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ABSTRACT: DNA−nanoparticle (NP) conjugates have been
used to knockdown gene expression transiently and effectively,
making them desirable tools for gene regulation therapy. Because
DNA−NPs are constitutively active and are rapidly taken up by
most cell types, they offer limited control in terms of tissue or cell
type specificity. To take a step toward solving this issue, we
incorporate toehold-mediated strand exchange, a versatile molec-
ular programming modality, to switch the DNA−NPs from an
inactive state to an active state in the presence of a specific RNA
input. Because many transcripts are unique to cell subtype or
disease state, this approach could one day lead to responsive
nucleic acid therapeutics with enhanced specificity. As a proof of
concept, we designed conditional deoxyribozyme−nanoparticles
(conditional DzNPs) that knockdown tumor necrosis factor α (TNFα) mRNA upon miR-33 triggering. We demonstrate toehold-
mediated strand exchange and restoration of TNFα DNAzyme activity in the presence of miR-33 trigger, with optimization of the
preparation, configuration, and toehold length of conditional DzNPs. Our results indicate specific and strong ON/OFF response of
conditional DzNPs to the miR-33 trigger in buffer. Furthermore, we demonstrate endogenous miR-33-triggered knockdown of
TNFα mRNA in mouse macrophages, implying the potential of conditional gene regulation applications using these DzNPs.
KEYWORDS: DNA−NP conjugates, conditional gene regulation, deoxyribozyme, TNFα, miR-33, macrophages

1. INTRODUCTION

Programmable control of gene expression is critical for
constructing biological circuits for applications such as genetics
research, creating models of disease, and high-specificity gene
therapy. The earliest conditional gene regulation strategies
include drug-inducible systems1 and Cre-mediated excision
systems,2 which utilize regulating molecules or recombinases to
trigger expression of interfering RNAs to knockdown genes of
interest. Recently, conditional CRISPR-Cas9 systems utilizing
structure-switchable3 or toehold-gated guide RNA (gRNA)4−6

have been created, which use either a ligand-induced conforma-
tional switch or toehold-mediated displacement to expose the
hidden spacer region on gRNAs. Another strategy for condi-
tional CRISPR-Cas9 systems relies on transcription of pre-
gRNA flanked by miRNA binding sites, which could be
processed by Dicer to release mature gRNA upon miRNA
binding.7 Despite the robustness of these systems in activating or
inactivating gene expression, the need to genetically engineer the
target cells or organisms using virus-based vectors and plasmid
transfection for the delivery of these conditional systems hinders
their potential clinical applications as gene regulatory
therapeutics.
Nongenetically encoded oligonucleotides, such as siRNA,

antisense, and deoxyribozymes (DNAzymes), can be transiently

delivered to regulate gene expression and thus are more practical
for therapeutic purposes. One prominent strategy to generate
triggered oligonucleotides employs photocaging groups on the
nucleotide bases to disrupt hybridization between oligonucleo-
tides and their target mRNA.8−10 Light irradiation uncages the
oligonucleotides and thus restores their activity. Although
photochemically triggered gene regulation using caged
oligonucleotides provides a high degree of spatial and temporal
control, this approach is limited therapeutically due to tissue
damage caused by UV irradiation and the sub-mm penetration
of light into tissue. In addition, this strategy relies on external
intervention, thus lacking the ability to autonomously imple-
ment gene regulation based on endogenous cellular information.
Therefore, conditional regulation of gene expression by
oligonucleotide therapeutics in response to endogenous inputs
is ideal for the purpose of smart gene regulation therapies. To
achieve this goal, conditional siRNA responding to endogenous
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transcripts that drive toehold-mediated strand displacement has
been created either by using a conditional Dicer substrate11 or
by the triggered assembly of siRNA.12 These examples carry
tremendous potential for toehold-gated oligonucleotides
activated by endogenous nucleic acids as smart therapeutics;
however, they are confronted with the common challenges
facing RNA therapeutics, including stability against nucleases
and poor cellular uptake.
An alternative class of gene regulatory agents is DNA−NP

conjugates, or spherical nucleic acids (SNAs), which are
polyvalent oligonucleotides-modified nanostructures, most
commonly gold nanoparticles (AuNPs).13 DNA−NPs confer
advantages compared to linear oligonucleotides in terms of
reduced susceptibility to nucleases and greater cellular
uptake.14−16 DNA−NPs have been shown to enter virtually all
cell types, through a mechanism that is mediated by scavenger
receptors.17,18 Thus, DNA−NPs lack cell type or tissue
specificity in their gene regulation functions. Strategies to
enhance the specificity of DNA−NPs mainly involve passive
targeting, which includes localized delivery by topical
application19 or enhanced permeability in tumors,20 and active
targeting via incorporating targeting moieties such as mono-
clonal antibodies on DNA−NPs,21 which directs their
accumulation to the targeted tissues. However, to the best of
our knowledge, there are no DNA−NPs that conditionally
execute gene regulation function based on the detection of
intracellular inputs. Therefore, we incorporated programm-
ability into DNA−NPs by leveraging toehold exchange, aiming
to develop smart NP gene regulation agents with inherent
specificity.
MicroRNAs (miRNAs) are short noncoding RNAs, which are

18−23 nucleotides (nt) in length and regulate gene expression

post-transcriptionally.22,23 They bind to the 3′-untranslated
region (UTR) of target mRNAs, leading to degradation of the
target mRNAs or inhibition of their translation. The specificity
of miRNA for target recognition is based on Watson−Crick
pairing of the 5′-seeding region (nucleotides between position
2−8 nt) of the miRNA to the complementary sequence of target
mRNA. Besides their roles as key gene regulation factors, the
expression levels of many miRNAs are unique in various cells
and tissues under different developmental stages and pathophy-
siological conditions,24,25 providing an opportunity to utilize
them as a disease- or tissue-specific intracellular trigger. Here, we
designed conditional DNA−NPs, in which the activity of the
gene regulatory effector can be controlled by an endogenous
miRNA.
The 10−23 DNAzyme is composed of a 15 nt catalytic core

and two recognition arms, which can selectively bind to and
degrade target mRNA.26 Compared to siRNA therapeutics,
DNAzymes offer several advantages including enhanced
stability, cost-effective synthesis, and facile programmability
due to their single-strand nature. Previously, we and others
characterized DNAzyme−NP conjugates and showed their
efficacy in regulating gene expression in vitro16,27 as well as in rat
models.15 In this study, we chose miR-33 as the input and a
TNFα DNAzyme as the gene regulation effector to construct a
model system for miRNA-triggered gene regulation. An
increased level of miR-33 is known to promote lipid
accumulation inmacrophages by decreasing a critical cholesterol
transporter ATP-binding cassette transporter-1 (ABCA1) and to
drive polarization of the macrophages toward the proinflamma-
tory M1 phenotype in atherosclerosis.28−30 During atheroscle-
rosis development, miR-33 overexpressing lipid-laden macro-
phages, or foam cells, accumulate in the artery wall, where they

