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ABSTRACT: Supramolecular assembly of polyphenols and bio-
macromolecules (proteins and nucleic acids) has emerged as a
versatile and simple strategy to construct nanomaterials with
biological activity. Here, we report a strategy to finely control the
supramolecular assembly of tannic acid and oligonucleotides into
uniform and stable nanoparticles by exploiting the thermal cycling of
tannic acid. The equilibrium of complexation is investigated, and
individual nanoparticles are resolved with nanoscale resolution by
using stochastic optical reconstruction microscopy. The nano-
particles incorporating cytosine phosphoguanine (CpG) oligonu-
cleotides are efficiently taken up by cells and trafficked via endo/
lysosomal compartments and induce up to a 7-fold increase in tumor
necrosis factor secretion in RAW 264.7 macrophage cells compared
with naked CpG oligonucleotides. This work highlights the potential of this simple approach to engineer two-component tannic
acid−oligonucleotide nanoparticles for the intracellular delivery of therapeutic nucleic acids.

■ INTRODUCTION
Particle-mediated intracellular delivery of exogenous and
precisely engineered nucleic acids is a promising method for
treating various chronic diseases, infections, and cancers.1−4

Microparticles have been engineered to serve as nucleic acid
delivery systems; however, nanoparticles (NPs) are generally
considered ideal systems for in vivo delivery of nucleic acids
owing to their prolonged circulation half-life.5,6 Inorganic
nanoparticles (gold, silica, iron oxide, and lanthanides) provide
platforms for delivery of nucleic acids via pore and gate keeper
encapsulation, chemical conjugation, and physical surface
adsorption.7 However, nucleic acid delivery systems are
primarily prepared via the complexation of DNA or RNA
molecules with positively charged and ionizable lipids or
polymers, via electrostatic interactions.6,8 The complexation
between nucleic acids and lipids or polymers is essential to
avoid the enzymatic degradation of nucleic acids by nucleases
and enable their internalization and intracellular trafficking in
the target cells. However, owing to their nonspecific electro-
static and hydrophobic interactions with cell membranes,
synthetic cationic or ionizable lipids and polymers have also
shown undesirable adverse and off-target effects, such as
toxicity and enhanced undesired immune responses in vitro
and in vivo.9 Supramolecular assembly of nucleic acids with
natural, degradable, and noncationic biomolecules via strong
hydrogen bonds and hydrophobic interactions may provide an
alternative strategy for engineering less toxic and efficient

nucleic acid delivery vehicles. Tannic acid (TA) belongs to the
category of plant/derived polyphenols and has attracted
growing interest in biomaterial science, as it is generally
recognized as safe by the U.S. Food and Drug Admin-
istration.10 TA has a multibranched molecular structure
containing multiple gallol and catechol groups that can interact
with various metal ions, and synthetic and natural polymers via
diverse intermolecular interactions.11−15 The supramolecular
assembly of TA with polymers is typically regulated by
hydrogen bonding and electrostatic interactions.11−15 For
example, the strong hydrogen bonding between polyphenols,
poly(ethylene glycol) (PEG), and poly(N-vinylpyrrolidone)
allows the formation of nanocomplexes that have shown
potential in the oral delivery of antibodies16 and anticancer
drugs17 and nasal delivery of vitamin E.18 A one-pot assembly
of biomacromolecules (proteins and siRNA), metal ions,
polyphenols, and PEG was recently reported to construct
bioactive NPs stabilized by metal−phenolic coordination and
hydrophobic interactions.19 Template-mediated assembly of
proteins and polyphenols (e.g., TA) on various substrates (e.g.,
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organic, inorganic, and biological entities) enabled the
formation of protein−polyphenol network microparticles
without requiring the addition of metals or synthetic
polymers.20 The template-mediated assembly of TA and
DNA was likewise recently exploited to fabricate microparticles
solely made of DNA and TA, with different morphologies
stabilized by both hydrogen bonding and π−π stacking
interactions.21

