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ABSTRACT We report the synthesis and characterization of DNA-grafted poly(N-isopropylacrylamide)
(PNIPAM) micelles, their assembly into multilayered thin films, and the subsequent generation and poly(ethylene
glycol) (PEG) functionalization of DNA—PNIPAM microcapsules. Multilayer films were assembled by sequentially
depositing DNA-grafted PNIPAM micelles containing the cDNA sequences polyA,, or polyTs, (i.e., PNIPAM-A;, or
PNIPAM-T,,). DNA—polymer microcapsules were obtained by the alternate deposition of PNIPAM-A;, and
PNIPAM-T,, onto silica particles, followed by removal of the template core. Upon removal of the silica core particle,
shrinkage of between 30 and 50% was observed for the microcapsules. The presence of PNIPAM within the
DNA—polymer hybrid film reduces the permeability of the microcapsules to macrosolutes (e.g., dextran) compared
with microcapsules made solely of DNA. The hydrophobic core of the DNA-grafted PNIPAM micelles was designed
to contain alkyne “click” groups, which were exploited to covalently couple azide-bearing low-fouling PEG to the
DNA—PNIPAM microcapsules. The combination of hydrophobic and reactive “click” nanodomains, along with the
degradability of DNA, offers a multifunctional and versatile DNA—polymer capsule system that is envisioned to
find applications in the controlled delivery of therapeutics.
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layer-by-layer

he assembly of DNA—polymer con-

T jugates into complex architectures

has led to functional materials for
use in DNA detection,’ 3 DNA-templated
synthesis,* and DNA purification.>® Am-
phiphilic DNA block copolymers”® consti-
tute an important class of building blocks
for the assembly of DNA—polymer materi-
als. In aqueous solution, such copolymers
readily self-assemble into spherical micelles
with a hydrophobic polymeric core and
single-stranded (ss) oligonucleotides as the
surrounding hydrophilic corona. A recent
example deals with micellar aggregates of
DNA-poly(propyleneoxide) block copoly-
mers (DNA-b-PPO), which exhibit shape ver-
satility, altering from spherical to rodlike ag-
gregates upon hybridization.”'° These
ordered structures have also been used as
substrates for DNA polymerase to tune the
nanoparticle size'! and as a platform for
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chemotherapeutic drug delivery.''® Ad-
vances in the application of DNA—polymer
materials in, for example, therapeutics and
diagnostics, rely on the rational design and
controlled assembly of such conjugates into
higher order nano- and micrometer-scale
materials. Additionally, nanoengineered
functional DNA—polymer materials can ex-
ploit both the recognition properties of
DNA and the responsiveness of the poly-
mer to tailor the structural and physico-
chemical properties of such systems.
Herein, we report the synthesis of DNA-
grafted polymer micelles (Scheme 1a) and
their assembly into multilayered thin films
and microcapsules (Scheme 1b). The syn-
thesized oligonucleotide-grafted poly(N-
isopropylacrylamide) (PNIPAM) micelles,
bearing cDNA sequences (PNIPAM-A,, and
PNIPAM-T;,), were layer-by-layer (LbL) as-
sembled into stable films/capsules by ex-
ploiting hybridization between the oligonu-
cleotides. We demonstrate that the
DNA—polymer microcapsules are consider-
ably less permeable than single-component
DNA capsules. Further, we show that the
capsules can also be modified by function-
alization with low-fouling poly(ethylene gly-
col) (PEG). We sought to explore this ap-
proach to develop a platform for the
engineering of multifunctional
DNA—polymer colloidal carrier systems,
and also to improve the stability and modify
the permeability properties of single-
component DNA microcapsules obtained
by the LbL assembly of diblock
oligonucleotides.™~'° In this paper, we fo-
cus on the synthesis of the DNA—polymer
building blocks, their assembly into func-
tional films and capsules, examination of
the physicochemical properties (permeabil-
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ity) of the capsules, and their functionalization.

