CHEMISTRY OF

MATERIALS

pubs.acs.org/cm

Direct Attachment of Oligonucleotides to Quantum Dot Interfaces
Hyunjoo Han, Joshua Zylstra, and Mathew M. Maye*

Department of Chemistry, Syracuse University, Syracuse, New York 13244, United States

e Supporting Information

ABSTRACT: A straightforward functionalization strategy for
the direct attachment of single-stranded oligonucleotides
(ssDNA) to quantum dot (qdot) interfaces is described. The
approach takes advantage of a histidine-mediated phase transfer
protocol that results in qdots with high colloidal stability in
aqueous buffers. The weakly bound histidine encapsulation
facilitates monolayer exchanged with both thiolated ssDNA
and polyhistidine-tagged proteins. The successful biomodifica-
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tion at the qdot interface was probed by FRET analysis. The modest FRET efficiencies measured suggest the DNA to be in an
extended conformation that is the result of high surface coverage that the direct attachment provides.
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B INTRODUCTION

The field of nanomaterial self-assembly has grown consider-
ably recently and led to a number of exciting bottom-up mor-
phologies, properties, and fundamental discoveries.' > Strategies
for nanomaterial self-assembly include the use of self-assembled
monolayers,* ® polymers and dendrimers,® '® and multidentate
ligands'' " to mediate recognition and cross-linking. Research-
ers have also focused on devising novel biomimetic assembly
approaches,'® > where cross-linking interactions mimic biological
recognition, or employ biolo%ical matter itself.'~>'® "> Examgples
include antibody—antigen®"** and DNA-based recognition.”**
The DNA-mediated assembly of nanomaterials, such as gold
nanoparticles, has proven to be especially powerful in both a
fundamental and application perspective.”” >* In these systems,
the nanoparticle interface is directly coated with thiol-modified
oligonucleotides that form a dense surface capping layer.>® This
oligonucleotide brush passivates the interface, providing colloidal
stability under physiological conditions.” **** When combined
with a nanoparticle with bound complementary oligonucleo-
tides, cross-linking occurs via hybridization and duplex DNA
formation.”*** By varying sequence, structure, and coverage, im-
portant self-assembly parameters can be controlled; such as inter-
particle distances,”’ hydrodynamic diameters,”® and kinetics,*** as
well as DNA denaturation temperatures.® In addition, it was
recently shown that such parameter and interaction control can
lead to the DNA-guided bulk crystallization of nanoparticles
with long-range order, and lattice constants up to 100 nm.>'~*
The interparticle DNA-linkage also allows researchers to tailor
interparticle distances by varying the number of linkage DNA
sequences.””*"** This has allowed fundamental studies on the
distance-dependent optical responses and further colorimetric
detection strategies,** such as plasmon ruler examples, >’ and
fluorescence quenching based assays and studies.*®~*°

Recently, this research has broadened to devising new
functionalization strategies for programming semiconductive
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quantum dots (qdots) with similar DNA-mediated reactivity.**~*

Because these qdots have the added functionality of size-tunable
photoluminescence,***” assembled qdot structures have utility in
biological sensing as well as bioimaging. However, unlike gold
nanoparticles which are synthesized in aqueous conditions with
large diameters (e.g,, 10—S0 nm), qdots are typically synthesized in
nonpolar solvents via organometallic methods, and have much
smaller sizes (e.g,, 2—5 nm).*%° This introduces a number of
challenges that must be overcome for DNA functionalization.* ~**
These include the necessity for both phase transfer and colloidal
stability, followed by multistep oligonucleotide coupling.*'~*°
Phase transfer has been achieved using a number of methods,
such as polymer wrapping,®' ~** lipid coating,’**” and monolayer
based methods.*®* " Once transferred, oligonucleotides functio-
nalization is achieved using classical carbodiimide (EDC) coupling
chemistry,”"** polyhistidine peptide DNA assembly,”* and biotin—
avidin recognition.

