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N
ucleic acids are unique, informa-
tional molecules with exceptional
potential in the preparation of com-

plex nanostructured materials1 with utility
as potent and specific therapeutic agents
in vivo and as powerful investigative tools
in vitro.2�4 Despite this promise, unmodi-
fied nucleic acids are inherently susceptible
to enzymatic degradation in biological mili-
eu, limiting their practical utility in detection
and as therapeutics in real-world applica-
tions. To mitigate these issues, considerable
effort has been applied to the generation of
DNA analogues capable of resisting attack.5,6

Unfortunately, in biological settings, these
synthetic analogues exhibit unpredictable
off-target effects7 and preclude advantageous
interactions with key cellular machinery.8,9

Therefore, two nanotechnology-based ap-
proaches for packaging nucleic acids for
resistance have been pursued whereby
the base identity is preserved along with
backbone chemistry: (1) utilizing gold nano-
particles as templates for arranging oligo-
nucleotides as a spherical brush,10 (2)
packing nucleic acids as DNA origami.11,12

Importantly, both approaches use well-
definednanostructures toarrangenucleicacids
in a given pattern. Herein, we describe a third
route that avoids two key limitations imposed
by these current approaches: (1) the need for

preparing nucleic-acid-intensive DNA origami
structures that, by necessity, consist of large
portions of double-stranded DNA, unavail-
able for subsequent hybridization; and (2) the
need for a metal nanoparticle template that
precludes the incorporation of a chemically
diverse core. Our strategy is based on the
hypothesis that single-stranded oligonucleo-
tides, consisting of natural nucleotide struc-
tures, may be made resistant to nuclease
attack by densely packing them as organic
polymeric micellar nanoparticles. The design
is predicatedon the idea that steric hindrance
through dense packaging limits the accessi-
bility of DNA to selective and nonselective
nucleases. We sought to demonstrate this
approach to resistant nucleic acids by utilizing
a polymerization strategy that is known to
be highly functional group tolerant, would
allow efficient end-terminus functionalization,
and provides polymers of low polydispersity.13

Nucleic acids were packed as DNA�polymer
amphiphiles (DPAs)14 into micellar nano-
particles consisting of a high-density ssDNA
corona with a hydrophobic organic polymer
core.15 We demonstrate that this morphology
allows free access to additional complemen-
tary DNA strands while preventing and/or
inhibiting the activity of various types of
nucleases.
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ABSTRACT Herein, we describe a polymeric micellar

nanoparticle capable of rendering nucleic acids resistant

to nuclease digestion. This approach relies on utilizing

DNA as the polar headgroup of a DNA�polymer amphi-

phile in order to assemble well-defined, discrete nano-

particles. Dense packing of DNA in the micelle corona

allows for hybridization of complementary oligonucleo-

tides while prohibiting enzymatic degradation. We demonstrate the preparation, purification, and characterization of the nanoparticles, then describe their

resistance to treatment with endo- and exonucleases including snake-venom phosphodiesterase (SVP), a common, general DNA digestion enzyme.
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RESULTS AND DISCUSSION

Preparation of DPA Nanoparticles. DPAs were prepared
via conjugation of a hydrophobic polymer (prepared
via ring-opening metathesis polymerization), termin-
ally modified with a carboxylic acid moiety, to a
50-amino-modified oligonucleotide on solid support
(Figure 1). The resulting DNA�polymer conjugate
was separated from unmodified polymer by thor-
oughly rinsing the support. Subsequent cleavage and
dialysis gave a mixture of spherical micellar nanopar-
ticles and free, nonconjugated single-stranded DNA
(ssDNA, Figure 1a, lane 1). The particles were separated
from ssDNA via size-exclusion chromatography
(SEC-FPLC) to give purified material (Figure 1a,b). This
procedure was utilized in the preparation of two
micellar nanoparticles, P1 and P2, both exhibiting
low polydispersity with diameters on the order of
20 nm, as determined by TEM (Figure 1c), and dynamic
light scattering (DLS, see Supporting Information
Figure S8). Static light scattering (SLS) was utilized to
confirm aggregation numbers (Nagg) on the order of
∼200 DNA strands per particle (see Supporting Infor-
mation Figure S8). Therefore, DNA is at exceptionally
high densities16 of approximately 0.2 DNA strands/nm2

on the surface of the micelles.

The two particles (P1 and P2) were engineered to
incorporate ssDNA sequences (ssDNA-1 and ssDNA-2)
as substrates for a selective endonuclease and also
a pair of indiscriminate exonucleases. ssDNA-1 and
ssDNA-2 differ only in the location of dye and quencher
labels. ssDNA-1 consists of a DABCYL modifier located
toward the 30-terminus and a fluorescein modifier 13
bases away toward the 50-terminus. By contrast,
ssDNA-2 has the reverse arrangement with a fluores-
cein modifier toward the 30-terminus. This pair of se-
quences was designed to detect nuclease activity via a
FRET assay in which the enzyme-triggered release of a
DABCYL-modified (ssDNA-1) or fluorescein-modified
(ssDNA-2) fragment from the oligonucleotide se-
quence results in an increase in fluorescence signal
(vide infra). Additionally, to serve as independent con-
trols, ssDNA-1 and ssDNA-2 were purified as nonpoly-
mer conjugated oligonucleotides.

