology. Cambridge, U.K.: MRS Materials Re-
search Society, Cambridge University Press; 2015

[6] Nagahara S, Matsuda T. Hydrogel formation via hybridization of oligonucleotides
derivatized in water-soluble vinyl polymers. Polym gels networks. 1996;4:111-27
[Oligonucleotides were integrated within a polyacrylamide hydrogel for the first
time. Most DNA-copolymer hydrogel since then use the same chemistry].

[7] Amiya T, Tanaka T. Phase transitions in crosslinked gels of natural polymers.
Macromolecules 1987;20:1162-4.

[8] Costa D, Hansson P, Schneider S, Miguel MG, Lindman B. Interaction between cova-
lent DNA gels and a cationic surfactant. Biomacromolecules 2006;7:1090-5.

[9] Costa D, Queiroz ], Miguel MG, Lindman B. Swelling behavior of a new biocompatible
plasmid DNA hydrogel. Colloids Surf B Biointerfaces 2012;92:106-12.

[10] Liu JW. Oligonucleotide-functionalized hydrogels as stimuli responsive materials
and biosensors. Soft Matter 2011;7:6757-67.

[11] LiJ, Mo LT, Lu CH, Fu T, Yang HH, Tan WH. Functional nucleic acid-based hydrogels
for bioanalytical and biomedical applications. Chem Soc Rev 2016;45:1410-31.

[12] Baker BA, Mahmoudabadi G, Milam VT. Strand displacement in DNA-based mate-
rials systems. Soft Matter 2013;9:11160-72.

[13] Schroder UP, W O. Properties of Polyelectrolyte Gels. Physical Properties of Polymer-
ic Gels. Chichester: J. Wiley & Sons; 1996 19-38.

[14] Treloar LRG. The Physics of Rubber Elasticity. Oxford: Clarendon Press; 1975.

[15] Shibayama M, Tanaka T. Volume phase transition and related phenomena of poly-
mer gels. Adv Polym Sci 1993;109:1-62.

[16] Brannonpeppas L, Peppas NA. Equilibrium swelling behavior of pH-sensitive
hydrogels. Chem Eng Sci 1991;46:715-22.

[17] Eichenbaum GM, Kiser PF, Dobynin AV. Investigation of the swelling response and
loading of ionic microgels with drugs and proteins: the dependence on cross-link
density. Macromolecules 1999;32:4867-78.

[18] Tanford C. Physical chemistry of macromolecules. Physical chemistry of macromol-
ecules. N.Y.: John Wiley & Sons Inc.; 1961

[19] Guo B, Elgsaeter A, Christensen BE, Stokke BT. Sclerox-chitosan co-gels: effects of
charge density on swelling of gels in ionic aqueous solution and in poor solvents,
and on the rehydration of dried gels. Polym Gels Networks 1998;6:471-92.

[20] Kenney M, Ray S, Boles TC. Mutation typing using electrophoresis and gel-
immobilized acrydite (TM) probes. Biotechniques 1998;25:516-21.

[21] Nelson C, Hendy S, Reid K, Cavanagh J. Acrylamide capture of DNA-bound com-
plexes: electrophoretic purification of transcription factors. Biotechniques 2002;
32:808-15.

[22] Chan A, Krull UJ. Capillary electrophoresis for capture and concentrating of target
nucleic acids by affinity gels modified to contain single-stranded nucleic acid probes.
Anal Chim Acta 2006;578:31-42.

[23] M. U. Polyelectrolytes. physicochemical aspects and biological significance. DNA
Interactions with Polymers and Surfactants; 2007. p. 1-39.

[24] Murphy MC, Rasnik I, Cheng W, Lohman TM, Ha T. Probing single-stranded DNA
conformational flexibility using fluorescence spectroscopy. Biophys ] 2004;86:
2530-7.

[25] Ritort F. Single-molecule experiments in biological physics: methods and applica-
tions. ] Phys Condens Matter 2006;18, R531-R83.

[26] Record MT, Anderson CF, Lohman TM. Thermodynamic analysis of ion effects on the
binding and conformational equilibria of proteins and nucleic acids: the role of ion
association or release, screening, and ion effects on water activity. Q Rev Biophys
1978;11:103-78.

[27] Bloomfield VA, Crothers DM, Tinoco I. Nucleic Acids. Structures, properties and Func-
tions. Sausalito: University Science Books; 2000.

[28] Srinivas N, Ouldridge TE, Sulc P, Schaeffer JM, Yurke B, Louis AA, et al. On the bio-
physics and kinetics of toehold-mediated DNA strand displacement. Nucleic Acids
Res 2013;41:10641-58.

[29] Murakami Y, Maeda M. DNA-responsive hydrogels that can shrink or swell.
Biomacromolecules 2005; 6: 2927-9. [Prepared the first shrinking and swelling
DNA-hydrogels. The binding of the target DNA did not lead to the opening of the
DNA crosslink, merely changing its stiffness and charge density. Consequently, the
hydrogels did not dissolve, but responded by shrinking or swelling depending
on the design. This work demonstrated how differing DNA sequences within the
hydrogel can lead to different behavior and used size measurement as a readout
method].

[30] Wang F, Liu XQ, Willner I. DNA switches: from principles to applications. Angew
Chem Int Ed 2015;54:1098-129.

[31] Holtz JH, Asher SA. Polymerized colloidal crystal hydrogel films as intelligent chem-
ical sensing materials. Nature 1997;389:829-32.

[32] Weissman JM, Sunkara HB, Tse AS, Asher SA. Thermally switchable periodicities and
diffraction from mesoscopically ordered materials. Science 1996;274:959-60.

[33] Ye B-F, Zhao Y-J, Cheng Y, Li T-T, Xie Z-Y, Zhao X-W, et al. Colorimetric photonic hy-
drogel aptasensor for the screening of heavy metal ions. Nanoscale 2012;4:
5998-6003 [Hydrogel size monitoring using colloidal photonic crystal hydrogel].

[34] Bai W, Spivak DA. A double-imprinted diffraction-grating sensor based on a virus-
responsive super-aptamer hydrogel derived from an impure extract. Angew Chem
Int Ed 2014;53:2095-8.

[35] Wang X, Wang X. Aptamer-functionalized hydrogel diffraction gratings for the
human thrombin detection. Chem Commun 2013;49:5957-9 [Use of hydrogel dif-
fraction gratings].

o8

[36] Johnsson B, Lofas S, Lindquist G. Immobilization of proteins to a carboxymethyldextran-
modified gold surface for biospecific interaction analysis in surface-plasmon resonance
sensors. Anal Biochem 1991;198:268-77.

[37] Tierney S, Hjelme DR, Stokke BT. Determination of swelling of responsive gels with
nanometer resolution. Fiber-optic based platform for hydrogels as signal transduc-
ers. Anal Chem 2008;80:5086-93.

[38] Tierney S, Stokke BT. Development of an oligonucleotide functionalized hydrogel in-
tegrated on a high resolution interferometric readout platform as a label-free macro-
molecule sensing device. Biomacromolecules 2009;10:1619-26 [Introduction of
interferometric readout for hydrogel size monitoring].

[39] Gao M, Gawel K, Stokke BT. Toehold of dsDNA exchange affects the hydrogel swell-
ing kinetics of a polymer-dsDNA hybrid hydrogel. Soft Matter 2011;7:1741-6.

[40] Wang RH, Li YB. Hydrogel based QCM aptasensor for detection of avian influenza
virus. Biosens Bioelectron 2013;42:148-55.

[41] Popescu G, Park K, Mir M, Bashir R. New technologies for measuring single cell mass.
Lab Chip 2014;14:646-52.

[42] Park K, Millet L, Kim N, Li HA, Jin XZ, Popescu G, et al. Measurement of adherent cell
mass and growth. Proc Natl Acad Sci U S A 2010;107:20691-6.

[43] Millet LJ, Corbin EA, Free R, Park K, Kong H, King WP, et al. Characterization of mass
and swelling of hydrogel microstructures using MEMS resonant mass sensor arrays.
Small 2012;8:2555-62.

[44] Piyawattanametha W, Ra H, Qiu Z, Friedland S, Liu JTC, Loewke K, et al. In vivo near-
infrared dual-axis confocal microendoscopy in the human lower gastrointestinal
tract. ] Biomed Opt 2012;17:0211021-4.

[45] Ellington AD, Szostak JW. In vitro selection of RNA molecules that bind specfic
ligands. Nature 1990;346:818-22 [The development of SELEX - method to select ol-
igonucleotides with binding affinity to a given target - enabled all aptamer-based
sensitive hydrogels].

[48] Tuerk C, Gold L. Systematic evolution of ligands by exponential enrichment - RNA li-
gands to bacteriophage T4 DNA-polymerase. Science 1990;249:505-10 [The devel-
opment of SELEX - method to select oligonucleotides with binding affinity to a
given target - enabled all aptamer-based sensitive hydrogels].

[47] Srinivas RL, Chapin SC, Doyle PS. Aptamer-functionalized microgel particles for pro-
tein detection. Anal Chem 2011;83:9138-45.

[48] Dave N, Chan MY, Huang P-JJ, Smith BD, Liu J. Regenerable DNA-functionalized
hydrogels for ultrasensitive, instrument-free mercury(Il) detection and removal in
water. ] Am Chem Soc 2010;132:12668-73.

[49] Sicilia G, Grainger-Boultby C, Francini N, Magnusson JP, Saeed AO, Fernandez-Trillo
F, et al. Programmable polymer-DNA hydrogels with dual input and multiscale re-
sponses. Biomater Sci 2014;2:203-11.

[50] Lin DC, Yurke B, Langrana NA. Mechanical properties of a reversible, DNA-
crosslinked polyacrylamide hydrogel. ] Biomech Eng 2004;126:104-10 [The authors
reported the first DNA-copolymer hydrogel sensitive to DNA. A polyacrylamide hy-
drogel, crosslinked solely by DNA strands was dissolved by addition of a comple-
mentary DNA strand that opened the crosslink in a process of competitive
displacement].

[51] Liedl T, Dietz H, Yurke B, Simmel F. Controlled trapping and release of quantum dots
in a DNA-switchable hydrogel. Small 2007;3:1688-93.

[52] Yang H, Liu H, Kang H, Tan W. Engineering target-responsive hydrogels based on
aptamer — target interactions. ] Am Chem Soc 2008;130:6320-1 [First hydrogel
using aptamers to target a molecule, in this case adenosine].

[53] Wei B, Cheng I, Luo KQ, Mi Y. Capture and release of protein by a reversible DNA-in-
duced Sol-gel transition system. Angew Chem Int Ed 2008;47:331-3.

[54] Zhu Z, Wu C, Liu H, Zou Y, Zhang X, Kang H, et al. An aptamer cross-linked hydrogel
as a colorimetric platform for visual detection. Angew Chem Int Ed 2010;49:1052-6.

[55] Yin B-C, Ye B-C, Wang H, Zhu Z, Tan W. Colorimetric logic gates based on aptamer-
crosslinked hydrogels. Chem Commun 2012;48:1248-50.

[56] Yan L, Zhu Z, Zou Y, Huang Y, Liu D, Jia S, et al. Target-responsive “sweet” hydrogel
with glucometer readout for portable and quantitative detection of non-glucose tar-
gets. ] Am Chem Soc 2013;135:3748-51 [Binding of the target leading to a sol-gel
transition release amylase from the gel to the solution where it degrades amylose
to glucose. Glucose can then be measured using a personal glucose meter, providing
a more quantifiable measurement].

[57] Bai W, Gariano NA, Spivak DA. Macromolecular amplification of binding response in
superaptamer hydrogels. ] Am Chem Soc 2013;135:6977-84 [Use of diffraction grat-
ing for size monitoring of the hydrogel. Their hydrogel is also capable of detecting
viruses, based on cooperation of many aptamers].

[58] Joseph KA, Dave N, Liu J. Electrostatically directed visual fluorescence response of
DNA-functionalized monolithic hydrogels for highly sensitive Hg2 + detection.
ACS Appl Mater Interfaces 2011;3:733-9.

[59] Helwa Y, Dave N, Froidevaux R, Samadi A, Liu J. Aptamer-functionalized hydrogel
microparticles for fast visual detection of mercury(Il) and adenosine. ACS Appl
Mater Interfaces 2012;4:2228-33.

[60] Li SH, Chen NAC, Gaddes ER, Zhang XL, Dong C, Wang Y. A drosera-bioinspired hy-
drogel for catching and killing cancer cells. Sci Rep 2015;5.

[61] ChuTW, Feng Y, Yang JY, Kopecek J. Hybrid polymeric hydrogels via peptide nucleic
acid (PNA)/DNA complexation. ] Control Release 2015;220:608-16.

[62] Petersen M, Wengel J. LNA: a versatile tool for therapeutics and genomics. Trends
Biotechnol 2003;21:74-81.

[63] Xi W, Pattanayak S, Wang C, Fairbanks B, Gong T, Wagner J, et al. Clickable nucleic
acids: sequence-controlled periodic copolymer/oligomer synthesis by orthogonal
Thiol-X reactions. Angew Chem Int Ed 2015;54:14462-7.




99



100






102



Journal of

Biomeédical Optics

BiomedicalOptics.SPIEDigitalLibrary.org

Recovering fluorophore concentration
profiles from confocal images near
lateral refractive index step changes

Eleondéra Parelius Jonasova
Astrid Bjgrkgy
Bjorn Torger Stokke

Eleonéra Parelius Jonasova, Astrid Bjgrkgy, Bjgrn Torger Stokke, “Recovering fluorophore concentration
spl E profiles from confocal images near lateral refractive index step changes,” J. Biomed. Opt. 21(12),
126014 (2016), doi: 10.1117/1.JBO.21.12.126014.

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 6/21/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

103



Journal of Biomedical Optics 21(12), 126014 (December 2016)

TECHNICAL NOTE

Recovering fluorophore concentration profiles
from confocal images near lateral refractive
index step changes

Eleonéra Parelius Jonasova, Astrid Bjorkey, and Bjorn Torger Stokke*
Norwegian University of Science and Technology (NTNU), Section for Biophysics and Medical Technology, Department of Physics,
Hagskoleringen 5, Trondheim 7491, Norway

Abstract. Optical aberrations due to refractive index mismatches occur in various types of microscopy due to
refractive differences between the sample and the immersion fluid or within the sample. We study the effects of
lateral refractive index differences by fluorescence confocal laser scanning microscopy due to glass or
polydimethylsiloxane cuboids and glass cylinders immersed in aqueous fluorescent solution, thereby mimicking
realistic imaging situations in the proximity of these materials. The reduction in fluorescence intensity near
the embedded objects was found to depend on the geometry and the refractive index difference between
the object and the surrounding solution. The observed fluorescence intensity gradients do not reflect the
fluorophore concentration in the solution. It is suggested to apply a Gaussian fit or smoothing to the observed
fluorescence intensity gradient and use this as a basis to recover the fluorophore concentration in the proximity
of the refractive index step change. The method requires that the reference and sample objects have the
same geometry and refractive index. The best results were obtained when the sample objects were also
used for reference since small differences such as uneven surfaces will result in a different extent of aberration.

© 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.21.12.126014]

Keywords: confocal laser scanning microscopy; refractive index; optical aberration; embedded object; polydimethylsiloxane.
Paper 160641TNR received Sep. 16, 2016; accepted for publication Nov. 28, 2016; published online Dec. 21, 2016.

Confocal laser scanning microscopy (CLSM) is widely applied
in biological and biomedical sciences. While in many cases the
objective is a localization of fluorescent species, some applica-
tions seek to quantify the concentration of fluorophores.'™ This
proves less than straightforward in the proximity of an object
with a refractive index (n) different from that of the surrounding
medium. The refractive index mismatch introduces optical
aberrations and blocks optical access to the objects of
interest, resulting in the fluorescence intensity distribution not
reflecting the fluorophore concentrations. Such situations can be
observed inside polydimethylsiloxane (PDMS) channels used
for microfluidics* or in hydrogels attached to optical fibers’
where a vertical boundary between media with different refrac-
tive indices is present. This challenge can be circumvented in
many cases by imaging only near the sample/coverslip interface,
but if images from larger depths are required, the issue needs to
be addressed differently. One of the options is to match the
refractive index of the solution to that of the object, but due to
the difficulty of achieving a perfect match, this merely reduces
rather than eliminates the issue. Thus, it is common to image
further from the object where the optical aberration due to
index mismatch does not have an effect.* In some instances,
this approach is not usable, such as in the case of hydrogels
attached to optical fibers,™® where the region of interest is in
close proximity to the cylindrical glass fiber. The refractive
index matching strategy may also introduce changes in other

*Address all correspondence to: Bjern Torger Stokke, E-mail: bjorn.stokke @
ntnu.no
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physical parameters, e.g., viscosity that is unwanted in certain
applications.

