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Here, we use two important biomaterials, protein and DNA, to construct self-assembled linear
nanostructures through Watson-Crick base-paring of DNAs. We apply a simple magnetic separation
method to purify traptavidin-DNA conjugates, and demonstrate synthesis of linear arrays of traptavidin-
DNA conjugates via the step-growth polymerization approach with pre-determined DNA sequences.
Using the traptavidin-DNA array as a template, we assemble gold nanoparticles to form linear plasmonic
nanostructures in a programmable manner. The traptavidin-DNA conjugates thus provide a convenient
platform for one-dimensional assembly of biotinylated nanomaterials for many biomedical applications
from drug delivery to bio-sensing.
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Protein, one of the most important biopolymers in nature, plays
many important roles in life for its unique structure-specific
function in a certain environment. In a living system, proteins form
supra-molecular structures through secondary bonds to transport
biomaterials across cellular membranes, construct networks of
cytoskeleton, and regulate enzymatic reactions [1-3]. Supra-
molecular assembly of proteins thus has been extensively studied
by many researchers worldwide to construct highly ordered
protein nanostructures, using peptide tags, metal ion interactions,
and other chemical bonds [4-8], for various biomedical applica-
tions such as biosensing [9,10], and drug delivery [11,12]. However,
such secondary binding strategies involve sophisticated interac-
tions and often cause a high degree of disorder in the final
assembly of protein nanostructures. Hence, a number of research
groups have introduced DNAs as binding motifs to facilitate one,
two, and three-dimensional protein nanostructures by precisely
controlling supra-molecular bonds through Watson-Crick base-
paring of DNAs [13-19].

We combine avidin-biotin conjugate system and sequence
specific base-pairing of DNA to form polymerized arrays of
traptavidins (TAv’s). TAv has exactly four biotin binding sites
and easily bind to biotinylated moieties through avidin-biotin
coupling, one of the strongest secondary bonds in nature [20].
Furthermore, TAv has excellent thermal and mechanical stabilities,
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and stronger binding affinity to biotinylated molecules than that of
streptavidin (SAv). Here we develop a simple method to construct
pre-programmed linear nanostructures by biochemically combin-
ing TAv’'s and DNAs through step-growth polymerization approach
[21]. Using this molecular assembly method, we have constructed
extended nanostructures with linear chains of hybrid biopolymers
and also shown linear arrays of gold nanoparticles through site-
specific avidin-biotin interactions [22,23].

Fig. 1a is the scheme for TAv-DNA monomer synthesis. We
designed 48 base pair (bp) DNA strands modified with double
biotin at internal thymine of the 20th base location to tether TAv
with two nearby biotin binding sites out of 4 binding sites of TAv. To
synthesize TAv-DNA monomers, we reacted excess TAv and
double-biotinylated DNAs in PBS buffer at a molar ratio of 10:1.
In order to purify only TAv-DNA conjugates from mixtures, a
magnetic separation method was conducted. We used commer-
cially available magnetic beads (MBs) with in-house surface
functionalization for the purification process. The capture DNAs
are complementary to the target DNAs and bound to the surface of
the MBs via highly stable covalent bonds based on malei-
mide — thiol chemistry [24]. Then, the mixture was attached to
the surface of 15 bp A complementary-DNA modified magnetic
beads (A'-MBs) that enable us to capture TAv-DNA monomers in
a sequence-specific manner, and TAv without the double-
biotinylated DNA strands were washed out. The melting tempera-
ture (T,) of DNA is determined by G—C contents, DNA
concentration, and salt environment [25]. In our case, samples
are captured by 15 bps DNA probes which of melting point is about
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Fig. 1. (a) Schemes for synthesizing traptavidin-DNA monomers with magnetic
separation: (1) mixing TAv with bis-biotinylated DNA at molar ration of 10:1, (2)
separating the TAv tethered A-DNA using A’-MBs, (3) removing unreacted TAvs, (4)
releasing TAv-DNA complexes from A’-MBs. (b) 12% PAGE analysis for TAv-DNA
complexes. Lane 1 to lane 6: 20:1,10:1, 5:1, 2.5:1,1:1 and 1:2 (molar ratio of TAv and
DNA). Lane 7 and Lane 8 are TAv-DNA conjugates after magnetic separation after
mixing TAv with DNA at molar ratio of 20:1.

55°C in PBS buffer. TAv-DNA monomers were dehybridized from
the surface of A'-MB by thermal release at 60 °C for 5 min. After
magnetic separation, about 91% of the separation yield was
obtained in the measurement of solution absorbance at 260 nm of
DNA (Fig. S1 in Supporting information). This is because TAv is
strongly bound to biotin at the releasing temperature. TAv-DNA
monomers could be easily obtained because the binding affinity
between TAv and biotinylated DNA was stable up to 70 °C [20,26].