Endonuclease Activity against DPA Nanoparticles. To ex-
amine how DPA nanoparticles respond to sequence-
selective endonucleases, we incorporated a substrate
for nicking endonuclease Nt.CviPII (50...CCA...30; see
Supporting Information Figure S4) between fluores-
cein- and DABCYL-labeled thymidine moieties of the
oligonucleotide. Nt.CviPII is a nicking endonuclease

Figure 1. Preparation of DNA�polymer amphiphiles (DPAs) and assembly of micelles. Synthesis: (i) a hydrophobic polymer,
terminally modified with a carboxylic acid moiety was mixed with a coupling agent and reacted with a 50-amino-modified
oligonucleotide on solid support (controlled pore glass, CPG); (ii) deprotection and cleavage of the resulting DNA�polymer
conjugate from solid support; (iii) dialysis of cleaved DPA into deionized water to form a mixture of micelles and free,
nonconjugated nucleic acid. TF and TD correspond to fluorescein- and DABCYL-modified thymidine phosphoramidites.
(a) PAGEanalysis. Lane1:Crudematerial postmicelle (P1) formation showingconjugate (topband) and free ssDNA (lowerband).
Lane 2: HPLC purified sample of ssDNA-1. Lane 3: Purified P1, isolated via size-exclusion chromatrography (SEC). (b) SEC trace
of purified P1 (λabs = 260 nm). (c) Transmission electron micrograph of P1. See Supporting Information Figure S7 for P2 data.
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that recognizes double-stranded DNA (dsDNA) and
introduces a single-strand break on the 50 side of
the recognition site (50...*CCX...30, X = A, G, or T).17

The system was designed such that nucleolytic clea-
vage occurs on the sequence of the DPA nanoparticle
or ssDNA analogue while leaving the complementary
sequence of the duplex fully intact. We reasoned that
this design would facilitate a catalytic degradation of
both the nanoparticle and ssDNA in response to small
quantities of complementary DNA in the presence of
the enzyme. Specifically, we programmed the nick site
between bases 10 and 11 of the 20 bp duplex such that
the melting temperature (Tm) of the nicked product
would drop to approximately half that of the full 20 bp
duplex (from ∼60 to 30 �C). Through subsequent,
thermodynamically favorable strand invasion, intact
ssDNA or nanoparticle DNA would then be allowed to
hybridize to its complement in order to recycle the target.

To monitor Nt.CviPII activity, we employed two
complementary analytical techniques: a fluorescence
assay and an assessment of DNA Tm with and without
enzyme treatment (Figure 2). The firstmethod involved

a fluorescence dequenching experiment wherein the
particles or ssDNA sequences were allowed to hybri-
dize to complementary DNA and subsequently intro-
duced to the endonuclease. Fluorescein fluorescence
was monitored over time in order to assess the activity
of the enzyme. In this case, an increase in fluorescein
fluorescence corresponded to a nick in the oligonu-
cleotide sequence and a dissociation of the quencher-
and fluorophore-labeled fragments. Indeed, after hy-
bridization to complementary DNA, the labeled ssDNA
sequence was readily destroyed in the presence of the
nickingendonuclease (Figure 2b,c). On the contrary, the
DPA nanoparticles showed virtually no activity via

fluorescence under identical conditions (Figure 2a,c).
Notably, this observation was independent of the dye
and quencher arrangement in the nanoparticle sub-
strates. This is a critical observation because for P1
there is the possibility that the fluorescein-labeled
fragment may be quenched by neighboring, fully
intact strands within the particle shell, whereas this
is not possible for P2, as the fluorescein-labeled
fragment should be free in solution following nicking