The effects of mismatches in the refractive index along the
optical axis have previously been reported.”'* These include
mismatch between the sample medium and the lens immersion
fluid or use of coverslips with thicknesses different from that
calibrated for the objective lens. The result is a broadening
and loss of axial symmetry in the point spread function (PSF),
and a shift in the axial position of the maximum of the PSF
(focal point). This spherical aberration causes a depth-dependent
decrease in resolution and brightness and generates errors in
quantitative measurements involving the axial dimension. Not
only has the refractive index mismatch along the optical axis
been studied and described, there are also various correcting
procedures suggested.'*!”

In the case of a lateral refractive index step change as con-
sidered here, the boundary is vertical and only a part of the illu-
minating cone and detected light is affected. This is illustrated
in Fig. 1 using simple geometrical optics for light rays in
the xz-plane [i.e., two-dimensional (2-D) illustration showing
only a cross section of the illuminating cone of the objective].
The light rays not affected by the object are focused at the nomi-
nal focus position (NFP), which is the geometrical focus in
a perfectly matched system. The part of the illuminating cone
that passes through the object is reflected/refracted and not
focused (at NFP or elsewhere). However, it can still contribute
to the total illumination PSF (iPSF) and cause distortions to the
unaffected part of the iPSF. Additionally, a fraction of the inci-
dent illumination undergoes total internal reflection inside the
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Fig. 1 Effect of refraction on the excitation light rays at four different scanning points (a-d) with NFP x-
and z-coordinates being (10, 10), (50, 10), (10, 50) and (50, 50) um, respectively. The image shows a 2-D
ray optics scheme of light illuminating the sample. The refractive indices of the object and the solution are
1.50 and 1.33, respectively (for the wavelength of the depicted light rays). The half angle of the collected
light is 64.5 deg, equivalent to a numerical aperture of 1.2, with a water immersion lens (n = 1.33 for the
wavelength used). Assuming that the objective is corrected for the coverslip and immersion fluid, the
refraction at these horizontal boundaries is not taken into account and thus not shown in the images.

object. The detection PSF is affected in a similar manner.
Fluorescence emitted from NFP and passing though the object
is rejected by the pinhole, thus further reducing the detected
intensity, whereas emission from points other than NFP may
reach the detector after being refracted by passing through
the object.

The 2-D simulations (Fig. 1) indicate that the fraction of
affected light increases with the focal plane z (distance from
focal point to coverslip/sample interface), as well as with the
decreasing lateral distance x from the refractive index boundary.
The larger the solid angle taken up by the object as viewed from
the focus toward the objective, the larger the fraction of light
refracted and reflected, causing more severe spherical aberra-
tion. This introduces gradients in the detected fluorescence
intensity both in the axial z-direction (as for sample/immersion
mismatch) and in the lateral x-direction, thus making quantita-
tive estimates of the concentration of the fluorophore not
straightforward.

The following experimental data were acquired using glass
cuboids (borosilicate glass, n ~ 1.5230, VWR), PDMS cuboids
(n = 1.41'%), and cleaved optical glass fibers (n ~ 1.4436 for the
core, Huber-Suhner, cylindrical shape with diameter 125 ym;

(a

Objective

) (b) ©
Glass cuboid | _ Imaging planes
z =60 pum
~— Z=0pm :

the n of the cladding are estimated to n = 1.50) as embedded
objects. These objects were embedded in buffered aqueous sol-
ution (150 mM NaCl, 10 mM Tris, 1 mM EDTA) of Alexa Fluor
647-conjugated oligonucleotides (n ~ 1.334!7). A polyacryla-
mide hydrogel attached to an optical fiber was also imaged.
The refractive index of the hydrogel was calculated to be
n ~ 1.35 using a linear expansion of n for water in the polymer
concentration ¢, and refractive index increment of (dn/dc,) =
0.165 mL/g."® Images were acquired by a confocal laser scan-
ning microscope (Leica TCS SP5) with a 63x, NA = 1.2 water
immersion objective. The exciting wavelength was 633 nm
and a bandpass filter of 655 to 709 nm was employed on the
emission side. For cuboids, fluorescence intensity profiles
perpendicular to the lateral edge were averaged. In the case of
the cylinders (fibers), the profiles were averaged over [-25 deg,
25 deg] angle from the axis of the fiber.

The CLSM micrographs and the corresponding intensity
profiles in the proximity of a glass cuboid immersed in a homo-
geneous fluorescent solution (Fig. 2) illustrate the depth and
lateral dependence of the recorded fluorescence intensity. At
depth z = 0 um, the intensity of the detected fluorescence in
the solution is constant, independent of the lateral distance.

Normalized intensity
o
o

o

0 50
Distance x (um)

100

Fig. 2 (a) Schematics of the experimental setup for CLSM with a glass cuboid immersed in a homo-
geneous fluorescent solution, indicating also two different imaging planes. (b) CLSM images of a glass
cuboid (n = 1.52) in a homogeneous fluorescent solution (n = 1.334) at depth z =0 and 60 ym. The
lines depict the location of the intensity profiles used for analysis. (c) Fluorescence intensity profiles
at depths z = 0 and 60 um perpendicular to the boundary. The profiles are an average of 200 profiles

taken parallel to the lines in images from (b).
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Fig. 3 Experimental fluorescence intensity profiles in the proximity of
a vertical glass/solution interface extracted from CLSM images of
a glass cuboid (n=1.52) in a homogeneous fluorescent solution
(n = 1.334). Normalized detected intensity as a function of distance
x from the glass/solution interface is shown for NFP at depths z 10
(blue) and 50 pm (orange). The smooth lines show F, for correspond-
ing depths z. The dotted lines show F2.

At depth 60 um, there is a significant decrease in fluorescence
depending on the lateral distance to the glass cuboid. The fluo-
rescence loss extends ~70 pm laterally from the cuboid/solution
interface and the intensity close to the interface is about one-
third of the plateau intensity. The fluorescence intensity loss
in the proximity of the boundary increases with the imaging
depth z. Thus, the detected fluorescence intensity in the
xz-image does not reflect the expected constant fluorophore
concentration in the solution.

The fraction of the illuminating and detection cone that is
passing through the object influences the extent of the aberra-
tion. In the first approximation, it can be assumed that only
the fraction unaffected by the object contributes to the image
formation. The fraction of the light cone that does not pass
through a cuboid infinitely long in the y direction (the unaffected
fraction F,), depends on the lateral distance x and depth z as

0.5x
=05+ 0% M)
sin(a)Vx? + 22

where x is the distance from the vertical refractive index boun-
dary to the NFP, z is the distance from the coverslip/sample
interface to the NFP (Fig. 1), and a is the half-angle of the
collected rays from the NFP.

The fluorescence profiles recorded when imaging at depths z
ranging from O to 70 um, close to the glass cuboid, are com-
pared with the F, of a light cone for a cuboid infinitely
long in the y direction calculated using Eq. (1) (Fig. 3). This
model accounts for the illumination only, while in reality this
effect would be observed both for the illumination and for
the emitted fluorescence. Assuming that only light emitted
from the NFP can pass a pinhole, the same fraction will pass
through the object in the case of the emitted light as for the illu-
mination light, hence a square of the F, (F2) should provide
a better fit.

In this largely simplified geometrical model, none of the
refracted light rays contributes to the PSF, which leads to
large deviations from the experimental data. This error becomes
larger with increasing depth z, as the fraction of affected light
increases. Although this geometrical approach is too simplified
to provide an accurate fit for the data, it illustrates the effect of
the refractive index on the detected intensity and can identify the
distance at which this effect will be observed for each depth z.

F
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(a) (b) (c)

Fig. 4 Fluorescent PSF beads and a glass fiber cylinder immersed in
a polyacrylamide gel. (a) The merged CLSM fluorescent and
transmission image acquired 62 ym into the sample using the
63 x /1.2 NA water immersion lens. The slices in (b) and (c) show
the fluorescence of the beads indicated by arrows 1 and 2 in (a),
respectively. The xy-images show the maximum intensity projection
(image size 6.29x6.17 um), whereas the xz and yz images
are slices across the center of the two beads [image size in
(b) .29 x 7.36 um and 6.17 x 7.36 ym for xz and yz, respectively,
and in (c) 6.29 x 6.89 ym and 6.17 x 6.89 um for xz and yz, respec-
tively]. The voxel size is 121 x 121 x 462 nm.

The distorted PSFs were characterized based on acquisition
of a z-stack of the glass fiber cylinder immersed in an acryla-
mide gel (10 wt. % acrylamide, 1 mol. % N-N-methylene-
bisacrylamide, n = 1.35) with 170-nm green fluorescent
subresolution beads (PS-Speck, P7220, from Invitrogen),
using the 63X water immersion lens. The excitation wavelength
was 488 nm and the fluorescence detected in the range 500 to
550 nm. The PSFs close to the coverslip (small z) and some
distance (x in the range above 75 ym) from the fiber were
not distorted (images not shown). For the PSF obtained at larger
z, spherical aberration becomes more severe, particularly in the
vicinity of the fiber where the light is refracted and reflected
[Fig. 4(c)]. The xz orthogonal central slice and the xy-slice
show PSF asymmetry and anisotropy. Also, loss in intensity is
observed. The PSF far away from the fiber is distorted only in
the z-direction because of the large imaging depth and slight
refractive index mismatch between the sample and the immer-
sion fluid.

Due to the presence of the lateral refractive index boundary,
the PSF becomes asymmetrical and spatially variant both in the
z and x directions. For the most accurate restoration of the con-
centration profiles within the image, a deconvolution using spa-
tially variant PSFs should be applied. This is computationally
demanding, and current algorithms only employ a z-variant
PSE.">" The available algorithms also restore the total intensity
of the images, but they do not compensate for intensity lost out-
side of the sample volume. Since a significant part of the inten-
sity is permanently lost due to the fiber, these algorithms would
not restore the intensity. Deconvolution would also require the
knowledge of the PSF at each point in space, either by meas-
uring or by calculating it. However, the PSF becomes compli-
cated as different light rays gain different phase shifts due to the
refraction. Salter and Booth’' have suggested a solution to a
similar problem in laser manufacturing that consisted of modu-
lating the phase of the laser to restore the PSF to its intended
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Fig. 5 (a) Experimental fluorescence intensity profiles in the proximity of a vertical glass/solution inter-
face extracted from CLSM images of a glass cuboid (n = 1.52) in a homogeneous fluorescent solution
(n = 1.334). Normalized detected intensity as a function of distance x from the glass/solution interface is
shown for NFP at depths z varying from 0 um (blue) up to 70 um (red). Black lines indicating a fitted
Gaussian. (b) Plot of residuals as a function of x for the fitting of profile at 50 um in (a).
(c) Experimental fluorescence profile as in (a) and smoothed profiles using a Savitzky-Golay filter.
(d) x1/2(2) (see text for details) for z =50 um. (c) xq,2(2) for fibers (n=1.50 for cladding), PDMS
(n=1.41) and glass cuboids (n = 1.52) at different depths. The markers show the average values
of four measurements for fiber and PDMS and two measurements for glass cuboid and the shaded
areas depict the standard deviations. The online version depicts the plots in color.

shape and thereby avoid aberration. This approach can also, in
principle, be implemented in microscopy to compensate for
axial refractive index mismatch, although phase modulation
is not readily available for commercial microscopes. In our
case, due to the light being refracted twice by the object, the
computations become even more complicated.

Instead of a deconvolution, we propose to apply an empirical
scaling factor to restore the lost intensity although not the res-
olution. To recover the concentration profiles from a sample
image taken in the proximity of an object with different n,
a reference image is taken of the same object (or similar object
with the same geometry and ») in a homogeneous solution. The
intensity profile from the reference image is fitted to a suitable
function (for simpler geometries, where applicable) or simply
smoothed; acquiring a reference profile Ref(x, z). The sample
profile is then multiplied by the scaling factor 1/Ref(x,z) to
recover the concentration gradients.

For the geometries presented here (cuboids and cylinders),
the profiles were fitted with a Gaussian curve. The Gaussian
was selected because it is the simplest function that adequately
describes the experimental data, and causes minimal trends in
the residuals as a function of x.

The fitting function has the following form:

_bmxe)?

I(x) =1y - Limpe G, 2)

where / is the intensity at distance x along the profile, / is the
plateau intensity in the unaberrated case, Iy, is the height of
the peak, x. is the center of the peak, and x, gives information
about the width of the peak.
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The adjusted R? values for each fit were calculated. For
cuboid geometries, the values ranged between 0.980 and
0.996, for cylinders between 0.940 and 0.960. For both geom-
etries the R? values were lower for fitting at z = 0, with R 0.880
to 0.890. These profiles resemble the step change the most and
it is usually not necessary to use the correction for them. In
Fig. 5(b) an example of a plot of residuals is shown, with no
apparent trends.

To compare the effects for different materials (different
refractive indices n) and different geometries (glass cuboid,
end of glass cylinder-fiber) the lateral distance to the half maxi-
mum intensity was used. Half maximum intensity [Fig. 5(d)] is
the average of the intensity at the boundary and the plateau
intensity of the solution in the unaberrated case, located at
x12(z) = distance to half maximum. Figure 5(¢) shows the
plot of the distance to half maximum intensity for glass cuboids,
glass fibers, and PDMS cuboids. The relatively large standard
deviations are partly due to the unevenness of the object edges
which was largest for the PDMS cuboid. The parameter x, /(z)
is larger for glass than for PDMS cuboids at a given z which
could be due to a larger refractive index difference between
the glass and solution than between the PDMS and solution.
The x,,(z) parameter for the fiber is expected to differ from
that of the cuboid due to the difference in geometry as well
as n.

To test the applicability of the proposed restoration procedure
using the scaling factor 1/Ref(x,z), several sample objects
(Fig. 6) in a homogeneous solution were imaged and intensity
profiles from the images were restored using data from reference
objects of the same n and geometry (in this case the reference
object and sample object were not the same). Since the samples
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Fig. 6 Fluorescence restoration using Gaussian fitting and smoothing. Examples of unrestored (a-d) and
restored (e-h) profiles along the white lines shown in the CLSM image (205 pm x 205 xm) for different
materials (refractive indices indicated) and geometries. The profiles restored using Gaussian fitting are
the main ones, while the restored intensities using the smoothing are shown as insets (e-g). (a, e) Glass
cuboid, (b, f) PDMS cuboid, (c, g) glass fiber cylinder, and a (d, h) glass fiber with a polyacrylamide PAM
hydrogel at its end. Each object is immersed in a homogeneous fluorescent solution (n = 1.334). The
intensity profiles at various depths are plotted individually and normalized before correction and after
the correction. In the case of the hydrogel, the reference object was a fiber without a hydrogel.
Optical effects due to refraction at hydrogel/solution interface were not taken into account. The online

version depicts the plots in color.

were immersed in homogeneous solutions, there is an x-indepen-
dent concentration of the fluorophore which should be recovered
by the proposed restoration procedure. The scaling was done
using both Gaussian fitting and smoothing with a Savitzky—Golay
filter. The restored profiles are nearly constant (Fig. 6), but
deviations are observed near the edge of the object. This is
mostly due to the restoration process being sensitive to misalign-
ments in the sample and reference image depths, as well as in the
x-position of the object edge. Both the z position of the imaging
plane inside the object and the exact position of the edge are dif-
ficult to identify precisely due to the blurring at the boundaries,
which occurs as a result of the nonzero confocal volume.
Figure 6 also shows the restoration procedure applied to a
polyacrylamide gel bound to the end of the glass fiber. Here
the reference image was of a fiber in a solution only. This
means that the refractive index difference for the reference
object (fiber/solution) differs from that of the sample object
(fiber/gel) and is not accurate. However, the correction still
shows that what appeared to be a concentration gradient inside
the gel in the initial image is an imaging aberration due to the
presence of the fiber. There is also an observed intensity loss in
the solution in the proximity of the gel/solution interface. This
loss is not corrected for in the restoration procedure, suggesting
that a similar aberration process takes place at this interface.
Optical aberration occurs whenever light crosses a refractive
index boundary. Direct quantitative concentration measure-
ments are impossible near such boundaries due to the observed
fluorescence gradient. The extent of this aberration increases
with imaging depth (distance from coverslip/sample boundary)
and with the proximity to the boundary. While the loss due to
aberration is negligible for images recorded close to the cover-
slip/sample interface, the effect can reduce observed intensity
to one-third at larger depths. If it is not possible to image at
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a sufficient distance from the boundary, we show that using a
Gaussian fitting for a reference object allows restoration to
recover fluorescence and detect true concentration gradients
near simple geometries such as a cuboid or a base of a cylinder.

