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ABSTRACT Vesicle-templated nanocapsules have emerged as a viable platform for diverse
applications. Shell thickness is a critical structural parameter of nanocapsules, where the shell
plays a crucial role providing mechanical stability and control of permeability. Here we used
small-angle neutron scattering (SANS) to determine the thickness of freestanding and surfactant-
stabilized nanocapsules. Despite being at the edge of detectability, we were able to show the
polymer shell thickness to be typically 1.0£0.1 nm, which places vesicle-templated nanocapsules
among the thinnest materials ever created. The extreme thinness of the shells has implications for
several areas: mass-transport through nanopores i1s relatively unimpeded; pore-forming
molecules are not limited to those spanning the entire bilayer; the internal volume of the capsules
1s maximized; and insight has been gained on how polymerization occurs in the confined
geometry of a bilayer scaffold, being predominantly located at the phase-separated layer of

monomers and crosslinkers between the surfactant leaflets.
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Hollow polymer nanocapsules have emerged as a viable platform for diverse practical

applications, including nanoreactors, nanosensors, and containers for the delivery of drugs and



1 In particular, vesicle-templated nanocapsules have garnered special attention

Imaging agents.
in recent years due to the combination of precisely controlled permeability, fast mass transfer,
and excellent long-term stability.” " In all of these applications, the shells of the nanocapsules
play the crucial role. Vesicle-templated nanocapsules are formed by controlled polymerization
and crosslinking of hydrophobic monomers placed in the hydrophobic interior of bilayers of
spontaneously formed vesicles. We and others showed successful creation of nanocapsules using
vesicles formed from lipids or catanionic (a mixture of cationic and anionic) surfactants.'”™
Typically, vesicle-templated polymerization produces nanocapsules with a narrow size
distribution and an average diameter that can be adjusted in the 50-400 nm range. Size- and
charge-selective permeability of the shells is controlled by nanopores with programmed size and
chemical environment formed by molecular imprinting using a variety of porogens.” '® Insights
into the structural parameters of the shell are critical for understanding the properties of
nanocapsule-based devices, including permeability, loading capacity, and mechanical strength.
Calculations based on the monomer/scaffold ratio suggested that the polymer shells would have
nanometer-scale thicknesses.'® To date, however, the thickness of freestanding vesicle-templated
nanocapsules has not been determined experimentally, due to the difficulty of probing such an
extremely thin polymer structure. Lack of this information has limited our abilities in the rational
design of bilayer-templated materials. Direct measurement of the thickness of the shells 1s
essential for better understanding of the formation of nanocapsules, 1nvestigating
structure/property relationships, and development of methods aiming to control the thickness

through changes in the formulation of monomer-loaded vesicles.

(I



The kinetics of mass transfer i1s a critical parameter linked to the thickness of the shells. In
previous studies, we observed extremely fast diffusion through the shells of nanocapsules.” This
property of nanocapsules was essential for enabling fast-acting nanosenors and nanoreactors." *”
” Generally, the rate of diffusion is inversely proportional to the thickness of a membrane. This
consideration assumes similar paths for traversing membranes with different thicknesses. One
may i1magine, however, that the actual shape of molecular-width channels would likely to be
different for I-nm and 10-nm membranes, resulting in smaller diffusion coefficient for the
thicker membranes and further exacerbating the difference in kinetics of mass transfer as a

function of the thickness of the shells.

The loading capacity of nanocontainers 1s another important but frequently overlooked
parameter that 1s highly sensitive to the thickness of the shells. Many applications impose strict
l[imits on the outer size of nanocapsules, making shells thickness especially important. For
example, 80-100 nm has been widely recognized as an upper target limit on the size of
nanoparticles for desirable mobility characteristics in biomedical applications.”* In this size
range, the difference of a few nanometers in shell thickness results in a substantial difference in
the inner volume. Figure 1 illustrates the effect of the shell thickness on the ratio between the

inner and total volume of nanocapsules.
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Figure 1. Effect of the wall thickness on the inner volume of nanocapsules. Volumes were

calculated for capsules with the outer diameter of 80 nm and shell thickness (t) of 1 nm and 10

nm. Inner volume 1s shown as the fraction of the total volume of the nanocapsule.

