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ABSTRACT: The growth of surface-attached single-stranded deoxyribonucleic acid (ssDNA) Roliing circle ;’7n z’tg V?/ZR
chains is monitored in situ using an evanescent wave optical biosensor that combines surface amplification ~probing

plasmon resonance (SPR) and optical waveguide spectroscopy (OWS). The “grafting-from” h
growth of ssDNA chains is facilitated by rolling circle amplification (RCA), and the gradual DNAchain \’
prolongation of ssDNA chains anchored to a gold sensor surface is optically tracked in time. At a prush it
sufficient density of the polymer chains, the ssDNA takes on a brush architecture with a thickness L YA LS
exceeding 10 pm, supporting a spectrum of guided optical waves traveling along the metallic

sensor surface. The simultaneous probing of this interface with the confined optical field of surface plasmons and additional more
delocalized dielectric optical waveguide modes enables accurate in situ measurement of the ssDNA brush thickness, polymer volume
content, and density gradients. We report for the first time on the utilization of the SPR/OWS technique for the measurement of the
RCA speed on a solid surface that can be compared to that in bulk solutions. In addition, the control of ssDNA brush properties by
changing the grafting density and ionic strength and post-modification via affinity reaction with complementary short ssDNA staples
is discussed. These observations may provide important leads for tailoring RCA toward sensitive and rapid assays in affinity-based
biosensors.

KEYWORDS: rolling circle amplification, DNA, polyelectrolyte brushes, surface plasmon resonance, optical waveguide spectroscopy,

surface plasmon-enhanced fluorescence, biointerfaces

B INTRODUCTION

The analysis of nucleic acids using polymerase chain reaction
(PCR) has become a central method in numerous important
fields ranging from screening hereditary diseases, detecting
infectious pathogens, and cancer diagnosis to forensics and
food quality control.'™ In the past decades, PCR-based
methods have been gradually advancing, and we witnessed
their implementation in a broad spectrum of analytical tools,
including real-time PCR, digital PCR, and DNA sequenc-
ing.°”® In addition, there are pursued alternative approaches to
PCR that allow a faster and simpler analysis of nucleic acid-
based analytes without the need of thermocycling, such as
isothermal rolling circle amplification (RCA)"~"" and loop-
mediated isothermal amplification (LAMP).">"* All these
methods rely on enzymatic reactions with nucleic acids and
are predominantly used in bulk solutions. However, the
deployment of DNA amplification reactions at solid surfaces
holds the potential to expand the performance of DNA
analytical technologies through, for example, efficient multi-
plexing.'*" In addition, surface DNA amplification reactions
may open doors to other types of sensor modalities and assay
amplification strategies suitable for the detection of different
analytes, including proteins that cannot be directly amplified
and are typically detected by immunoassays.'®™"*
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RCA enables generating densely packed single-stranded
deoxyribonucleic acid (ssDNA) chains that form polyelec-
trolyte brush layers. Common techniques to observe such
surface-attached polymer chains are ellipsometry,'”*° fluo-
rescence imaging,””** X-ray photoelectron spectroscopy,” and
angle-resolved near-edge X-ray absorption fine structure
spectroscopy (NEXAFS).”* However, these techniques
typically provide information on the final structure and cannot
be used to monitor the RCA growth process. The observation
of soft ssDNA brushes in contact with a solvent was performed
by atomic force spectroscopy, and the obtained thickness was
substantially lower compared to the length of the ssDNA
chains.”® A chain length of up to several kilobases was
determined for RCA-grown ssDNA brushes using enzymatic
cleavage from the surface and subsequent gel electrophoresis,
yielding a prolongation rate in the order of magnitude of
several tens of bases/sec at the surface.”> It should be noted
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Table 1. Overview of the Used Oligonucleotides and Their Respective Molecular Weight (M,,)"

Oligonucleotide Sequence (5’ 3’) M,, (kDa)
Linear padlock probe (LP) TGTGATACAGCTTTCTTGCGCGTGTATGCAGCTCCTCGAGTAGCCGC 25
(TS+/.../C2CA+/...[TS+) AGTTCGCGCCGCAGGGCCGATACGTGTAACTTAT

- biotin/TTTTTTTTTTTTTTTTTTTTAAGAAAGCTGTATCACAATAAGTT
Target (biotin/TS-) ACACGTATCGG 17.3
Labeling sequence
(C2CA+/Cy5) Cy5/GTGTATGCAGCTCCTCGAGTA 7
Randomized labeling Cy5/CAGCATCAGCTACGACTACGACTG 7.8
sequence (random/Cy5)
Stapling sequence
(BA+/Cy5) Cy5/TTATTGTGATACAGCTGGCCGATACGTGTAAC 10.4

“The (+) sequences are complementary to their corresponding (—) sequences, and colors indicate the parts that affinity hybridize.

that the growth of ssDNA using RCA on solid surfaces differs
from that in bulk due to steric hindrance and slowed down
diffusion of molecules associated with the interface carrying
densely packed neighboring chains.*®

