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ABSTRACT. Vesicle-templated nanocapsules are prepared by polymerization of hydrophobic
acrylic monomers and crosslinkers in the hydrophobic interior of self-assembled bilayers.
Understanding the mechanism of capsule formation and the influence of synthetic parameters on
the structural features and functional performance of nanocapsules is critical for the rational
design of functional nanodevices, an emerging trend of application of the nanocapsule platform.
This study investigated the relationship between basic parameters of the formulation and
synthesis of nanocapsules and structural and functional characteristics of the resulting structures.
Variations in the monomer/surfactant ratio, temperature of polymerization, and the molar

fraction of the free-radical initiators were investigated with a multipronged approach, including



shell thickness measurements using small-angle neutron scattering, evaluation of the structural
integrity of nanocapsules with scanning electron microscopy, and determination of the retention
of entrapped molecules using absorbance and fluorescence spectroscopy. Surprisingly, the
thickness of the shells did not correlate with the monomer/surfactant ratio, supporting the
hypothesis of substantial stabilization of the surfactant bilayer with loaded monomers.
Decreasing the temperature of polymerization had no effect on the spherical structure of
nanocapsules but resulted in progressively lower retention of entrapped molecules, suggesting
that a spherical skeleton of nanocapsule forms rapidly, followed by filling the gaps to create the
structure without pinholes. Lower content of initiators resulted in slower reactions, outlining the
baseline conditions for practical synthetic protocols. Taken together, these findings provide
insights into the formation of nanocapsules and offer methods for controlling the properties of

nanocapsules in viable synthetic methods.



Introduction

Vesicle-templated polymer nanocapsules with controlled permeability of the shells have
emerged as a viable platform for nanoreactors, nanosensors, and containers for the delivery of
drugs and imaging agents."* Broad utility of nanocapsules in diverse applications highlights the
significance of the development of nanocapsules as a platform technology . Furthermore, these
applications emphasize the importance of fine-tuning the structural parameters. We and others
reported basic characterization of nanocapsules: ** but a detailed understanding of the structure
and structure/property relationships is far from complete.»» In part, scarcity of detailed
information on the structure of nanocapsule shells has been caused by difficulties with obtaining
detailed structural information of freestanding polymer shells on the sub-nanometer scale.

Our recent study on the measurement of the shell thickness using small-angle neutron
scattering (SANS) not only determined the single-nanometer thickness of the shells but also
established a methodology for accurate measurements of thickness of free-standing shells.* For
example, we found the thickness of polystyrene nanocapsules suspended in benzene to be
1.0+0.1 nm, which agrees well with calculations based on the measured distribution of
monomers within the template bilayer.” The extreme thinness of the shell makes detection and
identification of the thickness signature difficult, but we now have an understanding of SANS
signature. Furthermore, we were able to measure the increase of the measured thickness due to
coating with surfactant, which enables accurate subtraction to determine the thickness of the
polymer shells alone in samples that are stabilized with surfactants, something previous studies
were unable to do.»» We have exploited these methods to investigate the relationship between the
structure of bilayer-templated nanocapsules and their functional performance. A combination of
SANS along with other methods allowed us to set the goals for this study.

Multiple recent studies showed that understanding detailed structural information provided
critical insights into controlling the function of nanoscale materials, including nanoparticles,

metal-organic frameworks, layer-by-layer films, and self-assembled monolayers.



This study focuses on investigating the relationship between basic parameters of the
formulation and synthesis of nanocapsules and their structural and functional characteristics.
Specifically, we focused on acrylic building blocks and investigated variations in the monomer
to surfactant ratio, temperature of polymerization, and the monomer to initiator ratio. These are
the most fundamental parameters in customizing the synthesis of nanocapsules using the vesicle-
templating method. To place this work in the context of previous studies, we used a mixture of
tert-butylmethacrylate, butylmethacrylate, and buthylene glycol dimethacrylate that have been
used to form nanocapsules. Likewise, we continued using a mixture of sodium
dodecylbenzenesulfonate and cetyltrimethylammonium tosylate as surfactants that indicated the
formation of stabilized vesicles loaded with monomers. In our previous studies, particularly
using the diffusion loading technique, where monomers are allowed to diffuse into the bilayer
interior through water, lipid bilayers exhibited a specific capacity for accommodating
monomers.* =+ Intriguingly, this capacity was not dependent on the structure or nature of the
monomers. Accordingly, there was a limited range of monomer/surfactant ratios in the synthesis
of nanocapsules, which highlighted the need to investigate the relationship between the
formulation of the monomer-loaded bilayer and the structure and performance of the resulting
nanocapsules. Here we varied the range of monomer/surfactant ratios from the values indicative
of maximal loading capacity of bilayers down to the amount that would correspond to a single
contiguous layer of monomer molecules within the bilayer. The temperature of polymerization is
the most critical parameter in optimizing the conditions for the synthesis of nanocapsules from
the vesicle-monomer assembly. We examined the most practical range of temperatures for the
synthesis of nanocapsules. At temperatures higher than 60 °C, monomers may partially evaporate
before the completion of the polymerization. Since the synthesis is done in water, temperatures
close to the freezing point constitute a lower limit on the reaction conditions. Finally, the
monomer/initiator ratio is an important parameter that might potentially affect the structure and
function of bilayer-templated materials. If the fraction of the initiator is too high, one may expect