Fig. 1b shows the results of 12% polyacrylamide gel electro-
phoresis (PAGE) analysis to determine the relative molecular
weights of TAv-DNA conjugates according to the molar ratio of
TAv and double-biotinylated DNA. Lane 1 to lane 6 are the results
of reactions in which the amounts of TAv’s are successively
decreased relative to the amount of double-biotinylated DNAs.
The results show that the amount of conjugates with two double-
biotinylated DNAs increases as the amount of TAv decreases. In
lane 5, where the molar ratio of TAv and double-biotinylated DNA
is 1:1, the dominant band shows lower mobility because the
conjugates with two DNAs have higher molecular weight than the
conjugates with single DNAs. Based on these experimental
conditions, TAv-single DNA are synthesized by reacting Trapta-
vidin and DNA at a molar ratio of 10:1 in order to obtain a
conjugate having only one double-biotinylated DNA in TAv
multivalent core. Lane 7 and lane 8 are monomer A and monomer
B, respectively, purified by magnetic separation method as shown
in Fig. 1a. From the result of band positions in electrophoresis, we
confirm that only the conjugates with one double-biotinylated
DNA are selectively obtained.

To proceed with DNA-mediated TAv polymerization, we
designed two distinct monomer sets that can be assembled to
polymers through the sequence complementarity at both ends of
each DNA strands. The 48 bp monomer I consists of 24 bp A-DNA
sequence complementary to the 24 bp A’-DNA sequence of 48 bp
monomer II. Also, the monomer I consists of 24 bp B-DNA sequence
which is complementary to the 24 bp B’-DNA sequence of
monomer II. Fig. 2a is a scheme for DNA-directed step-growth
method using the monomers I and II. The monomers were mixed at
the molar ratio of 1:1 in 0.5 mol/L NaCl PBS buffer. The mixture was
reacted at 60 °C for 10 min and cooled down to RT for 12 h. Fig. 2b
shows the results of 1% agarose electrophoresis. Lane 1 and Lane 2
are units of monomers I and II, respectively. Lane 3 is TAv-DNA
linear nanostructure polymerized by the step-growth method.
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Fig. 2. (a) Scheme for polymerizing TAv-DNA linear nanostructure via pre-designed
DNA hybridization. (b) Result of 2% agarose gel electrophoresis. Lanes 1 and 2 are
Traptavidin-DNA monomers | and Il. Lane 3 is TAv-DNA linear chain after
hybridizing monomers I and II.

Since the molecular weight is larger than that of monomers, TAv-
DNA linear nanostructure showed that the position of the band is
above the monomers.

We synthesized clustered nanostructures based on TAv-DNA
linear nanostructure and biotinylated DNA modified gold nano-
particles (AuNPs). DNA functionalization to the surface of 8 nm
AuNPs was conducted by salt-aging method [27]. We designed the
DNA strands with thiol modification at the 5 end of DNA to
functionalize the surface of AuNPs, and biotin modification at the
3’ end of DNA to couple to the biotin binding site of TAv on the
linear nanostructure. As a result of UV-vis absorption spectrosco-
py, the maximum peak of citrate-stabilized 8 nm AuNPs was
518.65 nm and 523.52 nm for DNA modified AuNPs [28] (Fig. S2 in
Supporting information). The length of 48 bp dsDNA template is
about 16.32 nm and the spacing between the two TAV’s is about
8.16 nm. Then, the biotinylated AuNPs were assembled to form
clustered AuNPs by conjugating biotinylated DNAs on the surface
of AuNPs and biotin binding sites of TAv on the linear nano-
structures, as shown in Fig. 3a. Fig. 3b is a TEM image of AuNPs
without the TAv-DNA linear nanostructures. Fig. 3c is the TEM
image of clustered AuNPs assembled with biotinylated DNAs on
AuNPs and TAv’s on the linear nanostructures. Also, SEM images
were also obtained (Fig. S5a in Supporting information).

Using the TAv-DNA linear nanostructures as templates, we
construct one-dimensional arrays of plasmonic AuNPs with
passivation DNAs to prevent gold clustering. The maximum
number of thiolated DNAs bound to the surface of 15 nm AuNPs
is about 240 under a salt-aging condition of about 0.5 mol/L NaCl
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Fig. 3. (a) Schemes for clustered plasmonic Au nanostructures. Biotinylated DNA
modified 8 nm AuNPs were assembled with TAv-DNA linear nanostructures. (b)
TEM images of biotinylated DNA modified 8 nm AuNPs unreacted with TAv linear
nanostructures a non-optimized assembly reaction. (c) TEM images of clustered
AuNPs after mixing biotinylated DNA modified AuNPs with TAv linear nanos-
tructures, scale bar =100 nm.
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[29]. In order to prevent clustering of nanostructures, we limited
the number of biotinylated X-DNA on the surface of 8 nm AuNPs by
surface passivation with non-biotinylated DNAs [30]. Although
there is no guarantee that only one biotinylated DNA is attached to
the surface of 8 nm AuNPs, it is highly probable that “mono-
biotinylated” AuNPs dominates the population, because the
relatively small surface areas of 8 nm AuNPs are passivated with
a mixture of non-biotinylated DNAs and biotinylated DNAs at a
high molar ratio of 399:1.