Surface plasmon resonance (SPR) represents an established
method for the observation of polymer thin films and
molecular interaction analysis at solid surfaces.”” It relies on
the probing of (typically) a gold sensor surface using a tightly
confined field of surface plasmons (SPs)—optical waves
originating from the coupled collective oscillations of charge
density and the respective electromagnetic field. SPR
biosensors allow tracking molecular binding events accom-
panied by an increase or a re-distribution of the refractive index
occurring in close proximity to the metallic sensor surface in
real time.”® To observe thicker polymer architectures such as
crosslinked networks forming hydrogels, the SPR technique
was combined with optical waveguide spectroscopy
(OWS).*>** The analysis of detuning the resonant optical
coupling to multiple dielectric waveguide modes (traveling
along the surface with a more delocalized field profile than
SPs) enables obtaining a more detailed picture of the interface.
It allows for encoding multiple resonances to the measured
optical spectra and, for example, accessing the information on
the swelling and collapsing of polymer brushes in simpler
means than with probing only by SPR.*’ Among others, OWS
was utilized for the observation of hydrogel thin-film density
gradients and for determining the responsive characteristics of
polymers to external stimuli.””*> Moreover, the enhanced field
intensity occurring upon the resonant excitation of SPs and
optical waveguide (OW) modes has also been exploited for the
optical amplification of weak fluorescence signals in a
technique referred to as SP-enhanced fluorescence spectros-
copy (SPES).”*** The combined SPR and SPFS measurement
allows distinguishing binding events of different molecular
species and determining, for example, the incorporation of
nucleotides to ssDNA strands attached to a gold surface using
the Klenow fragment of a polymerase enzyme.”

We report on the combination of SPR, OWS, and SPES for
the in situ observation of RCA on a solid metal surface. This
approach provided means for real-time monitoring of the
growth of ssDNA chains that form a polyelectrolyte brush
architecture with a thickness of above 10 gm. Furthermore, it
was utilized to determine its important characteristics such as
the grafting density of oligonucleotide chains, polymer volume
content, time-dependent average chain length, reaction speed
in terms of the number of nucleotides incorporated per
minute, and the impact of the ionic strength on the thickness
of the polyelectrolyte brush. Moreover, this technique was

utilized for kinetic measurements of affinity binding of
biomolecules occurring inside these brushes by labeling the
chains and investigating the effect of intra- and inter-chain
crosslinking with short ssDNA staples.

B EXPERIMENTAL SECTION

Materials. The hydroxyl-(HS-[CH,];;-EG¢-OH)- and biotin-(HS-
[CH,],;-EG¢-biotin)-terminated alkane oligo(ethylene glycol)
(OEG)-thiols were purchased from ProChimia Surfaces (Poland).
Phosphate-buffered saline (PBS, 137 mM NacCl, 2.7 mM KCl, 12 mM
phosphate, pH = 7.4), nuclease-free water (NFW), Tween 20, and
ethanol (EtOH) were obtained from VWR Chemicals (Germany).
PBS Tween (PBST) was prepared by adding Tween 20 [0.05% (v/v)]
to PBS. Hellmanex III, sodium chloride (NaCl), calcium chloride
(CaCl), potassium chloride (KCl), magnesium chloride (MgCl,),
and sucrose were ordered from Sigma-Aldrich (Germany). Bovine
serum albumin (BSA) was purchased from New England Biolabs
(United Kingdom) and was diluted with NFW to a final
concentration of 0.2 mg/mL (NFW-BSA). Neutravidin (NA, M,, =
67 kDa), phi29 DNA polymerase (¢-29 Pol), and deoxynucleotide
triphosphates (dNTPs) were obtained from Thermo Scientific
(Germany) and Ampligase DNA ligase from Biozym (Germany).
The DNA oligonucleotides, summarized in Table 1, were acquired
from Integrated DNA Technologies (Belgium).

Sensor Chip Preparation. Substrates made from BK7 (Assistant,
Germany) or N-LASF9 (Hellma GmbH, Germany) glass were
subsequently sonicated in 1% (v/v) Hellmanex III, ultrapure water (R
> 18.2 MQ/cm?), and ethanol, followed by thorough rinsing with
pure ethanol and drying in a stream of pressured air. Afterward, they
were loaded into a vacuum thermal evaporator (HHV Ltd, Auto306
Lab Coater, UK) to deposit 2 nm-thick chromium and SO nm-thick
gold (MaTeck, Germany) layers in a vacuum better than 107 mbar.
The freshly prepared gold layers were modified using a mixed-thiol
self-assembled monolayer (SAM) by immersion in 1 mM ethanolic
solution containing a mixture of thiols with biotin and hydroxyl
headgroups dissolved at a molar ratio of 1:4. After overnight
incubation, the glass substrates with a SAM-modified gold surface
were rinsed with pure EtOH, dried under a nitrogen stream, and
stored in the dark under an argon atmosphere until further use.

Growth of the ssDNA Brushes. NA (125 ug/mL in PBST) was
flowed over the sensor surface for 90 min and allowed to bind to the
biotin-functionalized SPR sensor chip, which was modified with a
mixed-thiol SAM. The surface was rinsed with PBST, and the
biotinylated target sequence (biotin/TS) hybridized with the circular
padlock (CP) probe was reacted with the sensor surface for 30 min.
Then, RCA was conducted for 1—4 h under a continuous flow of a
solution with phi29-DNA polymerase (¢29-Pol) and the respective
reagents. A detailed description of the preparation of the CP and the
RCA reaction on the surface can be found below.