The DNA—polymer capsules reported are ulti-

mately expected to have potential for the con-

trolled delivery of therapeutics, as the materials
incorporate the benefits of nanoscale polymeric a)
micelles (for loading lipophilic drugs),'” a high-
volume capsule interior (for loading macromol-
ecules such as DNA, peptides, and proteins),'®

and degradability, which can be triggered by the
presence of DNase.'®

RESULTS AND DISCUSSION

Preparation and Characterization of PNIPAM-A,, and
PNIPAM-T;, Micelles. We first synthesized a novel
and versatile random terpolymer, PNIPAM-co-PA-
co-NAS, comprising poly(N-isopropylacrylamide)
(PNIPAM), bearing hydrophobic propargyl ester b)
groups and N-hydroxysuccinimide (NHS) reactive
moieties. The hydrophobically modified PNIPAM-
co-PA-co-NAS (16 000 g mol ') was prepared by
reversible addition—fragmentation chain transfer
(RAFT) polymerization (see Figure S1 for the poly-
mer structure). Controlled radical copolymeriza-
tion via RAFT was chosen because of its mono-
mer compatibility, good end-group purity, and
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control over the chain composition and
architecture.?>?" This allowed us to design and
synthesize a terpolymer with a homogeneous

~" PNIPAM copolymer ~ NHS groups 4 propargyl ester NHy % Azide-terminated
containing alkyne PEG
groups

composition of reactive monomers. The PNIPAM
terpolymer was found to form micelle-like nano-
particles below its lower critical solution temper-

Scheme 1. Schematic representation of (a) formation of PNIPAM-A;, and PNIPAM-
T, micelles, and (b) multilayer assembly of PNIPAM-A;, and PNIPAM-T;, micelles
onto particles, removal of the template particle, and functionalization via “click”
chemistry to afford PEGylated DNA—PNIPAM capsules.

ature (LCST = 29 °C). We specifically designed the
terpolymer so that upon assembly the hydropho-
bic core would contain alkyne “click” groups that could
then be used to covalently couple azide-bearing spe-
cies to the micelles via the copper(l)-catalyzed Huisgen
1,3-dipolar cycloaddition reaction.?? Attractive features
of this reaction include its high efficiency, selectivity,
and ability to proceed under mild reaction conditions.*?
Furthermore, the functional hydrophobic interior also
permits the micelles to be loaded with lipophilic drugs.
The presence of 5% hydrophobic propargyl ester pen-
dant groups (stickers) on the hydrophilic PNIPAM chain
was found to trigger both intra- and interchain associa-
tions with water, forming flowerlike micelles. The stick-
ers condense in the center and the hydrophilic seg-
ments between the stickers are excluded to the outside,
forming flowerlike petals (Scheme 1a). Similar assem-
bly behavior has been observed for other polymers**
and telechelic PNIPAM with octadecyl chain ends.?*
The formation of hydrophobic domains was investi-
gated using pyrene as a fluorescent probe in combina-
tion with dynamic light scattering (DLS) measurements
(Figure 1). Both studies indicated that below the solu-
tion “cloud point”, the PNIPAM terpolymer exists as
flowerlike micellar aggregates in solution. A strong en-
hancement in pyrene fluorescence was observed with
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increasing PNIPAM terpolymer concentration in aque-
ous solution (Supporting Information, Figure S2). This
indicates the transfer of pyrene from water to the hy-
drophobic domain of the polymer micelle-like nanopar-
ticles. The critical aggregation concentration (cac) was
determined to be 0.08 mg mL™". This was obtained by
taking the crossover value of the intensity ratio be-
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Figure 1. I,/I; emission ratio and diameter (inset) as a function
of the PNIPAM random terpolymer concentration.
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Figure 2. QCM data comparing the assembly of five PNIPAM-A;,/
PNIPAM-T;, layers (@), three layers of PNIPAM micelles (A), and four
layers of the homopolymeric blocks of polyA,,/polyT;, (O). Layer 0
corresponds to polyT;,.

tween the first (/,) and the third (/5) emission peaks, /;:
15, as a function of the hydrophobized polymer concen-
tration (Figure 1). The hydrodynamic radius (R,,) of the
PNIPAM random terpolymer in aqueous solution, deter-
mined by dynamic light scattering (DLS), remained con-
stant at 15 = 5 nm until the concentration reached
the cac of 0.05—0.08 mg mL ™" (Figure 1, inset). A fur-
ther increase in the polymer concentration (to ca. 3 mg
mL™") resulted in a significant increase in R, up to 45
* 15 nm. Active NHS groups located on the hydrophilic
micelle corona were then coupled directly with the 5'-
end amine-modified oligonucleotides polyT;, or
polyA;,, providing building blocks with unique
sequence-specific recognition properties. PNIPAM-A,,
and PNIPAM-T, in 0.5 M NaCl, were found to have a di-
ameter of 40 = 15 nm by DLS (Figure S3).

