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Bioresponsive DNA-co-polymer hydrogels for fabrication of sensors

Eleonóra Parelius Jonášová, Bjørn Torger Stokke ⁎
Biophysics and Medical Technology, Dept of Physics, NTNU The Norwegian University of Science and Technology, NO-7491 Trondheim, Norway

a b s t r a c ta r t i c l e i n f o

Article history:
Received 7 June 2016
Received in revised form 30 June 2016
Accepted 11 July 2016
Available online 29 July 2016

Bioresponsive hydrogels that include DNAwithin a non-DNA network (DNA-co-polymer hydrogels) constitute a
group of soft materials possessing selective recognition ability hosted by the included DNA structure. They are
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
their versatile nature.

© 2016 Elsevier Ltd. All rights reserved.
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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 beenwidely 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 DNAmolecular structure combined with the capa-
bility to synthesize specified bp sequences. Thus, molecular constructs
such as tiles, lattices, origamiswith 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 awater soluble synthetic (vinyl) polymer [6••]. The aimof 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

(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 hydrogelmaterial.
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-boundDNAbrought 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 bemonitored
at the hydrogel level. Thiswill be followedby a brief account of selection
procedures for specific DNA sequences and possible alternatives to the
DNA with potentially similar versatility.
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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 (Π) of the hydrogel. The total osmotic
pressure for the hydrogel swelling state is given by three contributions
originating from differentmolecularmechanisms. The first contribution
originates from mixing of solvent and the polymer (Πmix), the second
from the elastic retraction occurring on polymer chain deformation
(Πelas) and the third originates from concentration differences of ions
ΔCtot in the hydrogel relative to its immersing solution (Πion). Within
this theory, the total osmotic pressure is given by [13–17]:

Π ¼ Πmix þΠelas þΠion

Πmix ¼
RT
V1

ln φ1 þ φ2 þ χφ22
� �

Πelas ¼
υRT
V0

φ2
2φ2;0

−
φ2
φ2;0

 !1=30
@

1
A

Πion ¼ RTΔCtot

ð1:1Þ

where R is the molar gas constant, T is the absolute temperature, V1 is
the molar volume of the solvent, φ1 and φ2 are the volume fractions of
the solvent and polymer phase, respectively, χ is the Flory-Huggins in-
teraction parameter for intersegment contacts, V0 is the volume of the
hydrogel in the reference state, and υ is the molar number of elastic ac-
tive polymer chains in reference to volume fraction φ2,0 of the hydrogel.
The term ΔCtot 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 φ2 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

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 ΔCtot 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

ΔCtot ¼ cþ þ c−ð Þ− c0þ þ c0−
� � ð1:2Þ

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:

zþc0þ ¼ z−c0− ð1:3Þ

zþcþ ¼ z−c− þ zpcp ð1:4Þ

γ2�cþc− ¼ γ02�c0þc0− ð1:5Þ

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

zpcp ¼ ρφ2M2
ð1:6Þ

where ρ is the mass density of the dry polymer network andM2 is the
molar mass of the polymer, including connected DNA, per unit charge.
The term zp cp represents the counterionsneeded 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-
ciatedwith 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 inDNAhigher order structures exploited inDNA-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
byWatson and Crickmore than 60years 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

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



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 〈re-e2 〉1/2 for the single- and double-stranded segments.
In the wormlike chain model, 〈re-e2 〉 depends on the contour length, lc,
and persistence length, lp, as:

re−e
2� � ¼ 2lp lc−lp 1−e−lc=lp

� �h i
ð1:7Þ

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 lp 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
lp 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:

Δ re−e
2� �1=2 ¼ re−e

2� �1=2
end− re−e

2� �1=2
start ð1:8Þ

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

re−e
2� �1=2

state ¼ re−e
2� �1=2

lc;s; lp;s
� �þ re−e

2� �1=2
lc;d; lp;d
� � ð1:9Þ

In Eq. (1.9), lc,s and lc,d are the contour length of the ss and dsDNA
segments, and lp,s and lp,d 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 ssDNA
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
chargedmacromolecules, and combinedwith 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 ζ that expresses the relation be-
tween the Bjerrum length, lB, and the average spacing between the
charged group of the phosphate backbone, b:

ξ ¼ lB
b

ð1:10Þ

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:

lB ¼ e2

4πεrε0kBT
ð1:11Þ

where e is the electronic charge, εr and ε0 are the relative and vacuum
permittivity, respectively, kB is the Boltzman constant and T the absolute
temperature. The Bjerrum length in aqueous solution at room tempera-
ture is lB ≈ 0.715 nm. For the B-DNA double helical structure with b=
0.17 nm, the ratio between lb. 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 theB-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 anchoredwith 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, c, e and g). The extent of change in the
parameterM2 in the Donnan term for the swelling of the hydrogel de-
pends on the particular change in DNA structure, aswell 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 [29••] a decrease of the swelling volume in such a case
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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
ormass. The DNA-co-polymermaterials 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 away 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,

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 hydrogelmatrixes [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 tomon-
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 Hg2+ induced swelling
displayed clearly detectable shifts for Hg2+ concentrations as low as
10 nM and the aptamer grafted hydrogel displayed high selectivity for
response against Hg2+ when compared to other ions such as Pb2+,
Ag+, Mn2+, Zn2+, Mg2+, Ca2+, Al3+, Ba2+, Fe3+, Cu2+ and Cr3+ [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 Δn, 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

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.
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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 embeddedwith particles tomake a photonic crystalmaterial. The end-grafted oligonucleotidewas selected as an aptamer sequence capable of inducing a structural change in the
presence of Hg2+. 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) JohnWiley and Sons.
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entity of 50 μm, 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 platformsmentioned 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. Theminiaturization 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) [45••,46••], 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
[29••], and its equivalent with a single gel bound aptamer binding the li-
gand [33•,47,48] (where [48] can also fall into the category of stem-loop

formation as a result of ligand binding); stem-loop straightening with a
complementary DNA strand [29••]; competitive displacement involving
an initial complex of 2 [38•,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 fluorescencewavelength 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-Hg2+ 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 usingmicroparticles 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
[52••] 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 [49,51,52••], rather than sensing. However,
they still possess sensing functionality and could be tailored for sensing
purposes. Sol–gel transitions can be combinedwith 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, whichwas present outside of the gel, into glucose. The glucose
levels then can bemeasured using a personal glucosemeter. This exam-
ple also shows a possible way of using controlled release type of
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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 [29••], 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. Themethods 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), lockedDNA 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 ssDNAmediated crosslinking of a PNA grafted
on awater soluble polymer (HPMA). PNA are capable of forming hybrid
duplex structures with DNAmaking a ssPNA-ssDNA duplex structure as
well as other assembly modes between these two types of components.
Substituting PNAwithDNA in the structural changeswill 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 showsDNA-co-hydrogels as (bio) sensingma-
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
themonitoring 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 integratedwithDNA-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 responsivematerials 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.
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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.
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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.1–3 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 microfluidics4 or in hydrogels attached to optical fibers5

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.4 In some instances,
this approach is not usable, such as in the case of hydrogels
attached to optical fibers,5,6 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

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.7–13 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.14,15

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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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 ≈ 1.4116), and cleaved optical glass fibers (n ≈ 1.4436 for the
core, Huber-Suhner, cylindrical shape with diameter 125 μm;

the n of the cladding are estimated to n ≈ 1.50) as embedded
objects. These objects were embedded in buffered aqueous sol-
ution (150 mMNaCl, 10 mM Tris, 1 mM EDTA) of Alexa Fluor
647-conjugated oligonucleotides (n ≈ 1.33417). 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 cp and refractive index increment of ðdn∕dcpÞ ¼
0.165 mL∕g.18 Images were acquired by a confocal laser scan-
ning microscope (Leica TCS SP5) with a 63×, NA ¼ 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 ¼ 0 μm, the intensity of the detected fluorescence in
the solution is constant, independent of the lateral distance.

