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D
NA-based high-throughput screen-
ing and in vitro evolution encom-
pass an array of biotechnological

strategies that mimic molecular aspects of
natural evolution. Recently demonstrated
as powerful new tools for materials engi-
neering,1,2 these strategies generate indivi-
dual DNA sequences,3 RNA sequences,4

short polypeptides,5,6 or full proteins (such
as enzymes)7 with novel activities. An ex-
ample of such activity is aptamer behavior,
in which a short biopolymer (DNA, RNA, or
polypeptide) exhibits tight binding affinity
to a molecular or mineral target. The method
for producing nucleic acid aptamers is gen-
erally knownasSELEX, for SElectionof Ligands
by EXponential enrichment.3,4 SELEX is ty-
pically utilized to screen single-stranded (ss)

DNA libraries for individual ssDNA aptamer
sequences. Toward establishing efficient
screening protocols, ssDNA aptamer discov-
ery via SELEX is experimentally advanta-
geous relative to other approaches such as
phage-display or cell surface-display poly-
peptide screening or RNA library screening.2,3

This is because ssDNA aptamers simulta-
neously exhibit both target binding and
information encoding functionality, allow-
ing both genotype and phenotype to be ex-
pressed from a single molecule. As a result,
bound ssDNA aptamer sequences can be
directly enzymatically amplified (after elu-
tion from the target), obviating experimental
steps needed to link genotype and pheno-
type that are required in other screening
approaches.2 All in vitro evolution strategies,
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ABSTRACT DNA-based information systems drive the combinatorial optimization processes of natural

evolution, including the evolution of biominerals. Advances in high-throughput DNA sequencing expand the

power of DNA as a potential information platform for combinatorial engineering, but many applications

remain to be developed due in part to the challenge of handling large amounts of sequence data. Here we

employ high-throughput sequencing and a recently developed clustering method (AutoSOME) to identify

single-stranded DNA sequence families that bind specifically to ZnO semiconductor mineral surfaces. These

sequences were enriched from a diverse DNA library after a single round of screening, whereas previous

screening approaches typically require 5�15 rounds of enrichment for effective sequence identification. The

consensus sequence of the largest cluster was poly d(T)30. This consensus sequence exhibited clear aptamer

behavior and was shown to promote the synthesis of crystalline ZnO from aqueous solution at near-neutral pH. This activity is significant, as the crystalline

form of this wide-bandgap semiconductor is not typically amenable to solution synthesis in this pH range. High-resolution TEM revealed that this DNA

synthesis route yields ZnO nanoparticles with an amorphous�crystalline core�shell structure, suggesting that the mechanism of mineralization involves

nanoscale coacervation around the DNA template. We thus demonstrate that our new method, termed Single round Enrichment of Ligands by deep

Sequencing (SEL-Seq), can facilitate biomimetic synthesis of technological nanomaterials by accelerating combinatorial selection of biomolecular�mineral

interactions. Moreover, by enabling direct characterization of sequence family demographics, we anticipate that SEL-Seq will enhance aptamer discovery in

applications employing additional rounds of screening.

KEYWORDS: SELEX . massively parallel sequencing . next-generation sequencing . DNA aptamers . zinc oxide .
biomimetic mineralization . AutoSOME . population clustering
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including SELEX, rely on the handling of large, diverse
libraries of DNA molecules. The molecular population
demographics of these libraries change over succes-
sive rounds of screening or selection, as families of high
activity-encoding DNA sequences become increas-
ingly enriched and prevalent in the library through
each successive round of selection. Obtaining se-
quence information from sampled DNA subpopula-
tions of the screened library is critical for identifying
specific subsets of active biomolecules. Until a few
years ago, the bottleneck of traditional DNA sequenc-
ing methods limited such sampling analyses to a
small number of DNA molecules (often <0.01% of
the total population8), which, in conventional SELEX,
would necessitate 5�15 rounds of screening to pro-
gressively enrich the library with a sufficiently high
proportion of active biomolecules before these active
variants could be identified.
Here we employ next-generation DNA sequencing