Figure 1. Schematic description of miR-33-induced TNFα knockdown by locked DzNPs. The locked DzNPs are composed of Dzs that are inactivated
by hybridization to a lock strand attached to the surface of AuNPs. The lock strand consists of 3 domains: toehold domain (α′), branch migration
domain (β′), and lock domain (γ′). The α′ and β′ domains comprise the anti-miRNA sequence, and the γ′ domain is complementary to one binding
arm of the DNAzyme. Since one binding arm of the Dz is blocked, its cleavage activity against its target mRNA is deactivated. However, a trigger
miRNA can bind to the α′ domain and initiate toehold exchange, thus leading to the release and activation of the Dz strand followed by cleavage and
degradation of its target mRNA.
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contribute to chronic inflammation and plaque progression by
expressing proinflammatory cytokines, including TNFα.31

Inhibition of TNFα has been shown to slow the progression
of atherosclerosis,32 but systemic inhibition of TNFα using
antibody therapeutics is not problem-free as most patients
develop anti-antibodies over time,33 and it also carries an
increased risk of infection and cancer as TNFα plays important
roles in immune function.34−36 The development of selective
anti-TNFα therapeutics can address the limitations inherent to
the systemic delivery of TNFα antibody. DNA−NP conjugates
have been reported to be effectively internalized bymacrophages
in atherosclerotic plaques,37 which shows their potential as
therapeutic agents targeting macrophages in atherosclerosis. In
addition, the cost and ease of producing DNA−NPs are
significantly favorable over that of biologics. Therefore, we
aimed to design conditional TNFα regulation DNA−NPs,
which silence TNFα induced by a high miR-33 expression level,

potentially leading to regulation of TNFαmore selectively in the
proinflammatory lipid-laden macrophages in atherosclerosis.

2. RESULTS AND DISCUSSION

2.1. Design of the Conditional DNAzyme NPs. Figure 1
depicts the overall design of the conditional deoxyribozyme−
nanoparticles (DzNPs) and its functional mechanism. The
specific sequences that we used are shown in Figure 2a. The
conditional Dz is a duplex composed of a Dz strand hybridized
to a lock strand, which we call the locked Dz. The lock strand
consists of 3 domains: a toehold domain (α′), a branch
migration domain (β′), and a lock domain (γ′). The α′ and β′
domains are antisense to the miRNA (α + β) that serves as the
trigger, and the γ′ domain is complementary to the left arm (γ)
of the Dz. To avoid inadvertently introducing the miR-33
seeding sequence into cells, the toehold domain (α′) was
designed to be complementary to the 5′ end (α) of miR-33
(Figure 2a). The Dz strand was also engineered to display the β

Figure 2.Design and validation of toehold exchange and activation of lockedDz bymiR-33 trigger in buffer. (a) Design and sequence of lockedDz. (b)
Scheme depicting activation of locked Dz by miR-33 trigger and substrate cleavage by activated Dz strand. Underscore indicates 2′-OMemodification.
(c) Gel image showing toehold exchange between locked Dz andmiR-33 trigger. [locked Dz] = 1 μM, [miR-33 trigger] = 1 μM, [scr. miR-33] = 1 μM,
[locking strand] = 1 μM; 37 °C for 2 h. The red channel indicates Cy5 fluorescence; the green channel indicates SYBR gold staining. (d, e) Substrate
cleavage activity of locked Dz incubated with miR-33 trigger or scr. miR-33. [locked Dz] = 200 nM, [miR-33 mimic] = 200 nM, [scr. miR-33] = 200
nM, [substrate] = 1 μM, [Mg2+] = 2 mM; 37 °C for 2 h (d) or 22 h (e).
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sequence of the 5′ terminus of miR-33 to stabilize binding to the
lock strand. Initially, the left arm of the Dz (γ) is bound to the
lock strand, inactivating its cleavage activity against the TNFα
mRNA target. The locked Dzs are attached to the surface of
AuNPs to form locked DzNPs to facilitate their cellular uptake.
We hypothesized that, in the presence of trigger miRNA in the
cytosol, the α domain of the miRNA binds to the α′ domain on
the lock strand and initiates toehold exchange that is driven to
completion via hybridization of the miRNA′s β domain to the
lock strand’s β′ domain. This leads to unlocking of the Dz strand
and thus its release from the surface of the AuNPs. The released
free Dz strand is then active to cleave TNFα mRNA, leading to
reduction of the TNFα levels. We ensured that the locked Dz
remains hybridized at 37 °C in the absence of miR-33 by
designing a thermally stable complementary sequence (vide
inf ra) to minimize spontaneous activation. Note that, while the
3′ recognition (right) arm of the Dz is available for binding to
TNFα mRNA as a remote toehold, such a mRNA-mediated
unlocking process is hindered by the large kinetic barrier for
branch migration due to the spacing introduced by the 15 nt
catalytic core.38 This is an inherent advantage to use Dzs in this
design. Our results, vide inf ra, confirm this prediction. Our work
also shows that only a specific miRNA can drive activation of the
locked Dz because the activation barrier for dehybridization is
significant and lock-miRNA toehold binding (α′ to α) is
essential for accelerating the unlocking process.
2.2. Screen and Optimization of Mouse TNFα

DNAzyme. Based on our prior work targeting TNFα in a rat
model,15,39 we screened a small library of Dzs that target the
mouse TNFα mRNA and identified a Dz that knocks down
TNFα most effectively. The screen was necessary, as the prior
Dz had been optimized for the rat TNFαmRNA and our present
study focused on mouse models. Dz library selection was guided
using a customized sequence search and binding optimization
algorithm described in detail in the Supporting Information,
Note 1 and Figure S1a. We selected 8 Dzs targeting different
regions of mouse TNFα mRNA and transfected them in
RAW264.7 cells, a mouse macrophage cell line, to evaluate their
TNFα knockdown efficacy at both mRNA and protein levels
(Figure S1b,c). We found that the most active Dz (Dz-168)
targets the AU junction in the start codon at position 168 nt of
the mouse TNFα transcript (NM_001278601.1). This Dz is
similar to the prior rat/human Dz as it targets the same start
codon despite having a 2 nt difference compared to the rat Dz.
To maximize the Dz activity, we performed a substrate cleavage
assay to compare the catalytic activity of Dzs with different
binding arm lengths (7, 8, and 9 nt) as well as with or without 2′-
O-Methyl (2′-OMe) modification (to enhance nuclease
resistance) on the four most external nucleotides (Figure
S2a,b). The Dzs were incubated with FAM-labeled substrates
that mimic the mouse TNFαmRNA sequence for 140 min, and
the reaction mixture was resolved using a denaturing gel (Figure
S2c). We found that increasing the binding arm length from 7 to
9 nt resulted in increased Dz activity, which is likely due to
enhanced binding affinity. Incorporating four 2′-OMe-modified
nucleotides to the terminal ends of the binding arms led to
increased activity of Dzs with 7 and 8 nt arms (from 27 to 52%
and from 46 to 55% substrate cleaved, respectively), but the 9 nt
armDzmaintained a similar level of activity with and without 2′-
OMe modification (65% substrate cleaved). We next compared
the TNFα knockdown activity of the 2′-OMe-modified Dz with
7 and 9 nt arms in mouse primary peritoneal macrophages and
found similar levels of TNFα knockdown (∼60%) (Figure S2d).