(a)

(c)

(b)

(d)

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) μm, 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 ¼ 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.

(a) (b) (c)

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 ¼ 1.52) in a homogeneous fluorescent solution (n ¼ 1.334) at depth z ¼ 0 and 60 μm. The
lines depict the location of the intensity profiles used for analysis. (c) Fluorescence intensity profiles
at depths z ¼ 0 and 60 μm 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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At depth 60 μm, there is a significant decrease in fluorescence
depending on the lateral distance to the glass cuboid. The fluo-
rescence loss extends ∼70 μm 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 Fu), depends on the lateral distance x and depth z as

EQ-TARGET;temp:intralink-;e001;63;362Fu ¼ 0.5þ 0.5x

sinðαÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ z2

p ; (1)

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 α is the half-angle of the
collected rays from the NFP.

The fluorescence profiles recorded when imaging at depths z
ranging from 0 to 70 μm, close to the glass cuboid, are com-
pared with the Fu 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 Fu (F2

u) 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.

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 ¼ 1.35) with 170-nm green fluorescent
subresolution beads (PS-Speck, P7220, from Invitrogen),
using the 63× 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 μm) 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
PSF.19,20 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 Booth21 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

Fig. 3 Experimental fluorescence intensity profiles in the proximity of
a vertical glass/solution interface extracted from CLSM images of
a glass cuboid (n ¼ 1.52) in a homogeneous fluorescent solution
(n ¼ 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 μm (orange). The smooth lines show Fu for correspond-
ing depths z. The dotted lines show F 2

u .

(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 μm into the sample using the
63 × ∕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 6.29 × 6.17 μm), whereas the xz and yz images
are slices across the center of the two beads [image size in
(b) 6.29 × 7.36 μm and 6.17 × 7.36 μm for xz and yz, respectively,
and in (c) 6.29 × 6.89 μm and 6.17 × 6.89 μm for xz and yz, respec-
tively]. The voxel size is 121 × 121 × 462 nm.
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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 n) 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 Refðx; zÞ. The sample
profile is then multiplied by the scaling factor 1∕Refðx; zÞ 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:

EQ-TARGET;temp:intralink-;e002;63;151 IðxÞ ¼ I0 − Iampe
−ðx−xcÞ

2

x2
d ; (2)

where I is the intensity at distance x along the profile, I0 is the
plateau intensity in the unaberrated case, Iamp is the height of
the peak, xc is the center of the peak, and xd gives information
about the width of the peak.

The adjusted R2 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 R2 values were lower for fitting at z ¼ 0, with R2 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
x1∕2ðzÞ = distance to half maximum. Figure 5(e) 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 x1∕2ðzÞ
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 x1∕2ðzÞ 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∕Refðx; zÞ, 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

(a) (b)

(d) (e)

(c)

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 ¼ 1.52) in a homogeneous fluorescent solution
(n ¼ 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 μm (blue) up to 70 μm (red). Black lines indicating a fitted
Gaussian. (b) Plot of residuals as a function of x for the fitting of profile at 50 μm in (a).
(c) Experimental fluorescence profile as in (a) and smoothed profiles using a Savitzky–Golay filter.
(d) x1∕2ðzÞ (see text for details) for z ¼ 50 μm. (c) x1∕2ðzÞ for fibers (n ¼ 1.50 for cladding), PDMS
(n ¼ 1.41) and glass cuboids (n ¼ 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.
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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

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.
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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
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.

■ 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.1−4 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.5 The
rapidly growing field of DNA nanotechnology is taking
advantage of these properties that make DNA a unique
building block.6−11

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,12−21

diagnostics,22 targeted drug delivery23−25 as well as cell
culturing,26 scaffolds in tissue engineering,27,28 and various
soft devices.29,30

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

for hydrogels with dimensions of about 50 μm.31 This setup
was used to study DNA-polyacrylamide hydrogels applying a
particular molecular design first reported by Nagahara and
Matsuda32 in 1996 that respond by swelling to the presence of
a specific oligonucleotide.33,34 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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dsDNA regions as well as toehold regions for the target strands
diffusing into the hydrogels.34

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.

■ 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-
ycyclohexyl 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

(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
MΩ 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.31 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.35

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
μM target ssDNA of either of the targets T0, 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. T0 is designed
to be noncomplementary to S and does not bind.

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 kb 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.

Figure 2. DNA sequences of the sensing S, blocking B and target strands T0, 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.
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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
S2), 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 0.05
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
T0, 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 μM. 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 μm) were first stripped of
the coating, and the ends were cut to obtain a flat and even surface
(cutter: Fitel model S323, Furukawa Electric Co. Ltd.). After cleaning
with ethanol, the ends were treated with 0.1 M HCl 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, 50W)
for 5 min.

Interferometry. The end of the fiber with the hydrogel was
inserted into an Eppendorf tube containing 200 μL 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 μL of the stock
target solution (60 μM target DNA) was added to obtain the final
target solution (20 μM target DNA, of which 10% fluorescently

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 T0. The bonds in
the complementary region of the toeholds are shown in red.

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
μm 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 c 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.31 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 μm) 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 ΔR 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 R0 = 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 ΔR, relative swelling was calculated:

= ΔR R R% / 0 (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 μL 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 μM 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 μL of target stock solutions (60 μM 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 40×, NA = 1.2 water immersion objective
(optical slice thickness of 0.9 μm). 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 μm). 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
T0 in DNA-Hydrogels. The partition coefficient Ki of a solute i is
defined as a ratio of its concentration in the gel cgel and in the solution
csol at equilibrium:

=K
C

Ci
gel

sol (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

independent, they can be separated into individual contributions to
the partition coefficient:36

= + + + +

+

K K K K K K

K

ln ln ln ln ln ln

ln

sizei i,el i,hphob i,biosp i, i,conf

i,o (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 (ITX/T0), 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 hydrogel.37

Previously, the loss of fluorescence due to the fiber was observed to
extend up to approximately 50 μm from the end face of the fiber into
the solution.37 Assuming this is unchanged by the presence of the
hydrogel, the ratio between the fluorescence intensity inside the
hydrogel 60 μm 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 μm 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 μm 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 T0.37 The
averaged intensity (ITX) 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
5).

