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Nanoparticle packing within block copolymer micelles prepared
by the interfacial instability method

Gauri M. Nabar®, Jessica O. Winter®®, and Barbara E. Wyslouzil®*"

The interfacial instability method has emerged as a viable approach for encapsulating high concentrations of nanoparticles
(NPs) within morphologically diverse micelles. In this method, transient interfacial instabilities at the surface of an
emulsion droplet guide self-assembly of block co-polymers and NP encapsulants. Although used by many groups, there are
no systematic investigations exploring the relationship between NP properties and micelle morphology. Here, the effect of
quantum dot (QD) and superparamagnetic iron oxide NP (SPION) concentration on the shape, size, and surface
deformation of initially spherical poly(styrene-b-ethylene oxide) (PS-b-PEO) micelles was examined. Multi-NP
encapsulation and uniform dispersion within micelles was obtained even at low NP concentrations. Increasing NP
concentration initially resulted in larger numbers of elongated micelles and cylinders with tightly-controlled diameters
smaller than those of spherical micelles. Beyond a critical NP concentration, micelle formation was suppressed; the
dominant morphology became densely-loaded NP structures that were coated with polymer and exhibited increased
polydispersity. Transmission electron microscopy (TEM) and small angle X-ray scattering (SAXS) revealed that NPs in
densely-loaded structures can be well-ordered, with packing volume fractions of up to 24%. These effects were enhanced
in magnetic composites, possibly by dipole interactions. Mechanisms governing phase transitions triggered by NP loading
in the interfacial instability process were proposed. The current study helps establish and elucidate the active role played
by NPs in directing block copolymer assembly in the interfacial instability process, and provides important guiding

principles for the use of this approach in generating NP-loaded block copolymer composites.

Common approaches to surface protection include ligand
11 . 12 e . .
exchange™, encapsulation™, modification  with
. o 13 . . 14
amphiphilic polymers™, and micelle encapsulation™". Among

silica

Because of their exceptional optical, electronic, chemical, and
magnetic properties resulting from their small size,
nanoparticles (NP) have wide ranging applications, including
personalized medicinel’z, alternative energya, and nano-
catalysis4. Their small size, however, also increases aggregation
kinetics, which can result in alteration or loss of the desired
propertiess. Furthermore, many widely-used and reliable NP
synthesis protocolse’7 employ hydrophobic solvents. For
applications requiring aqueous solubility, particles
undergo a phase transfer, a process that can cause irreversible
deterioration in NP propertiess. Finally, many useful NPs are
toxic, thereby limiting their use in biological environments’.
Thus, methods to protect the surfaces of NP are required to
maintain size-enabled properties, prevent aggregation, and
reduce toxicitym.
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these, encapsulation within amphiphilic block copolymer (BCP)
micelles is a popular choice because of the ability to protect
15-20

. In BCP
micelles, the hydrophobic core serves as a reservoir for

large numbers of NPs within the micelle core

encapsulating hydrophobic cargo, whereas the hydrophilic
shell protects the core and disperses the micelles in agueous
media’’. The dominant approach for BCP micelle synthesis is
the co-solvent addition method. In this method, BCPs and NPs
are dispersed in a water-soluble, organic solvent. The solvent
quality is then altered by water addition, inducing precipitation
of the BCP hydrophobic block and the NPs®2. When the
precipitation rates of the BCPs and NPs are carefully matched,

loaded micelles can form.

Unfortunately, the co-solvent addition method presents
several challenges for NP encapsulation. NPs with sizes larger
than the BCP radius of gyration can aggregate, inducing phase-
separation within the system23. Further, prior modification of
the NP surface with ligands compatible with the BCP is often
required to promote encapsulation. However, surface
modification can alter NP morphology and surface-derived
properties, such as fluorescence®. Also, encapsulation of NPs

within non-spherical micelles can be extremely difficult?*®.
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Thus, the co-solvent addition method presents limitations in
the size and surface chemistry of NP employed and the
resultant micelle shapes that can be successfully processed.
Recently, the ‘interfacial instability’ approach has shown
promise in achieving high NP encapsulation efficiency in
micelles, without requiring prior modification of NP surface
chemistry16'17'24‘25‘27'30. In the interfacial instability method24,
an organic, water-immiscible solvent containing the BCP and
hydrophobic NPs is emulsified with water, aided by an
aqueous phase surfactant. The aqueous phase surfactant and
BCP adsorb on the emulsion droplet surface, dramatically
reducing the interfacial tension. As the interfacial tension
approaches zero, the emulsion droplets undergo repeated
fission cycles. Simultaneously, the volatile organic solvent
continues to evaporate, until the critical micelle concentration
(CMC) is reached and NP-loaded micelles form.

Although the mechanism of interfacial instability has been
described and explored1'31, few reports have examined the
influence of NP properties, including size, shape, and
concentration, on the resultant composite morphologyzg.
Anecdotally, we have observed that NP shape can alter micelle
morphologyls’lg, with non-spherical NPs decreasing NP packing
and altering micelle morphology toward non-spherical shapes.
Nie et al. found that increasing NP weight fraction triggered
morphological phase transitions, altering micelle morphology
from cylindrical worms to vesicles®®. Upon increasing NP
weight fraction further, spherical aggregates formed, which
were prone to precipitation. These findings suggest that NP
encapsulants play a pivotal role in micelle assembly in the
interfacial instability process. Yet, the mechanism of NP-
induced phase transitions, the impact of NP size and chemistry
on phase transitions, and the limits of NP encapsulation within
micelles are far from understood.