technologies9�12 and AutoSOME cluster analysis13 to
broadly survey molecular population demographics
of a single-stranded (ss) DNA library that has been
screened for ZnO-binding activity (Figure 1). This ap-
proach, termed Single round Enrichment of Ligands by
deep Sequencing (SEL-Seq), allowed us to successfully
identify ZnO-binding aptamers after a single round
of screening. The largest clustered sequence family we
thus identified is rich in thymine content and its
consensus sequence, poly d(thymidine), behaves as
an aptamer and also facilitates ZnO mineralization
from a hydrated Zn(NO3)2 precursor in a near-neutral
aqueous environment. While similar next-generation
DNA sequencing approaches have recently been de-
monstrated to improve SELEX efficiency for isolating
aptamers against protein targets,14,15 the present re-
port is the first to describe the use of high-throughput
sequencing to accelerate selection of biomolecular-
mineral interactions; it also represents the first time a
population clustering algorithm has been used to dis-
cover new aptamers based on consensus sequences of
clustered oligonucleotides from a SELEX-enriched syn-
thetic gene pool.
To reveal population diversity in next-generation

sequencing data, a practical yet accurate unsupervised
computational strategy is needed. One method, com-
monly employed in comparative genomics studies,
involves computing all possible pairwise alignments
within the sequence population.16 Although sensitive
and specific, such an approach is intractable with very
large data sets.16 More sophisticated strategies have
employed seed sequences to efficiently identify clus-
ters (e.g., refs 17 and 18), or probabilistic/statistical
techniques to detect over-represented sequence pat-
terns (e.g., ref 19). Unfortunately, seed-based methods
achieve improvements in running time at the expense
of classification accuracy,16whilemotif discoverymethods
typically impose run-time constraints on motif size

and/or number,19 limiting their utility for broad demo-
graphic analyses. In this study, we used AutoSOME,13

a novel strategy for revealing natural cluster structure
in large data sets. As was recently demonstrated,20

AutoSOME can identify representative sequence po-
pulations without the need for seed sequences, and
without prior knowledge of motif length or cluster
number. Thus, the approach described here should
both accelerate combinatorial biomolecular discovery
for materials engineering applications, and be gener-
ally applicable to multiple variations of in vitro

evolution.

RESULTS AND DISCUSSION

Each molecule in the starting ssDNA library popula-
tion (commercially synthesized by Integrated DNA
Technologies) consists of 30 random nucleotides
flanked by universal priming sequences; these regions
permit sequence amplification by PCR (e.g., Figure 1b).
As a pilot study, we used polycrystalline nanoparticles
of ZnO (Sigma), a technologically important semi-
conductor,21 as the SELEX target. In a typical round of
SELEX screening, a diverse library of DNA sequences is
incubated with the supplied target (here, ZnO nano-
particles) and nonbinding sequences are washed
away. We incubated 11.4 nmol of the ssDNA library
with 200 ng/mL ZnO nanoparticles (35 nm diameter
average particle size) in 1 mL of binding buffer
(300 mM NaCl, 5 mM MgCl2, 20 mM Tris-HCl pH 7.5),
and washed the nanoparticles by centrifugation and
resuspension eight times with water and binding
buffer. After each wash, nanoparticles were recovered
by pelleting with centrifugation and aspiration to
remove the supernatant. After particles were resus-
pended for the subsequent wash, they were trans-
ferred to a new test tube before centrifugation to
ensure that any plastic-binding aptamers were re-
moved at each wash cycle. The DNA sequences that
remained associated with the target ZnO were eluted
by heating the nanoparticles at 95 �C in water, cen-
trifuging, and aspirating the supernatant for use as a
heterogeneous template in the polymerase chain re-
action (PCR) to amplify the originally bound DNA
sequences (see Supporting Information for further
method details). Because extraneous library sequence
diversity is removed at the washing step, this amplified
DNA population is enriched with ZnO-binding apta-
mers relative to the starting library. Typically, this
enriched population would be incubated again with
the target in one or more iterations of screening to
further enhance the ratio of high-affinity aptamers to
nonbinding or weakly binding sequences within the
library (Figure 1). However, in the present study, this
first-generation selected library was subjected to mas-
sively parallel sequencing with an Applied Biosystems
SOLiD (AB SOLiD) system. Such next generation se-
quencing strategies have already proved valuable for
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numerous applications, including genome sequencing
for biomedical research.9,10,22,23