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 ITX/T0 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:

σ
= − +F r A

r r
C( ) erf

2
0

(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, r0 is the distance from fiber end face to
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the wavefront midpoint, and σ relates to the width of the wavefront;
and erf denotes a standard error function of the form

∫π
= −x e terf( )

2
d

x
t

0

2

(5)

The fitted function was also differentiated analytically at the
wavefront midpoint r = r0 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

π σ
= =

= =

I
r

F r
r

Ad
d

d ( )
d

2

r r r r

T/T0

0 0 (6)

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, r0% (t)

= −
r t

R r
R

%( )0
0 0

0 (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 c of a molecule undergoing
pure diffusion follows the Fick’s second law, which reads

∂
∂
= Δc

t
D c

(8)

where D is the diffusion coefficient, t is time and Δ is a Laplacian

(Δ = ∑ ∂
∂

c i xi

2

2 with xi being Cartesian coordinates).

For diffusion within a radially symmetric sphere the concentration
c(r,̂t) as a function of time t and relative radial position r ̂ = r/R (where
r is the radial position and R the radius of the sphere) is given as38

∂
∂
= ∂

̂ ∂ ̂
̂ ∂
∂ ̂

c
t r r

r
D c
R r

1
2

2
2 (9)

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.39 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 kb (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.40 The evolution of the concentration of the target
T can then be described by the following partial differential equations
(PDEs):

∂
∂
= ∂

̂ ∂ ̂
̂ ∂
∂ ̂

− ++ −c
t r r

r
D c
R r

k cm k m
1

f c2
2

2 (10)

∂
∂

= − −+ −m
t

k cm k m k mc
f c b c (11)

∂
∂

=m
t

k mo
b c (12)

= + +m m m mt f c o (13)

where c is the molar concentration of the free target T, mt is the total
molar concentration of accessible binding cites, mf is the molar
concentration of free binding sites, mc the molar concentration of
three-strand complexes and mo of the open cross-links. Equation 13 is
the conservation of binding sites in the various possible states.

By introducing α = > 0D
R2

, eq 10 can be rewritten as

α∂
∂
= ∂

̂ ∂ ̂
̂ ∂
∂ ̂

− ++ −c
t r r

r
c
r

k cm k mf c2
2

(14)

By expressing mf as a function of mc, mo and mt we obtain a set of
three equations (for c, mc and mo) with their corresponding boundary
(B.C.) and initial conditions (I.C.):

α∂
∂
= ∂

̂ ∂ ̂
̂ ∂
∂ ̂
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Figure 5. 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 (IT7),
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 T0
(IT0) inside (r less than 70 μm) 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 IT7 from a) divided by a reference
profile acquired from T0 (as shown in red in panel b) to obtain the
corrected relative intensity (i.e., estimated relative concentration
IT7/T0). The fiber end face is located at r = 0.

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 IT7/T0 normalized to the
intensity of the surrounding solution (blue curve) along with the fit to
error function (red curve).
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where cout 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 rî = iΔr ̂ for i =
0,1,···,N. Similarly, c, mo, mc at grid point i will be denoted as ci, moi
and mci, respectively. The spatial derivatives are approximated using
the second order centered finite difference approximation in spherical
coordinates41 and a system of ordinary differential equations (ODEs)
is obtained at each point in the grid:
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This set of equations can be solved using MATLAB built in ODE
solver functions, here ode15s.

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 c 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 c(r ̂ = 1,t) = cout = K csol, where K is the partition
coefficient of nonbinding target T0 for the given type of gel and csol 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 Ro.

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 α, k+, k−, kb, mt, and tdelay 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
tdelay was added to the model accounting for this time-shift, and the
parameter estimation also included fitting of parameter values for
tdelay.

■ RESULTS AND DISCUSSION
Partitioning. The normalized fluorescence intensity profile

of nonbinding T0 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 T0 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

Figure 7. (a) Normalized fluorescence intensity of nonbinding T0 target labeled with Alexa Fluor 647 in different hydrogels: SB, CoumSB, SBF
and PolyAam08. (b) Plot of partition coefficient Ksize as a function of matrix volume fraction ϕ according to theory of Ogston (continuous line).
The points depict the experimentally determined K of the T0 target DNA for the hydrogels shown in panel a. (c) Relative concentration profiles of
the nonbinding target T0 and in binding target T7 in the same CoumSB hydrogel at equilibrium. Fiber end face at r = 0.

Biomacromolecules pubs.acs.org/Biomac Article

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

F



the hydrogel was measured at a distance greater than 60 μm
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 (T0) 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.36 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. Ogston42 provided an equation to estimate the size
contribution Ksize to the partitioning coefficient K. It is based
on placing spheres of radius a (solute) in a matrix of long
cylindrical fibers of radius af, with a total volume fraction ϕ:

= ϕ− +K e
a
a1
f

2

(30)

Approximating the parameter a by the radius of gyration of a
single stranded DNA of 20 base pairs (a = 2 nm)43 and using
experimentally determined volume fraction ϕ = 0.06, and fiber
radius af = 0.8 nm from Williams at al,44 we would expect the
size contribution to the partitioning coefficient to be Ksize =
0.48 (Figure 7b).
There is excellent agreement between the theoretical value

of Ksize and the experimentally observed one for T0 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 μm 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 coefficient of T0 DNA

due to the presence of hydrogel-bound DNA, for example, the

difference observed for the SB hydrogel as compared to
PolyAam08 (Figure 7a). Note that the PolyAam08 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,45 1.5 × 10−4 M for fluorescein46), or the decrease in
solution critical temperature of poly(N-isopropylacrylamide)
hydrogels upon integration in these,47 suggests that their
hydrophobicity has a possible effect on the partitioning (e.g.,
differences in Ki,hphob 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
T0 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
T0).

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

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 μM. 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.
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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 μM 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).39,48 For toehold lengths between 0 and 7
nucleotides, the rate of strand displacement is in order of
10toehold M−1 s−1. 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

CoumSB hydrogels. The profiles for other parallel preparations
of CoumSB hydrogels as well as SB and SBF hydrogels are
qualitatively similar (Figures S4, S5, 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 μm), 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 (IT) and the reference (IT0).

37

However, an increase in fluorescence intensity beyond this
effect has been observed for T7b consistently for all types of
hydrogels (Figure 9c and S3−S5). 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

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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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 r0% 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.49 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

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

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

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 r0% 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.

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.