Disclosures
The authors have no financial conflicts to declare.

References

1. D. Fairbairn, K. L. O’Neill, and M. D. Standing, “Application of con-
focal laser scanning microscopy to analysis of H,0O,-induced DNA
damage in human cells,” Scanning 15(3), 136-139 (1993).

2. H. Kawai et al., “Direct measurement of doxorubicin concentration in
the intact, living single cancer cell during hyperthermia,” Cancer 79(2),
214-219 (1997).

3. J. W. Lampe et al., “Imaging macromolecular interactions at an inter-
face,” Langmuir 26(4), 2452-2459 (2010).

4. A. D. Stroock et al., “Chaotic mixer for microchannels,” Science

295(5555), 647-651 (2002).

K. Gawel, M. Gao, and B. T. Stokke, “Impregnation of weakly charged

anionic microhydrogels with cationic polyelectrolytes and their swelling

properties monitored by a high resolution interferometric technique.

Transformation from a polyelectrolyte to polyampholyte hydrogel,”

Eur. Polym. J. 48(11), 1949-1959 (2012).

M. Gao, K. Gawel, and B. T. Stokke, “High resolution interferometry as

a tool for characterization of swelling of weakly charged hydrogels sub-

jected to amphiphile and cyclodextrin exposure,” J. Colloid Interface

Sci. 390(1), 282-290 (2013).

A. Egner and S. W. Hell, “Aberrations in confocal and multi-photon

fluorescence microscopy induced by refractive index mismatch,” in

Handbook of Biological Confocal Microscopy, J. B. Pawley, Ed.,

pp. 404-413, Springer, New York (2006).

S. Hell et al., “Aberrations in confocal fluorescence microscopy induced

by mismatches in refractive index,” J. Microsc. 169(3), 391-405 (1993).

. R. Rottenfusser, C. E. Steenerson, and M. W. Davidson, “Focus depth

and spherical aberration. Interactive tutorials, basic microscopy,” http:/

o

o

=

*®

©

December 2016 « Vol. 21(12)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 6/21/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

108



Jonasova, Bjerkey, and Stokke: Recovering fluorophore concentration profiles from confocal images near lateral. ..

www.zeiss.com/microscopy/en_de/solutions/reference/all-tutorials/basic- 16. 1. MartinCek, I. Turek, and N. Tarjényi, “Effect of boundary on refractive
microscopy/focus-depth-and-spherical-aberration.html (12 December index of PDMS.” Opt. Mater. Express 4(10), 1997-2005 (2014).
2016). 17. 'W. M. Haynes Ed., “Concentrative properties of aqueous solutions: den-
10. E. H. Keller, “Objective lenses for confocal microscopy,” in Handbook sity, refractive index, freezing point depression, and viscosity,” in CRC
of Biological Confocal Microscopy, J. B. Pawley, Ed., pp. 145-161, Handbook of Chemistry and Physics, 97th ed., CRC Press/Taylor &
Springer, New York (2006). Francis, Boca Raton, Florida (2016).
11. M. J. Nasse and J. C. Woehl, “Realistic modeling of the illumination 18. J. Frangois et al., “Polyacrylamide in water: molecular weight depend-
point spread function in confocal scanning optical microscopy,” ence of (R2) and [»] and the problem of the excluded volume exponent,”
J. Opt. Soc. Am. A 27(2), 295-302 (2010). Polymer 20(8), 969-975 (1979).
12. Y. Deng and J. W. Shaevitz, “Effect of aberration on height calibration in 19. S. B. Hadj and L. Blanc-Féraud, Restoration Method for Spatially
three-dimensional localization-based microscopy and particle tracking,” Variant Blurred Images, RR-7654, INRIA (2011).
Appl. Opt. 48(10), 1886-1890 (2009). 20. S. B. Hadj et al., “Modeling and removing depth variant blur in 3D
13. A. Diaspro, F. Federici, and M. Robello, “Influence of refractive-index fluorescence microscopy,” in /EEE Int. Conf. on Acoustics, Speech
mismatch in high-resolution three-dimensional confocal microscopy,” and Signal Processing (ICASSP 2012) (2012).
Appl. Opt. 41(4), 685-690 (2002). 21. P. S. Salter and M. J. Booth, “Focusing over the edge: adaptive subsur-
14. H. W. Yoo et al., “Automated spherical aberration correction in scanning face laser fabrication up to the sample face,” Opr. Express 20(18),
confocal microscopy,” Rev. Sci. Instrum. 85(12), 123706 (2014). 1997819989 (2012).
15. M. J. Booth, M. A. A. Neil, and T. Wilson, “Aberration correction for

confocal imaging in refractive-index-mismatched media,” J. Microsc.
192(2), 90-98 (1998).

Biographies for the authors are not available.

Journal of Biomedical Optics 126014-6 December 2016 « Vol. 21(12)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 6/21/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

109



110






112



Downloaded via NORWEGIAN UNIV SCIENCE & TECHNOLOGY on February 14, 2020 at 14:07:25 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

pubs.acs.org/Biomac

Toehold Length of Target ssDNA Affects Its Reaction-Diffusion
Behavior in DNA-Responsive DNA-co-Acrylamide Hydrogels

Eleonora Parelius Jonasova, Astrid Bjerkey, and Bjern Torger Stokke™

Cite This: https://dx.doi.org/10.1021/acs.biomac.9b01515

I: I Read Online

ACCESS|

|l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: In the present study, we expand on the under-
standing of hydrogels with embedded deoxyribonucleic acid
(DNA) cross-links, from the overall swelling to characterization
of processes that precede the swelling. The hydrogels respond to
target DNA strands because of a toehold-mediated strand
displacement reaction in which the target strand binds to and
opens the dsDNA cross-link. The spatiotemporal evolution of the
diffusing target ssDNA was determined using confocal laser
scanning microscopy (CLSM). The concentration profiles revealed
diverse partitioning of the target DNA inside the hydrogel as
compared with the immersing solution: excluding a nonbinding
DNA, while accumulating a binding target. The data show that a
longer toehold results in faster cross-link opening but reduced
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diffusion of the target, thus resulting in only a moderate increase in the overall swelling rate. The parameters obtained by fitting the
data using a reaction-diffusion model were discussed in view of the molecular parameters of the target ssDNA and hydrogels.

B INTRODUCTION

DNA and DNA-hybrid hydrogels are responsive hydrogels
where the DNA in the hydrogel and its interactions with the
components in immersing solution are key in transforming
molecular changes to altered hydrogel state.'™* The unique
appeal of incorporating DNA in a hydrogel is due to the high
specificity of the complementary base pairing in the hybrid-
ization reaction. The versatility and tunability lies in the
combination of the large number of possible unique base pair
sequences accessible by custom-design and high degree of
control over the molecule’s higher-order structure and its
interactions with other DNA molecules or other types of
molecules through potential aptamer functionality.” The
rapidly growing field of DNA nanotechnology is taking
advantage of these properties that make DNA a unique
building block.*™"!

Conjugation of DNA within hydrogels allows translation of
the specific and controllable interactions on molecular level to
the micro- or even macro-level of the hydrogel. The level of
control, specificity, and versatility of DNA as a sensing moiety,
paired with the hydrogels’ tunability, biocompatibility, and
responsiveness at various length scales, underpin the potential
of DNA-hybrid hydrogels’ application within biosensing,'>~
diagnostics,”* targeted drug delivery”™>° as well as cell
culturing,26 scaffolds in tissue enginee:x'ing,27’28 and various
soft devices.””*°

We have previously developed a sensor platform based on
hydrogels integrated on an optical fiber for interferometric
readout of changes in the optical length with 2 nm resolution
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for hydrogels with dimensions of about 50 ym.*" This setup
was used to study DNA-polyacrylamide hydrogels applying a
particular molecular design first reported by Nagahara and
Matsuda® in 1996 that respond by swelling to the presence of
a specific oligonucleotide.”** The recognition is supported by
partially double stranded DNA (dsDNA) cross-links within the
hydrogel that bind the target oligonucleotide and subsequent
toehold-mediated strand displacement. In this process, the
invading single-stranded DNA (the target ssDNA) will
hybridize with one of the strands (the sensing strand) in the
DNA cross-link after binding to a complementary region called
the toehold. By branch migration, a back and forth migration
of the junction point where the three strands meet, the
invading strand is displacing the complementary oligonucleo-
tide in the DNA duplex called the blocking strand. Eventually,
the blocking strand is completely displaced, and a more stable
DNA duplex is formed. Completion of the strand displacement
leads to dissociation of the dsDNA link between network
strands, thus reducing the number of cross-links and facilitating
transformation of the processes at the molecular level to a
(local) change in the swelling state. The overall swelling rates
have been reported for various bp-lengths of complementary
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Figure 1. Schematic illustration of the DNA-polyacrylamide hydrogel network and the process of toehold-mediated strand displacement. The target
DNA (T) binds to (rate constant k*) and dissociates (rate constant k~) from the hybridized sensing-blocking SB dsDNA in the hydrogels (a,b),
and a bound target DNA undergoes branch migration with a rate k, to dissociate the SB duplex (b,c). Three different types of gels were prepared:
SB hydrogels with no dyes attached to the network or network-bound DNA, CoumSB hydrogels containing only Aam-coumarin and SBF hydrogels

only labeled with Fluorescein dT on B strand.

1 2 3 45 6 7 8 9 10
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26 27 28 29 30

355" s CCACCGGACGLCGGGTGCCT A Ar
553 B larG T G C T AGC G A=

5->3' T3 CRCRNCRGRCRGRCRCNGEENal: c T T G X
553 T7 GGTGGCCTGCGCCCATCEG GAX
5->3' T7b TAAGCTTGCCGCCCACGADYX
553" T0 TAAGCTTGCCGTAGGTT GX

* Alexa Fluor 647 + Fluorescein Acr Acrydite

Bases complementary with S

Figure 2. DNA sequences of the sensing S, blocking B and target strands TO, T3, T7, and T7b. The positions of the fluorescent dyes and the
acrydite groups are shown, and the complementary regions between S and B, and S and the targets are highlighted.

dsDNA regions as well as toehold regions for the target strands
diffusing into the hydrogels.**

The interferometric readout platform provides high-
resolution information on the swelling of the hydrogels as a
response to the diffusing target DNA as an average over the
changes along the optical path, but it does not provide
information on localized swelling. In the present work, we
employ fluorescent labeling and confocal laser scanning
microscopy (CLSM) to determine the spatiotemporal
ssDNA target apparent diffusion through the gel and how it
is affected by the length of the toehold region. This approach
provides insight into the cascading processes, starting by the
attachment of invading ssDNA, the opening of a DNA
crosslink in the hydrogel, and ending with a change in the
hydrogel volume. The target can be described as undergoing a
reaction-diffusion process, where its net transport is the result
of the interplay between its diffusion inside the hydrogel and
the binding and dissociation to and from the hydrogel-bound
dsDNA. The translation mechanism of the change from the
molecular DNA level to the hydrogel level determines the
overall response time of the system and thus is of interest in
most applications. A thorough understanding of the processes
preceding the swelling is necessary in order to better design
and tune the kinetics of the gel swelling to the needs of each
application.

B MATERIALS AND METHODS

Materials. Acrylamide >99% (Aam), N,N’-methylenebis-
(acrylamide) >99.5% (Bis), squalane oil, dimethyl sulfoxide
(DMSO), 3-(trimethoxysilyl) propyl methacrylate 98%, 1-hydrox-
yeyclohexyl phenyl ketone 99% (HCPK), 2-amino-2-hydroxymethyl-
propane-1,3-diol (Tris), and 7-[4-(trifluoromethyl)coumarin]-acryl-
amide (Aam-coumarin) were purchased from Sigma-Aldrich;
ethylenediaminetetraacetic acid (EDTA) and sodium chloride
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(NaCl) were obtained from VWR. Single-stranded DNA oligonucleo-
tides with custom specified base pair (bp) sequence and function-
alized with an acrydite group, both unlabeled and fluorescently
labeled at specific bp, were obtained from Integrated DNA
Technologies (IDT, Coralville, U.S.A.). All materials were used
without further purification. Deionized water with a resistivity of 18.2
MQ cm (Millipore Milli-Q) was used throughout.

Hydrogel Design. The quasi-hemispherical shaped hydrogels
were prepared at the end of optical fibers to support the
interferometric length measurement.’’ The responsive hydrogels
consist of a covalently cross-linked polyacrylamide network (10 wt %
acrylamide, 0.6 mol % Bis) with additional partially double-stranded
DNA cross-links (0.2 mol %) (Figure 1). In addition, pure
polyacrylamide hydrogels PolyAam08 without DNA, but with cross-
linking density equivalent to that of DNA-hydrogels (0.8 mol % Bis),
were prepared.

The hybridized sensing strand (S) and blocking strand (B) are
covalently attached to the network, forming the dsDNA cross-links. S
and B oligonucleotides were obtained with an acrydite group at 5'-
ends to allow covalent bonding with the polyacrylamide network. The
S and B strands were designed with 20 bases with a 10-base
complementary region at their 3 ends, which is referred to as the
blocking region (Figure 2). The hybridized regions were designed
with a high GC content to ensure a melting temperature above the
ambient temperature of 22 °C used in the experiments. The melting
temperature of the SB duplex was estimated to be 48.9 °C using
online an oligonucleotide properties calculator OligoCalc.*®

The DNA cross-link can be opened by a target T strand in a
toehold-mediated strand displacement process (Figures 1, 3).

The hydrogels were immersed in aqueous buffer solutions of 20
UM target ssSDNA of either of the targets TO, T3, T7, or T7b (each
consisting of 18 bases) (Figure 2 and 3). T3 and T7 strands are
complementary to the sensing strand S for the same bases as B (the
blocking region), as well as an additional complementary region
(toehold) of 3 and 7 bases, respectively, while T7b is only
complementary to S on a toehold region of 7 bases. TO is designed
to be noncomplementary to S and does not bind.

https://dx.doi.org/10.1021/acs.biomac.9b01515
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Figure 3. Schematics of the interactions (binding and competitive
toehold-mediated strand displacement) between the dsDNA cross-

link SB and various target strands T3, T7, T7b, and TO0. The bonds in
the complementary region of the toeholds are shown in red.

T3

Labeling Strategy. Fluorescent dyes were used to monitor the
processes taking place before and during the swelling of the hydrogel.
The hydrogels were immersed in aqueous buffer solutions with target
ssDNA (T0, T3, T7, or T7b) where 10% of the target ssDNA were
labeled with Alexa Fluor 647 at their 3’ ends (Figure 2) to be used as
a reporting molecule when visualizing their diffusion and binding
within the hydrogel.

In addition to fluorescent labeling of the target strands, several
strategies involving labeling of the hydrogel (polyacrylamide or
hydrogel-bound DNA) were explored with the intention of using this
as internal reference or to gain more understanding of the underlying
molecular processes. While these strategies were not successful (see
SI: Use of FRET for monitoring of cross-link opening, Figures S1 and
$2), we included information on the labeled hydrogels alongside the
unlabeled ones to report on the observed effects of fluorescent dye
incorporation.

