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Introduction

The structural information in nucleic acids enables encoding
at the nanoscale of a variety of dynamic assemblies' ™ able to
switch their conformation in response to external stimuli such
as pH, small molecules (salts, ions), proteins, oligonucleotides
and temperature.®'® Among the wide range of nucleic acid
based materials,"" DNA polymer hybrids and hydrogels have
attracted great interest as biocompatible stimuli-responsive
systems.”"*"® In addition to the advantageous properties of
hydrogels for biomedical applications,'®™° the recognition be-
havior, thermal stability and visco-elasticity of DNA-hybrid
materials can further be tuned by changing the size and the
number of branched DNA monomers.>>*! The ability of DNA
hybrid networks to switch between mechanically distinct con-
formational states based on DNA hybridization and strand dis-
placement mechanisms**™2® has been used for a number of
label-free sensing applications with remarkable sensitivities.””
In addition to responses at the level of individual nucleic acid
sequences, Lin*®* and Wei** demonstrated the hybridization
triggered sol-gel transition of polyacrylamide DNA hydrogels
via macroscopic rheological properties and by following the
release of bioactive molecules using thrombin-binding
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exhibit rheological properties that can be modulated through interaction with complementary DNA
strands and/or reduction. Furthermore, individual and combined oligonucleotide recognition and
reduction responses allow control over pore sizes in the gel, enabling programmable release and trans-
port of objects ranging from the nano- to micro-scale.

aptamers as crosslinking agents, respectively. These studies indi-
cate the potential for DNA-based materials to report on nano-
scale phenomena via responses amplified to the macroscale.*®

Hydrogels crosslinked solely by DNA sequences are charac-
teristically weak and swellable unless significant quantity of
crosslinker is employed. However, on cost grounds it is impor-
tant to minimize the amount of DNA in a hydrogel whilst
retaining a sequence-specific response. Thus for many practi-
cal applications additional crosslinkers are needed to
strengthen the gel. This strengthening must induce structural
integrity without dampening the nucleic acid response.
It would be advantageous therefore if a primary response in a
hydrogel, e.g. to a nucleic acid sequence, could be coupled to
a gel which is robust, but which also contains a secondary
response mechanism that in turn can generate a structural
signal and/or amplification.

Here, we describe a gel that is physically and chemically
crosslinked via DNA base-pairing and disulfide bonds respecti-
vely (Scheme 1). The gel responds to DNA in a sequence
specific manner while retaining macroscale integrity, and also
responds to reducing conditions via disulfide bond cleavage.
In addition to improving structural properties through the
dual crosslinking, the resulting gels are capable of performing
programmable logic operations in response to two stimuli,
extending their switching capabilities from the dimensions of
oligonucleotide sequences through to the microscopic scale
with a view to applications in sensing and controlled release
devices.

Materials and methods
Materials

All oligonucleotides (HPLC purified, Table 1) were purchased
from Biomers.net GmbH (Ulm, Germany) and used without
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Scheme 1 Polymerization of acrylamide with DNA and disulfide cross-
linkers results in a hydrogel that responds to a specific DNA sequence
and a non-specific environmental trigger.

further purification. Acrylamide (AAm, >98%), 3-hydroxypico-
linic acid (3-HPA, >99%) and ammonium citrate dibasic (99%)
were purchased from Fluka. N,N'’-Bis(acryloyl)cystamine (BAC,
98%) and methacryloyl chloride (97%) were purchased from
Alfa Aesar. Pentafluorophenol (>99%) was purchased from
Fluorochem. Potassium carbonate (K,COs, anhydrous), silica
(60 A, 35-70 pym) and sodium chloride were purchased
from Fisher Scientific. N,N,N',N'-Tetramethylethylenediamine
(TEMED, 99%), ammonium persulfate (APS, 98%), water (BPC
grade, DNase and RNase free), N,N-diisopropylethylamine
(DIPEA, 99.5%), FITC-dextran 150 kDa, dimethyl sulfoxide
(DMSO, 99.9% anhydrous), chloroform-d (99.96 atom% D),
Trizma® hydrochloride, ethylenediaminetetraacetic acid di-
sodium salt dihydrate (EDTA), microparticles based on mela-
mine resin, carboxylate-modified Nile Blue labeled (1 pm),
FITC labeled (3 pm) and rhodamine B labeled (6 pm) were pur-
chased from Sigma-Aldrich. Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCl) was purchased from Thermo Scien-
tific. Dulbecco’s Phosphate Buffered Saline (DPBS, without
Ca®" and Mg”") was purchased from Lonza Group. All other
solvents were Fisher Analytical or HPLC grade. All chemicals
were used as received unless otherwise stated.

