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a b s t r a c t

Nanomaterials with the ability of sequestering target molecules hold great potential for a variety of
applications. To ensure the stable sequestration, most of these nanomaterials have been traditionally
designed with a clear boundary or compact structures and behave as closed systems. While this feature is
beneficial to applications such as drug delivery, it may pose a challenge to applications where fast
molecular transport from the environment to nanomaterials is critical. Thus, this study was aimed at
exploring a nanomaterial with affinity DNA polymers and nanoparticles as an open systemwith function
similar to jellyfish tentacles in sequestering target molecules from surroundings. The results show that
this nanomaterial can effectively and rapidly sequester both small molecule drugs and large molecule
biologics and resultantly mitigate their biological effects. Thus, this nanomaterial holds potential as a
universal nanoscale antidote for drug removal and detoxification. While this nanomaterial was evaluated
by using drug removal and detoxification as a model, the synthesis of periodically oriented affinity
polymers on a nanoparticle with the capability of sequestering target molecules may be tuned for broad
applications such as separation, sensing, imaging and drug delivery.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Nanomaterials with the ability of sequestering target molecules
hold great potential for a variety of applications such as drugo
delivery [1,2], biological separation [3], chemical sensing [4,5],
molecular imaging [6e8], and antidote development [9,10]. Diverse
classes of nanomaterials such as lipid-based nanoemulsions [11,12],
coreeshell nanocapsules [13], magnetic nanoparticles [14,15] and
molecularly imprinted nanoparticles [16,17] have been widely
studied for these promising applications. Most of these nano-
materials have a clear boundary or compact structures separating
their inside from the environment, behaving as closed systems to
ensure the stable sequestration of target molecules. This feature is
beneficial to certain applications such as drug delivery since the
boundary and compact structures will ensure high efficiency of
molecular loading. However, it may pose a challenge to applications
where fast molecular transport from the environment to nano-
materials is critical. This challenge would be overcome by devel-
oping nanomaterials as open systems without a boundary or
compact structures. However, open systems may lose sequestered
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molecules since there is no barrier to prevent their escape. This
study was aimed at developing a nanomaterial that is open to the
environment but has high affinity interactions with target mole-
cules. This nanomaterial has long affinity DNA polymers (DPs)
extended from the nanoparticle surface with a great capability of
sequestering target molecules from solution, which is functionally
similar to jellyfish with long tentacles in catching prey from
surroundings.

This nanomaterial was evaluated by the examination of its po-
tential as a universal nanoscale antidote for drug sequestration and
detoxification. Drugs can cause detrimental or fatal side effects if
used inappropriately, despite their usefulness in treating virtually
all human diseases. To mitigate or counteract toxic effects of drugs,
molecular antidotes are used in the clinical practice to neutralize
drugs via the formation of molecular complexes [18]. However,
molecular antidotes lack the functionalities of active entrapment
and fast removal of drugs from the circulation. As a result, drug
misuse, overuse and abuse remain a major public health problem
worldwide [19]. In contrast, nanomaterials act as a sink to entrap
toxic molecules [20]. They can also be optimized to acquire desired
properties to allow active removal through detoxifying tissues (e.g.,
liver) or extracorporeal assist devices [21,22]. Thus, nanomaterials
that can rapidly sequester drugs with high binding strength would
be a promising platform for drug detoxification.
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Table 1
Oligonucleotides.

Name Sequence (50 to 30)

Sequences for Dox experiments
DI /biotin/-CACACCGAGCTCCCACCCGATCGTCACCT
DM1 /Cy5/-CCCACCCGATCGTCACCTAGCTCGAGGTGACGATCGGGTGGGA

GCTCG
DM2 CGAGCTAGGTGACGATCGGGTGGGCGAGCTCCCACCCGATCGTCACCT
Sequences for thrombin experiments
DI /biotin/-AAAAACAAAGTAGTCTAGGATTCGGCGTG
DM1 TTTCCCTTATATTCTCTCTCTCTCC

AGTCTAGGATTCGGCGTGGGTTAACACGCCGAATCCTAGACTACTTTG
DM2 TTAACCCACGCCGAATCCTAGACTCAAAGTAGTCTAGGATTCGGCGTG
C-DM1 AGTCTAGGATTCGGCGTGGGTTAACACGCCGAATCCTAGACTACTTTG
TA /TAMRA/-GAGAGAGAATATAAGGGAAAAAAAAGGTTGGTGTGGTTGG