Three different types of hydrogels with respect to presence of
fluorescent dyes were prepared. Hydrogels denoted SB carried no
fluorescent dyes; CoumSB hydrogels included a coumarin-labeled
acrylamide incorporated in the polymer network (at concentration
0.05 mol % of acrylamide monomer); and SBF hydrogels had 10% of
the blocking strands labeled with Fluorescein dT.

Pregel and Target DNA Solutions. Pregel solutions were
prepared by dissolving 10 wt % Aam (optionally also including 0.0S
mol % Aam-coumarin), 0.6 mol % Bis, 0.2 mol % dsDNA (SB), and
0.13 mol % HCPK in buffer (10 mM Tris, 1 mM EDTA and 150 mM
NaCl, adjusted to pH 7.5). HCPK and Aam-coumarin were first
dissolved in DMSO to the concentrations of 0.1 and 0.11 M,

respectively, before being added to the pregel solution. SBF hydrogels
were prepared with 10% of the B oligonucleotides labeled with
Fluorescein dT. After preparing the pregel solution, a minimum of 3 h
of passive mixing was allowed, to ensure the formation of SB duplexes.
PolyAam08 hydrogels were prepared without DNA, but with 10 wt %
Aam and 0.8 mol % Bis, that is, identical total cross-linker density to
the DNA hydrogels (where both Bis and DNA serve as cross-linkers).

Stock solutions of target ssDNA were prepared by dissolving the
TO, T3, T7, or T7b strands in aqueous buffer (10 mM Tris, 1 mM
EDTA, and 150 mM NaCl, adjusted to pH 7.5) to a concentration of
60 uM. The target stock solutions were prepared with 10% Alexa
Fluor 647 labeled target oligonucleotides.

All solutions were stored at —18 °C.

Fiber Preparation. The optical fibers (SMF-28-J9 from
ThorLabs, diameter without coating 125 ym) were first stripped of
the coating, and the ends were cut to obtain a flat and even surface
(cutter: Fitel model $323, Furukawa Electric Co. Ltd.). After cleaning
with ethanol, the ends were treated with 0.1 M HCI solution for 20
min and cleaned with ethanol again. Then the fiber ends were soaked
for 15 min in a 2 vol % solution of 3-(trimethoxysilyl) propyl
methacrylate dissolved in degassed MiliQ water at pH 3.5. The
methacrylated fibers were again cleaned with ethanol and with duct
tape to remove dust from the end face. The silanization procedure
resulted in surface-bound methacrylate groups to ensure covalent
linking of the acrylamide during polymerization.

Gel Preparation. A small amount of the pregel solution (~0.3
nL) was deposited at the end face of an optical fiber immersed in a
squalane oil droplet and polymerized using UV-light. The squalane oil
was saturated with HCPK (2.6 mg/mL). The oil solution was
prepared at least 2 h before polymerization, kept in the dark and on
constant stirring and used for up to 1 week.

A small aliquot of the pregel solution was manually deposited on
the end of the optical fiber using a pipet as aided by inspection
through a stereo microscope. Polymerization was initiated using a UV
light from a UV lamp (fiber coupled LED UV source M340F3,
nominal wavelength 340 nm, ThorLabs, or Dymax blue wave, SOW)
for 5 min.

Interferometry. The end of the fiber with the hydrogel was
inserted into an Eppendorf tube containing 200 L of buffer solution
(10 mM Tris, 1 mM EDTA and 150 mM NaCl, adjusted to pH 7.5)
and left to equilibrate for at least an hour. Then 100 uL of the stock
target solution (60 yM target DNA) was added to obtain the final
target solution (20 yM target DNA, of which 10% fluorescently

(a) (b)BO e
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Figure 4. Acquiring intensity profiles from confocal micrographs. (a) Schematics of an optical fiber with a hydrogel attached to its end face as it is
imaged using confocal laser scanning microscopy. Fluorescence micrographs were acquired at a plane through the middle of the hydrogel, at a 62
pm depth, shown in red. (b) Transmitted light image of a hydrogel and the fiber end face. (c) Micrograph showing the fluorescence acquired from
Alexa Fluor 647 on target strand T7. The image is showing an intermediate state during the swelling and is acquired 35 min after gel being
immersed in the target solution. The distribution of target T7 in the particular gel reached equilibrium at 70 min. The lines depict the angle within
which intensity profiles are extracted. (d) The extracted individual fluorescence profiles from panel ¢ are shown in white and their average in red
overlaid the fluorescence micrograph of the hydrogel. The fiber end face is located at r = 0.
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labeled, pH 7.5, 150 mM NaCl). The monitoring of the total gel
length along the axis and its changes was performed using the
interferometric setup, as described in detail elsewhere.’' Briefly, a
light wave (wavelength range 1530—1560 nm) is sent through the
fiber and along the axis of the hydrogel and light reflected from the
fiber-hydrogel and hydrogel—solution interfaces is detected. The gel is
a micro Fabry—Perot cavity and the physical length of the hydrogel R
(precision 1 um) is determined by the free spectral range of the
cavity. The phase change of the interference signal is used to
determine changes in the length of the hydrogel AR that is due to
changes in the swelling (precision 2 nm). The data logging started 90
s prior to the addition of target strands. The data was recorded every
second for up to 150 min.

Using the initial size Ry = R(t = 0), (t = 0 referring to addition of
target stock solution to the immersing aqueous buffer) and the change
in size of the hydrogel AR, relative swelling was calculated:

R% = AR/R, (1)

Confocal Laser Scanning Microscopy. The end of the fiber
with the covalently attached hydrogel was pinched off using tweezers
and glued to the bottom of a Glass Bottom Microwell Dish (P35G-
1.5-10-C) from MatTek. Then 200 uL of the buffer solution (10 mM
Tris, 1 mM EDTA and 150 mM NaCl, adjusted to pH 7.5) was
added, and the gel was left to equilibrate for at least 1 h before the
addition of the target stock solution.

The final target solutions (20 xM target DNA, with 10%
fluorescently labeled strands, pH 7.5, and 150 mM NaCl) were
prepared immediately prior to CLSM time lapse imaging by adding
100 uL of target stock solutions (60 uM target DNA) to the buffer
solution equilibrating the gel. Time lapse imaging of the gels was
performed at 22 °C using a Confocal Laser Scanning Microscope
(Zeiss LSM800) with a 40X, NA = 1.2 water immersion objective
(optical slice thickness of 0.9 ym). The imaging started 30—40 s after
adding the stock target solution, and a micrograph was acquired every
60 s for up to 4 h. The excitation wavelengths were 640, 488, and 405
nm for Alexa Fluor 647, Fluorescein dT, and Aam-coumarin,
respectively. Bandpass filters of 650—700, 500—550, and 400—600
nm were employed on the emission side to capture the fluorescence
from Alexa Fluor 647, Fluorescein dT, and Aam-coumarin,
respectively.

Acquiring Fluorescence Intensity Profiles from CLSM
Micrographs. Custom scripts in Matlab R2017a (Mathworks)
were developed for analysis and visualization of fluorescence intensity
from the time lapse CLSM micrographs. Fluorescence intensity
profiles were first extracted from the DNA hydrogel micrographs over
several lines and averaged (Figure 4 showing a representative hydrogel
of length 60 ym). The profiles used as basis for the averaging were
acquired from a micrograph in a plane parallel to the coverglass and
the fiber axis (core) (shown in red in Figure 4a). Averaged intensity
profiles were extracted from a circular sector with a central angle of
20°. A profile was acquired every half a degree (Figure 4c). A plane
rather than a cone was chosen for practical reasons and because of
possible depth-dependent loss of fluorescence due to absorption and
refraction. The averaging procedure assumes a spherical geometry;
however, the hydrogels are not perfectly spherical. To minimize the
resulting error, the averaging angle was restricted to 20°.

Relationship between Measured Fluorescence Intensity
and Concentration. Partitioning of Nonbinding Oligonucleotide
TO in DNA-Hydrogels. The partition coefficient K; of a solute i is
defined as a ratio of its concentration in the gel ¢, and in the solution
€0 at equilibrium:

k= S
' Ca (2)

This partitioning is governed by equal chemical potential of the
solute in the two phases. In addition to size effects, the partitioning is
dependent on interactions between the hydrogel and the solute and
thus is influenced by the properties of both. If these interactions are
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independent, they can be separated into individual contributions to
the partition coefficient:*®

+ InK;

InK; =1In Ko + In K‘thhob + In K + In K i conf

i,biosp

i,size

+ In Ko (3)

where el, hphob, biosp, size, conf, and o denote, respectively,
electrostatic, hydrophobic, biospecific affinity, size-related, conforma-
tional effects, and other interactions.

Fluorescence Intensity in the Proximity of the Fiber. Estimates of
relative concentrations of the target T (Iry/ro), X = 3 or 7, from the
experimentally determined fluorescence intensity were obtained
considering the effect of optical aberrations due to refraction caused
by the presence of a glass fiber in the near vicinity of the hyclmgel.37
Previously, the loss of fluorescence due to the fiber was observed to
extend up to approximately 50 ym from the end face of the fiber into
the solution.”’ Assuming this is unchanged by the presence of the
hydrogel, the ratio between the fluorescence intensity inside the
hydrogel 60 ym from the end of the fiber and the fluorescence
intensity of the surrounding solution reflects the ratio of the target
concentrations in these domains.

The fluorescence intensity inside the hydrogel can also be reduced
because of increased absorption as well as refractive index difference
between the hydrogel and the immersing solution used during
microscopic imaging. However, we observed a corresponding
decrease in fluorescence inside the gel compared with the solution
also when imaging in a plane closer to the coverglass, suggesting no
significant effect from absorption and refractive index mismatch,
which means that the decrease in fluorescence is mostly due to
partitioning and the presence of the fiber.

On the basis of these assumptions, we used the ratio between the
intensity inside the hydrogel at 60 #m from the end face and in the
surrounding solution as the partitioning coefficient, that is, assuming
that the ratio of fluorescence intensities of the target DNA in the
solution and in the hydrogel at 60 m from the fiber reflects the ratio
of the corresponding concentrations.

The shape of the intensity profiles within the hydrogel is distorted
due to aforementioned presence of the glass fiber and does not reflect
a real decrease in concentration in the vicinity of the fiber. This was
corrected for by using a reference profile that was obtained by
immersing the hydrogel in a solution of a nonbinding target TO0.>” The
averaged intensity (Iry) profiles to be corrected were smoothed using
a Savitzky—Golay filter, normalized so that the intensity of the
surrounding solution is 1 and divided by smoothed and normalized
(to maximum intensity in hydrogel being 1) reference profiles (Figure
S).
The alternative correction method employing Aam-coumarin as an
internal reference yielded relative concentration profiles similarly
resembling a more appropriate distribution (Figure S1). However, the
correction based on Aam-coumarin was not employed further because
of a possible effect of the coumarin dye on the partitioning of the
target DNA (see below) and because of observed dye-clustering.

Parameter Estimation of the Spatiotemporal Profiles. Finally, the
relative concentration profiles Iy, were fitted to an error function
to obtain empirical parameters reflecting the spatiotemporal evolution
of the target DNA concentration profiles in the hydrogels. An error
function was chosen as this is derived from a diffusion process and in
the present case was found to fit the observed transitions in
concentration (in the following referred to as wavefront). Only the
parts of the profiles that were inside the gel, the wave propagating
toward the fiber end face, were used for the fitting (Figure 6). The
fitting function has the following form:

F(r) = Aer((r j/;u) +C

4)

where r is the distance from the fiber end face along the axis of the
hydrogel, A is half of the height of the wavefront, C is the height of the
wavefront midpoint above 0, r, is the distance from fiber end face to

https://dx.doi.org/10.1021/acs.biomac.9b01515
Biomacromolecules XXXX, XXX, XXX—XXX



Biomacromolecules

pubs.acs.org/Biomac

(@)1s (b) &
10 6
_F La
5
2
0 0
0 40 80 0 40 80 0 40 80

Distance r (zm) Distance r (um) Distance r (um)

Figure S. Correcting the intensity profiles for the optical effect caused
by the presence of the fiber. (a) Profiles showing the fluorescence
intensity acquired from Alexa Fluor 647 attached to T7 strand (Ir,),
smoothed and normalized such that the intensity of the fluorescence
of the free solution is 1. A profile is shown for every 3rd minute after
addition of the target to the immersing solution. The colorbar
specifies for each profile its time point after addition of the target. (b)
In blue, the equilibrium intensity profile of the nonbinding target TO
(1) inside (r less than 70 ym) and outside a hydrogel, smoothed and
normalized so that the maximum intensity within the hydrogel is 1. In
red, a second-degree polynomial fit to the part of the profile within
the hydrogel. (c) Intensity profiles I, from a) divided by a reference
profile acquired from TO (as shown in red in panel b) to obtain the
corrected relative intensity (i.e., estimated relative concentration
Ir7/m0)- The fiber end face is located at r = 0.
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Figure 6. Fitting of the experimental concentration wavefront that is
propagating toward the fiber end face to an error function (fiber end
face at r = 0). Relative concentration profile I,/ normalized to the
intensity of the surrounding solution (blue curve) along with the fit to
error function (red curve).

the wavefront midpoint, and o relates to the width of the wavefront;
and erf denotes a standard error function of the form

2 e
erf(x)=;/o e dt )

The fitted function was also differentiated analytically at the
wavefront midpoint r = r, to obtain the value of the steepest slope,
reflecting the largest concentration gradient of the target T diffusing
into the hydrogel. This parameter was calculated as

_ dE(r) _ @

|, VAo ©

dlr/r
dr

r=r,

The size R(t) of the hydrogel at each time was also determined by
finding the location of maximal negative slope of each profile. For this
purpose, experimental profiles were numerically differentiated.

From the fitting coefficients and measured size R(t) of the
hydrogel, we obtained the relative transport of the targets T
determined by the movement of the wavefront midpoint position
into the hydrogel, % (t)

Ry—1p
R, (7)

to describe how far into the hydrogel the midpoint of target T is
located at a given time.

Mathematical Model for Reaction-Diffusion Process of Target T
into the Hydrogel. The concentration ¢ of a molecule undergoing
pure diffusion follows the Fick’s second law, which reads

r%(t) =

— = DA
ot ¢ ®)

where D is the diffusion coefficient, t is time and A is a Laplacian
(Ac= Z‘ %} with x; being Cartesian coordinates).
For diffusion within a radially symmetric sphere the concentration

c(7t) as a function of time t and relative radial position 7 = /R (where
7 is the radial position and R the radius of the sphere) is given as™®

dc 10 (Az Doc ]
— P
R°o7

ot o

(©)

We assume that the equations valid for diffusion in a sphere are also
valid for diffusion along the axis of a half sphere, as is our case. The
hard boundary at the fiber end causes reflection of the diffusing
molecules with similar result as diffusion from the other (missing) half
of the sphere would have given. The hydrogels in question are also
not perfectly hemispherical, which will introduce error into the model,
depending on the magnitude of the deviation from a spherical
geometry.

The reaction of strand T with the SB duplex integrated in the
hydrogel can be modeled as a two-step process.” In the first step, T
binds to the toehold region of S, creating a three-strand complex SBT.
The junction point then migrates until eventually reaching the other
end of the S—T binding region and dissociating into a strand B and
ST duplex. The reaction rate constant for the hybridization of the
toehold is denoted k', the reaction rate for its dissociation k™. The
rate constant for the branch migration process of a bound target is
denoted k;, (see also Figure 1). When the cross-link is opened, we
assume the reverse reaction is negligible, since the opening of the
cross-link will lead to network relaxation and the hydrogel-bound
strands S and B can be expected to be too far from each other for the
rebinding to occur.* The evolution of the concentration of the target
T can then be described by the following partial differential equations
(PDEs):

o _ 19 (Az Doc

] - k+cmf + k'm,

= 7
o ol Rop (10)
M trem, — km, — k
—_— = my — m. — m
ot il e (11)
om,

= kym
o (12)
my = my + m, + m, (13)

where ¢ is the molar concentration of the free target T, m, is the total
molar concentration of accessible binding cites, my is the molar
concentration of free binding sites, m, the molar concentration of
three-strand complexes and m, of the open cross-links. Equation 13 is
the conservation of binding sites in the various possible states.