the formation of shorter-chained polymers within the bilayer. However, since we use a high



degree of crosslinking, it is difficult to predict whether shortening of crosslinked chains would
negatively affect structural stability or functional performance of nanocapsules. On the other
hand, if the amount of the initiator is too low, the polymerization process could become too slow
or terminate prematurely before the nanocapsules are fully formed.

The influence of variations in the synthesis parameters on the performance of nanocapsules
was investigated with a multipronged approach. We measured the thickness of shells with
SANS, obtained SEM images of polymethacrylate nanocapsules after the synthesis, and
measured the amount of entrapped and retained molecules using absorbance and fluorescence

spectroscopy.

Results and Discussion

Vesicle-templated assembly of nanocapsules. We used the directed assembly method
outlined in Figure 1 and described in more detail in previous publications.” == Briefly, we
prepared vesicles with monomers (mixture of butyl methacrylate (BMA) and tert-butyl
methacrylate (t-BMA), crosslinker (1.4-butanediol dimethacrylate (BGDMA), and initiators
(lauroyl peroxide (LP) in pair with 4.4’-Methylenebis(N,N-dimethylaniline) (MDMA)+ placed
into the hydrophobic interior of the bilayers using a concurrent loading approach, where vesicles
are formed spontaneously upon hydrating the surfactant/monomer mixture (Figure 1). In these
experiments, we used a mixture of an anionic surfactant sodium dodecylbenzenesulfonate
(SDBS), and a cationic surfactant cetyltrimethylammonium p-toluenesulfonate (CTAT) to form
vesicles. The preparation of vesicles was done in an aqueous solution of Nile Blue A (NBA) dye,
used here as a size probe with the smallest dimension of approximately 1 nm. After the
polymerization, non-entrapped NBA molecules were removed from the sample. When shells had
no pores greater than the size of NBA molecules, the nanocapsules retained NBA molecules
entrapped in the aqueous core of the vesicles. In our previous studies, we showed that the mass

transfer of molecules through the nanometer-thin shells is fast enough so that all molecules



smaller than the pore size would escape from the capsule within the timescale of our
experiments. " » = Therefore, the total amount of retained NBA molecules reflects the yield of

nanocapsules without pinhole defects.

Figure 1. Schematic representation of the synthesis of vesicle-templated nanocapsules:
surfactants and monomers are mixed in an aqueous solution producing self-assembled vesicles
containing monomers and crosslinkers in the hydrophobic interior of bilayers. Polymerization
followed by the removal of the surfactant scaffold yields a suspension of hollow polymer
nanocapsules. Shells with the single-nanometer thickness contain small intrinsic pores due to
crosslinking of polymer chains. In addition, larger pores can be imprinted in the shells using

pore-forming templates during the vesicle assembly and polymerization stages.

In the series of experiments described in detail below, we varied one parameter in the synthesis
while keeping the rest of the procedure constant. Specifically, we varied the monomer/surfactant
ratio, temperature of polymerization, and monomer/initiator ratio. The thickness of the shells of
nanocapsules was measured with the recently published SANS method.© We should note that
TEM has limited utility in measuring the thickness of nanocapsules at the lower end of the single
nanometer range due to curvature of the shells and low contrast of polymer material.»~ We have
shown previously the correlation between the thickness of freestanding polymer shell in an
organic solvent and the thickness of surfactant-supported shells in water.« In these experiments,
we showed that the layer of surfactant contributed 2.0 nm to the total thickness of the surfactant-

supported shells. Reproducibility of measurements among multiple independently prepared



samples suggested that the thickness of the surfactant layer remained constant under a specific
preparation protocol and was reflective of the density of surfactants on the surface of the shells.
The contribution to the total thickness due to adsorbed surfactants was in good agreement with
literature data reporting the thickness of surfactant layers adsorbed on flat surfaces.«+ In the data
presented below, however, we chose not to subtract the thickness of the surfactant layer from the
total thickness of the surfactant-supported shells so as to minimize processing the results and

avoid introducing larger uncertainties.