Based on these results, we chose to move forward with the 9 nt
arm 2′-OMe-modified Dz for subsequent work, given its efficacy
both in buffer and in vitro. Previous studies of Dz kinetics
showed that designing the binding arms with too high an affinity
for the substrate reduces the Dz catalytic activity by slowing the
product-releasing step.40 Therefore, aiming to further improve
the Dz activity by adding more nucleotides to the binding arms
or introducing modifications that enhance substrate affinity will
likely have diminishing returns and may inhibit the Dz activity.

2.3. Conditional DNAzyme Activation Triggered by
miR-33 in Buffer. The locked Dz was prepared by annealing
the Dz strand and the lock strand at a 1:1 ratio. The Dz strand
was labeled with Cy5 to facilitate visualization in gel analysis. It is
important to note that the Dz modified with the β domain and
Cy5 showed similar activity compared to the parental Dz lacking
β domain and Cy5, based on a substrate cleavage assay as
described above (Figure S3). As expected, the Dz showed a ∼6-
fold inhibition of activity upon locking (Figure S3). We next
tested the efficiency of toehold exchange between the locked Dz
and the miR-33 trigger (we used a DNA analogue of miR-33 for
stability consideration) and then quantified Dz activity in buffer
(Figure 2b). The locked Dz and the miR-33 trigger were
incubated at 37 °C for 2 h and then analyzed by native
polyacrylamide gel electrophoresis (PAGE) to determine the
interactions amongDz strand, lock strand, andmiR-33 trigger. A
scrambled miR-33 sequence (scr. miR-33) was used as a control
to verify the specificity of the toehold exchange. The gel was
stained with SYBR Gold to visualize all DNA species, whereas
the Cy5 fluorescence indicated the Dz strand specifically. As
shown in Figure 2c, in Lane 3 loaded with locked Dz incubated
with the miR-33 trigger, the Cy5 channel showed a shift in the
locked Dz band, confirming its dehybridization due to toehold
exchange. The percentage of unlocked Dz strands was ∼61% as
quantified by measuring the intensity of the bands after
background subtraction. This exchange was specific as there
was no shift in Lane 4 loaded with locked Dz incubated with scr.
miR-33. To confirm that the miRNA rescues the Dz catalytic
activity, locked Dz was incubated with miR-33 trigger along with
the FAM-labeled substrates (locked Dz: miR-33: substrate =
1:1:5) at 37 °C for 2 and 22 h. Gel electrophoresis of the reaction
mixtures showed that locked Dz incubated with the miR-33
trigger showed an ∼8 fold increase in substrate cleavage at the 2
h time point and near completion of the substrate cleavage at the
22 h time point, whereas the locked Dz incubated with scr. miR-
33 exhibited background activity (Figure 2d,e). Together, these
results demonstrate the specificity of toehold exchange as well as
the restoration of the Dz activity upon triggering by the miR-33-
mimicking strand in buffer.

2.4. miR-33-Triggered Activation of Locked DNAzyme
and TNFα Knockdown in Macrophages. To test if the
endogenous miR-33 triggers activation of the locked Dz, we
used RAW264.7, a mouse macrophage cell line that expresses
miR-33, as a model in vitro system. The locked Dz was
transfected into the RAW264.7 cells using Oligofectamine, and
quantitative real-time polymerase chain reaction (qRT-PCR)
was performed to quantify the TNFα mRNA level after 24 h
incubation. Note that there is a CpGmotif in the catalytic core of
the DNAzyme sequence, which is known to stimulate Toll-like
Receptor 9 (TLR9) signaling and induce proinflammatory
cytokine expression.41,42 To account for this background
proinflammatory effect of the nucleic acid, an inactive Dz with
the same catalytic core but with scrambled binding arms was
used as the negative control. Unlocked Dz, or the Dz strand

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c07609
ACS Appl. Mater. Interfaces 2020, 12, 37851−37861

37854

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07609/suppl_file/am0c07609_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07609/suppl_file/am0c07609_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07609/suppl_file/am0c07609_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07609/suppl_file/am0c07609_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07609/suppl_file/am0c07609_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07609/suppl_file/am0c07609_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07609/suppl_file/am0c07609_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07609/suppl_file/am0c07609_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07609/suppl_file/am0c07609_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c07609?ref=pdf


alone, was used as the positive control. Unexpectedly, the locked
Dz showed a similar level of TNFα mRNA knockdown
compared to the unlocked Dz, which indicated complete
activation of Dz in the RAW264.7 cells (Figure S4). We
hypothesized that this result occurred due to nuclease-caused
degradation of the unmodified linear DNA, specifically the α′,
β′, and β domains, leading to unlocking in the RAW264.7 cells.
To address this, we incorporated 2′-OMemodification in the α′,
β′, β, and γ′ domains. Note that the 2′-OMe modification was
only introduced at the 4 nt terminus of the 3′ end of γ′ domain,
matching the Dz binding arm. As shown in Figure 3, the active

Dz strand alone knocked down TNFα mRNA by ∼45%
compared to the negative control inactiveDz strand, whereas the
locked Dz showed only ∼30% TNFα mRNA knockdown. To
confirm that the mRNA knockdown by the locked Dz is
dependent on the toehold, we also created and transfected a
locked Dz with its toehold truncated, which did not show
significant TNFα knockdown. These results suggest that the 2′-
OMemodification helped reduce spontaneous activation caused
by nucleases, and activation of the locked Dz depends on the
toehold. Our attempt to further enhance TNFα knockdown
with the exogenously transfectedmiR-33mimics did not provide
positive results (Figure S5). The RAW264.7 cells were
sequentially transfected with the miR-33 mimic, then locked
Dz after a 24 h interval, and allowed to incubate for another 24 h.
Based on the qPCR results, the miR-33 level was increased by
∼50 fold in the miR-33 mimic-transfected cells compared to the
control miRNA mimic-transfected cells (Figure S5a). Surpris-
ingly, we observed a higher TNFα level in the miR-33 mimic-
transfected cells compared to the control cells (Figure S5b). We
thus hypothesized that the increased expression of TNFα was
due to cross talk between miR-33 and the innate immune
response, which elevates the TNFα levels. Indeed, previous
literature showed that miR-33 augments TLR signaling
indirectly in themacrophages by increasing cholesterol-enriched
lipid raft microdomains in which the TLR complexes are
assembled and activated.43 This provides a potential explanation

for why exogenously transfecting miR-33 mimic did not lead to
further knockdown of TNFα by locked Dz (Figure S5).