Ligation. The padlock probe sequence (LP, 90 nM) was ligated in
the presence of the biotinylated target sequence (biotin/TS-, 40 nM)
and 75 units of DNA ligase in NFW-BSA with the respective ligation
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buffer (20 mM Tris-HC], 25 mM KCI, 10 mM MgCl,, 0.5 mM NAD,
and 0.01% Triton X-100) in a total volume of 500 uL. Ligation was
conducted for 2 h at 50 °C at 700 rpm on a shaker, and it was
terminated by heating the solution to 85 °C for 5 min.

Rolling Circle Amplification. RCA was conducted with 100 units
of @29-Pol and 100 yM of each ANTP in NFW-BSA with the
respective buffer constituents (33 mM Tris-acetate, 10 mM Mg-
acetate, 66 mM K-acetate, 0.1% Tween 20, and 1 mM DTT) in a total
volume of 500 uL. Prior to the RCA, the sensor chip was rinsed with
@29-Pol buffer without the dNTPs to establish a baseline in the
sensor response. The RCA product was hybridized with Cy5
fluorophore-labeled C2CA+ oligonucleotide (C2CA+/CyS) at a
concentration of 10 nM in PBST for 15 min, which was followed
by a buffer-rinsing step for S min.

Optical Instrument. A home-built SPR/OWS optical system
based on the Kretschmann configuration (see Figure 1) was used for
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Figure 1. Optical configuration used for the combined SPR, OWS,
and SPFS measurements.

buffer n, <——
FIuorescence signal F

the resonant excitation of SP and dielectric OW modes at the sensor
chip carrying a gold layer with the mixed-thiol-OEG-OH/biotin SAM
and in the course of the experiment generated ssDNA brushes. This
sensor chip was optically matched to a 90° LASF9 glass prism base
using refractive index immersion oil (Cargille Laboratories, USA) and
was mounted on a rotation stage. A HeNe laser beam at a wavelength
of A, = 632.8 nm passed through a laser band-pass filter (LBF) and
neutral density filter (NDF) and was coupled to the prism impinging
at the sensor chip surface at a controlled angle of incidence 6. The
intensity of the reflected beam R was measured with a photodiode
connected to a lock-in amplifier. A transparent flow cell was clamped
against the sensor chip to transport liquid samples along the sensor
surface. The flow cell was composed of a glass substrate with drilled
inlet and outlet ports and a thin PDMS gasket that defined a reaction
chamber volume of 10 uL. The flow cell was connected with Tygon
tubing (inner diameter = 0.25 mm) to a peristaltic pump to flow
liquid samples kept at room temperature with a flow rate set to SO
uL/min. All reaction mixtures containing proteins and enzymes were
continuously re-introduced by closing the tubing loop. The reflected
beam intensity R was monitored as a function of the angle of
incidence @ or time ¢ to resolve changes in resonant excitation of SP
and OW modes that manifest themselves as a series of dips in R(6).
The polarization of the excitation beam was set to transverse magnetic
(TM) or transverse electric (TE) using a polarizer (POL). In
addition, the resonantly coupled SPs and OWs were utilized for the
excitation of CyS fluorophore labels conjugated with ssDNA that
binds to the RCA-synthesized ssDNA chains at the sensor surface.
These fluorophores emitted fluorescence light at a shifted wavelength
of Ay = 670 nm, which was collected through the transparent flow
cell using a lens and made to pass through a fluorescence band-pass
filter (FBPF, 670FS10-25 from Andover Corporation Optical Filter,

USA) and a laser notch (LNF, XNF-632.8-25.0M, CVI Melles Griot,
USA) filter. The spectrally clean fluorescence beam was focused using
an additional lens at the input of a photomultiplier tube (PMT,
H6240-01 from Hamamatsu Photonics, Japan). The intensity of the
fluorescence signal F was measured with a photon counter (S3131A
from Agilent, USA) in counts per second (cps). The optical
instrument was operated with dedicated software (Wasplas, developed
at Max Planck Institute for Polymer Research, Mainz, Germany; see
more details in the Supporting Information).

Sensor Readout and Data Analysis. The SPR measurement
started with recording the angular reflectivity spectrum R(6) for a
gold sensor surface that carried a mixed-thiol SAM in contact with
PBST. Time-dependent measurements R(t) were performed at an
angle of incidence @ set in the vicinity to the SPR dip within the range,
where the reflectivity linearly decreases with the angle of incidence 6.
The recorded variations in reflectivity R(t) were converted to
refractive index unit (RIU) changes using a calibration. This
calibration was performed by measuring R(t) upon the flow of
aqueous solutions containing 1, 2, and 4% (w/w) of sucrose, which
increases the bulk refractive index by An, = 1.4 X 1073, 2.9 x 1073,
and 5.8 X 107 RIU, respectively. After each immobilization or
reaction step (NA, target sequencelcircular padlock, RCA), the sensor
surface was rinsed with PBST, and an angular reflectivity spectrum
R(O) was recorded. These curves were fitted with a Fresnel
reflectivity-based model using dedicated software (Winspall, devel-
oped at Max Planck Institute for Polymer Research, Mainz,
Germany). The polymer brushes were approximated as a dielectric
layer with a thickness d, and refractive index n, which were
determined by fitting the resonant angles of a series of dips in the
measured reflectivity curves R(6) that are associated with the resonant
excitation of SP and OW modes. The modes measured in TE and TM
polarization were fitted in parallel, and the birefringence was omitted.

