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1 Introduction

Tuning DNA—nanoparticle conjugate properties
allows modulation of nuclease activityt

Jeff C. Hsiao, €22 Tomas Buryska, &2 Eunjung Kim, € ® Philip D. Howes @ *? and
Andrew J. deMello @ *@

Enzyme—-nanoparticle interactions can give rise to a range of new phenomena, most notably significant
enzymatic rate enhancement. Accordingly, the careful study and optimization of such systems is likely to
give rise to advanced biosensing applications. Herein, we report a systematic study of the interactions
between nuclease enzymes and oligonucleotide-coated gold nanoparticles (spherical nucleic acids,
SNAs), with the aim of revealing phenomena worthy of evolution into functional nanosystems.
Specifically, we study two nucleases, an exonuclease (Exolll) and an endonuclease (Nt.BspQl), via fluor-
escence-based kinetic experiments, varying parameters including enzyme and substrate concentrations,
and nanoparticle size and surface coverage in non-recycling and a recycling formats. We demonstrate the
tuning of nuclease activity by SNA characteristics and show that the modular units of SNAs can be lever-
aged to either accelerate or suppress nuclease kinetics. Additionally, we observe that the enzymes are
capable of cleaving restriction sites buried deep in the oligonucleotide surface layer and that enzymatic
rate enhancement occurs in the target recycling format but not in the non-recycling format.
Furthermore, we demonstrate a new SNA phenomenon, we term ‘target stacking’, whereby nucleic acid
hybridization efficiency increases as enzyme cleavage proceeds during the beginning of a reaction. This
investigation provides important data to guide the design of novel SNAs in biosensing and in vitro diag-
nostic applications.

Nanoparticles coated with a dense layer of highly oriented
oligonucleotides—a class of spherical nucleic acid (SNA)—

Beyond its genetic function, DNA has become firmly estab-
lished as a functional polymeric material with diverse appli-
cations." Intertwined with the advancement of DNA-based
materials is the development of colloidal nanoparticles. The
two have so often been used together that they essentially com-
prise a field in themselves,” with their combination giving rise
to hybrid nanomaterials that blend the recognition, structural
and/or catalytic functions of DNA with the myriad functional-
ities of different colloidal nanoparticles, including strong
photoluminescence, superparamagnetism, intense plasmonics
and efficient photothermal heating. Highlight applications of
such hybrid constructs include theranostics,® cellular sensing
and imaging,® and crystal engineering.’
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exhibit unique phenomena that are distinct in nature from the
isolated oligonucleotides and nanoparticles.® For instance,
SNAs show higher binding constants and sharper melting
transitions ~ with  their = complements than  free
oligonucleotides,””® and they readily enter cells without the
need for transfection agents.®'® SNAs are highly tunable, as
various sizes of nanoparticles (typically between 10 and
100 nm), lengths of DNA or RNA (typically up to 50 bases),
spacer lengths/compositions and oligonucleotide modifi-
cations can serve as tunable modular units.>** Herein, we use
the term SNA to refer exclusively to oligonucleotide-gold nano-
particle (AuNP) conjugates. In general terms, biomolecular
binding and activity at the nanoparticle surface-solution inter-
face can be significantly affected by interfacial factors includ-
ing binding hindrance or enhancement, reversible adsorption,
valence, orientation and curvature.”>™** For enzymes acting on
nanoparticle-bound substrates,"® this means a transition from
a bulk regime where enzyme activity is dominated by mole-
cular colliding, to a new nano-interfacial regime where the
above factors can significantly alter (and sometimes enhance)
enzyme activity."®'®

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/nanoscale
http://orcid.org/0000-0003-0800-9977
http://orcid.org/0000-0003-3740-1679
http://orcid.org/0000-0001-9579-9414
http://orcid.org/0000-0002-1862-8395
http://orcid.org/0000-0003-1943-1356
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nr08668a&domain=pdf&date_stamp=2021-03-08
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr08668a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013009

Open Access Article. Published on 25 February 2021. Downloaded on 1/11/2026 4:27:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

A curious aspect of SNAs is their interaction with nucleases,
and specifically how these enzymes interact with DNA/RNA
when densely displayed on a nanoparticulate scaffold (as
opposed to free in solution). Contemporary studies suggest
that SNAs are resistant to degradation by nucleases.'®'
Indeed, this is a critical characteristic for the survival of these
constructs in cellular milieu.”* This phenomenon has been
rationalized by the fact that the dense nucleic acid shell steri-
cally resists nuclease binding and that the high ion concen-
tration around the nanoparticle core inhibits some
nucleases.'®** However, other reports have shown that the
activity of certain nucleases can actually be enhanced
when acting on SNAs.*>?* Such an enhancement is not
unique to SNAs, with a growing number of reports of enzy-
matic acceleration when they act at the nanoparticle
interface.'®'®

Regarding SNAs specifically, Prigodich et al. demonstrated
that ribonuclease H (RNase H, a non-sequence-specific endo-
nuclease that cleaves the RNA in an RNA/DNA substrate) shows
a 2.5-fold enhanced activity on an RNA/SNA substrate (13 nm,
86 DNA per AuNP) when compared to RNA/DNA in free solu-
tion, whereas serum nucleases from fetal bovine serum (FBS)
are severely inhibited by the SNA.>® Further, they modulated
the coverage of DNAs around the AuNP cores by introducing
spacers (polyA, polyT or propyl phosphodiester) and observed
that the activity of the RNase H increased as a function of DNA
coverage. Additionally, Qu et al. investigated the interaction of
three different nuclease enzymes with an SNA (15 nm AuNP,
100 DNA per NP).>* They qualitatively observed that deoxyribo-
nuclease I (DNase I, an endonuclease that non-specifically
cleaves ssDNA and dsDNA) was significantly slower at digesting
SNA compared to free DNA, with exonuclease I (Exol, which
cleaves ssDNA in the 3’ to 5’ direction) cleaving at a similar
rate on SNAs and free DNAs. Interestingly, they observed that
exonuclease III (Exolll, which performs a uni-strand 3’ to 5'
digestion in dsDNA on blunt or recessed 3’ ends) exhibited sig-
nificantly higher activity towards SNA compared to free DNA.
In contrast to the above results, Degliangeli et al. observed that
duplex specific nuclease (DSN, which non-specifically cleaves
DNA, making double strand breaks in dsDNA, and single
strand breaks on the DNA of DNA/RNA duplex) had an initial
reaction rate 1.7-fold lower for SNAs compared to free sub-
strates.>® The SNAs used therein had a lower surface coverage
(13 nm AuNP, 26 DNA per NP) compared to conventional
SNAs, which are typically of higher coverage (e.g. 50-250 on
15 nm AuNPs).>**” Collectively, these results suggest that the
nature of the interaction between SNAs and nucleases is highly
dependent on the characteristics of the different enzymes and
on the SNAs themselves. With the exception of the Prigodich
et al. study,> investigations that have remarked upon the inter-
action of specific nucleases with SNAs have tended to do so as
a sideline to a different goal. Given the interesting obser-
vations to date, it is important to dedicate studies to specifi-
cally examine the nature of the interactions of SNAs with
different nucleases. Better characterization of SNA behavior
relative to free DNA will aid in the development of systems that
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co-employ nanoparticles and enzymes. To our knowledge, no
such systematic study has been conducted before.

In this study, we perform an assessment of the interactions
between nucleases and SNAs, with a view to uncovering useful
phenomena for evolution into future functional nanosystems.
Specifically, we studied two nucleases, an exonuclease (ExolIlI)
and an endonuclease (Nt.BspQI), using fluorescence-based
kinetic assays. We investigated their interactions with SNAs
and compared their activity directly with a free DNA analog
system in non-recycling and target recycling®® detection
formats. We then tuned various SNA features (DNA sequence,
DNA surface coverage and AuNP size) to examine their influ-
ence on enzyme kinetics. We demonstrate that the catalytic
activity of both nucleases can be controllably regulated for
both inhibition and enhancement depending on the target
detection format and SNA design. Analysis of the full progress
curves, in addition to the initial rates, provides insight into
kinetic parameters and the mechanisms underlying nuclease
inhibition and enhancement. Further, we demonstrate for the
first time a phenomenon we term ‘target stacking’, where the
SNA exhibits increased hybridization efficiency as the
nucleases act.