2.5. Preparation and Characterization of Conditional
DzNPs.We next sought to conjugate locked Dzs on the surface
of AuNPs. Citrate-stabilized 13 nm AuNPs were prepared using
published procedures.44 AuNPs with this size were chosen
because DNA−AuNP conjugates with a 13 nm AuNP core are
extensively taken up by a variety of cell lines, based on our prior
work15 and studies done by Mirkin and others.17,45 The AuNPs
were monodispersed as shown by Transmission Electron
Microscopy (TEM) (Figure S6a), and the AuNPs also showed
an absorption peak at 520 nm (Figure S6b). At present, there are
two general methods for preparation of the double-stranded
DNA-conjugated NPs. The first and most commonly used
method employs gradual salting of AuNPs and thiolated single-
strand DNA (ssDNA) over many hours to maximize DNA
packing and screen charge repulsion.44 These NPs are then
hybridized with complementary DNA. A more recent approach,
which is less commonly used, utilizes freezing of thiolated
ssDNA, complementary DNA, and AuNPs in a single pot.46

Based on several screening experiments, we determined that the
freezing method produced the highest density of DNA duplexes
per AuNP, in agreement with the literature precedent.46

Specifically, the Dz strand and thiolated lock strand were frozen
together with AuNPs and salted to 0.3 M NaCl right before
thawing at room temperature (Figure 4a).46 The resulting

locked DzNPs with 11 nt α′ domain and 10 nt β′ domain
possessed an average of 84 ± 17 Dz strands per NP (Figure 4b)
and a ∼69% Dz strand/lock strand ratio (Figure 4c).
Furthermore, we studied the effect of the toehold length on
Dz strand loading. Locked DzNPs with 7 nt toehold (α′ = 7 nt,
β′ = 14 nt) and 4 nt toehold (α′ = 4 nt, β′ = 17 nt) gave an
average of 95 ± 17 and 117 ± 10 Dz strands per NP and a Dz
strand/lock strand ratio of 71 and 86%, respectively (Figure
4b,c). The increased loading of duplex DNA per AuNP with a
reduced toehold length is likely due to the increased
thermodynamic stability of the locked Dz duplex with a longer
β′ domain. This hypothesis is supported by the increased
melting temperature (Tm) of locked DzNPs with a shorter

Figure 3. Endogenous miR-33-triggered activation of the locked Dz
and TNFα knockdown in vitro. The RAW264.7 cells were transfected
with 200 nM inactive Dz (A), locked Dz without the toehold (B),
locked Dz with the toehold (C), or active Dz (D) with Oligofectamine
and incubated for 24 h before RNA isolation and qRT-PCR
quantification of TNFα mRNA. # indicates 2′-OMe modification. Dz
activity: “−” indicates Dz with the scrambled binding arms, “+”
indicates Dz with the TNFα mRNA complementary binding arms;
Lock strand: “−” indicates that the Dz is not hybridized to a lock strand,
“+” indicates that the Dz is hybridized to a lock strand; Toehold: “−”
indicates the absence of the toehold, “+” indicates the presence of the
toehold. The error bars represent the standard error of themean (SEM)
for the biological replicates (*p < 0.05, **p < 0.01, one-way analysis of
variance (ANOVA) with Tukey′s multiple comparison).

Figure 4. Preparation and characterization of the locked DzNPs. (a)
Schematic showing preparation of the conditional DzNPs by freezing of
the lock strand (3 μM) and Dz strand (3 μM) with AuNPs (8 nM),
adding salt and thawing at room temperature. (b) Quantification of the
number density of Dz strands and lock strands per AuNP. (c) Lock
strand occupancy by the Dz strands as a function of the toehold (α′)
length. (d) Tm of the conditional DzNPs as a function of the toehold
(α′) length. Each data point represents an independent sample. The
error bars represent the standard deviation (SD) (*p < 0.05, ****p <
0.0001, student t-test).
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toehold length:Tm of 11, 7, and 4 nt toehold-lockedDzNPswere
measured to be 62.3 ± 0.6, 68.7 ± 0.2, and 69.2 ± 0.1 °C,
respectively (Figures 4d and S7a−c). The hydrodynamic
diameters of locked DzNPs with 11, 7, and 4 nt toeholds were
72.7 ± 3.2, 82.8 ± 14.0, and 88.0 ± 4.7 nm, as measured by
dynamic light scattering (DLS) based on the number
distribution of their sizes (Figure S7d−g). The ζ-potentials of
locked DzNPs with 11, 7, and 4 nt toehold were measured to be
−14.6 ± 2.8, −16.8 ± 0.5, and −14.1 ± 1.2 mV, respectively,
compared to −2.8 ± 1.6 mV for the citrate-stabilized AuNPs
(Figure S7h).
The kinetics of Dz unlocking and subsequent substrate

cleavage of the locked DzNPs were studied using time-resolved
fluorescence assays. To quantify the Dz activity, the substrate
was labeled with FAM and Black Hole Quencher (BHQ) at its
termini. Upon cleavage, FAM fluorescence increases, thus
reporting the catalytic activity of the Dz strand (Figure 5a). We
compared the locked DzNPs of the two configurations, with
either the lock strand or Dz strand directly attached to the
surface of AuNPs, by tuning the position of the thiol group. The
lock strand-attached locked DzNPs released Cy5-labeled Dz
strands in response to the miR-33 trigger, causing an increase of
Cy5 fluorescence due to separation from the AuNP and
dequenching of Cy5. As miR-33 trigger concentration was
increased, there was a more rapid and more complete release of
the Dz strands, as indicated by the Cy5 signal (Figure 5b). This
response was specific, as scr. miR-33 did not trigger the release of
the Dz strands (Figure 5b). The locked DzNPs triggered with
miR-33 were catalytically active and cleaved their substrates,
causing an increase of FAM fluorescence, whereas the locked
DzNPs alone or locked DzNPs incubated with scr. miR-33 were

not able to cleave the substrates (Figure 5c). An alternative
design with the Dz strand attached to the AuNPs (Figure S8a)
also released the Cy5-labeled lock strands in the presence of the
miR-33 trigger (Figure S8b) and theNPs were also able to cleave
the substrates (Figure S8c). However, with the same
concentration of the locked DzNPs (0.5 nM) and miR-33
trigger (500 nM), this design exhibited a reduction in the
catalytic activity compared to the locked strand-attached DzNPs
(Figure S8d), despite the higher loading of the Dz strands per
NP (Dz/NPs = 126; lock strand/NPs = 97). This reduction in
the catalytic activity, which is consistent with our prior work,16 is
likely due to the reduced activity of the immobilized Dz strands
compared to their soluble counterparts because of a steric
hindrance for substrate binding. Note that for the locked DzNPs
with the immobilized Dz strands, there was a substantial amount
of the Dz strands that were not hybridized with the lock strands.
However, these Dz strands exhibited negligible substrate
cleavage activity. A possible explanation is that the Dz strands
that were not accessible for lock strand hybridization were also
not accessible for substrate binding. Since the attachment of the
Dz strands to the AuNPs led to a reduced Dz activity, the
configuration shown in Figure 5a is preferable to the one shown
in Figure S8a and was chosen for in vitro studies.
Interestingly, we found that the lengths of the toehold domain