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 μM of the
target DNA.
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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 Winfree39 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 μm2/s. The diffusion coefficient of ssDNA with a
number of nucleotides N ≥ 10 in aqueous solution at 20 °C
can be estimated by50

= × − −D N7.38 10 cm /sssDNA
6 0.539 2

(31)

which for a strand of 18 bases leads to DssDNA,18 = 155 μm2/s.
The diffusion coefficient is reduced inside the hydrogel. The
estimated reduction according to Park et al.51 can be calculated
as

= −
D

D
R Cexp( 3.03 )h

gel

sol

0.59 0.94

(32)

where Rh is the hydrodynamic radius of the solute in angstrom
(approximately 20 Å 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 μm2/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.52 For our ssDNA
(which similarly to polyethylene glycol behaves as a random
coil), this would reduce the diffusion coefficient to 23 μm2/s. A
similar value of approximately 30 μm2/s was reported for
ssDNA of corresponding molecular weight in polyacrylamide
hydrogels53 (of somewhat different composition than ours,54

6%T, 5%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

in a copolymerization cross-linking reaction.55−57 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 kb are shown in Table 1, along with the theoretical

values calculated according to Zhang and Winfree.39 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 hydrogel.58 Similar effects have been seen for
hybridization of DNA bound to a hard surface.59−63 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 tdelay 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 tdelay 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 tdelay 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 r0%, Figure 10

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 DNAa

experimental valueb estimated value39

k+ (M−1 s−1) T3: 10(4.7±0.4) T3: 6 × 106 = 106.8

T7: 10(4.5±0.1) T7: 6 × 106 = 106.8

k− (s−1) T3:10(2.1±0.3) T3: 224.7 = 10
2.3

T7: 10(−5±1) T7: 6.6 × 10−6 = 10−5.2

kb (s
−1) 2 ± 1 4

aEstimated Values Using Prediction Models by Zhang and Winfree39.
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.
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and from spatiotemporal target concentration profiles (Figures
S4−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
Schuck64 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
surface59,61−63,65 or inside a hydrogel58 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.

■ 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 coefficient 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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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 (IT7), 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 T7 target 
DNA to 20 M to the immersing aqueous buffer at t=0. b) Smoothed and normalized profiles 



 2 

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 r = 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 Förster 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 Förster 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.1 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.2  
 

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 M to the 
hydrogel’s immersing solution at t = 0. Profile shown for every 3rd 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. 

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 M. 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 t = 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 3rd minute. Fiber end face at r = 0. 

 



 5 

 

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 3rd minute. Fiber end face at r = 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 
prepared hydrogels. A profile is plotted for every 3rd minute. Fiber end face at r = 0. 
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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 3rd 
minute. Fiber end face at r = 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 3rd 
minute. Fiber end face at r = 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 3rd 
minute. Fiber end face at r = 0. 
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Abstract: Responsive hydrogels featuring DNA as a functional unit are attracting increasing interest 9 
due to combination of versatility and numerous applications. However, some applications would 10 
benefit from altering certain DNA properties. In the present work, the commonly employed DNA 11 
oligonucleotides in DNA-co-acrylamide responsive hydrogels are replaced by Morpholino 12 
oligonucleotides. The uncharged backbone of this nucleic acid analogue makes it less susceptible to 13 
possible enzymatic degradation. In this work we address fundamental issues related to key 14 
processes in the hydrogel response; such as partitioning of the free oligonucleotides or the strand 15 
displacement process. The hydrogels were prepared at the end of optical fibers for interferometric 16 
size monitoring and imaged using confocal laser scanning microscopy of the fluorescently labeled 17 
free oligonucleotides to observe their apparent diffusion and accumulation within the hydrogels. 18 
Morpholino-based hydrogels’ response to Morpholino targets was compared to DNA hydrogels’ 19 
response to DNA targets of the same base-pair sequence. Morpholino hydrogels were observed to 20 
have larger partition coefficients for non-binding targets than DNA hydrogels, due to their 21 
electroneutrality, resulting in faster kinetics for Morpholinos. The electroneutrality, however, also 22 
led to the total swelling response of the Morpholino hydrogels being smaller than that of DNA, 23 
since their lack of charges eliminates swelling resulting from the influx of counter-ions upon 24 
oligonucleotide binding. We have shown that employing nucleic acid analogues instead of DNA in 25 
hydrogels has a profound effect on the hydrogel response. 26 

Keywords: Oligo-morpholino-co-Aam hydrogels; responsive hydrogel; interferometric readout;  27 
 28 

1. Introduction 29 
DNA-based responsive hydrogels are a promising group of materials capable of adapting their 30 

properties to the presence of various molecular targets in their environment, ranging from DNA [1–31 
3] and other organic molecules [4–6], through ions [7–10] to viruses [11] and cells [12,13]. The 32 
mechanism of recognition relies on the ability to synthetize a custom DNA base sequence, which 33 
controls the structure of the DNA molecule down to nanolevel; and on the Watson-Crick 34 
complementarity rules that govern the base pairing and through it interactions with other DNA or 35 
non-DNA (via aptamer interactions) molecules. DNA thus offers remarkable sensitivity and 36 
specificity in its interactions and the hydrogel provides a means to amplify the molecular signal to a 37 
microscopic length scale. The possible applications are in sensing [4,10,14,15], targeted drug delivery 38 
[16–18], as well as in tissue engineering and as soft devices [1,19–21]. 39 

One of the DNA hydrogel designs for sensing applications was introduced in 1996 by Nagahara 40 
and Matsuda [22] and further investigated in our group [23,24]. The hydrogels in question consist of 41 
a dual crosslinked polyacrylamide network (Figure 1), in which the covalently crosslinked 42 
polyacrylamide carries oligonucleotide-based physical crosslinks that can be opened in a process of 43 
toehold-mediated strand displacement [25]. In short, the oligonucleotide crosslinks are formed by 44 
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two 5’acrydite-functionalized oligonucleotides that have a complementary region at their 3’ ends. 45 
The strands form a partially hybridized duplex and the acrydite allows them to be incorporated 46 
through covalent bonds into the hydrogel network as an additional crosslink. This crosslink can be 47 
disrupted by the binding of a target oligonucleotide T, which is complementary to one of the 48 
crosslinks strands – sensing strand S. Nearly the whole complementarity region between S and T is 49 
blocked by the other crosslink strand – the blocking strand B. The bases that are complementary to 50 
T,  but not blocked by B, form the toehold – a domain available for the initial binding of the target. 51 
The binding is then followed by a migration of the junction point along the length of the S strand, 52 
until the strand B is entirely displaced. 53 

 54 

Figure 1 Dual-crosslinked polyacrylamide and nucleic acid (analogue) based hydrogel. In (a) the 55 
initial state of the crosslink composed of sensing and blocking strand, along with the free fluorescently 56 
labelled target. The target can bind (b) or dissociate from the crosslink with binding and dissociation 57 
rate constants k+ and k-. Ultimately, (c) the blocking strand is entirely displaced after branch migration 58 
(kb).   59 

 60 
In recent years, synthetic nucleic acids have been explored in preparation of responsive 61 

hydrogels [26], in order to overcome some of the drawbacks of native DNA molecules, such as its 62 
high charge and subsequent salt dependence or susceptibility to degradation by enzymes. 63 
Morpholino oligonucleotides (MOs) are particularly promising due to their uncharged backbone, but 64 
high solubility. The solubility can be attribute to their well stacked nucleobases. In fact, the stacking 65 
is better than that of DNA [27], yielding very good solubility (as an example, 263 mg of a Morpholino 66 
22-mer was dissolved in 1 mL of water without reaching saturation [28]). They are also resistant to 67 
nucleases and stiffer than DNA, minimizing self-hybridization. Their melting temperature is slightly 68 
higher than that of DNA strands of corresponding sequence.  69 