Note: The letters between two slashes indicate the chemical modification of the
sequence. DI: DNA initiator; DM: DNA monomer; C-DM1: control DM1 without
overhang; TA: anti-thrombin aptamer.
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We synthesized the nanomaterial using affinity DPs and nano-
particles. Affinity DPs were composed of synthetic DNA oligonu-
cleotides with the molecular recognition capability; nanoparticles
were used as the molecular support of DPs (Fig. 1). Synthetic oli-
gonucleotides have been recently used as structural elements
rather than genetic materials to build up a variety of materials
[23,24]. They are attractive to the field of materials science as the
combination or permutation of basic nucleotides can generate an
unlimited number of nucleic acid sequences and complementary
base-pairing interactions ensure high-fidelity hybridization.
Numerous methods such as polymerase chain reaction [25] and
rolling circle amplification [26] can be used to synthesize linear
DNA polymers or nanomaterials of high dimensions. In this study,
DPs were synthesized through enzyme-free hybridization chain
reaction [27] and intermolecular hybridization. Thus, the synthesis
of both oligonucleotides and DPs does not need the involvement of
enzymes, which will make the synthesis of DPs and nanomaterials
easy and robust. DPs were evaluated by gel electrophoresis, dy-
namic light scattering (DLS) and fluorescence imaging. Doxorubicin
(Dox) and thrombin were used as the models of small molecule
drugs and large molecule biologics respectively to examine the
functionality of the nanomaterial inmitigating the biological effects
of the drugs. Functionality assays included drug sequestration, cell
toxicity and coagulation time.

2. Materials and methods

2.1. Chemical reagents

All oligonucleotides (Table 1) were ordered from IDT (Coralville, IA). 10�
Phosphate buffered saline (PBS), agarose and fetal bovine serum (FBS) were pur-
chased from Fisher Scientific (Suwanee, GA). Streptavidin-coated iron oxide nano-
particles were ordered fromOcean Nanotech (San Diego, CA). The DNA ladder, SYBR-
Safe, Hoechst 33342, human umbilical vein endothelial cells (HUVECs) and cell
culture reagents were purchased from Invitrogen (Carlsbad, CA). The cell prolifer-
ation assay kit was ordered from Promega (Madison, WI). Dox, human thrombin,
sodium chloride, potassium chloride, sodium azide, magnesium chloride and Tween
20 were obtained from SigmaeAldrich (Louis, MO). The pooled normal human
plasma (supplemented with sodium heparin) was ordered from Innovative research
(Novi, MI). The Tris-acetate was ordered from Amresco (Solon, OH). The human
thrombin ELISA kit was purchased from Assaypro (St. Charles, MO).

2.2. Preparation of affinity DPs and DNA polymers with aptamers (PAs)

DIs and DMs were designed using NUPACK server (www.nupack.org) [28]. The
secondary structures of the DNA sequences were also predicted using NUPACK.
Before the synthesis of DPs or PAs, the oligonucleotides were heated to 95 �C and
then cooled to room temperature for 1 h. Themixture of the DI and the two DMswas
incubated at room temperature overnight for the synthesis of DPs. The concentra-
tion of the DI was 0.1 mM and the two DMswere 1 mM. To synthesize PAs, the aptamer
solution of 1 mM was reacted with DPs for 8 h at room temperature.
Fig. 1. Schematic illustration of a nanomaterial with affinity D
To study the stability of DPs in serum, cy5-labeled DM1 was used to prepare
the DPs. DP solution was mixed with the whole FBS with the final serum con-
centration of 70% for different periods of time at 37 �C before running gel
electrophoresis.

2.3. Gel electrophoresis

DPs or PAs were prepared using the same procedure as described above. Their
solutions were loaded into the wells of 1% agarose gel (Tris-borate-EDTA buffer,
89 mM boric acid, 2 mM EDTA, pH 8.2), which was pre-stained with or without SYBR-
Safe (0.1 mL of stock solution per mL of agarose gel). The gel electrophoresis was run
at 100 V for 60 min and the gels were imaged using a CRI Maestro EX System
(Woburn, MA).

2.4. Preparation of affinity DP-functionalized nanoparticles (DP-NPs) and PA-
functionalized nanoparticles (PA-NPs)

Streptavidin-coated iron oxide nanoparticles (0.83 mg/mL) were mixed with
biotinylated DI (2 mM) at room temperature for 1 h. After the removal of free DI via
centrifugation, nanoparticles were incubated in the reaction buffer (PBS with 0.05%
v/v Tween 20 and 0.02% w/v NaN3) containing the two DMs (2 mM) at room tem-
perature overnight. The DP-NP solution was centrifuged to remove unreacted DMs
and to harvest the DP-NPs. To synthesize PA-NPs, the aptamer solution (4.5 mM) was
incubated with the DP-NPs overnight at room temperature in the buffer containing
20 mM Tris-acetate, 100 mM NaCl, 5 mM KCl, 0.1% v/v Tween 20, and 0.02% w/v NaN3.
The PA-NPs were harvested via centrifugation.