(α′) and the branch migration (β′) domain controlled the
toehold exchange rate in buffer. By adjusting the lengths of the
α′ and β′ domains, we were able to tune the release rate of the Dz
strands and the cleavage rate of the substrates. 0.5 nM locked
DzNPs with 11, 7, and 4 nt toehold released about 58, 10, and
0.4%Dz strands after incubation with 500 nMmiR-33 trigger for
2 h (Figure 5d). The locked DzNPs with a reduced toehold

Figure 5. Activation of the locked DzNPs in buffer. (a) Scheme of the fluorogenic assay to test the release and catalytic activity of the locked DzNPs.
(b) Cy5 fluorescence intensity of 0.5 nM locked DzNPs incubated with different concentrations (0, 5, 20, 50, 200, 500 nM) of the miR-33 trigger or
500 nM scr. miR-33 at 37 °C for 2 h. The error bars represent SD (n = 3). (c) 0.5 nM locked DzNPs were preincubated with 500 nMmiR-33 trigger or
scr. miR-33 at 37 °C. After 1 h incubation, 300 nM fluorogenic substrate was added and FAM fluorescence intensity was measured for 4 h. The error
bars represent SD (n = 3). (d) Percentage release of the Dz strands from 0.5 nM AuNPs incubated with 500 nM miR-33 trigger. The error bars
represent SD (n = 3 for the 11 and 7 nt toeholds, n = 1 for the 4 nt toehold). (e) 0.5 nM locked DzNPs with different toehold lengths and Dz activity
were preincubated with 500 nMmiR-33 trigger. After 1 h incubation, 300 nM fluorogenic substrate was added and the FAM fluorescence intensity was
measured for 4 h. The error bars represent SD (n = 3) and some of them are too small to show in the plot.
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length showed reduced substrate cleavage activity when
incubated with the same concentration of the miR-33 trigger,
due to fewer released Dz strands (Figure 5e). The locked DzNPs
with the toehold truncated showed a negligible substrate
cleavage activity compared to the inactive DzNPs control
(Figure 5e), confirming the toehold dependency of Dz
activation.
2.6. miR-33-Triggered TNFα Knockdown by Locked

DzNPs in theMacrophages.The cellular uptake of the locked
DzNPs was assessed by fluorescence imaging of the RAW264.7
cells after 1−24 h incubation with 5 nM Cy5-labeled locked
DzNPs (Figure S9a). We observed substantial internalization of
NPs at the 1 h time point and further increased internalization at
the 4 h time point. The time scale of uptake was consistent with
the previous work.16,47 The fluorescence intensity of the cells
decreased at 16 and 24 h time points, likely due to oxidation or
degradation of Cy5 over time. The internalization of the locked
DzNPs was confirmed by Z-stack confocal microscopy (Figure
S9b,c). We also investigated the effect of serum on the cellular
uptake of the locked DzNPs. A previous study has shown that
serum proteins can adsorb to DNA−AuNPs and enhance
cellular uptake of G-rich DNA−AuNP but not poly-T DNA−
AuNPs by THP-1 monocytes in the presence of serum.48

Another study showed that IgG and human serum albumin
adsorption lead to reduced uptake of DNA−AuNPs by the
THP-1 cells.49 In addition, it has been reported that in the
presence of bovine serum albumin, the cellular binding of the
anionic NPs is inhibited.50 These studies suggest that the
amount and type of the proteins adsorbing on DNA−AuNPs
influence their cellular uptake differently. To study the effect of
serum on our system specifically, we incubated the Cy5-labeled
locked DzNPs with RAW264.7 cells for 4 h and performed flow
cytometry to quantify cell-associated fluorescence. As shown in
Figure S9d,e, the cells incubated with the locked DzNPs showed
slightly enhanced uptake in the presence of serum.
To test miR-33-triggered TNFα knockdown in vitro, we

designed four types of conditional DzNPs (Figure 6a) that
validate the role of the toehold and the Dz activity in mediating
gene regulation. Again, to account for the background
proinflammatory effect caused by the CpG motif in the Dz
catalytic core, the locked inactive DzNPs were used as a negative
control. These NPs present an inactive Dz, which has the same
10−23 catalytic core as the active Dz, but with scrambled
binding arms. This locked inactive DzNPs also contained the
same toehold and branchmigration domains as the locked active
DzNPs. In addition, the locked DzNPs lacking the toehold
domain and the lockedDzNPs with a scrambled toehold domain
were included as controls to further confirm the role of the
toehold in triggered TNFα knockdown. These NPs were
incubated with the RAW264.7 cells for 24 h before the TNFα
mRNA levels were quantified with qRT-PCR. The locked
DzNPs with the 11 nt toehold knocked down TNFα mRNA by
∼41% compared with the locked inactive DzNP control (Figure
6b). If the 11 nt toehold of the locked DzNPs was truncated
(locked DzNPs without the toehold), there was a weak (∼11%)
but not statistically significant TNFα knockdown. The 4-fold
reduction in TNFα knockdown efficacy after removing the
toehold (α′) domain demonstrates that the activation of gene
regulation depends on the toehold-mediated release of the Dz
strands. The locked DzNPs with the scrambled toehold also
showed weak, but not significant TNFα knockdown (∼23%)
compared to the negative control. This result may be due to a
combination of nuclease-mediated unlocking of the Dz as well

the binding of other endogenous transcripts to the scrambled
toehold driving background activation of the Dz.
We further investigated the effect of the toehold length on

TNFα knockdown efficacy. We again found that TNFα mRNA
knockdown was dependent on the availability of a specific
toehold and also on the catalytical active Dz (Figure 6c). In
contrast to their differential activity in buffer, the locked DzNPs
with shorter toehold lengths did not show the difference in the
TNFα knockdown activity (Figure 6c). This finding may be due
to a number of factors including the continuous expression of
miR-33 in the cells, which may be different to the consumption
of the miR-33 trigger in buffer. Also, the long incubation
duration in vitro may lead to further activation of the locked
DzNPs with shorter toeholds. Finally, nucleases present in the
cells may also accelerate the release of the Dz strands.
Regardless, these experiments clearly show that TNFα knock-
down using the conditional DzNPs and this activity require a
specific miR-33 complementary toehold along with the active
Dz.