Analytical methods

NMR spectroscopy. NMR spectra were recorded on a Bruker
Spectrospin Avance 400 spectrometer at 400.13 MHz (‘H),
100.62 MHz (**C, 'H decoupled at 400.13 MHz) and 376 MHz
(*°F). Spectra were analyzed with MestReNova 6.2 and chemical
shifts are given relative to the residual solvent peak (7.26 ppm
for CDCl;).

Infrared spectroscopy. Infrared spectra were recorded on
Thermo Scientific Nicolet IR 200 FT-IR. Spectra were analyzed
using Omnic 8.0 software (Thermo Scientific). Samples were

204 | Biomater. Sci., 2014, 2, 203-211

View Article Online

Biomaterials Science

prepared by placing a drop of analyte onto a NaCl plate, then
placing a second plate on top. Plates were rotated to produce
an even film.

High performance liquid chromatography. Reverse phase
high performance liquid chromatography (RP-HPLC) was per-
formed on a Shimadzu Prominence UPLC system fitted with a
DGU-20A5 degasser, LC-20AD low pressure gradient pump,
CBM-20A LITE system controller, SIL-20A autosampler and an
SPD-M20A diode array detector. Analytical separations were
performed on a Phenomenex Clarity 3 pm Oligo-RP C18
column (4.6 x 150 mm) with a linear gradient of 5-30% aceto-
nitrile (ACN) in 0.1 M triethylammonium acetate (TEAA, pH
7.0) at a flow rate of 1.0 mL min~" as a mobile phase. Prepara-
tive separations were performed on a Phenomenex Jupiter
C18 column (10 pm, 300 A, 10 x 250 mm) under the same
conditions at a flow rate of 5.0 mL min™".

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry. Matrix-assisted laser desorption/ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometry was
performed on a Bruker MALDI-TOF Ultraflex III spectrometer
operated in linear, positive ion mode with a N, laser of 337 nm
and pulses of 3 ns. Samples were prepared with 3-HPA in
ammonium citrate dibasic as a matrix solution. Specifically,
a saturated solution of 3-HPA (50 mg mL™") was prepared by
adding 25 mg of 3-HPA to 500 pL of water and vortexing for
1 minute; a sediment remained at the bottom of the tube after
this step. Ammonium citrate dibasic solution (25 pL of 50 mg
mL™") was added to saturated 3-HPA solution (225 pL). Equal
volumes of matrix solution and analyte solution (0.2 mM) were
mixed and 2 pL of the mixture was spotted onto the MALDI
plate and allowed to evaporate.

Synthetic methods

Synthesis of pentafluorophenyl methacrylate (PFPMA). Penta-
fluorophenol (20 g, 0.11 mol) was dissolved in dichloro-
methane (450 mL) containing a suspension of K,CO; (18.1 g,
0.13 mol). Methacryloyl chloride (12.49 g, 0.12 mol) was dis-
solved in dichloromethane (50 mL) and added dropwise to the
suspension at 0 °C. The reaction was allowed to proceed over-
night at room temperature. Solids were removed by filtration
and the solvent removed under reduced pressure. The crude
product was purified by flash column chromatography (silica
gel, eluted with hexane) to yield the product as colorless liquid
(21 g, 0.08 mol, 76% yield).

"H NMR (400 MHz, CDCl;) § = 6.55-6.40 (m, 1H), 5.93 (dd,
J=1.6, 1.1 Hz, 1H), 2.11 (dd, J = 1.6, 1.0 Hz, 3H).

3C NMR (101 MHz, CDCl;) § 163.02, 141.28 (ddq, J = 251.7,
12.6, 4.2 Hz), 139.42 (dtt, J = 253.0, 13.5, 4.0 Hz), 137.89 (dtdd,
J = 251.6, 13.7, 5.1, 3.1 Hz), 133.72, 129.80, 125.38, 125.36,
125.34, 18.11.