2 Experimental
2.1 Materials

15, 20 and 40 nm AuNPs were purchased from BBI Solutions
(Crumlin, UK). All oligonucleotides were obtained from
Microsynth AG (Balgach, Switzerland). Both ExoIll and Nt.
BspQI were supplied by New England Biolabs (Massachusetts,
US). Nuclease-free water was obtained from Thermo Fisher
Scientific (Massachusetts, US). The mineral oil and 96 well
half-area microplates used in the fluorescence-based kinetic
assays were both purchased from Sigma-Aldrich (Buchs,
Switzerland).

2.2 Oligonucleotide sequences

The probe sets were designed according to the following cri-
teria: (1) six bases on either side of the endonuclease reco-
gnition sequences to allow binding, (2) restricted proximity of
guanines and dyes to minimize fluorescence quenching, (3)
minimized self-complementarity to stop hairpin formation
hindering enzyme access, (4) minimized dimerization to stop
SNA aggregation, and (5) flanking sequences were not palin-
dromic or similar to the recognition sequence to also prevent
SNA aggregation. Phosphorothioate linkages between select
bases and 3’ overhangs were used to inhibit the ExoIIl from
degrading the non-target sequences. Sequences and their
functionalization are shown in the corresponding figures, and
also summarized in Table S1.f Note that we refer to the dye-
labelled strand as the ‘target probe’, and the quencher-
labelled/nanoparticle-bound strand as the ‘quencher probe’.
See Fig. S1f for an explanation of the quenching mechanisms
used in the experiments described herein.

Nanoscale, 2021,13, 4956-4970 | 4957
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2.3 SNA synthesis and characterization

SNAs were synthesized using a freeze-thaw method developed
by Liu et al.>*>° For a typical experiment, thiol-modified oligo-
nucleotides were added to 15, 20, or 40 nm citrate-capped
AUNPs at a ratio of 6 x 10" DNA per cm” of AUNP surface area,
and incubated overnight at room temperature. Next, the mixture
was placed in a —80 °C freezer for 2 hours, followed by thawing
at room temperature. The SNAs were purified through three suc-
cessive rounds of centrifugation (20817g, 20 min, 4 °C) to
remove free DNA. After each centrifugation cycle, the super-
natant was removed, and the pellet resuspended in nuclease-
free water. Finally, the SNA solution was filtered using a Millex-
GV 0.22 pm syringe filter (Sigma-Aldrich, Buchs, Switzerland).
SNA concentrations were determined by measuring the absorp-
tion at 506 nm and applying the following extinction coeffi-
cients: 15 nm AuNPs (3.97 x 10° M™' cm™"), 20 nm AuNPs (9.11
x 10 M™" em™), and 40 nm AuNPs (6.12 x 10° M~" em™").*"
SNA hydrodynamic diameter was measured by dynamic light
scattering (DLS) at 25 °C using a Zeta Nano ZS (Malvern
Instruments, Malvern, UK). An average of three measurements,
with each measurement constituting 10 runs of 10 seconds, was
taken on 0.18 nM SNA samples. All SNAs were stored at 4 °C.

2.4 Surface coverage measurement

The average number of DNA molecules per AuNP, comprising
the SNAs, was calculated by comparison with a standard curve.
The standard curve was constructed by treating a solution of
known concentration of thiolated DNA to the exact same puri-
fication procedure as applied to the SNAs. A comparison of the
curves generated by the SNAs and thiolated DNA was then per-
formed. The concentration of thiolated DNA for the calibration
curve was chosen based on an estimate of the DNA: AuNP
ratio, to ensure that the test and calibration curves traversed a
similar concentration range. To prepare the test and cali-
bration samples, the samples (SNAs or thiolated DNA) were
incubated in aqueous solutions of 500 mM DTT overnight at
4 °C (displacing the thiolated DNA from the AuNP cores). After
centrifugation, supernatants were collected and used to
produce a dilution series in a 96-well plate. Diamond Nucleic
Acid Dye (Promega AG, Diibendorf, Switzerland) was applied
to stain the oligonucleotides in both sets of dilutions accord-
ing to the manufacturer’s protocol. 100 puL of each solution
was transferred into a microtiter plate followed by the addition
of 50 pL of mineral oil. After incubation for 30 minutes, fluo-
rescence from each well was read in a Spark™ 10M multimode
microplate reader (Tecan, Ménnedorf, Switzerland). This gen-
erated two curves: one from the displaced DNA sample and
one from the sample of known DNA concentration. The ratio
of the slopes between the curves of the unknown and known
samples multiplied by the initial estimate of the SNA surface
coverage yielded an estimate of the mean surface coverage.

2.5 Surface coverage tuning

System 1 SNAs with different DNA surface coverages were syn-
thesized by incubating the thiolated oligonucleotides with
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15 nm AuNPs at different ratios prior to the freeze-thaw cycle.
The following ratios of thiolated DNA per cm” of AuNP surface
area were used: (1) 6 x 10", (2) 5 x 10*%, (3) 2.5 x 10"*. System 2
SNAs with different DNA surface coverages were obtained by
displacing the bound DNA on the SNAs with thiolated PEG.
This backfilling displacement procedure was performed by
adding 800 Da thiolated PEG (Sigma-Aldrich, Buchs,
Switzerland) to the SNA solutions at 100 000: 1 and 500 000: 1
PEG : SNA ratios. The mixture was then incubated for 1 hour
before purifying the SNAs through three successive rounds of
centrifugation (20817g, 20 minutes, 4 ©°C), supernatant
removal, and resuspension. The DNA surface coverages of both
System 1 and System 2 SNAs after modification were quantified
using the protocol stated above.

2.6 Probe set design

Two probe sets were designed (termed System 1 and System 2),
each compatible with both of the enzymes to yield four
working modes. These four modes are split into non-recycling
and recycling target detection formats. System 1 employs a re-
cycling format while System 2 employs a non-recycling format
for ExollIl. The vice versa is true for Nt.BspQI. In the non-re-
cycling case, the enzyme cleaves the target probe. This leads to
the release of a dye molecule and the evolution of a fluo-
rescence signal. In the recycling case,?® the enzyme cleaves the
quencher probe and releases the target probe, whereupon it
can hybridize with remaining quencher probes and initiate
further cleavage events. Thus, there is a lag phase in the evol-
ution of fluorescence, which is indicative of the time taken for
the enzyme to cleave enough quencher probes such that there
is a detectable population of target probes free in solution (i.e.
unquenched). Additionally, System 3 was designed where the
3’ recognition site of Exolll was placed on the inside of the
SNA, close to the AuNP surface, rather than outside and away
from the surface. System 3 employs a non-recycling system,
allowing for direct comparison of ExollI activity with System 2,
where the recognition site is on the outside. In this article, we
use the term substrate to refer to hybridized double-stranded
target/quencher probe sequences. Schematics are presented
alongside the relevant results.