3. CONCLUSIONS
Conditional DzNPs are desirable smart gene regulation agents
due to their molecularly specific response and their ability to be

Figure 6.miR-33 triggered TNFα knockdown by the locked DzNPs in
vitro. (a) Schematic description of the locked inactive DzNPs w/ the
toehold, locked DzNPs w/o the toehold, locked DzNPs w/ the toehold,
and locked DzNPs w/ the scr. toehold. (b) Effect of the toehold on
TNFα knockdown. The RAW264.7 cells were incubated with the 5 nM
locked inactive DzNPs w/ the toehold, locked DzNPs w/o the toehold,
locked DzNPs w/ the toehold, and locked DzNPs w/ the scr. toehold
for 24 h (α′ = 11 nt, β′ = 10 nt). TNFαmRNA was quantified by qRT-
PCR. Dz activity: “−” indicates Dz with the scrambled binding arms,
“+” indicates Dz with the TNFαmRNA complementary binding arms;
Specific toehold: “−” indicates the absence of a miR-33 complementary
toehold, “+” indicates the presence of a miR-33 complementary
toehold; Scr. toehold: “−” indicates the absence of a scrambled toehold,
“+” indicates the presence of a scrambled toehold. The error bars
represent SEM of the biological replicates (*p < 0.05, **p < 0.01, one-
way ANOVA with Tukey’s multiple comparison). (c) Effect of the
toehold length on TNFα knockdown. The RAW264.7 cells were
incubated with 5 nM locked inactive DzNPs w/ the toehold, locked
DzNPs w/o the toehold, and locked DzNPs w/ the 11, 7, and 4 nt
toehold for 24 h. TNFαmRNA was quantified by qRT-PCR. The error
bars represent SEM of the biological replicates (*p < 0.05, **p < 0.01,
one-way ANOVA with Tukey’s multiple comparison).
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transiently and easily delivered into cells rather than genetically
encoded. In this study, we demonstrated a proof of concept for
the conditional DzNPs that can be activated by endogenous
miR-33 in macrophages. We demonstrated miR-33-triggered
release and activation of the conditional DzNPs in buffer and in
vitro and investigated the effect of configuration and toehold
length on their activity. This work provides an example of
intracellular toehold-mediated interaction between an endoge-
nous transcript and “pro-drug” conditional DzNPs, which holds
promise for targeted gene therapy with reduced off-target effects.
Our design is modular, and thus in principle one can engineer
triggered DzNPs against a wide variety of targets that are
activated using different transcriptional inputs. Targeted and
cell-specific delivery of drugs, including nucleic acid-based
drugs, is now part of the FDA-approved arsenal of therapies to
treat multiple diseases, including breast cancer (Enhertu) and
acute hepatic porphyria (Givosiran). The common targeting
mechanism involves conjugating antibodies or ligands to a drug
molecule, thus resulting in enhanced uptake of the molecule in
the cells expressing specific surface markers. We envision that
the conditional DzNPs will be critical in drug targeting when a
specific surface marker is absent to allow for discrimination
between cell types. The vast majority of proteins are intracellular
and hence mutations in cytoplasmic proteins cannot be used in
conventional drug-homing mechanisms. In this case, cell type-
specific or mutated transcripts are potential triggers to switch on
the activity of silenced therapeutics, including conditional
DzNPs, in the diseased tissues. To this end, the discovery of
cell type- or disease-specific transcripts and the development of
potent oligonucleotide therapeutics are indispensable. However,
the precise mechanism of Dz activation of our system is unclear
and it is possible for the triggering step to occur on the AuNP
surface or alternatively, the triggering could occur after the
locked duplex is released off the AuNP. Additionally, nuclease
activity will also contribute to background activation of the Dz.
Figure S10 illustrates the potential pathways of Dz activation
and eventual DNA degradation. To further address the
challenge of nuclease cleavage-induced spontaneous activation
of conditional oligonucleotide-NP conjugates, incorporating
chemical modification of oligonucleotides may further improve
robust ON/OFF behavior in physiological conditions. For this
purpose, the effect of chemical modifications on toehold
exchange reaction kinetics needs to be investigated in greater
detail. Conditional DNA−NP conjugates also have substantial
applications in programmable gene regulation. Toehold-
mediated strand exchange has been demonstrated as a versatile
and universal molecular programming language to construct
logic gates, molecular circuits, and networks. Moving forward,
the conditional DNA−NP conjugates could be potentially
designed to bridge multiple native transcripts and synthetic gene
regulatory agents via logic gates to realize more complex
functions via biocomputing.

4. EXPERIMENTAL SECTION
4.1. Materials. All oligonucleotides (Table S1), the library of

DNAzymes (Table S2), and primers for qRT-PCR (Table S3) were
custom-synthesized by Integrated DNA Technologies (IDT), except
for the fluorogenic substrate, which was custom-synthesized by
BioSearch Technologies. 15% Mini-PROTEAN TBE-Urea Gel was
acquired from Bio-Rad. RNeasy Mini Kit, miScript II RT Kit, and
miScript Primer Assays were acquired from QIAGEN. Quant-iT
OliGreen ssDNA Assay Kit (Invitrogen), Oligofectamine Transfection
Regent (Invitrogen), High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems), PerfeCTa SYBR Green FastMix Reaction Mixes

(QuantaBio), TNFαMouse ELISA Kit (Invitrogen), mirVana miR-33
mimic (#4464066), andmirVana negative ctrl mimic (#4464058) were
acquired from ThermoFisher Scientific.

4.2. Screen for Mouse TNFα DNAzyme. A library of mouse
TNFα DNAzymes (Table S2) predicted with a customized algorithm
were screened in RAW264.7 cells. 200 nM of each DNAzyme was
transfected into RAW264.7 cells using Oligofectamine according to the
manufacturer’s protocol. After 24 h incubation, the cell medium was
collected for ELISA analysis of secreted TNFα. QIAzol was then added
into the wells to lyse the cells and total RNA was isolated using a
RNeasy Mini Kit per manual. RNA was reverse-transcribed using a
High-Capacity cDNA Reverse Transcription Kit. The TNFα mRNA
level was quantified by qRT-PCR using PerfeCTa SYBRGreen FastMix
ReactionMixes (QuantaBio) with 0.25 μMof custom-designed primers
(Table S3) with Applied Biosystems StepOnePlus real-time PCR
system. The relative quantification of the TNFα mRNA level was
determined using the ΔΔCt method with 18s mRNA as a reference.

