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Complex DNA nanostructures have been developed as structural components for the construction of
nanoscale objects. Recent advances have enabled self-assembly of organized DNA nanolattices and
their use in patterning functional bio-macromolecules and other nanomaterials. Adapter molecules that
bind specifically to both DNA lattices and nanomaterials would be useful components in a molecular
construction kit for patterned nanodevices. Herein we describe the selection from phage display
libraries of single-chain antibodies (scFv) for binding to a specific DNA aptamer and their development
as adapter molecules for nanoscale construction. We demonstrate the decoration of various DNA tile
structures with aptamers and show binding of the selected single-chain antibody as well as the
self-assembly of mixed DNA–protein biomolecular lattices.

Introduction

Nanoscale patterning of molecular machinery is a common theme
in nature, seen in a diversity of examples from the arrangement
of oxidative phosphorylation enzymes on the inner mitochondrial
membrane to the molecular motors that comprise skeletal muscles.
In these cases, precise positioning of individual molecules within
an assemblage relates to the function of the overall complex.
The functional molecular complexes observed in nature are self-
assembled by bottom-up construction via molecular recognition
interactions.

Self-assembly is a fundamental phenomenon that generates
structural organization on all length scales. It is also regarded
as one of the key approaches for building artificial nanostructures
and organizing nanodevices. Yet compared to the traditional top-
down lithographic methods, our current control and understand-
ing of self-assembly is quite limited. There is currently a great
need to develop modular systems for bottom-up self-assembly
using molecular building blocks.

Recent years have witnessed a substantial increase in the
use of DNA as a smart material to construct nano-patterned
structures.1–7 The diversity of materials that can be chemically
attached to DNA and the possibility of providing precise spatial
positioning considerably enhances the attractiveness of DNA
for nanoscale self-assembly. The emerging field of DNA nan-
otechnology has begun to explore DNA-programmed processes
for the assembly of organic compounds, biomolecules and in-
organic materials.8–16 Previously in our lab, we demonstrated
DNA-templated organization of protein molecules via biotin–
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streptavidin affinity17,18 and by binding of the coagulation protein
thrombin to DNA aptamers on DNA tile arrays.19 Yet for both of
these approaches, only single protein targets can be displayed. In
order to achieve site-specific display of any protein of interest, we
propose to use universal modular adapter molecules that can bind
down to the DNA lattices and up to the nanomaterials we wish to
pattern. Here, recombinant single chain antibodies are developed
for use as adaptor molecules.

Single-chain antibodies or single-chain variable fragments
(scFv) are fusions of variable regions from one heavy chain and
one light chain of an immunoglobulin protein molecule.20 Despite
the removal of the constant regions and the introduction of a linker
peptide, this chimeric molecule still retains the specificity of the
original immunoglobulin. Due to their relatively small size and full
functionality, they have been extensively studied and utilized for
molecular detection assays, imaging and therapeutic purposes.21

A variety of scFvs have been identified as binders for different
targets through phage-based selection (reviewed in ref. 21).

In phage display, peptides or protein domains are cloned as
fusions to the coat proteins of M13 phage. M13 is a filamentous
bacteriophage composed of single stranded DNA encapsulated in
a shell of approximately 2700 copies of the major coat protein
pVIII, and capped with about 5 copies of each minor coat protein
(pIII, pVI, pVII, and pIX) on the ends (Fig. 1B).22 The genes
encoding the scFv can be cloned into the phage genome and
expressed as fusions to the pIII proteins on the phage coat.23

Specific scFv clones and their associated phage can be selected
from a large pool of variants by affinity purification using an ap-
propriate binding and collection strategy. While weakly interacting
phage are removed by washing, strongly bound phage are retained
and can be subsequently amplified by passage through a bacterial
host.24,25 Sequential rounds of selection and amplification lead to
the enrichment of clones with the highest affinity for the target
ligand. Because large numbers of protein variants can be tested
simultaneously during phage display selection, it has been used
to study a variety of protein–protein and protein–nucleic acid
interactions involving complicated networks of intermolecular
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Fig. 1 Schematic depictions of an aptamer and an scFv phage. (A) Target
DNA aptamer sequence and secondary structure showing the site of biotin
functionalization for oligonucleotides used in selections. (B) Phage coat
proteins and the site of single-chain antibody (scFv) attachment for the
scFv phage display system.