2.7 Enzyme kinetic assays

SNAs and free probes were incubated with their complimen-
tary target sequence (1 target per 7 SNA-bound/free DNA
quencher probes) at the desired concentrations in 1x
NEBuffer™ 3.1 (New England Biolabs, BioConcept AG,
Allschwil, Switzerland) comprising 100 mM NacCl, 50 mM Tris-
HCl, 10 mM MgCl,, and 100 pug ml™' BSA, at pH 7.9, and
referred to herein as NEB 3.1. The solution was allowed to
hybridize at room temperature for 30 minutes. A microtiter
plate was then prepared with a range of hybridized quencher/
target concentrations obtained from appropriate dilutions.
Each well contained 20 pL of reaction volume, with 15 pL
mineral oil added above to prevent evaporation, and the micro-
titer plate was placed on ice. To prepare Exolll and Nt.BspQI
for experimentation, the enzymes were spun through a 7 K

This journal is © The Royal Society of Chemistry 2021
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MWCO Zeba™ Spin Desalting Column (Thermo Fisher
Scientific) following the manufacturer’s protocol to perform a
buffer exchange from the enzyme’s storage buffer to 1x NEB
3.1, the reaction buffer. SNAs demonstrated significantly
improved stability in 1x NEB 3.1 than in the enzyme storage
buffers (Fig. S21). The enzyme concentration in the filtrate was
then determined using a NanoDrop Lite™ (Thermo Fisher
Scientific) and diluted to the desired concentration using 1x
NEB 3.1. Finally, 5 pL of enzyme solution was added to the
reaction solution and mixed using the pipette tip, and the
microtiter plate was immediately transferred to a microplate
reader for fluorescence measurements. Exolll kinetic assays
were performed in a Spark™ 10M multimode microplate
reader (Tecan) maintained at 37 °C, and the fluorescence of
each well was measured every 20 seconds over a period of
2 hours, at 520 nm and with excitation at 475 nm. Similarly,
Nt.BspQI kinetic assays were performed in a CLARIOstar multi-
mode microplate reader (BMG Labtech) maintained at 37 °C
and the fluorescence of each well was measured every 40 or 50
seconds for approximately 5 hours at 520 nm with excitation at
475 nm. All samples were measured in triplicate per experi-
ment and in experimental duplicate (N =2, n = 3).

In the non-recycling study, for the varied enzyme concen-
tration experiments, Exolll-to-substrate molar ratios were
varied between 0.25:1 and 5:1, while the Nt.BspQI-to-sub-
strate molar ratios tested were between 3.75:1 and 7.5:1. We
used the obtained results to guide the ExollI (25 nM) and Nt.
BspQI (125 nM) concentrations used in the subsequent non-re-
cycling experiments. In the varied substrate concentration
experiments, the substrate-to-ExoIll molar ratios were varied
between 0.1:1 and 2.4:1, while the substrate-to-Nt.BspQI
molar ratios were varied between 0.04:1 and 0.6: 1.

In the recycling study, for the varied enzyme concentration
experiment, Exolll-to-substrate molar ratios were varied
between 0.5:1 and 6: 1, while the Nt.BspQI-to-substrate molar
ratios studied were between 3:1 and 10:1. We used the
obtained results to guide the ExolII (60 nM) and Nt.BspQI (180
nM) concentrations used in the subsequent recycling experi-
ments. For the varied substrate concentration experiments,
substrate-to-Exolll molar ratios were tested between 0.08:1
and 1.33:1, while the substrate-to-Nt.BspQI molar ratios were
between 0.03:1 and 0.42: 1.

Maximum reaction rate refers to the slope of the linear
region or the maximum reaction velocity in the progress curve
and correspond to the steady state conditions. This is normal-
ized to enzyme concentration, therefore expressed in units per
s. We do not use initial rate/velocity due to the lag phases
observed in various experiments.

2.8 Data analysis

In all experiments, control wells were included to determine
the expected fluorescence signal from a fully digested substrate
complex. Here, the control reaction solution was identical to
the reaction solution, except substituting in a non-complemen-
tary dye-labelled target probe (i.e. yielding a fluorescence
signal is the un-quenched state, but controlling for any sec-
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ondary effects in the system, for example non-specific
binding). This fluorescence value was then equated to the
maximum substrate turnover in a given reaction. The point of
minimum fluorescence was equated to zero substrate turnover.

Obtained traces were averaged from six measurements, two
independent batches of three replicates. The raw fluorescence
data traces were analyzed in OriginPro 9.5E (OriginLab
Corporation, Northampton, USA) using a logistic sigmoidal
model that best fitted the data with R* > 0.98. Models used in
fitting obtained reaction slope values were hyperbolic or coop-
erative as implemented in the program. All equations are pro-
vided in the ESIL.}

The calculation of lag time was standardized across all pro-
gress curves. These were calculated by fitting a sigmoidal curve
to the kinetic data. The reported value is the time at which the
function reached 1% of its maximal value, with results quoted
as mean + standard deviation.

3 Results

Exonuclease III (Exolll) was chosen due to its widespread use
in biological sensing applications, and in particular, systems
co-employing nanomaterials and enzymes.***> ExollI is a non-
processive enzyme that acts on double-stranded DNA (dsDNA),
where it cleaves mononucleotides from the 3'-hydroxyl termi-
nus of one strand, leaving the other strand intact.>**” The pre-
ferred substrates are blunt or recessed 3’-termini of dSDNA,
but the enzyme can also act at nicks or abasic sites. Along with
its ease of availability and high catalytic activity, an advantage
of Exolll is its non-sequence specificity, giving it wide applica-
bility (in biosensing,*® for example) compared to site-specific
endonucleases. Nt.BspQI was chosen as the representative
endonuclease. It is a site-specific DNA nicking endonuclease®®
that nicks one strand in a duplex, and has also been used in
biosensing applications.*”*' Due to its specificity and non-
palindromic restriction sequence, Nt.BspQI is a promising
endonuclease for co-employment with SNAs. Unless otherwise
stated, the AuNP core of the SNAs was a 15 nm particle. Note
that, throughout the text, we refer to the dye-labelled strand as
the ‘target probe’, and the quencher-labelled/nanoparticle-
bound strand as the ‘quencher probe’ (these are indicated in
the corresponding figures).

3.1 Non-recycling study

A schematic of the two enzymatic processes (and corres-
ponding DNA sequences) in a non-recycling detection format
are depicted in Fig. 1A. In this configuration, ExollIl binds to
the blunt-ended duplex substrate and begins non-processive
cleavage (i.e. multiple binding/cleavage events) of the target
probe which is fluorescently labelled. While initially quenched
(via nanosurface energy transfer (NSET) in the bound case and
fluorescence resonance energy transfer (FRET) in the free
case),”* removal of a sufficient number of nucleotides releases
the degraded target probe, with the fluorescent tags now being
able to fluoresce. In contrast, Nt.BspQI binds and nicks the

Nanoscale, 2021,13, 4956-4970 | 4959
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Fig. 1 Variation of enzyme and substrate concentrations (non-re-
cycling): (A) Schematic of non-recycling target detection format and
oligonucleotide sequences used with the quencher probe (black) and
the target probe (grey). Initially, the fluorescently labelled target probe is
quenched via NSET (AuNP) and FRET (Cy3) in the bound and free case,
respectively. When sufficiently degraded, the target probe is released
and fluorescence is observed. Enzyme kinetics plots for (B) Exolll activity
with varying enzyme concentration, (C) Exolll activity with varying sub-
strate concentration, (D) Nt.BspQl activity with varying enzyme concen-
tration, and (E) Nt.BspQl activity with varying substrate concentration.
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target probe of the substrate at its specific restriction site,
dividing it into two distinct sequences. The nicked sequences
are designed to release from the quencher probe at the reac-
tion temperature, releasing the fluorescently-labelled fragment
from NSET- and FRET-based quenching in the bound and free
case, respectively. In this non-recycling scenario, the SNA
retains its dense coating of oligonucleotides, while nuclease
degradation occurs. Therefore, the enzymes experience a
similar density of DNA throughout the entire kinetic run. We
leveraged this non-recycling design to study how ExolIll and
Nt.BspQI activity is affected by (1) enzyme concentration, (2)
substrate concentration, (3) recognition site location, (4) SNA
surface coverage and (5) AuNP size. In these experiments,
System 1 bound quencher probe, free quencher probe, and
target probe were used for Nt.BspQI, while System 2 bound
quencher probe, free quencher probe (protected), and target
probe were used for the ExollI study (see Fig. 1A and Table S17
for oligonucleotide nomenclature and sequences).

3.1.1 Varying enzyme and substrate concentrations. First,
the concentrations of the quencher and target probes were
kept constant and the enzyme concentration varied. The pro-
gress curves of the bound and free cases were compared to
determine the relationship between the enzyme concentration
and kinetic variables (reaction rate, point-of-inflection). Based
on these experiments, we then selected an enzyme concen-
tration and conducted experiments whilst varying substrate
concentrations. Again, this was done to extract kinetic para-
meters from the full progress curves, with the aim of explain-
ing the wunderlying mechanisms behind the kinetic
differences.