Employing MOs instead of DNA in the above described hydrogels provides the advantage of 70 
electroneutrality, thus eliminating the electrostatic interactions between the hydrogel and the target. 71 
Electrostatic interactions contribute to the partitioning of solutes in gels and thus affect their 72 
transport. The partition coefficient is defined as a ratio of the solute’s concentration inside the gel  73 
and in the immersing solution  at equilibrium: 74 K = . 1 75 

 76 
It depends on the size and conformation of the solute and the hydrogel and on their various 77 

interactions. If these interactions are considered independent, they can be separated into individual 78 
contributions [29]: 79 K = + + + + + 2 80 

where el, hphob, biosp, size, conf and o denote, respectively, interactions of electrostatic, 81 
hydrophobic, biospecific affinity, size-related and conformational nature, and other interactions.  82 

The size and conformation addition to the partition coefficient has been derived by Ogston [30], 83 
based purely on hard sphere interactions (i.e. without electrostatic, hydrophobic and biospecific 84 
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interactions). The model is derived by placing spheres of radius a (solute) in a matrix of long 85 
cylindrical fibers of radius , with a total volume fraction : 86 

, = . 3 87 

 88 
In the present study, we extend from the previous investigations employing dsDNA 89 

oligonucleotides to MOs as physical crosslinks alongside the covalent ones in the responsive 90 
hydrogels. The overall aim is to determine the mutual influence between the various processes, 91 
namely target diffusion and binding, physical crosslink disruption and swelling. A notable difference 92 
between the physical crosslinks in MO- and DNA-based hydrogels are the uncharged MOs as 93 
compared to the highly charged DNA, implying that one can expect significant differences in the 94 
electrostatic contribution to the partition coefficient. The polyanion character of DNA contributes to 95 
exclusion of the target from the DNA hydrogel and as a result its slower uptake. Thanks to the 96 
electrically neutral backbone of MOs, an increased partitioning is expected, improving the kinetics of 97 
the target transport. The MO-polyacrylamide hydrogels are investigated as fabricated on an optical 98 
fiber supporting high resolution monitoring of net change in the optical length. This realization also 99 
indicates that MO-polyacrylamide hydrogels possess potential as sensing and transducing materials, 100 
and although only mRNA sensing proof-of-concept so far has been reported [26], such applications 101 
also take advantage of the improved stability of MOs towards enzymatic degradation. 102 

Interferometry and confocal laser scanning microscopy were used to monitor the swelling of the 103 
Morpholino hydrogels as well as the uptake of the target within. The swelling was also compared to 104 
that of DNA hydrogels of identical nucleotide sequences.  105 

2. Materials and Methods  106 

2.1. Materials 107 
Acrylamide  99% (Aam), N, N'-methylenebisacrylamide  99.5% (Bis), squalane oil, dimethyl 108 

sulfoxide (DMSO), 3-(trimethoxysilyl) propyl methacrylate 98% (linker), 1-hydroxycyclohexyl phenyl 109 
ketone 99% (HCPK) and 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris) were purchased from 110 
Sigma-Aldrich; ethylenediaminetetraacetcic acid (EDTA) and sodium chloride (NaCl) were obtained 111 
from VWR. Single-stranded Morpholino oligonucleotides and DNA oligonucleotides with custom 112 
specified base pair sequence (Table 1) (some functionalized with an acrydite group, some fluorescently 113 
labelled at specific base) were obtained from Gene Tools (Philomath, USA) and Integrated DNA 114 
Technologies (IDT, Coralville, USA) respectively. All materials were used without further purification. 115 
De-ionized water with resistivity 18.2 M  cm (Millipore Milli-Q) was used throughout.  116 

Table 1 Oligonucleotide sequences of the sensing, blocking and target strands, with the position of 117 
acrydite groups (Acr) shown and the nucleobases complementary with sensing strand highlighted. 118 
Each sequence was realized both as MO and DNA oligonucleotides. 119 

Name Sequence   # bases 

S                        3’  C GTA AGT AAC TAT CGA CTT CAG TCG TCA- Acr  5’ 28 

B 5’  Acr - TTC AGT CGT CAG CAT TCA TTG ATA GGA C  3’ 28 

T2                  5’  G CAT TCA TTG ATA GCT AAT GAC ATA  3’ 25 

T10                  5’  G CAT TCA TTG ATA GCT GAA GTC AGA  3’ 25 

T0                  5’  TAT CGT AGC AGG CTA CAG GAC TCA A  3’     25 

 120 
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2.2. Pregel and target solutions 121 
An aqueous buffer prepared from 10 mM Tris, 1 mM EDTA and 150 mM NaCl, adjusted to pH 7.5 122 

was used for preparation of pregel and solutions containing target Morpholinos or DNA 123 
oligonucleotides. 124 

Pregel solutions consisted of 10 wt% Aam, 0.6 mol% Bis, 0.13 mol% HCKP and 0.4 mol% ds DNA 125 
or dsMO (duplex SB), dissolved in buffer. HCPK was dissolved in DMSO to the concentrations of 0.1 126 
M prior to its addition to the pregel solution. Two different types of hydrogels were prepared MO 127 
hydrogels and DNA hydrogels, differing solely by whether the oligonucleotides incorporated were 128 
Morpholinos or DNA. 129 

Stock solutions of target ssDNA and ssMO were prepared by dissolving strands T0, T2, or T10 in 130 
buffer to a concentration of 30 M. The target stock solutions were prepared from 90% unlabeled and 131 
10% labelled target oligonucleotides (labelled with Carboxyfluorescein for MOs, Fluorescein for DNA, 132 
or for some DNA hydrogels with Alexa Fluor 647).    133 

2.3. Gel preparation 134 
Quasi-hemispherical hydrogels were prepared at the end face of optical fibers (SMF-28-J9 from 135 

ThorLabs, diameter without coating 125 m) that have been stripped of the coating. The end of the fiber 136 
was cut (cutter: Fitel model S323, Furukawa Electric Co. Ltd.), cleaned with ethanol and functionalized 137 
with methacrylate groups by silanization. The silanization procedure consisted of treating the fiber with 138 
0.1 M HCl solution for 20 minutes and then immersing in a 2 vol% solution of linker in degassed MiliQ 139 
water adjusted to pH 3.5. Fibers were again cleaned with ethanol and dust was removed from the end 140 
face using duct tape.  141 

The end of the optical fiber was then immersed in a squalane oil droplet saturated with 2.6 mg/mL 142 
of HCPK. A pipette was used to deposit a small amount of the pregel solution (~0.3 nL) at the end face 143 
of the fiber. The pregel was polymerized via a free radical polymerization initiated by exposure to UV 144 
light for 5 minutes (Fiber coupled LED UV source M340F3, nominal wavelength 340 nm, ThorLabs). 145 