The surface mass density of the polymer layer was calculated as I" =
d,(n, — n,)/(dn/dc), where n, and n, are the refractive indices of the
attached layer and of the buffer, respectively, and d,, is the thickness of
the protein/ssDNA layer. The incremental change in the refractive
index with the concentration (dn/dc) for DNA and protein was set to
0.17 and 0.2 mm®/mg, respectively.””** Surface mass density T" was
obtained in ng/mm?, and it was converted into a grafting density & of
attached molecules per area (in nmol/mm?) using their respective
molecular weights (M,,). A summary of the used mathematical models
can be found in the Supporting Information.

Bl RESULTS AND DISCUSSION

As illustrated in Figure 2, the “grafting-from” growth of ssDNA
polymer chains was initiated by capturing a circular padlock
(CP) probe that was hybridized with the target sequence (TS)
to facilitate solid-phase RCA at the sensor surface.”” The
padlock probe sequence was designed to hybridize with the
specific TS that is present in the clinically highly important
antibiotic resistance gene blagyas.  For the proof of concept,
the linear padlock probe (LP) was hybridized with the
synthetic TS that was conjugated with biotin (biotin/TS-).
The subsequent ligation reaction enzymatically sealed the gap
between the 5’ and 3’ ends of the target recognition arms of
the LP when hybridized with the TS. This step is highly
specific and led to the circularization of the padlock probe—
CP. Afterward, the created target sequencelcircular padlock
duplex (biotin/TS-ICP) was anchored to the sensor chip gold
surface in an oriented manner.”" This was done through biotin
moieties incorporated to the mixed-thiol SAM, which allowed
the binding of NA, serving as a linker for the immobilization of
the biotin/TS-ICP construct.

Isothermal RCA was initiated by the addition of @29-
polymerase, which sequentially incorporates nucleotides
(dNTPs) on the TS- free 3’ end to form long ssDNA chains
composed of multiple reverse-complementary repeats of the
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Figure 2. Schematics of the biointerface architecture and the growth
of the ssDNA brush.

CP sequence. Then, the RCA product was reacted with C2CA
+ or BA+ oligonucleotides conjugated with CyS fluorophores
(C2CA+/CyS and BA+/CyS, respectively). All immobilization
procedures were monitored using an optical setup, which
combined surface plasmon resoance (SPR) and surface
plasmon-enhanced fluorescence spectroscopy (SPFS) (see
Figure 1). The SPR detection principle allowed us to acquire
time-dependent kinetics of the sensor response R(t), while the
recorded angular reflectivity curves R(6) were used for probing
the biointerface with multiple SP and OW modes in order to
determine changes in the ssDNA polymer architecture
thickness d, and refractive index n,, reflecting increasing
surface mass density I'. Furthermore, the fluorescence
intensity, originating from fluorophore-labeled biomolecules
that were affinity-bound to the ssDNA chains and excited via
the resonantly coupled SP and OW modes, was recorded in
time F(t) and as a function of the angle of incidence F(6).
These SPES recordings enabled monitoring events that yield
only subtle changes in the refractive index and hence cannot be
measured with SPR.

Implementation of the Assay on a Plasmonic Sensor.
Figure 3a shows a typical SPR sensorgram R(f) upon the
subsequent binding of (i) NA, (ii) the biotin/TS$ oligonucleo-
tide hybridized to the circular padlock probe—CP, and (iii)
RCA followed by the binding of C2CA+/CyS. The affinity
binding of the tetravalent NA to the biotin headgroups on the
thiol-SAM led to an increase in the SPR response to ARy, =
3.8 mRIU. The free biotin-binding pockets allowed us to
anchor the oligonucleotide biotin/TSICP duplex in a following
step, which changed the SPR response of ARy, rsicp = 1.2
mRIU. After the contacting of ¢29-Pol and dNTPs with the
sensor surface, a gradual increase in the sensor signal R(t) was
observed, which corresponds to the binding of the polymerase
and the subsequent prolongation of ssDNA chains tethered to
the sensor surface via the biotin tag. In this experiment, the
RCA reaction was terminated after 1 h by removing
nucleotides from the flow cell (through rinsing with a buffer),
and an increase in the SPR signal ARzcy = 2.3 mRIU was
measured with respect to the baseline after the oligonucleotide
immobilization. The abrupt jumps in the SPR response
occurring upon rinsing the sensor surface with ligation and
RCA buffers are ascribed to variations in the bulk refractive
index n, due to different buffer compositions. The generated
ssDNA chains are composed of repeating C2CA—sequences
and TS—sequences complementary to the CP. In order to
confirm their presence, complementary C2CA+/CyS and
control non-complementary (random/CyS) CyS-labeled oli-
gonucleotides were reacted with the sensor surface after each
reaction step. As seen in the recorded fluorescence signal F(t)
before conducting RCA, the signal increased abruptly after the
injection of fluorophores conjugated to short oligonucleotides
but dropped back to its baseline level after the rinsing with
buffer. This rapid increase in the fluorescence signal is
explained by the excitation of the CyS fluorophores in the
bulk solution. After running the RCA, the introduction of the
control non-complementary oligonucleotides conjugated with
CyS showed a small change in the fluorescence intensity of
AF ndom/cys = 600 cps. However, the reaction with a specific
oligonucleotide was accompanied by a 130-fold stronger
increase in the fluorescence intensity of AFcycai/cys =
80,000 cps, proving the successful synthesis of ssDNA chains
by RCA.