Exolll. With constant quencher and target probe concen-
trations, an increasing Exolll concentration resulted in sup-
pressed maximum reaction rates (normalized to enzyme con-
centration), which is likely due to increasing competition
between enzymes for substrates (Fig. 1B). The free case exhibi-
ted higher reaction rates than the bound case at lower Exolll
concentrations, but above 30 nM differences were negligible.
The progress curves exhibited a lag phase prior to signal
increase (Fig. S3Af), which is consistent with previous reports
that ExollI exhibits an intrinsic lag that is compounded by the
enzyme’s strong temperature dependence and the time taken
to heat reaction solutions; previous studies found that it exhi-
bits a 10-fold increase in rate between 22 and 40 °C.*’ The
most significant effect in our study, however, was the fact that
the dye-labelled target would only decouple after a sufficient
amount of nucleotides had been removed, leading to a further
delay in signal development. Increasing Exolll concentration
led to shorter lag times in both the free and bound cases
(Fig. S3At), with the bound case exhibiting a longer lag phase
than the free case (bound 4.7 + 1.3 minutes, free 3.3 =
1.0 min). This finding is also evident in the time taken to
reach the point-of-inflection (Fig. S3Bt). During the lag phase
there was a slight initial reduction in fluorescence intensity for
the bound case, but not in the free case. We term this
phenomenon ‘target stacking’ and detail its mechanism in the
Discussion section below.
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When the Exolll concentration was fixed at 25 nM, increas-
ing substrate concentrations yielded increased maximum reac-
tion rates for both the free and bound cases (Fig. 1C). Again, a
reduced reaction rate and longer lag phase (bound 5.2 +
0.1 min, free 3.9 + 1.4 min) were observed for the bound case
versus the free case. The specificity constant (k../Kwm), a
measure of the catalytic efficiency in transforming substrate
into product, of the free case is approximately 2.5 times that of
the bound case.

Nt.BspQI In contrast to Exolll, increasing the Nt.BspQI con-
centration did not affect the maximum reaction rate for the
bound case, and actually increased it for the free case
(Fig. 1D). Nt.BspQI exhibited higher maximum reaction rates
on free DNA for all enzyme concentrations tested. As with the
ExolIll reaction, the Nt.BspQI progress curves exhibit a lag
phase (bound 4.9 + 0.7 min, free 4.6 + 0.1 min). There is no
apparent relationship between the lag time and enzyme con-
centration for both the free and bound cases though
(Fig. S3Ct). When comparing the bound and free scenarios,
higher concentrations of enzyme were needed for the bound
case to reach reaction completion—not all of the targets were
released from the bound quencher probe sequences even with
75 and 100 nM of enzyme (Fig. S3D¥). Dynamic light scattering
(DLS) measurements revealed that the hydrodynamic diameter
of the SNAs increased from 27.1 to 31.6 nm before and after
experimentation with the enzyme (50 nM substrate, 125 nM
Nt.BspQI) (Fig. S3Et), suggesting significant adsorption to the
AuNP surface during the reaction and potential inhibition of
Nt.BspQL***°

With a fixed Nt.BspQI concentration of 125 nM, an increas-
ing maximum reaction rate was observed with increasing sub-
strate concentration (Fig. 1E and Fig. S3Ff). In the bound case,
the rate peaks at 40 nM (at 0.8 s™') after which the reaction
rate decreases slightly. This observation is likely due to a
higher substrate concentration correlating to an increased
amount of SNA in solution and a corresponding increase in
Nt.BspQI adsorption and inactivation. In the free case, the rate
plateaus at 2.7 s™' after 30 nM, having reached its Viay. Over
the substrate concentrations tested, Nt.BspQI performed
70-80% slower in the bound versus free case. Interestingly,
analysis of the kinetic parameters reveals that the bound case
had a significantly higher k., (0.0048 s™*), while binding less
strongly to the SNA (K of 1385 nM) compared to the free case
(0.0007 s™* and 39 nM, respectively). These kinetic parameters
suggest that Nt.BspQI performs faster when its substrate is
densely bound onto an AuNP scaffold rather than free in solu-
tion; however, these gains in reaction rate are dramatically
reversed by difficulties in substrate binding.

3.1.2 Varying Exolll recognition site location. Seeing that
the SNA environment significantly impacts nuclease kinetics
relative to the free case, we probed whether these effects could
be amplified if the nuclease recognition site was moved deeper
into the SNA shell. To do this for Exolll, we used an additional
oligonucleotide set (termed System 3) where the 3’ terminus of
the target is proximal to the AuNP surface instead of distal as
previously applied (Fig. 2A). It should be noted that the bound
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Fig. 2 Variation of Exolll recognition site location (non-recycling): (A)
Schematic of distal (top) and proximal (bottom) Exolll cleavage site
locations tested and oligonucleotide sequences used with the quencher
probe in black and the target probe in grey. (B) Enzyme kinetics graph
for Exolll activity with its recognition site distal (in green) versus proximal
(in orange) to the AuNP core.

quencher probe 3’ terminus in this case is protected from
Exolll degradation using a 4T overhang. This arrangement
necessitates the nuclease to diffuse through the dense DNA
layer to bind the substrate and begin DNA degradation at the
proximal 3, an effect that we hypothesized would significantly
inhibit or even stop enzyme activity completely due to
increased steric hindrance and salt concentrations near the
AuNP surface. By fixing the Exolll and varying the substrate
concentrations (Fig. 2B), we observed that Exolll was in fact
able to bind and cleave at the buried 3’ site, but exhibited
75-80% slower maximum reaction rates, and a specificity con-
stant (k.a/Kyv) more than five times lower than System 2. The
corresponding progress curves are shown in Fig. S4A.f The
inhibitory effect of burying the cleavage site deep within the
SNA is actually even stronger than these numbers reveal as
only one cleavage event is required in System 3 to liberate the
fluorophore, whereas multiple events are required in System 2.
The behaviour is corroborated by the reaction lag times, as the
distal case exhibits a significantly longer lag time than the
proximal case (distal 6.1 + 0.3 min, proximal 3.4 + 0.5 min).
Another difference versus the distal case is that Exolll cannot
complete the reaction at high substrate concentrations (start-
ing at 30 nM) using this setup. DLS measurements revealed
significant ExolIlIl adsorption to the SNA (Fig. S4Bt), with the
diameter increasing by 3.4 nm after the experiment (with 60
nM substrate, 25 nM Exolll) in identical buffer conditions. As
noted previously, such adsorption is likely to inhibit enzyme
function, contributing to the slower reaction rate of the proxi-
mal case.

3.1.3 Varying SNA surface coverage. Based on the depen-
dence of nuclease activity on recognition site location, SNA
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steric hindrance appears to significantly alter enzyme kinetics.
Accordingly, we more directly investigated the effects of steric
hindrance on Exolll and Nt.BspQI reaction rates by varying
SNA surface coverage (defined as the number of DNA per
AuNP) whilst maintaining a constant AuNP size. Fig. 3A illus-
trates the different scenarios. In each case, the target to SNA
ratio was kept constant at 30: 1.

Exolll. System 2 SNAs were prepared with three different
surface coverages (175 DNA per AuNP at 2.5 x 10"° DNA per
em?, 150 DNA per AuNP at 2.1 x 10"* DNA per ecm?, and 110
DNA per AuNP at 1.6 x 10"* DNA per cm?). In line with pre-
vious observations of the inverse relationship between nucle-
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Fig. 3 Variation of surface coverage (non-recycling): (A) Schematic of
SNA surface densities tested, with the quencher probe in black and the
target probe in grey. The illustrated surface densities are not to scale. (B)
Enzyme kinetics graph for Exolll activity with varying SNA surface den-
sities. (C) Exemplar progress curve of Exolll (25 nM Exolll, 25 nM sub-
strate), demonstrating target stacking. (D) Enzyme kinetics plot for Nt.
BspQl activity with varying SNA surface densities. (E) Exemplar progress
curves of Nt.BspQl (125 nM), demonstrating reactions that fail to reach
completion at higher substrate concentrations.
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ase activity and sterics, ExoIll maximum reaction rates
increased as the surface coverage decreased (Fig. 3B and
Fig. S5AT). The SNA with 110 DNA per AuNP had a specificity
constant 20% greater than that of the SNAs with 150 DNA per
AuNP, and twice that of the SNAs with 175 DNA per AuNP. The
three cases exhibit no significant difference in lag time (175
yields 6.2 + 0.3 min, 150 yields 6.3 + 0.2 min, and 110 yields
6.4 + 0.4 min). Once more, target stacking is observed and the
characteristic initial dip in fluorescence is clearly demon-
strated in the progress curve with 25 nM substrate (Fig. 3C).