Despite efforts to fabricate polyphenol-based nano- and
microparticles by supramolecular assembly, the synthesis of
these systems relies on the use of templates, redox-active metal
ions, and/or nondegradable synthetic polymers (e.g., PEG) to
promote complexation and stabilization of the NPs.22,23 Han et
al.24 reported the assembly of TA−DNA nanocomplexes for
gene release in cancer cells; however, the assembly of the two
molecules resulted in polydisperse aggregates which may be
challenging for in vivo administration. Therefore, there is a
need for alternative methods to prepare polyphenol−DNA
NPs in a controlled fashion by leveraging template-, metal-,
and synthetic-polymer-free supramolecular assembly processes.
Herein, we introduce a simple and facile approach to finely

control the supramolecular assembly of TA and oligonucleo-
tides (ODN) into uniform and stable NPs in the absence of
templates, metal ions, and nondegradable synthetic polymers.
The kinetics of the supramolecular assembly process and the
molecular arrangement of the two building blocks, i.e., TA and
ODNs, were controlled by a heating−cooling process. The
structure and morphology of the NPs were investigated by
stochastic optical reconstruction microscopy (STORM). This
imaging method also allowed for the evaluation of the
equilibrium of complexation and nanoscale resolution of
individual NPs based on the detection of single-molecule
localizations. ODNs containing immunostimulatory unmethy-
lated cytosine−guanine (CpG) motifs were used for immune
cell activation. STORM enabled us to probe the endosomal
escape of the TA−ODN NPs. Moreover, the obtained NPs
showed limited cytotoxicity against macrophage cells, were
efficiently taken up by cells, trafficked via endo/lysosomal
compartments, and induced an immunostimulatory effect in
macrophages. Collectively, this work highlights the heat-
induced supramolecular complexation of TA and DNA as an
alternative approach to preparing self-assembled NPs for the
effective loading and delivery of therapeutic ODNs.

■ EXPERIMENTAL SECTION
Materials. The CpG-containing ODN used in this study,

TGCAAGCTGTTGAGTCGACGTTAAGAGCCTGCTGAAGCG-
TCTGCGA, was synthesized and purified by Sangon Biotech Co.,
Ltd. (Shanghai, China). HPLC-purified ODNs sequences A15G15 and
CTGACATCGAGCTTGCTACAAGGGACTTTCCGCTGGG-
GACTTTCCAGGGAGGCGTGCCT were purchased from Bio-
search Technologies (Risskov, Denmark). TA, (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulf-
oxide (DMSO), phosphate-buffered saline (PBS), Dulbecco’s
phosphate-buffered saline (DPBS), and fetal bovine serum (FBS)
were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.).
Trihydrochloride (Hoechst 33342), Dulbecco’s modified Eagle’s
medium (DMEM), Alexa Fluor 488−wheat germ agglutinin conjugate
(AF488−WGA), LysoTracker Green, and trypsin were obtained from
Life Technologies. Rabbit anti-Rab7, rabbit anti-EEA1, and
monoclonal antibodies were purchased from Cell Signaling
Technology (Danvers, MA, U.S.A.). Rabbit anti-LAMP-1 antibody
and Alexa Fluor secondary conjugates were supplied by Invitrogen
(Carlsbad, CA, U.S.A.). The enzyme-linked immunosorbent assay
(ELISA) kit of TNF-α was purchased from Invitrogen. All chemicals

were used as received without further purification. Ultrapure water
with a resistivity of greater than 18 MΩ cm was used in all
experiments and obtained from a three-stage Millipore Milli-Q Plus
185 purification system.
Preparation of TA−ODN NPs. The TA−ODN NPs were

synthesized via a facile one-pot self-assembly method. An aqueous
solution of TA (40 μL, 5 mg mL−1) was added to an aqueous solution
of ODN (60 μL, 38 μM). The mixture was incubated at 90 °C for 1 h
and cooled to 25 °C at ∼0.5 °C min−1. The resulting TA−ODN NPs
were retrieved by centrifugation at 10000 g for 15 min. To probe the
effect of the TA/ODN weight ratio, the amount of TA was increased,
while the amount of ODN was fixed.
Characterization of TA and TA−ODN NPs. 1H NMR spectra