Figure 2. Endonuclease resistance of DPA nanoparticles. (a) Scheme depicting DPA nanoparticle (P2) resistance to nicking
endonuclease (Nt.CviPII) and consequently intact, quenched duplex DNA at the particle surface. (b) Scheme depicting dsDNA
degradation by Nt.CviPII and consequently a decrease in duplex melting temperature and increase in fluorescein
fluorescence. (c) Nt.CviPII activity over time, monitored via fluorescein fluorescence dequenching (λex = 485 nm,
λem = 535 nm). (d) Thermal denaturation analysis with and without Nt.CviPII treatment for P1 and ssDNA-1; λabs = 260 nm. Sample
subjected toenzyme for 100min at 37 �C. ssDNA-1þ complement:Tm=63.9 �C; ssDNA-1þNt.CviPIIþ complement:Tm=37.8 �C;
P1þ complement: Tm = 58.8 �C; P1þ Nt.CviPIIþ complement: Tm = 58.3 �C. (e) Thermal denaturation analysis with and without
Nt.CviPII treatment for P2 and ssDNA-2; λabs = 260nm. Sample subjected toenzyme for 100min at 37 �C. ssDNA-2þ complement:
Tm = 63.9 �C; ssDNA-2þNt.CviPIIþ complement: Tm = 37.8 �C; P2þ complement: Tm = 56.9 �C; P2þNt.CviPIIþ complement:
Tm = 55.3 �C. See Supporting Information Figure S12 for derivative plots of melting temperatures. Complement:
50-TATTATATCTTTAGACACTGACTGGACATGACTCT-30.
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(Tm ∼ 37 �C). Alternatively, we reasoned that perhaps
the lack of fluorescence increase for both P1 and P2
could be due to the possibility that a nicked sequence on
the particle may not dissociate into solution due to the
density of DNA in close proximity to the cleaved product.
To rule out these possibilities, we analyzed the Tmof both
single-stranded and nanoparticle-based systems follow-
ing nuclease treatment (Figure 2d,e). This analysis con-
firms that the activity of the endonuclease on the
ssDNA�complement duplex is accompanied by a sig-
nificant decrease in the Tm of the duplex (Δ = �26.1 �C
for ssDNA-1 and ssDNA-2), consistent with complete
nicking of the oligonucleotide. By contrast, the Tm of
the nanoparticle�complement duplex remains consis-
tent (Δ = �0.5 �C for P1, �1.6 �C for P2) after nuclease
treatment, thus indicating the presence of an intact
20-base oligonucleotide shell on the DPA nanoparticle.

We note that unlike previously reported DNA-func-
tionalized gold nanoparticle systems18 we do not see
an enhanced Tmon the initial DPAnanoparticles, which
would have been indicative of cooperative hybridiza-
tion of complementary DNA. Rather, we observe a

slight depression in the Tm (Figure 2d,e), an observa-
tion consistent with steric hindrance at the interface
between DNA and the hydrophobic polymer. This type
of effect has been noted by others with respect to
unusual DNA hybridization characteristics at interfaces.19

Exonuclease Activity against DPA Nanoparticles. Given that
DPA nanoparticles exhibit a high level of resistance
against a sequence-specific nicking endonuclease, we
were interested in determining how they would re-
spond as substrates to a nonspecific 30-exonuclease
(Figure 3). Exonuclease III (Exo III, from Escherichia coli)
is reported to catalyze the stepwise removal of mono-
nucleotides from the 30-hydroxyl termini of duplex
DNA with preferred substrates being blunt or recessed
30-termini.20 However, in our hands, the enzyme ex-
hibits indiscriminate activity on both ssDNA and
dsDNA substrates (see Supporting Information Figure
S9). Therefore, we analyzed the activity of Exo III against
ssDNA and corresponding DPA nanoparticles in the
absence of any additional complementary DNA. Exo III
activity against ssDNA and DPA nanoparticles was
monitored via fluorescein fluorescence dequenching

Figure 3. Exonuclease resistance of DPA nanoparticles. (a) Scheme depicting DPA nanoparticle resistance to exonuclease III
and, consequently, intact DNA at the particle surface available for hybridization with complementary ssDNA. (b) Scheme
depicting ssDNAbeing degraded by Exo III and, consequently, no intact DNA available for hybridizationwith complementary
ssDNA. (c) Exonuclease III activity over timemonitored by fluoresceinfluorescence dequenching (λex = 485 nm, λem = 535nm).
(d) Thermal denaturation analysis with andwithout Exo III treatment for P1 and ssDNA-1; λabs = 260 nm. Samples subjected to
enzyme for 60min at 37 �C. P1þ complement: Tm=58.8 �C; P1þ Exo IIIþ complement: Tm=55.8 �C. (e) Thermal denaturation
analysis with andwithout Exo III treatment for P2 and ssDNA-2; λabs = 260 nm. Samples subjected to enzyme for 60min at 37 �C.
P2þ complement: Tm = 56.9 �C; P2þ Exo IIIþ complement: Tm = 53.9 �C. See Supporting Information Figure S13 for derivative
plots of melting temperatures. Complement: 50-TATTATATCTTTAGACACTGACTGGACATGACTCT-30.
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over time. Upon initial observation, P1 appears to be
highly resistant to Exo III digestion, while P2 appears to
be degraded at a substantially higher rate. Indeed, a
detailed kinetic analysis ofP2with respect to Exo III reveals
that it is a substrate, albeit a significantly poorer one
than ssDNA-2with a 3-fold difference in themagnitude
of the second-order rate constant and a greater than
4-fold difference in initial rates (Figure 3c and Table 1).
However, these kinetic data, derived from fluorescence
measurements (see Supporting Information Figure S10),
reveal only that P2 is indeed a substrate with
respect to removal of the first few bases at the
30-terminus, that is, at the location where fluorescein
is liberated and hence detectable. Therefore, we rea-
soned that the apparent discrepancy between Exo III
activity on P1 and P2 (as monitored by fluorescence) is
most likely due to the fact that, for P2, the fluorescein-
labeled nucleotide is located only one base from the
30-hydroxyl terminus. Therefore, liberation of the fluor-
escent product into solution (i.e., detection of fluores-
cence) only requires the removal of two bases. In the
case of P1, the liberation of a DABCYL-labeled nucleo-
tide does not have the same effect. Here, we conclude
that the fluorescein-labeled nucleotide is not liberated
into solution but remains in an environment sur-
rounded by DABCYL quencher molecules still present
on intact, neighboring DNA strands, as well as neigh-
boring deoxyguanosine bases, which are also known
to quench fluorescein fluorescence.21 Therefore, the
discrepancy between P1 and P2 response to Exo III
is consistent with the nuclease digesting or “shaving”
away a limited fraction of 30-terminal bases.