'9F NMR (376 MHz, CDCl;) § = —152.40 to —153.43 (m, 2F),
—158.34 (t, J = 21.6 Hz, 1F), —161.91 to —163.23 (m, 2F).

FT-IR: v = 1760, 1520, 1093, 996 cm ™.

General procedure for the synthesis of 5-methacrylamidyl
oligonucleotides A1 and B1. 5-Amino modified oligonucleo-
tide (19 nmol, oligonucleotide A or B, Table 1) was dissolved in
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Table 1 Sequences and modifications of purchased oligonucleotides

Oligo 5’ Modification Sequence (5'-3')

A Aminohexyl TAACAGGATTAGCAGAGCGAGG
B Aminohexyl CCTCGCTCTGCTAATCC

C CCTCGCTCTGCTAATCCTGGTA
D TTCAATCTCAACGGCTTCACCG

water (30 pL, BPC grade). DIPEA (1 pL, 5.7 pmol) was added
and the mixture was stirred five minutes at room temperature.
PFPMA (2 pL, 11 pmol) was dissolved in anhydrous DMSO
(23 pL) and 2.3 pL of the resulting solution was added to the
DNA solution. The reaction was allowed to proceed overnight
at 20 °C. The crude product was purified by RP-HPLC and ana-
lyzed by MALDI-TOF mass spectrometry. DNA Al: M. =
7106, Mtound = 7108.1; DNA B1: M yie. = 5306, Miound = 5307.3.

Synthesis of DNA crosslinker hybrid A1:B1. Equimolar
quantities of the oligonucleotides A1 and B1 were dissolved in
annealing buffer (10 mM Trizma, 50 mM NaCl and 1 mM
EDTA, pH 7.5) to a final concentration of 0.93 mM. The solu-
tion was heated to 95 °C for 5 minutes then allowed to cool
slowly to room temperature (approximately 50 minutes).

Synthesis of 4% (w/v) acrylamide-N,N'-bis(acryloyl)-
cystamine-DNA (AAm-BAC-DNA) hydrogel. AAm-BAC-DNA
(4% w/v) were synthesised by free radical polymerization. In
all cases monomer mole ratios were DNA:BAC:AAm of
1:107:3357. Typically, AAm (6.72 mg, 94 pmol) and BAC
(0.8 mg, 3 pmol) were dissolved in 25% ethanol solution
(160.6 pL). Hybrid A1:B1 (0.35 mg, 0.03 pmol) in annealing
buffer (30 pL) and TEMED (4.5 pL, 30 pmol) were added to the
reaction mixture. Nitrogen was bubbled through the solution
for 2 minutes The polymerization was initiated by addition of
APS solution (10% w/v, 9.4 pL, 0.41 pmol) and allowed
to proceed at room temperature. Gel formation occurred
within 1 h.

Rheological experiments

Dynamic rheological studies were performed on an Anton Paar
MCR 302 high pressure cell rheometer fitted with a 25 mm
diameter cone plate with a 50 pm gap. Samples (300 pL) were
loaded onto the bottom plate using a 200 pL micropipette
fitted with sterile tips. The temperature of the bottom plate
was maintained at 25 °C. The upper plate was lowered slowly
until the desired gap was reached.

Gelation tests. Evolution of the hydrogel network during
and after polymerization was followed by observing changes in
the storage and loss moduli (G' and G” respectively) as a func-
tion of the time. Gelation measurements were performed at a
constant angular frequency (w) of 1 rad s™* and deformation
amplitude (y) of 0.1% to ensure that the oscillatory de-
formation was within the linear regime.

Initially, a gelation test was carried out on a solution con-
taining AAm, BAC, hybrid A1B1, TEMED and APS (prepared as
described previously) to investigate the formation of the 4%
(w/v) DNA-hybrid network. The mixture was pipetted onto the
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bottom plate of the rheometer immediately after the addition
of the free radical initiator APS.

Subsequently, the gelation test was performed on the AAm-
BAC-DNA hydrogel to monitor any rheological changes over
time. The gel was synthesized as described previously and
loaded 16 h after its formation onto the bottom plate of the
rheometer.

