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ABSTRACT: Polyelectrolyte microcapsules have great potential for
serving as carriers for the delivery of their contents when triggered by
an external stimulus. Aptamers are synthetic ssDNA or RNA that can
bind to specific targets with high affinity and selectivity. Aptamers may
retain these superior molecular recognition properties after encapsu-
lation within polymer microcapsules. In this work, stable polyelec-
trolyte microcapsules with encapsulated aptamers were obtained by the
layer-by-layer (LbL) method. Polyelectrolyte films were deposited onto
a CaCOj; template that had been predoped with polystyrene sulfonate
(PSS) and aptamer sequences (SA) that have an affinity for the dye
sulforhodamine B (SRB). The PSS and aptamers are thought to serve
as an internal scaffold supporting the microcapsule walls. These
microcapsules would present target-molecule-triggered rupture proper-
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ties. Microcapsule collapse was triggered by the binding of SRB to the encapsulated aptamer. The specificity of microcapsule
collapse was investigated using a similar dye, tetramethylrosamine (TMR), which does not have affinity for SA. A high
concentration of TMR did not lead to the collapse of the microcapsules. The eftect of target binding on the microcapsules was
confirmed by scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM). These microcapsules may
have potential applications in targeted delivery systems for the controlled release of drugs, pesticides, or other payloads.
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1. INTRODUCTION

First introduced by Iler in 1966 and developed by the Decher
group in the 1990s," the layer-by-layer (LbL) assembly method
has been widely used for preparing polyelectrolyte films,
because of its simplicity and versatility, as well as its potential
applications in sensing and controlled release systems.”* Based
on this approach, it is effective and convenient to assemble
multilayered polyelectrolyte films on three-dimensional (3D)
templates by exposing the charged substrates to oppositely
charged polyelectrolyte solutions. Subsequent removal of the
sacrificial templates under certain conditions can produce
hollow capsules.”® This powerful technique enables precise
control of the thickness, structure, and composition of films on
the nanoscale through the appropriate choice of deposition
components, layer number, deposition order, or deposition
conditions such as concentration, component charge density,
temperature, pH, or ionic strength.””'® By utilizing the LbL
method, external-stimuli-responsive polyelectrolyte microcap-
sules can be obtained.'' ™" These microcapsules can serve as
targeted carriers to deliver their contents when triggered by
external stimuli such as pH,"* redox and electrical potential,"®
temperature,'® ionic strength,'” light,'"® or via enzymatic
degradation,lg’20 which would change the wettability, adhesiv-
ity, permeability, porosity, or stability of the polyelectrolyte

microcapsules and then lead to payload release. Among these
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stimuli-responsive systems, biodegradable polyelectrolyte mi-
crocapsules that can be used for drug delivery have attracted
attention recently.”’ "2 Biomaterials such as proteins can be
trapped inside templates, using commonly used coprecipitation
methods.””*® CaCO, and silica particles have been widely used
as sacrificial templates for the preparation of hollow micro-
capsules.”® Unlike silica, which requires harsh acidic conditions
to dissolve the templates, CaCO; removal requires only a Ca>*
chelator (e.g., ethylenediaminetetraacetic acid, EDTA), making
it an ideal template candidate when pH must be tightly
controlled in order to maintain the activity and stability of the
loaded biomaterials.”’

Even though external-stimuli-responsive polyelectrolyte
microcapsules have been extensively developed recently, there
still remain challenges toward spatial and temporal controlled
release of contents from microcapsules.’® In the previously
mentioned examples of responsive microcapsules, the release of
contents is mainly triggered by external environments but not
by the detection of a specific chemical signal. While there are
examples of LbL microcapsules sensitive to chemical signals
such as sugars®' and biotin,* there are many other examples
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where target-molecule-triggered release of a payload could be
extremely beneficial for precise spatial and temporal deliv-
elry.3’3’3’4 Here, we propose a novel approach to construct
“smart” systems by encapsulating aptamers within polyelec-
trolyte microcapsules. These microcapsules with added
functionality could be used in many important areas, such as
drug delivery or smart sensors. For example, an encapsulated
drug could be released only upon detection of a specific
chemical biomarker.