To confirm observations and conclusions drawn
from fluorescence kinetic studies (Table 1) and to
determine the extent of digestion, a hybridization
study via DNA duplex melting analyses was required.
Briefly, DPA nanoparticles or ssDNA analogues were
allowed to react with Exo III for 1 h before deactivating
the enzyme with EDTA and heat. Following enzyme
deactivation, an equimolar quantity of complementary
DNA was allowed to hybridize to the nanoparticle or
ssDNA. Thermal denaturation analysis reveals the ab-
sence of a melting transition in the case of both ssDNA
strands, indicating complete degradation following
enzyme treatment (Figure 3d,e; see Supporting Infor-
mation Figures S11 and S13). By contrast, in the case
of enzyme-treated DPA nanoparticles, P1 and P2,
we observe a sharp melting transition of the parti-
cle duplex indicative of an intact DPA nanoparticle.

However, we do observe a slight decrease in the
particle duplex Tm (Δ = �3 �C in each case, Figure 3d,
e; see Supporting Information Figure S13), consistent
with fluorescence evidence suggesting that the en-
zyme digests several bases of the nanoparticle nucleic
acid shell at the outer edge and is subsequently
sterically hindered, thus preventing complete diges-
tion. Indeed, the data following this partial digestion
are consistent with a duplex on the order of approxi-
mately 18 base pairs compared to 20 base pairs for the
full-length sequence without enzymatic treatment.
Encouraged by our results demonstrating DPA nano-
particle resistance to Exo III, we aimed to determine
whether a nuclease routinely used for complete diges-
tion of synthetic oligonucleotides would yield similar
results. In addition, we sought to answer whether
DPA nanoparticles serve to protect DNA against
general exonuclease digestion and not just specifi-
cally Exo III digestion. Therefore, we subjected
the single-stranded particles and corresponding
ssDNA analogues to snake-venom phosphodiesterase
(phosphodiesterase I from Crotalus adamanteus), an
enzyme known for its aggressive 30-exonuclease activ-
ity and routinely utilized for complete digestion of
synthetic oligonucleotides.22,23

Indeed, on the basis of fluorescence dequenching
experiments identical to those for Exo III activity anal-
ysis, the DPA nanoparticles exhibit exceptional resis-
tance consistent with observations made utilizing Exo
III (Figure 4). Although the relative initial rates differ
between SVP and Exo III depending on substrate, it is
clear that the trends in activity are consistent between
the two nucleases; that is, P2 is resistant compared to
ssDNA-2, and P1 is resistant compared to ssDNA-1.

CONCLUSION

In summary, we have described a novel approach for
rendering DNA resistant to two key classes of nuclease
that are otherwise capable of rapidly degrading sub-
strates in a sequence-selective or nonselective fashion.
We propose that steric hindrance due to dense packing

TABLE 1. Exonuclease III Kinetics on ssDNA-2 and P2

Substrates

substrate

initial rate/

�10�9 M/s

Vmax/

�10�9 M/s

Km/

�10�6 M kcat/s
�1

kcat/Km/

�105 s�1 M�1

ssDNA-2 18.6 50 10.6 1.42 1.3
P2 4.4 12.5 7.0 0.36 0.5

Figure 4. SVP activity over time monitored by fluorescein
fluorescence dequenching (λex = 485 nm, λem = 535 nm).
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is the simplest explanation for the observation that the
endonuclease has undetectable activity on P1 and P2,
whereas 30-nucleases show some activity but only at
the outer few bases.
Inspiration for this investigation is drawn from the

increasing interest in novel approaches for packaging
and delivering nucleic acids for in vivo applica-
tions.3,4,24�26 This interest has led to an array of mate-
rials designed to facilitate potent and selective com-
munication with important cellular machinery.27�34

Our approach is predicated on the idea that a key
requirement for any enabling technology of this
type is a well-defined nucleic-acid-based material that

maintains the integrity of the base sequence in nucle-
ase-rich environments. The utilization of DPA nanopar-
ticles for targeted delivery of intact hybridization
competent nucleic acids in vitro and in vivo is currently
underway in our laboratories. This approach, together
with otherwell-definedDNA-based nanomaterials,10�12

constitutes a concerted effort to move away from amor-
phous, poorly defined, multicomponent, and cytotoxic
polyplexed transfection agents.35,36 Finally, we note that
this approach is likely general in terms of particle core
chemistry, as other polymerization strategies are amen-
able to the incorporation of DNA and potentially the
preparation of resistant micellar particle systems.15,19,37