Finally, the gelation test was performed on the AAm-BAC-
DNA hydrogel treated with TCEP-HCI in order to investigate
the presence of any residual network structure after disulfide
bond cleavage. TCEP-HCI (41 pmol, 10 equiv., 9 pL) was added
to the gel 16 h after its formation. The sample was pipetted
onto the bottom plate of the rheometer 2 h after the addition
of TCEP-HCL.

Frequency sweep tests. Frequency sweeps were performed
after each gelation test at constant strain amplitude (y) of 0.1%
over the frequency range (w) 1-100 rad s~'. At the end of the
gelation experiments, samples were left relaxing 10 minutes in
between the lower and upper plate of the rheometer before
starting the frequency sweep analysis.

Cryo-scanning electron microscopy (Cryo-SEM)

Cryo-scanning electron microscopy was performed on a JEOL
JSM-6060LV scanning electron microscope fitted with an
Oxford CT 1500 cryo-preparation chamber with sputter coating
head and Dewar cooling apparatus. The system comprised an
SEM cold stage with anti-contaminator, cryo-station with
slushing chamber, temperature and cryo-trans controller units
and gas flow regulators for both nitrogen and argon. All
samples were loaded onto suitable stub holders with a 200 pL
micropipette fitted with sterile tips. The point of the tip was
cut to increase the diameter and thus minimise the shear
stress applied to the gels. Samples were cryo-fixed by plunging
them into sub-cooled nitrogen (nitrogen slush) close to the
freezing point of nitrogen at —210 °C. The samples were then
transferred in vacuo to the cold stage of the SEM cryo-
preparation chamber where fracturing was performed with a
fracture knife. Sublimation of ice was carried out by raising
the temperature of the SEM cold stage to —90 °C. Once sub-
limation was observed, the samples were sputter coated with
gold for 4 minutes and transferred into the SEM chamber for
imaging. Images were acquired using an electron beam of
7-22 kV.

For the cryo-SEM studies, AAm-BAC-DNA hydrogels were
synthesized as described previously. Gels (64.2 pL each) were
incubated for 16 h with oligo C (8.8 nmol, 1 equiv.), oligo D
(8.8 nmol, 1 equiv.), TCEP-HCI (9.6 pmol, 10 equiv.) or water.
Concentrations were such that the added volume was main-
tained at 6 pL. An additional hydrogel was incubated with
both TCEP-HCI (9.6 pmol, 6 pL, 10 equiv.) and oligo C
(8.8 nmol, 6 pL, 1 equiv.). Pore sizes were measured using the
Image] software.>' Specifically, fifty pores were analysed for
each sample considering both their short and long diameters.
Pore size frequency distributions were calculated using
GraphPad Prism 6.0a (GraphPad Inc.) with a bin width of
0.5 pm centered at 0.25-9.75 pm.

Biomater. Sci,, 2014, 2, 203-211 | 205
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Release study of FITC-dextran loaded AAm-BAC-DNA
hydrogels

The release profiles of FITC-dextran (150 kDa) from the 4%
(w/v) AAm-BAC-DNA hydrogels were analyzed by fluorescence
spectroscopy. Hydrogels (200 pL) synthesized as
described previously with the addition of 15 pg of FITC-
dextran (150 kDa). Excess of FITC-dextran was removed by per-
forming one washing step with 500 uL of DPBS buffer. Analysis
of the washing buffer determined the encapsulation efficiency
to be >99% in all cases.

Gels were incubated with DPBS buffer (500 pL) containing
either oligo C (180 pg, 28 nmol, 1 equiv.), oligo D (185 ug,
28 nmol, 1 equiv.), TCEP-HCI (8.8 mg, 30.7 pmol, 10 equiv.) or
buffer alone at 37 °C. At each time point a sample (100 pL) was
removed from each solution and replaced with the same
volume of the appropriate incubation solution. Samples were
diluted with 400 pL of DPBS buffer and transferred into a
quartz fluorescence cuvette. Fluorescence measurements were
performed on a Varian Cary Eclipse with the following para-
meters: Aex = 493 nm, Ay, = 518 nm, excitation and emission
slit widths = 2.5 nm. Release experiments were performed in
triplicate (Fig. S4A7). As not all free FITC-dextran was removed
at each time point fluorescence measurements were corrected
using:

were

I corrected = Ii — (O~8 X 11‘_1)

where I; correctea 18 the corrected increase of fluorescence at
time point i, I; is the measured fluorescence at time point
i and I;_; is the measured fluorescence at time point i — 1.
Fluorescence intensities of known concentrations (0.06-30 pg
mL ") of FITC-dextran were measured and used to produce a
standard curve from which unknown concentrations of FITC-
dextran were thus determined using