In the early 1990s, research groups led by Joyce,* Gold,*®
and Szostak®” separately discovered that nucleic acid sequences
can be evolved to bind to non-nucleic-acid targets with high
affinity and selectivity. These antibody-like functional ssDNA
and RNA molecules, generally composed of 15—60 nucleotides,
were termed “aptamers”. Aptamers can be generated by an in
vitro screening process known as SELEX (Systematic Evolution
of Ligands by Exponential Enrichment) starting from a random
DNA/RNA pool.*®** SELEX allows for the discovery of
aptamers for a variety of targets, ranging from small molecules
(such as amino acids) to large protein complexes and even
whole cells.**~*” Upon binding with their target, aptamers will
form a specific 3D conformation, which could include structural
elements such as G-quadruplexes, hairpins, pseudoknots, or
two- to five-way junctions.** > The binding affinity of
aptamers with their targets is typically assessed by using the
dissociation constant (K;).”' ™ A smaller K value designates a
higher affinity. The reported Ky values for aptamers can be as
low as within the nanomolar or even picomolar range.

Because of their robust molecular recognition properties, the
use of aptamers as targeting ligands in drug delivery systems
based on drug conjugates, micelles, liposomes, and polymer
nanoparticle has received significant attention.”*"®* We have
recently demonstrated that aptamers can serve as molecular
recognition agents when embedded within multilayered
polyelectrolyte film.*® Furthermore, we have shown that
when an aptamer housed within the wall of a polyelectrolyte
microcapsule is exposed to its cognate target, that binding event
can lead to an increase in the diffusion of that molecule through
the microcapsule walls.** Thus, aptamers have the potential to
serve as triggers for the controlled release of molecular
payloads.

Our current goal is to further design a smart delivery system
based on the high binding affinity and conformational flexibility
of aptamers, where the release of a payload occurs
concomitantly with detection and binding of target molecules.
In this work, we prepared a model system for target-molecule-
triggered microcapsule rupture. Prior to the addition of target
molecules, free aptamers will serve as a part of an internal
scaffold used to support the wall of a microcapsule.*~%® After
the addition of target molecules, the conformational change
experienced by the aptamer during the formation of the
aptamer—target complex could compromise the stability of that
scaffold structure, leading to the collapse and rupture of the
microcapsule, initiating payload release. A schematic picture for
this process is shown in Figure 1. The introduction of a
molecular recognition probe as a scaffold for the polyelectrolyte
microcapsules could allow for controlled target-molecule-
triggered release of contents under selective conditions.

In our work, we have tested this idea with the sulforhod-
amine B Aptamer (SA) as a model system.®* SA was chosen
because target binding can be easily monitored by confocal
laser scanning microscopy (CLSM) measurements. In addition,
a closely related dye, tetramethylrosamine (TMR), which is not
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Figure 1. Experimental scheme depicting microcapsule preparation
and target-induced microcapsule rupture. Target binding changes the
conformation of the aptamers leading to the collapse of the
microcapsule scaffold.

recognized by SA, was used to test selectivity. By detecting
whether microcapsules rupture in the presence of nontarget
molecules such as TMR, one can verify the selectivity of this
approach for triggered release.

2. EXPERIMENTAL SECTION

2.1. Materials. Anhydrous calcium chloride (>93.0%, granular),
sodium bicarbonate (>99.5%), PAH (polyallylamine hydrochloride)
powder (average molecular weight of M, 56 000), PDDA
(polydiallyldimethylammonium chloride) 20% aqueous solution
(average M,, ~ 200000), PSS powder (average M,, ~ 70 000), and
SRB powder were purchased from Sigma—Aldrich (Oakville, Ontario,
Canada). EDTA was purchased from Bioshop (Burlington, Ontario,
Canada). TMR powder was purchased from Invitrogen (Burlington,
Ontario, Canada) and S'-fluorescein phosphoramidite from Glen
Research (Sterling, VA, USA). SA with a sequence of 5’-CCG GCC
TAG GGT GGG AGG GAG GGG GCC GG-3/, with and without
fluorescein tagging at the S’ end, was synthesized on a MerMade 6
DNA synthesizer by standard phosphoramidite chemistry.