METHODS
Monomer, Termination Agent, and Polymer Synthesis. Synthesis of

(N-Benzyl)-5-norborene-exo-2,3-dicarboximide (1). See Support-
ing Information Figure S1 for chemical structure. Compound
1 was prepared according to a modification of a previously
reported procedure.38 To a stirred solution of N-benzylamine
(2.85 g, 26.6 mmol) in dry toluene (125 mL) were added
5-norbornene-exo-2,3-dicarboxylic anhydride (4.10 g, 25.0
mmol) and triethylamine (3.83 mL, 27.5 mmol). The reaction
was heated to reflux overnight under an atmosphere of N2. The
reactionwas cooled to room temperature andwashedwith 10%
HCl (3� 50mL) and brine (2� 50mL). The aqueous layers were
combined and extracted with ethyl acetate (60 mL). The
combined organic layers were dried with MgSO4, filtered, and
concentrated to dryness, yielding a pale yellow solid that was
then recrystallized from ethyl acetate/hexanes to give 1 (4.98 g,
79%) as white crystals. 1H NMR (CDCl3): δ (ppm) 1.07 (d, 1H, CH2,
J = 9.6 Hz), 1.42 (d, 1H, CH2, J = 9.6 Hz), 2.69 (s, 2H, 2� CH), 3.26
(s, 2H, 2 � CH), 4.61 (s, 2H, CH2), 6.28 (s, 2H, CHdCH), 7.25�7.40
(m, 5H, Ar). 13C NMR (CDCl3): δ (ppm) 42.18, 42.28, 45.13, 47.62,
127.74, 128.48, 135.76, 137.76, 177.48. LRMS (CI), 253.99 [MþH]þ.
HRMS, theor: 254.1176 [M þ H]þ, found: 254.1175 [M þ H]þ.

Synthesis of (Z)-4,40-(But-2-ene-1,4-diylbis(oxy)) Dibenzoic
Acid (2). See Supporting Information Figure S1 for chemical
structure. To a stirred solution of ethyl 4-hydroxybenzoate
(5.5 g, 33.1 mmol) in 100 mL of dry DMF was added potassium
carbonate (7.28 g, 52.7 mmol). To this stirred suspension was
added cis-1,4-dichlorobutene (2.0 g, 16 mmol). The solution
turned brown within minutes, and the reaction was allowed to
stir under an atmosphere of N2 at 90 �C overnight. The mixture
was then cooled to room temperature, filtered, and concen-
trated to dryness. The resulting solid was dissolved in ethyl
acetate andwashed three timeswith H2O. The organic layerwas
dried over magnesium sulfate and concentrated to dryness to
yield solid white crystalline needles. This solid was recrystallized
from ether to yield the pure diester (2.18 g, 35%). 1H NMR
(CDCl3): δ (ppm) 1.38 (t, 6H, 2� CH3), 4.35 (q, 4H, 2� CH2), 4.74
(d, 4H, 2 � CH2), 5.96 (t, 2H, CHdCH), 6.92 (d, 4H, 4 � ArH), 8.0
(d, 4H, 4� ArH). The diester (2.18 g, 5.66mmol) was dissolved in
95% ethanol, and potassium hydroxide was added (12.0 g,
215 mmol). The reaction was heated to reflux for 5 h, cooled
to room temperature, diluted with an equal volume of H2O, and
acidified with HCl to form a white precipitate. The precipitate
was filtered off to yield 2 as an orange-tan solid (1.78 g, 100%).
1H NMR (DMSO-d6, residual

1H = 2.50 ppm): δ (ppm) 3.38 (br s,
2H, 2 � COOH), 4.80 (d, 4H, 2 � CH2), 5.89 (t, 2H, CHdCH), 7.03
(d, 4H, 4�ArH), 7.87 (d, 4H, 4�ArH). 13C NMR (DMSO-d6, residual
13C = 39.51 ppm): δ (ppm) 64.11, 114.50, 123.18, 128.33, 131.34,
161.72, 166.98. LRMS, 327.03 [M � H]�, HRMS, theor: 327.0874
[M � H]�, obs: 327.0877 [M � H]�.