This study evaluates the influence of increased NP
concentration on the shape and polydispersity of polymer
nanocomposites synthesized via the interfacial instability
approach. Poly(styrene-b-ethylene oxide) (PS-b-PEQ) block co-
polymers were employed as a model system because of their
extensive use for NP encapsulation by our grouplﬁ’n'w'32 and
others?*3*3*, Additionally, two types of NPs, quantum dots
(QDs) superparamagnetic oxide nanoparticles
(SPIONs), were investigated. QDs have been widely used for
multicolour labelling assays and optical tracking17'35'37;
however, maintenance of fluorescence properties upon
aqueous transfer can be chaIIengingS. Similarly, SPIONs have
potential clinical applications as MRI contrast agentsls,
hyperthermia mediators38, integrated delivery systems
activated by magnetic fields39, and in cell separations4°.
Relevant to this study, SPIONs exhibit strong inter-nanoparticle
magnetic dipole/dipole interactions™ that may influence
aggregation kinetics.

and iron

Using these materials, micelle size, polydispersity, shape, and
NP packing were evaluated as a function of NP loading.

2| J. Name., 2012, 00, 1-3

Polydispersity and morphology were examined using
transmission electron microscopy (TEM) and image analysis.
Complementary small angle X-ray scattering (SAXS)
experiments were used to confirm the TEM results and to
evaluate NP ordering and loading within densely-loaded
composites. Results were compared for SPION- and QD-loaded
composites to identify the potential role of NP interactions
(e.g., dipole coupling) in assembly. In addition, for QD-loaded
composites, fluorescence properties were investigated to
identify potential relationships between micelle morphology
and retention of NP properties. These data were used to
suggest a potential mechanism of composite formation, in
which morphology is dependent on NP concentration.

Materials

Carboxyl-terminated poly(styrene-block-ethylene oxide, PSgo-
b-PEO,490 ) (Cat No. P5755-SEOCOOH) was purchased from
Polymer Source Inc. (Montreal, Canada). Poly(vinyl alcohol)
(PVA) (cat no. 363170) was purchased from Sigma Aldrich.
Chloroform (cat no. C606SK-4) was purchased from Fisher
Scientific. Organic quantum dots (QDs), Qdot® 605 ITK™ (cat
no. Q21701MP) with emission maxima of 605 nm ca. were
purchased from ThermoFisher Scientific, MA. QDs consisted of
a CdSe core with a ZnS shell and a surface coating of
trioctylphosphine oxide (TOPO) coordinating ligands; QDs were
supplied by the manufacturer in decane. SPIONs (Cat No. SOR-
05-50) were purchased from Ocean NanoTech, CA, were
composed of Fe,03; with a surface coating of oleic acid, and
were supplied by the manufacturer in chloroform.

Methods

Flocculation of QDs from Decane

QDs were supplied by the manufacturer dispersed in decane.
However, chloroform is the preferred organic solvent for
micelle synthesis via the interfacial instability method*2. Thus,
prior to micelle synthesis, QDs were transferred into
chloroform using a flocculation procedure modified from that
provided by the manufacturer. Briefly, a 100 uL suspension of
QDs in decane at 1uM was mixed with 450 uL of a 2:1 (v/v)
methanol: iso-propanol mixture. This solution was centrifuged
at 4000 rcf for 3 minutes to precipitate the QDs. The
supernatant was discarded and the QDs were briefly dried for
10 minutes before being resuspended in chloroform.

Synthesis of NP-loaded PS-PEO micelles

PS-b-PEO, QD, and SPION stock solutions were prepared at
fixed concentrations of 1 mg/mL, 0.4 uM, and 2.5 mg/mL in
chloroform, respectively. PVA (aqueous-phase emulsifier)
stock solution was prepared by mixing PVA at a concentration
of 5 mg/mL in water. An organic phase was prepared with
NP:PS-b-PEO mole ratios (based on particle number) of 0.005,
0.01, 0.025, 0.05 and 0.1 by adding corresponding volumes of

This journal is © The Royal Society of Chemistry 20xx
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the NP stock solution (QD or SPION) to a fixed amount of PS-b-
PEO (1 mg/mL, 100 pL) in chloroform. For the SPIONs, two
additional NP:PS-b-PEO mole ratios, 0.25 and 1, were also
prepared. This organic phase was then added to a fixed
amount of PVA (5 mg/mL, 3 mL). The resulting bi-phasic
solutions were sonicated in centrifuge tubes with an internal
diameter of 1.7 cm, and submerged in a bath sonicator (Cole-
Parmer, EW-08895-16) for an hour. The emulsions were
transferred to aluminium dishes with an internal diameter of 5
cm and placed on a rocker to allow chloroform to evaporate.
After roughly 2.5 hours, the initially opaque solutions became
transparent, indicating the formation of nano-sized assemblies
via the interfacial instability mechanism®’.  Process
reproducibility was verified by synthesizing and analysing
multiple samples (N > 2) at the same NP-loading conditions
(Supplemental Figure 1).

Transmission Electron Microscopy (TEM)

NP-loaded composites were imaged using an FEI Tecnai G2 Bio
Twin TEM. Sample droplets (20 pl) were placed on clean
silicone pads, and TEM grids (Formvar/carbon coated nickel)
were placed on these droplets carbon side down. After 3
minutes, the TEM grids were lifted, and excess solution was
gently drained away with filter paper by capillary action. As the
polymers (PS-b-PEO and PVA) have low electron densities,
negative staining with Uranyl acetate (UA, 1%, 20 pl) was
performed to improve image contrast. Excess UA was wicked
away after 30 seconds.

Image Analysis of Composite Morphology

Following TEM, images were assessed using ImageJ43 image
analysis software. For each image, the particle aspect ratio
(AR) and thickness were measured until 100-2000 total
composites were quantified. Thickness, defined as the
maximum distance perpendicular to the axial direction, was
used as a surrogate for diameter. For spherical micelles, the
thickness is simply the diameter; and for elongated micelles, it
is the diameter of the cylindrical portion. Size distribution
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Figure 1: Size characterization of QD and SPION encapsulants used for preparing
composites: QD (A) TEM images, (B) Aspect Ratios (ARs), and (C) Thickness size
distribution and SPION (D) TEM images, (E) Aspect Ratios, and (F) Thickness size
distributions. (A,D) Scale bar =20 nm.