contacts, such as DNA binding by TFIIIA-type zinc fingers26 and
by HIV-1 Tat protein.27

Here we extend this approach showing that combinatorial
phage-displayed scFv libraries can be used to derive scFvs that
can bind to a synthetic DNA sequence created solely for the
purpose of protein docking. We further report the first assembly
of scFv particles on three different structural templates which
are constructed from self-assembled DNA tiles. We show that the
periodicity and inter-particle spacing of the displayed scFv can be
precisely controlled through variation of the DNA tile dimensions.
We also discuss the future use of scFv antibodies and bifunctional
diabodies as components for nano-construction kits.

Results and discussion

Phage-based scFv selection against a DNA aptamer target

Our laboratory has previously constructed and validated a number
of M13 phage displayed scFv libraries (manuscripts in prepa-
ration). These libraries are typically generated by combinatorial
reassortment of heavy and light chain variable domains derived
by reverse transcription PCR of mRNA isolated from antibody
producing cells from immunized animals.28,29 Thus, the resulting
libraries comprise a small fraction of recombinant clones that
are reactive against the immunogen(s) that were used to elicit
an immune response (the “specific” component) and a much
larger fraction of clones that do not recognize the eliciting
immunogen(s) (collectively comprising the “naı̈ve” component of
the library). The naı̈ve component represents a population of novel
antibodies that, if sufficiently large, will by chance contain clones
that bind almost any molecule. This property of naı̈ve antibody
phage display libraries is particularly useful in the derivation of
antibodies against molecules that are poor immunogens, such as
nucleic acids.

Development of a nano-toolbox is supported by the derivation
of a number of scFv–aptamer pairs that can be used to decorate
proteins at precise positions on a DNA nano-array. In principle,
development can proceed in two ways: first, existing antibody
clones can be used as targets for screening nucleic acid aptamer
libraries. Such an approach has been used previously to isolate

RNA aptamers that recognize specific polyclonal and monoclonal
antibodies directed against peptidic epitopes.30–38 Alternatively, a
given nucleic acid stem loop structure may be used as a target
for screening scFv libraries. In contrast to RNA aptamers, which
are easily prepared on a library scale as single stranded molecules
by T7 RNA polymerase transcription, DNA aptamers require
additional strand-separation steps to generate single stranded
molecules. Therefore, we chose the alternative strategy of using
an engineered DNA stem loop “aptamer” as a target for screening
our scFv phage display libraries.

The experiments described herein utilized a DNA hairpin struc-
ture with 22 nucleotides (GGATCCTGGTGGAGCAGGATCC),
which is predicted to form a stem with 8 base-pairs and a loop
region containing 6 nucleotides (Fig. 1A). For phage selection, the
DNA was biotinylated at the 5′ end, immobilized on streptavidin
magnetic beads and then incubated with several scFv libraries
in which each recombinant antibody fragment is displayed as
a capsid protein fusion on the surface of a rescued phage
particle. Phage particles displaying scFvs specific for the target
DNA remain attached to the DNA–streptavidin beads and can
be recovered from the solution by magnetic separation. Bound
phage were recovered by direct infection of Escherichia coli cells,
then amplified in the presence of selective media and rescued
by superinfection with helper phage M13K07 (New England
Biolabs). Rescued phage populations were used as input in the
next round of selection. A total of four rounds of selection were
carried out. Rescued phage particles obtained after each round
of panning were then tested in a polyclonal phage enzyme-linked
immunosorbent assay (ELISA) to determine whether enrichment
for binders had taken place with each successive selection step.
As Fig. 2A left panel shows, significant enrichment for aptamer-
binding clones occurred by round 3 of screening. These data also
show no appreciable enrichment for clones that bind the milk
proteins used in the blocking solution, indicating that the selection
was specific for the aptamer molecule.