2.4. Interferometry 146 
An interferometric readout method described in detail elsewhere[31] was used to monitor the 147 

optical length of the hydrogels. In short, a light wave (1530-1560 nm) is sent through the hydrogel which 148 
constitutes a Fabry-Perot cavity and the interference of the waves reflected at the fiber-hydrogel and 149 
hydrogel-solution interfaces is used to determine the optical length of the hydrogel L as well as the 150 
change in its optical length L. Relative swelling L% can be calculated as a change in optical length 151 
relative to the initial optical length L0 (optical length immediately prior to the addition of the target): 152 % = / . 153 

2.5. Confocal Laser Scanning Microscopy 154 
Confocal laser scanning microscopy was used for monitoring of the spatiotemporal distribution of 155 

the target within the hydrogel. For this purpose, the fiber with the hydrogel at its end face was pinched 156 
of with tweezers and glued to a bottom of a Glass Bottom Microwell Dish (P35G-1.5-10-C) from MatTek. 157 
The hydrogel was then left to equilibrate in 100 L of the buffer solution before 200 L of 30 M target 158 
stock solution was added immediately before the imaging was started to a final target concentration of 159 
20 M.  160 

The imaging was performed using a Confocal Laser Scanning Microscope (Zeiss LSM800) with a 161 
40x, NA=1.2 water immersion objective (optical slice thickness of 0.9 m) at 22°C. A micrograph was 162 
acquired in a horizontal plane passing through the middle of the hydrogel (depth ~62 m) every 163 
minute, starting 10-20 seconds after the addition of the target. Excitation wavelength of 480 nm was 164 
used for Fluorescein with a detection bandpass filter of 500-700 nm. For Alexa Fluor 647, excitation 165 
wavelength was 640 nm and the detected fluorescence was filtered by a bandpass filter of 650-700 nm. 166 

2.6. Acquiring relative concentration profiles from CLSM micrographs 167 
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Fluorescence intensity profiles were extracted from the CLSM micrographs using custom Matlab 168 
R2017a (Mathworks) scripts. Intensity profiles were acquired over several lines from a circular sector 169 
spanning 20° around the long axis of the fiber with a 0.5° step. These profiles were then averaged to 170 
obtain a smoother fluorescence intensity profile representative of the fluorescence intensity along the 171 
axis of the fiber.  172 

The profile was then smoothed using a Savitzky-Golay filter and normalized so that the intensity 173 
of the immersing solution was 1 (for T2 and T10), or so that the maximum intensity within the hydrogel 174 
was 1 (for T0). These fluorescence intensity profiles are referred to as ITX, where TX is one of the targets 175 
T0, T2 or T10.  176 

 177 

Figure 2 (a) An example of fluorescence profiles IT10 recorded by CLSM after addition of target MO-178 
T10 to a MO hydrogel (angle-averaged, smoothed and normalized to immersing solution being 1). (b) 179 
The fluorescence intensity IT0 of the same hydrogel immersed in a nonbinding target MO-T0 in blue 180 
and a reference profiled obtained by a second-degree polynomial fit to IT0 shown in red. (c) 181 
Fluorescence intensity profiles IT10 from (a) divided by the reference profiles form (b), to obtain the 182 
relative intensity profiles corrected for the effect of the presence of the fiber, i.e. relative concentration 183 
IT10/T0. Fiber end face is located at r = 0.    184 

 185 
The close proximity of the glass fiber to the hydrogel affects the detected fluorescence intensity, 186 

i.e. the refraction of excitation and emission light through the fiber causes a decrease in the observed 187 
fluorescence that is the most pronounced at the fiber end face and reaches as far as 50 m into the 188 
hydrogel/solution.[32] Due to this effect of the fiber, the fluorescence intensity profiles do not reflect the 189 
concentration of the target. To correct for this, an intensity profile IT0 in the non-binding target T0 was 190 
obtained for each individual hydrogel and used as reference for quantifying the effect of the fiber on 191 
the fluorescence intensity (Figure 2). The concentration of the target inside the hydrogel relative to that 192 
in the immersing solution can then be obtained by dividing the fluorescence intensity profiles IT2 and 193 
IT10 by the reference profile IT0 for each individual hydrogel. The relative concentration profiles are 194 
referred to as ITX/T0 where TX is one of the targets T2 or T10.  195 

Relative swelling % = /  was also calculated from the obtained relative concentration 196 
profiles ITX/T0. The outer edge of the hydrogel was identified as the position with largest negative slope 197 
(obtained by numerical differentiation of the profile), while the inner edge at the fiber end face was 198 
identified visually.  199 

2.7. Reaction-diffusion model 200 
The binding of the target to the hydrogel-bound strands and the subsequent crosslink opening can 201 

be modelled as a two-step process characterized by the binding constant k+, the dissociation constant k- 202 
and the constant of junction point migration kb (Figure 1). The total molar concentration of available 203 
binding sites, i.e. SB duplexes available to bind the target is mt. The concentrations of free binding sites 204 
mf, 3-strand complexes mc and open crosslinks mo add up to the total concentration mt. Apart from the 205 
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reaction between the duplex and the target, the target is undergoing diffusion into and through the 206 
hydrogel.  207 

The following partial differential equations for diffusion-reaction in a sphere describe the 208 
evolution of the concentration of the free target c, as well as the concentrations of binding sites mc and 209 
mo at a given relative radial position = /R (where r is the radial position and R the radius of the 210 
sphere) at time t [33]. The concentration of target at the boundary is =   and = > 0.  211 

 212 = + + + 4 213 

. . : (0, ) = 0,  0 5 214 (1, ) = 6 215 . . : ( , 0) = 0,  0 < 1, = 1 7 216 

 217 = 8 218 

. . : (0, ) = 0 9 219 (1, ) = 0 10 220 . . : ( , 0) = 0,  0 1 11 221 
 222 = 12 223 

. . : (0, ) = 0 13 224 (1, ) = 0 14 225 . . : ( , 0) = 0,  0 1 15 226 
This system of partial differential equations can be numerically solved by applying the method of 227 

lines and discretizing the spatial dimension to reduce the problem to a system of ordinary differential 228 
equations [34].  229 

The mathematical diffusion-reaction model was then fitted to experimental data, with parameters 230 , , k , ,  being determined in the fitting. Another parameter, , was also determined in 231 
the fitting and accounts for the time delay between the addition of the target solution to the hydrogel’s 232 
immersing solution and the start of the scanning. The swelling was not considered in the model fitting 233 
and the experimental size of the hydrogel has been approximated by its initial radius . 234 

 235 

3. Results and discussion 236 

3.1. Swelling rate and equilibrium depends on the toehold length and differs between DNA and MO 237 
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 238 

Figure 3 Relative swelling kinetics of Morpholino and DNA hydrogels after exposure to Morpholino 239 
and DNA targets T2 or T10 respectively at t = 0. In (a), relative swelling as calculated from CLSM 240 
micrographs, reflecting changes in the hydrogel’s physical length. In (b), relative swelling obtained 241 
by interferometry, reflecting the optical length changes. In (c), box plots of initial swelling calculated 242 
from the interferometer curves.   243 