This journal is © The Royal Society of Chemistry 20xx

histograms were constructed using Igor Pro 6.37 software
(Wavemetrics, OR). Data were fit using the Gaussian function,
and the mean size and standard deviation were extracted.
Particle aspect ratio was used to classify micelles as spherical
(AR < 1.2) or elongated (AR > 1.2). Densely-loaded structures,
much larger than the spherical micelles, were identified by
visual inspection.

Small Angle X-ray Scattering (SAXS)

SAXS experiments on NP-loaded PS-PEO composites were
performed at the Advanced Photon Source, Argonne National
Labs, Argonne, IL using the 12-ID-C beam line*. Spectra were
collected using an incident X-ray of wavelength 0.1 nm and a
scattering wave-vector range of 0.005 At <Q <0.6 At SAXS
was performed on dilute solutions of NP-loaded composites
suspended in aqueous emulsifier (PVA) and loaded in a quartz
capillary. The background was the same capillary filled with
distilled water. The PS-b-PEO concentration was equal to 0.001
mg/mL in of each of the samples. The two-dimensional
scattering patterns were reduced to generate one-dimensional
scattering spectra using the APS software. Scattering spectra
were fit using the SasView program45.

Statistics

Statistical analyses were performed using JMP Pro 12 software
(SAS Institute Inc., Cary, NC, USA) via the ANOVA test for
samples with Gaussian distribution. P-values of <0.05 were
interpreted as statistically significant.

Fluorescence spectroscopy

Fluorescence spectra of the QD-loaded composites were
collected using a Perkin Elmer fluorometer LS 45. QD-
composite samples were excited by laser irradiation at 350 nm
and emission spectra were recorded between 565 nm and 645
nm. Sample fluorescence was compared using peak heights at
~605 nm. Composite stability was assessed by performing
fluorescence measurements in triplicate over 7 days.

Results and Discussion

Nanoparticle characterization

Previous anecdotal evidence'>'®*° suggests that NP shape can

influence NP packing within micelles and composite micellar
morphology. Thus, we first evaluated the shape (aspect ratio,
AR) and size (thickness, a surrogate measure of diameter) of
the NP encapsulants (Figure 1). The QDs employed in this
study exhibited slightly elongated shapes (Figure 1A,B), with a
mode AR > 1 (where AR = 1 for spheres). Thickness exhibited a
Gaussian distribution with a mean of 6.0 + 1.5 nm (Figure 1C).
In contrast, SPIONs were spherical with ARs closer to 1 (Figure
1D,E) and thicknesses of 5.1 + 0.5 nm (Figure 1F).

J. Name., 2013, 00, 1-3 | 3
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Characterization of Unloaded, Control PS-b-PEO micelles

Next, as a control, the size of empty micelles without NP
encapsulants was evaluated. In the
encapsulants, PSgy-b-PEQ4q BCPs (weight PEO
block=0.65) assemble into spherical micelles at the
concentrations and temperatures employedz‘r"46 (Figure 2).
Specifically, unloaded, control PS-b-PEO micelles displayed a
mode AR of 1.03, consistent with a spherical morphology.
Roughly 95% of the micelles exhibited ARs < 1.2 (Figure 2B).
Control, unloaded PS-b-PEO micelles exhibited mean sizes of
32.3 £ 9.5 nm (Figure 2C), in agreement with the literature®.
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Figure 2: Size characterization of unloaded, control PS-b-PEO micelles without NP
encapsulants: (A) TEM images, (B) Aspect Ratios, and (C) Thickness size distribution.
Scale bar = 100 nm.

Effect of NP loading on micelle morphology

Next, micelles with NP encapsulants were generated using
NP:PS-b-PEO mole ratios ranging from 0.005 to 1. For QD:PS-b-
PEO mole ratios above 0.1, the final solution remained opaque
and large secondary aggregates were seen (Supplemental
Figure 2), indicating failed assembly. Thus, QDs NP:polymer
ratios above 0.1 were not investigated further. In contrast,
SPION composites were successfully synthesized across the

Figure 3: TEM images of micelles with increasing NP:PS-b-PEO mole ratio: QD (A-E) and
SPION (F-J) micelles at mole ratios of (A, F) 0.005, (B, G) 0.01, (C, H) 0.025, (D, I) 0.05,
and (E, J) 0.1, respectively. (K, L) Densely-loaded NP/PS-b-PEO structures: (K) QDs at
QD:PS-b-PEO=0.1 and (L) SPIONs at SPION:PS-b-PEO=1. Scale bar =50 nm.

4| J. Name., 2012, 00, 1-3
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entire range of ratios.

concentration

Increasing NP  encapsulant
induced morphological transitions and the
appearance of densely-loaded structures as seen in TEM
(Figure 3), as quantified by AR (Figure 4), and as summarized
schematically in Figure 5. Specifically, increasing NP
concentration increased the number elongated micelles
relative to unloaded, control PS-b-PEO micelles. In addition,
above a critical mole ratio (~ 0.025), densely-loaded structures
(Figure 3K,L) appeared. These densely-loaded structures had
markedly higher NP densities than the spherical and elongated
micelles observed at lower mole ratios. Interestingly, these
phase transitions were seen for both types of NP encapsulants
investigated, and, for SPIONs, densely-loaded structures
became the dominant morphology at higher mole ratios.

