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Abstract: This work addresses the challenge of creating hollow nanocapsules with controlled
amount of encapsulated molecules. Such nanocontainers or nanorattle-like structures represent
an attractive platform for building functional devices, including nanoreactors and nanosensors.
By taking advantage of electrostatic attraction between oppositely charged cargo molecules and
the surface of templating bilayer of catanionic vesicles, formed by mixing single-tailed cationic
and anionic surfactants, we were able to achieve substantial increase of the local concentration of
molecules inside the vesicle-templated nanocapsules. Control of electrostatic interactions
through changes in the formulation of catanionic vesicles or pH of the solution enabled fine-
tuning of encapsulation efficiency in capturing ionic solutes. The ability to control the amount of
entrapped molecules greatly expands the application of nanocontainers in the creation of

functional nanodevices.



1. INTRODUCTION

Hollow polymer nanocapsules with entrapped molecules are increasingly used in the
construction of diverse functional nanodevices."'* The ability to imprint uniform nanopores in
the shells of vesicle-templated nanocapsules permitted tunable size- and charge-selective
permeability, which translated into devices taking advantage of the ability to retain entrapped
molecules while providing unhindered communication with the environment.* " For example,
entrapment of homogeneous catalysts produced fast-acting and selective nanoreactors.'”
Encapsulation of indicator dyes has led to nanoprobes for sensing and imaging.** ' '® %
Encapsulation offered further benefits, such as improved stability of photosensitive molecules
and may lead to broader control of properties of entrapped molecules due to regulated

microenvironment.* 2%

In these applications, the underlying technology is based on
nanocpntainers, or hybrid nanorattle-like structures, containing various molecules entrapped in

the interior of a hollow nanocapsule with porous nanometer-thin shells.

Synthesis of these nanocontainers has immediate impact on the application of vesicle-
templated nanocapsules. The entrapment of molecules into vesicle-templates nanocapsules is
integrated into well-established procedures and the synthesis of nanocapsules.”'”*">° In a typical
synthetic approach, monomer-loaded vesicles are formed in the presence of target molecules in
an aqueous solution followed by the polymerization of monomers and crosslinkers in the
hydrophobic interior of the bilayer resulting in entrapment of molecules from the aqueous core of
the vesicles (Figure 1).* The surfactant or lipid scaffold can be removed to yield hollow polymer
nanocapsules with stable crosslinked shells. These nanometer-thin shells have intrinsic pores
smaller than approx. 0.6 nm.” Larger pores can be imprinted in the shells by placing pore-

forming templates in the bilayer interior prior to the polymerization (Figure 1)." """ Molecules



that are located in the aqueous core of the vesicles remain entrapped in the nanocapsules if they
are larger than the pores in the capsule shells.* "> '"'® 3% These vesicle-templated capsules
showed remarkable stability, retaining entrapped molecules for five years without measurable
leaching.”> " Typically, the local concentration of the entrapped molecules inside the
nanocapsules was identical to the concentration of the molecules in the aqueous stock solution

used to prepare the vesicles for templating the nanocapsules.'

Controlling the encapsulation efficiency would be greatly beneficial for building
nanocapsule-based devices.'®"” The ability to alter local concentration compared with the stock
solution will greatly expand the range of devices prepared by vesicle templating, e.g., previously
reported nanoreactors and optical nanoprobes. Unfortunately, simply increasing the
concentration of cargo molecules in the aqueous solution used for templating is not always
feasible. For example, a common approach may include encapsulation of a water-soluble form of
a catalyst or a ligand followed by solvent exchange for subsequent catalytic applications. We
used this approach in the synthesis of nanoreactors.'” Limited aqueous solubility of many
organic molecules may impose limitations on the range of practical achievable concentrations of
entrapped molecules. Also, for many molecules, increased concentration in water would interfere

with the formation of a bilayer, thus jeopardizing the assembly of the nanocapsule shells.