Table 1. Characteristics ov vesicles after polymerization of monomers. Given are the vesicle
deameter D.., polydispersity index PDI, temperature and time of polymerization, conversion of

monomers, measured thickness t, from the modified Guinier plot.

Sample D, (nm) PDI: T.(°C)  Time, min) Conv. (%) t
NC1 25543 0.209 40 180 95 ND
NC2 23945 0.145 40 180 97 3.08
NC3 23443 0.229 40 190 99 2.81
NC4 230+4 0.304 40 250 95 341
NC5 22443 0.212 40 180 99 2.79
NC6 22945 0.211 30 220 99 2.66
NC7 23448 0.229 20 300 88 3.13
NCS8 24547 0.239 5 1200 80 2.81
NC9 24948 0.185 40 180 99 3.07
NCI10 24545 0.234 40 180 99 2.81
NCI1 23143 0219 40 220 95 2.82
NCI12 23244 0.235 40 300 90 2.83

‘Monitored using DLS. ‘Measured with GC/MS, ‘Measured with SANS. ND:
nondetectable.




Monomer/surfactant ratio. We varied the monomer/surfactant molar ratio from 3:1 to 1:2.
Here and below, we say monomer/surfactant for brevity; however, we include monomer,
crosslinkers, and initiators in the total amount of building blocks. In terms of accommodating
building blocks within the bilayer, these ratios correspond to the values between 6 and 1
monomer molecule(s) sandwiched between two molecules of surfactants that form the bilayer.

Figure 2A shows the SANS curves. Shells should display a characteristic Q* power-law
behavior followed by Porod Q- scattering; the region where the behavior switches corresponds to
the thickness of the shell,» which is called the thickness Guinier region. Note that the -2 exponent
can vary due to roughness of the surface, porosity of the shell, or the influence of scattering from
other length-scales or objects in the sample. Plotting the data as In(JQ) vs @ gives a modified
Guinier plot, which exhibits a linear region near the thickness Guinier region.® The slope of that
line corresponds to the thickness of the shell.© Here and in the figures below, the thickness values
correspond to the total thickness of the shell with adsorbed surfactants. In our recent study, we
found that the surfactant contributed 2.0 nm to the total thickness when the samples were
prepared using the same protocol as the one used in this work.* Uncertainties were estimated
from the linear fitting process as detailed in our previous paper* and are on the order of 0.1 nm.

The most striking finding was that the thickness of the shells of nanocapsules did not correlate
with the monomer ratio in the bilayer. Taking into account the area occupied by surfactant
molecules and the molar volume of monomers, a fully formed solid film between the surfactant
leaflets would range from 2.4 nm to 0.4 nm in thickness for the monomer ratios studied. This
simple calculation does not take into account natural porosity in the crosslinked film and
resulting voids as well as molecular-level texture of the film; the presence of voids in the shells
would translate into thicker structures than solid films. Experimental data show little variation in
thickness as the result of varying the monomer concentration. Sample NC1, the highest monomer
ratio sample, did not permit reliable thickness measurement as evident from the corresponding
SANS data (Figure 2A), likely due to formation of disorganized polymer material — see below

for further discussion. The values for the thickness for the remaining samples (NC2, NC3, NC4,



ratios of 2:1, 1:1, 1:2) show some variation but it was non-monotonic and was almost
insignificant (about 20%), though the added surfactant thickness likely suppresses the relative
change in the polymer shell thickness alone (which may vary by up to 75%). The nominal
thickness found for samples NC2, NC3 and NC4 was very close to the values reported recently
for the lipid-templated shells.« * >+ Subtracting the 2.0 nm contribution from the surfactants
mentioned above would produce polymer shell thickness values close to 1 nm for each sample
rather than varying thickness values ranging from 2.4 nm to 0.4 nm. Considering that all samples
underwent identical synthesis and purification protocols, we believe that varied thickness
contributions from surfactants are unlikely to account for this discrepancy.