DP-NPs were also prepared with Cy5-labeled DM1 to study their stability in
serum. DP-NP suspensionwas carefully transferred into thewhole FBS with the final
serum concentration of 70% and the mixture was incubated at 37 �C on a shaker
(300 rpm) for different periods of time. The DP-NPs were transferred into the re-
action buffer for washing and centrifuged at 14,000 � g for 10 min for particle
harvesting. DP-NPs were re-dispersed in 20 mL of reaction buffer before imagedwith
Maestro. The fluorescence intensities of the DP-NP suspensions were measured
using the software provided by the Maestro manufacturer.
NA polymers as an open system for target sequestration.
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2.5. Fluorescence imaging of nanoparticles

DMs were labeled with either Cy5 or TAMRA at the 50 ends (Table 1) for the
examination of DP-NPs or PA-NPs. After the synthesis of the nanoparticles, they
were dispersed in PBS and transferred onto a Teflon-coated glass slide as droplets.
The nanoparticle droplets were imaged to capture the fluorophore signals using the
CRI Maestro EX System. The fluorescence intensity was determined by using the
software provided by the manufacturer.

2.6. Measurement of nanoparticle sizes via DLS

Nanoparticles (20 mg) were dispersed in 1 mL of PBS that was filtered through
0.2 mm membrane (Millipore) prior to use. The nanoparticle dispersions were
transferred to a 12 mm Square Polystyrene Cuvette and were characterized using
Zetasizer Nano (Malvern Instruments).

2.7. Study of the kinetics of Dox sequestration

To examine the kinetics of Dox sequestration by DPs, Dox was mixed with DPs at
room temperature. The molar ratio of DPs and Dox was 1:50. At the predetermined
time points, the fluorescence intensity of the solution was examined using Nano-
Drop 3300 Fluorospectrometer (Thermo Scientific). To examine the kinetics of Dox
sequestration by DP-NPs, Dox and DP-NPs were mixed and immediately transferred
to 96-well fluorescence plate (Perkin Elmer). The fluorescence of the mixture was
measured at 592 nm at different time points using fluorescence microplate reader
(F200, Tecan). The capability of DP-NPs in sequestering Dox in serum was also
studied. Briefly, the DP-NPs were mixed with FBS at 37 �C and the mixture was
sampled at a predesigned time interval. The mixture was diluted in the reaction
buffer with 5 mM MgCl2 and immediately measured using the fluorescence micro-
plate reader. The fluorescence intensity of the mixture was normalized to that of the
buffer that had Dox but had no nanoparticles.

2.8. Examination of the capability of Dox sequestration

To examine Dox sequestration by DPs, Dox was incubated with DPs for 30 min
at room temperature with the molar ratio varied from 1:400 to 1:20. The fluo-
rescence intensity of the solution was examined using NanoDrop 3300 Fluo-
rospectrometer. To examine Dox sequestration by DP-NPs, 50 mL of nanoparticle
suspension (0.4 mg/mL) in PBS containing 0.05% v/v Tween 20, 0.02% w/v NaN3 and
5 mM MgCl2 was mixed with 50 mL of Dox solution in the same PBS buffer at room
temperature for 0.5 h. After the DP-NP suspension was centrifuged at 15,000 � g
for 10 min, the supernatant was harvested and transferred to the 96-well fluo-
rescence plate. The fluorescence of Dox was measured at 592 nm using the
microplate reader. The Dox sequestration was calculated using this formula: Dox
absorbed% ¼ 100%�S%, where S% is the percentage of Dox left in supernatant. The
Dox concentrations of the supernatants were normalized to the group that only
Dox was added (no nanoparticles). The fluorescence of the supernatants was also
imaged using the CRI Maestro EX System.

2.9. Culture of human umbilical vein endothelial cells (HUVECs)

HUVECs were cultured at 37 �C in a humidified incubator containing 5% CO2 in
Medium 200, in which low serum growth supplement (LSGS), gentamicin (10 mg/
mL) and amphotericin B (0.25 mg/mL) were added. After trypsinization, HUVECs
were seeded in an 8-well m-slide chamber (ibidi) at a density of 1.5e2.0 � 104 cells/
well and cultured for 2 days to reach confluence prior to use. All the cells used were
between passages 3 to 5.