Multilayer Assembly of PNIPAM-A;, and PNIPAM-T;, Micelles.
The LbL assembly of PNIPAM-A,, and PNIPAM-T, mi-
celles, and of the corresponding oligonucleotides A5,/
T;0, was followed using a quartz crystal microbalance
(QCM). A polyTs,, precursor layer was first adsorbed on
the surface followed by a layer of polyA,,. When
polyTs, was introduced after the second layer, limited
hybridization was observed owing to competitive hy-
bridization of polyT,, to double-stranded polyT,/
polyA,, present on the surface (Figure 2). In contrast, a
considerable decrease in QCM frequency (correspond-
ing to an increase in adsorbed mass of the micelles) was
observed for the consecutive adsorption of PNIPAM-
A, and PNIPAM-T,, layers (up to four layers), after
which a plateau in QCM frequency was observed. Both
PNIPAM-A,, and PNIPAM-T,, micelles act as multifunc-
tional building blocks and result in DNA strands being
available for hybridization in subsequent layers. The
progressive decrease in the magnitude of the change
in QCM frequency with increasing layer number is as-
cribed to the enhanced steric hindrance resulting from
the adsorbed micelles within the composite multilayer.
The frequency changes observed for deposition of
PNIPAM-A,, and PNIPAM-T5, in the first three layers
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(>150 Hz/layer) are significantly larger than those ob-
served for multilayer films assembled by hybridization
of diblock oligonucleotides (20—60 Hz/layer).'*~ ¢ Ad-
sorption of PNIPAM-A;, and PNIPAM-T;, occurred over
2 h, suggesting a complex deposition mechanism with
possible film rearrangement occurring upon adsorp-
tion of each micelle layer. To facilitate buildup of the
multilayer films, a high ionic strength (0.5 M NaCl, SSC
buffer) solution was used. The high salt concentration
reduces the repulsive electrostatic interactions between
DNA strands. Adsorption of the DNA—PNIPAM mi-
celles on the surface is mainly driven by complemen-
tary oligonucleotide hybridization, as unmodified
PNIPAM micelle adsorption of several layers was found
to be limited to a frequency shift of approximately 50
Hz (Figure 2).

DNA—PNIPAM Microcapsule Formation. The assembly of
five layers of PNIPAM-A,, and PNIPAM-T;, was also con-
ducted on 3- and 6-pm diameter silica particles. To con-
firm hybridization of complementary oligonucleotides,
the PNIPAM-A,,/PNIPAM-T,-coated particles were incu-
bated with PicoGreen, a DNA double-strand specific
dye.?> The denaturation of the double-stranded DNA
present in the PNIPAM-A;, and PNIPAM-T;, multilayer
film on the particles was profiled by monitoring the fluo-
rescence intensity of PicoGreen to assess whether the
presence of double-stranded oligonucleotides stabilizes
the multilayered thin film (Figure S4). An intense fluores-
cent ring was observed on both the core—shell particles
(Figure 3a) and microcapsules (Figure 4b), indicating that
hybridization of the PNIPAM-A,, and PNIPAM-T5, mi-
celles results in the formation of a stable film with a melt-
ing temperature of 62 °C (Figure S4). However, the large
frequency change (Figure 2) and the slow deposition ki-
netics (2 h) observed by QCM suggest that in addition to
hybridization, a secondary slower process is present in the
buildup of the multilayer films.