Once functionalized, the interface can be probed using the
Forster (or fluorescence) resonance energy transfer (FRET)
method, where the qdot is the fluorescent donor, and a fluoro-
phore acceptor is attached in proximity by a DNA linka%e. A
number of DNA—qdot FRET studies have been performed.®> ¢’
For instance, a nanosensor based on FRET capable of detecting
low concentrations of target DNA has been developed.®® In
addition, linear DNA templates labeled with a series of acceptor
dyes have been hybridized with qdots, showing a series of
consecutive FRET processes.“’65 In these cases, the DNA was
linked to the qdot surface by either a terminal biotin or an
oligohistidine peptidyl sequence. Cyclodextrin-encapsulated qdots
and G-Quadruplex functionalized qdots have also been fabricated
using an initial glutathione surface encapsulation.**®” There have
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also been examples of functionalization strategies that allow for the
“direct” attachment of oligonucleotides to qdots.®* " In these
studies, thiolated oligonucleotides were either bound via ligand
exchange with mercaptopropionic acid encapsulation after phase
transfer,’®”° or introduced during ZnS shell growth.71 One benefit
of approaches like these is the reduced number of functionalization
steps required, and the similarities to the gold nanoparticle
approaches, thus simplifying the synthetic design.

In this paper we describe a new approach that allows for the
direct attachment of oligonucleotides to the qdot interface
without the requirement of additional coupling procedures. This
method utilizes the small molecule L-histidine (His, 2) to induce
qdot phase transfer from nonpolar solvents to aqueous buffers.””
This His-intermediate encapsulation is easily exchanged with
thiol-modified oligonucleotides, making the approach closely
resemble those used for metal nanoparticles. A similar approach
is also shown for polyhistidine-tagged proteins. The success of
the oligonucleotide functionalization was probed by FRET
analysis.

B MATERIALS AND METHODS

Cadmium oxide (CdO, 99.99%), sulfur (S, 100 mesh), zinc
acetate (ZnAc, 99.99%), trioctylphosphine oxide (TOPO, 90%),
1-octadecene (ODE, 90%), oleylamine (OAm, 90%), dodecyla-
mine (DDA, 98%), tributylphosphine (TBP, 97%), boric acid
(98%), sodium tetraborate (99.98%), sodium phosphate mono-
basic monohydrate (NaH,PO, - H,0, 98.0—102.0%), sodium phos-
phate dibasic hepta-hydrate (Na,HPO,-7H,O, 98.0—102.0%),
L-histidine (His, 2 > 99%), 6-carboxy-X-thodamine (ROX), and
solvents including hexane, acetone, chloroform, and methanol were
purchased from Sigma Aldrich. Selenium (Se, 99.99%, 200 mesh)
was purchased from Alfa Aesar. Agarose was obtained from Acros
organics. Ultrapure water (18.2 M€2) was provided from a Sartorius
Stedim Arium 61316 reverse osmosis unit combined with an Arium
611DI polishing unit. The N-terminus hexahistidine-tagged Strepta-
vidin (Stv) was purchased from ProSpec-Tany TechnoGene Ltd.
(Rehovot, Israel). Biotin- or thiol-functionalized oligonucleotides
were purchased from IDT Inc.

Synthesis and Functionalization. Quantum Dot Synthesis.
The CdSe/ZnS qdots (I-qdots) were synthesized in-house
following traditional methods with slight modification to ligand
concentrations."® >*7* In a typical synthesis, 0.025 g of CdO was
dissolved in 3.0 mL of OAc by heating at 230 °C under Ar. Next,
0.005 mol of DDA and 0.5 g of TOPO were dissolved in 5.0 mL
of ODE and heated to 270 °C where the solution became
optically clear. At 270 °C, 0.118 g of Se dissolved in 1.0 mL of
TBP was injected inducing nucleation and growth. The growth
was quenched after a few seconds by injecting 10 mL of ODE at
room temperature. The resulting CdSe qdots were then purified
free of excess ligands by multiple methanol extractions, and
finally by precipitation in acetone.”® > The DDA/TOPO-
capped CdSe qdots were dried under N, and resuspended in
chloroform. To prepare CdSe/ZnS core/shell qdots, a known
amount of CdSe core was redispersed in ODE after evaporating
chloroform and heated to 200 °C under Ar. The sulfur precursor
(200 mM S dissolved in ODE) and the zinc precursor (200 mM
zinc acetate dissolved in OAm) were injected sequentially in
order to tailor ZnS growth, allowing a minimum of 10 min
between injections to allow for shell annealing. The final zinc
injection was in excess to ensure a zinc monolayer on the
outermost surface of the qdot. After the final injection, the qdots

were annealed for an additional 30 min to ensure shell quality.
The reaction mixture was allowed to cool to room temperature
and cleaned in the same manner as the core. The TOPO/DDA-
CdSe/ZnS qdots (1-qdots) were then redispersed and stored in
dried chloroform before undergoing ligand exchange. Analysis of
the I-qdots via transmission electron microscopy yielded an
average qdot diameter of 4.4 £ 0.6 nm.