I; corrected X d

[FITClso1 =
m

where [FITC]y, is the concentration of FITC-dextran in the
supernatant, d is the dilution factor (5 in all cases) and m is
the gradient of the standard curve (7.25 in all cases). Mass
release at time point i (M;) was thus determined by:

M; = [FITC], x V

where V is the volume of solution (0.5 mL in all cases). Cumu-
lative mass and percentage release were thus calculated assum-
ing an initial loading of 15 pg per gel.

Transport of microparticles through AAm-BAC-DNA hydrogel

AAmM-BAC-DNA hydrogels loaded with three different par-
ticle types. Three 4% AAm-BAC-DNA hydrogels (64.2 pL each)
were synthesised as described previously. Gels were incubated
for 16 h with oligonucleotide C (6 pL) of stock solution,
(8.8 nmol) and TCEP-HCI (9.6 pmol) or buffer alone. The gels
were then transferred to separate glass capillary tubes with a
200 pL micropipette fitted with sterile tips. By cutting the ends
of the tips to increase their diameter it was possible to transfer

206 | Biomater. Sci., 2014, 2, 203-211

View Article Online

Biomaterials Science

even the more rigid gels into the capillary tubes without frac-
ture. Each capillary tube contained a total length of 2.5 cm of
gel. A mixture of Nile blue labeled 1 pm microparticles (lex =
633 nm, Aepy = 672 nm, 7.5 pg, 3 pL), FITC labeled 3 pm micro-
particles (dex = 490 nm, Aey, = 525 nm, 7.5 pg, 3 pL) and Rhod-
amine B labeled 6 pm microparticles (lex = 540 nm, Ay, =
625 nm, 7.5 pg, 3 pL) was added to the top of each gel.

Particle translocation through the hydrogel was observed
using an Evos f1 fluorescence microscope fitted with three
light filter sets (‘cubes’) for detection of blue, green and red
channels DAPI (Aex = 360 nm, ey, = 447 nm), GFP (de =
470 nm, Aey, = 525 nm) and RFP (e, = 530 nm, Ay, = 593 nm).
Images were taken after 30 minutes from the time of particle
loading, by placing 5 pL of the hydrogel taken from the bottom
part of the capillary tube between two microscope slides.

AAmM-BAC-DNA hydrogels loaded with a single particle type.
Three 4% (w/v) AAm-BAC-DNA hydrogels (64.2 pL each) were
synthesised as described previously. Gels were transferred to
capillary tubes as before. Gels were loaded with one aliquot of
Nile Blue labeled 1 pm microparticles, FITC labeled 3 pm
microparticles or Rhodamine B labeled 6 pm microparticles
(7.5 pg in 9 pL). Particle transport was observed as described
previously. Images were acquired at regular time intervals
before and after the addition of the reducing agent TCEP-HCI
(9.6 pmol, 3 pL) or oligonucleotide C (8.8 nmol, 3 pL).