were recorded on an Agilent MR400 and acquired using the following
parameters: 16 scans, 3 s relaxation delay, and a spectral width of 9.6
kHz. The spectra were processed using MestreNova 14.2.3, and 1H
chemical shifts were referenced to trimethylsilylpropanoate-d4 at 0
ppm. The stability of TA was assessed by first dissolving TA in water,
followed by heating on a ThermoMixer for 1 h at 90 °C, and
subsequently subjected to HPLC analysis on a high-performance
liquid chromatography system (1260 Infinity II, Agilent Technology
Company, USA) equipped with a 5 μm C18 column (RESTEK, 150
mm × 4.6 mm). For comparison purposes, untreated TA was also
analyzed. For HPLC analysis, the samples (20 μL, 500 μg mL−1) were
filtered through a 0.22 μm filter membrane and injected using
acetonitrile as the gradient eluent. A binary mobile phase containing
eluent A, 0.1% trifluoroacetic acid in water, and eluent B, acetonitrile,
was used. The gradient elution program was as follows: 0−30 min,
10−70% eluent B; 30−30.01 min, 70−10% eluent B; and 30.01 to 41
min, 10% eluent B. The ζ-potential and size distribution of the
particles were measured on a Zetasizer Nano-ZS instrument (Malvern
Instruments, UK). TEM analysis was conducted at an operation
voltage of 120 kV. Prior to TEM imaging, the samples (5 μL) were
deposited on Formvar carbon-coated copper grids, which were
precleaned by using plasma. For AFM imaging, a sample solution (10
μL) was deposited onto a clean glass substrate overnight and imaged
in tapping mode. For SEM imaging, dried samples were sputter-
coated with gold prior to imaging.

For STORM analysis, AF647-labeled TA−ODN NPs were
prepared as described above using different TA/ODN weight ratios
of 1:1, 4:1, 7:1, 10:1, and 12:1. To obtain an optimal signal density for
STORM imaging, only one-fourth of the required DNA strands was
used in the labeled form for the preparation of the TA−ODN NPs.
For serum stability studies, AF647-labeled TA−ODN NPs were
mixed with different concentrations of FBS (10 and 100%) for 3−24
h. The obtained AF647-labeled TA−ODN NPs were then deposited
on a glass slide. After deposition for 30 min at 25 °C, unbound
molecules and NPs were washed away with freshly prepared standard
imaging buffer with cysteamine. STORM images were acquired using
a Nikon N-STORM system equipped with a Nikon 100× 1.4 NA oil
immersion objective. The focus and total internal reflection
fluorescence imaging angle were adjusted to obtain a high signal-to-
noise ratio. The 647 nm laser was used for the excitation of the
fluorophores. All time lapses were recorded within a 256 pixels ×256
pixels region using an EMCCD camera. For each image, 4000 frames
were acquired sequentially by using full laser power. STORM images
were first processed with the STORM module of the NIS Elements
Nikon software, where drift correction was performed, and a list of
particle localizations was obtained by Gaussian fitting of the
fluorescence spots of blinking dyes. Blinking events that were
detected in ≤5 consecutive frames were counted as single molecules,
whereas events detected in more than 5 consecutive frames were
discarded (maximum trace length 5). The list of localizations was
exported as a .txt file and analyzed using a clustering analysis script in
Python, where the localizations were clustered using a kernel density
estimation with a bandwidth of 50 nm. An ellipse was fitted to the
obtained clusters with a minimum of 10 localizations and a maximum
elongation factor of 1.5 (ratio of long and short axes of the ellipse).
Then, the circles containing 90% of the detected spots in the cluster

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c01378
Chem. Mater. XXXX, XXX, XXX−XXX

B

pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were fitted to determine the size distribution of the NPs and the
number of localizations.
Cell Cultures. RAW 264.7 cells with passage numbers of 36−42

were cultured in complete DMEM supplied with 10% FBS at 37 °C,
5% CO2, and 95% humidity.
MTT Assays. To measure particle toxicity/cell viability, RAW

264.7 cells were plated in a 96-well culture plate at a density of 1 ×
104 cells per well at 37 °C, overnight. Then, the cells were incubated
with the TA−ODN NPs at different DNA concentrations for 24 h.
The culture medium was removed and MTT solution (150 μL, 0.5
mg mL−1) was added to each well and incubated at 37 °C for 4 h.
Then, DMSO (50 μL) was added to dissolve formazan. A microplate
reader was used to measure the absorbance of the supernatant at 570
nm.
Cell Association. RAW 264.7 cells were plated in a 24-well

culture plate at a density of 5 × 104 cells per well overnight. Cells were
incubated with TA−ODN NPs prepared with AF488-labeled DNA
(DNA: 100 nM) in fresh medium for 2, 4, 8, and 24 h. Then, cells
were harvested by trypsinization and washed 3 times with PBS at 400
g for 5 min. The cells were resuspended in DPBS and at least 1 × 104
cells were analyzed by flow cytometry.
Cell Internalization. RAW 264.7 cells were plated in Labtek 8-