Phase Transfer and Purification. The as-synthesized DDA/
TOPO-capped CdSe/ZnS qdots (1-gdot) were made soluble in
aqueous media using the recently reported histidine-mediated
phase transfer method.”* Briefly, a known amount of I-qdot
([1-qdot] 1—S5 uM) was vigorously mixed with a 3000 molar
excess of histidine (2) in a 3:1 methanol—water with 0.2 M NaOH.
The resulting 2-qdots were then purified of excess DDA and TOPO
ligands by back extracting with multiple chloroform rinses.>" The 2-
qdots were purified free of excess 2 ligands by use of a molecular
weight cutoff filter (100 kDa) and multiple rinsing with 10 mM
borate buffer (pH = 8.3). The resulting 2-stabilized qdot had a 40%
quantum yield and was stored in the dark until needed.

DNA Functionalization and Assembly. The phase transferred
2-qdots were then modified with 3'-C;-thiol modified oligonu-
cleotides of A-type (A = $'-CAG TGT AGA GAA TTT TT-
C3He-SH-3'). The A were first reduced from disulfides using
100 mM dithiolthreitol (DTT).*® The reduced A was purified via
a sephadex column (G-25, Amersham Bioscience) and eluted
with 10 mM phosphate buffer (pH = 7.0). The A was quantified
using the sequence-specific extinction coefficient. Next, the
reduced A was added to a solution of the 2-qdots at a molar
ratio of [A]:[2-qdot] = 6—16, in which the [2-qdot] is typically
between S and 7 uM in 10 mM borate buffer (pH = 8.3).

To prepare the Stv-functionalized qdots, the Stv expressed
with a hexahistidine modified N-terminus was added at a molar
ratio of [Stv]:[2-qdot] = 4, in which [2-qdot] is typically between
5 and 7 uM in 10 mM borate buffer (pH = 8.3). The Stv was
stored as received (20 mM Tris-HCl, pH = 7.5, [Stv] = 59 uM).
This Stv—qdot mixture was incubated for 2 h at 15 °C in the dark.
Next, the Stv-gdot were incubated with 3'-biotinylated A-type
ssDNA (A = §-CAG TGT AGA GAA TTT TT-Biotin-3') at a
4x molar ratio to the bound Stv (i.e., [2-qdot]:[Stv]:[A] = 1:4:16).
The final A/Stv-qdot was further incubated for 2 h before purifica-
tion as described above. An identical procedure was used to modify
the Str-qdots with the longer biotinylated A,-type ssDNA sequence
(A, = $-AGA CAG TGT AGA GAA (TTT);-Biotin-3').

Hybridization with the fluorescently tagged A’-type ssDNA
(A’= §/-TCT ACA CTG TCT TTT-ROX-3') was achieved by
hybridization with either A-qdot or A/Stv-qdot (A,/Stv-qdot) by
combining in buffer (10 mM borate buffer, SO mM NaCl, pH =
8.3). Assembly occurs due to the A/A" recognition of 12 base-
pairs (bp). The assembly, and subsequent FRET studies were
performed at a series of dye/qdot (acceptor/donor) ratios n, (n =
[A-ROX]/[A-qdot] = 0—40). The qdot and dye acceptor
concentration was determined spectrophotometrically. The as-
sembly reactions were incubated for 1 h in the dark before FRET
analysis. In the present systems all qdots were from the same
synthesis and phase transfer batch to ensure comparability.

Instrumentation. UV—visible Spectrophotometry (UV—uvis).
The UV —vis measurements were collected on a Varian Cary100
Bio UV —vis spectrophotometer between 200 and 900 nm. The
instrument is equipped with an 8-cell automated holder with high
precision Peltier heating controller.