These findings support the hypothesis put forward in our previous paper* that surfactants
acting together with monomers form stable vesicles. If the surfactant/monomer aggregate shows
particular stability in a narrow range of molar ratios, small variations in the thickness values
could be explained by this phenomenon. Additional support for the enhanced stability of
monomer/surfactant vesicles came from examining the sizes of vesicles. When vesicles are
formed from surfactants in the absence of monomers, their average diameter is typically in the
20-60 nm range. When vesicles are formed in the presence of monomers, the average diameter
increases to approx. 200 nm. To find whether this diameter could be changed readily, we
extruded monomer-loaded vesicles through membranes with cylindrical pores of 100 nm and 50
nm. The average diameter remained at 200 nm as determined by DLS despite the fact that
vesicles were forced through a pore much smaller in diameter than the vesicle. In contrast,
vesicles formed from phospholipids changed their diameter according to the size of the pores in
the filters. A reasonable explanation to these observations is that surfactant vesicles interconvert
readily, which is consistent with previous reports and preparation protocols calling for incubation
time for the maturation of vesicles.= When vesicles contain hydrophobic monomers in the
bilayer interior, the most stable structures appear to correspond to vesicles with 200nm diameter
and specific content of monomers within the bilayer. Therefore, the capsules formed by the

polymerization of these monomers would show little difference in thickness regardless of the



initial amount of monomers used for the preparation of vesicles. These observations parallel
earlier findings of limited capacity of lipid bilayers for accommodating a specific volume of

monomers regardless of their structure or chemical composition.”*
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Figure 2. Effects of monomers concentration. (A) SANS curve for nanocapsules stabilized
with surfactants and dispersed in D.O after solvent background subtraction. The lines show the Q

»and Q- regions for a shell structure. (B) photographs of the corresponding samples (with
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incapsulated dye) in methanol under ambient and UV light (bottom); (C) UV-spectra; (D)
Steady-state fluorescence emission spectra of entrapped NBA into nanocapsules. Ex.: 530 nm.
Spectra ware taken at pH 10.0 in borate buffer with 0.125 wt.% NC. (E-H) TEM and SEM
images of nanocapsules synthesised at different concentrations of monomers. Scale bar 200 nm.
SDBS:CTAT = 80:20 wt.%, 1% (w/v) solution in water. Ratio initiator to activator = 2:1. Ratio
monomers to initiator = 75:1; T=40°C; [monomers] : [surfactants] =3:1 (A-D sample NC1, E),

2:1 (A-D sample NC2, F), 1:1 (A-D sample NC3, G), 1:2 (A-D sample NC4, H)

Retention of entrapped dyes was investigated by absorbance and fluorescence in addition to
visual observation (Figure 2B-D). Absolute absorbance values (Figure 2C) appeared higher for
samples NC1 and NC2; however, they are clearly skewed by light scattering as evident from
apparent increased absorbance at wavelengths below 400nm. Fluorescence data (Figure 2D)
suggest that samples NC3 and NC4 retained higher amount of entrapped molecules.

Photographs of samples after polymerization and precipitation with methanol (Figure 2B)
corroborate the findings above. In addition, images suggest that samples NC1 and NC2 resulted
in a higher yield of polymer material. Combined with retention data, this information implies that
samples NC1 and NC2 contain a substantial amount of polymerized material that does not
represent fully formed nanocapsules. These conclusions are consistent with the notion discussed
above on the mechanism of formation of monomer-loaded vesicles, where surfactant vesicles
restructure themselves into the most stable aggregates containing a specific amount of monomers
in the bilayer with the remaining monomers aggregating with residual surfactant molecules into
monomer-loaded micelles and stabilized emulsions.

Further support for these conclusions comes from TEM and SEM images (Figure 2E-H),
particularly from Figure 2E showing sample NC1. This sample clearly shows a large amount of
extraneous material in addition to nanocapsules. The SEM image corroborates the finding in
SANS experiment (Figure 2A) that showed no discernable features corresponding to shells,

consistent with the presence of overlapping signals from random structures on multiple length
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scales. The image reveals a few spherical structures larger than 500 nm in diameter. It is likely
that these are solid spheres polymerized from stabilized emulsions containing excess monomer.
This notion is consistent with lower retention of entrapped molecules observed for sample NC1
compared with samples NC3 and NC4; otherwise one might expect substantially higher retention
since larger spheres comprise greater volume than smaller spheres with the same surface area.
DLS data did not indicate the presence of larger structures, perhaps due to the relatively small
content of these spheres and due to insufficient difference in size to separate light scattering from
smaller structures. All samples showed spherical structures with the average diameter matching
DLS measurements of vesicles prior to the polymerization from 230 to 255 nm (Table 1). Again,
consistency in the formation of nanocapsules with this narrow size range supports the formation
of stable monomer-loaded vesicles containing specific amount of monomers associated with the

bilayer regardless of the initial surfactant/monomer ratio.