2.2. Fabrication of SA:PSS-CaCO; Particles. SA:PSS-CaCO;
particles that could serve as templates for the polyelectrolyte
microcapsules were prepared by a coprecipitation process in the
presence of small amounts of PSS and SA. In these SA:PSS-CaCO;
templates, SA and PSS would work together as a scaffold to support
the microcapsules. Within a 1 mL reaction, PSS (0.13 mg) and SA
(0.64 mg) were first dissolved in 0.33 M NaHCOj, solution and then
mixed with CaCl, solution (0.33M) under vigorous stirring (1000
rpm) at 10 °C for 20 s. After this, the solution was left unstirred for 6
min. The particles were then filtered and dried overnight.

2.3. Fabrication of SA:PSS-(PDDA/PSS); Microcapsules. One
milligram (1 mg) of the SA: PSS-CaCO; particles were incubated with
1 mL of a 3 mg/mL PDDA-0.5 M NaCl solution and 1 mL of a 3 mg/
mL PSS-0.5 M NaCl solution, alternatively, for 30 min at a time and
with intermittent centrifugation and washing steps to prepare (PDDA/
PSS)s-coated particles. Microcapsules were obtained by dissolving the
CaCOj; with 0.5 M EDTA, pH 6.97. This high concentration of EDTA
was crucial to completely remove all of the CaCO;. Excess EDTA was
removed by washing with distilled water.

2.4. Triggered Rupture Properties of SA:PSS-(PDDA/PSS);
Microcapsules. The rupture of aptamer-encapsulated polyelectrolyte
microcapsules triggered by aptamer—target binding would be a
function of target concentration and incubation time. Before designing
experiments to unravel the required parameters for the triggered
rupture of the SA:PSS-(PDDA/PSS) microcapsules, the molarity of
aptamers in each microcapsule needed to be calculated. The loss of SA
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Figure 2. (a) SEM image of SA:PSS-CaCO; particles; inset shows an enlarged image of one particle. (b) CLSM image of SA:PSS-CaCOj particles
prepared with fluorescein-labeled aptamers; inset shows an enlarged image of one particle. (c) SEM image after deposition of one layer of PDDA
onto SA:PSS-CaCOj particles; the upper inset shows an enlarged image of one particle, and the lower inset shows the PDDA chemical structure. (d)
SEM image after coating one bilayer of PDDA/PSS; the upper inset shows an enlarged image of one particle, and the lower inset shows the PSS
chemical structure. (e) EDX spectrum of SA:PSS-CaCOj particles after coating with (PDDA/PSS); films; inset shows its SEM image. (Signals from
Ca, C, S, and P confirm the presence of the aptamer and PSS within the coated templates.) (f) EDX spectrum of dried SA:PSS-(PDDA/PSS);
microcapsules (after CaCO, dissolution); inset shows its SEM image. (All selected areas for EDX measurements were marked by the green ring.
Once again, the presence of P confirms the aptamer loading within the microcapsules. N.B. Al studs contain Al with trace impurities, such as C, O,
Cu, or Na.) (g) CLSM image of SA:PSS-(PDDA/PSS); microcapsules prepared from fluorescein-labeled aptamers; inset shows an enlarged image of

one capsule.

during deposition and dissolution steps was estimated by monitoring
the fluorescein signal in the emission spectrum of the supernatant
solution (see Figure S3 in the Supporting Information). The maximum
aptamer concentration (after accounting for this loss) in each
microcapsule was estimated to be 2.3 mM (see the Supporting
Information).

The dissociation constant (K;) for SA and SRB can be calculated
using the following equation:”*~"?

(A][T]
(C]

K, =

where [A] refers to the free aptamer concentration, [T] is the free
target molecule concentration, and [C] is the aptamer—target complex
concentration at the equilibrium point. The K; values for SA and SRB
have been reported to be 660 + 60 nM.” Therefore, two SRB
concentrations were chosen to check the triggered rupture properties
of the microcapsules:

(1) Low target concentration. When the SRB concentration is 10
uM, [dye] X [Aptamer] = 23 nM < Ky, which means that only
a low proportion of aptamers will be bound in a complex.
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(2) High target concentration. When SRB concentration is increased
to 1 mM, [dye] X [Aptamer] = 2.3 uM > Kj, then almost all
aptamers will be bound in a complex.