These results are consistent with previous observations.
Increasing polymer concentration, temperature, or BCP
hydrophobic block weight fraction, can all influence unloaded
micelle morphology, driving the formation of higher order
structures, such as the elongated micelles observed
here?>**  |n the co-solvent method, the effect of
nanoparticle concentration on micelle morphology has been
studied by several groups49'51. For example, Park et al.
suggested that NPs can increase the effective volume of the
BCP selective block during micelle formation®. In general,
increasing the effective BCP hydrophobic content triggers
phase transitions from spherical to cylindrical micelles in the
co-solvent method.

The interfacial instability method used here is mechanistically
distinct from the co-solvent method in several key aspects. In
the interfacial instability method, BCP assembly and,
ultimately micelle phase, is controlled by a complex interplay
of confinement effects, interfacial forces, and supramolecular
forces of attraction®. As described by Hayward et al., the
interfacial instability mechanism is influenced by BCP
hydrophobic content®?. Experimentally, BCPs with low
hydrophobic content have been shown to trigger droplet
fission into smaller droplets with subsequent assembly into
spherical micelles, whereas BCPs with intermediate
hydrophobic content result in the ejection of fluid tendrils that
assemble into cylindrical or worm-like The
observation of elongated micelles in our system, even at
relatively low NP ratios, indicates that NPs can impact the
interfacial instability mechanism (Figure 5A,B). NPs interact
with the hydrophobic BCP block through specific
intermolecular forces including hydrogen-bonding,
electrostatic, and van der Waals forces>>. As these forces are
strongly distance dependent, shrinking emulsion droplets can
facilitate and enhance favourable BCP-NP enthalpic
interactions, increasing the effective hydrophobic content of
the BCP and triggering phase transitions that resemble those in
BCP micelles as the hydrophobic block is increased.

micelles.

Similarly, the hydrophobic ligands on the NP surface also add
to the effective hydrophobic content of the BCP. Surface
ligands leaching from the NP surface may become entrapped

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: Normalized number frequency of micellar morphologies for (A) control,
unloaded micelles and micelles with (B) QD and (C) SPION encapsulants. Spherical
micelles (ARs < 1.2) = white bars, elongated micelles (ARs > 1.2) = dashed bars, densely-
loaded structures (TEM visualization) = black bars. (100 < N < 2000).

within the micelle core. Leached surface ligands would behave
as hydrophobic polymer encapsulants within the micelles,
similar to drug delivery molecules, and could also contribute to
phase transitions??.

Extending this analysis to the densely-loaded structures
observed at high NP:polymer mole ratios (Figure 3K-L, Figure
4), several possible mechanisms are considered. Although it is
possible that these densely-loaded structures could consist of
micelles with multiple NPs tightly packed in their cores, this
would require substantial stretching of the PS block, which is
unlikely. PS-b-PEO micelles are kinetically frozen at room
temperature because of the high glass transition temperature
of the PS block (~100 °C)53. Thus, such stretching would induce
a loss in conformational entropy and is permitted only to a
finite extent’>??. A more likely possibility is that densely-
loaded structures are the result of NP aggregation followed by
stabilization via PS-b-PEO adsorption (Figure 5C). As the NP
concentration within the emulsion droplet increases, the
probability of NP-NP association would be expected to
increase correspondingly. Indeed, aggregation of NPs as a
result of charge screening and Van der Waals attractions is
widely known>*. As the interfacial tension at the surface of the
emulsion droplet approaches zero, NP aggregates could be
ejected. The BCP in the droplets would then precipitate onto
the surface of the NP aggregates, stabilizing the cluster and
effectively arresting further growth. The nearly spherical
geometry of the final structures in this case would be driven by
the preferred packing dimensions of the NPs (i.e., typically
close-packed spheres for spherical NP geometries), although
the preferred BCP curvature may also play a role.

To evaluate these possibilities, synthesis was repeated under
the same conditions as those used to generate Figure 3L, but
in the absence of BCP (Supplemental Figure 3). Dense NP
structures were observed even in the absence of BCP,
suggesting that these structures are not higher-order micellar
structures, but are most likely polymer stabilized NP-
aggregates. These data suggest the presence of a critical
NP:BCP mole ratio for the interfacial instability method,
beyond which micelle formation likely no longer occurs, and
BCP stabilized NP aggregates are favoured. Further, in the
absence of BCP, both spherical and raft aggregates were
observed, whereas the majority of densely-loaded structures
observed in the presence of BCP were spherical (93% of the

This journal is © The Royal Society of Chemistry 20xx
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Figure 5: Proposed Mechanism of phase transitions triggered by NP loading in PS-
b-PEO micelles. (A) Low NP content (NP:PS-b-PEO mole ratio < ~0.01) results in the
parent emulsion droplet ejecting smaller, spherical daughter droplets, similar to
unloaded controls. (B) Moderate NP content (0.01 < NP:PS-b-PEO mole ratio <
0.025) results in the parent emulsion droplet ejecting some fluid tendrils that lead
to the formation of elongated structures. (C) At high NP content (NP:PS-b-PEO
mole ratio > 0.025), some BCP-stabilized, densely-loaded NP structures form.

structures have ARs < 1.2). This suggests that the BCP plays an
important role in directing NP aggregate assembly and
stabilization. Future work should include polymers with
differing geometries and more asymmetrical NPs to further
explore these possibilities.