Temperature of polymerization. We conducted the polymerization at four temperatures,
40 °C, 30 °C, 20 °C, and 5 °C. These temperatures cover most of the practical range for the
bilayer-templated synthesis of nanocapsules from methacrylic esters monomers used here. Since
the vesicles are dispersed in water, the freezing point of water represents a hard lower limit on
the temperature. In our experience, incubation of monomer-loaded vesicles at or above 50 °C
leads to the noticeable loss of monomers from the bilayers when using monomers with similar
volatility to those used in this study. While it is possible to conduct the polymerization at 50 °C
or above, the yield of nanocapsules decreases. One should exercise caution with optimizing
reaction conditions to ensure that polymerization occurs much faster than the loss of monomers.
To avoid complications due to the competition between polymerization and monomer loss, we
decided to investigate the synthesis of nanocapsules within the 5-40 °C interval. All four
syntheses were performed with the same surfactant/monomer ratio of 1:1 that seemed to be close
to the optimal ratio in terms of retention of encapsulated molecules and formation of clean
nanocapsules as shown in Figure 2. Polymerization reactions were stopped at the same endpoint.

The resulting data are presented on Figure 3.

12



- 200inm

(—=]

=)

8 <100
£0.184 >
Qo ‘»

5 5 75
20.121 z

< 5 50
>

0.06 i 5/

400 500 600 700 600 700 800 ¢
Wavelength (nm) Wavelength (nm)

Figure 3. Effects of temperature of synthesis. (A) SANS curve for nanocapsules stabilized
with surfactants and dispersed in D.O after solvent background subtraction. The lines show the Q
»and Q- regions for a shell structure. (B) photographs of the corresponding samples (with
encapsulated dye) in methanol under ambient and UV light (bottom); (C) UV-spectra; (D)
Steady-state fluorescence emission spectra of entrapped NBa into nanocapsules. Ex.: 530 nm.

Spectra ware taken at pH 10.0 in borate buffer with 0.125 wt.% NC. (E-H) TEM and SEM
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images of nanocapsules synthesized at different temperatures. Scale bar 200 nm. SDBS:CTAT =
80:20 wt.%, 1% (w/v) solution in water, [monomers] : [surfactants] =1:1. Ratio initiator to
activator = 2:1. Ratio monomers to initiator = 75:1; T=40°C (A-D sample NCS5, E), T=30°C (A-

D sample NC6, F), T=20°C (A-D sample NC7, G), T=5°C (A-D sample NC8, H)

The most striking difference among the samples was the retention of entrapped molecules.
Nanocapsules formed at 40 °C showed the greatest retention by both absorbance and
fluorescence measurements corroborated by visual observations (Figure 3B-D). Samples
polymerized at lower temperatures showed progressively smaller retention values with the
sample produced at 5 °C showing barely any retention of entrapped molecules. Reproducibility
of retention data from batch to batch supported systematic differences among the samples.

For samples NC5, NC6, NC7, the yield of polymer material seemed to be comparable judging
from the amount of precipitate collected after the synthesis and removal of surfactants and other
materials soluble in methanol. Figure 3B illustrates the similarities in the yield of polymer
material. The intensities of the thickness feature in the SANS data (Figure 3A), suggest that
sample NC6 has the largest number of capsules, followed by samples NC5, NC7, and NC8 with
progressively fewer. SEM images for samples NC5 and NC6 show clean nanocapsules.
Considering substantial differences in retention of entrapped molecules, we conclude that sample
NC6 produced at 30 °C contained a number of nanocapsules with pinhole defects that permitted
the release of encapsulated molecules after the synthesis. In our previous experiments, we found
the transport rates to be fast enough for complete release expected on the timescale of
manipulation with the samples, including precipitation and washing to remove non-entrapped
materials. We believe these data indicate that the spherical skeleton of the nanocapsules forms
relatively quickly followed by completion of the shell structure that fills the gaps in the spherical
polymer network. Samples NC7 and NC8 provide further evidence of this idea since the TEM
and SEM of these samples reveals nanocapsules with some extraneous overlaying material

(Figure 3G, H). At lower temperatures, the completion of the polymer shells may be too slow to
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dominate over other modes of oligomerization, resulting in fewer capsules and more random
polymeric material.