Results and discussion

The fundamental design features of the DNA hybrid gels were
based on strand association and displacement sequences, and
reductively-cleavable disulfide crosslinks. Oligonucleotides
were designed such that the primary crosslinks were formed
by two strands (A and B, Table 1) with a complementary
17-mer sequence and a 5-base overhang to enable subsequent
displacement. Strand C was designed with a fully complemen-
tary sequence to A in order to break A-B links, while strand D
was a non-sense sequence and thus intended as a control. In
order to introduce the nucleic acid functionality into a hydro-
gel network, polymerizable DNA strands Al and B1 were syn-
thesized by reacting 5-amino oligonucleotides A and B with
pentafluorophenyl methacrylate (Fig. S1f). Conjugation was
confirmed by HPLC and MALDI-TOF mass spectrometry
(Fig. S2A and Bf). The DNA crosslinker hybrid A1: B1 was pro-
duced by hybridization of methacrylamido strands A1 and B1
under standard conditions. Hydrogels were synthesized by
copolymerization of acrylamide with N,N'-bis(acryloyl)cyst-
amine and hybrid A1 : B1 crosslinkers using ammonium persul-
fate and tetramethylethylenediamine as the initiating system.
The formation of the crosslinked AAm-BAC-DNA hydrogels
was detectable visually and confirmed by rheometry (Fig. 1A).
At early timepoints (<60 minutes), the storage modulus (G')
was greater than the loss modulus (G”) indicating the existence
of a weak network prior to polymerization occurring. Although
the structural details of this network could not be determined
fully by rheology we have found that even small hydrophobic

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Rheometry measurements. Storage modulus (G’, blue points), loss modulus (G", red points) and tan & (black lines). (A) In situ gelation test of
the synthesis of AAm—BAC—-DNA hydrogel. (B) Gelation test of AAm—-BAC—-DNA hydrogel before (G' and G” filled circles, tan & solid black line) and
after (G' and G" open circles, tan § broken black line) reduction with TCEP-HCL. (C) Frequency sweep test of AAm—-BAC—-DNA hydrogel before (G' and
G" filled circles, tan & solid black line) and after (G' and G” open circles, tan § broken black line) reduction with TCEP-HCL.

modifications to oligonucleotides could result in phase separ-
ation and self-assembly (data not shown) so a similar assembly
process may be the cause of this weak network. At timepoints
of 60-100 minutes after initiation, there was a rapid increase
in, and convergence of, G' and G" indicating the formation of
a viscous solution with little elastic contribution as would be
expected for the polymerization with minimal crosslinking.
After approximately 100 minutes, G’ increased more rapidly
than G” implying an increasing elastic contribution from
crosslinked sections and gel formation as the polymerization
neared completion. The double crosslinking was verified by
rheological measurements in the absence/presence of the
reducing agent tris(2-carboxyethyl)phosphine hydrochloride
(TCEP-HCI). Without TCEP-HCI the gel exhibited storage and
loss moduli of 10%-10° Pa (Fig. 1B, closed circles). After
TCEP-HCI reduction the moduli decreased by 3 orders of mag-
nitude to 10'-10*> Pa confirming the presence of a weak, sec-
ondary network (Fig. 1B, open circles). Frequency sweep tests
(Fig. 1C) confirmed the decrease in moduli after treatment
with TCEP-HCI. The low variation of G' and G" with angular
velocity (Fig. 1C, open circles) demonstrated the ability of our
system to retain a stable, partially crosslinked network after
the cleavage of the disulfide bonds. To gain insight into micro-
scopic changes following the exposure to a reducing agent
and/or a specific oligonucleotide sequence, gel morphology
and pore structure were studied with cryo-scanning electron
microscopy and pore sizes were measured from micrographs
using Image] software (Table 2).*' Prior to freezing, gel
samples were incubated in the presence/absence of oligo-
nucleotides C and D, TCEP and water to determine the effect
of each treatment on morphology.

As apparent from Fig. 2, varying pore sizes were observed in
the gels after formation and after treatment with the oligonu-
cleotides and/or reductant. The initial gel (Fig. 2A) displayed a
regular structure with pore sizes of approximately 1-2 pm
(mean 1.6 + 0.49 pm). Similar structures have been observed
in crosslinked polyacrylamide gels, and also in crosslinked

This journal is © The Royal Society of Chemistry 2014

Table 2 Measured pore sizes of hydrogels after exposure to different
stimuli

Pore size” (pm)

Sample Min. Max. Median Mean o
Gel 0.72 2.9 1.5 1.6 0.49
Gel + water 0.62 3.8 1.4 1.6 0.73
Gel + TCEP 0.78 8.5 2.3 3.1 2.2
Gel +C 1.1 5.9 3.1 3.3 1.3
Gel + D 0.65 3.8 1.5 1.6 0.63

“Measured using Image] and analysed with Graphpad Prism
(Graphpad Inc.)