To determine the surface mass density I" of the incorporated
molecules on the surface, the reflectivity curves R(0) were
measured in between each reaction step, as shown in Figure
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Figure 3. (a) Example of the kinetic SPR signal R(t) and fluorescence signal F(t) upon capture of neutravidin, the CP and the generation of the
ssDNA polymer brush through RCA on the sensor surface. (b) Respective angular reflectivity R(¢) and fluorescence F(6) scans measured between

the reaction steps.
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3b, and fitted with a Fresnel reflectivity-based model. The
black curve in Figure 3b shows the resonant excitation of SPs
on the gold surface carrying a mixed thiol SAM, which
manifests itself as a dip in the angular reflectivity R(#). This
dip is centered at the resonance angle @ = 58.15°, and it shifted
to a higher angle (6 = 58.6°) upon the conjugation of NA to
the biotin headgroups and after immobilization of the biotin/
TSICP duplex (0 = 58.75°). These shifts translate to a grafting
density ¢ of 3.1 X 107 and 1.8 X 107> nmol/mm? for the
immobilized NA and targetlpadlock duplex, respectively. A
closer look at this number revealed that only ~59% of the
immobilized NA molecules reacted with a biotin-tagged
oligonucleotide strand. This can be ascribed to the fact that
NA shows ~7 nm center-to-center distance at full surface
coverage,42 and thus, the subsequent reaction with the 81 nt
circularized padlock probe exhibiting a diameter of ~9 nm was
likely to be sterically hindered.*

The shift in the SPR angle after the RCA to 6 = 59° cannot
be independently attributed to the bound polymerase and the
generated RCA product. However, the excitation of CyS$
fluorophores in F(6) was only observed after hybridizing the
RCA product with its specific C2CA+/CyS oligonucleotide.
This proves the presence of the ssDNA chains within the
evanescent field of SPs, as their excitation enhanced the
emitted fluorescence intensity. Thus, it can be observed as a
peak in the spectrum F(6) at the angle where a dip occurs in

the SPR reflectivity curve R(6). It is worth noting that only the
fluorescence-based measurement provides this confirmation, as
the change in the SPR detection channel gave a negligible shift
in R(6) after the specific binding of C2CA+/CyS that exhibits
too low molecular weight M.

In Situ Monitoring of Chain Growth. Several research
groups investigated RCA on the solid surface using SPR and
reported that the measured output signal saturated, and
increasing the reaction time was assumed to not change the
properties of the generated ssDNA chains for reaction times, t,
above 1 h.**~** In general, this optical measurement allows us
to monitor changes occurring only within the evanescent field
of SPs that probe a distance of up to about 100 nm from the
gold surface. In the following study, we attempted to optically
probe farther from the surface and investigate ssDNA chains
generated by the RCA for several hours on the gold surface
with a grafting density of CP probes 6o rsicp = 2.6 X 107°
nmol/mm? (detailed calculations can be found in the
Supporting Information). In these measurements, we con-
tinuously recorded reflectivity curves R(6) in order to in situ
optically track the prolongation of ssDNA brushes every 15
min. Interestingly, after 30 min of reaction, we observed an
additional resonant dip in R(6) close to the critical angle 6, =
47.5° (besides the SPR dip at & ~ 59°); see Figure 4a. This
resonant dip in the reflectivity spectrum can be attributed to
the resonant excitation of dielectric OW modes traveling along
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the surface. The excitation of such waves (for transverse
polarized light marked as TM,,; ) is a signature of the
presence of a ssDNA polymer layer with a refractive index n,
higher than that of the bulk solution n, and a thickness d,
exceeding 100 nm. Furthermore, we took advantage of the
interrogation of the resonant excitation of OW modes to
optically probe DNA polymer strands stretching beyond the
regular probing depth of SPR upon their prolongation by the
RCA reaction (see Figure 4b). At thicknesses d, > 100 nm, the
growth of ssDNA chains occurs outside the evanescent field of
SPs, and thus, only OWS enables their monitoring from the
independent measurements of the thickness d, and the
refractive index n, of the respective polymer layer. This was
possible by fitting the measured angular reflectivity curves R(6)
exhibiting a series of resonant dips (Figure 4b) with a Fresnel
reflectivity-based model. For the analysis of the obtained data,
the surface-attached ssDNA brush was first represented by a
homogeneous dielectric layer with a uniform refractive index n