Effect of NP loading on micelle size and polydispersity

Next, the effect of NP loading on composite size and size
distribution was examined. NP-BCP composite sizes varied by
morphology (Table 1). Mean diameters for spherical micelles
were ~ 25-40 nm for both NP encapsulants. This is not
surprising as the size of spherical micelles is tightly controlled
by the ability of the PS block to stretch. As maximum
stretching for the core block is reached, spheres will transition
to cylindersss. This is consistent with the observed formation
of elongated micelles as NP loading was increased (e.g., Figure
4).
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Figure 6: Mean thickness of (A) control, unloaded PS-b-PEO micelles and micelles
encapsulating (B) QDs or (C) SPIONs. White =
elongated micelles, and black = densely-loaded structures. Error bars represent
standard deviation.
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Elongated micelles exhibited thicknesses of ~ 20-40 nm,
generally smaller than that observed for spherical micelles
under the same conditions (Figure 6, Table 1, p < 0.05 except
SPION 0.05 sample), and variable lengths (Supplemental Figure
4). It has been previously reported that elongated micelles
have a lower degree of stretching in the radial direction
compared to spherical micelles. Because elongated micelles
have an additional degree of growth along their axis, they can
increase their hydrophobic core volume axially, without
increasing in diameter??. This may explain the smaller
thickness of elongated micelles compared to spherical micelles
observed in most conditions.

In contrast to spherical and elongated micelles, densely-loaded
structures exhibited large variations in size. As densely-loaded

atter Gl

Soft Matter

structures are most likely polymer-stabilized NP aggregates,
their size would depend on NP aggregation kinetics, as well as
the time required for stabilization by BCP adsorption. During
the interfacial instability process, local inhomogeneity may
persist in emulsion droplet size. This could result in non-
uniform NP aggregation within the droplets and thereby lead
to the broad size distribution observed in the final structures.

Table 1: Mean t std. dev. of thicknesses by morphology at different NP loadings. *Number of structures observed was too small for statistically relevant quantification.

NP:PS-b-PEO mole ratio Spherical micelles

Elongated micelles

Densely-loaded structures

Empty micelles

0 32.3+9.5 * *
QD-series

0.005 38.5+4.4 33.0+7.0 *

0.01 35.5+13.8 29.7+7.8 *

0.025 38.0+13.0 27.5+10.3 *

0.05 32.4+84 30.7+14.3 38.4+16.4
0.1 31.0+10.2 27.5%+7.2 79.7 £44.0

SPION-series

0.005 28.3+11.2 21.0+11.7 *

0.01 40.8+14.4 33.7+11.7 *

0.025 26.0+10.0 21.3+6.4 54.7 +31.6
0.05 32.0+3.7 29.9+4.4 31.5+11.8
0.1 27.4+6.8 204+1.3 49.3+32.9
0.25 38.2+6.2 37.0+x6.4 65.6 +48.1°
1 * * 76.3 +54.0

Nanoparticle packing inside densely-loaded structures

Given the densely-loaded structures observed at higher NP:PS-
b-PEO mole ratios, the effect of increasing this ratio on internal
NP ordering and packing volume fraction was evaluated semi-
quantitatively. Previously, we’® and others® have observed
potential differences in NP packing and ordering based on
encapsulant shape in TEM images. For example, more
elongated NPs generally produced micelles containing larger
regions devoid of particles than did spherical NPs. To quantify
this difference, we turned to small-angle X-ray scattering
(SAXS). Here, ordering of encapsulated NPs within densely-
loaded structures should be characterized by scattering
spectra that require structure factors. Incorporating the
structure factor into the fit should then yield an estimate for
the volume fraction of particles within the densely-loaded
structure.

6| J. Name., 2012, 00, 1-3

Table 2: X-Ray Scattering Length Densities (SLD) of species in solution calculated using
Scattering Length Density calculator®®

Species  Material Density SLD (10°°/A?)
(g/mL)

SPIONSs Fe,0; (core) 5.24 41.125

QDs CdSe (core) 5.82 41.992

PS (CgHg)n 1.04 9.516

PEO ConHans20ne1 1.21 11.295

PVA (C,H,0), 1.19 11.044

H,O H,0 1.00 9.469

This journal is © The Royal Society of Chemistry 20xx
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As noted in Table 2, the scattering length densities (SLD) of PS,
PEO, PVA, and H,O are all very close, whereas both types of
NPs have much higher SLD. Unfortunately, in many of the SAXS
experiments, the PS-b-PEO concentration used (0.001 wt.%)
was too low and the PVA concentration was too high (0.5
wt.%) for the empty and lightly loaded micelles to be detected
above the solution background. Consequently, the scattering
spectra of the micelles with low NP:PS-b-PEO ratios overlap
almost entirely with the scattering spectra of the PVA solution
(Figure 7A,B).

In contrast, at high NP:PS-b-PEO mole ratios (e.g., 0.1 and 1 for
the QD-and SPION-micelles, respectively), the scattering
spectra (Figure 7A,B) exhibited features distinct from the PVA
background, including a strong increase in the scattering signal
for 0.05 < Q /A'1< 0.1, i.e. at length scales consistent with the
size of the NPs. These scattering spectra correspond to
conditions at which densely-loaded structures are observed
(Figure 3K,L), and thus may be attributed to scattering from
the NPs within them. The appearance of these features in the
scattering spectra of the densely-loaded samples suggests that
the densely-loaded structures exist throughout the solution
and are not limited to a few anomalous composites observed
via TEM.

To analyse the scattering spectra of the densely-loaded
structures further, we first subtracted the PVA solution signal
from the highest NP:PS-b-PEO scattering curves. The remaining
signal (Figure 7C,D) consists of a power law region at low Q
due to the presence of larger structures, and a signal at Q >
0.05 A™ due to scattering from the NPs within the structures.
In the case of the QDs, the slope of the power law is -2.6,
consistent with mass fractals. By subtracting this power law,
we further isolated the signal resulting from the NPs and fit
this curve to a polydisperse (lognormal) distribution of spheres
including a hard sphere structure factor (Supplemental Figure
5). The fit provides estimates for the size and polydispersity of
NPs forming the densely-loaded structures, as well as the
volume fraction of particles within them. Fitting the SPION
sample was more challenging, in part because the power law
region has two slopes. The slope at lower Q (0.006 < Q /A'1 <
0.015) is ~ -1.8, characteristic of diffusion limited aggregates.
The slope at intermediate Q (0.015 < Q /A" < 0.03) is more
difficult to estimate because these data contain contributions
from the NPs as well as the aggregates or the structures that
formed the aggregates. Nevertheless, for Q > ~0.05 At
scattering should be dominated by the NPs and this region of
the spectrum is well fit by a polydisperse (lognormal)
distributions of spheres with a hard core structure factor
(Supplemental Figure 6). Table 3 summarizes these fit results.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7: Small Angle X-ray Scattering (SAXS) spectra measured as a function of the
momentum transfer vector Q=(41v/A) sin(6/2), where A is the wavelength of the
incident radiation and 6 is the scattering angle. (A) QD- and (B) SPION- loaded
micelles. (C, D) Subtracting the PVA spectra for (C) QD:PS-b-PEO=0.1 and (D)
SPION:PS-b-PEO=1 enhances the features present at higher Q. Inset: TEM image of
representative structure from each sample. Scale bar =50 nm.