2.10. Examination of Dox uptake by HUVECs

DP-NPs (0.2 mg/mL) were mixed with Dox (10 mM) in Medium 200 supple-
mented with 5 mM MgCl2 for 0.5 h at room temperature and centrifuged at
15,000 � g for 10 min. The supernatants were used to incubate with HUVECs
cultured in a m-slide chamber for 2 h at 37 �C in a humidified atmosphere. They were
then stained with Hoechst 33342 (2.5 mg/mL) and imaged using a fluorescence
microscope (IX73, Olympus). The fluorescence signals of Hoechst 33342 were
recorded using the DAPI channel (350 ± 25 nm/460 ± 25 nm, Ex/Em). The fluores-
cence signals of Dox were recorded using a Cy3 channel (535 ± 25 nm/610 ± 50 nm,
Ex/Em). The acquired images were merged using the ImageJ software.

2.11. Examination of cell viability

HUVECs were seeded in 96-well plate at a density of 5000 cells/well and
cultured overnight. The procedure for cell treatment was the same as described
above in the Dox uptake experiment. After the 2 h treatment with the super-
natant, the HUVECs were rinsed twice with the culture medium and cultured for
48 h. Cell viability was assessed using a cell proliferation kit following the
manufacturer's protocol. The value of cell viability was normalized to that of the
group in which the HUVECs were only treated with the buffer (Medium 200,
5 mM MgCl2).
2.12. Measurement of thrombin sequestration via enzyme-linked immunosorbent
assay (ELISA)

Thrombin (322.5 ng) was incubated with nanoparticles (10 mg) in 150 mL of
binding buffer (20 mM Tris-acetate, 100 mM NaCl, 5 mM KCl, 0.1% v/v Tween 20, 0.02%
w/v NaN3, and 0.1%w/v BSA) for 0.5 h at 37 �C. The nanoparticles were centrifuged at
10,000 � g for 0.5 h to collect the supernatant. The thrombin concentration in the
supernatant was measured using human thrombin ELISA kit according to the in-
structions provided by the supplier.

2.13. Coagulation time analysis

The biological effect of the thrombin solution was examined by using the
coagulation time assay. The coagulation time was measured according to the pro-
tocol provided by the supplier. In brief, the coagulometer (QuikCoag 1004, Bio-
Medica, Nova Scotia, Canada) and the reagents were warmed up to 37 �C before the
measurement. The thrombin solution (4 unit/mL) was incubated with 10 mg nano-
particles in 100 mL of binding buffer for 0.5 h at 37 �C to prepare the coagulation-
triggering solution. Plasma of 50 mL was mixed with the equal volume of the
binding buffer in a cuvette. The cuvette was placed into the measuring channel of
the coagulometer and incubated at 37 �C for 60 s. The coagulation-triggering solu-
tion of 100 mL was added into the cuvette and the coagulation time was recorded by
the coagulometer.

3. Results and discussion

3.1. Synthesis of affinity DPs

The synthesis of the DPs involves three DNA sequences: DNA
initiator (DI), two DNA monomers (DMs). DI is a single-stranded
oligonucleotide and DMs have similar hairpin structures with 6-
nt (nucleotide) toeholds, 6-nt loops and 18-bp (base pair) stems
(Fig. 2A). The procedure of the reaction is shown in Fig. 2B. In the
presence of DI, two DMs are transformed from the intramolecular
hybridization state into the intermolecular hybridization state. DI
first hybridizes with DM1 with the aid of the 6-nt toehold region
and opens half of the stem of DM1. The loop and unhybridized re-
gions of the opened DM1 possess the same function as DI to further
hybridize with DM2, which in turn leads to the opening of the stem
of DM2 for the subsequent hybridization with DM1. This sequential
hybridization process is continued to form DPs. The gel electro-
phoresis image shows that DPs were successfully synthesized
(Fig. 2C). Meanwhile, it shows that the molecular weights of DPs
largely fell into the range from 600 bp to 1500 bp, indicating that
the molecular weight distribution of DPs was wide. This observa-
tion may stem from the inherent probability whether an opened
monomer maintains the reactivity to hybridize with a closed
monomer or becomes a less active end. While the initiator and
monomers were purified via high performance liquid chromatog-
raphy, their practical purity could not reach 100%. The impure oli-
gonucleotides with base mismatches have lower reactivity [29,30]
and therefore have negative effects on the growth of DPs. Studies
have also shown that DNA can form cyclic structures [31] that
would terminate the polymerization. The ability to overcome these
potential issues may lead to the formation of DPs with narrower
molecular weight distribution.