Rescued phage particles obtained after selection rounds 3 and
4 showed an increase in ELISA signals with serial dilution of
the phage particles, further indicating that this was a dose-
dependent, target-specific reaction (data not shown). No reactivity
with unrelated antigens was discernible, indicating that improved
binding to the target with each round of panning was due to
specific enrichment and not caused by an increase in “stickiness”
or phage titer.

Individual phage clones from these two pools were further
characterized (Fig. 2B right panel). Using an ELISA absorbance
of greater than 3 times the control signal as the criterion for
binding, four clones were found to be DNA target-specific from
eighty clones picked at random after selection round 3. After round
4, 26 out of 40 selected clones were DNA target specific. DNA
fingerprinting demonstrated that four different scFv sequences
were represented in the four positive round 3 clones, and 2 different
scFv sequences were represented in the 26 positive round 4 clones
(data not shown). The decrease in clonal diversity is commonly
seen during increasing cycles of selection and likely reflects the
enrichment of the most “successful” clones. However, success in
phage enrichment does not necessarily reflect binding affinity;
therefore, the increased diversity of clones in round 3 provides
a richer source of clones with potential for useful properties of
aptamer binding.
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Fig. 2 Iterative selection for antibody/phage clones against target DNA aptamer. (Left) ELISA results for phage pools from each of four rounds of
selection (R1–R4) and starting pool (R0) for binding to target DNA. Bound phage were detected with an anti-M13 phage antibody conjugated to
HRP. MPBS data correspond to negative control binding to milk–PBS blanks and control data were obtained by using unmodified M13 phage. (Right)
Results of individual clone-specific binding to target DNA aptamer. Only clones with positive results are shown (out of a total of 80 clones from round 3
and 40 clones from round 4 tested). Clone F4 from round 3 was chosen for production, purification, and further testing.

Several positive single clones from selection rounds 3 and 4
were analyzed via ELISA with serial dilution, confirming that
binding was specific and occurred in a dose-dependent fashion
(data not shown). In addition, scFv clone F4 was expressed and
purified using the RPAS purification module (GE-Amersham).
The binding between purified scFv F4 and the DNA target was
validated by ELISA (data not shown), confirming that the purified
recombinant antibody retained specificity for the DNA target.

DNA nanostructure self-assembly

Significant prior work has been published regarding self-
assembled DNA nanostructures.7,39,40 In brief, the process begins
with the chemical synthesis of engineered single stranded DNA
oligonucleotides that, due to specific base-pairing, can further
assemble into branched elements, known as tiles. These DNA
tiles can carry sticky ends that can preferentially match the sticky
ends of other tiles to promote assembly of higher-ordered lattice
structures.

In order to demonstrate the binding between the DNA aptamer
target and the selected scFvs, triple crossover (TX) tiles and 2 ×
2 cross-tile arrays containing the appended DNA aptamer were
prepared. Fig. 3 illustrates the design of the TX tiles and 2 × 2
cross-tile arrays and the modification by the target DNA sequence.
The TX tile shown is similar to previously published versions.4,17 It
consists of seven oligonucleotides hybridized to form three double-
helices lying in a plane and linked by strand exchange at four
immobile crossover points. To template the assembly of selected
scFv molecules, the hairpin loops were modified to incorporate
the specific DNA target sequence. Fig. 3A left panel is a TX tile
containing one target stem loop protruding out of the upper helix
while shown in the right panel is a TX tile with two stem loops
protruding. A linear array of the TX molecules can be obtained by
designing three pairs of sticky ends where their complementarity
is represented by matching color and geometric shape (Fig. 3B).
Once the array forms, the space between neighboring stem loops
remains constant at about 17 nm.