This work aims at controlling the encapsulation of molecules through electrostatic
interactions with the surfactant scaffold that is used for templating of nanocapsules. We
hypothesized that attractive interactions between oppositely charged target molecules and ionic
surfactants in the bilayer would increase the local concentration of target molecules inside the
nanocapsules. This hypothesis is supported by previous studies reported by English et al. who

showed that catanionic vesicles with a molar excess of the cationic surfactant (CTAT) efficiently



captured the anionic dye 5(6)-carboxyfluorescein (CF), cationic anti-cancer drug doxorubicin
and retained it for very long periods of time.” To test this hypothesis, we selected six
representative cationic and anionic molecules structures and sizes (Figure 1) and examined their
encapsulation in nanocapsules template by catanionic vesicles. The catanionic vesicles are
formed spontaneously by a combination of cationic and anionic surfactants.”** In this study, we
focus on vesicles formed by a cationic surfactant cetyltrimethylammonium tosylate (CTAT) and
an anionic surfactant sodium dodecylbenzenesulfonate (SDBS).*** Recently, we reported that
SDBS/CTAT bilayers could be loaded with monomers during the vesicle formation stage
(concurrent loading).”>” In the past, monomers were also placed into the bilayer by diffusion
loading, where neat monomers were added to the aqueous dispersion of vesicles followed by an
equilibration period, during which monomers diffused through water into the interior of a
bilayer.”®*>*** Polymerization of monomers can be conducted at physiological conditions using
a peroxide initiator coupled with an activator co-dissolved in the bilayer,” or, alternatively, using

UV irradiation 2% 343544
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Figure 1. A) Schematic representation of vesicle-templated synthesis of nanocapsules:
monomers and crosslinkers are loaded into the bilayers of spontaneously formed vesicles
followed by the polymerization and removal of the vesicle scaffold and non-entrapped
molecules. B) Structures of representative cationic and anionic molecules used for the

investigation of entrapment efficiency regulated through electrostatic interactions.

2. EXPERIMENTAL SECTION

Materials. Monomers: butyl methacrylate (BMA), t-butyl methacrylate (t-BMA), ethylene

glycol dimethacrylate (EGDMA) were received from Sigma-Aldrich. They were purified by



passing through aluminum oxide shortly before the synthesis. Sodium dodecylbenzenesulfonate
(SDBS; an anionic surfactant), cetyltrimethylammonium p-toluenesulfonate (CTAT; a cationic
surfactant), were used as received (Sigma-Aldrich). 2,2-dimethoxy-2-phenyl-acetophenone
(DPA), purchased from Sigma-Aldrich, was used as photoinitiator. Dyes: Procion Turquoise
MX-G (PT) (received from DyStar) and Procion Red MX 5B (PR) (received from Sigma-
Aldrich) were deactivated in 0.1 wt% Na,CO, aqueous solution overnight at room temperature to
substitute active chlorine atoms by hydroxyl groups®; o-Cresolphthalein (CPC), Nile blue A

(NBA), Malachite Green, Eosin B (Sigma-Aldrich) used as received.

Concurrent loading of monomers into surfactant vesicles. To prepare stock solutions,
SDBS (100 mg) and CTAT (100 mg) were mixed in separate vials with t-BMA (32 uL, 0.193
mmol), BMA (32 uL, 0.199 mmol), EGDMA (32 uL, 0.166 mmol) and initiator 2,2-dimethoxy-
2-phenyl-acetophenone (3 mg, 0.01 mmol). Each mixture was hydrated in 10 mL of an aqueous
solution of a dye. Each stock solution was incubated at 40 °C during 30 min, and vials were
gently sonicated to break up chunks of aggregated surfactants and vortexed to homogenize
solutions. Samples were prepared by mixing the stock solutions at proper volume ratios after
brief vortexing. The solutions were not subjected to any further agitation and were extruded 5
times at 25 °C through a track-etched polyester Nucleopore membrane (Sterlytech) with 0.2 um

pore size using a Lipex stainless steel extruder (Northern Lipids).