The obtained microcapsules were incubated with 50 L of the SRB
solutions in 0.1 M KCl for 16 h, 1 day, and 6 days, respectively. In
these samples, 1 uL solution is estimated to contain ~200—220
microcapsules. (See the Supporting Information.) After incubation, all
samples were centrifuged and washed three times with distilled water
to remove any extra dye. The status of the SA:PSS-(PDDA/PSS);
microcapsules then was tested to unravel the parameters for triggered
rupture. The shape and surface morphology of these microcapsules
after incubation under each condition was monitored by backscattered
electron images (BEIs) from scanning electron microscopy (SEM),
and the rupture/collapse of the microcapsules was determined by
examining their change of shape and surface morphology. At least
three images of each sample obtained from different areas were
manually counted in order to calculate the percentage of ruptured/
collapsed microcapsules; normally in each image, more than 100
microcapsules were examined to calculate the average percentages of
ruptured, collapsed, or intact microcapsules in each sample.

dx.doi.org/10.1021/am400668q | ACS Appl. Mater. Interfaces 2013, 5, 5500—5507
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2.5. Selectivity of SA:PSS-(PDDA/PSS); Microcapsules.
SA:PSS-(PDDA/PSS); microcapsules were also incubated in a
nontarget molecule (TMR) solution under the same dye concen-
tration and incubation times as SRB, in order to check the selectivity of
microcapsules. The morphological changes were examined by SEM
and CLSM.

2.6. Measurements. Tescan Vegall XMU SEM with a secondary
electron (SE) detector was used to check sample morphologies under
dry conditions. These dried samples were uniformly spread on
aluminum studs and then sputtered with a thin layer of gold film.
Tescan Vegall XMU Cryo stage SEM with a backscattered electron
(BSE) detector in a low vacuum environment under a nitrogen
pressure of 10 Pa at —30 °C was used to examine hydrated samples.
The hydrated samples were prefrozen at —80 °C to preserve their
morphologies. The elemental analysis (energy-dispersive X-ray
analysis) was conducted using an Oxford EDS instrument with an
INCAx-act Detector. INCA Energy software was used for analysis.

The samples for CLSM measurements were first dispersed into 10
UL of deionized (DI) water, and then put onto glass slides. After
drying overnight, samples were mounted in Fluoromount G from EMS
(Hatfield, PA) and covered with a high-performance coverslip of 0.17
mm thickness from Zeiss (Toronto, Ontario, Canada). Images were
acquired on Confocal Zeiss LSM510 META with a Plan-Apochromat
63%/1.4 Oil DIC objective and electronic zoom 5. Fluorescence was
observed using the Argon/2 laser 488 nm excitation line with emission
BP (Band Pass) 505—550 nm for fluorescein and exciting laser DPSS
561 with emission LP (Long Pass) 575 nm for SRB and TMR. Z-stack
images of samples were obtained by taking many slice images at ~0.8
pum intervals along the Z-axis.

3. RESULTS AND DISCUSSION
3.1. SA:PSS-(PDDA/PSS)s Microcapsules. Biomaterials,

such as aptamers, can be loaded into the core of spherical
CaCO; particles that serve as sacrificial templates for
polyelectrolyte microcapsules. Optimization studies with the
goal of increasing the yield of spherical CaCOj; particles were
performed and monitored using SEM (see the Supporting
Information). Collectively, a salts concentration of 0.33 M, a
temperature of 10 °C, and an incubation time of 6 min were
found to be the best conditions for fabricating spherical CaCOj;
particles (see Figure Sla in the Supporting Information). The
size of the obtained spherical CaCOj particles was in the range
of 4—6 pum, in agreement with what has been observed in the
literature.”® Different amounts of fluorescein-tagged SA
aptamers (Fluorescein-SA) then were loaded into the CaCOj,
via a coprecipitation process, using a range of SA:CaCOj; feed
mass ratios to obtain the optimal SA loading. The success of
loading was confirmed by CLSM. The CLSM images indicated
that, when the reaction mass ratio between SA and CaCO; was
1:47, green fluorescence from the fluorescein-SA was mostly
visible inside the CaCO;. (See Figure S1b in the Supporting
Information.) With the loaded aptamer, the particles were still
in 4—6 um range and remained spherical (see Figure Slc in the
Supporting Information). The particle surfaces were as smooth
as those without embedded aptamers. Thus, aptamer
encapsulation did not change the overall particle morphology.
The template was further modified by introducing a small
amount of PSS into the CaCO;, along with SA during the
coprecipitation process.”* In previous studies, loaded PSS was
shown to be released from CaCO; during the dissolution
process and to bond instantaneously with the oppositely
charged polyelectrolytes that have been de;aosited on CaCO;,
increasing the stability of the microcapsules. 576 An SEM image
of these templates is shown in Figure 2a. Approximately 0.4%
feed mass ratio PSS was introduced to prepare the SA:PSS-
CaCOj particles and the result was that particles were mostly
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spherical with smooth surfaces. In addition, batches of SA:PSS-
CaCOj particles contained a higher percentage of spherical
particles overall, compared with that obtained for SA-CaCOj;
particles under the same reaction conditions. After doping with
PSS, aptamer loading in the SA:PSS-CaCOj; was confirmed by
CLSM. (See Figure 2b.) Z-stack images of SA:PSS-CaCO,
particles clearly show the three-dimensional (3D) distribution
of the aptamers within the particles. (See Supplemental Video
1)