Fig. 3 Schematic drawings of scFv antibodies binding to aptamers
displayed on different DNA nanostructures. (A) TX tile strand trace
diagrams with aptamer on one side (left) or both sides (right) and example
three tile linear assemblies where aptamers are represented as black dots
and scFv protein molecules are shown as yellow circles. (B) Cross-tile
strand trace drawings and schematics of two-tile-by-two-tile (2 × 2) arrays
with aptamers and antibodies as above.

The 2 × 2 array is a small 2-D lattice containing four cross-tile
structures. Each cross tile contains nine strands forming four four-
arm DNA branched-junctions pointing in four directions (north,
south, east, and west in the tile plane). The target DNA aptamer
sequence was incorporated into one of the arm strands of the
A tiles and was displayed as a protruding stem loop (shown as
blue dots in Fig. 3B). The binding of scFv molecules to these
different templates is represented by the presence of yellow circles.
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As confirmed by AFM, the stem loop incorporation has no effect
on the formation of DNA nanostructures or on the stability of the
formed structures (data not shown).

DNA templated scFv display

All the DNA nanostructures were constructed at a concentration
of 1 lM and the concentration of purified scFv F4 was estimated to
be ∼300 lg ml−1, which corresponds to about 10 lM. 1 ll of DNA
sample was incubated together with 1 ll scFv sample in TAE/Mg2+

binding buffer. After >6 hours incubation, the sample was checked
by AFM. Fig. 4A shows an AFM image of a sample containing
only purified scFv, which was randomly distributed on the surface.
Fig. 4B shows an AFM image of the bare TX linear DNA array.
The length of each hairpin loop is about 2.7 nm (8 base pairs) and is
not resolved due to the well-known limitation of lateral resolution
by AFM. However, the binding of a 6 nm scFv to each hairpin
loop dramatically enhances its visibility by AFM. Fig. 4C shows an
AFM image of the TX templated single-layer streptavidin linear
arrays, where only one side in each TX tile was modified with
target DNA. The scFv molecules appeared periodically on one
side of the array. The measured distance between each adjacent
scFv molecule is around 17 nm, matching the designed distance
between adjacent repeating hairpin loops along the linear TX
arrays. Double layer scFv linear arrays were also obtained by
substituting only one strand in the first template to incorporate
DNA hairpin loops on both sides of the linear array (Fig. 3A). The
AFM image in Fig. 4D shows the formation of the double-layer
protein linear array.

Fig. 4 AFM images of the scFv antibodies binding to aptamers on
TX tile linear assemblies. (A) scFv protein alone (0.5 lM) with dimer
and tetramer species visible. (B) Bare TX DNA tile linear assemblies
(1 lM) with one-side aptamer modification. (C) Single layer scFv (white
spots) templated on TX tile arrays with one-side aptamer display.
(D) Double layer scFv templated on TX linear arrays with two-side
aptamer modification.

Interestingly, by varying the concentration of scFv used, several
other binding patterns can also be detected. When DNA is in
excess, cross-linked DNA linear arrays with the scFv molecules
sandwiched inside can be seen (Fig. 5A, B). For double-side modi-
fied TX tiles, formation of multiple parallel arrays is apparent, via
the connection provided by scFv (Fig. 5C, D). A likely explanation
for these higher-order structures is that a significant proportion of
the scFv exist as dimeric or even tetrameric scFv molecules that can
bind two or more DNA aptamer targets on the TX tile surfaces.
Careful AFM examination confirms that the majority of purified
F4 scFvs exist as dimers and tetramers (Fig. 4A). However, due
to steric effects, usually no more than two DNA stem loops can
bind to each multimerized scFv. Based on the same principles, a
variety of binding pattern between the 2 × 2 arrays and the scFv
can be detected, as illustrated in Fig. 6.

Fig. 5 AFM images demonstrating the assembly of mixed component
biomolecular nanolattices with integral protein and DNA structural
members. (A & B) Ladder-like structures formed from TX DNA tile legs
and scFv protein dimer rungs. (C & D) Larger scale DNA–protein lattices
showing some multiple parallel organization.