Synthesis of nanocapsules. The sample obtained as described above was irradiated for 1.5
hours with UV light (A=254 nm) in a photochemical reactor (10 lamps, 32W each; the distance
between the lamps and the sample was 10 cm) using quartz tube with path length of light of

approximately 3 mm. Following the polymerization, a solution of NaCl (0.02 mL of 3 N) in



methanol (10 mL) was added to the reaction mixture to precipitate the nanocapsules. The
nanocapsules were separated from the reaction mixture and purified by repeated centrifugation
and resuspension steps using first methanol (3 drops of 3M NaCl were added to aid
precipitation), then water-methanol mixture, and finally pure water as washing solutions.
Typically, after the first methanol/water wash, the supernatant became colorless. The lack of

non-entrapped dyes on the supernatant was confirmed by UV-vis spectroscopy.

Dynamic Light Scattering (DLS). Hydrodynamic diameter and polydispersity index (PDI)
measurements were performed on a Malvern Nano-ZS Zetasizer (Malvern Instruments Ltd.,
Worcestershire, U.K.). The Helium-Neon laser, 4mW, operated at 633 nm, with the scatter angle
fixed at 173°. The temperature was set at 25 °C. 80 pL samples were placed into disposable
cuvettes without dilution (70 pL, 8.5 mm center height Brand UV-Cuvette micro). Each data
point was an average of 10 scans. Data were processed using non-negative least squares (NNLS)

analysis.

Electron microscopy images. To prepare the sample for SEM analysis (JEOL JSM-6335F,
working voltage of 5 kV), a sample was placed on SEM pin stub specimen mount covered with
double coated carbon conductive tabs and dried under vacuum. The studied samples were coated
with a 7nm gold-palladium (60:40) layer using Polaron ES100 SEM Coating Unit. SEM were
performed using the facilities in the UConn/FEI Center for Advanced Microscopy and Materials

Analysis (CAMMA).

Dye retention experiment. A previously described colored size-probe retention assay was
used to demonstrate successful formation of nanocapsules.'>'” ' Molecules with different colors

and sizes were encapsulated in surfactant vesicles, the polymerization was carried out, and



nanocapsules were separated from released size probes on a size-exclusion column and/or by
precipitation of nanocapsules in methanol and purification by repeated centrifugation and
resuspension steps using first methanol (3 drops of 3M NaCl were added to aid precipitation),
then water-methanol mixture, and finally pure water as washing solutions. The precipitate was
dried, and a portion of solid residue was weighted out (typically, 20-50+0.1 mg) and redispersed
in a buffer to achieve a concentration of 0.125 wt.%. Buffers with different pH values were used
for different dyes for consistency in measurements. The amount of retained dyes was measured

by UV-vis spectroscopy as described below.

Optical spectroscopy. For the absorbance measurements of the dye-loaded nanocapsules an
Olis SM 72 UV-vis spectrophotometer (Bogart, GA) was used in combination with an
integrating cavity (Olis CLARITY sample holder) used here to minimize the interference from
light scattering in turbid samples. The CLARITY accessory was equipped with 8 ml quartz
cuvettes containing a “chimney” with an inner diameter of 10 mm. Samples were placed in
custom-made quartz test tubes (QSI Quartz scientific inc.) with an outer diameter of 9.8 mm and
volumes 2 mL that were inserted into the CLARITY cuvettes. To ensure reproducibility in
measurements, the same test tube was used for all measurements of a series of samples and the

test tube was positioned the same way in the CLARITY cuvette.

Steady-state fluorescence spectra were recorded on Cary Eclipse Fluorescence
Spectrophotometer (Agilent). The photophysical data (steady-state absorption and fluorescence)
of all free and encapsulated dyes were obtained in water and in buffer solutions at different pH

values.