By introducing a = % > 0, eq 10 can be rewritten as

d a9 (?za—i) - k+t:mf + k'm,
oF

ot o

(14)

By expressing niy as a function of m,, m, and m, we obtain a set of
three equations (for ¢, m, and m,) with their corresponding boundary
(B.C.) and initial conditions (I.C.):

de ad (Azdc
o 2%

o o\ o

) — k¥em, + Krem, + Kfem, + k'm,

(15)
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Figure 7. (a) Normalized fluorescence intensity of nonbinding TO target labeled with Alexa Fluor 647 in different hydrogels: SB, CoumSB, SBF
and PolyAam08. (b) Plot of partition coefficient K, as a function of matrix volume fraction ¢ according to theory of Ogston (continuous line).
The points depict the experimentally determined K of the TO target DNA for the hydrogels shown in panel a. (c) Relative concentration profiles of
the nonbinding target TO and in binding target T7 in the same CoumSB hydrogel at equilibrium. Fiber end face at r = 0.
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where ¢, is the concentration at the boundary of the hydrogel.

Numerical Solution of the Reaction-Diffusion PDEs. To solve
this system of equations numerically, we can apply the method of lines
which reduces the PDE to a system of ordinary differential equations
(ODEs) by discretizing one dimension (here the radial dimension)
onto a finite grid with equal spacing and coordinates 7, = iA? for i =
0,1,---N. Similarly, ¢, m,, m, at grid point i will be denoted as ¢, m,;
and my, respectively. The spatial derivatives are approximated using
the second order centered finite difference approximation in spherical
coordinates*' and a system of ordinary differential equations (ODEs)
is obtained at each point in the grid:

6a

F(c1 — ¢o) — ktegm, + kegmyy + kFegmyy
@ + kTmy, if i = 0;
d—t‘ = 0,ifi = N;
#[(z’ + 1)y = 2i¢ + (i = eyl — krem,
+ k*emy + kfgmy; + k“my, otherwise
(27)
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de,,; 0,ifi = N;

dt kfem, — kKfemy — kKfemy, — kKomy — kyny, otherwise
(28)

de,; 0, ifi = N;

dt kym,;, otherwise (29)

This set of equations can be solved using MATLAB built in ODE
solver functions, here odelSs.

Fitting the Model to Experimental Data. The mathematical
model of the reaction-diffusion process in a sphere was then fitted to
the experimental data using MATLAB’s fminsearch function. The
boundary conditions for the free target concentration ¢ were chosen
with the partitioning effect taken into account for each of the different
types of the hydrogels, i.e., the concentration of the free target at the
boundary was ¢(7 = L;t) = ¢, = K ¢, Where K is the partition
coefficient of nonbinding target TO for the given type of gel and ¢, is
the target concentration in the immersing solution. The exper-
imentally determined values of K were employed in the modeling.

The model does not account for swelling, and the experimental
data used for the fitting were composed of parts of the profile that fall
within the hydrogel’s initial size; that is, the length of the hydrogel
used in the modeling was constant equal to its initial length R,.

We also excluded several profiles at the beginning and end of the
experiment, as the profiles were getting established and as they
reached the fiber end face.

The parameters a, k", k7, k;, my, and ty,, were determined in the
fitting procedure. The first scan was performed 20—40 s after adding
the target stock solution in the physical experiments. The parameter
t4elay Was added to the model accounting for this time-shift, and the
parameter estimation also included fitting of parameter values for
Edelay-

B RESULTS AND DISCUSSION

Partitioning. The normalized fluorescence intensity profile
of nonbinding TO target DNA labeled with Alexa Fluor 647
throughout various hydrogels after equilibration were
determined for SB, CoumSB, SBF hydrogels as well as pure
polyacrylamide hydrogels PolyAam08 (Figure 7a). These
profiles clearly indicate exclusion of TO DNA from the
hydrogels, and the data from the individually prepared
hydrogels clearly indicate that the extent of exclusion also
depends on the nature of the hydrogel.

The partitioning coefficient was calculated as the ratio
between the fluorescence intensity inside the hydrogel and the
fluorescence intensity of the surrounding solution and
averaged for hydrogels of the same type. The intensity inside

https://dx.doi.org/10.1021/acs.biomac.9b01515
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Figure 8. Relative swelling kinetics as determined by interferometry of SBF (a) and SB (b) hydrogels immersed in aqueous buffer solutions
following an addition of either T7 or T3 to the immersing solution to a concentration of 20 yM. The lines show the average values, and the shaded
areas show the standard deviation of several independent experiments (13 for SBF-T7, 7 for SBF-T3, and 2 for SB). The discontinuities in the
curve are due to different time durations of some of the experiments. All individual curves are in Figure S9. (c,d) Initial rate of swelling at t = 0 as

box plots.

the hydrogel was measured at a distance greater than 60 ym
from the fiber, in order to avoid the effect of refraction from
the fiber. The measured partition coefficients are depicted in
Figure 7b. The partitioning of a binding target (T7) at
equilibrium was also compared to the partitioning of a
nonbinding target (TO0) inside the same hydrogel (Figure 7c).
Several of the interactions that affect the partitioning (eq 3)
can be expected to occur in the case of the target DNA strands
in the DNA-hydrogels studied here. Size effects are a result of
physical properties of the system, such as the size and shape of
the solute and the size and shape of the hydrogel pores. Even
when the solute is not physically obstructed from entering the
gel network (due to size larger than the pore size), lower
entropy due to fewer orientations available within the hydrogel
contribute to exclusion of the solute.’® Since PolyAam08
hydrogels do not contain DNA cross-links and the
polyacrylamide network is itself electrically neutral, there are
no electrostatic or biospecific interactions and the contribution
to the total partition coefficient are expected to arise from size
effects. Ogston® provided an equation to estimate the size
contribution K, to the partitioning coefficient K. It is based
on placing spheres of radius a (solute) in a matrix of long
cylindrical fibers of radius aj with a total volume fraction ¢:

K= e_d{H“H/)l

Approximating the parameter a by the radius of ngration ofa
single stranded DNA of 20 base pairs (a = 2 nm)™ and using
experimentally determined volume fraction ¢ = 0.06, and fiber
radius a; = 0.8 nm from Williams at al,** we would expect the
size contribution to the partitioning coeflicient to be Kj;
0.48 (Figure 7b).

There is excellent agreement between the theoretical value
of K. and the experimentally observed one for TO DNA
within the polyacrylamide hydrogels without any added DNA
(PolyAam08) (Figure 7b). This also indicates that the ratio of
the fluorescence intensity in the outermost layer of the
hydrogel (over 60 ym from the fiber) compared with the
surrounding solution reflects the actual ratio of the
concentrations, unaffected by the presence of the fiber and/
or distorted by other phenomena, such as increased light
absorption inside the hydrogel.

There is a clear effect on the partition coeflicient of TO DNA
due to the presence of hydrogel-bound DNA, for example, the

(30)

ize

difference observed for the SB hydrogel as compared to
PolyAam08 (Figure 7a). Note that the PolyAamO08 and the
DNA-cross-linked hydrogels (SB, CoumSB, and SBF) were all
prepared with the same 0.8 mol % cross-linker concentration
relative to the Aam monomer, with only Bis or Bis and
dsDNA-mediated cross-links, respectively. The fact that DNA
is a polyanion, electrostatic interactions will be present
between the hydrogel-bound DNA (S and B) and the solute
(target T), favoring exclusion of T from the hydrogel in such a
case (Figure 7a). The presence of the fluorescent dyes also
influences the partition coefficient, as indicated from the data
from CoumSB and SBF hydrogels (Figure 7a,b). This could be
through effects on the stiffness of the chains, changes in
hydrophobicity or charge. In particular, the hydrophobic
character of fluorescein and coumarin and their difference in
this, as indicated by their aqueous solubility (0.01 M for
coumarin,”® 1.5 X 10™* M for fluorescein®®), or the decrease in
solution critical temperature of poly(N-isopropylacrylamide)
hydrogels upon integration in these,"’ suggests that their
hydrophobicity has a possible effect on the partitioning (e.g.,
differences in Kjp, 0 in eq 3).

For DNA-hydrogels immersed in solutions containing
targets T that bind to the DNA incorporated in the hydrogel,
this biospecific affinity leads to accumulation of the solute T
inside of the hydrogel and a partition coefficient greater than 1.
In Figure 7c, the effect of biospecific affinity on the partitioning
can be seen, since the only difference between targets T7 and
TO is their complementarity, or lack thereof, with the hydrogel-
bound DNA. The target T7 binds to the network and
accumulates within the hydrogel, reaching concentrations
greater than the concentration of the surrounding solution
by 1 order of magnitude. The observation reported in Figure
7c indicates that the biospecific contribution to the partitioning
(eq 3) is approximately 2 orders of magnitude greater as
compared with the exclusion effects (T7 probe as compared to
TO).
Effect of Toehold Length on the Overall Swelling.
Figure 8 shows the relative swelling R% of SB and SBF
hydrogels in solutions of targets T3 and T7. In the context of
the theory for swelling of ionic hydrogels, the binding of the
polyanionic target DNA to the network changes the ionic
contribution to the osmotic pressure (T3, T7, T7b), and the
concomitant elimination of a cross-link changes the elastic

https://dx.doi.org/10.1021/acs.biomac.9b01515
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contribution to the osmotic pressure (T3, T7), resulting in gel
swelling. The actual relative swelling data (Figure 8) reveal a
substantial variation in the rate and relative swelling at
equilibrium among the independently prepared hydrogels.
Despite this variation, which is elaborated below, a clear
systematic difference in the initial swelling rate for the different
toehold lengths are evident for SBF hydrogels (Figure 8c). The
mean value of initial swelling rate is 5.3 nm/s for the swelling
induced by 20 uM of T3 DNA, which is increased to 25.5 nm/
s for the T7 DNA at the same concentration. For SB hydrogels
there seems to be some indication of a larger initial swelling
rate for T7 than T3, but not as large a difference as for the SBF
type hydrogels. This could, however, be due to limited number
of parallel experiments combined with the rather large
observed variations between parallelly prepared hydrogels.
Furthermore, the possible impact of a different purification
method used by the oligonucleotide manufacturer for B
strands and fluorescently labeled B strands on the swelling
behavior is difficult to assess.

Nevertheless, the difference in the swelling rates between the
two toehold lengths, from SBF data as well as from the limited
available SB data, is far less than estimates based on the
binding rates in solution would suggest. The rate of toehold-
mediated strand displacement in solution has been shown to
increase exponentially with the toehold length for toeholds up
to 7 nucleotides (for toeholds longer than 7, the rate constant
reaches a plateau).*”** For toehold lengths between 0 and 7
nucleotides, the rate of strand displacement is in order of
10tched M~ 571 As a consequence, if the free target was
available to the whole volume of the hydrogel immediately,
target T7 binding should be leading to a swelling at a rate
10 000 times greater than T3 binding. From the plot of the
swelling rate in Figure 8, we can see that this is not the case,
and the changes in the swelling rate due to the differing
toehold lengths are at best moderate.

Effect of Toehold Length on the Migration of the
Target. The overall swelling of the DNA-co-acrylamide
hydrogels is the result of a complex interplay in the cascade
of processes involving diffusion of the target DNA, its initial
binding and toehold-mediated strand displacement. The
spatiotemporal relative concentration profiles of target DNA
(T3, T7, T7b) represent the sum of concentrations of the free
target (T) and the bound target (in SBT or ST) within the
hydrogel, and the free target (T) in the surrounding solution.
Examples of relative concentration profiles are shown in Figure
9. The profiles show the relative spatiotemporal concentrations
of the three different binding targets T3, T7, and T7b in
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Figure 9. Example of spatiotemporal evolution of relative
concentration of the target strand (a) T3, (b) T7, and (c) T7b
inside CoumSB hydrogels. A profile is plotted for every 3rd minute.
The fiber end faces are located at r = 0.
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CoumSB hydrogels. The profiles for other parallel preparations
of CoumSB hydrogels as well as SB and SBF hydrogels are
qualitatively similar (Figures S4, SS, and S6), with the only
difference being time to reach equilibrium (with SBF being the
slowest on average and SB fastest).

In the case of all three target strands, the target’s
concentration within the hydrogel is rapidly increasing to
levels higher than those in the surrounding solution due to the
binding of the target to the DNA conjugated to the network.
The maximum equilibrium fluorescence intensity indicates a
DNA probe concentration inside the hydrogel from 10 to 25
times the concentration of the surrounding solution. The
displacement of the outer edge of the profiles toward
increasing r reflects the hydrogel swelling.

Notably, the following differences in spatiotemporal
concentration profiles of the target DNA reflect the molecular
properties of the target DNAs. T3 DNA, with a toehold length
of 3 nucleotides, is found to imbibe the DNA-co-AAm
hydrogel by gradually increasing its fluorescence intensity
throughout the hydrogel. For the particular hydrogel in Figure
9a, already after the first 3 min, the T3 DNA concentration in
the vicinity of the fiber is reaching the levels of the outside
solution. The T3 strand concentration at the hydrogel—
solution interface is increasing gradually, reaching its maximum
after 18 min. In contrast, the T7 DNA (example shown in
Figure 9b) is first reaching its maximum concentration on the
edge of the hydrogel, already within the first 6 min, before any
of the target molecules reach the fiber end face. It exhibits a
steep wavefront which then moves with unchanged slope of the
invading front toward the optical fiber. The target T7b, which
has the same toehold as T7, but is not complementary to S on
the blocking region, only binds and does not lead to cross-link
opening. The concentration profiles of T7b are similar to those
of T7, but we observe an increase in fluorescence close to the
fiber and a decrease on the outer edge of the hydrogel.

The abrupt peaks in fluorescence observed near the fiber end
face (0—10 pm), as best seen in Figure 9b, are due to noise
introduced by the procedure used to correct for the presence
of the fiber. The method is sensitive to misalignments in the
radial position of the sample (Ir) and the reference (Ir,).”’
However, an increase in fluorescence intensity beyond this
effect has been observed for T7b consistently for all types of
hydrogels (Figure 9c and S3—SS). This behavior suggests the
presence of a mechanism other than binding and cross-link
opening, but at present of unclear origin, which is affecting the
partition and/or diffusion of target T7b.

Figure 10 depicts the relative position of the wavefront
midpoint in the hydrogel and the slope of the profiles at
wavefront midpoint as a function of time for repeated
experiments exposing hydrogels SB, CoumSB, and SBF to
target strands T3 or T7. The substantial variability in the
wavefront movement observed for independently prepared
hydrogels can mask differences arising from differing toehold
lengths. The wavefront midpoint is seen to invade into SB
hydrogels on average faster than in the other hydrogels, with
SBF hydrogels being on average the slowest. However, there is
a large overlap between and a large variability within the three
hydrogel groups, complicating any conclusions.

The difference in the apparent target diffusion depending on
the molecular properties of the toehold is more evident in the
slope at the wavefront midpoint (Figure 10). The slopes of
wavefronts for apparent T7 diffusion are larger than those for
T3 by several orders of magnitude. We can also observe that

https://dx.doi.org/10.1021/acs.biomac.9b01515
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Figure 10. Empirical parameters reflecting the spatiotemporal
evolution of the target DNA (T3 and T7) in (a) SB, (b) CoumSB,
and (c) SBF hydrogels, as deduced from the time-lapse confocal
micrographs. These data are the relative position of the wavefront
midpoint in the hydrogel 7% and the slope at the wavefront midpoint.
Both shown as a function of time after the targets T3 or T7 were
introduced into the solution surrounding the hydrogels at t = 0.

the slopes of T7 concentration wavefront are nearly constant
with time, showing no diffusional broadening. For T3, the
wavefront slopes are getting steeper with time as the
concentration in the outermost part is increasing faster than
at the fiber end face, thus increasing the height of the
wavefront and its slope with it. For T3, the slope begins to
decrease when the wavefront is reaching the fiber.