The SANS signatures confirm the SEM results (Figure 3A). Scattering from the non-capsule
material overlaps with the shell signatures in SANS curves, especially in the case of sample
NC7. Sample NC8, the lowest temperature sample, actually shows a slightly more distinct shell
signature than sample NC7, which may be the result of the production of smaller oligomers that
would not interfere as strongly at the same length-scale as the shell thickness. The lower quality
SANS data for samples NC7 and NC8 introduces larger uncertainty in the determination of shell
thickness for these samples. Within error, all samples show essentially the same shell thickness
(Table 1), further supporting the proposed mechanism for the capsule formation.

Extrapolating the results of temperature-dependent outcomes suggests that increasing the
temperature further could result in faster polymerization. As mentioned above, high temperatures
could accelerate the loss of monomers from bilayers, which should be taken into account when
designing a synthetic protocol. Use of less volatile monomers or minimizing the headspace,
particularly in scale-up procedures are likely to lower the losses of monomers potentially

allowing for increased temperature of the polymerization.

Monomer/initiator ratio. We varied the monomer/initiator ratio from 60:1 to 480:1 aiming
at covering the most practical range based on our preliminary experiments and prior studies with
different monomers. The molar fraction of initiators used here was higher than typical fractions
of initiators in bulk free-radical polymerization processes.”* The need for higher amounts of
initiator is consistent with the polymerization in the two-dimensional confinement of the bilayer
where newly formed radicals are exposed to the bilayer leaflets, leading to greater opportunities
for termination steps. In general, a higher content of initiator in free-radical polymerization
translates into shorter polymer chains.=« In these experiments, we used 1:1 monomer/surfactant
ratio and 40 °C as the temperature of polymerization since the studies above suggested that these

conditions resulted in more favorable outcomes for the retention of entrapped molecules.
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Figure 4. Effects of initiator concentration. (A) SANS curve for nanocapsules stabilized with
surfactants and dispersed in D.O after solvent background subtraction. The lines show the Q* and
Q- regions for a shell structure. (B) photographs of the corresponding samples (wuth
incapsulated dye) in methanol under ambient and UV light (bottom); (C) UV-spectra; (D)
Steady-state fluorescence emission spectra of entrapped NBa into nanocapsules. Ex.: 530 nm.

Spectra ware taken at pH 10.0 in borate buffer with 0.125 wt.% NC. (K-N) SEM images of
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nanocapsules synthesized at different initiator concentrations. Scale bar 200 nm. SDBS:CTAT =
80:20 wt.%, 1% (w/v) solution in water, [monomers] : [surfactants] =1:1. Ratio initiator to
activator = 2:1. T=40°C. Ratio monomers to initiator = 60:1 (A-D sample NC9, E), 150:1 (A-D

sample NC10, F), 230:1 (A-D sample NC11, G), 480:1 (A-D sample NC12, H)

The highest amount of initiator, sample NC9, resulted in slightly thicker shells (Table 1). This
result is consistent with the notion of rapid formation of spherical shell network. Indeed,
simultaneous initiation of the polymerization in a greater number of places within the bilayer is
more likely to translate into thicker shell due to rapid crosslinking, while slower polymerization
is more likely to even out the shell structure within the bilayer. The thicknesses of samples
NCI10, NC11, NCI12 were the same within error, indicating that there may be a minimum
threshold of initiator concentration before the crosslinking becomes rapid enough to lead to
thicker shells.

Increased content of initiator correlated with increased retention of entrapped molecules
judging from absorbance and fluorescence data as well as visual observations (Figure 4B-D).
The monomer/initiator ratios explored here produced nanocapsules with noticeably varying
retention of entrapped dyes. The highest retention was roughly 50% greater than the lowest
retention value.

SEM images (Figure 4E-H) showed virtually identical structures across different
monomer/initiator ratios. The average size of nanocapsules was the same as the average size of
structures observed in DLS before purification of nanocapsules (Table 1) suggesting no collapse
or other structural changes of nanocapsules during the removal of surfactant shell and non-
entrapped molecules. Taken together with the data on retention of entrapped molecules (Figure
4B-D) and excellent batch to batch reproducibility, SEM images support rapid formation of the
spherical shell followed by completion of the two-dimentional polymer network within the

bilayer that removed pinholes in the shell structure. We infer that lower content of initiator
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translated to slowed reactions that did not complete the formation of the shell within the

experiment time, leading to leakier shells.