Synthesis of Polymer (120-2). See Supporting Information
Figure S1 for chemical structure. Monomer 1 (870mg, 3.4mmol)
was dissolved in 5 mL of CDCl3 and cooled to�78 �C. Ruthenium

catalyst (IMesH2)(C5H5N)2(Cl)2RudCHPh (124 mg, 0.17 mmol) was
addedas apowder, followedby1mLadditional CDCl3 to solubilize
the catalyst. The reaction was then allowed to warm to room
temperature and stir under N2 for 35 min (NMR confirms the
absence of the original olefin resonance from monomer 1 at
6.28 ppm, and the presence of broad cis- and trans-polymer
backbone olefin resonances at 5.45 and 5.71 ppm). At this point,
200 μL of the reactionmixturewas removed and quenchedwith
an excess of ethyl vinyl ether to provide a homopolymer for
molecular weight determination (SEC-MALS: Mn = 5221 g/mol,
PDI = 1.075, Figure S2). Termination agent 2 (111 mg, 0.34
mmol) was dissolved in 2.0 mL of DMF-d7, added to the reaction
mixture, and the mixture was allowed to stir at room tempera-
ture for 20min. The rutheniumalkylidene proton resonancewas
monitored in order to track the completion of the polymer
termination event (Figure S3). Once termination was deter-
mined to be complete, excess ethyl vinyl ether was added to
quench the ruthenium catalyst. The crude polymer was pre-
cipitated from cold methanol and further purified by column
chromatography in order to eliminate any traces of unreacted
termination agent. The crude precipitated polymer was dry
loaded onto a silica column, the column was washed with
200 mL of CH2Cl2, and the polymer was eluted with 3%
methanol in CH2Cl2 to yield a glassy yellow-brown solid as the
pure polymer (905 mg, 97%, Rf = 0.56).

DNA Synthesis. Oligonucleotides ssDNA-1 and ssDNA-2 were
synthesized in-house using automated phosphoramidite chem-
istry and saccharin 1-methylimidazole as an activator. Standard
2-cyanoethyl protected phosphoramidites include (N-Bz) dA,
(N-dmf) dG, (N-acetyl) dC, and T. Oligonucleotides were synthe-
sized on a 1.0 μmol scale using columns packed with 1000 Å
CPG beads. A 50-amino modifier was incorporated into each
synthetic oliognucleotide through use of 50-aminomodifier C12
phosphoramidite (Glen Research). In the case of ssDNA-1 and
ssDNA-2, the 50-amino terminuswas acetylated on solid support
using the automated synthesizer. TheMMT groupwas removed
by treatment with 3% trichloroacetic acid in CH2Cl2 for 2 min
(until the yellow color due to the MMTþ cation was no longer
visible in the eluting deblock solution) followed by a standard
capping cycle to acetylate the free amine with acetic anhydride.
Fluorescein and DABCYL labels were incorporated into the
oligonucleotides via use of fluorescein dT and DABCYL dT
phosphoramidites (Glen Research). Oligos were cleaved from
solid support and deprotected by treatment with AMA
(concentrated NH4OH/40% methylamine, 1:1 v/v) at 55 �C for
20 min, purified by HPLC, and characterized by MALDI-TOF MS.
Complement DNA was purchased from Integrated DNA Tech-
nologies (purified by HPLC, confirmed by ESI-MS). Detailed
sequences and enzyme recognition/cleavage sites are shown
in Figure S4.

MALDI-TOF MS of Oligonucleotides. See Supporting Infor-
mation Figure S5 for corresponding spectra. A MALDI target
plate was spotted with 1 μL of matrix solution A for each sample
to be analyzed and allowed 20 min to dry completely (matrix A
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was prepared as follows: dissolve 50 mg of 3-Hydroxypicolinic
acid in 500 μL of HPLC grade acetonitrile/nanopure water 1:1
v/v and mix 454 μL this solution with 45 μL of 100 mg/mL
diammonium hydrogen citrate in nanopure water). Oligonu-
cleotide samples were prepared for MALDI-TOF MS analysis
using Zip-Tip C18 pipet tips. Oligos were loaded onto the C18
tips from concentrated stock solutions (ca. 50�100 μM) and
eluted with matrix solution B (matrix solution B was prepared
as follows: dissolve 50 mg of 2', 4', 6' Trihydroxyacetophenone
monohydrate (THAP) in 500 μL of HPLC grade acetonitrile, assist
dissolution by sonication, and centrifuge the resulting solution
to pellet any solid remaining, mix 250 μL of the supernatant with
250 μL of 23mg/mL diammonium hydrogen citrate in nanopure
H2O). One microliter of the oligonucleotide in matrix solution B
was mixed with 1 μL of oligonucleotide calibration standard
(Bruker) dissolved in nanopure H2O. One microliter of this
solution was then spotted onto the MALDI plate on top of
crystallized matrix A. The samples were allowed to dry for
15�30 min before analyzing via MALDI-TOF MS.

HPLC Purification of Oligonucleotides. See Supporting Infor-
mation Figure S5 for corresponding chromatograms. Synthetic
oligonucleotides ssDNA-1 and ssDNA-2 were purified via re-
verse-phase HPLC using a binary gradient as indicated on each
chromatogram in Figure S5 (solvent A: 10%methanol in 50 mM
triethylammonium acetate (TEAA) pH 7.1; solvent B: methanol).
For ssDNA-2, weak anion exchange (WAX) HPLC was also neces-
sary to purify the oligonucleotide. A quaternary gradient was
used for WAX HPLC analyses and purification (solvent A:
nanopure H2O; solvent B: methanol; solvent C: 100 mM tris-
(hydroxymethyl)aminomethane (Tris) pH 8.0; solvent D: 2 M
NaCl). Oligonucleotides were desalted post-WAX HPLC purifica-
tion using Sep-Pak Plus C18 environmental cartridges.