We show the inner volume as a fraction of the total volume for nanocapsules with the diameter
of 80 nm, a representative size desirable for biomedical applications, and two shell thicknesses: 1
nm, anticipated for vesicle-templated nanocapsules, and 10 nm, characteristic of nanocapsules
produced by other methods, such as layer-by-layer assembly, crosslinking of polymersomes, and
emulsion polymerization.”*’ The results, showing more than 90% of inner volume for 1-nm
shells and approx. 40% for 10-nm shells, highlight the sensitivity of the inner volume to the shell
thickness and the importance of considering the shell thickness in designing containers with

maximized capacity for accommodating molecular cargo.

The ability to gauge the thickness of shells of nanocapsules i1s essential for evaluating and

controlling the most important parameters for practical applications of nanocapsules. The



measurement of the thickness offers insights into the polymerization within the bilayer,
establishes the structural parameters of nanocapsules, and offers guidance for the control of pores

in the bilayer-templated shells.

The thickness of polymer shells, fabricated using a variety of techniques, has been probed in
previous reports using different methods, including transmission electron microscopy and X-ray
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and neutron scattering. As the thickness approaches a single nanometer, it becomes

increasingly difficult to obtain an accurate measure. For example, although high-resolution TEM

' accurate measurements of thickness in

is capable of achieving single-angstrom resolution,’
nanocapsules are hindered by the curvature of the shells. Cryo-TEM also does not offer

sufficient resolution for accurate measurement of the vesicle-templated polymer shells thickness,

as shown below.

In this work, we use small-angle neutron scattering (SANS) to measure the thickness of
freestanding vesicle-templated nanocapsules and to compare the freestanding and surfactant-
supported shells. Previously, SANS was used to study hollow shell structures, such as liposomes
and surtactant vesicles, polymerized lipid vesicles, vesicles containing monomers or polymerized
molecules.” 77 McKelvey and Kaler used SANS to study surfactant-templated polymer
nanocapsules, but only after re-coating the nanocapsules with surfactants to disperse them in
water, determining a thickness value for the polymer shell plus the surfactant coating of ~7 nm,

acknowledging that they did not have access to the thickness of the polymer shell itself.”*"

Polymer nanocapsules used in this study were prepared by the directed assembly method using

controlled polymerization of hydrophobic monomers in the interior of bilayers of self-assembled



vesicles (Figure 2).” ' *° Lipid or surfactant vesicles containing hydrophobic monomers in the
bilayer interior were formed by the concurrent loading approach, in which the loading of
monomers into the bilayer occurred simultaneously with the formation of the vesicle. The
assembly of loaded vesicles was confirmed by DLS, SANS, and SAXS as described
previously.” *" ** Polymerization of monomers followed by removal of the surfactant scaffold
produced hollow polymer nanocapsules (Figure 2). A previous study suggested that an inner

leaflet could be removed from the nanocapsules by extended washing or alkaline hydrolysis."’
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Figure 2. Synthesis and characterization of vesicle-templated nanocapsules. (a) Schematic
representation of the preparation of nanocapsules from vesicles: 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 polymer nanocapsules. (b) Typical size distribution
(solid line) and autocorrelation function (open circle) of vesicles before and after polymerization

determined by dynamic light scattering in aqueous solution. The autocorrelation function



indicates the correlation of scattering intensity at one time with itself at a different time, which 1s
closely related to vesicle size. Typical cryo-TEM 1mages of blank vesicles (¢) and vesicles with
monomer-loaded bilayers (d). Insets: enlarged cryo-TEM 1mages showing biayers. Typical SEM
(e) images of nanocapsules after polymerization and template removal. Insets: SEM and TEM

images of freestanding nanocapsules.