well chamber slides at a density of 3 × 104 cells per well and incubated
overnight. AF647-labeled TA−ODN NPs were added to the cells and
incubated for 2, 4, 8, and 24 h at 37 °C, before being washed with
PBS three times and then fixing the cells with 4% paraformaldehyde
for 15 min. The membrane was stained with AF488−WGA (5 μg
mL−1) for 5 min, and the nucleus was stained with Hoechst 33342 (1
μg mL−1) for 10 min. Finally, cells were imaged with a confocal
microscope using a 100× objective (Nikon A1R, Nikon, Japan).
Intracellular Trafficking Evaluated by STORM. For STORM

analysis, TA−ODN NPs were dual-labeled using a mixture of AF488-
and AF647-labeled DNA during preparation. RAW 264.7 cells were
plated at 3 × 104 cells per well in Labtek 8-well chamber slides and

incubated overnight. The cells were exposed to dual-labeled AF647
and AF488 TA-ODN NPs for 4−28 h. For intracellular trafficking
studies, the noninternalized particles were washed out after 4 h of
incubation and kept at 37 °C for a further 0, 4, or 24 h in fresh media.
At each time point, the cells were fixed with 4% paraformaldehyde for
15 min, washed, permeabilized with 0.1% Triton X-100 solution in
PBS for 5 min, and washed again three times with 1% BSA in PBS.
The cells were then incubated with rabbit-EEA-1 monoclonal
antibody (2 μg mL−1), rabbit-Rab7 monoclonal antibody (2 μg
mL−1), or rabbit LAMP-1 (1 μg mL−1) for 1.5 h, followed by washing
three times with PBS and further incubation for 1 h with dual-labeled
AF555/AF647 goat antirabbit conjugate secondary antibody (2 μg
mL−1).

STORM imaging was performed by using the same parameters as
described above. Lasers (488, 561, and 647 nm) were used for the
excitation of the fluorophores. For each channel, 5000−10000 frames
were acquired. STORM images were processed, and the population of
nano-objects was analyzed using the STORM module of the Nikon
NIS Elements Nikon software. A list of localizations by Gaussian
fitting the fluorescence spots of blinking dyes was processed by the
software, which also allowed for drift correction. Blinking events that
are detected in consecutive frames are counted as single molecules by
the software. For each sample, 10−12 cells were analyzed with
approximately 200 nano-objects per cell to obtain colocalization
statistics.
Cytokine Secretion. RAW 264.7 cells were plated in 96-well

plates at a density of 1 × 104 cells per well overnight. Then, cells were
incubated with the TA−ODN NPs (containing 100 nM of CpG) in
fresh medium. Cells were incubated at 37 °C for 24 h, and the
supernatant was collected for TNF-α analysis (ELISA), using
protocols recommended by the manufacturer. As a control experi-
ment, the release of cytokines from cells stimulated by TA−ODN
NPs prepared with no CpG was also measured. For the time-course
experiment, cells were treated with TA−ODN NPs (CpG:100 nM) at

Scheme 1. Schematic of the Supramolecular Assembly of TA and ssDNAa

aAt room temperature, large polydisperse aggregates are formed, whereas monodisperse nanoparticles are formed upon thermal cycling (heating−
cooling) treatment; these monodisperse NPs are stabilized by hydrogen bonding and π−π stacking interactions.
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37 °C for 2, 4, 8, and 24 h, and the supernatants were collected and
stored at −80 °C prior to ELISA.

■ RESULTS AND DISCUSSION
Preparation and Characterization of TA−ODN NPs.

Controlling the morphology, size, and composition of NPs
obtained by the supramolecular coassembly of biomolecules,
while avoiding the formation of large and polydisperse
aggregates, can be challenging. The three-dimensional arrange-
ment of the interacting biomolecules, as well as the
morphology and composition of the obtained complex,
depends on the concentrations of the building blocks, the
nature and strength of the interactions involved in the
complexation, and the kinetics of the assembly process. TA
is a water-soluble polyphenol that exists in the aggregated form
in aqueous solution above its critical micelle concentration (5−
10 g L−1)25 in a pH range of 3−7.5. Self-aggregation of TA in
aqueous solution was indicated by hydrodynamic diameter
measurements of 300−400 nm, which are higher than the
expected size of single small TA molecules.26 Intermolecular
hydrophobic interactions between the aromatic rings are
considered key to stabilizing TA into high molecular weight
clusters or polydisperse nanoaggregates in aqueous solution.
Therefore, we first examined the presence of intermolecular
TA clusters in an aqueous solution (5 mg mL−1) by nuclear