DNA�Polymer Amphiphile Synthesis and Micellar Nanoparticle Forma-
tion. To a solution of polymer (120-2) (150 mg, 27.8 μmol)
dissolved in 250 μL of DMF were added N,N-diisopropylethyla-
mine (48 μL, 280 μmol) and HATU (10.6 mg, 28 μmol). The
solution was vortexed for 10 min at room temperature in order
to activate the polymer carboxylic acid terminus. At this point,
50-amino-modified DNA on CPG solid support (ca. 1 μmol, MMT
deprotected) was added. The mixture was allowed to vortex
at room temperature overnight. The CPG beads were filtered
away from the solution using an empty synthesis column and
then washed with DMF (2� 20 mL) and CHCl3 (2� 20 mL). The
DNA�polymer amphiphile (DPA) was cleaved from solid sup-
port via treatment with AMA at 65 �C for 30min. The CPG beads
were filtered off using glass wool and subsequently washed
consecutively with H2O (2.0 mL), DMSO (2.0 mL), formamide
(2.0 mL), H2O (3.0 mL), and DMSO (1.0 mL). To form micellar
nanoparticles, this solution of DPA was transferred to 3500
MWCO snakeskin dialsysis tubing (Thermo Scientific), and
2.0 mL of H2O, used to wash the filtrate container, was added.
The resulting solution was dialyzed against 2.0 L of nanopure
H2O overnight. This dialyzed solution was then concentrated to
3.0 mL via speed vac evaporation. The resulting crude DPA
nanoparticle/ssDNA mixture was analyzed by denaturing PAGE
and agarose gel electrophoresis to confirm the presence of DPA
conjugates and free ssDNA. It is important to note that low
molecular weight ssDNA impurities (e8295 g/mol) remained
present despite extensive dialysis attempts (20k MWCO Slide-
a-lyzer dialysis cassette). Therefore, the crude mixture was pur-
ified via SEC FPLC (mobile phase: 10 mM Tris, 0.5 mM EDTA pH
8.3, flow rate = 2mL/min, λabs = 260 nm). The DPA nanoparticles
(P1/P2) elute at ca. 50 min (Figure S6). Crude P1/P2 samples
were purified using HiLoad 16/60 Superdex 200 prep grade SEC
media and exhibit a retention time differing from that of pure
P1/P2 as subsequent purifications and reinjections of pure
material were performed using HiPrep 26/60 Sephacryl S-200
high-resolution SEC media.

Gel Electrophoresis. Denaturing PAGE was accomplished
using Bio-Rad Criterion 15% TBE-urea precast gels (#345-0091)
and loading 200 ng of DNA per lane for each sample to be
analyzed. In the case of crude conjugate, 400 ng of DNA was
loaded per lane. Samples were prepared to load by mixing 1:1
(v/v) with TBE-urea sample buffer (#161-0768, Bio-Rad) and
heating to 90 �C for 2 min followed by rapid cooling on ice.

The gels were run in 1� Tris/boric acid/EDTA (TBE) buffer pH 8.4
at 200 V for 70 min, stained with ethidium bromide (200 ng/L)
for 30 min, and visualized using a Bio-Rad Fluor-S MultiImager.

DNA Concentration Determination. Nucleic acid concentra-
tions were determined by UV absorbance at 260 nm using a
quartz cuvette (Fisher #14-385-928A, path length = 10 mm). An
extinction coefficient of 294 554.58 L/mol 3 cm was used for
ssDNA-1, ssDNA-2, P1, and P2. This coefficient was calculated
as the extinction coefficient of the entire sequence without the
two thymine-modified bases (226 654.58 L/mol 3 cm, OligoCalc)
plus the extinction coefficients for each dye-lableled base
at 260 nm (38 800 L/mol 3 cm for fluorescein dT and 29 100
L/mol 3 cm for DABCYL dT, Glen Research). Due to the fact that
P1 and P2 contain additional aromatic groups capable of absorb-
ing UV radiation, a slight correction factor was introduced. This
correction factor was calculated as the ratio of absorbance of
ssDNA-1 or ssDNA-2 at 492 nm versus 260 nm (A260/A492). This
correction factor was multiplied by P1 or P2 absorbance at
492 nm in order to calculate what the absorbance at 260 nm
would be if the system behaved as the standard ssDNA ana-
logues. This corrected absorbance at 260 nmwas then averaged
with the actual DPA nanoparticle absorbance at 260 nm and
used to determined nucleic acid concentration. For example,
for P1, A260 = 0.168 (0.57 μM) and A260 corrected = 0.130 (0.44 μM).
Therefore, A260 average = 0.149 (0.50 μM).