Polyelectrolyte combinations were then deposited onto our
templates by the LbL process to fabricate microcapsules. In our
initial studies, PAH/PSS pairs were used (see the Supporting
Information). Unfortunately, the obtained microcapsules were
mostly agglomerates, and when the number of film deposition
steps was reduced in order to decrease the possibility of
agglomeration, most of the microcapsules broke upon template
dissolution. Thus, PDDA was used as the polycation as a
replacement for PAH. PDDA is a pH-insensitive quaternary
ammonium polycation and has high charge density over all pH
ranges.”” The particle morphologies after coating one layer of
PDDA were checked by SEM. The results showed that the
particles remained spherical with their surfaces completely
covered with a condensed film (see Figure 2c). When the
deposition process was continued to add a PSS layer, the
roughness became obvious on the surface of most particles (see
Figure 2d). The formation of this rough structure may be
caused by the interpenetration of PDDA and PSS, as they
diffuse “in” or “out” of film grooves and grow in exponential
mode.”® After deposition of the (PDDA/PSS); film onto the
SA:PSS-CaCOj; particles, there was no indication of agglom-
eration that had plagued the PAH/PSS-coated particles and the
particles displayed a flower-like surface structure (see Figure
2e). EDX analysis confirmed that the (PDDA/PSS)s-coated
SA:PSS-CaCOj particles contain Ca (from CaCOjy), S (from
PSS), and P (from the aptamer) (see Figure 2e). This indicated
that some aptamers remained inside the particles during film
coating. After dissolution of the CaCOj,, the SA:PSS-(PDDA/
PSS); microcapsules imaged under dry conditions appeared flat
on the substrate (see Figure 2f). The size of the individual
microcapsules was within the expected range of 4—6 pm, which
proved that no aggregation occurred during the PDDA/PSS
film deposition or dissolution process. EDX (Figure 2f) showed
that Ca was no longer present within microcapsules, which
confirmed the thorough dissolution of CaCO; by super-
saturated EDTA solution. The main component in this sample
was C, from the backbone of PDDA, PSS, and aptamers.
Similarly, S and P could still be detected, confirming the
presence of PSS and aptamers. As a result, aptamer-loaded
(PDDA/PSS)s microcapsules were successfully fabricated. SA
loss during film deposition and template dissolution steps was
monitored by fluorescence (see Figure S3 in the Supporting
Information). The data suggest that, during the microcapsule
fabrication process, ~30% of SA is lost. The greatest loss occurs
during the initial film deposition steps, perhaps because of the
displacement of loosely held aptamers at or near the surface of
the templates. After dissolution of the CaCO;, the remaining
aptamer would be released from the templates and bond with
the (PDDA/PSS); films. Some SA loss at this stage suggests
that the microcapsule walls are somewhat permeable to the
aptamers. Indeed, polyelectrolyte multilayer c%psules have been
shown to be somewhat permeable to DNA.”” CLSM images
were used to confirm the presence and check the distribution of
aptamer within the SA:PSS-(PDDA/PSS); microcapsules (see
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Figure 2g). These images clearly indicated that aptamers had
two different distributions within the microcapsules. Some
images show the aptamer as a green ring in the microcapsule
wall; or, if microcapsules contain more aptamer, it was
distributed throughout the microcapsules as a green diffuse
circle. The 3D distribution of aptamers within an individual
microcapsule was checked by Z-stack images. (See Supple-
mental Video 2.) These Z-stack images verify the intact
structure of the microcapsules and the encapsulation of SA.