Photoluminescence (PL). The PL emission and excitation
measurements were collected on a Fluoromax-4 photon counting
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spectrofluorometer (Horiba Jobin Yvon). The instrument is
equipped with a 150 W xenon white light excitation source and
computer-controlled monochromator. The detector is a R928P
high sensitivity photon counting detector that is calibrated to
emission wavelength. All PL emission and excitation spectra were
collected using both wavelength correction of source intensity
and detector sensitivity. The excitation wavelength is 400 nm
using 3 nm excitation and emission slits unless otherwise noted.
The instrument is equipped with a computer-controlled tem-
perature controller provided by a Thermo NESLAB temperature
recirculator (Thermo Scientific).

Calculations. Qdot Concentration. The qdot concentrations
were calculated based on UV—vis optical absorption measure-
ments of the qdot first band edge absorption (1s-1s) intensity
using 3dot size dependent optical extinction coefficients
(quot)- 3775 1n this study, an &q4o¢ value of 81150 (£16000)
M ' cm™' was determined based on the first band edge
absorption of 530 nm for the CdSe/ZnS qdot.

Quantum Yield. The qdot photoluminescence quantum yields
(QY) were calculated based on comparison to a reference dye
using standard methods (eq 1)7°

- AbSR Pquot 77(21dot
QY qaor (%) = QYr (Absqdot> < PLr > < T v

where QYp is the reference dye quantum yield (rhodamine =
31%, rhodamine 6G = 95%), and Absg and Abs gqo¢ are the optical
absorption at specific excitation for the reference dye and qdot
samples, respectively. Here, careful attention was paid to prepare
samples with optical absorption below 0.10 in order to limit inner
filter effects. PLg and PLg4¢ correspond to the total area of the
PL emission after wavelength dependent calibration of both the
excitation source, and photoluminescence detector, as well as
after PL spectra baseline correction.

Forster Resonance Energy Transfer (FRET) Calculations. In
FRET, the Forster distance (Ry) is calculated using eq 647,77

R® = 8.8 x 102k, 17, *QpJ (2)

where 77, is refractive index of the medium (7p = 1.0), k, is the
polarization parameter (k, = 2/3), Qp is the donor quantum
yield (Qp = 32%), and ] is the spectral overlap integral. The J
value can be calculated using eq 3

J = / fohea(A)atdA 3)

where A is the defined wavelengths of the donor—acceptor
spectral overlap (1 = 450 — 650 nm), fp(4) is the integrated
donor emission, and €4(1) represents the integrated acceptor
absorption using the acceptor extinction coefficient (£, = 82 000
M ' em ™). The values of Ry = 61.0 A, and J=2.78 X 107 cm®
M " were calculated using eqs 2 and 3 as well as the software
PhotoChemCAD.

Using the R, values calculated above, the FRET efficiency, E,
was calculated using eq 4647

6
P - (4)
Fp nRy® + 10

where Fp, is donor fluorescence in the presence of acceptor,
Fp is fluorescence of the donor without acceptor, and n is the
ratio between [donor]/[acceptor]. This can be experimentally
measured by monitoring changes in the donor to acceptor

fluorescence intensities, or changes in the fluorescence lifetime
of the fluorophores. In this study, FRET efliciency was obtained
by steady-state fluorescence measurements. All steady state
intensities were baseline corrected, and the E values were
calculated under the estimate that n = 5 £ 1.

B RESULTS AND DISCUSSION

The general strategy employed for qdot phase transfer and
DNA functionalization is illustrated in Scheme 1. First, CdSe/
ZnS qdots were synthesized via standard organometallic meth-
ods with slight modification.*® %> The as-synthesized qdots
were capped with both trioctylphosphine oxide (TOPO) and
dodecylamine (DDA) (1-qdot). To initiate phase transfer to
buffers, we employed the recently developed histidine (2)
mediated method.”” In this method, 2 is added to a solution of
1-qdot at a molar ratio of [2]:[1-qdot] = 3000. Vortexing the
biphasic mixture for 1—3 min yields a 2-qdot phase transferred
into buffer (10 mM borate buffer, pH = 8.3) in only minutes
without significant precipitation. The resulting 2-qdots show
good colloidal stability over months, and are used without
additional treatment. The 2-qdots are then quantified by mea-
suring the first band edge absorption via UV—vis, and compared
using the size-dependent extinction coeflicients using the cali-
bration method recently described.”>~”® The UV—vis absorp-
tion and PL emission spectra reveal no spectral changes when
compared to the I-qdots. A decrease in quantum yield (QY) of
~25% was typically measured for the 2-qdots compared to the 1-
qdot precursors. This QY loss was also influenced by core size, as
well as ZnS-shell thickness and quality, thus batch to batch values
varied slightly. In this study, the 2-qdot possessed a QY of 32%
compared to 53% for the as-synthesized 1-qdot.