Transmission Electron Microscopy. Copper grids (Formvar/car-
bon-coated, 400mesh copper, Ted Pella #01754) were prepared
by glow discharging the surface at 20 mA for 1.5 min followed
by treatment with 3.5 μL of 250 mM MgCl2 in order to prepare
the surface for DPA nanoparticle adhesion. The MgCl2 solution
was wicked away with filter paper, and 3.5 μL of DPA nanopar-
ticle (ca. 50 μM DNA in 10 mM Tris pH 8.5) solution was
deposited on the grid surface. This solution was allowed to sit
for 5 min before being washed away with 4 drops of glass
distilled H2O and subsequent staining with 3 drops of 1% w/w
uranyl acetate. The stain was allowed to sit for 30 s before
wicking away with filter paper. All grid treatments and sample
depositions were on the dark/shiny/glossy Formvar-coated face
of the grid (this side face up during glow discharge). Samples
were then imaged via TEM.

Fluorescence Measurements. Each experiment wasmeasured in
triplicate and plotted as a normalized average (i.e., time point
zero was set to zero fluorescence) with standard deviation
plotted as error bars. Sigmoidal fits were performed for each
data set. Fluorescein fluorescence dequenching was monitored
over time using a Perkin Elmer HTS 7000 PLUS Bio Assay Reader
and a 96-well plate reader and a 96-well plate (Corning, flat
bottom nonbinding surface #29110009). Time points were
collected in 15 s intervals, integrating three flashes per mea-
surement. Identical gain and filter settings were used in every
case. For measuring Nt.CviPII activity, the following conditions
were used in each experiment: 5μMssDNAorDPAnanoparticle,
300 nM ssDNA complement, 25 mM NaCl, 1� NE Buffer 4
(New England Biolabs), 10 mM Tris pH 8.5, and 5 units of Nt.
CviPII (New England Biolabs, 100 units in 20 μL was diluted to
100 μL with 80 μL of diluent A, 5 μL of this solution was used per
reaction) all in 50 μL total volume. NE Buffer 4 and enzymewere
mixed and added to each well. All other components were
mixed and added to each enzyme/buffer-containing well si-
multaneously using a multichannel pipettor. The plate reader
was set to 37 �C for the duration of the 100 min experiment. For
measuring Exo III activity, the following conditions were used in
each experiment: 5 μMssDNAorDPA nanoparticle, 25mMNaCl,
50 mM potassium acetate, 1� NE Buffer 1 (New England
Biolabs), 10 mM Tris pH 8.5, and 10 units of Exo III (New England
Biolabs, 5000 units in 50 μL was diluted to 500 μL with 450 μL of
diluent A, 1 μL of this solution was used per reaction) all in 50 μL
total volume. NE Buffer 1 and enzymeweremixed and added to
each well. All other components were mixed and added to each
enzyme/buffer-containing well simultaneously using a multi-
channel pipettor. The plate reader was set to 37 �C for the
duration of the 60 min experiment. For measuring SVP activity,
the following conditions were used in each experiment: 5 μM
ssDNA or DPA nanoparticle, 25 mM NaCl, 50 mM potassium
acetate, 12.5 mMMgCl2, 10 mM Tris pH 8.5, and 0.6 units of SVP
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(1.58mg of lyophilized SVP powder (63 units/mg) was dissolved
in 1.58mL of buffer containing 100mMTris-HCl, pH 8.9, 110mM
NaCl, 15mMMgCl2, and 50% glycerol, 10 μL of this solution was
used per reaction) all in 50 μL total volume. MgCl2 and enzyme
weremixed and added to each well. All other components were
mixed and added to each enzyme/buffer-containing well si-
multaneously using a multichannel pipettor. The plate reader
was set to 37 �C for the duration of the 60 min experiment.

DNA Melting Temperature Analysis. Melting temperature ana-
lyses were performed by heating each sample from 25 �C (5min
equilibration time) to 70 �C using a temperature gradient of
1 �C/min. Tms were calculated as first derivatives of the curve.
Each strand was at a concentration of 0.83 μM. For melting
analysis after Nt.CviPII treatment, the reaction mixture was
heated to 70 �C for 20 min in order to denature the enzyme.
The mixture was then cooled to room temperature, and
228.1 μL of 10 mM Tris pH 8.5 was added, followed by
12.5 μL of 2 M NaCl and 9.4 μL of 24.8 μM complementary DNA
in 10 mM Tris pH 8.5. Final concentrations of each strand are
0.83 μM, and final NaCl concentration is 87.5 mM all in a total
volume of 300 μL. At this point, the sample was heated at 90 �C
for 5 min and then allowed to cool to room temperature over a
period of 2 h. The sample was refrigerated at 8 �C for 15 min and
subsequently analyzed. For Tm analysis after Exo III treatment,
after the reactionwas complete (60min), 10 μL of 0.5M EDTAwas
added to inhibit the enzyme. The reactionwas heated at 70 �C for
20 min and allowed to cool to room temperature. Then, 217.5 μL
of 10mMTris followedby12.5μL of 2MNaCl and10μL of 24.8μM
complementary DNA was added. At this point, the sample was
treated identical to those in the case of Nt.CviPII.
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