networks formed with polyelectrolytes. Although we cannot
rule out some structural changes during the cryo-SEM sample
preparation, the morphologies in the initial gels were sugges-
tive of partial phase separation of the different neutral and
charged components during the polymerization and cross-
linking process.>” Addition of complementary oligonucleotide
C (Fig. 2B) induced a shift to a more open structure with larger
pore sizes and a broader distribution (mean 3.3 + 1.3 pm).
Addition of TCEP-HCI (Fig. 2C) resulted in significant changes
in morphology with formation of elongated pores and a conse-
quent broadening of the size distribution (mean 3.1 + 2.2 pm).
When the gel was treated with both oligonucleotide C and
TCEP-HCI no network structure was observed (Fig. 2D) con-
firming the biodegradable nature of the DNA hybrid gel. Con-
versely, addition of scrambled oligonucleotide D (Fig. S3AfY)
resulted in little change in pore size (mean 1.6 + 0.63 pm)
and a similarly small increase in pore size was observed
on addition of an equivalent volume of water alone
(1.6 + 0.73 pm) implying this change was due to swelling
rather than breaking of crosslinks (Fig. S3B¥).

The ability to generate matrices of different pore size
through the breaking of inter-chain crosslinks suggested the
AAmM-BAC-DNA hydrogels might exhibit controllable release
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Fig. 2 Cryo-scanning electron micrographs and pore size frequency distributions (inset) of (A). AAm-BAC—-DNA hydrogel; (B) AAm—-BAC-DNA
hydrogel after incubation with complementary oligonucleotide C; (C) AAm—-BAC—-DNA after incubation with TCEP-HCl; and (D) AAm—-BAC-DNA

after incubation with both oligonucleotide C and TCEP-HCIL.

properties. Therefore, hydrogels (4% w/v in water) were syn-
thesized in the presence of FITC-dextran (150 kDa;
Dy; ~ 8.5 nm), chosen as an easily detectable model of a thera-
peutic biopolymer. After removal of unencapsulated FITC-
dextran, hydrogels were incubated at 37 °C with TCEP-HCI,
oligonucleotides C and D, or buffer alone. Samples of the
supernatant were analysed by fluorescence spectroscopy and
cumulative release determined. As expected, release profiles
(Fig. 3A) were dependent on the incubation conditions. Gels
treated with TCEP rapidly liberated FITC-dextran with ~82% of
the polysaccharide detected in solution after 10 h. The level of
FITC-dextran reached a maximum of ~95% after 149 h. Treat-
ment with complementary oligonucleotide C yielded a slower
release profile with ~43% release after 10 h followed by a
gradual release to a maximum of ~98% after 149 h. Gels incu-
bated with scrambled oligonucleotide D, or buffer alone, dis-
played similar release profiles with ~14% release after 10 h
rising to ~70% at the final time point. These data demon-
strated the selectivity of AAm-BAC-DNA hydrogels as switch-
able release systems, and suggested the gels could be used as a
matrix which generated a response upon detection of a charac-
teristic DNA sequence.

We therefore set out to test the ability of the DNA hybrid
network to perform a simple biosensor-type operation, in
which a change in gel structure could be used to transduce the
signal from a DNA sequence detection event. Fluorescent

208 | Biomater. Sci., 2014, 2, 203-211

microparticles (1, 3 and 6 pm in diameter) were chosen as
easily detectable ‘signals’ and their transport through gels
exposed to different stimuli examined. A control AAm-BAC-
DNA gel, and two analogous hydrogels treated with oligonu-
cleotide C and TCEP respectively, were placed in capillary
tubes and loaded with a mixture of microparticles. Aliquots
were taken from the bottom part of the gel 30 minutes after
loading. As expected based on the range of pore sizes in the
matrix determined by gel response, the 1 pm Nile-Blue marked
particles were able to flow across the three hydrogel matrices
under all conditions (Fig. 3B-D). Addition of oligonucleotide C
enabled the 3 pm particles to cross the gel (Fig. 3C), while only
in the gels treated with TCEP-HCl were the 6 pm Rhodamine B
marked particles able to transport (Fig. 3D). The same pattern
of particle translocation was obtained with three AAm-BAC-
DNA gels loaded only with one particle type (Fig. S5—S77). In
all cases, directed changes in crosslinking density of the DNA
network, induced by either a specific stimulus, ie. comp-
lementary DNA, or a non-specific trigger such as TCEP
reduction, resulted in size-gated particle transport. The inten-
tion of these experiments was primarily to show that a
response over the range of a few nm ie. a DNA sequence
change or breaking of disulfide crosslinks, could invoke a
response detectable at a very different length scale. The move-
ment of beads through the network yielded end-points which
were easily detectable by optical microscopy, and the optical