3.2. Examination of the ability of affinity DPs in Dox sequestration

Since the objective of this study was to demonstrate that affinity
DPs on nanoparticles can sequester molecules of interest, we first
used Dox as a small model drug and 50TCG and 50AGC as affinity
binding sites of Dox to examine whether DPs could sequester drugs
from solution (Fig. 2D). The 50TCG and 50AGC sequences were used
as the binding sites for rational design of the DMs and DPs (Table 1)
since they were previously shown to strongly interact with Dox
[32,33]. When Dox is intercalated into DNA stems, its fluorescence
can be effectively quenched [34]. The measurement of Dox fluo-
rescence of the solution can indicate the amount of free Dox that is
not absorbed by DPs.



Fig. 2. Synthesis of affinity DPs and examination of its ability in Dox sequestration. A) Predicted secondary structures of DI and DMs. 30 ends are indicated by grey arrow heads. B)
Schematic illustration of the step-wise DNA polymerization. 30 ends are indicated by arrow heads. C) Gel image showing the formation of DPs. The concentration of DI was 0.1 mM. The
concentrations of DM1 and DM2 were both 1 mM. The time of the polymerizationwas 12 h. The DNA ladder in 100-bp increments is shown in the last lane. The red box shows the DPs. D)
Schematic illustration of the Dox sequestration. The affinity sites of DP are highlighted in dotted green brackets. E) Relationship between Dox sequestration and the amount of affinity
DPs. The affinity DPs and Dox were incubated for 0.5 h at room temperature before the measurement of the fluorescence. The numbers represent the molar ratios of DP/Dox. Inserted
graph shows the fluorescence intensities at 591 nmwith different ratios of DP/Dox. F) Kinetics of Dox sequestration by DPs. The molar ratio of DP/Dox was 1:50. Inserted graph presents
zoomed-in profiles from 1 min to 30 min. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The relationship of Dox sequestration and the molar ratio of DP/
Dox was examined at a fixed Dox concentration. Fig. 2E shows that
the fluorescence intensity of the solution decreases with the in-
crease of the molar ratio. When the molar ratio of DP/Dox was 1:50,
the fluorescence intensity of the solution virtually decreased to
zero. It indicates that most Doxmolecules were sequestered by DPs.
This result demonstrates that each DP sequestered ~50 Dox mole-
cules on average. Given that themolar ratio of DI/DMswas 1:10 and
each monomer has 8 affinity sites (i.e., theoretically one DP has 80
affinity sites), the experimental result was in good agreement with
the theoretical calculation. After demonstrating the capability of
DPs in sequestering drugs, we examined how fast affinity DPs
sequestered Dox. Immediately after Dox was mixed with affinity
DPs, the fluorescence changes of the mixture was measured over
time. As shown in Fig. 2F, the fluorescence intensity of Dox
decreased from 492 to 7 within 1 min. It clearly demonstrates the
fast sequestration of Dox by DPs.

3.3. Synthesis of affinity DP-NPs and examination of its ability in
Dox sequestration

After the demonstration of free DPs in Dox sequestration, we
synthesized and immobilized DPs on streptavidin-coated magnetic
nanoparticles to produce DP-NPs. Magnetic NPs were used as a



Fig. 3. Synthesis of affinity DP-NPs and examination of its ability in Dox sequestration. A) Fluorescence images of nanoparticle suspensions including NP, DM1-NP and DP-NP. DM1

was labeled with Cy5 at the 50 end. The fluorescence intensity was examined using a CRI Maestro imaging system. B) Size characterization with DLS. The size of nanoparticles was
increased from 69.0 to 190.0 nm after the synthesis of DPs on the nanoparticle surface. C) Examination of unreacted DMs with gel electrophoresis. After DNA polymerization,
supernatants were collected via centrifugation and loaded into 1% agarose gel. The gel was pre-stained with SYBR-Safe prior to electrophoresis. The gel was imaged using the CRI
Maestro imaging system. The amounts of unreacted DMs were estimated by measuring the fluorescence intensity of the bands. The control was the supernatant collected from the
mixture of DMs and nanoparticles without biotinylated DI. D) Schematic illustration of Dox sequestration by DP-NPs in solution. Dox in solution is captured by affinity segments of
DPs on the nanoparticle surface. E) Kinetics of Dox sequestration by DP-NPs. F) Fluorescence images of the supernatants of the Dox solution after different treatments. The Dox
solutions without NP treatment (No NP), treated with unmodified nanoparticles, and nanoparticles displaying only DM1 (DM1-NP) were used as controls. The supernatants were
collected via centrifugation and imaged using a CRI Maestro system. G) Quantification of Dox sequestration by DP-NPs in comparison to the control nanoparticles (n ¼ 3). The Dox
concentration was 10 mM. The amount of Dox sequestration was calculated by subtracting the amount of Dox in supernatant from that in the initial solution.