Conclusions

The three parameters investigated in this work offered new insights into the mechanism of
vesicle-templated assembly of nanocapsules and revealed substantial influence on the resulting
structure and function of nanocapsules. The monomer/surfactant ratio affected the yield of clean
nanocapsules. Increasing the amount of monomers beyond an optimal ratio of 1:1 offered no
benefit for the synthesis of nanocapsules or retention of encapsulated cargo while producing
additional non-capsule structures. The combination of neutron scattering, electron microscopy,
and dye retention studies supports the hypotheses of stabilization of a bilayer with monomers and
the formation of a thermodynamically stable monomer/surfactant aggregate with optimal

stability in a narrow range of monomer/surfactant molar ratios.

Variations in the temperature of polymerization suggests that the synthesis of nanocapsules
proceeds through the rapid formation of a spherical shell followed by filling the gaps in the shell
structure. This finding has implications for the synthesis and application of nanorattles
containing large entrapped species, particularly temperature-sensitive materials where rapid shell
formation is essential and where retention characteristics are likely to be sufficient even with
incomplete walls. Alternatively, one may envision functionalizing the partially formed spherical
skeletal network with other monomer/crosslinker combinations, e.g., closing up the capsule with
degradable patches that could be removed with an external trigger. The temperature should be as
high as feasible to increase the speed of polymerization as long as the loss of monomers from the

bilayer is negligible in the timescale of the polymerization.

Changes in the monomer/initiator ratio showed some ability to control the thickness of the

shells with the highest proportion of initiator resulting in thicker shells, but also that a wide range
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of ratios result in good quality nanocapsules. The molar fractions of initiators were higher than
those typically used in the bulk processes, consistent with polymerization in the two-dimensional

confinement of a bilayer.

The practical implications of these new insights into the synthesis of nanocapsules include the
rational choice of synthesis conditions for maximizing retention of entrapped molecules
combined with efficient high-yield synthesis. Combined with previous studies, e.g., observation
of specific bilayer capacity irrespective of monomer structure,” these data suggest that these
findings can be generalized into other vesicle-templating systems. Furthermore, these studies
provide a framework for deliberate and efficient optimization of the synthesis procedures with

new monomers or crosslinkers, initiators, and amphiphilic scaffolds.

2. EXPERIMENTAL SECTION

Chemicals. Nile Blue A (NBA), Sodium dodecylbenzenesulfonate (SDBS, an anionic
surfactant), cetyltrimethylammonium p-toluenesulfonate (CTAT, a cationic surfactant), lauroyl
peroxide (LP, an initiator), 4,4’-Methylenebis(N,N-dimethylaniline) (MDMA, an activator)
Triton X100 (TX100) and chloroform (CHCI,) were used as received (Sigma-Aldrich). tert-Butyl
methacrylate (t-BMA), butyl methacrylate (BMA), 1.4-butanediol dimethacrylate (BGDMA),
were purchased from Sigma-Aldrich and were passed through alumina column to remove the
inhibitor shortly before sample preparation. Benzene-d, (C.D.), sodium dodecyl sulfate-d.. (SDS-
d), deuterium oxide (D.O) were purchased from Cambridge Isotope Laboratories Inc. and used as
received. The solvents and other chemicals used in this study were HPLC and ACS reagent
grade, respectively, and were used as received.

Vesicles preparation. To prepare stock solutions, SDBS (100 mg) was mixed with
methacrylic ester monomers (1:1:1 mixture of t-BMA, BMA, and BGDMA) and initiator LP.

The amounts of monomers and initiator were varied so as to achieve the ratio of monomers to
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surfactants between 3:1 and 1:2, and monomers to initiator between 480:1 and 90:1 in the final
aqueous solutions after mixing of SDBS and CTAT stock solutions. CTAT (100 mg) was mixed
with 1:1:1 mixture of t-BMA, BMA, and BGDMA and activator MDA. The amounts of the
monomer mixture and activator were varied as described above. Each mixture was hydrated in

10 mL of deionized water, or dye solutions, or D.O. CTAT stock solution was equilibrated at
temperature 40 °C during 30 min. Samples were prepared by mixing the stock solutions at proper

volume ratios after brief vortexing. The mixed solutions were not subjected to any type of further

mechanical agitation and were additionally equilibrated at room temperature during 1 hour or

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. Monomer-loaded vesicles prepared as described above were
purged with nitrogen and set to incubate in the thermostated bath at the desired temperature.
Kinetics of polymerization of monomers were monitored with GC/MS Shimadzu at temperatures
from 60 to 280 °C using 30m SH-RXi-5Sil MS column (Restek), with split ratio 20 at a flow rate
of 1 mL min - (AOC 201 Shimadzu Autoinjector), ion source temperature was 200 °C. Detection
was performed using a GCMS QP2010SE Detector operating with MWs from 60 to 700. The
system was calibrated with mixture of monomers used in current study. 100 pl of sample was
mixed with 3 ml of hexane for extraction of monomers then NaSO, was added to organic
solution. Samples were filtered through a 0.45 pm PTFE filter before analysis.