Fitting the SAXS data yielded average NP sizes, relative NP
distribution widths, and particle loading parameters that are
quite consistent with the TEM images. In particular, the
average particle size is within 1 nm of that observed by TEM,
the particle size distribution for QDs is broader than that for
SPIONS, and the packing fraction for SPIONS is higher than that
for QDs. Although TEM suggests the QDs are slightly
asymmetric, fitting the SAXS data to ellipsoids or cylinders did
not change the results qualitatively. Combining the volume
fraction of NPs derived from SAXS with the size of the densely-
loaded structure from the TEM images, we estimated the
average number of NPs in a structure as
Nnp=Pnp(Vin/Vie) (Equation 1)

where ¢y is the volume fraction of NPs derived from SAXS, Vy,
is the volume of the micelle structure based on TEM size
measurement, and Vyp is the NP volume based on TEM size
measurement.

J. Name., 2013, 00, 1-3 | 7
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Table 3: Fit parameters corresponding to NPs within densely-loaded structures. The estimated number of NPs in each structure is based on the TEM values for NP and structure

size (Figure 6) and the volume fraction determined by SAXS.

QD:PS-b-PEO=0.1

SPION:PS-b-PEO=1

NP diameter from SAXS fits(nm) 6.2+1.2 6.2+0.6
Volume fraction of NPs in structure 0.13 0.24
Average Centre-to-Centre Spacing between NPs (nm) 13 7.4
Average Number NPs (Nyp) in an 80 nm structure ~200 ~900

To calculate the maximum number of NPs (Nyp) in the densely-
loaded structures (Table 3), we assumed the structures were
spheres with diameters of 80 nm. For Vyp, we used the sizes
determined from TEM analysis. In particular, SPIONs are
spheres with average diameters of 5.1 nm and QDs are
cylinders with average diameters of 6 nm and lengths of 7.2
nm. Solving Equation 1 suggests that, for the densely-loaded
structures in Figure 7, the average number of SPIONs is more
than 4 times the average number of QDs. These differences
are consistent with the higher SPION:PS-b-PEO loading, the
TEM observations for the densely-loaded QD and SPION
structures (Figure 3), and anecdotal observations of less dense
packing for non-spherical NPs'>16.

Likewise, if we assume that particles are evenly distributed
throughout the densely-loaded structures, then the maximum
volume occupied by each particle, assuming hexagonal close
packing of spheres, is given by:
Ve, max=0.74(Vyp/Nyp) (Equation 2)

The diameter corresponding to this spherical volume, in turn,
yields the average distance between NPs (centre to centre)
(Table 3). Thus, assuming spherical shape and a diameter of
~5.1 nm as measured in TEM; SPIONs are separated by ~ 2 nm
(edge-to-edge). For QDs, which are assumed cylindrical with
dimensions 6 nm x 7.2 nm, this represents a separation of ~ 6-
7 nm depending on orientation. The distance derived using this
simple picture is quite consistent with the TEM images of
densely-loaded SPION structures, although it is impossible to
directly quantify 3D distances on 2D TEM images. It is less
consistent with the TEM images of densely-loaded QD
structures because these also have large regions devoid of
NPs.

Differences in Morphology and NP Packing in Densely-Loaded
Structures

The QDs had ARs of 1-1.5, indicating a slightly more rod-like
structure than SPIONs. However, these NPs were confined into
roughly spherical structures by the BCP’s preferred curvature.
Bockstaller et al. report that rod-like/cylindrical NP
encapsulants and spherical host domains are a geometrically
incompatible pairss. Geometric dissimilarity between the
entrapped NPs and the host BCP domains can result in a
greater entropic penalty and morphological defects in the
resulting composite. This is evident in the morphology of the
densely-loaded QD structures, which reveals rough, uneven

8| J. Name., 2012, 00, 1-3

surfaces (Figure 3K, Figure 7C, inset). This is also consistent
with our previous observations of “lumpy” micelle formation
during encapsulation of NP tetrapodslg. In comparison, the
shape of the scattering curve for the densely-loaded SPION
structures suggests a higher degree of order within these
micelles. Visual observation confirms that the surfaces of these
structures were also more uniformly smooth and NPs appear
more tightly packed (Figure 3L, Figure 7D, inset).

Densely-loaded of QDs and SPIONs display
differences in relative morphology distribution (Figure 4),
mean size (Table 1), and NP packing (Table 3). There are
several possible causes for these morphological differences.

structures

First, the structures were produced using different mole ratios
(i.e., mole ratios of 0.1 for QDs vs. 1 for SPIONs), thus the NP
loadings of the structures analysed here are expected to differ.
The use of different mole ratios was, however, driven by two
factors: stable QD composites could not be synthesized at
mole ratios > 0.1 (Supplemental Figure 2) and densely-loaded
SPION structures did not display scattering above that of PVA
at such a low mole ratio. This suggests that differences in NP:
PS-b-PEO mole ratio alone are not responsible for observed
morphological differences.