Transmission and scanning electron microscopy (TEM and SEM) 1mages showed spherical
structures with narrow size distribution (Figure 2) in agreement with previously reported
nanocapsules templated by liposomes and surfactant vesicles.'” """ The average size of
nanocapsules isolated after the polymerization of monomers and measured by SEM and TEM
(Figure 2e) was identical to the average size of vesicles observed by DLS (Figure 2b). The
capsules preserved their spherical shape upon drying (Figure 2e) as expected for highly
crosslinked materials. The correlogram 1n the DLS data (Figure 2b) was indicative of nearly
monomodal distribution of vesicles with no evidence of large aggregates. Cryo-TEM data
(Figure 2c,d) showed no change in the morphology of vesicles due to loading bilayers with
monomers and highlighted the difficulty with accurate measurement of the shell thickness with

electron microscopy.

SANS measurements were performed with the CG-3 Bi1o-SANS instrument at the High Flux
Isotope Reactor (HFIR) facility of Oak Ridge National Laboratory and at the NC-7 SANS
instrument at the National Institute of Standards and Technology’s Center for Neutron Research

(NCNR).™" Quartz cells of 1 or 2 mm thickness were used to hold the liquid samples. At both
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facilities, we collected data wit at 2 different detector-distance

Q=(4x/A)sinfand 6 . .

configurations, giving a (-range, where scattering angle, of
~0.01 A' to ~0.5 A"'. Both beamlines use Ordela area detectors. The scattering curves, /(Q)
versus (, 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, fully
hydrogenated monomers were used to form the nanocapsules which were dispersed in deuterated
benzene or D-0.

Solvent background subtraction is performed by scaling a solvent-only scan and subtracting it
from the sample scan such that at the highest Q values, where incoherent scattering is dominant,

the result of the subtraction is on the order of 10~ to 10™ cm™. At the highest Q values, the

scattering should go as O (Porod scattering),
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where 8Pis the scattering length density contrast of the shell and solvent, V is the surface to

4
volume ration, and B is the background. We check the background subtraction by plotting 1o

4
vs ¢ , which results 1n a zero slope if all the background has been removed.

SANS curves of geometric objects display one or two Guinier regions, places where the power
law behavior of the scattering changes. For hollow vesicles, there are two: one at low Q going

from Q" to O due to the radius of the sphere; and one at higher Q going from Q~ to Q™ due to



the thickness of the shell.*' For large vesicles, the radius Guinier region is typically below the
minimum Q range of the SANS instrument. Therefore, our focus i1s on observing a power law
region with O~ and analyzing where it curves over to Q*. Note that an exponent somewhat
deviating from -2 can be observed for vesicles due to roughness of the surface, porosity of the

shell, or the influence of scattering from other length-scales or objects in the sample.

Due to the presence of unknown particulates 1n our polymerized samples, we are unable to use
simple form functions to fit the curves and determine the thickness of the shells. Instead, our
main method of analysis 1s to use a modified Guinier analysis for thin sheets. In the thickness

Guinier region the approximate form for the SANS curve 1s
A _p2p,2
1Q) =e e

where A 1s a constant related to the scattering contrast, and  1s the thickness radius of gyration,
R

[

which 1s related to the thickness of the shell as

FI
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2 2
Therefore, a plot of In(/Q")vs O , called a modified Guinier plot, should yield a straight line

2
tin the Guinier region.*” This approximation only rigorously holds for

—

with slope

Ornax R, = 1, where @ is the highest O value used in the linear fit, though in practice the
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Guinier region 1s often located where OR =0.1- 0-9, SO 1t 18 common to just restrict

QmaxRI < 0'9. We have also used Guinier-Porod modeling to check the Guinier results for

samples that have significant noise or limited linear ranges in the modified Guinier plots (see

supporting information).”