Following the polymerization, a solution of NaCl (3 drops or approx. 0.02 mL of 3M aqueous
solution) 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 (2,000 g for 5 minutes) and resuspension steps using methanol (3 drops of 3M
aqueous NaCl were added to aid precipitation), then water-methanol mixture, and finally water

as washing solutions.
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Samples for SANS analyses were prepared in D.O in a similar manner to the procedure
described above. After the synthesis, TX100 (10 % w/v in D,O) was added to the suspension of
vesicles so as to achieve 3% concentration of TX100 for the dissolution of vesicles and removing
surfactant scaffolds from nanocapsules. After that, urea (12 M in D,O) and NaCl (3 M in D.O)
were added to achieve the total concentration of salt in the mixture equivalent to 1 M. The
sample was dialyzed using 100 kDa cellulose tubes against diluted urea solution (0.1 M) for one
day and after that against water for a week. Then the sample was concentrated (EMD
Millipore™ Amicon™ Ultra-4 Centrifugal Filter Units, 100 kDa) and water was replaced with
D.O in filter units for a week. In all experiments, amounts of all components and solvents were
similar.

Small-Angle Neutron Scattering (SANS).

SANS measurements were performed with the CG-3 Bio-SANS instrument at the High Flux
Isotope Reactor (HFIR) facility of Oak Ridge National Laboratory and with the NC-7 SANS
instrument at the National Institute of Standards and Technology’s Center for Neutron Research

(NCNR).» Quartz cells of 2 mm thickness were used to hold the liquid samples. At both
facilities, we collected data with A =6A (AA/A=12%) using Ordela area detectors. The Q-

range, where Q= (4x/A)sing and & is the scattering angle, was ~0.01 A+ to ~05 A+ The

scattering curves were obtained by azimuthally averaging the processed 2D images, which were
normalized to incident beam monitor counts, and corrected for detector dark current, pixel
sensitivity and empty beam scattering background.» In order to maximize contrast, we used fully
hydrogenated monomers to form the nanocapsules which were dispersed in D.O. To remove
background intensity, we multiplied a background D.O scan by an adjustable parameter and
subtracted that modified background data from the sample data, such that the resulting Porod

plots, IQ vs Q, were flat at high Q.

The shell thickness is found by using a modified Guinier plot, In(/Q*) vs Q°, in the range

where the scattering changes from (O to Q™ behavior. The intensity in this region
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approximately follows a function 7(Q)~ Aexp(-Q’R?)/Q* where R? =T*/12 and A is a value
related to the scattering contrast. Therefore, the modified Guinier plot results in a straight line in
that region with a slope of —R’, from which we obtain the shell thickness. Because this linear

region is bounded by regions that curve and because the intensity is fairly low at these high Q
values so that the data is somewhat noisy, the linear fits depend on the choice of starting and
ending points for the fits. Therefore, the thickness and its error are estimated by selecting a
variety of starting and ending points for the linear fit and finding the average and standard
deviation of the resulting values.*

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.) equipped with a Helium-Neon laser, 4mW, operated at 633 nm, with
the scatter angle fixed at 173°. The temperature was set at 25 °C. 80 uL 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 (SEM and TEM) Transmission electron microscopy
images were obtained with a Thermo Fisher Scientific Tecnai 12 G2 Spirit BioTWIN TEM
transmission electron microscope (Hillsboro, OR) at a working voltage of 80 kV. To prepare the
sample for TEM analysis, a drop of sample was carefully placed on a 200-mesh carbon grid and
excess sample was wiped away with filter paper. Then a drop of 2% Uranyl Acetate was added
to the grid to negatively stain the sample. After 1 min, the excess liquid was wiped off. To
prepare the sample for SEM analysis (Thermo Fisher Teneo LoVac Field Emission SEM (FE-
SEM), at a working voltage of 5 kV), a drop of sample was dispersed in 4 ml of pure DI water or

benzene and passed through a track-etched polyester Nucleopore membrane (Sterlitech) with 0.2
um pore size using a Lipex stainless steel extruder (Northern Lipids). Membrane was freeze-

dried and placed on SEM pin stub specimen mount covered with double coated carbon
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conductive tabs and dried under vacuum. The studied samples were coated with a 7nm gold-
palladium (60:40) layer using Polaron E5100 SEM Coating Unit.

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 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.
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