 244 
The swelling was monitored both via interferometry and via confocal laser scanning microscopy. 245 

The interferometer measures the optical length L of the hydrogel with high precision [31], while the 246 
physical length R is directly determined from CLSM micrographs with lower precision, (as can also 247 
be seen by the CLSM data showing more noise in Figure 3a, compared to smooth interferometer data 248 
in Figure 3b). In Figure 3 relative swelling curves for several parallel hydrogel preparations are 249 
shown as measured by the interferometer or the CLSM. The initial swelling rate at time t = 0 was 250 
calculated from the interferometer data and shown in Figure 3c.  251 

Similar trends can be observed between interferometric and CLSM data, but the optical length 252 
change (interferometer) seems to be smaller than the change in the physical length (CLSM) which 253 
could be attributed to the changes in refractive index, brought on by swelling, but it could also be 254 
due to a measurement error, since the edge of the fiber in the micrographs was identified visually 255 
and thus introduced a human error and bias.  256 
MOs are consistently seen to reach their equilibrium swelling state within or shortly after 60 minutes, 257 
while DNA hydrogels are swelling for several (2-4) hours. The equilibrium swelling is also much 258 
larger for DNA hydrogels than for the MO hydrogels, while their initial swelling rates differ much 259 
less (Figure 3c). While the absolute swelling rates as depicted in Figure 3 are similar for Morpholinos 260 
and DNA, the fact that DNA hydrogels reach their equilibrium much later means that their relative 261 
swelling rate is slower. The limited swelling of MO hydrogels compared to those with DNA can be 262 
attributed to the lack of electrostatic interactions, meaning that no influx of counterions (and solvent) 263 
accompanies the binding of the MO to the hydrogel.  264 

There is a significant difference in the swelling rate and the equilibrium swelling volume 265 
depending on the length of the toehold, both in the case of Morpholino oligonucleotides and DNA 266 
oligonucleotides. The target T10 leads to a faster and more pronounced swelling than T2. 267 

3.2. The effect of charges and fluorescent dyes on partitioning 268 
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 269 

Figure 4 (a) Normalized fluorescence intensity profiles IT0 of non-binding target T0 (either MO-T0 or 270 
DNA-T0) in MO hydrogels and DNA hydrogels respectively. MOs were functionalized with 271 
Carboxyfluorescein dye and DNA oligonucleotides were functionalized either with Fluorescein or 272 
Alexa 647. (b) Relative concentration profile IT0/T0 of non-binding target T0, compared to equilibrium 273 
(or near-equilibrium) relative concentration profiles of binding targets T2 and T10 (IT2/T0 and IT10/T0). 274 
The individually prepared hydrogels for these data extent up to r =66 m, 72 m and 82 m for the 275 
nonbinding T0 and T2 and T10 binding targets, respectively. 276 

 277 
Fluorescence intensity profiles IT0, uncorrected for the presence of the fiber, are shown in Figure 278 

4a for non-binding target T0 (either Morpholino or DNA) in corresponding (Morpholino or DNA) 279 
hydrogel. In case of DNA, two different fluorescent dyes, attached at the same location in the 280 
nucleotide sequence, were tested: 3’-Alexa Fluor 647 and 3’-Fluorescein. Morpholinos were only 281 
labelled using 3'-Carboxyfluorescein.  282 

The partition coefficient, calculated as the ratio of maximum fluorescence intensity inside the 283 
hydrogel relative to the immersing solution, has been calculated for each experiment and averaged 284 
for the same targets. The obtained values were = 0.77, 0.22, and 0.06  for Carboxyfluorescein 285 
labeled MOs, Fluorescein-labelled DNA, and Alexa Fluor 647-labelled DNA oligonucleotides, 286 
respectively.  287 

The size contribution to the partition coefficient  can be approximated by the Ogston 288 
formula (Equation (3)). The parameter a can be approximated by the radius of gyration of a single 289 
stranded DNA of 25 base pairs to a = 3 nm [35] (this value would be somewhat larger for MOs, 290 
claimed by others to be stiffer than DNA [26]) and using experimentally determined volume fraction 291 = 0.06, and fiber radius = 0.8 nm from Williams at al [36] for polyacrylamide, we would expect 292 
the size contribution to the partitioning coefficient to be = 0.26 for DNA and slightly lower for 293 
Morpholinos.  294 

Since Morpholino oligonucleotides have an electrically neutral backbone, the electric potential 295 
contribution to the partition coefficient is eliminated as compared to corresponding DNA hydrogels 296 
in which the electrostatic repulsion is leading to greater exclusion of the target from the hydrogels. 297 
The MOs however appear to have other interactions with the hydrogel, since their partition 298 
coefficient is larger than the estimate of the size contribution alone, suggesting a reaction favoring 299 
the uptake of MOs. This could be attributed to hydrophobic interactions, as Morpholinos have been 300 
reported to exhibit interactions with hydrophobic molecules most likely due to their own 301 
hydrophobic nature [37,38].  302 

We can also observe a difference in partitioning for the DNA strands labelled with different 303 
fluorescent dyes, namely Fluorescein-labeled DNA exhibiting a larger partition coefficient than Alexa 304 
Fluor 647-labeled DNA (Figure 4a). Such an effect on partitioning could be a result of hydrophobic 305 
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or electrostatic interactions as well as due to the dye’s effect on the size and conformation of the DNA-306 
dye complex.  307 

 308 

3.3. Toehold effect on target spatiotemporal distribution in the MO hydrogels 309 
In Figure 4b the relative concentration profile of the non-binding MO-T0 in MO hydrogels is 310 

compared to the equilibrium (or near-equilibrium for MO-T2) relative concentration profiles of 311 
binding targets MO-T2 and MO-T10 in MO hydrogels. While the non-binding target’s concentration 312 
in the hydrogel is below that of the immersing solution, the binding targets MO-T2 and MO-T10 are 313 
accumulating to approximately 3 and 9 times, respectively, their concentrations in the immersing 314 
solution. This difference between binding and non-binding targets reflects the biospecific interaction 315 
between the target and hydrogel-bound oligonucleotides with which they were designed and which 316 
supports their possible applications. The targets with longer toeholds (MO-T10) are showing more 317 
accumulation at equilibrium than those with shorter toeholds (MO-T2), a difference that was also 318 
reflected in their equilibrium swelling volumes (Figure 3). 319 

Figure 5 shows the spatiotemporal evolution of the MO target in several parallel MO hydrogel 320 
preparations as measured by CLSM. Both targets are seen to quickly (within 3 minutes) accumulate 321 
inside the hydrogels to levels higher than those in the immersing solution. MO hydrogels exposed to 322 
T10 have reached saturation at 8 – 12 times the concentration of the immersing solution, while MO 323 
hydrogels immersed in T2 solution have not reached an equilibrium yet in the duration of the 324 
experiment and have reached a maximum concentration of 3-4 times that of the immersing solution. 325 
However, from the swelling measurements (Figure 3), a swelling equilibrium was reached by this 326 
time, especially for T2 targets.  327 