One possibility is that these differences originate from
different NP surface chemistries. Surface chemistry strongly
influences encapsulation. For example, in studies of drug
encapsulation, drugs that are chemically more similar to the
host polymer matrix, undergo higher encapsulation57. The NPs
evaluated were coated with TOPO (QDs) and oleic acid
(SPIONs). To evaluate the potential differences imparted by
surface chemistry, solubility parameters, §, were calculated for
the chemical species most likely to interact in this system.
Parameters were calculated using the Hildebrand method*®, in
which species that display similar values are more likely to
interact with each other. In this case, 8 for oleic acid (i.e., the
coating on SPIONs) differs by 1.4 from that of the PS block,
whereas & for TOPO (i.e., QDs) differs by 1.3. These differences
are sufficiently close that ligand-BCP interactions alone are
unlikely to strongly contribute to differences in nanoparticle
encapsulation. [It is noted that the difference in & between
PVA and TOPO is smaller than between PVA and Oleic Acid,
which may result in some increase in undesired QD-PVA
binding. Nonetheless, PVA displays far less affinity for TOPO
surfaces than PS, based on this method of evaluating
compatibility.]

This journal is © The Royal Society of Chemistry 20xx
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Table 4: Solubility parameters by chemical species calculated by the method of
Hildebrand.

Chemical Species Solubility Parameter §, (J/cm3)1/2
Oleic Acid 17.3

TOPO 20

PVA 32.9

PS 18.7

It is also possible that ligand density varies between NPs,
which could provide an increase in effective hydrophobic
content. Further investigation is needed to evaluate this
possibility. However, this seems unlikely given that both
particles have similar surface areas and demonstrate good
initial colloidal stability, suggesting similar surface coverage.

It is more likely that ligand influences NP aggregation kinetics,
and thus, the ability to nucleate and grow stable NP aggregate
cores that are later passivated by BCPs. Indeed, ligand-ligand
and ligand solvent interactions have been shown to dominate
aggregation kinetics in assembly of gold NPs™. Surface ligand
charge, molecular weight, and area density can impact NP
distribution within micelles and NP aggregation kinetics?'. The
ligands utilized in this study, TOPO (QDs) and oleic acid
(SPIONs), are conformationally distinct. TOPO has 3 alkyl
chains, These
molecules are believed to adopt different conformations on
the NP surface, with TOPO lying primarily flat across the NP
versus oleic acid extending linearly from the NP surface®.
Further, although oleic acid should be uncharged when bound
to the NP surface, we have anecdotally observed behaviour
suggesting the capacity for charge repulsion, either resulting
from free ligand or ligand that is loosely adsorbed to the NP
surface. These differences in steric properties and/or charge

whereas oleic acid has 1 alkanoic chain.

repulsion may impact NP aggregation kinetics, leading to the
observed behaviours.

An additional contributing factor is likely NP shape. Non-
spherical particles, such as the QDs studied here (AR > 1), have
been shown to aggregate at lower concentrations than
spherical particles of similar volume®. When two particles
interact at a distance less than their diameter, non-spherical
particles exhibit greater attractive interactions because of their
irregular distribution of mass, which places more atoms close
Additionally, cylindrical/rod-like particles
favour alignment rather than random or cross-alignment to

to each other™.

maximize interactions along their length. Further, Monte Carlo
simulations show that confined polyhedra tend to order even
in the specific attractive interactions®.
Configurations in which larger NP faces are aligned are

absence of

energetically more favoured. Spherical confinement can force
non-spherical polyhedra to pack in a method similar to
spheres. Thus, the irregular shape of QDs most likely drives
aggregation as a result of increased attractive forces, leading
to the formation of densely-loaded structures at lower
concentrations than those of SPIONs. However, packing is also

less efficient, and thus densely-loaded structures exhibit larger

This journal is © The Royal Society of Chemistry 20xx

standard deviations in mean size and irregular shapes.
Irregular shape may result from incompatibility with the BCP

preferred curvature, which is spherical in this case.

Finally, SPION packing may be enhanced by strong inter-NP
magnetic dipole/dipole interaction forces. These forces are
relatively weak at distances > 5 nm for the ~ 5 nm particles
employed here. Thus, they would not be expected to strongly
contribute to particle aggregation in dilute solution. However,
as the emulsion droplet shrinks, interparticle separation
distance declines, increasing the probability of dipole
interactions. In the tightly confined space of the micelle,
particles are likely in sufficient proximity for dipole forces to
enhance their interactions, reducing separation distance.
Additional research is needed to distinguish possible
contributions of NP ligand, shape, and dipole coupling in
directing NP packing in BCP micelles.

Fluorescence of QD-BCP composites as function of NP/PS-b-PEO
mole ratio

Next, we investigated the effect of NP packing on particle
stability using QDs as a model system. QDs are known to
demonstrate variable stability because of oxidation and the
formation of trapped states®?. Further, in aqueous media,
poorly protected QDs lose fluorescence rapidly because of
irreversible damage to their surfaces®®. In addition, QDs in
close proximity can potentially interact with each other.
Previously, we have shown that QD encapsulation in micelles
can increase fluorescence intensity without significant
increases in overall NP size”’lg, but the role of NP packing was
not explored. Thus, the role of QD:PS-b-PEO ratio (and
therefore packing) on fluorescence of the resulting micelles
and densely-loaded structures was evaluated over 7 days. In
this study, CdSe-ZnS QDs with an organic TOPO coating were
employed, as these are the most commonly employed QDs in
biological research.