4.3. Optimization ofMouse TNFαDNAzyme in Buffer. 200 nM
of DNAzymes with different arm lengths and modification were
incubated with 1 μM FAM-labeled substrates in 50 mM Tris-HCl
supplemented with 150 mMNaCl and 2 mMMgCl2 with pH 7.4. After
incubation in a water bath at 37 °C for 2 h 20 min, the reaction mixture
was mixed with the same volume of gel loading buffer and subjected to
15% Mini-PROTEAN TBE-Urea Gel. The gel was run with 170 V in 1
× TBE buffer and imaged with an Amersham Typhoon Biomolecular
Imager using the FITC channel. The percentage cleavage of the
substrate was quantified by measuring the intensity of the substrate or
product bands after background subtraction using ImageJ.

4.4. Labeling of the Dz StrandsWith Cy5.To label the Dz strand
with Cy5 for the purpose of examination of toehold exchange, 20 μL of
the 1 mM amine-modified Dz strands was mixed with 100 μg of Cy5-
NHS ester dissolved in 20 μL of dimethyl sulfoxide (DMSO), 20 μL of
1MNaHCO3, 20 μL of 10× phosphate buffer saline (PBS), and 120 μL
of nanopure water. The mixture was allowed to react on an orbital
shaker overnight. The mixture was diluted with a 1:4 ratio with
nanopure water and run through P2 gel and a Nap-25 column or high-
performance liquid chromatography (HPLC) for purification.

4.5. Demonstration of Toehold Exchange and Activation of
the Locked Dz in Buffer. The locked Dz was prepared by annealing
the lock strand and the Cy5-labeled Dz strands at a 1:1 ratio in PBS by
incubating at 95 °C for 5 min and 25 °C for 30 min in a thermocycler.
The toehold exchange between the locked Dz and miR-33 trigger was
examined by native PAGE gel electrophoresis. 1 μM locked Dz was
incubated with 1 μMmiR-33 trigger or scr. miR-33 in a water bath at 37
°C for 2 h, and then the reaction mixture was mixed with the same
volume of gel loading buffer and loaded in 10% nondenaturing
polyacrylamide gel. The gel was run with 110 V in cold 1 × TBE buffer
and post stained with 1 × SYBR Gold for 15 min. Then, the gel was
imaged using the Amersham Typhoon Biomolecular Imager with both
FITC and Cy5 channels.

To demonstrate the miR-33-triggered Dz activity, 200 nM locked Dz
was incubated with 200 nM miR-33 trigger or scr. miR-33 as well as 1
μMFAM-labeled substrates in a water bath at 37 °C for 2 h and then the
reaction mixtures were resolved with 15% Mini-PROTEAN TBE-Urea
Gel and imaged with the Amersham Typhoon Biomolecular Imager, as
described above. The percentage cleavage of the substrates was
quantified by measuring the intensity of the substrate or product band
after background subtraction using ImageJ.

4.6. Synthesis of AuNPs.The citrate-stabilized 13 nmAuNPswere
prepared using the published procedures.44 200 mL of 1 mM hydrogen
tetrachloroaurate(III) trihydrate solution was heated to a vigorous boil
in a three-neck round-bottom flask. Then, 20 mL of 38.8 mM sodium
citrate tribasic dehydrate solution was added quickly, and the color of
the mixture was changed swiftly from clear to purple to red. The
reaction mixture was allowed to reflux for 15 min and cooled down to
room temperature. The mixture was filtered through a 0.45 μm acetate
filter to produce monodisperse AuNPs. The absorption peak of the
AuNPs is at 520 nm determined by UV−vis spectrometry.

4.7. Preparation of Locked DzNPs. The locked DzNPs were
prepared using the freezing method according to the literature.46 1
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mLof 8 nM AuNPs was mixed with 3 μL of the 1 mM thiol-modified
lock strand (3 nmol) and 3 μL of the 1 mMDz strand (3 nmol) in a 1.5
mL tube. Note that the thiol-modified lock strand was used directly as
acquired form IDTwithout reduction. The tube was frozen in a−30 °C
freezer for at least 3 h. 176 μL of salting buffer (2 M NaCl in 10 mM
phosphate buffer) was added into the tube right before thawing,
resulting in a final NaCl concentration of 0.3 M. The mixture was
allowed to thaw at room temperature. After thawing, the NPs were
centrifuged down with 13 000 rpm for 20 min and washed with PBS for
three times. The absorbance of NPs was measured with Nanodrop at a
wavelength of 520 nm. The concentration of NPs was calculated with
the following equation.

conc.
abs
2.7

100 (nM)= ×

4.8. Quantification of the Lock Strands and Dz Strands on
the Locked DzNPs. The Cy5-labeled Dz strand was used to quantify
the Dz strands per NPs. A standard curve was prepared by diluting a
stock of Cy5-labeled Dz strands to 0.01, 0.1, 0.2, 0.5, 0.75, and 1 μg/mL
in 1 × TE buffer to a final volume of 100 μL in a 96-well plate. The
locked DzNPs were diluted to 0.2, 0.4, and 0.6 nM in 1× TE buffer to a
final volume of 100 μL in the same plate. The AuNPs were then
dissolved by adding 1 μL of 5 M potassium cyanide (KCN) in the wells
and incubating for 30 min. Fluorescence intensity (Ex/Em = 630/670
nm) of each well was then measured using a Bio-Tek Cytation 5 Multi-
Mode plate reader to determine the concentration of the Dz strands per
well. The number of the Dz strands per NP was calculated by dividing
the concentration of the Dz strands by AuNP concentration.
The commercial Quant-iT Oligreen ssDNA Kit was used to

determine the number of lock strands per NP. The locked DzNPs
were washed with nanopure water for 3 times to dehybridize the Dz
strands from AuNPs, remaining only the lock strands. A standard curve
was prepared by diluting a stock of the lock strand to 0.01, 0.1, 0.2, 0.5,
0.75, and 1 μg/mL to a final volume of 100 μL in 1 × TE buffer. The
washed locked DzNPs were diluted to 0.2, 0.4, and 0.6 nM in 1 × TE
buffer. The AuNPs were then dissolved by adding 1 μL of 5 M KCN in
the wells and incubating for 30 min. 100 μL of freshly prepared 1 ×
Oligreen solution was added to each well and mixed by pipetting.
Fluorescence intensity (Ex/Em = 485/528 nm) of each well was then
immediately measured using a Bio-Tek Cytation 5 Multi-Mode plate
reader to determine the concentration of the lock strands per well. The
number of the lock strands per NP was calculated by dividing the
concentration of the lock strands by AuNP concentration.
4.9. Hydrodynamic Size and ζ-Potential Measurement. The

hydrodynamic size and size distribution of the locked DzNPs in PBS
were measured by dynamic light scattering (DLS) using a Particulate
System NanoPlus zeta/nano particle analyzer with a glass cuvette at
room temperature. For each measurement, the hydrodynamic sizes of
100 particles were calculated, and the peak values of their number
distributions were reported. ζ-Potentials of the locked DzNPs in PBS
and the citrate-stabilized AuNPs in water were also measured using the
same instrument at room temperature.
4.10. Release Kinetics of the Dz Strands from the Locked