3. RESULTS AND DISCUSSION

The underlying hypothesis of this study is that charged molecules would be preferentially
entrapped in nanocapsules templated by vesicles containing an excess of surfactants of the
opposite charge. Vesicles formed by catanionic surfactants require excess of one of the
surfactants.” **** As evident from previously published phase diagrams, such excess can vary
from 20 to 80%, corresponding to the surfactant mixtures with molar ratios ranging from 60:40
to 90:10.>*°* % Since the surface of the bilayer has an overall positive or negative charge, we
anticipate that charged molecules would be attracted to an oppositely charged bilayer, resulting
in higher concentration of these molecules in the aqueous core of a vesicle compared with the
bulk solution. Likewise, like-charged molecules would be repelled from the bilayer resulting in
lower concentration than in the bulk solution. Once the vesicle is formed and formation of
bilayer-templated shell is complete, the molecules in the aqueous core will remain entrapped in
nanocapsules as long as they are larger than the pores in the shells. We have shown in our initial
reports that once entrapped medium size molecules did not escape from the capsules for at least 5

years."” "7,

Choice of charged molecules for entrapment. To test the main idea of this work, we used six
different cationic and anionic molecules shown on Figure 1. All of these molecules are dyes, a
choice made to facilitate the measurements of the entrapped molecules. O-Cresolphthalein (CPC)
is an anionic complexone indicator dye for calcium with an optimal performance at pH 10.”'
CPC is positively charged at low pH due to protonation of two amino groups, and negatively
charged at higher pH (four carboxylic groups). Eosin B is a fluorescent compound that is neutral
in strongly acidic conditions negatively charged at the pH above 4. Nile Blue A (NBA), a pH-

sensitive indicator and a popular stain used in biology and histology, is positively charged in



neutral and acidic conditions. Malachite Green (MG) is a cationic dye. Nile Blue and Malachite
Green are pH sensitive dyes, having cationic and neutral forms depending on pH. Procion Red
(PR) and Procion Turquoise (PT) are anionic reactive molecules. These six molecules represent a
broad spectrum of organic structures representative of molecular cargo that could be loaded into
nanocapsules for making functional devices. The retention of dyes and encapsulation efficiency
was determined for different pH and vesicles compositions using the procedure described in the
Experimental Section. The concentration of dyes was in the range of 0.1-3 mM to avoid possible

destabilization of vesicles at high dye concentrations.””>*>

Synthesis of nanocapsules with entrapped cargo molecules. We conducted a series of
experiments involving the synthesis of nanocapsules using different formulations of surfactants
and dyes conducted at different pH values, followed by removal of non-entrapped dyes and
measurement of dyes retained within the nanocapsules. In a typical synthesis, the monomers and
crosslinkers were placed into the bilayer interior during self-assembly of vesicles (concurrent
loading). After the spontaneous formation of monomer-loaded vesicles in the presence of
charged dyes, solutions were extruded to narrow down the size distribution of vesicles.
Monomers were polymerized using redox initiation at 40 °C. As shown previously, the
polymerization was complete within two hours under these conditions.” Typical results are
shown on Figure 2. The average sizes of colored nanocapsules isolated after the polymerization
of monomers and measured by SEM (Figure 2B, average diameter from SEM data approx.
220+40 nm) matched the average sizes of vesicles with dyes observed by DLS (Figure 2A,
average diameter from DLS data approx. 240+50 nm). In previous studies, we found that SEM
served as a reliable method for confirming successful synthesis of spherical nanocapsules. Here

we obtained SEM images for each sample as noted below to confirm the formation of

10



nanocapsules at different formulations of surfactant scaffolds with different charged molecules
and at different pH of the reaction mixture. SEM data showed that capsules preserved their

spherical shape upon drying, similarly to hollow nanocapsules produced by using a UV-initiated

17, 19 32,

polymerization and templated by liposomes" and surfactant vesicles.”> ** Typical
correlogram obtained from the DLS measurements was close to a typical monomodal
distribution (open circles in Figure 2A) suggesting that the predominant scattering occurred from
vesicles. Typically, no evidence of large aggregates was found for acrylic monomers at used

concentrations of dyes and surfactants.
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Figure 2. (A) Typical size distribution (solid lines) and autocorrelation function (open circles) of
vesicles containing dye after polymerization determined by dynamic light scattering in aqueous
solution; autocorrelation function indicates the correlation of scattering intensity at one time with
itself at a different time, which is closely related to vesicles size. (B) Typical SEM image of
nanocapsules after polymerization and template removal. Insets: SEM and TEM images of

freestanding nanocapsules.