This journal is © The Royal Society of Chemistry 2014
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Buffer

(A) Release profiles of FITC-dextran (150 kDa) from AAm—-BAC—-DNA hydrogels. (B—D) Fluorescence micrographs of fluorescent microparticle

transport through AAm—-BAC—-DNA gels pre-incubated with buffer (B), oligonucleotide C (C) or TCEP-HCL (D). Gels were loaded into a capillary tube
before addition of a mixture of 1, 3 and 6 pm particles to the top of the gel. After 30 minutes samples were removed from the bottom of the gel and

imaged with fluorescence microscopy.

read-out thus served to amplify the chemical response of the
gels at the DNA and/or disulfide crosslink regions. It is
important to note that these experiments most likely relied on
a kinetic resolution of changes in pore size, in that we measured
transport of the beads across the gel over a relatively short
period (30 minutes), rather than absolute entrapment of par-
ticles based on gel pore size. However, in principle there is no
reason why specific crosslink densities in these gels based on
DNA strand length and disulfide linker density could not be
used for highly selective release of components based purely
on size, leading to further potential uses of these hybrid gel
materials.

There have been a number of elegant papers demonstrating
sensor and controlled release responses from DNA
nanomaterials,>*” but there are nevertheless some practical
issues that still need to be addressed with DNA hydrogels.
Structural changes in a gel based on differences in DNA
hybridisation states are limited by the constrained motion of

This journal is © The Royal Society of Chemistry 2014

nucleic acid strands bound to a network, but increasing the
DNA loading to enhance a response invokes a cost penalty. It
should also be stressed that not only is DNA hybridisation and
strand displacement hindered when one strand is tethered to a
matrix, but the diffusion of multiply-charged species in a
charged network is inherently slow. This diffusion barrier to
response cannot be overcome by increasing the amount of
‘responding components’ ie. the number of strand pairing
and displacement groups in a network, as indeed the greater
the number of DNA crosslinks, the slower may be the observed
response. Finally, while it is possible to observe and amplify
nanometre changes in a gel with interferometry and other
specialised instrumentation, for a number of field sensing
operations, a simple UV fluorescence or basic microscopy
response is preferable. Therefore, for the gels in this study we
added the disulfide component to the matrix and utilised a
microscale phenomenon, in this case transport of micron-size
fluorescent beads, in order to have a response that could

Biomater. Sci., 2014, 2, 203-211 | 209
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readily be detected by a cheap UV source or entry-grade micro-
scope. As is readily apparent in Fig. 3, changes in diffusion of
FITC-dextran occur following addition of a competing DNA
strand, and the same strand displacement reaction can also be
detected by the flow of 3 pm beads. One could therefore envi-
sage detection of specific DNA or miRNA sequences through
an initial response at the dsDNA crosslink level and amplified
by relative flow of particles across a gel before and after a
reduction step to accelerate flow, without the need for expens-
ive optics.

Conclusions

In conclusion, we have shown the switchable capabilities at
both the macroscopic and microscopic level of a novel dual
stimuli responsive DNA hydrogel using rheological tests, cryo-
SEM, fluorescence spectroscopy and microscopy. We have
demonstrated that the three-dimensional network structure
can be designed to undergo conformational changes involving
an enlargement of the pore size in the presence of either a
specific DNA sequence or a reducing agent. The significance of
these data lies in the ability to amplify a nanoscale signal i.e.
DNA recognition into a microscale response such as transport
of fluorescent particles. In turn, this enables facile detection
of molecular recognition events through pore-size change and
concomitant matrix rearrangements. In addition, because
these hybrid DNA gels have better mechanical properties than
DNA-only systems yet retain recognition capability, they rep-
resent a promising platform for sensing, signalling and release
applications.
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