Similar to the relative swelling (as determined by
interferometry, Figure 8) the time evolution of the wavefront
midpoint position % varies between hydrogels, and the
interhydrogel variability in this case seems to mask the
difference arising from the different toehold lengths (Figure
10). Possible differences in the heterogeneity among the
independently prepared hydrogels, as elaborated below in the
context of the parameters obtained using the reaction diffusion
modeling, could contribute to the variability.

The longer toehold T7, despite its 10 000 times larger rate
of toehold-mediated strand displacement compared to that of
T3, offers only a moderate increase in the overall swelling rate
of the hydrogel. Qualitative evaluation of the concentration
profiles in Figure 9 as well as the values of the slope at
wavefront midpoint (Figure 10) offer an explanation. The rate
of initial binding of T7 is so high that each hydrogel layer must
be filled up to an equilibrium before the target strands can
diffuse further without being drained from the diffusable pool
by binding to the dsDNA, thus resulting in a sharp front. This
is in contrast to a less-stable binding of the T3 DNA due to the
initial binding to the short toehold being less stable. Targets
T3 are detaching from the binding sites on S at a much higher
rate and are allowed to diffuse further into the gel between
each binding event and the wavefronts are shallower. A similar
observation was made for adsorption of various transported
proteins in agarose gels by Emily Schirmer and Giorgio
Carta.*” This difference in the effective diffusion has an effect
on the overall swelling of the hydrogel. Longer toehold and
higher rate of toehold-mediated strand displacement means
that although the target is binding stronger and reaching a high
concentration within the hydrogel very quickly, the binding is
occurring in a limited volume compared with the binding of a

target with a shorter toehold and consequently the swelling is
locally limited to this volume.

Diffusion Coefficient and Binding Rates Estimated
from Reaction-Diffusion Modeling. Figure 11 shows the

(a) T3
20

time (min)

02 04 06 08 1
Relative radius r/R

o = o 8
0 02 04 06 08 1 0
Relative radius r/R

Figure 11. Spatiotemporal evolution of the relative concentration of
targets (a) T3 and (b) T7 inside the same CoumSB hydrogels as
shown in Figure 9. A profile is plotted for every 3rd minute. In dotted
lines, the profiles obtained by fitting the numerical reaction-diffusion
model to the experimental data are shown.

same experimental profiles for T3 and T7 in CoumSB
hydrogels as were shown in Figure 9, here overlaid with the
profiles obtained from the fitting of the reaction-diffusion
model (shown for every third minute, but fitting was
conducted on the basis of data acquired every minute).
Figure 12 depicts the parameters obtained by fitting the
reaction-diffusion model to the time evolution of the T3 and
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Figure 12. Parameters acquired by fitting experimentally determined
reaction-diffusion profiles of the T3 (red symbols) and T7 (blue
symbols) target DNA to the reaction-diffusion numerical model for
SB, CoumSB, and SBF hydrogels when immersed in 20 uM of the
target DNA.

T7 target concentration profiles. The parameters estimated this
way are the diffusion coefficient D, the rate constants, the
concentration of available binding sites and a delay parameter
that reflects the initiation time for exposing the hydrogels to
the aqueous solution with the target DNA. The fitted profiles
for the rest of the hydrogels are shown in Figures S7, S8, and
S9.

The model fits the T7 profiles better than T3 profiles, but
the fits to the reaction-diffusion pattern for both toehold
lengths reproduce essential experimentally determined trends.
In case of hydrogels exposed to T3, the optimization yielded
local minima depending on the starting conditions, where
different combinations of rate constants yielded equally

https://dx.doi.org/10.1021/acs.biomac.9b01515
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adequate fitting curves, while the other parameters were largely
unaffected. For reaction rate constants reported here, the
estimates derived from the strand displacement model of
Zhang and Winfree® were used as starting parameters.

An important assumption made when performing the model
fitting was that the ratio of the fluorescence intensities between
the hydrogel and the surrounding solution reflects the actual
concentration ratio (after adjusting for the effect of the fiber
presence). This assumption was made in the light of the
findings about the different partitioning for the different types
of hydrogels and the fact that the observed partitioning for
pure polyacrylamide hydrogel was in agreement with the
literature. The difference in the different types of hydrogels was
then reflected in the choice of boundary conditions, dictated
by the partitioning.

The diffusion coefficient of the target DNA was measured to
be 17 + 8 um?*/s. The diffusion coefficient of ssDNA with a
number of nucleotides N > 10 in aqueous solution at 20 °C
can be estimated by™®

Dypna = 7-38 X 107N "¥em?/s (31)

which for a strand of 18 bases leads to Dy, s = 155 ym?*/s.
The diffusion coefficient is reduced inside the hydrogel. The
estimated reduction according to Park et al.’" can be calculated
as

D el
= exp(—3.03R;?’59C0'94)
Dy (32)

where R, is the hydrodynamic radius of the solute in angstrom
(approximately 20 A for ssDNA of length 18 bases) and C (g/
mL) is the acrylamide concentration (in our case approx-
imately 0.07 g/mL in a swollen hydrogel). This estimates the
diffusion coefficient of the target DNA strands in the hydrogel
to be 23% of its value in solution (i.e., 36 um?/s).

For polyethylene glycol of varying molecular weight, the
diffusion coefficient in neutral polyacrylamide hydrogel of the
same volume fraction as the hydrogels presented here (0.06) is
reduced to 15% of its value in solution.*> For our ssDNA
(which similarly to polyethylene glycol behaves as a random
coil), this would reduce the diffusion coefficient to 23 ym?*/s. A
similar value of approximately 30 um?/s was reported for
ssDNA of corresponding molecular weight in polyacrylamide
hydrogels®® (of somewhat different composition than ours,™*
6%T, S%C, compared with our approximately 10%T, 2%C,
where %T is the total concentration of monomers and %C is
the weight percentage of cross-linker).

The concentration of the SB duplex in the pregel solution is
2.82 mmol/L. After polymerization the gels are equilibrated in
buffer and they reach a new swelling equilibrium before the
target solution is added. This swelling of the hydrogel reduces
the concentration of the SB duplex to approximately 2 mmol/L
and subsequent swelling induced by the interaction with target
ssDNA will reduce this concentration further. However, the
apparent concentration of the binding sites that provides the
best model fits is 0.2 + 0.07 mmol/L (i.e., one tenth of the SB
concentration as calculated from the initial concentrations). A
possible explanation would be that only a tenth of the SB
duplexes within the hydrogel are available for binding of the
target strands, the other ones being inaccessible due to
constraints created by the hydrogel network. The constraints
induced by the Aam network and variation in this could
originate from the heterogeneity of such network synthesized
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in a copolymerization cross-linking reaction.”>™” As the local
environment surrounding the dsDNA are expected to vary
both within a particular hydrogel, variation in average
accessible dsDNA for binding target DNA can also be
expected to occur among parallel preparations. A variation in
this available fraction would also explain the differences
between the partitioning values for the different hydrogels at
equilibrium as well as differences in the relative swelling at
equilibrium as measured by the interferometer (Figure 8).
Thus, a sensor application using this design would have to
implement a calibration for each individual hydrogel to
account for the variation arising from network heterogeneity.

The experimentally obtained values of the rate constants k¥,
k™, and k;, are shown in Table I, along with the theoretical

Table 1. Estimated Average Values of Reaction Rate
Constants and Their Standard Deviations Acquired by
Fitting Experimental Data to the Reaction-Diffusion Model
for T3 and T7 Target DNA“

experimental value” estimated value®

k(M7 T3: 1047404 T3: 6 x 10° = 10
T7: 10045201 T7: 6 x 10° = 10
K (s7h) T3:101%03) T3: 224.7 _ 10%°
T7: 10751 T7: 6.6 X 107 = 10752
Kk, (s7h) 2+1 4

“Estimated Values Using Prediction Models by Zhang and Winfree™.
bThe averaged values were obtained based on the estimates of the
parameter values determined in the fit of the reaction—diffusion
model to experiments in several independently prepared SB, CoumSB
and SBF hydrogels (Figure 12) for the T3 and T7 target DNA.

values calculated according to Zhang and Winfree.*” Except for
k*, all the rate constants are within two standard deviations of
the theoretical value, and k™ is within one standard deviation.
The observed reduction in k* (which reflects the toehold
hybridization rate) compared with its expected value in
solution is in accordance with the previously reported decrease
in the melting temperature for DNA incorporated within a
polyacrylamide hydmgel.58 Similar effects have been seen for
hybridization of DNA bound to a hard surface.””~* Shielding
of the binding sites, whether by physical, electrostatic, or other
effects, is usually stated as the underlying mechanism for the
reduction in the hybridization rate.

The values of the t,.,, parameter vary between —20 and +10
min. We expected this parameter to be mostly within 1 min as
it was supposed to account for the delay between exposing the
hydrogel to the target solution and the first scan within 20—40
s. It is possible that the larger values of ty,, reflect the fact that
swelling was not taken into account by the model, and as a
result, the numerically calculated profiles offer a worse fit to
experiment especially for the initial profiles. Since SBF
hydrogels showed on average the slowest target transport,
the time before the profiles were fully established further from
the edge was the longest, which is possibly reflected in the
largest tyq,, values for SBF hydrogels.

The parameters obtained by model fitting vary little both
within and between the three different types of hydrogels
(Figure 12), despite the large variability observed for parallelly
prepared hydrogels and the response kinetics being on average
different for the different hydrogel types (as seen from the
evolution of the wavefront midpoint position ry%, Figure 10

https://dx.doi.org/10.1021/acs.biomac.9b01515
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and from spatiotemporal target concentration profiles (Figures
$4-S6)).

This suggests that the model accounts for both the hydrogel
variability as well as the effect of the fluorescent dyes that
define the different hydrogel types. As discussed above, the
inherent inhomogeneity of polyacrylamide hydrogels could be
reflected in the concentration of the binding sites—a
parameter estimated by model fitting.

The addition of the fluorescent dyes was seen to limit the
partitioning of the target compared with unlabeled hydrogels,
to a degree dependent on the type of the dye. Simulations by
Schuck® show that lower partition coefficient can have similar
effects on the overall transport in a hydrogel as a lower
diffusion coefficient. By measuring the partition coefficient for
a nonbinding target, we were able to take this into account
when modeling and use this value to derive the effective
experimental boundary conditions. This allowed us to separate
the effect of partitioning from that of diffusion, and the
remaining parameters are consistent between the different
hydrogel types. This finding suggests that fluorescent dyes
affect hydrogel kinetics mainly through their effect on the
target partitioning.

The good agreement of fitted parameters with the literature
suggests that the theoretical values of rate constants based on
toehold and binding region lengths can be used to predict the
behavior of DNA-hybrid hydrogels. This is despite the fact that
these theoretical values are developed for reactions in solution,
and there is evidence suggesting that tethering DNA to a
surface®”' % or inside a hydroge158 can have an effect on
its hybridization kinetics. However, for an accurate simulation
of the target reaction-diffusion process, the total available
binding site concentration and the partitioning of the target
need to be estimated along with the rate constants.

Bl CONCLUSIONS

In the present study, we have found that spatiotemporal
evolution of migrating target DNA with different molecular
properties in dsDNA-co-acrylamide hydrogels yield insight into
the interdependence of the cascading processes that precede
the swelling (i.e., transport, binding, cross-link opening, and
localized swelling). In particular, the data indicate that the
more strongly interacting target DNA possessing a longer
toehold with the conjugated dsDNA is drained from the
migrating target DNA pool, yielding a reaction-diffusion
pattern with a steep moving wavefront within the hydrogel.
In contrast, the hydrogel is filling more gradually throughout
its entire volume for the target DNA that possesses a shorter
toehold. A change of toehold length thus leads not only to a
change in the binding properties of the target, but it has an
effect on its transport throughout the gel as well. The resulting
swelling is a result of an interaction between these processes.
Both the partitioning and the parameter values from the
reaction-diffusion modeling of the process indicate that most
of the embedded dsDNA in the hydrogels are sterically
hindered from interacting with the target DNA. This facet is
suggested to arise from the heterogeneous nature of the
hydrogels prepared by the copolymerization—cross-linking
strategy. Furthermore, the diffusion coeflicient and the reaction
rate constants of the strand displacement were found to be in
good agreement with other reported or theoretical values,
suggesting the possibility to use this simple model and
theoretical rate constant values to qualitatively predict the
spatiotemporal concentration profiles of the target inside the

hydrogel. Overall, the fluorescence-based characterization of
the spatiotemporal evolution of the migrating target DNA offer
novel insight in the underlying processes eventually leading to
target DNA induced swelling of dsDNA-co-acrylamide hydro-
gels.
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Toehold length of target ssDNA affects its reaction-
diffusion behavior in DNA-responsive DNA-co-
acrylamide hydrogels.
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Figure S1 Aam-coumarin was included to be used as internal reference in ratiometric
fluorescence imaging of Alexa Fluor 647 labelled target DNA. This Figure shows the correcting
of the fluorescence intensity profiles of target DNA profiles in DNA-co-acrylamide hydrogels
for the optical effect caused by the presence of the fiber using Coumarin labeled acrylamide as
internal reference. a) Profiles showing the fluorescence intensity acquired from Alexa Fluor 647
attached to T7 strand (Ir7), smoothed and normalized such that the intensity of the fluorescence
of the free solution is 1. A profile is shown for every 3" minute after addition of the T7 target
DNA to 20 uM to the immersing aqueous buffer at t=0. b) Smoothed and normalized profiles
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showing the fluorescence intensity from Aam-coumarin attached to the polyacrylamide network
(Iacoum) for the hydrogel used for the experiments in a) at corresponding times. The insert shows
the profiles before smoothing. c¢) Intensity profiles from a) divided by reference profiles Iacoum
from b). Fiber end face at » = 0.

Use of FRET for monitoring of crosslink opening

In order to gain more insight into the kinetics of the toehold-mediated strand displacement
within the hydrogels, we intended to use Fluorescein dT to monitor the triplex state of the SBT
complex via its Forster resonance energy transfer (FRET) reaction with Alexa Fluor 647. When
all three strands (S, B and T) are bound together during the toehold-mediated strand
displacement, the two dyes are sufficiently close to undergo FRET. The Forster distances for the
SBT complexes were estimated to be up to 5.8 nm for T7 and T7b and 7.8 nm for T3 where the
B strand was labelled with fluorescein on the terminal G of the blocking region (Figure 2 in the
main text), and assuming 0.34 nm per base pair of dsDNA and 0.676 nm per nucleotide of
ssDNA.