Effect of surfactant composition on the efficiency of entrapment. Following the general

procedure outlined above, we conducted a series of experiments where yield and encapsulation

ability of nanocapsules was measured as a function of the composition of vesicles. First, we

11



investigated the entrapment of NBA at a constant pH (5.8) and varying SDBS/CTAT ratio. At
this slightly acidic pH, NBA is positively charged. We hypothesized that increasing amount of an
anionic surfactant SDBS would lead to an increase of the amount of entrapped NBA due to
attractive electrostatic interactions that would result in a greater local concentration of NBA
inside the vesicles. The spectral data were normalized to the weight of the polymer material.
Here and in the measurements shown on subsequent figures, we precipitated nanocapsules with
methanol after the synthesis and washed the precipitate as described below. We then weighed out
a certain amount of concentrated suspension of polymer material (to achieve the final
concentration of nanocapsules of 0.125 wt. %) and redispersed it in a buffered aqueous solution
for the absorbance measurements. The data shown on Figure 3A supported this hypothesis and
revealed the general trend of increasing the amount of entrapped NBA with increased SDBS
content. The data point corresponding to the 60/40 SDBS/CTAT mixture was an outlier. This
composition is on the border between vesicles and two-phase region on the phase diagram and it
is likely that monomer-loaded vesicles deteriorated during the synthesis, failing to produce a

high yield of nanocapsules without pinhole defects.*

After the synthesis, nanocapsules were washed thoroughly with methanol and water to
remove the surfactant scaffold, nonentrapped dyes, and buffer components. Washing steps were
repeated multiple times until the supernatant showed no trace of non-entrapped dyes. Capsules
with pinhole defects larger than the size probes would not be able to retain encapsulated
molecules; therefore, the retention of the dyes is related to the yield of nanocapsules without
pinhole defects. To account for possible variations in the overall yield of nanocapsules, we
performed absorbance measurements on standard amounts of solid polymer material isolated

from the synthesis as mentioned above.
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The photographs (Figure 3B, C) show successive entrapment of dye in polymer nanocapsules
produced from vesicles with varying SDBS/CTAT ratio. These data confirm that ionic dyes are
efficiently captured in catanionic vesicles having an opposite net charge. However, vials 5-6 in
the case of nanocapsules based on CTAT-rich vesicles have much lower dye content. Thus, the
cationic NBA is efficiently incorporated into the nanocapsules based on SDBS-rich vesicles but
not CTAT-rich vesicles. These data also showed that the total yield of colored nanocapsules was
much higher for SDBS-rich vesicles. Similar results (highly efficient capture in nanocapsules
based on SDBS-rich vesicles, and poor encapsulation in CTAT-rich vesicles) were obtained for

MG, another cationic molecule (Figure S1).
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Figure 3. UV-Vis spectra (A), photograph of the aqueous suspensions (B, suspended (top) and
precipitated (bottom) forms) and SEM images (C) of nanocapsules containing NBA synthesized
at various ratios of SDBS:CTAT. Cm(NBA in reaction mixture) was 1.5x10”* M, pH of the
reaction mixture was 5.8. Spectra were taken at pH 3.0 in sodium citrate buffer. Concentration of
nanocapsules was 0.125 wt.% NC The inset shows the maximal absorbance at 650 nm versus

various ratios of SDBS:CTAT. The line is a guide to the eye.