Figure 3A shows the SANS curve for a sample consisting of 220 nm nanocapsules dispersed 1n
d-benzene. As expected for a shell structure, a O~ region exists, followed by a Q* region. There
1s also a lower Q feature that may be due to particulates, perhaps collapsed polymer shells or
polymer spheres that formed in surfactant micelles. It is also possible that it corresponds to a
length-scale representative of the polymer network in the shell; tuture work may explore that
possibility. From other experiments in which we varied the deuterium content of the monomers
(not shown), we have observed that this feature is correlated to the polymer material itself. In this

paper, we are concerned with curve over to Q™ scattering, since that is correlated to the shell

thickness.
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Figure 3. (A) SANS curve for nanocapsules dispersed in d-benzene after solvent background
subtraction. The lines show the Q* and Q™ regions for a shell structure. Because the shell is so
thin, the Guinier region 1s near the maximum Q value obtainable at the SANS instruments and
the intensity i1s very low. (B) A modified Guinier plot and fit for nanocapsules dispersed in d-
benzene (from a different sample than shown in panel A, with better statistics). From the slope of
the linear fit (solid line), a shell thickness of 10.0 + 0.3 A was determined. Error bars are not

shown for clarity; they are similar to the size of the scatter in the data.

Because the polymer shells are so thin, the O~ scattering does not terminate until at hich O
values, near the limit for the instruments. In addition, because the intensity decreases as O~ over
this large range, by the time the thickness Guinier i1s reached, the intensity 1s just above the
incoherent background, making statistically significant data collection difficult and the data
noisy. Samples generally dispersed well in benzene, but we did notice aggregation or
precipitation for some samples, limiting our ability to scan for arbitrarily long times. Theretore,
we integrated over times ranging from 15 minutes up to 4 hours to improve the statistics, while
avolding complications due to precipitation. Figure 3B shows a modified Guinier plot for a well-

dispersed sample that was scanned for 4 hours.

For the sample shown in Fig. 3B, the slope indicates the thickness 1s 10.0 £ 0.3 A, which
matches well with our expectations and indicates an extremely thin shell. This error was
determined by the fit, but underestimates the actual uncertainty due to the fact that different

starting and ending data points can be reasonably selected. In order to assess that error, we chose



a range of starting and ending points, performed fits, and then found the midpoint and range of
those values. For this sample, that analysis yielded a thickness of 10.0 A with an estimated
uncertainty of 0.9 A. An additional source of error comes from the uncertainty in the scaling
factor for the background subtraction. More aggressive background subtraction results 1n a
steeper slope and larger thickness. Because we checked the background subtraction using a
Porod plot, our scaling factor is tightly constrained, but uncertainty in that value increases the
uncertainty in the thickness determination. Therefore, we estimate the uncertainty to be closer to
1.0 A and report the shell thickness for this sample as 10.0 = 1.0 A. In total, the five samples we
examined showed thicknesses close to this value, ranging from 9.6 A to 11.4 A. The above

uncertainty estimation methodology was validated by generating Guinier-Porod modeled

2
intensity curves, offsetting the shell thickness by = 1.0 A, and evaluating the reduced X ;

noting that it increased by more than 40% (see supporting information).

These results build upon our previous study of the distribution of monomers within the
bilayer.'” 2" * We found that the bilayers of phospholipid vesicles swell by about 4 A when
saturated with monomers due to phase separation of the monomers between the bilayer leaves.
By knowing the molar ratio of monomers to lipids and the surface area of the lipids, we were
able to determine that this accounted for only roughly half of the monomers, meaning that the
rest were distributed within the hydrophobic tails of the lipids.’* ** During polymerization, we
expected the concentrated monomers to readily cross-link, forming the shell, but how the
diffusely distributed monomers would contribute to the shell was less clear. The thickness of the

hydrophobic interior 1s approx. 3 nm; therefore, we hypothesized that either monomers would

13



migrate towards the developing polymer shell, creating a ~1 nm thick, relatively dense shell; or
they would polymerize into a more sponge-like, ~3 nm thick shell. The data produced in this
study indicated that the monomers in the scaffold do migrate towards the phase separated
monomers between the bilayer leaves during polymerization, forming an extremely thin,

relatively dense, shell.