 328 

 329 

Figure 5 Spatiotemporal evolution of relative target (Carboxyfluorescein-labelled MO-T2 or MO-T10) 330 
concentrations IT2/T0 and IT10/T0 after exposure of MO hydrogels to the target solution at approximately 331 
t = 0. A profile is plotted for every 3rd minute. Individual plots show parallel hydrogel preparations, 332 
with hydrogel response to T2 on the left and T10 on the right.  333 
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A difference in the spatiotemporal distribution pattern can be seen for the two different toehold 334 
lengths of the targets. While target T2 is filling up the hydrogel almost uniformly throughout its 335 
volume, target T10 first saturates the outermost layer of the hydrogel, leading to a sharp 336 
concentration change in the hydrogel and this boundary then shifts further towards the center of the 337 
hydrogel as each new layer becomes saturated with the T10 target. This difference suggests that 338 
similarly to toehold-mediated strand displacement of DNA [25], the dissociation constant strongly 339 
depends on the length of the toehold also for MOs, with the dissociation constant of T2 being larger 340 
than that of T10. T10 binds strongly to the SB duplex and does not readily dissociate, which prevents 341 
the targets from penetrating far into the hydrogel before all the available binding sites are occupied. 342 
On the other hand, T2 which dissociates much more easily is quickly released after binding and free 343 
to diffuse further into the hydrogel before another binding occurs.  344 

DNA hydrogels were also exposed to DNA targets (DNA-T2 and DNA-T10) and imaged using 345 
CLSM (Figure 6). Compared to MOs, DNA hydrogels are swelling slower and exhibit a steeper 346 
concentration gradient moving inside the hydrogels, both in case of T2 and T10 targets. 347 
Unexpectedly, the concentration is seen to be increasing in the part right of the moving wavefront 348 
also for DNA-T10, instead of quickly reaching a plateau, as was observed in the case of MOs. This 349 
behavior cannot be explained by the association, dissociation and crosslink opening processes as 350 
described in the reaction-diffusion model and suggests another phenomenon taking place in these 351 
hydrogels. Additional experiments mapping effects of toehold molecular parameters are also 352 
reported elsewhere [24, Paper III]. However, an explicit comparison between the various sets of data 353 
is challenging due to differences in concentrations of immobilized dsDNA crosslinks and possible 354 
differences brought on by the presence of various fluoroprobe labels.  355 

 356 
Figure 6 Spatiotemporal evolution of relative target (Fluorescein labeled DNA-T2 or DNA-T10) 357 
concentrations IT2/T0 and IT10/T0 after exposure of DNA hydrogels to the target solution at approximately 358 
t = 0. A profile is plotted for every 3rd minute. Individual plots show parallel hydrogel preparations, 359 
with hydrogel response to T2 on the left and T10 on the right. Note: The time scale is different than 360 
that in Figure 5. 361 
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3.4. Estimating target T10 and hydrogel properties from diffusion-reaction modelling  362 
We have fitted the obtained relative concentration profiles for MO-T10 targets in MO hydrogels 363 

(IT10/T0) to the reaction-diffusion model described in Methods. Since the hydrogels exposed to MO-T2 364 
did not reach a maximum concentration within the hydrogel, the fitting was less reliable, and the 365 
optimization yielded local minima depending on the starting conditions and these results are not 366 
included.  367 

An example of the model fitted to the experimental data is shown in Figure 7. Fitting was 368 
repeated for all the MO hydrogels shown in Figure 5b and the obtained fitting parameters were 369 
averaged to estimate the characteristic properties of the MO-T10 target and MO hydrogels (Table 2). 370 
The table also contains the theoretical values of association and dissociation rate constants as 371 
modelled by Zhang and Winfree for DNA in solution [25]. The theoretical value for diffusion 372 
coefficient is also estimated for a DNA oligonucleotide: DNA of 25 bases has a diffusion coefficient 373 
in solution of approximately 130 m2/s [39], which is expected to be reduced to approximately to 16% 374 
of its value when in a hydrogel [40], giving value of approximately 21 m2/s. The theoretical 375 
concentration of the binding sites is estimated from the concentration of SB duplexes in the pregel 376 
solution, which is 5.64 mM, but due to the initial swelling of the polymerized hydrogels, this is 377 
reduced to approximately 4 mM at the beginning of the experiment.  378 

 379 
Figure 7 Spatiotemporal evolution of relative target (Carboxyfluorescein-labelled MO-T10) 380 
concentration IT10/T0 after exposure of an MO hydrogel to the target solution at approximately t = 0 381 
(Same hydrogels as pictured in first row of Figure 5). A profile is plotted for every 3rd minute.  In 382 
dotted lines, the profiles obtained by fitting the numerical reaction-diffusion model to the 383 
experimental data. 384 

 385 
Morpholino hydrogels are showing a smaller diffusion coefficient than estimated for DNA of 386 

the same length in a hydrogel of this composition. This could be accounted for by the reported higher 387 
stiffness of Morpholinos, but it could also suggest that the attached fluorescent dye affects the 388 
diffusion [41]. Concerning the apparent concentration of the binding sites, the hydrogels showing 389 
saturation at 0.18 mM suggests that only a small fraction (  5%) of the duplexes is available for 390 
binding the target.  391 

As seen in Table 2, the rate constants also differ significantly from those for DNA in solution, 392 
suggesting that the kinetics of toehold exchange is affected by the changes to the backbone and that 393 
data estimated for DNA cannot be directly applied to Morpholinos, despite having the same base 394 
sequence.  395 

 396 



Polymers 2019, 11, x FOR PEER REVIEW 12 of 15 

 

Table 2 Parameters obtained by fitting the reaction-diffusion model to the CLSM data for MO-T10 397 
spatiotemporal distribution in MO hydrogels.  398 

Parameter Average value (of 3) ± standard 
deviation 

Theoretical 
values 

Diffusion coefficient D ( m2/s) 10 ± 2 21 (a) 
Association rate constant k+ (M -1s-1) 103.2±0.2  3 x 106 (b) 

Dissociation rate constant k- (s-1) 0.947 ± 0.06 6 x 10-6 (b) 
Branch migration constant kb (s-1) 3.1 ± 0.4 2 (b) 

Available binding site concentration mt (mM) 0.18 ± 0.03 4 (c) 
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. 

 399 

5. Conclusions 400 
Nucleic acid analogues, such as Morpholino oligomers, provide opportunities to exploit the 401 

specificity and sensitivity of DNA interactions within hydrogels, while altering other properties of 402 
the molecule. Here we have employed Morpholino oligonucleotides as physical crosslinks within 403 
polyacrylamide hydrogels and compared their response to target MOs with the response of DNA 404 
hydrogels to corresponding DNA targets. Due to the uncharged backbone of MOs, we observed a 405 
higher partitioning coefficient of non-binding targets and improved kinetics for binding targets, as 406 
well as a less pronounce total swelling response. The dependence of the kinetics on the length of the 407 
toehold, known from DNA, was also observed for MOs. Lastly, by fitting the data to a reaction-408 
diffusion model, we estimated the diffusion coefficient and the association, dissociation and branch 409 
migration rate constant for MO-T10 and found that they differ significantly from those predicted for 410 
DNA.  411 
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