AB SOLiD sequencing yielded an information pool
of 8 million individual sequences that describe the
screened library. From the 8 million total sequences, a
random sample of 300 000 unique DNAmolecules was
selected for cluster analysis. This smaller sample popu-
lation reduced the computational load during analysis
while ensuring that sequence duplicates generated
during PCR amplification were removed. Within this
randomly chosen subpopulation, families of related
sequences were subsequently identified using Auto-
SOME (see Methods). A summary of results from Auto-
SOME cluster analysis is presented in Figure 2a, which
shows both the most highly populated as well as
less populated sequence families from the screened
library. Those less-populated sequence families were
randomly selected for display from a large number of
statistically rare sequence families. All identified fa-
milies, together with AutoSOME sequence clustering
software and documentation, are available online at
http://jimcooperlab.mcdb.ucsb.edu/autosomeseq.
Of the sequence clusters identified, the largest

cluster (family 1, Figure 2a) represents ∼2% of the
analyzed population and is characterized by the con-
sensus sequence poly dT30. Due to the filter applied
prior to cluster analysis, which excluded duplicate se-
quences, this consensus sequence represents an aver-
aged biochemical composition from a family of∼6,000
distinct individual sequences (Figure 2a). The three
other largest clusters are also characterized by con-
sensus sequences that include mononucleotide re-
peats, namely poly d(C), poly d(G), and poly d(A),
respectively (Figure 2a). To determine whether con-
sensus sequences from these large clusters exhibit
aptamer behavior for ZnO, we assessed their mineral

binding performance. We tested sequences derived
from the two most prevalent families (1 and 2, respec-
tively, of Figure 2a), two consensus sequences from
smaller families (3 and 4 of Figure 2a, respectively), and
the starting random library population (L) as a control.
Each of the five sequences selected for further

study was commercially synthesized (Integrated DNA
Technologies) to include a 50-biotin and a 30-Alexa-488
fluorophore. Each sequence was exposed to a ZnO
surface, and nonbinders were removed by washing
(seeMethods). Bound sequenceswere captured through
their biotin handle with an excess of streptavidin-coated
polystyrene beads, which were then analyzed by flow
cytometry (see Methods). The results, presented in
Figure 2b, show that the most populated sequences
in the screened library (sequences 1 and 2) bind with
approximately 10-fold higher affinity relative to the
starting library (L). Sequences 1 and 2 showed an even
greater (∼100-fold) binding difference relative to se-
quence 4, the least populated sequence family studied,
which bound more weakly than the starting library.
These results demonstrate that SEL-Seq efficiently
identifies aptamer activity after a single round of SELEX
screening.
The differential binding activity observed among the

studied ssDNA sequences indicates that the sequence
composition is important formineral binding. No stem-
loop secondary structures, which usually characterize
ssDNA aptamers, were present in the strongest binders
studied. The high mononucleotide repeat content in
these aptamers suggests that their binding mecha-
nismmay involve chelation ofmineral metal centers by
regularly spaced hydrogen-bonding moieties (i.e., hy-
droxyl or carbonyl oxygens and amine nitrogens)
presented by the DNA molecule, rather than a purely
electrostatic interaction which could be achieved by

Figure 1. (a) Schematic comparing the traditional SELEX screening approach using 5�15 rounds of screening (gray) with
Single round Enrichment of Ligands by deep Sequencing (SEL-Seq) (green). ZnO nanoparticles (nps) were used as the SELEX
target in this study (see text for details). (b) Starting library used in this study: single-strandedDNAwith random30-nucleotide
stretches are flanked with universal priming sequences.
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many sequences. However, while secondary structures
do not characterize the consensus sequences, they may
characterize individual sequences within the clustered
families. This is suggested in the composition of family 1,
in which deoxyadenosine is the second most repre-
sented nucleotide (after deoxy-thymine) in that cluster,
andwould likely permit intramolecularA:Tbasepairing to
occur in some of the sequences. Measuring the binding
activity of a consensus sequence relative to its constitu-
ents is thus an important subject for future research.
Family 3, while exhibiting an order of magnitude