The high local polymer concentration and ionic
strength experienced by the micelles within the layer
structure are favorable conditions for the self-
aggregation and collapse of the PNIPAM flowerlike mi-
celles on the surface. Salt-induced dehydration and col-
lapse of a PNIPAM layer on silica substrates into tighter
polymer coils is well-known.?®?” The large deposition of
mass in the first layers (see Figure 2) and the collapse
of micelles upon surface adsorption may therefore bury
the oligonucleotides, sterically hindering further hybrid-
ization and thus limiting the deposition of the subse-
quent layers. To corroborate this hypothesis, PNIPAM-
A5o/PNIPAM-T,-coated particles were incubated with
rhodamine-labeled PNIPAM micelles after the deposi-
tion of five alternating layers of PNIPAM-A;, and
PNIPAM-T;,. The incorporation of the fluorescently la-
beled PNIPAM micelles into the multilayers reflects the
interaction of the micelles with the polymer domains
within the multilayers (Figure 3c). As PNIPAM micelles
are known at high concentration to interact through hy-
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5 um

Figure 3. Fluorescence and light microscopy images of 6
m diameter core—shell silica-PNIPAM-T,/PNIPAM-A;, par-
ticles stained with PicoGreen (a), (PNIPAM-A;,/PNIPAM-
T30)2/PNIPAM-A;, microcapsules after core removal (b), and
(PNIPAM-A;,/PNIPAM-T,,),/PNIPAM-A;, microcapsules in-
cubated with rhodamine-labeled PNIPAM micelles (c).

drophobic interactions,>* this may suggest that both
hybridization and hydrophobic interactions are comple-
mentary and concomitant driving forces responsible
for the growth and stability of the DNA—polymer mul-
tilayer films. Both stable and monodisperse microcap-
sules were formed upon removal of the silica particle
template by exposure to pH 5 buffered hydrofluoric
acid."® Significant capsule shrinkage was observed
upon core removal and the diameters decreased to 3.0
+ 0.4 pm (Figure 3b) and 1.0 = 0.3 wm (Figure 4) from
the original core—shell particle sizes of 6 and 3 pum, re-
spectively. Conversely, capsules made solely of diblock
DNA do not exhibit such a large shrinkage in
diameter."*~'® The significant shrinkage observed in
the DNA—PNIPAM capsules is ascribed to colloidal ag-
gregation and collapse of the hybridized PNIPAM-A,,
and PNIPAM-T;, micelles upon removal of the core. The
hydrophobic and more compact domain of PNIPAM in
the DNA—PNIPAM nanoparticles contributes to stabili-
zation of the microcapsule shell and is expected to re-
duce the permeability of the DNA capsule wall (see be-
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low). Although the multilayer films were assembled at
500 mM Nadl, the capsules remained intact following
post-treatment with lower salt concentrations (200 mM
NaCl) (for at least 40 min). As a control experiment,
when unmodified PNIPAM micelles were adsorbed on
silica, the film immediately disassembled upon dissolu-
tion of the silica core, indicating that the DNA se-
quences are required to drive the assembly of the mul-
tilayers and stabilize the final film structure.
DNA—PNIPAM Microcapsule Permeability and
Functionalization. The permeability of the shell layer is of
crucial consideration when engineering microcapsules,
as it determines the access and release of guest mol-
ecules to and from the microcapsule core. A compari-
son between the exclusion properties of hollow
PNIPAM-A;,/PNIPAM-T,, microcapsules and single-
component diblock DNA microcapsules toward FITC-
labeled dextran (M,, = 70 000 and 500 000 Da) was con-
ducted. Both capsules can be permeated by FITC-
dextran of M, = 70 000 Da (data not shown) but signifi-
cant differences are observed for capsules incubated
with FITC-dextran of M,, = 500 000 Da (Figure 5). Within
30 min of incubation with FITC-dextran of M,, =
500 000, the interior of neat DNA capsules became fluo-
rescent (Figure 5a), as the wall is permeable to the Ry,
= 15.9 nm macromolecule.?® In contrast, the interior of
the hybrid DNA—PNIPAM microcapsules remained
dark (Figure 5b), indicating that the dextran did not per-
meate through the microcapsule wall after 30 min. The
fluorescence intensity profiles across each microcapsule
are shown below their corresponding confocal micros-
copy image in Figure 5. These findings can be explained
by a reduced permeability and a more compact struc-
ture of the multilayer walls when the microcapsules are
composed of DNA—PNIPAM as opposed to DNA alone.
To demonstrate functionality of the capsules, fluo-
rescently labeled, azide-terminated PEG was coupled
to the alkyne moieties within the microcapsule shell
(Scheme 1b, Figure 6). This occurred within 5 min and
only in the presence of Cu(l) which acts as a catalyst,
therefore ruling out any nonspecific binding of azides
with the microcapsules. Such PEGylation is favorable
since it can prevent protein adsorption and thus con-
trol DNA hydrolysis from DNase. XPS and FTIR spectros-

a b

2 um

2 Im

Figure 4. (a) Light and (b) fluorescence microscopy (stained with PicoGreen)
images of (PNIPAM-A;,/PNIPAM-T;,),/PNIPAM-A;, microcapsules.
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Fluorescence Intensity (a.u.)