We obtained further confirmation of interactions between NBA and surfactant scaffold from

fluorescence spectra of entrapped NBA. Figure 4 shows the emission spectra of encapsulated
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NBA, taken from different compositions of surfactants, in acidic and basic environment. The
emission spectra of NBA at both pH are also shown for comparison. Previously Douhal et al.
showed that when NBA was excited at ~500 nm and two distinct fluorescence peaks were
observed at ~590 and ~690 nm.>* The former is attributed to the excited neutral form of NBA
and the latter was assigned as fluorescence from excited cationic form of NBA, which is formed
after an intermolecular proton transfer from the solvent. In our case, in basic conditions, we
observed distinct dual fluorescence only for nanocapsules based on SDBS-rich vesicles. For
nanocapsules based on CTAT-rich vesicles, we saw broad peak at ~600 nm with shoulder at
~670 nm. In acidic media, the emission peak for nanocapsules based on SDBS-rich vesicles was
observed at 695 nm in good agreement with peak from free NBA, whereas for nanocapsules
based on CTAT-rich vesicles the emission peak was blue shifted to 630 nm for composition
20:80 (SDBS:CTAT), and finally changed to two peaks at 621 and 667 nm when content of
CTAT was at its highest value in the series of vesicles (10:90 SDBS:CTAT ratio). In addition,
the emission intensity decreased slightly with increasing concentration of CTAT and then

increased at the maximum CTAT content.
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Figure 4. Steady-state fluorescence emission spectra of free and entrapped NBA. Ex.: 530 nm.
Spectra were taken at pH 3.0 in sodium citrate buffer (A) and pH 10.0 in borate buffer (B). The

concentration of nanocapsules was 0.125 wt.%.

Figure S2 depicts the pH-dependent emission spectra of entrapped NBA into nanocapsules
obtained at different vesicles compositions measured at a fixed excitation wavelength of 530 nm.
Entrapped NBA for all samples exhibits a positive pH dependence in the emission intensity with
blue excitation, with more than a 5-fold increase between pH 3.5 and 12.5 for nanocapsules

based on SDBS-rich vesicles, and 3-fold increase for nanocapsules based on CTAT-rich vesicles.

Effect of pH on encapsulation efficiency. Our reasoning was that pH would affect the
interactions between the charged molecules and catanionic scaffold, translating into changes in

the amounts of encapsulated molecules. This effect could be especially pronounced for pH-
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sensitive molecules that change the charge upon protonation or deprotonation. We selected
catanionic vesicles prepared from SDBS and CTAT at 80:20 weight ratio, which gave us higher
yield of colored nanocapsules. Dynamic light-scattering (DLS) analysis revealed structures with
an average diameter of 220+10 nm and a polydispersity index (PDI) of 0.2 — 0.4. For
composition SDBS:CTAT = 80:20 wt.% (the middle of vesicles region for SDBS-rich vesicles)™
the vesicle surface is predominantly negatively charged. We hypothesized that a cationic pH-
sensitive molecule would exhibit higher encapsulation efficiency in its positively charged form

in acidic solution compared with its neutral form in basic solution.

We used NBA, a cationic pH-sensitive dye, to test this idea. In water, when transitioning
from basic to acidic media, NBA undergoes protonation at the primary and tertiary amino
groups, changing from a neutral molecule to dicationic species. Using UV-vis spectroscopy, we
measured the higher apparent pK, value of encapsulated NBA in water to be approx. 6.8. The
discrepancy between the pK, values of free and encapsulated NBA was noted in our previous
study* and will be discussed in detail separately. The lower pK, value for NBA was reported to
be approx. 4. We chose four pH values for evaluating the effect of pH on encapsulation of NBA:
3.7,49,7.0, and 8.9. As noted previously, SDBS/CTAT vesicles are stable in the pH range that
includes all selected values; therefore, we did not anticipate any negative effect of pH on the
formation of nanocapsules. Our rationale for selecting specified pH values was that NBA was
expected to be electroneutral at pH 8.9, a small fraction of NBA would bear a single positive
charge at pH 7.0, nearly all molecules would possess a single positive charge at pH 4.9, and most