Nt.BspQI Surprisingly, Nt.BspQI demonstrated an opposite
trend to that of Exolll. Using the System 1 quencher probe
oligos at three SNA surface coverages (180 DNA per AuNP at
2.5 x 10" DNA per cm?, 160 DNA per AuNP at 2.3 x 10"* DNA
per cm?, and 125 DNA per AuNP at 1.8 x 10'* DNA per cm?),
Nt.BspQI performs slightly faster on SNAs with higher surface
coverage, despite enhanced steric hindrance (Fig. 3D and
Fig. S5Bf). SNAs with 180 DNA per AuNP led to a specificity
constant approximately 10% greater than that of the SNAs with
160 DNA per AuNP, and approximately 37.5% greater than that
of the SNAs with 125 DNA per AuNP. This finding is likely a
function of the propensity of Nt.BspQI to adsorb onto the
AuNP surface, a phenomenon that would be exacerbated at
lower surface densities. Thus, despite reduced steric hin-
drance, SNAs with lower surface densities substantially reduce
the effective concentration of Nt.BspQI acting on available sub-
strates through adsorption. Further highlighting the role of
adsorption, we observe that at higher substrate concentrations,
Nt.BspQI is unable to liberate all of the fluorescent dyes i.e.
the reactions do not appear to go to completion (Fig. 3E). This
is reflected in a dramatic drop in reaction rates beyond a
corresponding concentration threshold (Fig. 3D), which is ~25
nM for 125 DNA per AuNP, ~30 nM for 160 DNA per AuNP,
~40 nM for 180 DNA per AuNP. We observe that the substrate
concentration at which Nt.BspQI cannot complete the reaction
is dependent upon the surface coverages and corresponding
amount of AuNP surface exposure due to the differences in
exposed AuNP surface area. Finally, the three cases exhibit no
significant difference in lag time (180 yields 4.3 + 1.2 min, 160
yields 4.5 + 1.0 min, and 110 yields 4.4 + 1.6 min).

3.1.4 Varying AuNP size. In addition to surface coverage,
another tunable SNA feature that alters its local environment
is the diameter of the core AuNP. With a decreasing AuNP dia-
meter, the DNA surface density (defined as the number of
DNA per cm?®) and deflection angles both increase.”® These
two changes result in competing steric effects: higher amounts
of DNA per cm?® provide higher sterics and a denser packing
proximal to the AuNP surface, but higher deflection angles
increase exposure of distal binding sites for easier nuclease
access. We sought to investigate which curvature-dependent
factor plays a more dominant role on nuclease activity and
probed the overall impact that radius of curvature has. By
using AuNP cores of different sizes (15, 20 and 40 nm), we gen-
erated distinct environments for the ExoIll and Nt.BspQI to
encounter (Fig. 4A). Within each kinetic study, a constant ratio
between the surface-bound quencher and target probes were

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Variation of AuNP size (non-recycling): (A) Schematic of the
SNAs with different AUNP sizes tested, with the quencher probe in black
and the target probe in grey. The illustrated AuNP sizes are not to scale.
(B) Enzyme kinetics graph of Exolll activity with SNAs of different AUNP
core sizes. (C) Example progress curve of Exolll (25 nM Exolll, 25 nM
substrate), demonstrating target stacking. (D) Enzyme kinetics graph of
Nt.BspQl activity with SNAs of different AuNP core sizes. (E) Example
progress curves of Nt.BspQl (125 nM), demonstrating reactions that fail
to reach completion at higher substrate concentrations.

maintained at 7:1, and the concentration of quencher probes
was kept constant between conditions of different AuNP size.
Therefore, in real terms, the molar concentration of SNAs was
highest for the 15 nm case and lowest for the 40 nm case since
SNAs with smaller cores have less DNA per AuNP.

Exolll. System 2 SNAs were synthesized with three different
AuNP cores, obtaining surface coverages and densities of 210
DNA per AuNP at 3.0 x 10" DNA per cm® for 15 nm AuNPs,
280 DNA per AuNP at 2.2 x 10" DNA per cm” for 20 nm
AuNPs, and 700 DNA per AuNP at 1.4 x 10" DNA per cm” for
40 nm AuNPs. Fig. 4B shows that the maximum ExollI reaction
rate increased with decreasing particle size. The 15 nm AuNP
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case yielded a specificity constant twice that of the 20 nm
AuNPs, and 2.5 times that of the 40 nm. The smallest SNAs
(15 nm) exhibited slightly shorter lag phases (4.5 + 1.0 min),
compared to the 20 nm (5.4 + 1.2 min) and 40 nm (5.3 =
1.2 min) SNAs (Fig. S6At). These results imply that in this
case, increased deflection angles between the oligonucleotides
on the AuNPs played a more significant role than surface
density. Although there are more DNA per surface area on the
smaller cores, the increased DNA deflection angle allows
easier ExolIlIl access to its binding sites. The spacing out of
DNA at higher deflection angles is more accentuated the
further away from the core—an effect that is especially relevant
for Exolll since the 3’ terminal site is at the distal end of the
oligonucleotide sequence. Analysis of the progress curves
reveals that the initial dip in fluorescence and subsequent
recovery is correlated with AuNP size as larger cores exhibited
a higher initial fluorescence value followed by a sharper
decrease (Fig. 4C).

Nt.BspQI. System 1 SNAs were synthesized with surface cov-
erages and densities of 210 DNA per AuNP at 3.0 x 10'® DNA
per cm? for 15 nm AuNPs, 330 DNA per AuNP at 2.6 x 10"
DNA per cm? for 20 nm AuNPs, and 860 DNA per AuNP at 1.7
x 10" DNA per cm” for 40 nm AuNPs. Fig. 4D shows that the
same trend exists as for the Exolll : Nt.BspQI maximum reac-
tion rates are higher on SNAs with smaller AuNP cores. The
kear increases with SNA size, which is likely due to there being
a larger absolute number of targets per SNA for the larger
sizes; if the Nt.BspQI can move from one restriction site to the
next on a single SNA, it benefits from an effectively higher
local concentration of targets. Nevertheless, small deflection
angles between oligonucleotides in larger SNAs sterically
hinder the ability of Nt.BspQI to access the restriction sites
and bind to the substrate. This results in Nt.BspQI having a
Ky on SNAs with 40 nm AuNP cores three times that of SNAs
with 20 nm AuNP cores, and more than seven times that of
SNAs with 15 nm AuNP cores. Such inhibition in substrate
binding ability ultimately limits nuclease activity despite
higher k., values. Further, it was observed that at higher sub-
strate concentrations, the larger (20 and 40 nm) AuNP cases
failed to go to completion, with the 40 nm case being the
worse of the two (Fig. 4E and Fig. S6Bt). As the larger SNAs
have a lower surface density of DNA and more exposed AuNP
surface, enzyme adsorption is likely to increase with increasing
particle size. There was no significant difference in lag time
between the three cases (ca. 4 minutes for all).