magnetic resonance (NMR) spectroscopy and high-perform-
ance liquid chromatography (HPLC). The 1H NMR spectrum
of TA solution acquired at 25 °C showed broad signals in the
range 6.5−7.5 ppm, which were attributed to the aromatic
protons of the galloyl groups, indicating that TA was in the
aggregated state (Figure S1a). The sharp peak at 7.2 ppm was
attributed to gallic acid molecules that are typically present in
commercial TA samples. After subjecting the TA solution to
heat treatment at 80 °C for 1 h, an increase of an order of
magnitude in the signals attributed to TA was observed
(Figure S1a). This observation indicates that heating causes
breakage of the hydrogen bonds and π−π stacking interactions
among the TA molecules, resulting in smaller and more mobile
aggregates and individual TA molecules. When the TA
solution was cooled to 25 °C, the intensity of the NMR
signals in the range of 6.5−7.5 ppm decreased, indicating that
the TA molecules reassembled into larger aggregates (Figure
S1a). The extent of hydrolysis of TA into gallic acid was small
during thermal treatment, as indicated by the small increase in
the peak area (∼25%) of gallic acid at 3.7 min in the HPLC
chromatogram of the treated TA solution relative to that of the
untreated sample (Figure S1b,c).
The synthesis of TA−ODN NPs was first attempted by

mixing TA with a single-stranded (ss) ODN at room
temperature (20 °C). However, incomplete complexation of

Figure 1. Complexation of TA and ODNs at the molecular level. (a) STORM images of TA−ODN NPs (green signal) prepared at TA/ODN
ratios of 1:1, 4:1, 7:1, 10:1, and 12:1 (denoted as TA/ODN = 1, 4, 7, 10, and 12 in the figure). (b) Frequency histograms of the diameter of TA−
ODN NPs determined by STORM imaging and (c) scatter plots of the number of localizations (N) as a function of the diameter of TA−ODN
NPs; the TA−ODN NPs were prepared at TA/ODN ratios of (1) 7:1, (2) 10:1, and (3) 12:1.
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the ODN molecules and the formation of micrometer-sized
aggregates (Figure S2) were observed. These results were
attributed to the rapid and uncontrolled aggregation of ODNs
with the TA aggregates. Hence, we hypothesize that heating
the mixture of TA and ODN to 80−90 °C for 1 h and slowly
cooling (∼0.5 °C min−1) to room temperature (23 °C) would
first induce the disassembly of TA nanoaggregates and then
enable the controlled arrangement of TA and ODN molecules
into uniform NPs, as stabilized by both hydrogen bonding and
π−π stacking interactions, as depicted in Scheme 1.
To verify our hypothesis and directly probe the complex-

ation of TA and DNA into TA−ODN NPs, super-resolution
microscopy (STORM) was used. This imaging technique
enabled the visualization of individual TA−ODN NPs with
nanoscale resolution based on the detection of single-molecule
localizations (Figure 1). As super-resolution imaging allowed
both the size and composition of the TA−ODN NPs to be
simultaneously determined, individual TA−ODN NPs could
be resolved after formation at equilibrium conditions.27 TA−
ODN NPs were prepared by mixing TA and ODNs at varying
TA/ODN weight ratios (w/w) from 1:1 to 12:1, where the
concentration of the ODN was fixed (38 μM). To obtain an
optimal signal density for STORM imaging, only one-fourth of
the required DNA strands were used in the labeled form for
the preparation of TA−ODN NPs. The product of complex-
ation was deposited on a glass coverslip for TIRF-STORM
imaging (Figure 1a). A clustering analysis script was used to
quantify the size of the TA−ODN NPs and the number of
single ODN molecules inside the individual NPs. Of note, each
DNA molecule carries a photoswitchable fluorophore Alexa
Fluor 647 (AF647). Hence, the experimentally detected

localizations are proportional to the number of DNA
molecules assembled into the TA−ODN NPs.
As seen in Figure 1a, at TA/ODN ratios of 1:1 and 4:1, a

large amount of signal on the glass coverslip was observed,
which corresponds to free DNA molecules not associated with
the TA−ODN NPs. However, upon increasing the TA/ODN
ratio from 7:1 to 12:1, the presence of free ODN molecules
became negligible, indicating that more nucleic acid molecules
were incorporated into the TA−ODN NPs. Moreover,
uniform and spherical NPs were observed at TA/ODN ratios
of 7:1−12:1. The frequency histograms shown in Figure 1b
compare the sizes of the TA−ODN NPs prepared at different
TA/ODN ratios, as imaged by STORM. The diameters of the
NPs increased from 151 ± 36 nm to 168 ± 46 and 174 ± 40
nm as the TA/ODN ratio increased from 7:1 to 10:1 and 12:1,
respectively (Figure 2b).
Figure 1c shows scatter plots of the number of localizations,