of the molecules would exhibit a double positive charge at pH 3.7.
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In these experiments, the stock solutions of NBA used to form vesicles were prepared at
different pH values as indicated above. All other parameters, including the concentration of NBA
and amounts of surfactants and monomers, were identical. After the synthesis of nanocapsules
and removal of non-entrapped molecules, the pH of aqueous solutions was adjusted to a uniform
value of 3 for all samples after the synthesis so as to compare the absorbance across all samples
and correlate it with the amount of entrapped NBA. The photographs and absorption spectra of
resulting suspensions of nanocapsules are shown on Figure 5, where pH values indicate the pH
of the NBA stock solution used for the synthesis. Absorbance spectra (Figure SA) show a large
increase in absorbance with decreasing pH of solutions used in the synthesis of polymer
nanocapsules. The correlation between the ionization state of NBA and absorbance data on
Figure 5A suggests that the resulting concentration of NBA in nanocapsules is determined
predominantly by the electrostatic interaction with the bilayer scaffold. At pH 8.9, NBA should
be electroneutral, and no electrostatic attraction is expected between NBA and the predominantly
negatively charged scaffold. At pH 7.0, a small fraction of NBA would have a positive charge,
resulting in slight increase of attraction between NBA and the scaffold, which would translate
into a slight increase of the amount of entrapped NBA. At pH 4.9, nearly all NBA molecules
would possess a single positive charge, resulting in substantial increase in attraction between
NBA and surfactant scaffold compared with neutral NBA. Further decrease of pH to 3.7 would
render most of NBA molecules doubly charged due to protonation of both amino groups. This
change translated in even stronger attraction between NBA and surfactant scaffold and higher
amount of entrapped NBA. Figure 5b further illustrates increasing amount of entrapped dye

corresponding to decreased pH values.
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Figure 5. UV-Vis spectra (A), photograph (B) and SEM images (C) of nanocapsules containing
NBA synthesized at various pH values. Concentration of nanocapsules was 0.125 wt.%, Spectra
were taken at pH 3.0 in sodium citrate buffer. Nanocapsules were synthesized using 80:20 wt.%
SDBS:CTAT vesicles. In all syntheses, the concentration of NBA in the reaction mixture was

3x10™* M. The inset shows the maximal absorbance at 650 nm versus pH during the synthesis.

For the anionic solutes (PR, PT, Eosin B, o-cresolephthalein), the results were reversed, and
these dyes were efficiently captured in nanocapsules based on positively charged CTAT-rich

vesicles and poorly captured in nanocapsules based on negatively charged SDBS-rich vesicles
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(Figures 6 and 7). These data further confirm that ionic solutes are efficiently captured in
nanocapsules based on catanionic vesicles having an opposite net charge of the bilayer.
Nanocapsules with PT were synthesized at SDBS:CTAT=80:20 (Figure 6B), but in sample 2 the
dye was added only to SDBS initial solution since PT was aggregated and precipitated in
vesicles with high content on CTAT. Eosine B was encapsulated at two pH values, 3.3 and 4.4
(Figure S3). At higher pH, the synthesis of nanocapsules was not possible due to precipitation of
the reaction mixture. Virtually no difference for encapsulation efficiency was found in this case,

probably due to the same state of Eosin B at these pH values.
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Figure 6. UV-Vis spectra of the suspensions of nanocapsules containing PR (A) and PT (B).
Nanocapsules with PR were synthesized at various ratios of SDBS:CTAT. Nanocapsules with
PT were synthesized at SDBS:CTAT=80:20, but in sample 2 dye was added only to SDBS initial
solution. Cm(dyes in reaction mixture) was 3x10° M, pH of the reaction mixture was 7.5.