One advantage of this phase transfer route is that the 2-
capping provides a modest binding to the qdot interface. The 2
molecules are bound to the qdot interface via a bidentate 2-to-
Zn*" coordination, and the ZnS-shell of the qdots were purpo-
sely terminated with Zn>" during synthesis.”> We recently
showed that this 2-capping can further undergo ligand exchange
with self-assembled monolayers (SAMs), as well as mixed
monolayers.”” We used this favorable exchange property to
directly modify the 2-qdot interface with single-stranded oligo-
nucleotides (ssDNA), as well as polyhistidine-tagged proteins
(Scheme 1, step 2). For instance, 3'-thiolated ssDNA encoded
with sequence of type-A (A=5'-CAG TGT AGA GAATTT TT-
3') was added to a solution of purified 2-qdots at molar ratio of
[A]:[qdot] ~ 16 in 10 mM borate buffer and allowed to incubate
for 2 h at RT, followed by a 3 h gradual increase in ionic strength
from 0 to 50 mM NaCl. During this time, the direct attachment
of A to the qdot interface occurs, via the displacement of the
weakly bound 2 by the C;-thiol linkage. A similar procedure was
followed for the functionalization of 2-qdots with histagged
streptavidin (Stv). In this case, the hexahistine at the N-terminus
of the Stv binds to the Zn>" terminated CdSe/ZnS qdot interface
by displacing the bound 2 molecules. Similar binding has been
shown for DHLA modified qdots.** *** To a solution of
purified 2-qdots, the histagged Stv is added at a molar ratio of
[Stv]:[qdot] & 4 in 10 mM borate buffer and left to incubate as
described above. Next, the Stv-qdots were incubated with 3'-
biotinylated A-type ssDNA at a molar ratio of [A]:[Stv] & 4, and
allowed to incubate in buffer, resulting in A/Stv-qdots. Both the
A-qdots and A/Stv-qdots were then purified free of excess A via
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Scheme 1. Idealized Schematic Illustrating the Qdot Functionalization Steps Used in This Study (The 1-qdots are Phase-
Transferred from Chloroform to Aqueous Buffers Using Histidine (2), Forming 2-qdots Dispersed in Borate Buffer (step 1). Next,
the 2-qdots are Directly Functionalized Using Either Thiolated A-type ssDNA (step 2a), or First with Histagged Streptavidin (Stv)
Followed by Biotinylated A (step 2b). The Assembly between the A-qdots and A/Stv-qdots is Probed via FRET with the ROX
Labeled A’-type ssDNA. Assembly Occurs Due to the 12 bp A/A’ dsDNA Hybridization)

Thiolated 4-ssDNA
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1-qdot = TOPO/HDA-capped CdSe/ZnS qdot
2-qdot = Histidine-capped CdSe/ZnS qdot
Stv = hexahistidine tagged Streptavidin Protein

A =5"-CAG TGT AGA GAA TTT TT -x-3’ {x = C;H,-SH or Biotin}
A,=5"-CAG TGT AGA GAA (TTT); -x-3" {x = C;H,-SH or Biotin}
A’=5"TCT ACA CTG TCT TTT-ROX-3" {ROX = 6-Carboxy-X-rhodamine}

molecular weight (50 kDa) cutoff centrifugal filters, and quanti-
fied by UV—vis.