N, as a function of the diameters of the imaged TA−ODN NPs
(Figure 2c). The number of localizations, which is proportional
to the number of ODN molecules, increased with an increase
in the diameter and, therefore, the volume of the TA−ODN
NPs. The TA−ODN NPs prepared at TA/ODN ratios of 10:1
and 12:1 showed an overall higher number of DNA molecules
(1000−1200 localizations at 250 nm) incorporated in a single
nanoparticle compared to the TA−ODN NPs prepared at a
TA/ODN ratio of 7:1 (maximum 700 localizations). It is
worth noting that, as only one-fourth of the assembled ODN
molecules are fluorescently labeled, the effective number of
ODN molecules packed in the TA−ODN NPs is 4-fold. To
quantitatively correlate the localization and molecule counts,
each ODN molecule, which is considered to bear one AF647
probe, can blink several times during acquisition, typically 1−3

Figure 2. (a−e) Characterization of TA−ODN NPs (prepared at a TA/ODN ratio of 10:1) in the hydrated state by super-resolution microscopy,
STORM (a), and dry state by SEM (b), TEM (c), and AFM (d and e).
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times in our experimental setup. By estimation of the statistical
distribution of the blinking events in a single ODN molecule
under the same experimental conditions, the localization
counts can be correlated with the number of ODN strands.
However, this photophysical phenomenon depends on the
local environment of fluorophores, which is likely different in
the assembled and nonassembled states. Therefore, it is
difficult to strictly determine the exact number of TA−ODN
molecules embedded into the TA−ODN NPs from the
number of localizations.
For the subsequent studies, TA−ODN NPs prepared at a

TA/ODN ratio of 10:1 were selected because of their optimal
diameter (∼170 nm) for cellular studies and efficient and
homogeneous packing of DNA molecules (Figure 2a). The
TA−ODN NPs had a ζ-potential of −18 ± 1 mV, as measured
by microelectrophoresis.
Of note, TA−ODN NPs maintained their colloidal stability

and size up to one month of storage at 4 °C (Figure S3). The
stability of TA−ODN NPs in solutions containing 10% and
100% FBS was investigated by STORM imaging studies.
Notably, in the presence of serum proteins, they remained well
dispersed (Figure S4a) and intact. A comparison of size
distributions obtained by processing the STORM images
revealed that the size of the TA−ODN NPs increased from
168 ± 46 nm (Figure 1b2) to 218 ± 50 and 280 ± 60 nm
(Figure S4b) after incubation with 10 and 100% FBS,
respectively. In addition, the ζ-potential of the TA−ODN
NPs changed from −18 ± 1 to −27 ± 4 mV after incubation
with 100% FBS. Overall, these results indicate that the

adsorption of serum proteins on TA−ODN NPs causes a
moderate broadening of size distribution without compromis-
ing the colloidal stability of nanoparticles. Furthermore,
scanning electron microscopy (SEM) (Figure 2b), trans-
mission electron microscopy (TEM) (Figure 2c), and atomic
force microscopy (AFM) (Figure 2d,e) all showed well-
dispersed TA−ODN NPs of approximately 100 nm in size
under air-dried conditions. The TA−ODN NPs in the dry
state showed a thickness of ∼16 nm (Figure 2e), as measured
from AFM. Overall, the electron and atomic microscopy
images indicate that the TA−ODN NPs are highly hydrated
and undergo shrinkage upon drying. To give an insight into the
effect of the length of the ODN sequences on the
supramolecular assembly process, we prepared TA−ODN
NPs using an ODN with different lengths (30, 47, and 60mer)
and compared the particle size distributions (Figure S5). We
successfully obtained TA−ODN NPs with single stranded
ODN molecules ranging from 30 to 60 bases; however an
increase in particle size and broadening of distribution as a
function of ODN length was observed. In summary, we have
shown that thermal cycling of the TA/ODNs mixture is a
simple and effective strategy to control the supramolecular
assembly of polyphenols and single stranded nucleic acids with
different molecular weights with high ODN loading capacity
and tunable size.
Intracellular Trafficking and Bioactivity of TA−ODN

NPs. To evaluate the intracellular bioactivity of the TA−ODN
NPs, AF647-labeled ssDNA containing CpG sequences was
used for NP synthesis. In response to intracellular CpG