larger representation than the lowest-binding se-
quence cluster studied (family 4), is still much less
frequently represented than families 1 and 2. However,
family 3 binds ZnO with strength similar to family 2,
and with two-thirds the affinity of family 1. This result
might be explained by the particular alternating dG/dT
biochemistry that is prevalent in this sequence family,
which could yield non-Watson�Crick G:T base pairing.
Such 'wobble' base pairing mismatches have pre-
viously been shown to occur intramolecularly in DNA,
analogously to the G:U pairing that is common in
RNA.24 If regular spacing of metal chelating groups is
indeed the mechanism for the aptamer-surface bind-
ing we selected, then folded structures dependent on
wobble base pairing in this family may have led to
removal of a large fraction of this sequence type during
the washing rounds, accounting for this cluster's lower
prevalence relative to families 1 and 2. Regardless, we
note that the largest family, Family 1, bound signifi-
cantly better than Family 3 (P = 0.0026; two-sided
unequal variance t-test; Figure 2b), consistent with a
general pattern toward enhanced ZnO binding activity
in larger sequence populations.
Sequences 1 and 4 were further investigated for

ZnO-synthesizing activity. The sequences were reacted

with 10mMZn(NO3)2 overnight (17 h) in binding buffer
and the reaction solutions were vacuum filtered
through 10,000 kDa molecular weight cutoff filters
and washed with 1 mL H2O through the same filters.
Washed products were resuspended in 70% ethanol,
dried on grids by evaporation in air, and analyzed by
transmission electron microscopy (TEM) with electron
dispersive spectroscopy (EDS) and selected area elec-
tron diffraction (SAED). The reaction with sequence 4
showed no Zn signal by EDS and no crystalline materi-
als by SAED in the recovered products (data not
shown). In contrast, products from the reaction with
sequence 1 showed inorganic�DNA composite mate-
rials (Figure 3a) that at high magnification show lattice
fringes (Figure 3b) indicating the presence of crystal-
line mineral. EDS revealed both Zn and P signals,
indicative of a Zn�DNA composite (Figure 3c). The
selected area diffraction pattern matches closely to
crystalline wulfingite Zn(OH)2 (Figure 3d). In a second
mineralization assay, DNA sequences were bound to
polystyrene bead surfaces prior to mineralization and
subsequently analyzed by flow cytometry (Figure S1).
Fluorescence measurements assayed for fluorophore-
labeled DNA associated (via binding or incorporation)
with semiconductor material synthesized on bead
surfaces. These data confirm that sequence 1 facilitates
synthesis of zinc mineralization whereas sequence 4
and the starting library L do not.
We conducted a third set of zinc-based mineraliza-

tion assays with poly dT30 to explore the effect of
DNA concentration on mineral formation. In these
experiments, 20 μL reactions were prepared in 1.5 mL
Eppendorf tubes, including 10 mM Zn(NO3)2, binding
buffer, and either 1 μM or 100 μM of poly dT30 DNA.
Copper-Formvar TEM grids were laid flat on the surface
of each reaction solution (held in place by surface

Figure 2. (a) Results from AutoSOME clustering on 300 000 unique sequence reads isolated after one round of SELEX
screening against ZnO nanoparticles. Shown are 8 clustered sequence families. The top four clusters shown are the four
largest clusters, while the bottom four were randomly selected for display and from a pool of less populated cluster families.
All clusters may be viewed online at http://jimcooperlab.mcdb.ucsb.edu/autosomeseq. Consensus sequences from families
1, 2, 3, and 4 as well as the starting library (L) were selected for further study in mineral binding (b) or mineralization assays
(Figures 3 and S1). (b) Results ofmineral binding assaywith sequences indicated in panel (a) on ZnO surfaces show that highly
represented sequence families in the screened library exhibitmineral-binding activity. Values are presented asmeans( SEM,
and statistical significancewas assessed by a two-sidedunequal variance t-test (*P=0.06; **P= 0.0026; ***P<1.3� 10�7; NS =
not significant).
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tension) and remained there during reaction incuba-
tion. After 24 h, the grids were collected and immedi-
ately rinsed with 1 mL H2O, dried, and then imaged by
TEM. The results show that crystalline ZnO nanoparti-
cles are formed on the TEM grids at low (1 μM) DNA
concentration (Figure 4a), while at higher concentration
only amorphous agglomerates are formed (Figure 4b).
Interestingly, at high magnification the ZnO nanopar-
ticles are seen to comprise an amorphous�crystalline
core�shell structure (Figure 4a, middle). These find-
ings suggest that ZnO crystallization is initiated via

interactions of ions with the surfaces of individual
DNA molecules (Figure 4c), as the core regions of the
nanoparticles are in the approximate size range of
the average hydrodynamic diameter, ∼7 nm, that has
been previously determined for poly d(T)30.