The magnetic separation method using X'-MBs was applied to
remove AulNPs that are covered with passivation DNA only. After
unpurified AuNPs and X'-MBs were mixed in a PBS buffer solution
for 3 h, the AuNPs without biotinylated X-DNAs were washed out
from X'-MBs. Subsequently, only AuNPs with biotinylated X-DNA
were selectively collected and thermally released at 60°C for
5min, as shown in Fig. 4a. To determine the number of DNAs
bound to AuNP, DNAs bound to AuNPs was reduced by
Dithiothreitol (DTT) solution and quantified by the fluorescence
intensities of DNA bound to AuNPs. We used Cy3 labeled DNAs
instead of biotin to determine how many numbers of biotins
attached to the surface of AuNP depending on the ratio of
passivation DNAs and biotnylated DNAs. An average number of
Cy3 labeled DNA was ~61.80, and the number of cy3 of AuNPs
mixed with 399:1 ratio of passivation DNA and cy3-labeled DNA
was about 1.39 per AuNP (Fig. S4 in Supporting information). After
the mono-biotinylated AuNP was purified, TAv’s on the linear
nanstructures and mono-biotinylated AuNPs were assembled at a
molar ratio of 1:1, as shown in Fig. 4b. Fig. 4c is the TEM image of
linear plasmonic AuNP nanostructues with inter-particle spacing
of about 9.9 nm. In the same manner, we synthesized TAv linear
nanostructures with TAv-conjugated monomer I and TAv-uncon-
jugated monomer II, as shown in Fig. 4d. Also, SEM images were
also obtained (Fig. S5b in Supporting information). TEM images in
Fig. 4e showed that the AuNPs were separated at about 16.7 nm
that is consistent with the design scheme in Fig. 4d. As a result, it
was confirmed that the AuNPs were well conjugated along the
linear DNA chain through uranyl acetate stained TEM image (Fig.
S5). The distribution of center-to-center distance of AuNP arrays
was displayed with representative histograms in Fig. 4f. Gaussian
fit was used to quantify the standard deviation of center-to-center
distance, resulting that the standard deviation of TAv DNA linear
nanostructures assembled with TAv-conjugated monomer I and
TAv-conjugated monomer II is 0.89 and of TAv DNA linear
nanostructures assembled with TAv-conjugated monomer I and
TAv-unconjugated monomer II is 2.85. The statistical analysis
matches well with the design of the nano-templates based on TAv-
DNA conjugates with predetermined inter-TAv separations.

In conclusion, we have introduced step-growth polymerization
to construct a linear array of supramolecular building blocks made
of traptavidins and DNAs through simple magnetic separation
technique. Two different sets of traptavidin-DNA conjugates are
connected in turn to make one-dimensional assembly of the
protein-DNA complex polymers. Spacings of the constituent
proteins are predetermined by designing the base sequence of
the DNAs in the building blocks. The linear array of the protein-
DNA complex polymers are used as one-dimensional templates to
precisely locate gold nanoparticles at the TAv sites with excess
valences, resulting in plasmonic nanostructures with predeter-
mined inter-particle spacings. Such plasmonic nanostructures are
expected to increase optical signals for fluorescence-based
biosensing and bioimaging applications [31-34]. Furthermore,
the linear nano-templates of TAv-DNA conjugates could be readily
extended to various nanomaterials, both organic and inorganic
ones, through precisely controlled, periodically expressed binding
sites, for a wide range of biomedical applications from molecular
diagnostics to smart drug delivery [35-38].
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Fig. 4. (a) Schemes for synthesizing mono-biotinylated DNAs onto AuNPs: (1)
mixing passivation DNA and biotinylated DNA (molar ration of 399:1) with AuNPs
using salting aging method; (2) separating mono-biotinylated X-DNA modified
AuNPs through X'-MB; (3) releasing the AuNPs from the surface of X'-MBs. (b)
Mono-biotinylated AuNPs were assembled with conjugated with TAv DNA linear
nanostructures assembled with TAv-conjugated monomer I and TAv-conjugated
monomer II. (c¢) TEM images of AuNP arrays separated at ~9.9 nm gap distance, scale
bar = 20 nm. (d) Mono-biotinylated AuNPs were conjugated with TAv DNA linear
nanostructures assembled with TAv-conjugated monomer I and TAv-unconjugated
monomer II. (e) TEM images of AuNP arrays separated at ~16.7 nm gap distance,
scale bar = 20 nm. (f) Analysis of the center-to-center distances of AuNP arrays from
TEM images. Blue histogram for center-to-center distances of AuNP arrays
conjugated to TAv DNA linear nanostructures assembled with TAv-conjugated
monomer [ and TAv-conjugated monomer II. Green histogram of center-to-center
distances of AuNP arrays conjugated to TAv DNA linear nanostructures assembled
with TAv-conjugated monomer I and TAv-unconjugated monomer II. The line curve
is a Gaussian fit to the histogram.
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