N. Chen et al. / Biomaterials 35 (2014) 9709e9718 9713
nanoparticle model to synthesize the nanomaterial for two reasons.
First, magnetic NPs have been widely used in various biomedical
applications such as bioimaging, drug delivery and diagnosis
[14,35], which have shown the in vivo biocompatibility of magnetic
NPs [36]. Second, previous studies have demonstrated that external
magnetic force can be applied to manipulate the behavior of
magnetic NPs [22,37]. Thus, it is possible to integrate DP-NPs and
magnetic force for drug detoxification, which may provide more
flexibility during the drug detoxification procedure. Meanwhile, it
is important to note that there are a variety of conjugation methods
available to conjugate oligonucleotides to a supporting substrate.
Thus, while we used biotin and streptavidin to immobilize DI on
nanoparticles, any chemical conjugation methods can in principle
be applied to optimize the immobilization of DI onto nanoparticles
and therefore the synthesis of DPs on nanoparticles.

DM1 was labeled with Cy5 for the examination of DP synthesis
on nanoparticles. The images show that the fluorescence intensity
of DP-NPs was significantly stronger than those of two controls



Fig. 4. Examination of the ability of different nanoparticles in mitigating the biological effect of Dox. A) Quantification of Dox sequestration by DP-NPs at different concentrations of
Dox. B) Microscopic images that show Dox uptake by HUVECs. The merged images were formed by overlapping images in blue and red channels. The red color indicates the
fluorescence of Dox in the cells. C) The viability of HUVECs examined at 48 h after the different treatments. The viability of the cells treated with the buffer was defined as 100% and
used for normalization (n ¼ 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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including nanoparticles and nanoparticles with only DM1 (DM1-
NP) (Fig. 3A). The DP-NPs exhibited fluorescence intensity
approximately 50 times as strong as DM1-NPs. Based on the DI
density on the nanoparticle surface and the calculation, each
nanoparticle had approximately 86 DPs on its surface. DLS was also
used to examine the nanoparticles. The hydrodynamic diameters of
DP-NPs, DM1-NPs and NPs were 190.9, 71.7 and 69.0 nm, respec-
tively (Fig. 3B). To further understand the DNA polymerization, we
examined unreacted DMs after the polymerization using gel elec-
trophoresis. The gel image indicates that the incorporation effi-
ciency of the DMs was approximately 70% (Fig. 3C). Taken together,
these results demonstrate that DPs were successfully synthesized
on the nanoparticle surface. As we have already demonstrated the
ability of affinity DPs in Dox sequestration, the DP-NPs should also
have the ability to sequester Dox due to the presence of affinity DPs
on the nanoparticle surface (Fig. 3D). Therefore we first examined
the kinetics of Dox sequestration by DP-NPs. We found that
consistent with the result of Dox sequestration by DPs, Dox
sequestration by DP-NPs was rapidly accomplished within a few
minutes (Fig. 3E). We further examined the stability of DP-NPs and
the capability of DP-NPs in sequestering Dox in FBS. The result
shows that DP-NPs could maintain stability in serum at least up to
3 h and could rapidly sequester Dox from serum within several
minutes (Supplementary Fig. 1). For drug detoxification, the first
few hours are the most life-threatening time window for a patient.
Thus, our results indicate that DP-NPs have potential for drug
detoxification. For other applications that need long-term stability
of DP-NPs, it would be necessary to chemically modify DNA
monomers internally or at their ends to acquire high nuclease
resistance [38e40].

Next, we quantified the capability of DP-NPs in sequestering
Dox. Three controls were used in comparison, including the Dox
solution without NP treatment, the Dox solution treated with un-
modified nanoparticles, the Dox solution treated with nano-
particles displaying only DM1. The comparison between these
controls and DP-NPs is shown in Fig. 3F andG. The quantification of
the Dox amount in the supernatants shows that DP-NPs were able
to sequester more than 93% of Dox, whereas the control nano-
particles sequestered less than 5% of Dox. These results show that
DP-NPs were able to sequester Dox both quickly and effectively.