in contact with a semi-infinite medium exhibiting a bulk
refractive index of the buffer (n, = 1.336). This approach is
referred to as the “one-box model,” and Figure 4c shows the
obtained time dependence of these two parameters, which
reveals gradual incorporation of nucleotides by RCA that leads
to the generation of d, = 11.2 um-thick brush after 4 h of
reaction. In general, at least two resonant features need to be
fitted to determine both the refractive index n, and thickness
d, independently, and thus, this was possible only for times ¢ >
90 min. Interestingly, the (average) refractive index n, of the
ssDNA brush determined from OWS was gradually decreasing
upon the RCA reaction, reaching a value of n, = 1.3423 after ¢
= 240 min. This can indicate that the prolongation stops on
some strands and the brush gets diluted as it grows away from
the surface analogously to chain termination in a polymer-
ization reaction (which is often observed for surface-initiated
polymerization of thick polymer brushes). In the presented
study, it would be the result of the loss of steric access to
strands buried in the thick brush. Additionally, it can be seen
that the SPR coupling angle gradually decreases in time after
the initial phase of RCA. This occurs even at times ¢t when the
ssDNA chains grow far away from the SP evanescent field, and
therefore, it can be explained by rearrangement of this part of
the brush at close vicinity to the gold surface that is associated
with possible chain stretching.

The respective gradually increasing thickness d,, and slowly
decreasing refractive index n, were used to calculate the
accumulated surface mass density I'yc, at each given time
point (see the Supporting Information for details). At the end
of the reaction at time ¢t = 4 h, a massive increase in the surface
mass density of [pcy = 415 ng/mm* was determined. This
corresponds to ~16 MDa (I'rca/Giotin/Tsicp) OF ~52 kb per
oligonucleotide strand and indicates that the padlock probe
(81 nt) was in average amplified ~640 times on each chain.
Interestingly, the average (contour) length of the ssDNA
chains obtained from the number of repeats of 48.6 nm-long
LP yields about 31.2 pm. This value corresponds to the
configuration, where the effective thickness of the brush d, is
almost a third of the contour length of the grafted ssDNA
chains.

From the dependence of the number of nucleotides
incorporated to the ssDNA polymer chains (shown as the
red curve in Figure 4c), an average extension rate of ~215 nt/
min can be deduced. This value is substantially slower than the
one obtained at 30 °C by Soengas et al. in bulk solutions

yielding >10° nt/min.*’ At this point, it should be noted that
the determined amplification rate should be seen as the
minimum speed of nucleotide incorporation by ¢ 29-Pol on a
solid support-based platform that is affected by the chain
folding, gradual dilution when moving away from the surface,
and diffusion of nucleotides to the surface.

As mentioned above, the chain prolongation does not
proceed identically for all the chains, and a certain distribution
of their length can be expected. In addition, the stretching of
the chains can differ at the inner and outer sides of the brush.
The impact of these phenomena can be assessed by
determining the gradient of the ssDNA brush layer density
in the direction perpendicular to the surface. As seen in Figure
Sa, three or more OW modes (TM, , ;) became apparent in
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Figure 5. (a) Measured R(0) at the growth time of ¢ = 120, 180, and
245 min that is fitted with the Fresnel reflectivity model using the
“one-box” approximation. The reflectivity curves R(0) measured at
180 and 240 min are shifted, respectively, by a factor of 0.3 and 0.6 in
respect to the one measured at 120 min. (b) Comparison of the fitting
with “three-box” approximation for data acquired at t = 240 min.

the measured reflectivity spectra R(6) after 2 h of reaction, and
then, a clear deviation between the measured and fitted curves
occurs (we fitted the number of OW modes and the angular
position of the first and last one). Therefore, the “one-box
model” was extended by splitting the layer into three segments
and fitting the refractive index independently for each of them.
As schematically shown in Figure 4b, this refined model allows
us to take into account a gradient in the brush density with a
lower refractive index n;, of the layer on its outer interface (in
contact with buffer) and a higher refractive index ny, at its inner
surface (where it is attached to the gold surface). The fitting
with such a “three-box model” is presented in Figure Sb for t =
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240 min. It shows that the angular positions of all five
supported OW modes can be fitted, and the first compartment
exhibited a thickness of d,; = 3.8 um followed by the second
one with d,, = 6.0 and third with d,; = 2.9 um. The fitted
refractive index decreased from n,; = 1.3434 at the gold surface
to n,, = 1.3410 in the middle part and n,; = 1.3384 for the
outer segment of the polymer brush. This analysis suggests that
the polymer volume content (proportional to the layer
refractive index nP) is decreasing with distance from the gold
surface, and it can be ascribed to a length distribution of the
RCA-generated ssDNA polymer chains or possibly more
stretched conformation of polymer chains at the outer than the
inner interface. The total thickness (d,; + dy, + dp3 = 12.7 ym)
is slightly higher than the one obtained in the “one-box
model”, and the weighted refractive index of the attached layer
of (nyrdyy + npydyy + nyydyy)/(dyy + dyp + dy) = 1.3411 s
slightly decreased. However, the corresponding overall surface
mass density and respective average polymer chain length of 48
kb per immobilized padlock probe at a reaction duration of
240 min are comparable for both models.