Newly gained understanding of the formation of the shells offers further insights into the role
of porogens in templating nanopores in the shells. Since the polymerization appears to occur
predominantly in the interstitial phase-separated layer, localization of porogens in the interstitial
layer would result in effective formation of pores without the need for porogens to span the
bilayer. Multiple studies suggested that large hydrophobic molecules tend to partition deep inside

45-47

the bilayer, supporting the notion that a broad variety of hydrophobic molecules could serve
as porogens and expanding the scope of the imprinting method for the formation of nanopores in

the shells.

Due to the templating process used, our nanocapsules are hydrophobic. Many applications,
however, require dispersing the nanocapsules in water. One way to accomplish this is to use
surfactants to stabilize aqueous dispersions, e.g., when hydrating dried nanocapsules. The
surfactants will preferentially coat the nanocapsules surfaces to reduce the energy of the
boundary. Figure 4 shows the effect of the surfactant on the thickness feature at high Q. Here,
SANS curves were obtained for nanocapsules from the same batch that was split into to parts for
different processing. One fraction was washed extensively, freeze-dried, and dispersed in d-
benzene. Another fraction was stabilized with a solution of Triton X-100 in D-O and washed

with D>O until no surfactant micelles remained 1n solution as evidenced by DLS and SANS data.

14



In d-benzene, the thickness Guinier feature is located around 0.3 A" whereas in DO, the feature
moves to lower Q, around 0.1 A", suggesting that the thickness is roughly three times larger.
From modified Guinier analysis, without surfactants this sample has a shell thickness of 11.4 +
0.7 A. Addition of surfactants increased the measured thickness to 31.3 + 1.7 A, indicating that
the surfactants add a combined total of nearly 20 A on the inner and outer sides of the shell wall.
These measurements are comparable with the thickness of monomer-loaded bilayers obtained
from cryo-TEM (Figure 2d). Another sample studied in this same manner showed the same
results. These findings correlate well with the literature data on the adsorption of surfactants on
hydrophobic surfaces.*™' Aqueous dispersions of nanocapsules investigated here were stabilized
by Triton X-100 without removal of the inner surfactant layer. Under these conditions, one may
expect a single layer of Triton X-100 outside and a single layer of residual SDBS/CTAT mixture
on the inside of the shell. The total increase in thickness surfactant layer is consistent with
literature data on the formation of a single layer of each respective surfactant adsorbing on the

l 52-33
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Figure 4. Comparison of the SANS curves for nanocapsules dispersed in d-benzene (black
squares) and the same batch of nanocapsules stabilized with surfactants and dispersed in D,O
(open circles; divided by 10 for clarity). The thickness Guinier region 1s circled for both curves.
It moves from near 0.3 A to near 0.1 A", indicating that the thickness roughly triples due to the

surfactant coating on both sides of the shell wall.

In conclusion, we have measured the thickness of freestanding polymer vesicle-templated
nanocapsules using SANS and confirmed the single-nanometer thickness of the shells, showing
that the shells of these nanocapsules are among the thinnest materials with readily tunable
permeability. Based on this new structural information, it appears that polymerization within the
bilayer template is centered on the phase-separated interstitial layer that attracts other monomers
dispersed within the bilayer to form a densely packed crosslinked shell. We have also explained
how pores can be imprinted in the bilayer-templated materials without the need for membrane-

spanning templates, greatly widening the variety of porogens that can be employed.
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Supporting Information

The following file 1s available free of charge.

Full experimental detail on the synthesis and characterization of vesicle-templated polymer

nanocapsules and details on the analysis of SANS data (PDF)
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