3.2 Recycling system

In the recycling case, where the quencher probe and not the
fluorescently-labelled target probe is cleaved, we hypothesized
that there would be a difference between the enzyme kinetics
in the bound and free case due to the significantly different
substrate environments. In the free case, when the target is
released, it diffuses through the solution until it finds another
free quencher probe to hybridize with, where the nuclease can
then bind, cleave, and repeat the process. In the SNA case, the
target recycling mechanism from one bound quencher probe
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to another is not as apparent. Since the target is in an environ-
ment densely packed with complementary quencher probes on
the AuNP, whether the target rapidly hybridizes to neighboring
strands on the same SNA or diffuses into solution to quencher
probes on another SNA will alter both quenching efficiency
and nuclease kinetics. Additionally, as the reaction proceeds,
the SNAs become gradually depleted of their DNA covering.
Therefore, we aimed to uncover how target recycling and evol-
ving local conditions on the SNA tunes nuclease activity.

To do this, we compared the nuclease kinetics of the bound
and free case while studying the effects of varying enzyme and
substrate concentrations in this recycling format. A schematic
of the scenario with both nucleases is shown in Fig. 5A. It
should be noted that the target probes in both the free and
bound scenarios will remain quenched until sufficient
quencher probes have been degraded. In these experiments,
System 1 bound quencher probe, free quencher probe, and
target probe (protected) were used for Exolll while System 2
bound quencher probe, free quencher probe (protected), and
target probe were used for Nt.BspQI (see Fig. 5A and the
Table S17 for oligonucleotide sequences).

3.2.1 Varying enzyme and substrate concentrations. In a
similar fashion to the non-recycling experiments, we first
varied the concentrations of Exolll and Nt.BspQI, whilst
keeping the substrate concentration constant. We then utilized
results from this study to determine the Exolll and Nt.BspQI
concentrations to use in the subsequent study, where the sub-
strate concentration was varied instead. These experiments
were performed to extract kinetic parameters and enable a
mechanistic study of the differences underlying the bound
and free case.

Exolll. Fig. 5B shows that increasing Exolll concentrations
results in decreased reaction rates per enzyme, similar to the
non-recycling format. Analysis of the progress curves demon-
strated a longer lag phase than that of the non-recycling
system for both the free (by 2.8 + 1.1 min) and bound (by 5.9 +
1.6 min) cases (Fig. S7Af). In addition to the lag intrinsic to
ExolIll and from the temperature equilibration time, the pro-
gress curves from the recycling design exhibited an additional
lag time before fluorescence signal detection, as the dye
remained quenched while recycling through different
quencher probes. In agreement with the non-recycling system,
the lag phase time decreased with increasing ExollIl concen-
tration for both the free and bound cases. This is reflected in
the time required for the progress curves to reach inflection
(Fig. S7Bt). Both reaction rate and the time to inflection
approached a plateau at higher ExolIl concentrations though.
Comparing the bound and free cases, the lag phase is longer
for the bound case than the free case (by an average of 4.2 +
1.1 minutes). However, with a fixed substrate concentration of
20 nM, the bound case exhibited faster reaction rates that the
free case at all enzyme concentrations (Fig. 5B). In fact, the
progress curves demonstrate that the bound case reaches com-
pletion, whereby all target probes are fluorescent upon
sufficient quencher probe degradation, before the free case
when the Exolll concentration is sufficiently high (>40 nM)
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(Fig. 5D and Fig. S7AY). This is also in spite of target stacking
only occurring in the bound case. Such enzymatic acceleration
implies rapid and efficient target recycling to neighboring
quencher probes on the same SNA, requiring ExolII to diffuse
short distances before reaching the next substrate.

In the previous non-recycling studies, we observed that the
Exolll reactions generally go to completion (with the exception
of the System 3 proximal recognition site), which we expect is
due to a lower propensity of the Exolll to irreversibly bind to
the AuNP, compared to Nt.BspQI. Contrary to those findings,
in the recycling case, we observed that at lower ExollIl concen-
trations the reaction does not go to completion (Fig. S7A¥), for
both the free and bound cases. This suggests that the ExollI is
limited in the amount of catalytic cycles it can go through, and
this effect becomes apparent in the recycling system as many
more cleavage events are required, and lowering the enzyme
concentration exacerbates this limitation. However, the drop-
off in performance was accentuated for the bound case versus
the free case, suggesting an extra inhibitory factor involving
the SNA. As the enzyme degrades the surface-bound quencher
probes of the SNA while the target recycles, the protective
effect of the surface-bound DNA is decreased and the AuNP
surface is increasingly exposed, resulting in a higher likelihood
for enzyme adsorption. DLS characterization of SNA size
before and after experimentation (20 nM substrate and 10 nM
Exolll) revealed a size decrease, from 24.2 nm to 21.9 nm
(Fig. S7C¥). Such a decrease in hydrodynamic size is less than
expected, presumably due to adsorption, as the SNA after
nuclease degradation of quencher probe sequences should
more closely resemble the size of the bare AuNP (13.9 nm).
Nevertheless, despite adsorption, the recycling system enables
ExolII to operate more efficiently in the bound system.

To further probe the potential for enzymatic acceleration,
60 nM ExollI was assessed in a subsequent study. As expected,
increasing substrate concentration increases the maximum
reaction rate for both cases (Fig. 5C). In comparison, beyond
the low substrate concentrations, ExolIll has higher maximum
reaction velocities in the free case than in the bound case.
Despite this finding, progress curves under such conditions
show that the time to completion is not significantly different
between the free and bound case because the slowdown of
reaction as it approaches completion is much more pro-
nounced in the free case (Fig. S7D7). This indicates that ExollII
can finish the reaction on bound substrates before free sub-
strates without exhibiting a faster maximum reaction velocity.
In parallel, although the specificity constant is three times
lower for the bound case, all target probes may still be released
first under certain reaction conditions, most likely due to
rapid target recycling enabled by the densely packed quencher
probes scaffolded onto an AuNP.

Nt.BspQL When the Nt.BspQI concentration was varied at a
constant 20 nM substrate concentration, the maximum reac-
tion rate increased with increasing enzyme concentrations for
both the free and bound case (Fig. 5E). Due to target recycling,
both the free and bound case also showed a longer lag phase
relative to non-recycling experiments for Nt.BspQI (Fig. S7ET).
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Fig. 5 Variation of enzyme and substrate concentrations (recycling): (A) Schematic of recycling target detection format and oligonucleotide
sequences used with the quencher probe in black and the target probe in grey. Initially, the fluorescently labelled target probe is quenched via NSET
(AuNP) and FRET (Cy3) in the bound and free case, respectively. When sufficient quencher probes have been degraded, the target probe is released
and fluorescence is observed. Enzyme kinetics graph for Exolll activity with (B) varying enzyme concentration and (C) varying substrate concen-
tration. (D) Example progress curve of Exolll activity (60 nM Exolll, 20 nM substrate), demonstrating bound case finishes reaction before free case.
Enzyme kinetics graph for Nt.BspQl activity with (E) varying enzyme concentration and (F) varying substrate concentration. (G) Example progress
curves of Nt.BspQl (180 nM), demonstrating reactions that fail to reach completion at higher substrate concentrations.
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Across a comparable range, the bound case exhibited an
average lag of 7.2 + 2.6 minutes, whereas in the non-recycling
case it was 4.9 + 0.7 minutes. Interestingly, the free case exhibi-
ted a two-phase reaction, with the progress curves showing an
initial region of slow increase in product formation, followed
by a shoulder at around 20% reaction completion and then a
steep increase upwards towards the eventual plateau
(Fig. S7ET). The initial phase of slow increase is most likely
due to inefficient recycling of the target across multiple free
quencher probes. Only when the majority of free quencher
probes have been degraded does the second phase of higher
reaction rate occur. Since the bound system only exhibits one
phase of high reaction rate, we hypothesize there is rapid and
efficient target recycling between quencher probes on a single
SNA which in turn allows the bound case to avoid an initial
slow phase.

125 nM Nt.BspQI was needed to complete the reaction in a
non-recycling design whereas 180 nM Nt.BspQI is needed with
this recycling design, likely due to enhanced adsorption.
Similar to the recycling detection format with Exolll, AuNP
surface exposure increases as the surface-bound quencher
probes are degraded. Looking at the hydrodynamic diameter
with DLS, although Nt.BspQI should decrease the SNA size by
cleaving the abundant surface-bound quencher probes during
the reaction, the SNA shows an insignificant change in dia-
meter before and after experimentation (from 22.3 to 22.7 nm,
Fig. S7Ff). This indicates a significant amount of Nt.BspQI
adsorption counteracting the size decrease from the cleaved
oligonucleotides.