3.4. Examination of the ability of different nanoparticles in
mitigating the biological effect of Dox

After demonstrating the capability of DP-NPs in Dox seques-
tration, we examined their ability in mitigating the biological effect



Fig. 5. Synthesis of PAs. A) Schematic illustration of the syntheses of the DP scaffold and PA via hybrid chain reaction and intermolecular hybridization. B) Predicted secondary
structures of DM1 and TA. The green box indicates the aptamer domain of TA. The purple boxes indicate the hybridization domains of DM1 and TA. C) Gel image showing the
formation of DPs with short overhangs before the hybridization with TA. The gel was stained with SYBR-Safe before imaging. D) Gel images for the characterization of PA synthesis.
PAs are highlighted using the red box. TA was labeled with TAMRA at the 50 end. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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of two Dox solutions (10 and 20 mM) on cells. DP-NPs were able to
sequester ~93% and 86% of Dox from these two Dox solutions,
respectively (Fig. 4A). The biological effects of these two solutions
were investigated by two assays: Dox uptake and cell viability. Dox
uptake in the HUVECs was qualitatively examined by using a
fluorescence microscope. The HUVECs in the DM1-NP group and
the control group without the nanoparticle treatment (No NP)
exhibited strong Dox signals (Fig. 4B). In contrast, the cells in the
DP-NP group exhibited a much weaker Dox signal. Since the fluo-
rescence intensity indicates the amount of Dox uptake, the results
indicate that DP-NPs were able to reduce the uptake of Dox owing
to DP-NP-mediated Dox sequestration. In addition to cell imaging,
cell viability was studied to directly demonstrate the capability of
DP-NPs in mitigating the biological effect of the Dox solutions
(Fig. 4C). The cell viability was approximately 100% and 83% in the
DP-NP group at the Dox concentrations of 10 and 20 mM, respec-
tively. In contrast, the cell viability in the No NP and DM1-NP groups
was both decreased to approximately 60% and 40%, respectively.
Taken together, the results suggest that it is promising to use DP-
NPs to sequester a drug rapidly and mitigate its toxicity effectively.
3.5. Synthesis of PAs

In addition to demonstrating that Dox could be sequestered by
double-stranded affinity segments of the DP backbone, we further
synthesized an affinity DP with multiple nucleic acid aptamers to
form PAs on nanoparticles and studied the functionality of PA-NPs
in thrombin sequestration for two considerations. First, to make
the nanomaterial as a potential universal platform, it is important
to synthesize affinity DPs that can in principle be rationally
designed to bind any molecule of interest with high strength.
While certain double-stranded oligonucleotides can bind to target
molecules with high affinity, it is more technically feasible to
identify high-affinity single-stranded nucleic acid aptamers
in vitro from synthetic oligonucleotide libraries [41,42]. There is no
theoretical limit to the selection of single-stranded aptamers
against any targets ranging from small molecules to large bio-
molecules [43]. Second, recent advances in biotechnology have
enabled the large-scale production of various highly potent bi-
ologics such as growth factors, cytokines and vaccines [44,45].
While these biologics have demonstrated great potential for the



Fig. 6. Evaluation of PA-NPs in sequestering thrombin and mitigating its biological effect. A) Fluorescence images of nanoparticle suspensions. DP-NPs were hybridized with TA to
form PA-NPs. Nanoparticles without modifications, with only DM1 hybridized with TA and with control DPs are denoted as NP, MA-NP and DP-NP respectively. The dotted circles
outline the nanoparticle suspensions for clear legibility. B) Schematic illustration of thrombin sequestration by PA-NP. The image of thrombin was adopted from RCSB Portein Data
Bank. C) Measurement of thrombin sequestration from the thrombin solution (n ¼ 3). D) Measurement of coagulation time (n ¼ 3).
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treatment of various human diseases, their high potency may also
result in more severe toxicity than small molecule drugs [46,47].
However, in comparison to small molecule drugs, the develop-
ment of antidotes to mitigate the toxicity of these highly potent
biologics has received very little attention. Since aptamers can
bind biologics with high affinities and specificities comparable to
antibodies, they are promising affinity ligands for the develop-
ment of nanoscale antidotes for biologics. Thus, we synthesized
PA-NPs and further examined the functionality of PA-NPs in
thrombin sequestration.