Response of the ssDNA Brush to lon Environments.
Recent studies have shown that the DNA structure is highly
dependent on its surrounding aqueous environment,”’ which is
of high importance in sensor applications of surface-attached
ssDNA brushes.”' Especially, the presence of speciﬁc cation
species causes changes in 1nter—nucleot1de distances®” and can
strongly affect the grafting density’”>* and hybridization
regimes of DNA on solid supports.”” 30 Figure 6a shows a
schematic of the effect of increasing ionic strength on the DNA
brush, which leads to its compression or expansion.
Furthermore, we exposed the ssDNA brush to electrolytes
containing monovalent (NaCl and KCI) and divalent (MgCl,
and CaCl,) cations to study their impact on the ssDNA brush.
The influence on DNA brush thickness d, and its
corresponding refractive index n, was determined by fitting
the reflectivity spectrum R(6) and exhibiting SP and OW
resonances with the “one-box model” approximation in
different ionic solutions (we used ssDNA brushes prepared
by RCA with a reaction time that did not allow for the probing
with multiple OW modes, and thus, the more accurate “three-
box model” was not possible to use). The refractive index of
the bulk aqueous solution n, was determined from SPR on a
bare gold surface or from the position of the critical angle 6.
An additional option for the observation of the swelling and
collapsing of the ssDNA brushes offers the SP- and OW-
enhanced fluorescence spectroscopy. After the affinity binding
of CyS-conjugated DNA strands (C2CA+/CyS or BA+/CyS),
such changes lead to variations in the fluorescence signal
originating from the respective part of the architecture
selectively probed with the SP or OW field. The evanescent
field of resonantly excited SPs excites the fluorophores in a thin
(~100 nm) slice at the inner side of the brush, whereas the
OWs are more delocalized and can probe the whole brush
volume (see Figure 4b). Therefore, compacting the ssDNA
brush carrying affinity-bound molecules conjugated with
fluorophores is associated with an increase in the SP-enhanced
fluorescence signal, whereas the expansion of the structure has
the opposite effect.

As the example in Figure 6b illustrates for the brush
structures with C2CA+/CyS5, the exposure of the brush to an
ionic solution can lead to the compression and expansion of
the structure. The compression is manifested as a shift of the
SPR to higher angles and the respective increase in the SP-
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Figure 6. (a) Schematics of the response of the ssDNA brush to
different ionic environments. (b) Measured angular reflectivity scans
R(0) and angular fluorescence intensity scans F(6) in 150 mM PBST
buffer and in 100 mM KCI and CaCl, solutions. (c) Evaluated
thickness and refractive index changes in respect to the 2.2 ym-thick
brush in PBST buffer in electrolytes containing monovalent and
divalent cations at different concentrations.

enhanced fluorescence intensity. The expansion is seen as a
shift of the SPR angle to lower values and a drop in the SP-
enhanced fluorescence intensity. The analysis of the reflectivity
curves R(0) revealed that the ssDNA brush expanded, and its
thickness d,, increased by a factor of 2.2 and 1.1 (compared to
that measured in PBST d, ppst) When the surface-bound
ssDNA strands were exposed to a solution with K* and Na*

ions, respectively, at a molar concentration of 100 mM.
Interestingly, the divalent Mg** and Ca®' ions impose an
opposite effect, and a decrease in the thickness d,, by a factor of
1.6 and 6.6 is observed, respectively, at the same 100 mM
concentration. The particularly strong collapse of the brush in
the presence of Ca®* suggests a specific effect of this ion as all
other compounds, K*, Na*, and Mg**, did not produce a
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Figure 7. (a) Schematics of the affinity binding of BA staples to the ssDNA brush and its compression by incubation with CaCl, and re-swelling.
Measured angular reflectivity scans R() and angular fluorescence intensity scans F(6) for (b) for the incubation in 100 mM CaCl, followed by
rinsing with PBST and (c) for control experiment with the RCA brush that was affinity reacted with C2CA+/CysS.

similarly strong change even at 1 M concentration; see Figure
6¢. In PBST, the peak fluorescence intensity upon the probing
by SPs was Fgpppst) = 2.6 X 10* cps, whereas for the excitation
via the OW mode, it was 1 order of magnitude stronger,
Fryiessty = 3.9 X 10° cps. This difference can be attributed to
the fact that the volume probed by the OW mode is larger and
thus enables excitation of all CyS fluorophores inside the
brush. In the presence of monovalent K* ions at a
concentration of 100 mM, the fluorescence intensity of the
fluorescence peak accompanied with the SP mode excitation
decreased by a factor of 2.1, which indicates that the ssDNA
strands stretched away from the sensor surface, and therefore,
fewer fluorophores could be excited by its confined field. In the
presence of Ca® ions at a concentration of 100 mM, the
fluorescence intensity excited via SPs in close vicinity of the
metal surface increased by a factor of 2.2. These changes
confirm the observations obtained from the fitting of
reflectivity curves, and the difference in the magnitude of the
decrease and increase factors can be attributed to the
additional effect of bleaching.