Overall, we demonstrate for the first time the derivation and
use of aptamer-specific scFvs binding to periodic aptamer sites
placed within self-assembled DNA nanostructures as a robust
platform for grafting user-defined proteins at precise locations
within nanoscale molecular assemblages. The system employs
three components: 1) a rationally designed DNA nanostructure
that can self-assemble into highly ordered spatial lattices by virtue
of specific annealing of complementary sticky ends; 2) a DNA-
docking site containing an aptamer sequence which tethers the
protein of interest to the DNA lattice; and 3) an scFv that
binds specifically to the DNA aptamer. In theory, the phage-
based selection technique should enable the discovery of many
more aptamer–scFv pairs, which will facilitate multiple scFv
display. A further enhancement of the platform will involve protein
engineering, perhaps as scFv fusions or affinity pairs, to enable
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Fig. 6 AFM images of 2 × 2 arrays and scFv antibody binding. (A) Bare 2 × 2 arrays of DNA cross tiles. (B) Single-chain antibodies (white spots)
shown bound to DNA cross-tiles and in dimeric and (C) tetrameric forms shown acting as cross-linkers between different 2 × 2 arrays.

grafting of essentially any effector protein at precise locations
within a nanoscale molecular array.

Conclusions

A synthetic DNA stem loop was used as a target to screen antibody
phage display libraries, from which a series of recombinant
antibody scFvs were derived that showed affinity and specificity
for the DNA target. One of these scFv clones was selected
for expression and purification and was ultimately validated for
binding to the DNA target in the context of multiple DNA
nanostructures. Although antibodies are not generally thought
of as nucleic acid binding proteins, there are several examples in
the literature in which nucleic acid aptamers have been selected
for binding to a given antibody.30–38 Previous aptamer-specific
antibodies were originally raised against protein epitopes, and
the resulting selected aptamers were able to compete with the
original protein epitopes for binding to the antibody, indicating
that they bound to the same or overlapping sites. This is in contrast
to the novel scFvs derived herein, for which no protein epitopes
have been identified. All previous antibody-aptamer pairs were
derived based on screening combinatorial RNA aptamer libraries
for specific aptamers with affinity for an existing antibody. To our
knowledge, the data presented herein represent the first time that
the reverse screen has been performed, in which a DNA aptamer
has been used as a target for panning and screening combinatorial
antibody libraries. The relative ease with which this scFv was
derived suggests that our approach has a high likelihood of success
for deriving scFvs specific for other DNA and RNA structures.

Self-assembly is a process by which higher order structures
form spontaneously through self-interacting surfaces present
on modular building blocks. Self-assembly processes are abun-
dantly known for proteins, nucleic acids, lipids, and synthetic
molecules.41–48 Although natural protein assemblages can be highly
complex, the rules for molecular recognition that control protein
self-assembly are not well understood and cannot be readily
harnessed. This is in contrast to amphiphilic lipids and base-
pairing nucleic acids, for which the rules of self-assembly are
understood sufficiently to support engineering of customized
structures. DNA-based nanostructures in particular have the
advantage of being comprised of fully addressable tile-based
modules that can be precisely engineered to form repetitive or
discreet structures. Given that many nanodevices would ideally

also incorporate protein modules that can act as motors, sensors,
binding sites, and catalysts, the ability to graft proteins onto DNA-
based nanostructures is of tremendous practical advantage. The
technology described herein provides a means of protein-DNA
grafting by development of customized antibody fragments that
bind to defined DNA structures. Different DNA structures can be
precisely displayed at nanoscale resolution, and antibody adaptors
can be developed that can graft proteins onto these different DNA
structures. Thus, the technology enables positioning of a variety
of functional protein modules at user-defined locations across
multiple surfaces of DNA-based nanostructures.