Figure 3. Interactions of TA−ODN NPs (containing CpG and prepared at a TA/ODN ratio of 10:1) with immune cells. (a) MTT assay of the
viability of RAW 264.7 cells after incubation for 24 h with TA−ODN NPs at different TA−ODN NPs concentrations (corresponding to DNA
concentrations). (b) Cell association kinetics of TA−ODN NPs after incubation for 2, 4, 8, and 24 h, as investigated by flow cytometry. (c)
Representative confocal laser scanning microscopy images of cells after incubation with TA−ODN NPs (DNA 100 nM) for 8 and 24 h; scale bars:
10 μm. Cell membranes are stained with AF488−WGA (green), nuclei are stained with Hoechst (blue), and TA−ODN NPs are labeled with
AF647 (red). (d) Secretion levels of TNF-α from untreated cells (blank) and cells stimulated by ssCpG or TA−ODN NPs for 24 h (CpG: 100
nM). (e) Secretion of TNF-α from cells incubated with TA−ODN NPs (CpG: 100 nM) for 2, 4, 8, and 24 h. Data are shown as the mean ±
standard deviation (SD) (n = 3).
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delivery, immune cells, such as macrophages, secrete several
cytokines, including tumor necrosis factor (TNF)-α. These
cytokines subsequently amplify the immune responses to
vaccines and immunotherapies.28 CpG sequences are recog-
nized by Toll-like receptor 9 (TLR9), which is expressed in the
endosomes of immune cells. However, naked ODN-bearing
CpG moieties are not stable in serum owing to their
susceptibility to deoxyribonuclease (DNase) and are difficult
to transport through cell membranes because of their negative
charge. Hence, the intracellular delivery of functional CpG
would benefit from the encapsulation and delivery by NPs, as
the carriers not only protect the cargo molecules from the
extracellular and intracellular enzymatic degradation but also
enable highly efficient cellular internalization by endocytosis
and controlled and sustained release of CpG moieties in the
endosomes.
The cytotoxicity of the TA−ODN NPs (at varying DNA

concentrations) was measured after incubation with RAW
264.7 cells for 24 h at 37 °C. As observed in Figure 3a, the
TA−ODN NPs showed negligible cytotoxicity against RAW
264.7 cells. The percentage of AF647-labeled TA−ODN NP-
associated cells reached 40% after 2 h and 90% after 24 h of
incubation (Figure 3b, Figure S6). To investigate the cellular

internalization of the TA−ODN NPs, RAW 264.7 cells were
incubated with AF647-labeled TA−ODN NPs for 2, 4, 8, and
24 h. A strong fluorescence signal was observed in the cells,
indicating that the NPs were efficiently taken up by RAW264.7
cells (Figure 3c, Figure S7).
The potential of the TA−ODN NPs to trigger cytokine

secretion was investigated. TA−ODN NPs (CpG concen-
tration: 100 nM) were incubated with RAW 264.7 cells at 37
°C for 24 h. As observed from Figure 3d, a significantly higher
level (up to 7-fold) of TNF-α was observed in RAW 264.7 cells
when incubated with the TA−ODN NPs than with free CpG.
The cytokine production induced by the TA−ODN NPs was
time-dependent (Figure 3e). Cytokine production was limited
and increased slightly as the incubation times increased from 2
to 8 h. In contrast, a significant increase in the level of TNF-α
secretion was observed upon incubation for 24 h. These results
are consistent with the slow association process observed in
Figure 4b. In addition, the compact structure of the TA−ODN
NPs may protect the strands of the oligomers from degradation
by DNase inside the endosomal compartments and con-
sequently delay the exposure of CpG to the TLR9 receptor.
Collectively, these results show that CpG-containing TA−
ODN NPs can efficiently activate macrophages to secrete

Figure 4. Intracellular trafficking and disassembly of TA−ODN NPs (prepared at a TA/ODN ratio of 10:1) in RAW 264.7 cells by super-
resolution microscopy. (a) Representative multicolor STORM images of RAW 264.7 cells incubated for 4, 8, and 28 h with TA−ODN NPs (green
signal) and stained for early endosomes, late endosomes, and lysosomes (red signal, scale bar = 6 μm. (b) Representative high-magnification images
of the intracellular TA−ODN NPs and vesicles (image size = 200 nm). The red signal represents the intracellular vesicles, and the green signal
represents the TA−ODN NPs. RAW 264.7 cells were treated with TA−ODN NPs at different incubation times (4−48 h). (c) Statistical analysis of
TA−ODN NPs colocalized and noncolocalized with early endosomes, late endosomes, and lysosomes as a function of the incubation time. Data are
shown as mean ± SD (n = 3). For each time point, n = 10−12 cells and n = 200 nano-objects/cell were analyzed. The significantly different values
(p < 0.05) between the bars are denoted by *. Statistical significance was determined using one-way analysis of variance with a 95% confidence
interval and Tukey’s multiple comparisons.
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cytokines; however, the molecular mechanism of activation
remains elusive.
Multicolor STORM was used to gain deeper insight into the