3.2. Triggered Rupture Properties of SA:PSS-(PDDA/
PSS)s Microcapsules. If these microcapsules are incubated in
water, intact ones will absorb water and become swollen
spherical structures,* while any broken microcapsules will be
observed as a ruptured structure. Cryo-stage SEM measure-
ments preserve the absorbed water within the microcapsules
and allow for differentiation between complete and broken
ones. Therefore, after incubation of microcapsules in target- or
nontarget-molecule solution, their status was visualized using
cryo-stage SEM under frozen conditions. (PDDA/PSS);-coated
SA:PSS-CaCO; particles and SA:PSS-(PDDA/PSS); micro-
capsules were first imaged as controls. Under frozen conditions,
(PDDA/PSS)s-coated SA:PSS-CaCOj particles (Figure 3a) do
not show any structural differences, as compared with dry
conditions. All particles still looked like “flowers” without any
rearrangements and aggregation. Because cryo-stage SEM
images were obtained in a low-vacuum nitrogen environment,
they were not as clear as the gold coated images. Under frozen
conditions, the SA:PSS-(PDDA/PSS); microcapsules after
template dissolution appeared as transparent, semiswollen
structures, because of the absorbed water present inside the
microcapsule wall (see Figure 3b).

We then sought to test the effect of target binding on
microcapsule morphology. The initial thought was that
microcapsules may burst after incubation in a 1 mM SRB—
0.1 M KCI solution for several hours. The SA aptamer
dissociation constant is in the range of 700 nM; therefore, in
the presence of a high concentration of the SRB (1 mM), a
large proportion SA should bind with SRB and form a SA-SRB
complex. The binding and folding of the aptamer may
compromise its ability to support the stability of microcapsules,
allowing for the collapse/rupture of the microcapsules. SRB was
dissolved in 0.1 M KCI solutions for the incubation
experiments as K stabilizes SA in a G quartet structure and
is required for target binding.%

The cryo-stage SEM images have shown that, after the
microcapsules were incubated in 1 mM SRB—0.1 M KCl for 16
h (Figure 3c), most microcapsules were intact and appeared as
swollen, spherical structures with only ~2% found to be
collapsed, as determined by manual counting of capsules in the
image (see the Experimental Section). Thus, it was reasoned
that more time may be required to bind to the target molecules,
form G quartet structures, and drive the collapse of the
microcapsules. When the incubation time was prolonged to 1
day (24 h) in 1 mM SRB—0.1 M KCl, almost all microcapsules
were collapsed with ~1% remaining in a spherical shape (see
Figure 3d). When incubated in 1 mM SRB—0.1 M KCl for 6
days, 60% of the microcapsules appeared not only to be
flattened but also to have burst (see Figure 3e). In the burst
microcapsules, only the bottom wall can be observed.

Microcapsules were also incubated with low concentrations
of target (10 uM SRB—0.1 M KCl solution) for 1 day (24 h)
and 6 days to ensure that the collapse and rupture of the
microcapsules were caused by the formation of SA-SRB
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Figure 3. Cryo-stage SEM images of (a) (PDDA/PSS);-coated
SA:PSS-CaCOjy particles, (b) frozen SA:PSS-(PDDA/PSS); micro-
capsules, (c—e) SA:PSS-(PDDA/PSS); microcapsules after incubation
in 1 mM SRB—0.1 M KCl solution for different times ((c) 16 h, (d) 1
day, and (e) 6 days). The chemical structure of SRB is shown in panel
(c). Cryo-stage SEM images of SA:PSS-(PDDA/PSS)s microcapsules
after incubation in 10 M SRB—0.1 M KCl at (f) 1 day and (g) 6 days.
(h) SA:PSS-(PDDA/PSS)s microcapsules after incubation in 1 mM
TMR—-0.1 M KClI for 6 days; the lower inset shows the chemical
structure of TMR. All insets of SEM images are enlarged images of
single microcapsules obtained from the corresponding SEM image.