Let us note that similar observations have been attributed to
the negatively charged ssDNA backbone that changes its
molecular conformation and gets compacted through electro-
static crosslinking in buffers containing Ca** and Mg*" >’
Our results revealed a much stronger impact of Ca* ions that
can be ascribed to this effect, while Mg** ions mainly seem to
contribute to the Debye screening of the charge interactions,
probably due to the higher affinity of Ca®" ions to the DNA
bases.”® Importantly, the changes generated by the exposure of
the ssDNA brush to Ca®*, Mg®*, K*, and Na* are reversible,
and the ssDNA brush re-arranged its structure back to the
original state after rinsing with PBST.

An additional route to manipulate the long ssDNA chains is
explored based on short oligonucleotides that carry two
sequences complementary to spatially separated parts of

ssDNA repeating motifs generated by RCA. Such oligonucleo-
tides can serve as staples that crosslink the neighboring
polymer chains or force the individual chains to fold and take
on a more compact conformation. As seen in Figure 7a, this
approach was investigated using a nucleotide, BA+/CyS, which
has two binding parts with complementary sequences to the
RCA-generated ssDNA chains (marked in the sequences
presented in Table 1). After flowing the 10 nM solution with
BA+/CyS over the surface with the ssDNA brush for 15 min,
the molecules diffuse inside the polymer architecture and bind
(as seen from the comparison of the angular fluorescence scans
F(6) in Figure S1). The binding occurs in the whole volume of
the brush architecture as the fluorescence signal increased in
both SP-enhanced fluorescence (peak at 6 = 58.5°, probing the
volume close to the chip surface) and OW-enhanced
fluorescence (peak close to the critical angle exciting the
fluorescence throughout the brush).

Interestingly, the binding of BA+/CyS did not significantly
change the conformation of the ssDNA chains, as the angular
positions of SP and OW modes were not altered. This
indicates that the BA+ sequences were predominantly able to
bind with one of its parts and did not act as crosslinks.
Therefore, the ssDNA chains hybridized with BA+/CyS staples
were exposed to 100 mM Ca®*, which was shown to compact
the ssDNA chains and enable bringing their spatially distinct
segments closer to each other. As can be seen in Figure 7b, the
Ca®" ions induced a strong shift of the SP resonant angle to
about § = 66° on the brush reacted with BA+/CyS, which
corresponds to a collapse by a factor of 65, as obtained from
fitting the reflectivity curves R(6). This value is stronger than
the factor of 26 observed for the same brush hybridized with
C2CA+/CyS (Figure 7c), and it can be ascribed to the
additional effect of BA+/5 crosslinking of ssDNA chains. In
addition, the collapse leads to a more pronounced change than
that observed in Figure 6b,c (which is assumed to be caused by
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diluting the surface density of ssDNA chains tethered on the
surface with 6 = 3.2 X 107 nmol/mmz). Moreover, when
switching back to PBST, the ssDNA brush hybridized with the
C2CA+ sequence returned to its original state, but the one
modified with BA+/CyS partially retained the collapsed nature,
as documented by the shifted SPR angle and increased SP-
enhanced fluorescence peak. The intensity of the SP-enhanced
fluorescence signal increased in PBST by a factor of 2.7 after
the collapse of the BA+/CyS5 structure, while that of C2CAS+/
Cy5 decreased by a factor of 1.33. These changes are in
agreement with those obtained from fitting R(#) and confirm
that the stronger compression of the ssDNA brush architecture
can be obtained by a combination of crosslinking with specific
DNA staples and ionic environment change.

B CONCLUSIONS

For the first time, we report on the in situ and real-time
observation of RCA prolongation of ssDNA chains above 10
um when attached to a solid surface. The grown ssDNA chains
take the form of a brush, and they are probed by a combination
of SPR and OWS methods, enabled by the fact that a
sufficiently thick polymer layer can serve as an optical dielectric
waveguide. The analysis of the spectrum of guided waves
traveling along this interface with “grafted-from” densely
packed ssDNA chains provides an efficient means to monitor
their elongation and determine key characteristics of the RCA
reaction on a solid surface. Such observations are difficult to
achieve with other techniques that are typically only able to
characterize the DNA brush after its synthesis is finished, and
their use is complicated by the soft and fragile nature of the
ssDNA brush. On the other hand, it is worth noting that the
presented approach provides detailed information only when
the thickness of the brush layer is sufficiently high (several
micrometers) and the probing of the interface over an area of
about one mm? is needed in order to record sharp dielectric
OW resonances. Due to this fact, it is not feasible to investigate
the behavior of sparsely immobilized DNA chains that do not
form the thick brush layers when small amounts of padlock
probes are immobilized on the solid surface. We demonstrate
how this platform can be used to monitor conformation
changes of ssDNA in response to an ionic strength-triggered
collapse of the ssDNA brush and its intra- and inter-chain
crosslinking via specifically designed oligonucleotide staples. A
combination of DNA staples and ionic change allowed
compacting the RCA-generated brush by a factor of >10,
which can be useful in analytical application with plasmonic
biosensor readout for enhancing the sensitivity by dragging the
molecules to the plasmonic hotspot on the surface.
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