With this target recycling design, the bound case is consist-
ently slower than the free case (Fig. 5E), due to the same
reasons as those detailed in the non-recycling system; however,
the difference between the two cases with the recycling system
is less than that of the non-recycling system (cf. Fig. 1D). This
is likely due to the benefit afforded by efficient target recycling
on the SNA and relatively shorter diffusion distances between
each Nt.BspQI binding/nicking event, especially if the endonu-
clease has already overcome steric hindrance and is within the
dense DNA layer. Interestingly, and similar to the non-re-
cycling system, the bound case does not exhibit a relationship
between the length of the lag phase and enzyme concen-
tration, while the free case does (Fig. S7Ef). In fact, this effect
results in the bound case starting its fluorescence increase
before the free case. This presents further evidence for the
benefit of the locally concentrating effect of the surface-bound
scenario.

In order to probe the effects of earlier signal detection in
the bound case and to aim for reaction completion with all
substrate concentrations tested, we chose a Nt.BspQI concen-
tration of 180 nM. We observed that increasing substrate con-
centration increased the maximum reaction rate, with the free
case consistently faster than the bound case (Fig. 5F). Even
with 180 nM of enzyme, inactivation of Nt.BspQI due to
adsorption was again a problem for the bound case, especially
at higher substrate concentrations, where there is an increased
amount of AuNPs present in solution (Fig. 5G). In fact, adsorp-
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tion was so significant that reaction rates at high substrate
concentrations were lower than the rates at low substrate con-
centrations. Similar to the progress curves of the bound case
in other studies, target stacking is present once more
(Fig. S7G?).

Overall, Nt.BspQI performs faster in the free case than the
bound; however, the difference is less than that seen in the
non-recycling system. When normalized to the specificity con-
stant of the respective free cases, Nt.BspQI demonstrates accel-
erated activity on SNAs for this recycling system relative to the
non-recycling system (at concentrations where adsorption does
not limit reaction completion). The bound-to-free ratio of the
specificity constant in this recycling study is 0.53, while in the
non-recycling study it is 0.19, demonstrating the difference to
be significantly less here. Again, this suggests efficient target
recycling from one bound quencher probe to another and
reduced diffusion distances for Nt.BspQI. Another interesting
finding is how the length of the lag phase depends on the sub-
strate concentration for the free case while no such relation-
ship exists in the bound case—similar to the Exolll recycling
experiments. In the bound case, the lag times across the chan-
ging substrate concentrations are all around 5 minutes,
whereas in the free case the lag time varied significantly
(between 2 minutes at the lowest substrate concentration and
43 minutes at the highest). Accordingly, at high substrate con-
centrations, fluorescent signal evolution occurs earlier in the
bound than in the free case. When leveraged together with
accelerated Nt.BspQI activity, these two observations are prom-
ising advantages of the recycling target detection format using
SNAs.

4 Discussion

In this work, we demonstrate the tuning of nuclease activity by
SNA properties, and show that the modular units of SNAs can
be leveraged to accelerate or suppress nuclease kinetics. By sys-
tematically investigating different SNA parameters and target
detection formats with an exonuclease and endonuclease, our
work extends previous observations in literature through a
dedicated study on enzyme kinetics. Our findings are summar-
ized in Table 1.

In the experiments using Exolll within a non-recycling
detection format, we observe robust trends across the data.
Exolll experiences a longer lag phase and is generally inhibited
in its cleavage activity on bound substrates relative to sub-
strates free in solution, as revealed by consistently lower reac-
tion rates and specificity constants. This is likely due to a com-
bination of factors: (1) high SNA binding constants and sharp
melting curves, (2) high salt concentrations surrounding the
SNA, and (3) steric hindrance from the dense layer of DNA.
First, SNAs are reported to have binding constants 100 times
higher than free DNA, resulting in a sharper melting curve.*®
In our studies, this necessitates ExollIl to remove more nucleo-
tides from the target in the bound case than the free case
before the quencher-target probe binding energy is sufficiently

This journal is © The Royal Society of Chemistry 2021
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Table 1 Trends of Exolll and Nt.BspQl activity for the various SNA con-
ditions and detection formats tested

Condition Trend
ExolII

Bound (relative to free) keat/Kntl
Proximal digestion (relative to distal) Kear/ Knad
Surface coverage 1 keat/Knel
AuNP diameter 1 keat/ Knad
Bound target recycling (relative to free) keat/Knl
Nt.BspQI

Bound (relative to free) Kyl keacl
Surface coverage 1 Kear/Kna®
AuNP diameter 1 Kut, keac?
Bound target recycling (relative to free) keat/Knml

reduced to release the fluorophore-labeled target. Second,
SNAs exhibit a significant ion cloud due to the negatively
charged DNA and AuNP core."® Since high salt concentrations
are known to inhibit ExollI activity, the high local ion concen-
trations it encounters in the bound case is unfavorable relative
to the free case.”® Furthermore, as Exolll removes nucleotides
sequentially, it will encounter increasing local salt concen-
trations the closer it moves towards the AuNP core, incremen-
tally decreasing its activity. Finally, steric hindrance from the
dense layer of DNA on the AuNP hampers overall Exolll activity
by reducing catalytic rates and/or hindering substrate binding.
Steric effects are further compounded by the non-processive
nature of Exolll, which necessitates multiple binding/cleavage
events.

Similar to Exolll, for the non-recycling experiments using
Nt.BspQI, we observed slower overall activity and a longer lag
phase when the substrate was bound to an AuNP rather than
free in solution. To nick the target, Nt.BspQI must first diffuse
past a dense layer of DNA prior to reaching its restriction site.
If the enzyme manages to do so, it then must overcome steric
hindrance from the local environment in order to bind to the
target-quencher probe hybrid and catalyze the nicking reac-
tion. Interestingly, kinetic analysis revealed that Nt.BspQI
exhibited a higher k., in the bound case compared to the free
case, suggesting the endonuclease is actually acting faster on
the SNA due to the high local concentrations of substrate.
However, this also suggests that the limiting factor during a
nicking event is the difficulty associated with substrate
binding, as evidenced by the significantly higher Ky, in the
bound case. Accordingly, while dense packing of oligonucleo-
tides localize high concentrations of substrate onto a scaffold,
this also creates a sterically unfavorable environment that
severely restricts Nt.BspQI mobility and consequent substrate
binding. While decreased overall reaction rates were similarly
observed with Exolll, there are two important distinctions
between the nucleases, each with important implications for
applications co-employing nucleases with SNAs. Nt.BspQI
tended to exhibit a shorter lag time, likely due to its endonu-
clease mechanism; Nt.BspQI conducts a single nick while
Exolll requires multiple binding and cleaving events to release
the target. Another variation is the propensity of Nt.BspQI to
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adsorb onto the AuNP surface and become inactivated, hence
higher concentrations were needed to complete reactions.
Significant adsorption is likely to contribute to the slower Nt.
BspQI activity as well.

Intriguing effects were found for both Exolll and Nt.BspQI
when a recycling detection format was used, with both Exolll
and Nt.BspQI experiencing accelerated activity. For Exolll, the
bound case had higher reaction rates than the free case and
completed some reactions faster. Although Nt.BspQI remained
slower in the bound case, the difference between the bound
and free case in the recycling format is considerably less than
that for the non-recycling format. The evolving SNA surface
during a recycling reaction presents a very different environ-
ment compared to the relatively consistent SNA surface in the
non-recycling scenario. Thus, a discrepancy in trends between
the two detection formats is unsurprising. We hypothesize two
factors that may cause enzyme acceleration for a recycling
detection format in the bound case. First, once a target probe
is released upon degradation of the surface quencher probe, it
may rapidly hybridize to a neighboring probe on the same
AuNP rather than needing to diffuse through solution (as is
the case when the quencher probes are free in solution).
Second, the nucleases need only diffuse a short distance
within the SNA shell, especially if the released target success-
fully hybridizes to a neighboring quencher probe, to bind to
another substrate. Accordingly, we propose that acceleration
comes about due to rapid recycling of target probes between
neighboring probes on a single SNA and shorter nuclease
diffusion distances between substrates.