The direct functionalization of the 2-qdots was first character-
ized via gel electrophoresis. Figure 1 shows a representative
agarose gel result for the 2-qdots before and after functionaliza-
tion to A-qdot (a) and A/Stv-qdot (b) at increasing [A]:[2-
qdot]. For instance, lanes 1 show the 2-qdot (a) and Stv-qdot
precursors (b) before A-modification. Interestingly, the 2-qdots
do not penetrate the gel due to precipitation in the running
buffer.”” However, upon attachment with thiolated A, the
improved mobility of A-qdot in the gel is apparent by the
mobility of the sharp band, as shown in lanes 2—35. The modest
increase in mobility with [A]:[2-qdot] up to 40 (lanes 2—S5)
suggests an increase in coverage. Similar results were obtained for
the Stv-qdots after modification with biotinylated-A. The Stv-
qdots have minimal initial mobility due to similar instability and
decrease in surface charge (Figure 1b), and the improved
mobility of the initial A/Stv-qdots at [A]:[2-qdot] up to 40.
Interestingly, the mobility remains similar despite increases in
[A] (lanes 2—S5). This suggests A-binding only to the accessible
Stv recognition sites and not the qdot interface.

These gel results are strong qualitative evidence for direct
ssDNA modification of the qdot interface. It is interesting to note
that this modification procedure follows functionalization stra-
tegies similar to protocols found for DNA modification of citrate-
capped gold nanoparticles,” >* and is in contrast to conven-
tional approaches to modify qdots with ssDNA.*'~™* It is
important to note that a few other direct attachment strategies
have also been shown.*® 7! For instance, Mirkin and co-workers
used mercaptopropionic acid (MPA) to mOdl?’ qdots, followed
by monolayer exchange with thiolated ssDNA.”” A similar MPA-
based method was also shown,”® as well as approaches which
bind ssDNA during Zn$ shell growth.”" Our approach is similar,
but is not limited or hindered by the thiol—thiol monolayer
exchange. A key question however is the nature of the ssDNA at
the qdot interface, its coverage, structure, and accessibility.

Figure 1. (a) Agarose gel results characterizing the 2-qdots before (1)
and after thiolated A-type ssDNA functionalization to A-qdots (2—S5) at
increasing [A]:[2-qdot] = 6—39 (1.0% agarose, 1 x TBE, 70 V, 30 min).
(b) Results for the Stv-qdots before (1) and after biotinylated A-type
ssDNA functionalization to A/Stv-qdots (2—S5) at increasing r = 6—36
(0.8% agarose, 1x TBE, 25 V, 60 min). Images collected under UV
excitation.

We investigated this using FRET between the DNA-qdots and
complementary ssDNA modified with a fluorophore. A number
of reports have used FRET to better understand biofunctiona-
lized qdot interfaces.**~** The qdot/dye FRET pair is analogous
to classical FRET pairs, and the qdot itself has been well modeled
as a single point dipole, due to the nature of the single exciton
generation localized at the CdSe core.*” This FRET system
consists of the A-qdots and A/Stv-qdots prepared above with PL
emission at 550 nm acting as FRET donors (D), whereas a
complementary ssDNA of A'-type modified with a fluorescent
dye (ROX) with emission at 605 nm serving as the FRET
acceptor (A). The fluorophore ROX was chosen to sufficiently
separate donor—acceptor emission spectra, while maintaining an
acceptable overlap integral. The spectral properties and FRET
efficiency plot are shown in Figure 2.
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Figure 2. (a) Normalized PL emission and absorption spectra for
550 nm emitting 2-qdot donor and A’-ROX acceptor. (b) FRET
efficiency curve calculated using eq 4 at Ry = 61.0 A and 1 = 4, 5, and
6. Inserted experimental E results for the labeled assembly systems.

A typical FRET profile between the A-qdot and A’-ROX at
acceptor/donor ratios (n = [A-ROX]/[A-qdot]) of 0—40 is
shown in Figure 3a. A FRET efficiency (E) based on the
quenching of the A-qdot emission was calculated to be 3%. From
analysis of the gel results (Figure 1, Figures S1 and S2), we
approximate that each A-qdot contains § (£1) A-type ssDNA
molecules. With this maximum number of potential A’-ROX
binding sites available, we calculated the FRET efficiency plot
using eq 5 at n = 4—6, as shown in Figure 2b. From this plot,
along with the measured E = 3%, we estimate the qdot-to-ROX
distance (r, center-to-center), of r &~ 14.2 (+0.4) nm. This is
larger than an ideal estimate of ~10 nm. This estimate is based on
the number of base-pairs in the dsDNA linkages (12bp) and the
length of the unlinked poly-T base segments in a coiled state (Sb
and 3b),”* as well as the radius of the qdot (2.2 nm) and the
radius of the ROX molecule (~1 nm). The r & 14 nm suggests a
high coverage of A at the qdot interface, which leads to large
amounts of interchain steric effects of the ssDNA polymer brush,
thus extending the bound recognition sequences (3'-end) further
from the qdot interface.