Figure 5. Confocal microscopy images of the permeation of FITC-dextran (M,, 500 000) into five-layer
microcapsules of single-component diblock DNA (polyA;,G;,/polyT;,Cs,) (a, top) and PNIPAM-A,/
PNIPAM-T, (b, top). Corresponding fluorescence intensity profiles along the black line (bottom).

Figure 6. Fluorescence microscopy image of
(PNIPAM-A,,/PNIPAM-T,,),/PNIPAM-A, mi-
crocapsules incubated with Alexa Fluor 488-
labeled azide-terminated PEG.

>

Yis

on the hybridization of
complementary
oligonucleotide-capped mi-
celles. Films assembled from
single homopolymeric oligo-
nucleotides (polyT,o/
polyA,,) or unmodified
PNIPAM micelles resulted in
limited film buildup, which
disassembled immediately
upon dissolution of the silica
core. In contrast, PNIPAM-
A5, and PNIPAM-T;, micelles
are suitable building blocks
for the formation of
DNA—polymer thin films
and microcapsules. PNIPAM-
A5, and PNIPAM-T;, can be
sequentially assembled into
multilayer films on both pla-
nar and particle substrates.
Following removal of the
particle core by dissolution,
DNA—polymer microcap-
sules are obtained. In con-
trast to the single-

A
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copy were used to char-
acterize the film
composition before and
after PEG functionaliza-
tion. However, the chemi-
cal complexity of the mu-
tilayer film did not allow
direct spectroscopic verfi-
cation of the formation
of the 1,2,3 triazole. We
are currently investigat-
ing “click” chemistry as a
versatile approach for
loading the microcap-
sules with therapeutic
molecules.

In conclusion, we have demonstrated the LbL as-
sembly of hybrid DNA—PNIPAM microcapsules based

METHODS

Materials. The solvents were AR grade and were used as re-
ceived. Azobis(isobutyronitrile) (AIBN) was obtained from Sigma-
Aldrich and purified by crystallization from methanol. Mono-
mers were purified immediately prior to use. Propargyl acrylate
(Sigma-Aldrich) was filtered through neutral alumina (70—230
mesh), N-isopropylacrylamide (Sigma-Aldrich) was recrystallized

17 - .
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component diblock DNA mi-
crocapsules, the PNIPAM-
A5o/PNIPAM-T;, microcap-
sules were not permeable to
FITC-dextran with a M,,, of 500 000 Da. The covalent at-
tachment of azide-terminated PEG chains within the
core domain of the “click” functionalized PNIPAM mi-
celles demonstrated selective functionalization of the
preformed microcapsules.

The design of multilayers combining oligonucle-
otide building blocks with synthetic organic molecules
introduces additional motifs to the DNA assemblies,
providing structural and functional advantages that
may be exploited for drug delivery applications. For ex-
ample, the release of therapeutics from such microcap-
sules can potentially be stimuli-triggered by ionic
strength, temperature (as PNIPAM is thermorespon-
sive), or enzymatic erosion of DNA. The use of PNIPAM-
A,o/PNIPAM-T,, capsules for the loading and delivery
of anticancer drugs and siRNA is currently under
investigation.

twice from benzene/hexane 3:2 (v:v) and dried under vacuum,
and N-acryloxysuccinimide (Sigma-Aldrich) was used as
received. Sodium chloride, sodium citrate, and
3-aminopropyltrimethoxysilane (APS) were obtained from
Sigma-Aldrich. O-(2-Aminoethyl)-O’-(2-azidoethyl)pentaethylene
glycol was purchased from Fluka. 5'-end amine-modified oligo-
nucleotides (NH,AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
andNHZIIIIIIIIIIIIIIIIIIIIIIIIIIIIII)WereCUStomsyn-
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thesized by Geneworks (Adelaide, Australia). The homopoly-
meric oligonucleotides polydeoxyadenylic acid and polydeox-
ythymidilic acid are abbreviated as polyA;, and polyTs,,
respectively, and the DNA-grafted polymer systems PNIPAM-
A5 and PNIPAM-T,,; 3 and 6 um diameter silica particles were
purchased from MicroParticles (Germany). PicoGreen and Alexa
Fluor 488 succinimidyl ester were supplied by Molecular Probes.
High-purity water with a resistivity greater than 18 M() was ob-
tained from an in-line Millipore RiOs/Origin system (MilliQ water).

