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Self-assembled polymer nanostructures hold promise as drug delivery vehicles for the treatment of many
diseases. As soft materials, polymer nanostructures present characterization challenges, such as beam
sensitivity, low contrast for electron microscopy, and structural instability upon drying. Therefore, the
analysis of soft material structure is often limited to cryogenic microscopy, but characterization by
standard energy dispersive spectroscopy (EDS) and electron energy loss spectroscopy is difficult to
implement due to the vitreous ice melting during data acquisition. The incorporation of “hard”
nanoparticles into polymer structures adds an additional challenge due to the differing characterization
considerations of the two material systems. Here we investigate a unique self-assembling polymer
encapsulating iron-based magnetic nanostructures (MNS) as an example system for soft microscopy
analysis. Scanning transmission electron microscopy (STEM) and the use of elemental mapping via EDS
allow us to probe the nature of the hard-soft interface between the polymer and the inorganic nanoparticles.
The elucidated form of these polymer particles gives insight into the in vivo particle degradation
mechanism that drives drug delivery.

The self-assembled polymer structures investigated in this work are magnetic nanostructure- loaded so-
called bicontinuous nanospheres (MNS-BCNs). Diblock copolymer, poly(ethylene glycol)17-

poly(propylene sulfide)17 (PEG-b-PPS), self-assembles into biocontinuous nanospheres (BCNs) when
exposed to water via flash-nanoprecipitation[1] [2]. Hydrophobic small molecules and 4 nm MNS may be
incorporated into the structure during the particle formation process. The MNS serve as contrast agents
for magnetic resonance imaging, providing additional functionality to MNS-BCNs. Here we aim to
connect the structure of the MNS-BCN to the particle formation and degradation mechanism.

To prepare the sample for analytical microscopy techniques such as EDS, a solution of MNS-BCNSs in
0.4% methyl cellulose was deposited on a hydrophilized TEM grid. The addition of methyl cellulose
prevents polymer structures from lysing [3]. The concentration of the MNS-BCNSs in methyl cellulose was
optimized to avoid the formation of particle aggregates. Further, the samples were imaged on a Hitachi-
2300 dedicated STEM operated at 200kV. STEM allows for direct interpretation through the image
contrast and shows that the morphology of the BCNs change with varying levels of MNS loading (Figure
1). The MNS forms an aggregate inside the BCN that differs in size based on the amount of MNS
incorporated during flash-nanoprecipitation.

The sulfur in the backbone of the PEG-PPS serves as an elemental marker of the polymer. Elemental maps
were formed using the iron (6.405 keV) and sulfur (2.309 keV)

K edge. A quantitative line scan of the EDS map reveals that the sulfur signal and, thus the polymer
concentration increases around the aggregate of MNS (Figure 2b). The EDS results suggest a mechanism
for MNS-BCN assembly. It seems as if polymer surrounds and stabilizes the mass of MNS then continues
to form the cubically ordered channels characteristic of BCNs. These BCN structures break apart when
exposed to oxidative conditions. Oxidation increases the hydrophilicity of the polypropylene sulfide in
the diblock copolymer by converting it into sulfoxide and sulfone derivatives, which disrupts the ratio of
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hydrophobic and hydrophilic interactions that stabilize the assembled structure [4] . The MNS-BCNs then
break down, forming MNS aggregates stabilized by polymer (Figure 2c). Through quantitative EDS
mapping, we now understand that the MNS in the MNS-BCN are encased in polymer, allowing for the
formation of smaller MNS-polymer aggregates as the BCN degrades. These results are consistent with a
recent report of a bicontinuous to micellar transition in nanostructure to occur following oxidation of PEG-
b-PPS BCNs [4].

Soft microscopy is an expanding field focused on a combination of relevant analytical techniques,
appropriate sample preparations and targeted analysis that helps us understand the form of structures like
the MNS-BCN. We aim to show more extensive work documenting the variation of the sulfur signal
relative to the iron signal in MNS-BCNs loaded with different amounts of MNS. We will utilize
quantitative EDS to determine how the concentration of loaded therapeutics varies across the structure of
the BCNs. MNS-BCNSs serve as a basis for studying other composites of self-assembled polymer and
metal nanoparticles. Additionally, we will show the transferability of these techniques to similar materials
systems to highlight the broad implications soft microscopy may have on our understanding of material
structure [5].
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Figure 1. Scale bar: 1 mm. STEM HAADF images of MNS-BCNs embedded in methyl cellulose. The
level of MNS loading increases from (a) to (c). The iron concentration was determined by inductively
coupled plasma mass spectrometry and represented as a percentage of the polymer mass.
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Figure 2. a) HAADF STEM images of MNS-BCN with the results of an EDS line scan projected on the
image. Red refers to the quantitative iron results, while green refers to sulfur. b) A graphical representation
of the line scan referenced in (a). c) Bright field STEM polymer-stabilized MNS aggregates generated by
exposing BCNs to oxidative conditions.
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