Fluorescence intensity increased with QD loading (Figure 8)
(i.e., QD:PS-b-PEO mole ratio in the original organic phase),
and, furthermore, two distinct regions were evident: QD:PS-b-
PEO ratio < 0.025 and > 0.025. The increase in fluorescence
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Figure 8: (A) Total fluorescence intensity of QD-micelles and densely-loaded structures
as a function of QD:PS-b-PEO ratio in the organic phase and (B) as normalized to QD
content. Black and grey bars represent the fluorescence intensity of fresh samples vs.
those aged one week, respectively (N=5).
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levels at QD:PS-b-PEO ratio > 0.025 is surprising as we would
expect a simple linear relationship between fluorescence and
QD-concentration in solution if NP loading in micelles occurred
in a linear manner. These data indicate a possible relationship
between fluorescence intensity and micellar morphology. At
low NP ratios, fluorescence values were much lower. This
region corresponds with micelle morphologies in which QD
encapsulation is driven by PS block stretching and the number
of encapsulated particles is likely low. At higher NP ratios,
consistent with the appearance of densely-loaded structures
(Figure 3K), a substantial increase in fluorescence is observed,
corresponding to a large increase in the number of NPs
encapsulated. This suggests that QD encapsulation can be
tuned depending on the desired application: from single QD
tracking applications to applications high
fluorescence intensity in a compact volume.

requiring

QD stability was also dependent on NP:PS-b-PEO ratio, and
therefore loading, with a statistically significant decline over 1
week for lower NP:PS-b-PEO ratios (i.e., 0.005, 0.01), but no
statistically significant decrease at the higher ratios. These
differences correspond to micelles and densely-loaded
structures, respectively. The fluorescence stability seen at
higher NP:PS-b-PEO ratios suggests that densely-loaded
structures can afford superior surface protection to QDs and
that they are, in fact, a stable morphology. The observed
decline in fluorescence for micelles may result from the
smaller number of encapsulated QDs, with loss of signal of any
one QD thus playing a larger role towards the integrated
signal. Single particle measurements should be performed to
evaluate this possibility. Alternatively, the densely-loaded
structure morphology may provide additional surface
protection because of the tight packing between particles.
Fewer particles are closer to the micelle surface, reducing
exposure to surface based phenomena.

These results are consistent with our prior observations that
micelles can enhance and preserve the fluorescence of organic
Qps®. However, we observed a maximum in QD intensity on a
per QD basis at intermediate NP:PS-b-PEO ratios (i.e., 0.025)
(Figure 8B), which has not been previously reported. It is
unclear what the exact nature of the per particle fluorescence
decline at higher NP:PS-b-PEO ratios results from. As this ratio
represents concentration values in the original solution,
reduced fluorescence could result from reduced QD
encapsulation, perhaps as a result of the formation of
unpassivated QD aggregates that segregate from solution. It is
also possible that QDs lose fluorescence during micelle
synthesis as a result of surface oxidation. However, this
behaviour would be expected to inversely correlate with NP
concentration, as increased numbers of NPs would drive more
rapid aggregate formation reducing access to NP surfaces. The
observation that fluorescence intensity remained stable for a
week post synthesis indicates that the densely-loaded
structures were stable post formation, even at high NP:PS-b-
PEO mole ratios. This data argues against surface oxidation
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post-synthesis as a possible cause of lower fluorescence on a
per QD basis.

These data suggest that there is a critical NP:PS-b-PEO ratio in
the interfacial instability method for optimum preservation of
QD fluorescence. Interestingly, recent reports suggest that
synthetic method (i.e., manual shaking vs. sonication) can also
influence QD stability in BCP structures,33 possibly through the
formation of unstable PVA intermediates. These data suggest
that initial formation of NP aggregates followed by polymer
adsorption may be a favourable synthetic approach to highly
stable QD nanocomposites.

Conclusion

This study evaluated the role of NP:BCP ratio on composite
morphology and NP packing in the interfacial instability
process. QDs and SPIONs were employed as model NPs and
encapsulated in PS-b-PEO BCPs. Depending on the NP:PS-b-
PEO ratio, two different regimes were observed. At lower
NP:PS-b-PEO ratios, spherical micelles were produced. As the
ratio increased, spherical micelles underwent phase
transformation to elongated structures, most likely to
minimize BCP stretching. Thickness distributions for both
spherical and elongated micelles were narrow, most likely as a
result of BCP stretching limitations. However, beyond a critical
NP concentration, a previously unknown morphology
consisting of densely-loaded, ordered NPs within a polymeric
coating formed. Densely-loaded structures had a broader size
distribution (i.e., polydispersity). This suggests the possibility
of two regimes in the interfacial instability process dominated
by BCP vs. NP aggregation times, respectively. Interestingly,
QD and SPION encapsulants exhibited different critical NP:PS-
b-PEO mole ratios at which these transitions were observed.
The difference may stem from differences in their surface
chemistries, shapes, or interparticle interactions. Additional
experiments with more controlled shapes

chemistries could differentiate these possibilities.

and surface

SAXS analyses confirmed the emergence of an ordered NP
phase, corresponding to the densely-loaded structures. These
densely-loaded structures had NP volume fractions of ~10-
25%, with mean sizes < 100 nm, characteristics that could
enable future use in a variety of applications. For example,
magnetic particles used in cell separations typically display
packing volumes of 5—10%64, below the packing volumes
observed here. Additionally, densely-loaded structures
displayed higher retention of QD fluorescence over time than
micelles with low NP encapsulation, indicating potentially
different formation mechanisms and structures. These data
indicate that the interfacial instability approach can lead to
densely-loaded nanocomposites, although likely through an
alternative mechanism in which NP aggregation precedes
polymer aggregation. These studies thus highlight the
importance of careful optimization of NP loading conditions to

This journal is © The Royal Society of Chemistry 20xx
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obtain highly functional micelles with low morphological and
size diversity.
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Emulsion droplet v PS-b-PEO @ Hydrophobic NP ~~r PVA

Nanoparticle loading changes both internal and overall micelle structure.