Synthesis and Characterization of the PNIPAM Terpolymer. The synthe-
sis of the butyl phthalimidomethyl trithiocarbonate RAFT agent
was reproduced on the same scale as described in the litera-
ture.?® The RAFT agent (21.8 mg, 6.7 X 10~ mol),
N-isopropylacrylamide (1 g, 8.8 X 102 mol), propargy! acrylate
(54 mg, 4.9 X 10~ * mol), N-acryloxysuccinimide (76 mg, 4.5 X
10~* mol), and AIBN (1.65 mg, 1.0 X 10~ ° mol) were combined
in 5 mL of dioxane in a Schlenk flask. The flask was purged with
nitrogen, degassed by four freeze —evacuate—thaw cycles,
sealed under vacuum, and then heated in a constant tempera-
ture oil bath at 60 °C for 16 h. The polymerization was quenched
by placing the flask in liquid nitrogen and a sample of the mono-
mer/polymer mixture was diluted with CDCl; for NMR analysis.
The final yellowish product was isolated by precipitation from di-
oxane into hexane, followed by filtration and drying (X2). H
NMR (Bruker 300 MHz) (CDCls) (polymer) ppm: 0.9—1.1 CH;
(polymer), 1.0—2.2 CH, (polymer), 2.45 CH—C=0 (polymer), 2.9
(N-hydroxysuccinimide protons), 4.0 CH—N (polymer), 4.85 CH,
(propargyl group), 7.8 (aromatic phthalimido protons). Mn g,
= 16000 g mol ™ '; monomer conversion determined by NMR =
95%.

Conjugation of Oligonucleotides to the PNIPAM Terpolymer. In a typi-
cal preparation, 5 pM of 5’-end amine-polyT;, and 5'-end
amine-polyA;, were incubated with the PNIPAM random ter-
polymer in an aqueous solution at a concentration higher than
the critical aggregation concentration (cac) (2 mg mL™") to yield
DNA-decorated micelles. The reaction mixture was incubated at
20 °C for 4 days and dialyzed (cutoff 12 000) against deionized
water for the removal of unreacted oligonucleotide. The concen-
tration of DNA was determined by measuring the absorbance
at 260 nm using an extinction coefficient of 243 600 and 363 400
M~" cm ™" (Agilent 8453 UV—vis) for the amine polyTs, and the
amine polyA,,, respectively. The background absorbance of the
PNIPAM terpolymer was subtracted from the total absorbance.

Measurement of Critical Aggregation Concentration. To determine
the critical aggregation concentration, PNIPAM-co-PA-co-NAS
micelles were typically prepared using the following procedure.
The amphiphilic terpolymer was dissolved in a good solvent,
DMSO, at a concentration of 1% w/v and the aqueous miscible
solvent was gradually replaced by water during dialysis. Final
concentrations of dialyzed samples were typically in the range
1—2mg mL~". The aggregation behavior of the random terpoly-
mer was studied using pyrene as a fluorescent probe. Sample so-
lutions were prepared according to the method used by Eisen-
berg and co-workers*® at final concentrations ranging from
0.05—1.15 mg mL ™. Steady-state fluorescence spectra were re-
corded using a Flurolog Horiba fluorescence spectrophotometer
in a 1 cm quartz cell. Fluorescence spectra were acquired at 23
°C using an excitation wavelength of 339 nm with a slit width of
2 nm. Dynamic light scattering (DLS) analysis was performed on
a Malvern Zetasizer equipped with a single angle backscatter sys-
tem and a temperature controller. Samples were filtered through
a 0.25 pm filter and equilibrated to 23 °C prior to measurement.