mode of trafficking and intracellular localization of the TA−
ODN NPs. Cells were exposed to dual-labeled TA−ODN NPs
(AF488/AF647-Green) for 4 h. The culture medium was then
replaced, and the incubation continued for 0, 4, and 24 h. The
cells were fixed after 0, 4, and 24 h incubation. The early
endosomes, late endosomes, and lysosome vesicles were
labeled for early endosome antigen 1, Rab 7, and lysosomal-
associated membrane protein 1, respectively, and subsequently
with the dual-labeled secondary antibody AF555/AF647-Red.
Representative STORM images acquired after incubation of
RAW 264.7 cells with the TA−ODN NPs are shown in Figure
4a and Figure S6. The TA−ODN NPs imaged inside the cells
were categorized as either colocalized (with early endosomes,
late endosomes, and lysosomes) or noncolocalized (Figure
4b). To quantify the extent of colocalization of the TA−ODN
NPs with the endolysosomal compartments, statistical analysis
of the acquired STORM images as a function of incubation
time was performed (Figure 4c). At each time point, n = 10−
12 cells and n = 200 nano-objects/cells were analyzed. These
data suggest that most TA−ODN NPs are confined within the
endolysosomal compartments in the first 8 h of incubation
with cells. However, a longer incubation time of 28 h
significantly reduced the extent of colocalization of TA−
ODN NPs with all vesicles. Specifically, the lack of
colocalization of the TA−ODN NPs with the compartments
at 28 h suggests that endosomal escape of the assembled TA−
ODN NPs occurs. STORM imaging revealed that most of the
ODN molecules localized in the cytosol remained assembled
into nanostructures even after incubation for 48 h (Figure
S8a). Nevertheless, the widespread signal of single DNA
molecules in the cell cytoplasm indicates the disassembly of the
TA−ODN NPs or degradation of DNA by intracellular DNase
(Figure S7b). We hypothesize that the slow translocation of
intact TA−ODN NPs to the cytosol is likely mediated by the
limited pH buffering capacity of TA (pKa ∼ 6) in the pH range
of 5.6−6.7 and the proton sponge effect mechanism.29 Overall,
these results indicate that the endocytic trafficking of TA−
ODN NPs to the cytosol occurs through early and late
endosomes and lysosomes. Although the endosomal escape of
a fraction of TA−ODN NPs occurs after 28 h of incubation,
when confined in the endosomes, the TA−ODN NPs can
effectively expose the CpG motif from the three-dimensional
nanostructure to engage TLR9 receptors and trigger signaling
pathways. In addition, after prolonged incubation 30−50% of
TA−ODN NPs still remain confined in the endosomes (Figure
4c) where they can interact with the TLR9 and stimulate
cytokine secretion.

■ CONCLUSION
We developed a simple, one-pot, template-, metal-, and
polymer-free supramolecular assembly process in aqueous
solution to organize the ODN and TA molecules into stable
and functional NPs. We showed that thermal cycling is key to
controlling the supramolecular arrangements of the TA and
ODN molecules. The efficiency of complexation of the TA and
ODN molecules and the architecture of the obtained NPs were
assessed at the molecular level using single-molecule super-
resolution microscopy. TA−ODN NPs bearing CpG sequen-
ces were effectively internalized by macrophages, trafficked
through the endolysosomal pathway to effectively engage

TLR9 receptors, and promoted a higher level of cytokine
production compared to free CpG. Super-resolution micros-
copy also revealed the endosomal escape of the TA−ODN
NPs and subsequent release of ODN in the cytosol. This
highlights the versatility of the engineered NPs for the
intracellular delivery of nucleic acids in both the endosomes
and cytosol. In future work, we will explore this method for the
delivery of single stranded therapeutic oligonucleotides,
including gapmer antisense ODNs and splice switching
ODNs, to cytoplasmic or nuclear targets with the ultimate
aim to develop systems to treat cancer, infections, and
autoimmune diseases.
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