Spectra were taken at pH 7.5 in PBS. Concentration of nanocapsules was 0.125 wt.%.
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CPC has four ionized carboxylic groups at pH values higher than its second pKa of 8.24.
Synthesis of nanocapsules with CPC at pH 10.5 showed higher encapsulation efficiency for
CTAT-rich compositions. We also evaluated encapsulation of CPC at different pH values for
20:80 wt % of SDBS:CTAT vesicles. In water, over the range of pH 8-12, CPC undergoes
deprotonation at both phenol sites in addition to the carboxyl groups, changing it from a neutral
molecule to multi-anionic species. It should be noted that CPC is not soluble in water at pH
below 7. Figure 7 shows the photographs and absorption spectra of suspensions of nanocapsules
with entrapped CPC (3 mM initial concentration of dye) in aqueous solutions at pH 12. In water
at pH 12, deprotonation to form CPC leads to an increase in absorbance at A>550 nm and
appearance of purple-red color of dye. The photographs show successive encapsulation of dye in
polymer nanocapsules obtained from CTAT-rich vesicles (Figure 7c). Thus, the anionic CPC is
efficiently encapsulated into polymer nanocapsules based on CTAT-rich vesicles but not into the

SDBS-rich ones.
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Figure 7. Data for encapsulation of CPC. (A) UV-vis spectra of nanocapsules prepared at pH
10.3 and varying composition of surfactant scaffold. Inset: maximum absorbance at 575 nm vs.
SDBS content. (B) UV-vis spectra of nanocapsules prepared using 20:80 wt% of SDBS:CTAT
vesicles at different pH values. Inset: maximum absorbance at 575 nm vs. pH, (C) Photographs

and (D) SEM images of nanocapsules containing CPC synthesized at selected pH values using
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20:80% SDBS:CTAT vesicles. Cm(CPC in reaction mixture) = 3x10™* M. Spectra were taken at

pH 12 in Na,HPO, buffer. Concentration of nanocapsules was 0.125 wt. %.

Additional evidence for the electrostatic interactions between surfactant scaffold and
entrapped cargo molecules dependent on pH and surfactant composition came from zeta
potential measurements (Table S1). In these experiments, we observed the interactions between
the bilayer and charged molecules located outside the vesicles. Blank vesicles showed expected
values for zeta potential based on their composition, e.g., -108 mV for predominantly anionic
80:20 wt% SDBS:CTAT vesicles and +31 mV for predominantly cationic 20:80 wt%
SDBS:CTAT vesicles. Upon addition of oppositely charged molecules, zeta potential values
reduced dramatically, suggesting strong interactions between oppositely charged molecules and
surfactants, e.g., +3 mV for 80:20 wt% SDBS:CTAT vesicles with NBA at neutral pH or -6 mV
for 20:80 wt% SDBS:CTAT vesicles with CPC at pH 10. Varying the pH of solution of 20:80
wt% SDBS:CTAT vesicles with CPC suggested strong interactions between surfactants and CPC
at basic pH as indicated above but not at acidic pH with zeta potential of +38 for 20:80 wt%
SDBS:CTAT vesicles with CPC at pH 2.6, in line with expected attractions based on ionization

of CPC at different pH values.

4. CONCLUSIONS

In this study, we investigated the effect of electrostatic interactions between charged
molecules and the bilayer of catanionic vesicles on the efficiency of entrapment of molecules in

vesicle-templated nanocapsules. We tested the hypotheses that electrostatic attraction between
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cargo molecules and the bilayer would translate in higher efficiency of encapsulation and that the
encapsulation could be controlled by influencing the electrostatic attraction through the changes
in the bilayer formulation or the pH of the solution. The experiments involved six representative
charged dyes with different structures and catanionic vesicles formed with different amounts of
CTAT and SDBS. Experimental evidence supported both hypotheses. Increasing electrostatic
attraction due to change in pH or adjustment in formulation of surfactant scaffold did result in
increased local concentration of encapsulated molecules compared with the stock solution. At the
same time, electrostatic repulsion between cargo molecules and the bilayers has led to lower
local concentration of encapsulated molecules. These findings demonstrate efficient control of
encapsulation of cargo molecules inside nanocontainers based on hollow porous nanocapsules. A
broad range of potential cargo molecules possesses a net charge, including most biomolecules,
supporting the versatility of approach presented in this work.”® The results of this work are
likely to have an immediate impact on recently reported functional devices based on
nanocapsules, including nanoreactors and optical nanoprobes, and enable or expand the range of

other nanocapsule-based devices.
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