A notable feature observed in the progress curves of all reac-
tions was an initial drop in fluorescence before a subsequent
increase as enzyme digestion proceeded. We attribute this to
temperature equilibration as samples were prepared on ice
before being put into the plate reader at 37 °C. However, most
of the Exolll experiments exhibited a more pronounced signal
drop (see Fig. S3A, S3C, S4A, S5A, S6A, S7A and S7D7). We
think that this cannot be explained by temperature equili-
bration and that another phenomenon is at play, which we
refer to as ‘target stacking’. Since SNAs do not exhibit 100%
hybridization efficiency at the target: SNA ratio we employed
(30:1), some targets remain free in solution when the reaction
begins, providing an initial level of fluorescence.’®
Subsequently, as the Exolll acts on the oligonucleotides, the
net negative charge of the SNA gradually decreases with the
release of nucleotides, leading to a drop in electrostatic repul-
sion between the SNA and free target probes in solution. This
decrease in the electrostatic repulsion from the local environ-
ment allows for corresponding increases in the hybridization
efficiency between the SNA and target. Such a scenario is sup-
ported by previous reports that hybridization between free
oligonucleotides and SNAs occurs with negative cooperativity
due to electrostatic repulsion.””” Thus, as the enzyme acts,
there is a net flux of targets hybridizing with the SNA—
meaning that the fluorescent signal will decrease until all the
initially free and unquenched targets bind to the SNA
quencher probes.
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It is important to note that the target stacking behavior
with Exolll was particularly amenable to changes in the AuNP
core size (Fig. 4C). In comparison to smaller AuNPs, the larger
AuNP cores exhibited a higher initial fluorescence and a
sharper decrease due to larger SNAs having more oligonucleo-
tides per AuNP and higher electrostatic repulsion with free
targets in solution. Furthermore, the fluorescence drop was
not observed in the proximal digestion case in the ‘Varying
ExollI recognition site location’ study, but it was observed in
the distal digestion case (see Fig. S4At). This can be rational-
ized by the fact that, in the proximal case, removal of nucleo-
tides by Exolll is occurring in the inner region of the oligo-
nucleotide shell around the SNA, such that the outer shell is
maintaining its charge. Thus, the incoming targets are still
acted upon by a strong repulsion force. However, in the distal
digestion case, the Exolll is depleting the number of nucleo-
tides in the outer shell, which would significantly reduce the
repulsion force to incoming targets.

Collectively, knowledge of these factors can be leveraged to
purposefully tune nuclease activity as desired according to
SNA features. For example, moving its recognition site proxi-
mal to the AuNP still permits ExollI to penetrate the DNA shell
of the SNA and cleave; however, Exolll will have a significantly
slower reaction rate and specificity constant (Fig. 2). We also
observed that Exolll and Nt.BspQI kinetics are dependent on
SNA surface coverage. Whereas a higher amount of DNA per
AuNP restricts Exolll activity mainly due to sterics, increased
surface densities increase the specificity constant of Nt.BspQI
(Fig. 3). It is important to note that Nt.BspQI adsorption onto
the AuNP surface most likely plays a significant role. As
another means of altering the SNA local environment to modu-
late nuclease activity, employing SNAs of different AuNP core
sizes will impart differential effects due to curvature-depen-
dent properties. We demonstrate that deflection angle has a
more dominant role than surface density such that both ExollI
and Nt.BspQI act more quickly on smaller SNAs than larger
ones (Fig. 4). Finally, utilizing a target recycling system will
speed up the reaction rates for both nucleases (Fig. 5). In fact,
Exolll degradation of SNA oligonucleotides may even perform
faster than the free case due to more efficient target recycling
and lower enzyme diffusion distances. While the Nt.BspQI
does not experience as dramatic an acceleration with a switch
in detection format, its reaction kinetics will still be enhanced
such that the difference between the free and bound case is
not as large as that for the non-recycling case. From these find-
ings, we present a survey of easily tunable SNA features and
their corresponding impact on nuclease kinetics. We believe
that these observations provide a preliminary design guideline
for applications that rely on enzyme activity alongside SNAs
and other nucleic acid-nanoparticle conjugates.

In this study we sought to broadly screen the effects of
several SNA features and detection formats on nuclease activity
and proposed plausible mechanisms of action. In doing so, we
have identified specific phenomena that are worthy of further
study. Additional work is needed to uncover the exact details
of each mechanism, and which kinetic model is most suited to
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describing the reactions observed herein.'® Furthermore, other
parameters and considerations may also be key mediators of
nuclease activity. Herein, the buffer conditions applied were a
compromise between the enzyme catalytic efficiency and SNA
stability. Specific buffer conditions (pH, ionic strength, etc.)
catered to an enzyme may result in interesting trends not
reported here. Molecular crowding is an additional biologically
relevant condition that may result in differential enzyme per-
formance. Another interesting direction will be to explore
various SNA surface chemistries and enzyme charge distri-
butions, and their impact on catalytic activity as a function of
enzyme adsorption. Minimizing adsorption may also permit
the use of lower enzyme concentrations whereby Michaelis—-
Menten conditions are satisfied. Further, studies similar to
those performed herein on SNAs with a smaller core diameter
(15 nm was the minimum studied herein) could yield
additional interesting and maybe unexpected results, given
how the deflection angle is intensified at low particle dia-
meters (deflection angle is inversely proportional to particle
radius). Follow-up studies dedicated to exploring how enzyme
activity is impacted by modular nanoparticle features will con-
tinue to further our understanding of enzyme-nanoparticle
interactions. Overall, we speculate studies such as these
suggested above could uncover enhanced or otherwise modu-
lated enzyme activity on not just SNAs but other nanomaterial-
based systems as well.

5 Conclusions

The application of nanomaterials to a multitude of biologically
relevant fields requires a thorough understanding of their
interactions with enzymes. Herein, we have presented a sys-
tematic study on the nature of such interactions between
nucleases and SNAs. Careful design of three distinct sets of oli-
gonucleotides permitted fluorescence-based kinetic assays and
direct extraction of kinetic parameters under various SNA
designs. We demonstrate that ExoIll (exonuclease) and Nt.
BspQI (endonuclease) can be controllably regulated to inhibit
or accelerate nucleic acid degradation of SNAs. In a standard
non-recycling target detection format, both nucleases are
inhibited when their substrates are bound onto AuNPs versus
free in solution. Resistance to nuclease degradation can be
attributed to the unique physicochemical local environment of
the SNA. Furthermore, we hypothesize that enzyme inacti-
vation due to adsorption onto the AuNP surface significantly
reduces the effective nuclease concentration and hampers
reaction rates, especially in the Nt.BspQI case. However, by
tuning the surface coverage and AuNP size of the SNA, the
reaction rates of both nucleases can be controlled. In addition,
by altering the location of the Exolll recognition site, we
demonstrate the surprising ability of ExollI to diffuse through
the dense DNA layer of the SNA and initiate nucleotide clea-
vage proximal to the AuNP surface, albeit at a slower rate.
Beyond adjusting the tuneable SNA features, we also employed
a target recycling detection format and observed accelerated
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nuclease activity. The enhanced reaction rate can be attributed
to the abundant quencher probes densely packed onto the
AuNP scaffold, allowing for rapid target recycling and smaller
nuclease diffusion distances between substrate binding.
Finally, target stacking, a phenomenon where SNA hybridiz-
ation efficiency is improved as the nucleases act, is observed
for the first time. These findings serve to guide the design of
future DNA-nanoparticle conjugates, and other nanomaterial
bioconjugates. Further studies dedicated to the kinetics of
other enzymes on nanomaterial bioconjugates will continue
the advancement of these multifaceted nanostructures for bio-
logical applications.
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