25 The forma-
tion of nanoscale metal�DNA coacervates during the
mineralization process, as suggested by the data in Fig-
ure 4, would allow thymine bases to spatially template
Zn2þ ions (Figure4c, left) andmay furtherpermit structural
ordering ofwatermolecules around eachmineral nucleus.
In contrast, coacervate formation, which is sensitive to the
concentration of constituent species,26 is not apparent in
themineralization products on the TEMgrid from reaction
with the higher DNA concentration (Figure 4b).
To determine the specific hydrodymanic diameter of

poly d(T)30 in this system and further investigate the

possibility of a nanocoacervate-driven mineralization
mechanism, we conducted dynamic light scattering
(DLS) analysis on poly d(T)30. At 100 μM, poly d(T)30 is
found by DLS to exhibit a bimodal size distribution,
with average hydrodynamic diameters of 4.78 and
269 nm, respectively (Figure S2a). The smaller average
diameter (4.78 nm) likely represents the size of indivi-
dual poly d(T)30 molecules, which comprise 32.6% of
the overall molecular population, while molecular
agglomerates (average diameter 269 nm) comprise
67.4% of the population. When Zn(NO3)2 is added to
the sample (to 10mM final concentration), the bimodal
population persists and the average diameters de-
crease to 4.55 and 210 nm, representing 22.7% and
77.3% of the population, respectively (Figure S2a). No
change was thereafter observed in this distribution
over 90 min of analysis (with DLS readings taken
every 15 min). Thus, three main changes occur initially
through the addition of zinc: (1) zinc induces a con-
formational contraction of individual poly d(T)30 mol-
ecules, (2) a fraction of individual poly d(T)30 molecules
are shifted toward agglomerated structures, and (3)
the agglomerated structures also contract in size
(Figure S2a). This is consistent with the presence of
zinc-induced nanocoacervates in the reaction solution,
because if zinc contributed only to cross-linking (versus
nanocoacervation), an increase in agglomerate size

Figure 3. Products from reaction of consensus sequence 1 with Zn(NO3)2 for 17 h at near-neutral pH, recovered and washed
by filtration and analyzed by TEM with EDS and SAED. (a) TEM image of products. The selected area for electron diffraction
shown in (d) is indicated. (b) TEM imageof products at highermagnification, showing lattice fringes suggestive of a crystalline
product. (c) EDS spectrum of materials shown in (a) and (b). (d) SAED pattern of material shown in (a) and (b), indexing to
crystalline Zn(OH)2.
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would be expected, in contrast to the observed aver-
age size decrease for this population; and if zinc had
no effect, no size changewould be expected. The lower
poly d(T)30 reaction concentration of 1 μM, which
yields ZnO nanoparticles (Figure 4a), was found to be
too dilute to generate a detectable scattering signal,
precluding DLS analysis of the DNA at this concentra-
tion. As an alternate approach to examine DNA struc-
ture at 1 μM poly d(T)30, we sought to image Zn2þ-
stained DNA by conducting TEM analysis on early
stage (45 min) reaction products from 1 μMpoly d(T)30
reacted with 10 mM Zn(NO3)2. This revealed the pre-
sence of amorphous nanopoarticles in the range of
7�12 nm (Figure S2b), which we interpret as poly
d(T)30-Zn

2þ nanocoacervates at early stages of miner-
alization. This particle size agrees with the previous
study that reported the size of poly d(T)30 to be∼7 nm,
a size which was determined under dilute ssDNA con-
ditions (1 nM).25 Further, as shown in Figure 4c and
highlighted further in Figure S3, in the core�shell
structure formed after a 24 h reaction the ZnO lattice
fringes are separated by a ∼7 nm amorphous core.