However, the FRET measurement proved challenging, mainly because the quantum yield of
Fluorescein dT is changing depending on whether it is bound to a single strand or double strand
DNA (Figure S2b), thus making straightforward interpretations impossible.! Moreover, although
we did observe a decrease in Fluorescein fluorescence intensity due to FRET, there was no
subsequent recovery of this signal which would be expected ones the SBT complex dissociated
and crosslink was opened (Figure S2a). This could be due to Fluorescein’s stabilization effect on
dsDNA, which could potentially stabilize the SBT complex and concomitantly prevent crosslink
from opening.”
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Figure S2 Spatio-temporal evolution of fluorescence intensity of Fluorescein dT dye attached to
the B strand in SBF hydrogels after the addition of target strand T7 at concentration 20 uM to the
hydrogel’s immersing solution at t = 0. Profile shown for every 3™ minute. In a) 10% of the
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target T7 is labeled with Alexa Fluor 647. When the target strand is bound in the SBT complex,
the two dyes are in sufficient proximity for FRET to occur, i.e. fluorescein de-excitation occur
partly via FRET to Alexa Fluor 647 and a decrease in the fluorescence from Fluorescein dT can
be observed. However, as seen in b), where the target T7 is not labeled, there is also a decrease
in fluorescence from Fluorescein dT which cannot in this case be explained by FRET, but can be
attributed to changing quantum yield depending on whether it is bound to a double or single
stranded DNA.
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Figure S3 Relative swelling kinetics as determined by interferometry of SBF (a) and SB (b)
hydrogels immersed in aqueous buffer solutions following an addition of either T7 or T3 to the
immersing solution at a concentration of 20 puM. The individual lines represent repeat
experiments performed on independently prepared hydrogels. Same data are used for averaging
in Figure 8 in the main text. (c) and (d) show box plots of the initial rate of swelling at # = 0.
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Figure S4 Spatio-temporal evolution of relative concentration of T3 (left), T7 (middle) and T7b
(right) strands inside SB hydrogels. The individual plots depict individual independently
prepared hydrogels. A profile is plotted for every 3™ minute. Fiber end face at = 0.
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Figure S5 Spatio-temporal evolution of relative concentration of T3 (left), T7 (middle) and T7b
(right) strands inside CoumSB hydrogels. The individual plots depict individual independently
prepared hydrogels. A profile is plotted for every 3™ minute. Fiber end face at » = 0.
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Figure S6 Spatio-temporal evolution of relative concentration of T3 (left), T7 (middle) and T7b
(right) strands inside SBF hydrogels. The individual plots depict individual independently
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Figure S7 Spatio-temporal evolution of the relative concentration of targets (a) T3 and (b) T7
inside the same SB hydrogels as shown in Figure S4. In dotted lines, the profiles obtained by
fitting the numerical reaction-diffusion model to the experimental data are shown. The individual
plots depict individual independently prepared hydrogels. A profile is plotted for every 3™
minute. Fiber end face at » = 0.
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Figure S8 Spatio-temporal evolution of the relative concentration of targets (a) T3 and (b) T7
inside the same SB hydrogels as shown in Figure S5. In dotted lines, the profiles obtained by
fitting the numerical reaction-diffusion model to the experimental data are shown. The individual
plots depict individual independently prepared hydrogels. A profile is plotted for every 3™
minute. Fiber end face at » = 0.
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Figure S9 Spatio-temporal evolution of the relative concentration of targets (a) T3 and (b) T7
inside the same SB hydrogels as shown in Figure S6. In dotted lines, the profiles obtained by
fitting the numerical reaction-diffusion model to the experimental data are shown. The individual
plots depict individual independently prepared hydrogels. A profile is plotted for every 3%
minute. Fiber end face at = 0.
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Abstract: Responsive hydrogels featuring DNA as a functional unit are attracting increasing interest
due to combination of versatility and numerous applications. However, some applications would
benefit from altering certain DNA properties. In the present work, the commonly employed DNA
oligonucleotides in DNA-co-acrylamide responsive hydrogels are replaced by Morpholino
oligonucleotides. The uncharged backbone of this nucleic acid analogue makes it less susceptible to
possible enzymatic degradation. In this work we address fundamental issues related to key
processes in the hydrogel response; such as partitioning of the free oligonucleotides or the strand
displacement process. The hydrogels were prepared at the end of optical fibers for interferometric
size monitoring and imaged using confocal laser scanning microscopy of the fluorescently labeled
free oligonucleotides to observe their apparent diffusion and accumulation within the hydrogels.
Morpholino-based hydrogels” response to Morpholino targets was compared to DNA hydrogels’
response to DNA targets of the same base-pair sequence. Morpholino hydrogels were observed to
have larger partition coefficients for non-binding targets than DNA hydrogels, due to their
electroneutrality, resulting in faster kinetics for Morpholinos. The electroneutrality, however, also
led to the total swelling response of the Morpholino hydrogels being smaller than that of DNA,
since their lack of charges eliminates swelling resulting from the influx of counter-ions upon
oligonucleotide binding. We have shown that employing nucleic acid analogues instead of DNA in
hydrogels has a profound effect on the hydrogel response.

Keywords: Oligo-morpholino-co-Aam hydrogels; responsive hydrogel; interferometric readout;

1. Introduction

DNA-based responsive hydrogels are a promising group of materials capable of adapting their
properties to the presence of various molecular targets in their environment, ranging from DNA [1-
3] and other organic molecules [4-6], through ions [7-10] to viruses [11] and cells [12,13]. The
mechanism of recognition relies on the ability to synthetize a custom DNA base sequence, which
controls the structure of the DNA molecule down to nanolevel; and on the Watson-Crick
complementarity rules that govern the base pairing and through it interactions with other DNA or
non-DNA (via aptamer interactions) molecules. DNA thus offers remarkable sensitivity and
specificity in its interactions and the hydrogel provides a means to amplify the molecular signal to a
microscopic length scale. The possible applications are in sensing [4,10,14,15], targeted drug delivery
[16-18], as well as in tissue engineering and as soft devices [1,19-21].

One of the DNA hydrogel designs for sensing applications was introduced in 1996 by Nagahara
and Matsuda [22] and further investigated in our group [23,24]. The hydrogels in question consist of
a dual crosslinked polyacrylamide network (Figure 1), in which the covalently crosslinked
polyacrylamide carries oligonucleotide-based physical crosslinks that can be opened in a process of
toehold-mediated strand displacement [25]. In short, the oligonucleotide crosslinks are formed by
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two 5acrydite-functionalized oligonucleotides that have a complementary region at their 3" ends.
The strands form a partially hybridized duplex and the acrydite allows them to be incorporated
through covalent bonds into the hydrogel network as an additional crosslink. This crosslink can be
disrupted by the binding of a target oligonucleotide T, which is complementary to one of the
crosslinks strands — sensing strand S. Nearly the whole complementarity region between S and T is
blocked by the other crosslink strand — the blocking strand B. The bases that are complementary to
T, but not blocked by B, form the toehold — a domain available for the initial binding of the target.
The binding is then followed by a migration of the junction point along the length of the S strand,
until the strand B is entirely displaced.

(@)

DNA'strands: S - Sensing B - Blocking T - Target

Figure 1 Dual-crosslinked polyacrylamide and nucleic acid (analogue) based hydrogel. In (a) the
initial state of the crosslink composed of sensing and blocking strand, along with the free fluorescently
labelled target. The target can bind (b) or dissociate from the crosslink with binding and dissociation
rate constants k*and k. Ultimately, (c) the blocking strand is entirely displaced after branch migration
(ko).

In recent years, synthetic nucleic acids have been explored in preparation of responsive
hydrogels [26], in order to overcome some of the drawbacks of native DNA molecules, such as its
high charge and subsequent salt dependence or susceptibility to degradation by enzymes.
Morpholino oligonucleotides (MOs) are particularly promising due to their uncharged backbone, but
high solubility. The solubility can be attribute to their well stacked nucleobases. In fact, the stacking
is better than that of DNA [27], yielding very good solubility (as an example, 263 mg of a Morpholino
22-mer was dissolved in 1 mL of water without reaching saturation [28]). They are also resistant to
nucleases and stiffer than DNA, minimizing self-hybridization. Their melting temperature is slightly
higher than that of DNA strands of corresponding sequence.

Employing MOs instead of DNA in the above described hydrogels provides the advantage of
electroneutrality, thus eliminating the electrostatic interactions between the hydrogel and the target.
Electrostatic interactions contribute to the partitioning of solutes in gels and thus affect their
transport. The partition coefficient is defined as a ratio of the solute’s concentration inside the gel c,,,

and in the immersing solution cg,; at equilibrium:
Cgel 1

K= .
Csal

It depends on the size and conformation of the solute and the hydrogel and on their various
interactions. If these interactions are considered independent, they can be separated into individual
contributions [29]:

InK = InK,; + InKpppop + MKpiosp + MKsize + INKeopp + K, 2

where el, hphob, biosp, size, conf and o denote, respectively, interactions of electrostatic,
hydrophobic, biospecific affinity, size-related and conformational nature, and other interactions.

The size and conformation addition to the partition coefficient has been derived by Ogston [30],
based purely on hard sphere interactions (i.e. without electrostatic, hydrophobic and biospecific
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interactions). The model is derived by placing spheres of radius a (solute) in a matrix of long
cylindrical fibers of radius ay, with a total volume fraction ¢:

2
o{3)
Ksize,canf =e ar . 3

In the present study, we extend from the previous investigations employing dsDNA
oligonucleotides to MOs as physical crosslinks alongside the covalent ones in the responsive
hydrogels. The overall aim is to determine the mutual influence between the various processes,
namely target diffusion and binding, physical crosslink disruption and swelling. A notable difference
between the physical crosslinks in MO- and DNA-based hydrogels are the uncharged MOs as
compared to the highly charged DNA, implying that one can expect significant differences in the
electrostatic contribution to the partition coefficient. The polyanion character of DNA contributes to
exclusion of the target from the DNA hydrogel and as a result its slower uptake. Thanks to the
electrically neutral backbone of MOs, an increased partitioning is expected, improving the kinetics of
the target transport. The MO-polyacrylamide hydrogels are investigated as fabricated on an optical
fiber supporting high resolution monitoring of net change in the optical length. This realization also
indicates that MO-polyacrylamide hydrogels possess potential as sensing and transducing materials,
and although only mRNA sensing proof-of-concept so far has been reported [26], such applications
also take advantage of the improved stability of MOs towards enzymatic degradation.

Interferometry and confocal laser scanning microscopy were used to monitor the swelling of the
Morpholino hydrogels as well as the uptake of the target within. The swelling was also compared to
that of DNA hydrogels of identical nucleotide sequences.

2. Materials and Methods

2.1. Materials

Acrylamide > 99% (Aam), N, N'-methylenebisacrylamide > 99.5% (Bis), squalane oil, dimethyl
sulfoxide (DMSO), 3-(trimethoxysilyl) propyl methacrylate 98% (linker), 1-hydroxycyclohexyl phenyl
ketone 99% (HCPK) and 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris) were purchased from
Sigma-Aldrich; ethylenediaminetetraacetcic acid (EDTA) and sodium chloride (NaCl) were obtained
from VWR. Single-stranded Morpholino oligonucleotides and DNA oligonucleotides with custom
specified base pair sequence (Table 1) (some functionalized with an acrydite group, some fluorescently
labelled at specific base) were obtained from Gene Tools (Philomath, USA) and Integrated DNA
Technologies (IDT, Coralville, USA) respectively. All materials were used without further purification.
De-ionized water with resistivity 18.2 MQ cm (Millipore Milli-Q) was used throughout.

Table 1 Oligonucleotide sequences of the sensing, blocking and target strands, with the position of
acrydite groups (Acr) shown and the nucleobases complementary with sensing strand highlighted.
Each sequence was realized both as MO and DNA oligonucleotides.

Name Sequence # bases
S 3’ CGTA AGT AAC TAT CGA CTT CAG TCG TCA- Acr 5 28
B 5" Acr- TTC AGT CGT CAG CAT TCA TTG ATAGGA C 3’ 28
T2 5" G CAT TCA TTG ATA GCT AAT GAC ATA 3’ 25
T10 5 GCATTCATIG ATA GCT GAA GTC AGA ¥ 2
TO0 5 TAT CGT AGC AGG CTA CAGGACTCAA 3 25
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2.2. Pregel and target solutions

An aqueous buffer prepared from 10 mM Tris, 1 mM EDTA and 150 mM NaCl, adjusted to pH 7.5
was used for preparation of pregel and solutions containing target Morpholinos or DNA
oligonucleotides.

Pregel solutions consisted of 10 wt% Aam, 0.6 mol% Bis, 0.13 mol% HCKP and 0.4 mol% ds DNA
or dsMO (duplex SB), dissolved in buffer. HCPK was dissolved in DMSO to the concentrations of 0.1
M prior to its addition to the pregel solution. Two different types of hydrogels were prepared MO
hydrogels and DNA hydrogels, differing solely by whether the oligonucleotides incorporated were
Morpholinos or DNA.

Stock solutions of target ssDNA and ssMO were prepared by dissolving strands T0, T2, or T10 in
buffer to a concentration of 30 uM. The target stock solutions were prepared from 90% unlabeled and
10% labelled target oligonucleotides (labelled with Carboxyfluorescein for MOs, Fluorescein for DNA,
or for some DNA hydrogels with Alexa Fluor 647).

2.3. Gel preparation

Quasi-hemispherical hydrogels were prepared at the end face of optical fibers (SMF-28-]9 from
ThorLabs, diameter without coating 125 um) that have been stripped of the coating. The end of the fiber
was cut (cutter: Fitel model S323, Furukawa Electric Co. Ltd.), cleaned with ethanol and functionalized
with methacrylate groups by silanization. The silanization procedure consisted of treating the fiber with
0.1 M HCI solution for 20 minutes and then immersing in a 2 vol% solution of linker in degassed MiliQ
water adjusted to pH 3.5. Fibers were again cleaned with ethanol and dust was removed from the end
face using duct tape.

The end of the optical fiber was then immersed in a squalane oil droplet saturated with 2.6 mg/mL
of HCPK. A pipette was used to deposit a small amount of the pregel solution (~0.3 nL) at the end face
of the fiber. The pregel was polymerized via a free radical polymerization initiated by exposure to UV
light for 5 minutes (Fiber coupled LED UV source M340F3, nominal wavelength 340 nm, ThorLabs).

2.4. Interferometry

An interferometric readout method described in detail elsewhere[31] was used to monitor the
optical length of the hydrogels. In short, a light wave (1530-1560 nm) is sent through the hydrogel which
constitutes a Fabry-Perot cavity and the interference of the waves reflected at the fiber-hydrogel and
hydrogel-solution interfaces is used to determine the optical length of the hydrogel L as well as the
change in its optical length AL. Relative swelling L% can be calculated as a change in optical length
relative to the initial optical length Lo (optical length immediately prior to the addition of the target):
L% = AL/L,.

2.5. Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy was used for monitoring of the spatiotemporal distribution of
the target within the hydrogel. For this purpose, the fiber with the hydrogel at its end face was pinched
of with tweezers and glued to a bottom of a Glass Bottom Microwell Dish (P35G-1.5-10-C) from MatTek.
The hydrogel was then left to equilibrate in 100 uL of the buffer solution before 200 pL of 30 uM target
stock solution was added immediately before the imaging was started to a final target concentration of
20 uM.

The imaging was performed using a Confocal Laser Scanning Microscope (Zeiss LSM800) with a
40x, NA=1.2 water immersion objective (optical slice thickness of 0.9 um) at 22°C. A micrograph was
acquired in a horizontal plane passing through the middle of the hydrogel (depth ~62 um) every
minute, starting 10-20 seconds after the addition of the target. Excitation wavelength of 480 nm was
used for Fluorescein with a detection bandpass filter of 500-700 nm. For Alexa Fluor 647, excitation
wavelength was 640 nm and the detected fluorescence was filtered by a bandpass filter of 650-700 nm.

2.6. Acquiring relative concentration profiles from CLSM micrographs
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Fluorescence intensity profiles were extracted from the CLSM micrographs using custom Matlab
R2017a (Mathworks) scripts. Intensity profiles were acquired over several lines from a circular sector
spanning 20° around the long axis of the fiber with a 0.5° step. These profiles were then averaged to
obtain a smoother fluorescence intensity profile representative of the fluorescence intensity along the
axis of the fiber.

The profile was then smoothed using a Savitzky-Golay filter and normalized so that the intensity
of the immersing solution was 1 (for T2 and T10), or so that the maximum intensity within the hydrogel
was 1 (for T0). These fluorescence intensity profiles are referred to as Irx, where TX is one of the targets
T0, T2 or T10.
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Figure 2 (a) An example of fluorescence profiles Ir10 recorded by CLSM after addition of target MO-
T10 to a MO hydrogel (angle-averaged, smoothed and normalized to immersing solution being 1). (b)
The fluorescence intensity I of the same hydrogel immersed in a nonbinding target MO-T0 in blue
and a reference profiled obtained by a second-degree polynomial fit to It shown in red. (c)
Fluorescence intensity profiles 10 from (a) divided by the reference profiles form (b), to obtain the
relative intensity profiles corrected for the effect of the presence of the fiber, i.e. relative concentration
It1omo. Fiber end face is located at = 0.

The close proximity of the glass fiber to the hydrogel affects the detected fluorescence intensity,
i.e. the refraction of excitation and emission light through the fiber causes a decrease in the observed
fluorescence that is the most pronounced at the fiber end face and reaches as far as 50 pm into the
hydrogel/solution.[32] Due to this effect of the fiber, the fluorescence intensity profiles do not reflect the
concentration of the target. To correct for this, an intensity profile I in the non-binding target T0 was
obtained for each individual hydrogel and used as reference for quantifying the effect of the fiber on
the fluorescence intensity (Figure 2). The concentration of the target inside the hydrogel relative to that
in the immersing solution can then be obtained by dividing the fluorescence intensity profiles 1> and
Ir10 by the reference profile It for each individual hydrogel. The relative concentration profiles are
referred to as Irx/io where TX is one of the targets T2 or T10.