Although the scFv modules developed herein have no intrinsic
mechanical, sensory, or catalytic capabilities, existing protein en-
gineering technologies are sufficiently robust to support coupling
of the scFv modules to active protein moieties. Examples include
recombinant protein fusion, chemical coupling, affinity coupling
(for example, biotin-avidin assembly), and the use of bispecific
diabodies. The latter technology entails the recombinant joining
of two separately derived scFvs to form a single chain dimeric
antibody (diabody) consisting of two different heavy chain and
two different light chain variable fragments.49–51 The advantage
of using diabodies is that most scFvs can be re-engineered in
modular fashion to be incorporated into bispecific diabodies. Such
diabodies would then be able to mediate assembly of a specific
active protein module onto a precise location on a DNA-based
nanostructure. Ongoing work in our laboratory is investigating
the use of bispecific diabodies for protein engraftment.

A strategic advantage of employing protein modules within
DNA-based nanostructures is that the protein modules can be
resupplied or “reprogrammed” by either recombinant or natural
sources at the sites of deployment in blood, cells, or tissues. The
self-assembling scFvs or diabodies could be resupplied by capture
of endogenous proteins, infusion of purified proteins, or by cDNA
encoded proteins produced locally by gene therapy methods. The
resupplied protein modules do not have to be identical to those
originally placed on the graft, but may replace the original protein
modules with new protein modules expressing different functions.
Thus, such nanodevices could conceivably be “reprogrammed”
after deployment to support revised therapeutic goals. We are
currently exploring such strategies to develop nanodevices that
effectively target and regulate biological therapies at sites of
disease, while sparing normal tissues from therapeutic side effects.

In summary, we have described a general approach for
engineering self-assembling protein–DNA nanostructures using
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recombinant antibodies to graft active proteins onto DNA-
based nanodevices. The technology is highly modular and can
be extended to assemble virtually any proteins or therapeutic
molecules. Moreover, a variety of other nanomaterials of interest
could be incorporated into these protein–DNA devices by self-
assembly onto a variety of DNA-based affinity docking sites,
including aptamers and DNA–peptide conjugates. Thus, interfac-
ing biomolecular assemblages with the ever-expanding universe
of chemical nanoparticles can be achieved through a variety
of approaches. As our molecular toolbox continues to develop
and expand, our ability to engineer truly useful biomolecular
nanodevices will continue to advance.

Experimental

Complex design, assembly and characterization

The sequences of the triple crossover and 2 × 2 arrays used here
were designed with the program SEQUIN to minimize the chance
of undesired complementarity and sequence symmetry. Custom
oligonucleotides were purchased from Integrated DNA Technol-
ogy (IDT) and then purified by denaturing PAGE (polyacrylamide
gel electrophoresis). The concentration of each purified strand was
adjusted to 30 lM based on OD260 measurements and DNA tile
complexes were formed by mixing a stoichiometric quantity of
each strand in TAE/Mg2+ (20 mM Tris, 20 mM acetic acid, 2 mM
EDTA, 12.5 mM magnesium acetate) for a final concentration
of 1 lM of each strand. The microfuge tubes containing the
oligonucleotide mixtures were then put in a hot water bath and
cooled slowly from 90 ◦C to 20 ◦C in a Styrofoam box.

Selection of scFv against DNA target

Biotinylated target DNA was synthesized by IDT and was diluted
to a concentration of 50 lM in TAE/Mg2+ buffer. The diluted
DNA was put in a boiling water bath for 3 minutes and then
slowly cooled to room temperature. This annealed product was
stored at −20 ◦C for future application.

The scFv libraries used in this project are based on the
phagemid display vector pCANTAB-5E (GE-Amersham). For
simplicity, the term “phage” is used instead of “phagemid” in the
results section; however it should be noted that all libraries and
virion-encoded scFvs were produced in the context of phagemid
vectors. Fresh phagemids were prepared by growing phagemid-
transformed E. coli TG-1 cells in 2 × YT supplemented with 100
lg/ml ampicillin and 2% glucose at 30 ◦C overnight. Phagemids
were rescued by treating the bacterial suspension with helper
phage followed by incubation and centrifugation. The titer was
determined by plating appropriate dilutions on 2 × YT/AG (100
ug/ml ampicillin plus 2% glucose) plates. Streptavidin coated mag-
netic beads (Dynabeads MyOne Streptavidin, Invitrogen) were
separated from the preservative buffer, washed and resuspended
with 2 × B & W buffer (10 mM Tris, 1 mM EDTA and 2 M NaCl).