In some cases, core�shell amorphous-hexaganol-ZnO
nanoparticles are also observed in the early stage
(45 min) reaction products (Figure S2c), further sup-
porting the conclusion that the stained amorphous
nanoparticles represent a precursor structure to ZnO
formation. It is possible that the amorphous regions of
these core�shell structures include both the templat-
ing DNA as well as an amorphous or partially ordered
zinc-mineral seed layer that contributes to nanoshell
ZnO crystallization. However, even in this case that
early stage mineralization leads to a diameter size in-
crease of individual poly d(T)30 molecules at 1 μM con-
centration (to ∼7 nm, vs ∼4.5 nm at 100 μM), we note
again that no increase in diameter was observed by
DLS for poly d(T)30 at 100 μM for the same early stage
reaction period in the presence of zinc (Figure S2a).
Thus, overall, these data agree with a scenario in which
zinc- poly d(T)30 nanocoacervates formed at 1 μMDNA
are uniquely suited to template wurtzite ZnO.
Overall, these data collectively suggest that zinc and

poly d(T)30 complex with one another to form diverse
yet structurally defined precursor architectures that

Figure 4. Products from reaction of consensus sequence 1 with Zn(NO3)2 for 24 h at near-neutral pH, with products collected
directly on the TEM grid during mineralization (see text). (a) Reaction with 1 μMDNA yields nanoparticles (top) composed of
an amorphous core with a crystalline ZnO shell, as indicated by relatively electron-transparent nanoparticle cores (top, inset),
lattice fringes at the nanoparticle shells (middle), and selected area electron diffraction (bottom), confirming the presence of
ZnO. The area selected for electrondiffraction is indicated in red (top). (b) Reactionwith 100μMDNAyields amorphous sheets
composed of DNA-mineral agglomerates. (c) Schematics of mineralization models in which nanoscale coacervation around
individual DNA molecules (upper left) templates ZnO nuclei via regular spacing of thymine bases, yielding crystalline ZnO
nanoshells around an amorphous core (bottom). A higher concentration of DNAwould produce an interpenetrating network
of DNA molecules (upper right; bases, while not shown, would bridge DNA molecules via interactions with divalent ions),
disrupting sites for ordered mineral templating.
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drivemineralization, and that hexagonal ZnO is formed
only when mineralization occurs at structurally inde-
pendent (vs agglomerated) poly d(T)30 molecules that
achieve a specific hydrodynamic size. Since wulfingite
Zn(OH)2 (and not ZnO) was observed from the bulk
solution form a reaction between 1 μM poly d(T)30 and
Zn(NO3)2 (Figure 3), the Formvar film of the TEM grid
may contribute to the formation of the ZnO nanoshells
(Figure 4). However, no nanoshells were found on the
grid at 100 μM, confirming the importance of DNA
concentration to the crystallization process. Also, if
ZnO nanoshells were also formed in bulk solution at
1 μMpoly d(T)30, these could have been potentially lost
by filtration during preparation of the materials shown
in Figure 3. While the possible role of the Formvar
surface requires further study, we confirmed that
buffer conditions are critical to ZnO formation, as a
reaction conducted in HEPES buffer produced only
amorphous products (Figure S4) under conditions that
otherwise yielded ZnOnanoshells when binding buffer
(Tris-based) is used (Figure 4). Additional controls using
either 1 μM of DNA family 4 (consensus sequence,
Figure 2) or thymine monomer (30 μM) produced no
observable reaction products of any kind on the TEM
grids, confirming the importance of both sequence
and DNA structure to the mineralization process.
Further, on the basis that wulfingite was observed only
from the reaction with 1 μM (and not 100 μM) poly
d(T)30, we infer that agglomerate structures formed at
1 μM poly d(T)30 are structurally distinct from those
formed at higher concentration such that they are able
to promote zinc hydroxide crystallization. Finally, as an
initial test to explore directed tuning of poly d(T)30
conformation, we found that larger zinc-based struc-
tures of∼100 μm, as observed by SEM (Figure S5) could
be mineralized when poly d(T)30 is chemically conju-
gated with cholesterol to promote DNA self-assembly
(100 μM of DNA was used and no crystalline products
were observed by TEM). Clearly, the poly d(T)30�Zn2þ