DzNPs and Determination of Percentage Release. 90 μL of PBS
containing different concentrations ofmiR-33 trigger or scr. miR-33 in a
96-well plate was preincubated at 37°. 10 μL of the 5 nM locked DzNPs
was added into each well (final concentration = 0.5 nM) and mixed
briefly, and the fluorescence intensity (Ex/Em = 630/670 nm) was
immediately measured with a Bio-Tek Cytation 5 Multi-Mode plate
reader at 37 °C for 4 h with an interval of 5 min. To determine the
percentage release of the Dz strands, the end point fluorescence
measurement after 4 h incubation at 37 °C was conducted in a separate
experiment to avoid inaccuracy caused by photobleaching in kinetic
measurements. Fluorescence intensity of T10 NPs with the matched
quantity of the Cy5-labeled Dz strands calculated with the Dz strands/
NPs as determined above was used as a standard tomimic 100% release.
4.11. miR-33-Triggered Activation of the Locked DzNPs. 500

nM of miR-33 trigger or scr. miR-33 trigger and 0.5 nM conditional
DzNPs were mixed in 97 μL of 35 mM Tris-HCl buffer (pH = 7.4)
containing 150 mM NaCl and 2 mM MgCl2. The mixture was

preincubated at 37 °C for 1 h to allow activation of the Dz strands. 3 μL
of 10 μM fluorogenic substrate was then added to each well and mixed
briefly. The fluorescence intensity (Ex/Em = 485/528 nm) of each well
was measured immediately with a Bio-Tek Cytation 5 Multi-Mode
plate reader at 37 °C for 4 h with an interval of 5 min.

4.12. Cell Culture. RAW264.7 mouse macrophages were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
4.5 mg/L glucose, containing 10% (v/v) fetal bovine serum (FBS),
penicillin (100 U/mL), and streptomycin (100 mg/mL), 1500 mg/L
sodium bicarbonate, 1 mM sodium pyruvate, and 2 mM L-Glutamine at
37 °C under a humidified atmosphere of 5% CO2. The RAW264.7 cells
with the passage number between 10 and 13 were used in the entire
study. The mouse peritoneal macrophages were isolated from the
mouse peritoneal cavity according to the published procedure.51

Briefly, 10 mL of cold medium (RPMI supplement with 10% FBS, 100
U/mL penicillin, and 100 mg/mL streptomycin) was injected into the
abdominal cavity of the mouse and the fluid is slowly removed with a
syringe after carefully shaking the mouse for 5 min. The cells were spun
down by centrifugation at 15 000 rpm for 8 min at 4 °C. The cell pellet
was resuspended in the medium and plated in a 12-well plate. The
unattached cells were washed away with PBS after 4 h and the adhered
cells were incubated overnight for the treatment the following day.

4.13. Fluorescence Imaging and Confocal Imaging to Assess
Cellular Uptake.The RAW264.7 cells were seeded in 8-well chambers
on a glass slide with 5 × 104 cells per well. 5 nM of the 11 nt toehold
locked DzNPs (with the Cy5-labeled Dz strands) was incubated with
the RAW264.7 cells for 1 to 24 h in complete medium. After washing
with PBS to remove the NPs that were unbound and not internalized,
the cells were imaged immediately at 150×magnification with the Cy5
channel on a Nikon Eclipse Ti2 microscope.

To confirm internalization of the locked DzNPs inside the cells,
RAW264.7 cells were incubated with 5 nM 11 nt toehold locked DzNPs
(with the Cy5-labeled Dz strands) for 4 h and washed with FluoroBrite
DMEM medium once to remove the unbound and not internalized
NPs. FluoroBrite DMEMmedium was then added to the wells. The Z-
stack confocal images were taken with a step size of 0.2 μm on a Nikon
Ti Eclipse inverted confocal microscope with a Plan Apo Lambda 60×/
1.40 Oil objective.

4.14. Flow Cytometry to Investigate the Effect of Serum on
Cellular Uptake.RAW264.7 cells were seeded in a 12-well plate with a
density of 2 × 105 cells per well the day before the experiment. 5 nM
Cy5-labeled locked DzNPs were added to the cells in the presence or
absence of serum. After 4 h, the cells were washed with cold Hank’s
Balanced Salt Solution (HBSS) for 3 times, and the cells were removed
from the surface using cell scrapers. The cells were pelleted by
centrifugation and resuspended in HBSS for flow cytometry measure-
ment of cell-associated fluorescence.

4.15. In VitroKnockdownof TNFαWith LockedDzs or Locked
DzNPs. For testing the locked Dz, RAW264.7 cells were seeded in a 48-
well plate with a density of 5 × 104 cells per well the day before
transfection. 200 nM of inactive Dz, locked Dz with the toehold, locked
Dz without the toehold, and active Dz were transfected into the cells
using Oligofectamine according to the manufacturer’s protocol. The
cells were incubated for 24 h, and RNAwas isolated for quantification of
TNFα mRNA using qRT-PCR as described above.

For testing the locked DzNPs, RAW264.7 cells were seeded in a 48-
well plate with a density of 5 × 104 cells per well the day before
treatment. 5 nM of locked inactive DzNPs, locked DzNPs with the
toehold (different toehold lengths), locked DzNPs without the toehold,
and locked DzNPs with the scrambled toehold were incubated with
RAW264.7 cells for 24 h in complete medium, and RNA was isolated
for quantification of TNFαmRNA using qRT-PCR as described above.

4.16. qRT-PCR of miR-33. The cells were lysed with QIAzol
reagent and total RNA was isolated with miRNeasy Mini Kit
(QIAGEN) following the manufacturer’s protocol. RNA was reverse-
transcribed using miScript II RT Kit (QIAGEN). qPCR of miR-33 was
conducted using miScript Primer Assays (QIAGEN) with PerfeCTa
SYBR Green FastMix Reaction Mixes (QuantaBio). The relative
quantification of the miR-33 level was determined using the ΔΔCt
method with RNU6 as a reference.
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4.17. Statistics. All statistical analyses were performed using
Graphpad Prism software. The quantitative results of TNFα knock-
down in vitro were presented as mean ± SEM. Statistical analyses were
performed by one-way analysis of variance (ANOVA) followed by the
post-test multiple comparison as described in the figure captions. P
values of less than 0.05 were considered significant.
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