For each round of phage-based selection, 10 ll of beads were
first incubated with purified phagemid particles (1012) to pre-clear
any scFvs that have binding affinity for raw beads only. Another
10 ll of beads were incubated with 6 ll of DNA target in PBS
to prepare the panning target. After 30 minutes incubation, beads
complexed with DNA were washed and blocked with 2% milk–

PBS (MPBS) for 1 h. The sample was then incubated with the pre-
cleared phagemid particles for 1 h with medium rocking. After ten
washes with PBS-0.1% Tween and ten washes with PBS, phagemid
particles remaining bound to the DNA target were isolated by
magnetic separation and the bead-phage complexes were used
directly to infect log phase TG-1 cells for amplification. This
procedure was repeated four times to select the scFvs with the
most specific binding. Phagemid pools from the third and fourth
rounds of selection were used to infect TG-1 cells. Subsequent
dilution and plating on 2XYT/AG agar plate allowed individual
colonies harbouring phagemids to grow. Individual phagemids
were rescued and screened for target binding using ELISA.

Binding properties assay by ELISA

Streptavidin-coated microtiter plate wells were coated with bi-
otinylated target (2 ll per well diluted into 50 ll PBS). After
30 minutes incubation, the plate well surface was blocked with
2% milk–PBS for another 1 h at room temperature. Phagemid
suspensions containing 1012 phagemid particles in 2% MPBS were
incubated in the wells for 1 h and then subjected to ten washes
with PBS–0.1% Tween followed by three washes with PBS. Bound
phagemid particles were incubated with peroxidase-conjugated
anti-M13 antibodies (1 : 3000) in 2% MPBS for 1 hour followed
by detection using OPD substrate following the manufacturer’s
instructions (Pierce Inc.). The assay produced a signal at 490 nm
for bound phage particles.

Production and isolation of soluble scFv antibodies

To produce soluble scFv antibodies, the positive clones screened
by ELISA were used to infect cells of the non-suppressing
E. coli strain HB2151. HB2151 cells containing phagemids were
subjected to overnight induction with 1 mM IPTG at 30 ◦C
with shaking at 250 rpm, producing a soluble form of the scFv
antibody fragment, which was secreted into the periplasm. Cells
were pelleted by centrifugation at 1500 g for 20 minutes and
cell pellets were resuspended in TES buffer. After 20% PEG
treatment, soluble scFvs contained in the supernatant were further
purified using a HiTrapTM Anti-E Tag column (RPAS purification
module, GE-Amersham). The concentration of purified scFv was
determined by protein BCA assay (Pierce Inc.).

DNA templated scFv assembly

For TX nanoarray templated single layer scFv displays and 2 ×
2 array templated scFv binding, 1 ll of annealed DNA sample
(1 lM) was incubated with 1 ll purified scFv (10 lM) in 20 ll
TAE/Mg2+ buffer. For multilayer DNA–scFv complexes with scFv
molecules sandwiched in between, the ratio between the DNA
complex and purified scFv was adjusted to larger than 1 : 1. Shown
specifically in Fig. 5, 15 ll of annealed DNA sample (1 lM) was
incubated with 1 ll purified scFv (10 lM) in a total of 20 ll 1 x
TAE/Mg2+ buffer. The solution was incubated overnight at 4 ◦C
before AFM imaging.

AFM Imaging

A 5 lL sample was spotted on freshly cleaved mica (Ted Pella,
Inc.) and left to adsorb to the surface for 3 min. 30 lL TAE/Mg2+
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buffer was then placed onto the mica. DNA interacts with the
mica surface by nonspecific ionic charge attraction. Imaging was
performed under TAE/Mg2+ on a Multimode NanoScope IIIa,
using NP–S tips (Veeco Inc.).
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