system represents a rich mineralization reaction space
that is sensitive to changes in buffer conditions, DNA
concentration, and DNA conformation.
Among this complex reaction space, the ZnO nano-

shells represent themost interesting observed product
based on the technological value of this material and
the difficulty of forming it under near-neutral aqueous
conditions, as has been achieved here. In addition to
the above TEM and DLS data, poly deoxythymidine-
based DNA templating of ZnO crystallization is also
supported by the closely matched spacing that occurs
between adjacent DNA bases in a given oligomer
(0.34 nm)25 and the a lattice constant (corresponding
to the Zn�Zn spacing) in the basal plane of wurzite
ZnO (0.325 nm).27 Additionally, the positioning of
nucleobase ligands has been shown important to-
ward achieving ordered DNA�metal complexes.28

Thus, because thymine presents the most symmetric

configuration of potential Zn-bonding sites (carbonyl,
amine, carbonyl) of the four DNA bases, it could
preferentially order Zn2þ ions into a spatial configura-
tion relevant to crystal nucleation. Further studies are
required to gain a better understanding of both ZnO
nanoshell crystallization and the extensive phase dia-
gram of this mineralization system over a variety of
reactant and buffer conditions. It is clear, however, that
zinc�[poly d(T)] mineralization is a sequence-dependent
process that was quickly discovered in this study through
the new biotechnologies of high-throughput sequence
and bioinformatic (AutoSOME) cluster analysis.
Collectively, the above results confirm that mineral-

binding aptamers, rapidly identified by SEL-Seq, can
serve as useful and flexible tools for mineral synthesis.
While the employed starting librarywas not sequenced
in this initial study, the largest sequence cluster, Family
1, exhibited the most significant binding of all families
tested (Figure 2b), and themineral synthesis (Figure S1)
comparisons between the AutoSOME-identified se-
quences versus the starting library demonstrate that
the identified aptamers are enriched relative to the
starting population, and exhibit superior performance.
We estimate that ∼5 � 106 DNA molecules were
contained in the eluate after screening (i.e., prior
to PCR amplification; see Supporting Information),
which is only ∼10�9 of the initial DNA pool utilized
for screening (11.4 nmol or∼1015 DNAmolecules). This
suggests a low amount of background binding was
represented in the eluate. Further, of the 300 000
unique eluted sequences analyzed, the fact that the
largest cluster represented only 2% of the number of
molecules in the entire eluate suggests that the en-
riched library was still highly diverse. Thus, the fact that
the identified aptamers exhibit significant mineral
binding and synthesis activity demonstrates that our
approach efficiently accelerates SELEX screening.
While beyond the scope of the current study,

SEL-Seq could be applied to gain additional informa-
tion about the SELEX screening process. Such applica-
tions might include analyses of synthesized libraries,
such as investigations of how sequence populations
compositionally and architecturally evolve in iterative
rounds of SELEX, and novel implementations of multi-
stage screening strategies to quickly identify even
tighter-binding mineral aptamers. As a possible exam-
ple of the latter approach, with current DNA synthesis
capabilities (e.g., ref 29) it would be possible to synthe-
size the entire set of individual sequences in a cluster
(e.g., family 1 in Figure 2a) for a final screening round
that is likely to yield (given the performance of the
consensus sequences shown here) very highly per-
forming aptamer sequences. Such analyses could
ultimately yield new insights into the molecular mecha-
nisms by which exquisitely complex biological systems,
such as those that direct biomineralization, have been
developed through combinatorial selection in nature.
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CONCLUSION
Inspired by the diverse biominerals found in nature,

combinatorial biomolecular screening approaches
are being increasingly used to identify laboratory-
generated biomolecules withmineralization activity.2,30,31

Polypeptide libraries,6,30 RNA libraries,32 and, most
recently, mutant enzyme libraries33 have been used
in this context, but the present study is the first in
which DNA libraries have been screened for defined
DNA�mineral interactions. DNA is a ubiquitous

engineering substrate in bionanotechnology due to
its relative stability, ease of manipulation with recom-
binant enzymes, and amenability to chemical synthe-
sis. By demonstrating that a DNA aptamer identified
with SEL-Seq catalyzes synthesis of its target mineral
from solution, the present study introduces SELEX-
generated DNA aptamers, high-throughput DNA se-
quencing, and sequence population clustering as new
tools for use in combinatorially engineering biomi-
metic nanomaterials.