We next investigated the A/Stv-qdot system for FRET with A’-
ROX. Figure 3b shows a typical FRET response at n = 0—40.
Compared to the previously discussed A-qdot system, an in-
creased FRET efficiency of E ~ 21% is measured. The A/Stv-
qdot was prepared at ratios in which a maximum of S (£1) A-
type ssDNA molecules were bound, in order for comparison. As
shown in the FRET efficiency plots (Figure 2b), an E value of this
magnitude correlates to a r ~ 10.0 (20.4) nm. Interestingly, this
value is slightly less than the ideal estimate of ~12 nm, con-
sidering the increase as the result of the size of the Stv macro-
molecule (~2 nm). We further probed the A/Stv-qdot systems
by using an analogue ssDNA sequence to A-type that contained
an increased number of bases (30b), A,-type. The A,/Stv-qdot
was prepared via the methods described above, again with a
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Figure 3. Representative emission spectra during a typical FRET
experiment between A-qdot (a), A/Stv-qdot (b), and A,/Stv-qdot (c)
donors with A’-ROX at n ~ 2,4, 7, 12, 21, 31, 42 (10 mM borate buffer,
pH = 8.3, S0 mM NaCl, [qdot] = 10.1 nM, Ag, = 400 nm).

coverage of S (££1) A, molecules/qdot. A typical FRET spectra is
shown in Figure 3c. As one might expect from the longer ssDNA
sequence, a lower E & 12% was calculated, which correlates with
an r ~ 11.1 (£0.4) nm. This value is also less than the ideal
estimate of ~13 nm that takes into account the additional 15b
poly-T spacer segments.27’28’33’77

These results are representative of two trends consistently
observed in our direct attachment studies. First, the thiol-
modified ssDNA shows the lowest FRET efficiency, despite its
seemingly shortest ideal distance. This demonstrates that the A-
qdot is sufficiently functionalized to the qdot in such a manner as
to provide maximum coverage, and in turn to extend the
recognition sequences residing at the terminus of the bound
ssDNA, far from the qdot interface. In contrast, the A/Stv-qdots
have higher FRET efficiency and r-values lower than estimates.
This can be understood by considering that the initial Stv layer
will extend the attachment point of the ssDNA by ~2 nm. Since
the number of ssDNA/qdot is maintained, this results in
sufficient free space near the qdot interface for approach,
resulting in, on average, increased FRET efficiency. Using the
longer ssDNA A,/Stv-qdot analogue that showed decreased
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efficiency substantiated this. Other factors may also play a role in
the FRET efliciencies measured, such as a distribution of ZnS-
shell thicknesses among the qdots used, as well the possibility of a
distribution of ssDNA coverage across a qdot population. These
factors, and further structural characterization, will be addressed
in future work. Taken together, these results demonstrate that
the direct attachment of ssDNA to a qdot interface does not
necessarily result in optimum FRET. Other factors, such as
surface coverage and surface accessibility are at play and also
need to be engineered. Nevertheless, the histidine-mediated
phase transfer method does provide a suitable qdot interface
for the direct functionalization with oligonucleotides and his-
tagged proteins, opening up a new route for the integration of
qdots into increasingly sophisticated self-assembly designs.

Bl CONCLUSION

These results demonstrate that the histidine-mediated phase
transfer protocol provides an interface that is suitable for
exchange with thiolated ssDNA, and histagged-proteins. Struc-
tural analysis via FRET indicates that the DNA—qdot interface
binds with efliciency values at the high end of estimates that are
based on DNA and protein structure alone. The observation that
the thiolated ssDNA show the lowest FRET efliciency suggests a
dense coverage of ssDNA that results in the unhybridized spacer
regions conforming to a more extended state. In contrast the
ssDNA bound to the initial streptavidin layer shows higher FRET
efficiency due to the decreased sterics made possible by the low
packing of the initial streptavidin layer, allowing for a more close
approach by the ssDNA to the interface.
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