complexes within the microcapsule. As calculated in the
Experimental Section, in 10 yuM SRB, a very low proportion
of aptamers will be bound as aptamer—target complexes, so
most aptamers can still serve as a scaffold to support the
stability of microcapsules. Under low concentration conditions
after 1 day, >99% of the microcapsules remained as swollen
spherical structures (see Figure 3f). Comparing these micro-
capsules with those that had been incubated in 1 mM SRB for 1
day, this result suggested that the collapse of microcapsules at
high target molecule concentration was not simply due to the
long incubation time. When microcapsules were incubated in
10 uM SRB-0.1 M KCl for 6 days, the great majority of them
remained as intact spherical structures (see Figure 3g). Again,
this confirmed that the long incubation time alone was not the
cause of capsule rupture.

To further confirm that the effect on microcapsule
morphology was driven by aptamer—target binding, samples
were checked by CLSM colocalization experiments. These
colocalization images were obtained by exciting the samples
with two different laser sources and then checking the presence
and location of two different dyes simultaneously. As in
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previous studies, the green color in these images comes from
fluorescein-labeled aptamers, while the orange color denotes
SRB emission and any yellow color will indicate the
colocalization of fluorescein aptamers and SRB. Microcapsules
incubated for 6 days under different conditions were examined
via CLSM measurements. After incubation in 10 yM SRB—0.1
M KCI for 6 days, as shown in Figure 4a, the majority of the

Figure 4. (a—c) Colocalization experiments to confirm SA—SRB
binding and triggered rupture properties of microcapsules. The images
were taken after incubation at different SRB concentrations for 6 days
(a) in 10 uM SRB—0.1 M KCl and (b, ¢) in 1 mM SRB—0.1 M KClI
(same sample from different areas). All insets show orange channel
emission image from nonfluorescein aptamer microcapsules. (d)
CLSM images for selectivity study of microcapsules after incubation in
1 mM TMR—0.1 M KCI for 6 days, obtained from orange channel
emission; inset shows an enlarged image of one microcapsule.

fluorescent signal was coming from fluorescein aptamers,
present on the walls of the microcapsules. The aptamer and
SRB signals were not completely overlaid, and only very little
yellow color can be observed. In this sample, the low amount of
SRB available to the microcapsules allows few SA—SRB
complexes to be formed. Z-stack images obtained from the
green channel of this sample demonstrate that the aptamer
signal has a similar 3D contour as the individual microcapsules
which confirm that the microcapsule is intact. (See
Supplemental Video 3.) CLSM measurements were also
conducted using unlabeled (no fluorescein) aptamer-encapsu-
lated microcapsules after incubation under the same conditions
(see inset in Figure 4a). The images indicated that SRB can
permeate into the microcapsules and remain there, because the
orange color could be visualized wrapped by the colorless
microcapsule wall. These CLSM images confirm that, when
only a low number of SA—SRB complexes formed, most of the
aptamers can still work as a scaffold and keep the microcapsules
complete.

In contrast, in CLSM images for microcapsules incubated in
1 mM SRB—0.1 M KClI for 6 days, polymer debris can be
observed throughout the image (see Figures 4b and 4c). In this
debris, the intensity of the SRB signals is significantly increased
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and the fluorescein aptamer signal still remains, so almost all
the debris presented a yellow color. This bright yellow color
suggests that most aptamers are colocalized with SRB and
formed complexes. The conformational change of the aptamer
may have led to the collapse and rupture of the microcapsules,
leaving only the polymer debris. No Z-stack images could be
obtained because of their lack of structure. Once again,
unlabeled aptamer-encapsulated microcapsules were also
incubated in 1 mM SRB for 6 days and measured by CLSM.
In this image, in addition to the polymer debris, broken
microcapsules with SRB’s orange color could still be detected
(see inset in Figure 4b). This image suggests that the rupture of
microcapsules was caused by SA—SRB binding at SRB
concentrations higher than the dissociation constant of the
aptamer. In addition, we attempted to measure the degree of
SA release after 6 days in SRB—0.1 M KCl solution by UV—vis
spectroscopy. Unfortunately, any DNA absorbance was masked
by the large background signal from SRB (results not shown).
From the confocal images, however, it is clear that a large
fluorescein signal from SA is present with the polymer debris,
which suggests that most of the aptamer remains in close
proximity to the polyelectrolyte layers, perhaps by electrostatic
interactions.