Quartz Crystal Microgravimetry. QCM measurements were made
using a Q-Sense E4 instrument equipped with a flow cell (Q-
Sense AB, Vastra Frolunda, Sweden). The QCM mass sensitivity
factor is 17.7 ng cm ™2 Hz . The temperature was fixed at 23 °C
during the experiments. A gold-coated 5 MHz AT-cut crystal
with a fundamental resonant frequency of about 5 MHz was
used, operating both in frequency and dissipation at its third har-
monic. Gold-coated crystals were cleaned with Piranha solution
(70/30 v/v % sulfuric acid:hydrogen peroxide). Caution! Piranha
solution is highly corrosive and oxidative. Extreme care should be
taken when handling Piranha solution and only small aliquots
should be prepared. Large dissipation changes observed in the
experiments invalidated the linear relationship (Sauerbrey equa-
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tion) between the deposited mass and frequency shift. Hence
the QCM data for the assembly of the multilayer films are quoted
as frequency shifts rather than absolute mass changes. After ini-
tially depositing a layer of polyTs, (5 uM for 15 min), PNIPAM-A,,
micelle and PNIPAM-T;, micelle (230 pL of 1 wM oligonucle-
otide and 0.6 mg mL~" PNIPAM micelles in SSC buffer) adsorp-
tion was recorded for 2 h. After each adsorption step, the film
was washed with 1 mL of SSC buffer (0.5 M NaCl, pH 6.5).

Multilayer Formation on Particles and Capsule Formation. To surface-
functionalize the silica particles with amines, a suspension of 3-
(or 6-) um diameter SiO, particles in 1 mL of ethanol was reacted
with 250 pL of APS and 50 p.L of 25 v/v % ammonia solution,
overnight. The particles were washed twice with ethanol and
three times with Milli-Q water. After initially depositing a layer
of polyTs, (5 wM for 15 min), the PNIPAM-A,, and PNIPAM-T,
multilayers were deposited on the amine-functionalized particles
by incubating 20 pL of the particles in 100 pL of PNIPAM-A,,
and PNIPAM-T,,, (of 1 uM oligonucleotide and 0.6 mg mL ™"
PNIPAM micelles in SSC buffer) for 2 h. After adsorption, the par-
ticles were washed three times in SSC buffer before the addi-
tion of the next layer. The silica core was dissolved within a few
minutes by mixing 1 pL of the particle suspension with 10 pL of
ammonium fluoride (0.4)/hydrofluoric acid (0.25 M) buffered at
pH 5. The coated microparticles and microcapsules were imaged
on an Olympus IX71 digital wide-field fluorescence microscope
equipped with a fluorescein isothiocyanate (FITC) and tetrame-
thyl rhodamine isocyanate (TRITC) filter cube, a differential inter-
ference contrast (DIC) slider (U-DICT, Olympus), and 60X objec-
tive lens. A CCD Camera (Cool SNAP fx, Photometrics, Tucson, AZ)
was mounted on the left-hand port of the microscope. Microcap-
sules prepared following the above procedure were incubated
in 0.3 mg mL~" of M, 70 000 and M,, 500 000 FITC-dextran for
30 min in SSC buffer (0.5 M NaCl, pH 6.5) at room temperature.
Different acquistion gains were used for the two permeability ex-
periments in order to optimize the fluorescence profile. The
melting curves for the DNA multilayers were determined by sus-
pending 2 X 10° particles mL™" in SSC buffer in the presence
of 0.06 wM PicoGreen and monitoring the fluorescence emis-
sion of PicoGreen at 520 nm (excitation wavelength = 480 nm)
over a range of temperatures. Confocal microscopy experiments
were performed on a Leica TCS-SP2 confocal scanning micro-
scope using an excitation wavelength of 488 nm. Azide PEG
amine was labeled by using Alexa Fluor 488 succinimidyl ester
in water for 2 h and was purified using a Sephadex column. Fifty
microliters of the microparticle suspension (50 mg mL~") was in-
cubated for 10 min with 0.5 mg mL ™" of the fluorescently la-
beled azide PEG in the presence of copper sulfate (20 pL, 1.8 mg
mL~") and sodium ascorbate (20 pL, 44 mg mL™") for 5 min
and the particles were subsequently washed three times in SSC
buffer.
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