METHODS
The starting ssDNA library, prepared via hand-mixing syn-

thesis randomization, was confirmed by the manufacturer
(Integrated DNA Technologies) to be free of nucleotide bias
(25 ( 2% representation of each nucleotide). Prior to the
mineral-binding SELEX screening step, the library was heated
at 95 �C for 5 min and slowly cooled to room temperature to
allow secondary structures to form. 11.4 nmol of the ssDNA
library was then incubated with 200 ng/mL ZnO nanoparticles
(Sigma; 35 nmdiameter average particle size) in 1mL of binding
buffer (300mMNaCl, 5 mMMgCl2, 20mM Tris-HCl pH 7.6) using
low-binding Axygen Maxy-Clear 1.5 mL test tubes. The mixture
was incubated with gentle mixing in a tube turner for 1 h at
21 �C. To remove nonbinding sequences the nanoparticleswere
washed four times with 1mL binding buffer and four times with
1mLwater by centrifugation and removal of the supernatant by
aspiration. After the final wash, nanoparticles were resus-
pended in 100 μL buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA).
To elute nanoparticle-associated ssDNA sequences, thismixture
was heated at 95 �C for 5 min, centrifuged at 20 000g for several
seconds, and the supernatant was then transferred to a new test
tube. The entire eluted library was used as a template for gene
amplification by PCR, using conditions described in the Sup-
porting Information. AB SOLiD sequencing was conducted
according to the manufacturer's instructions, and details of
the surface-binding assay are described in the Supporting
Information of this paper.
For AutoSOME cluster analysis, DNA sequences were ran-

domly chosen without replacement from the pool of 8 million
sequences until 300 000 unique sequences were obtained
(451 016 total sequences were needed). To capture putative
context dependencies between adjacent nucleotides, each
DNA sequence was converted into a dinucleotide composi-
tional vector (i.e., a vector of length 16 to accommodate all
possible dinucleotides) prior to clustering. All 300 000 composi-
tional vectors were then clustered using the AutoSOME algo-
rithm, and the resulting clusters were saved to memory
(AutoSOME parameters: unit variance normalization, P e 0.01,
20 ensemble iterations, otherwise default parameters as de-
scribed in ref 13). Next, to align possible ZnO binding motifs
located in different DNA sequence regions, sequences within
each compositional cluster were exhaustively compared to all
cyclical permutations of every other sequence in the same
cluster, and the highest quality alignment was identified. To
represent the alignment, a master consensus sequence was
generated (most frequent nucleotide in each column), and
a consensus error E was computed (number of mismatches to
the consensus sequence divided by total number of aligned
nucleotides). If E was e0.4, the cluster was saved to disk.
Otherwise, AutoSOME was rerun on the compositional cluster
to identify subclusters. This second stage was recursively re-
peated until each cluster either satisfied a more stringent
consensus error threshold (E e 0.3) or the size of the cluster
fell below a minimum size threshold (5 sequences). Finally,
population statistics were tabulated for each sequence cluster
relative to the 300 000 randomly sampled unique sequences.
Conditions for mineralization assays directly from solution are

given in the main text (above). Corroborating mineralization
assays conducted with DNA displayed from polystyrene mi-
crobeads and analyzed by FACS are described in the Supporting
Information. Dynamic light scattering data was conducted
using a Malvern Zetasizer Nano instrument.
To statistically assess the differences in binding affinity

between families in Figure 2b, we first performed outlier
analysis using the ROUT method,34 which identified and re-
moved twomeasurements with a 3 mm2 target mineral surface
area. Samples were subsequently determined to have a normal
distribution via the D'Agostino and Pearson omnibus normality
test, which justified the application of a two-sided t-test with
unequal variance to evaluate the statistical significance be-
tween fluorescence intensity measurements.
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