Overall, these results suggest that SRB had permeated into
the SA encapsulated microcapsules over the 6 days of
incubation. When the SRB concentration was increased and
more SA—SRB complexes were formed, microcapsule collapse
and rupture were observed.

3.3. Selectivity of SA:PSS-(PDDA/PSS)s Microcapsules.
To confirm that the high concentration of any dye will not lead
to microcapsule rupture simply because of osmotic pressure,
the experiments were repeated with TMR as the target. TMR
has a similar chemical structure to SRB, which is composed of a
three-ring xanthene. However, because of the discriminatory
nature of aptamers, SA does not bind with high affinity to
TMR. Incubation of the microcapsules in TMR served as a
control to check the selectivity of this observed morphology
change. After incubation in 1 mM TMR~—0.1 M KCl for 6 days,
85% of the microcapsules appeared intact by SEM and
remained as spherical structures, with the others looking
somewhat collapsed (see Figure 3h). This result revealed that
the rupture of microcapsules in 1 mM SRB was not caused
simply by a high osmotic pressure of dye molecules.
Furthermore, microcapsules encapsulated with fluorescein
aptamers were incubated in 1 mM TMR—0.1 M KCl for 6
days and run on the CLSM. The image obtained from the
orange channel showed that TMR remained mostly outside of
the microcapsules, because the intensity of the orange color was
strongest in the microcapsule wall and also in the background
(see Figure 4d). The microcapsules appear to be intact or
slightly collapsed but not ruptured at a high concentration of
nontarget molecule solution. Comparing results obtained from
incubations with 1 mM SRB—0.1 M KCI, aptamer-loaded
microcapsules exhibited high selectivity and microcapsule
rupture was only noted after the binding of the aptamer with
target molecules and the formation of aptamer—target
complexes. This could have exciting implications in the area
of controlled release as the triggered rupture of these
microcapsules could be tailored to allow for the release of
their contents, in response to the detection of specific target
molecules.
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4. CONCLUSION

The layer-by-layer (LbL) assembly process on SA:PSS-loaded
CaCO; templates was a suitable method for the preparation of
stable aptamer-encapsulated microcapsules. SA:PSS-(PDDA/
PSS); microcapsules demonstrated target-molecule-triggered
morphology changes. The rupture of these microcapsules
seems to be controlled by target-molecule concentration and
incubation time. We have previously demonstrated that the
target-binding-induced conformational change of aptamers that
were embedded within the microcapsule walls can lead to
increased permeability.* In this study, the aptamer-encapsu-
lated microcapsules went through apparent collapse and
rupture, potentially due to the conformational change of the
aptamer that was serving as a structural support. The
relationship between microcapsule morphology, target-mole-
cule concentration, and incubation time is summarized in
Figure S. Under low-target-molecule-concentration conditions,

Release status
burst
collapsed
swollen
Spm Sum
ImMdye 16hours 10 uM dye 1day 10 uM dye 6days

time

Figure S. Microcapsule status as a function of incubated dye
concentration and time; a swollen, collapsed, or burst microcapsule

is highlighted by the green rings.

the microcapsules seemed to be stable and displayed complete
spherical structures over several days of incubation. On the
other hand, under high-target-molecule-concentration condi-
tions, microcapsules went through swollen, collapsed, and
ruptured states.

Aptamer-encapsulated microcapsules only burst in response
to target molecules, while in nontarget-molecule solution, they
remained as intact structures. So microcapsules encapsulated
with aptamers exhibit additional functionality over conventional
microcapsules. The release of contents from microcapsules
concomitant with the detection of target molecules would be
beneficial for targeted delivery. In the future, these function-
alized microcapsules may be used in a “smart” delivery system.
Ideally, the release of a payload such as a drug could be
synchronized with the detection of a molecular signal, e.g. a
biomarker that is spatially and temporally associated with a
diseased tissue. Toward this goal, the effect of temperature,
ionic strength, or pH on the stability of SA:PSS-(PDDA/PSS);
microcapsules will need to be examined. Stability in vivo will
also need to be explored. Our preliminary stability experiments
in sheep serum (see Figure S4 in the Supporting Information)
are promising and will be further examined in future work.
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