Relative swelling R% = AR/R, was also calculated from the obtained relative concentration
profiles Ixm. The outer edge of the hydrogel was identified as the position with largest negative slope
(obtained by numerical differentiation of the profile), while the inner edge at the fiber end face was
identified visually.

2.7. Reaction-diffusion model

The binding of the target to the hydrogel-bound strands and the subsequent crosslink opening can
be modelled as a two-step process characterized by the binding constant k*, the dissociation constant k-
and the constant of junction point migration kv (Figure 1). The total molar concentration of available
binding sites, i.e. SB duplexes available to bind the target is m:. The concentrations of free binding sites
my, 3-strand complexes n1c and open crosslinks 11, add up to the total concentration m:. Apart from the
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reaction between the duplex and the target, the target is undergoing diffusion into and through the
hydrogel.

The following partial differential equations for diffusion-reaction in a sphere describe the
evolution of the concentration of the free target ¢, as well as the concentrations of binding sites m. and
mo at a given relative radial position 7 = r/R (where r is the radial position and R the radius of the
sphere) at time f [33]. The concentration of target at the boundary is ¢y, = K ¢5o; and a = :—2 > 0.

dc a0 [ ,0c . N . _
at:ﬁﬁ(r %)—k cmy +ktem, +ktem, + kTm, 4
ac(0,t
C.: (A)=0, t=>0 5
ar
c(1,t) = cour 6
. (0, 0S7<1
I'C”C(T'O)_{Caut: P 7
om,
Btc =ktem, —k*em, — ktem, — k™ m, — k,m, 8
am.(0,¢t
p.c 2me@0 _ 9
ot
m(1,t) =0 10
1.C.:m.(£,00=0, 0<#<1 11
am,
%% =kbmc 12
om,(0,t
B.C.:#=O 13
ot
my(1,t) =0 14
[.C.:m,(7,0) =0, 0<#<1 15

This system of partial differential equations can be numerically solved by applying the method of
lines and discretizing the spatial dimension to reduce the problem to a system of ordinary differential
equations [34].

The mathematical diffusion-reaction model was then fitted to experimental data, with parameters
a, k*, k™, kp,m; being determined in the fitting. Another parameter, tgeq,, was also determined in
the fitting and accounts for the time delay between the addition of the target solution to the hydrogel’s
immersing solution and the start of the scanning. The swelling was not considered in the model fitting
and the experimental size of the hydrogel has been approximated by its initial radius R,,.

3. Results and discussion

3.1. Swelling rate and equilibrium depends on the toehold length and differs between DNA and MO
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Figure 3 Relative swelling kinetics of Morpholino and DNA hydrogels after exposure to Morpholino
and DNA targets T2 or T10 respectively at t = 0. In (a), relative swelling as calculated from CLSM
micrographs, reflecting changes in the hydrogel’s physical length. In (b), relative swelling obtained
by interferometry, reflecting the optical length changes. In (c), box plots of initial swelling calculated
from the interferometer curves.

The swelling was monitored both via interferometry and via confocal laser scanning microscopy.
The interferometer measures the optical length L of the hydrogel with high precision [31], while the
physical length R is directly determined from CLSM micrographs with lower precision, (as can also
be seen by the CLSM data showing more noise in Figure 3a, compared to smooth interferometer data
in Figure 3b). In Figure 3 relative swelling curves for several parallel hydrogel preparations are
shown as measured by the interferometer or the CLSM. The initial swelling rate at time t = 0 was
calculated from the interferometer data and shown in Figure 3c.

Similar trends can be observed between interferometric and CLSM data, but the optical length

change (interferometer) seems to be smaller than the change in the physical length (CLSM) which
could be attributed to the changes in refractive index, brought on by swelling, but it could also be
due to a measurement error, since the edge of the fiber in the micrographs was identified visually
and thus introduced a human error and bias.
MOs are consistently seen to reach their equilibrium swelling state within or shortly after 60 minutes,
while DNA hydrogels are swelling for several (2-4) hours. The equilibrium swelling is also much
larger for DNA hydrogels than for the MO hydrogels, while their initial swelling rates differ much
less (Figure 3c). While the absolute swelling rates as depicted in Figure 3 are similar for Morpholinos
and DNA, the fact that DNA hydrogels reach their equilibrium much later means that their relative
swelling rate is slower. The limited swelling of MO hydrogels compared to those with DNA can be
attributed to the lack of electrostatic interactions, meaning that no influx of counterions (and solvent)
accompanies the binding of the MO to the hydrogel.

There is a significant difference in the swelling rate and the equilibrium swelling volume
depending on the length of the toehold, both in the case of Morpholino oligonucleotides and DNA
oligonucleotides. The target T10 leads to a faster and more pronounced swelling than T2.

3.2. The effect of charges and fluorescent dyes on partitioning
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Figure 4 (a) Normalized fluorescence intensity profiles I1o of non-binding target T0 (either MO-T0 or
DNA-T0) in MO hydrogels and DNA hydrogels respectively. MOs were functionalized with
Carboxyfluorescein dye and DNA oligonucleotides were functionalized either with Fluorescein or
Alexa 647. (b) Relative concentration profile Ioro of non-binding target T0, compared to equilibrium
(or near-equilibrium) relative concentration profiles of binding targets T2 and T10 (Ir2r0 and Ir10/10).
The individually prepared hydrogels for these data extent up to r =66 pm, 72 um and 82 um for the
nonbinding TO and T2 and T10 binding targets, respectively.

Fluorescence intensity profiles Iro, uncorrected for the presence of the fiber, are shown in Figure
4a for non-binding target T0 (either Morpholino or DNA) in corresponding (Morpholino or DNA)
hydrogel. In case of DNA, two different fluorescent dyes, attached at the same location in the
nucleotide sequence, were tested: 3’-Alexa Fluor 647 and 3’-Fluorescein. Morpholinos were only
labelled using 3'-Carboxyfluorescein.

The partition coefficient, calculated as the ratio of maximum fluorescence intensity inside the
hydrogel relative to the immersing solution, has been calculated for each experiment and averaged
for the same targets. The obtained values were K = 0.77,0.22, and 0.06 for Carboxyfluorescein
labeled MOs, Fluorescein-labelled DNA, and Alexa Fluor 647-labelled DNA oligonucleotides,
respectively.

The size contribution to the partition coefficient Ky;,, can be approximated by the Ogston
formula (Equation (3)). The parameter a can be approximated by the radius of gyration of a single
stranded DNA of 25 base pairs to a = 3 nm [35] (this value would be somewhat larger for MOs,
claimed by others to be stiffer than DNA [26]) and using experimentally determined volume fraction
¢ = 0.06, and fiber radius a; = 0.8 nm from Williams at al [36] for polyacrylamide, we would expect
the size contribution to the partitioning coefficient to be K;,, = 0.26 for DNA and slightly lower for
Morpholinos.

Since Morpholino oligonucleotides have an electrically neutral backbone, the electric potential
contribution to the partition coefficient is eliminated as compared to corresponding DNA hydrogels
in which the electrostatic repulsion is leading to greater exclusion of the target from the hydrogels.
The MOs however appear to have other interactions with the hydrogel, since their partition
coefficient is larger than the estimate of the size contribution alone, suggesting a reaction favoring
the uptake of MOs. This could be attributed to hydrophobic interactions, as Morpholinos have been
reported to exhibit interactions with hydrophobic molecules most likely due to their own
hydrophobic nature [37,38].

We can also observe a difference in partitioning for the DNA strands labelled with different
fluorescent dyes, namely Fluorescein-labeled DNA exhibiting a larger partition coefficient than Alexa
Fluor 647-labeled DNA (Figure 4a). Such an effect on partitioning could be a result of hydrophobic
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or electrostatic interactions as well as due to the dye’s effect on the size and conformation of the DNA-
dye complex.

3.3. Toehold effect on target spatiotemporal distribution in the MO hydrogels

In Figure 4b the relative concentration profile of the non-binding MO-T0 in MO hydrogels is
compared to the equilibrium (or near-equilibrium for MO-T2) relative concentration profiles of
binding targets MO-T2 and MO-T10 in MO hydrogels. While the non-binding target’s concentration
in the hydrogel is below that of the immersing solution, the binding targets MO-T2 and MO-T10 are
accumulating to approximately 3 and 9 times, respectively, their concentrations in the immersing
solution. This difference between binding and non-binding targets reflects the biospecific interaction
between the target and hydrogel-bound oligonucleotides with which they were designed and which
supports their possible applications. The targets with longer toeholds (MO-T10) are showing more
accumulation at equilibrium than those with shorter toeholds (MO-T2), a difference that was also
reflected in their equilibrium swelling volumes (Figure 3).

Figure 5 shows the spatiotemporal evolution of the MO target in several parallel MO hydrogel
preparations as measured by CLSM. Both targets are seen to quickly (within 3 minutes) accumulate
inside the hydrogels to levels higher than those in the immersing solution. MO hydrogels exposed to
T10 have reached saturation at 8 — 12 times the concentration of the immersing solution, while MO
hydrogels immersed in T2 solution have not reached an equilibrium yet in the duration of the
experiment and have reached a maximum concentration of 3-4 times that of the immersing solution.
However, from the swelling measurements (Figure 3), a swelling equilibrium was reached by this
time, especially for T2 targets.
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Figure 5 Spatiotemporal evolution of relative target (Carboxyfluorescein-labelled MO-T2 or MO-T10)
concentrations Ir2/r0 and It after exposure of MO hydrogels to the target solution at approximately
t=0. A profile is plotted for every 3¢ minute. Individual plots show parallel hydrogel preparations,
with hydrogel response to T2 on the left and T10 on the right.
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A difference in the spatiotemporal distribution pattern can be seen for the two different toehold
lengths of the targets. While target T2 is filling up the hydrogel almost uniformly throughout its
volume, target T10 first saturates the outermost layer of the hydrogel, leading to a sharp
concentration change in the hydrogel and this boundary then shifts further towards the center of the
hydrogel as each new layer becomes saturated with the T10 target. This difference suggests that
similarly to toehold-mediated strand displacement of DNA [25], the dissociation constant strongly
depends on the length of the toehold also for MOs, with the dissociation constant of T2 being larger
than that of T10. T10 binds strongly to the SB duplex and does not readily dissociate, which prevents
the targets from penetrating far into the hydrogel before all the available binding sites are occupied.
On the other hand, T2 which dissociates much more easily is quickly released after binding and free
to diffuse further into the hydrogel before another binding occurs.

DNA hydrogels were also exposed to DNA targets (DNA-T2 and DNA-T10) and imaged using
CLSM (Figure 6). Compared to MOs, DNA hydrogels are swelling slower and exhibit a steeper
concentration gradient moving inside the hydrogels, both in case of T2 and TI10 targets.
Unexpectedly, the concentration is seen to be increasing in the part right of the moving wavefront
also for DNA-T10, instead of quickly reaching a plateau, as was observed in the case of MOs. This
behavior cannot be explained by the association, dissociation and crosslink opening processes as
described in the reaction-diffusion model and suggests another phenomenon taking place in these
hydrogels. Additional experiments mapping effects of toehold molecular parameters are also
reported elsewhere [24, Paper III]. However, an explicit comparison between the various sets of data
is challenging due to differences in concentrations of immobilized dsDNA crosslinks and possible
differences brought on by the presence of various fluoroprobe labels.

time (min)
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90

T T T T T T 1

IT2n/TO

0 20 40 60 80 100 0 20 40 60 80 100
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0 20 40 60 80 100 0 20 40 60 80 100
Distance r (um) Distance r (um)

Figure 6 Spatiotemporal evolution of relative target (Fluorescein labeled DNA-T2 or DNA-T10)
concentrations Iz and Itiomo after exposure of DNA hydrogels to the target solution at approximately
t=0. A profile is plotted for every 3 minute. Individual plots show parallel hydrogel preparations,
with hydrogel response to T2 on the left and T10 on the right. Note: The time scale is different than
that in Figure 5.
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3.4. Estimating target T10 and hydrogel properties from diffusion-reaction modelling

We have fitted the obtained relative concentration profiles for MO-T10 targets in MO hydrogels
(It10rm0) to the reaction-diffusion model described in Methods. Since the hydrogels exposed to MO-T2
did not reach a maximum concentration within the hydrogel, the fitting was less reliable, and the
optimization yielded local minima depending on the starting conditions and these results are not
included.

An example of the model fitted to the experimental data is shown in Figure 7. Fitting was
repeated for all the MO hydrogels shown in Figure 5b and the obtained fitting parameters were
averaged to estimate the characteristic properties of the MO-T10 target and MO hydrogels (Table 2).
The table also contains the theoretical values of association and dissociation rate constants as
modelled by Zhang and Winfree for DNA in solution [25]. The theoretical value for diffusion
coefficient is also estimated for a DNA oligonucleotide: DNA of 25 bases has a diffusion coefficient
in solution of approximately 130 um?/s [39], which is expected to be reduced to approximately to 16%
of its value when in a hydrogel [40], giving value of approximately 21 pum?/s. The theoretical
concentration of the binding sites is estimated from the concentration of SB duplexes in the pregel
solution, which is 5.64 mM, but due to the initial swelling of the polymerized hydrogels, this is
reduced to approximately 4 mM at the beginning of the experiment.

12

0 0.2 04 06 038 1
Relative radius r/R

Figure 7 Spatiotemporal evolution of relative target (Carboxyfluorescein-labelled MO-T10)
concentration It/ after exposure of an MO hydrogel to the target solution at approximately ¢ = 0
(Same hydrogels as pictured in first row of Figure 5). A profile is plotted for every 3" minute. In
dotted lines, the profiles obtained by fitting the numerical reaction-diffusion model to the
experimental data.

Morpholino hydrogels are showing a smaller diffusion coefficient than estimated for DNA of
the same length in a hydrogel of this composition. This could be accounted for by the reported higher
stiffness of Morpholinos, but it could also suggest that the attached fluorescent dye affects the
diffusion [41]. Concerning the apparent concentration of the binding sites, the hydrogels showing
saturation at 0.18 mM suggests that only a small fraction (= 5%) of the duplexes is available for
binding the target.

As seen in Table 2, the rate constants also differ significantly from those for DNA in solution,
suggesting that the kinetics of toehold exchange is affected by the changes to the backbone and that
data estimated for DNA cannot be directly applied to Morpholinos, despite having the same base
sequence.
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Table 2 Parameters obtained by fitting the reaction-diffusion model to the CLSM data for MO-T10
spatiotemporal distribution in MO hydrogels.

Parameter Average value (of 3) + standard Theoretical
deviation values
Diffusion coefficient D (um?/s) 10+2 21 ()
Association rate constant k* (M -1s1) 1032202 3 x 100 (°)
Dissociation rate constant k- (s) 0.947 + 0.06 6 x 10 (®)
Branch migration constant kv (s) 31+04 2(°)
Available binding site concentration m: (mM) 0.18 + 0.03 4 ()

a) Estimate for DNA of same length in polyacrylamide hydrogels [39,40]
b) Zhang and Winfree for DNA in solution [25]

c) Concentration of SB duplexes estimated from initial concentration in the pregel.

5. Conclusions

Nucleic acid analogues, such as Morpholino oligomers, provide opportunities to exploit the
specificity and sensitivity of DNA interactions within hydrogels, while altering other properties of
the molecule. Here we have employed Morpholino oligonucleotides as physical crosslinks within
polyacrylamide hydrogels and compared their response to target MOs with the response of DNA
hydrogels to corresponding DNA targets. Due to the uncharged backbone of MOs, we observed a
higher partitioning coefficient of non-binding targets and improved kinetics for binding targets, as
well as a less pronounce total swelling response. The dependence of the kinetics on the length of the
toehold, known from DNA, was also observed for MOs. Lastly, by fitting the data to a reaction-
diffusion model, we estimated the diffusion coefficient and the association, dissociation and branch
migration rate constant for MO-T10 and found that they differ significantly from those predicted for
DNA.
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