The synthesis of PAs involves two steps. In the first step, a DP
scaffold was synthesized (Fig. 5A). Specifically, DM1 had a 25-
nucleotide overhang that protrudes from the DP backbone and
was used to hybridize with the aptamer. The structural prediction
shows that the 25-nucleotide overhang was single-stranded and
had no intramolecular hybridization with other regions of the
monomer (Fig. 5B), indicating that the overhang would not inter-
fere with the synthesis of DPs but had the capability to hybridize
with the anti-thrombin aptamer (TA). The gel image shows that DPs
could be synthesized with the monomer with the overhang
(Fig. 5C), which is consistent with the structural prediction. In the
second step, DPs were hybridized with the aptamers (Fig. 5A). The
gel images show that the TAMRA-labeled TA hybridized with DPs to
form PAs, as indicated by the overlap of green and red colors
(Fig. 5D). Based on the measurement of the fluorescence intensity
of free TA, each PA had approximately 7 TA.
3.6. Evaluation of PA-NPs in sequestering thrombin and mitigating
its biological effect

To illustrate whether PAs could be synthesized on nanoparticles,
the nanoparticles were examined with fluorescence imaging. The
images show that the fluorescence intensity of PA-NPs was signif-
icantly stronger than those of three control nanoparticles (Fig. 6A).
Specifically, the fluorescence intensity of PA-NPs was ~26-fold
stronger than that of nanoparticles with only DM1 and TA (MA-NP).
Clearly, our results show that PA-NPs were successfully synthesized
with the DP, the aptamer and the nanoparticle.

Because of the presence of the PAs on nanoparticles, the PA-NPs
were expected to have the capability of sequestering thrombin
(Fig. 6B). The results show that PA-NPs sequestered 70% of
thrombin from the solution (Fig. 6C). In contrast, NPs and MA-NPs
sequestered 3% and 17%, respectively. These results demonstrate
that the PA-NPs possessed the capability of sequestering the ma-
jority of thrombin from the solution. Meanwhile, it is needed to
note that the molar ratio of aptamers to thrombin was approxi-
mately 8:1. The anti-thrombin aptamer is the most commonly used
model aptamer and has a dissociation constant (Kd) of ~102.6 nM

[48,49]. In the situation of equilibrium, virtually all thrombin
molecules would be sequestered by the PA-NPs based on this Kd
value. The difference between the experimental result and the
theoretical analysis may be due to the molecular dissociation dur-
ing the high speed centrifugation that generates high shear stress



N. Chen et al. / Biomaterials 35 (2014) 9709e9718 9717
during the precipitation of nanomaterials, because previous studies
have indicated that high shear stress can induce biomolecular
dissociation [50,51]. Such a problem may be solved by using high-
affinity aptamers. Most aptamers identified against protein targets
have Kd values smaller than 10 nM. For instance, the anti-fibroblast
growth factor 2 aptamer has a Kd of 0.35 nM [52]. Future work needs
to be pursued to examine the effects of binding affinities on mo-
lecular sequestration or to design hybrid aptamers for simu-
latenous binding of two different regions of the same target. We
further performed a coagulation time assay to test the function of
PA-NPs. If more thrombin molecules are sequestered from solution,
fewer free thrombin molecules will be present in the solution to
catalyze coagulation. As a result, the coagulation time will be pro-
longed. Thus, this assay can be used to examine whether PA-NPs
can effectively and stably sequester thrombin. The thrombin solu-
tion without nanoparticles, the mixture of thrombin and nano-
particles, and the mixture of thrombin and MA-NPs were used as
controls. As shown in Fig. 6D, PA-NPs prolonged the coagulation
time from 24 to 103 s whereas the use of the control nanoparticles
provided the coagulation time less than 35 s. Thus, the results show
that the PA-NPs can sequester target biologics and mitigate their
biological effects.

4. Conclusions

In conclusion, a nanomaterial functionally similar to jellyfish
tentacles in sequestering target molecules from surroundings has
been successfully synthesized with affinity DNA polymers and
nanoparticles. This nanomaterial can effectively sequester both
small molecule drugs and large molecule biologics. As a result, the
biological effects of the sequestered drugs can be significantly
mitigated. Thus, this nanomaterial holds potential as a universal
nanoscale antidote for drug removal and detoxification. While this
nanomaterial was evaluated by using drug removal and detoxifi-
cation as a model, the synthesis of periodically oriented affinity
polymers on a nanoparticle with the capability of sequestering
target molecules may find broad applications in the fields of sep-
aration, sensing, imaging and drug delivery.
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