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ABSTRACT: We report the fibril formation of poly(p-glucose carbonate) (PGC)-
based amphiphilic diblock copolymers using solution assembly. Unlike conventional
cylindrical micelles constructed from amphiphilic block copolymers (BCPs) with
coil-like blocks, the assembled PGC fibrils exhibit thin, ribbon-like features due to
significant stiffness and hydrophobicity of the PGC BCP backbone that result in a
unique polymer chain packing. A tetrahydrofuran/H,O solvent mixture was used to
create a solvent quality gradient during which a hierarchical assembly pathway was
observed with fibril precursor nanoparticles that linked together into fibrils. These
initial precursors were soft, patchy nanoparticles caused by the phase-segregated
hydrophilic block of the PGC diblock copolymer. With aging, the patchy
nanoparticles underwent unidirectional attachment through hydrophobic association to transform into uniform fibril structures.
Transmission electron microscopy, interpretation of the small-angle neutron scattering measurements fit with analytical models, and
genetic algorithm-based reverse engineering of structure confirmed the presence of initial particle precursors, intermediate stages
during growth, and the fully matured fibrils. The results suggest that unconventional backbone chemistry-based molecules reveal
unique effects of chain stiffness and hydrophobicity on block copolymer solution assembly when using glucose-based polycarbonates.
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1. INTRODUCTION

In solution, amphiphilic molecules are known for their ability
to self-organize into well-defined morphologies including
micellar, vesicular, or mixed/hybrid structures, each of which
is interesting for the ability to access complex nanoscopic
dimensions, geometries, and properties. Specifically, one can
take advantage of slow chain kinetics of BCP chains in specific
solvent conditions and their inability to reach global
equilibrium to form nanostructures that exhibit enhanced
robustness and diversity compared to those available by the
assembly of small molecule amphiphiles." Advances in solution
processing methods have been explored with complex interplay
of assembly variables, including molecular desiégns (e.g.,
polymer compositions”~* and monomer chemistry>®), solvent
conditions (e.g, choice of solvent or solvent mixtures,’
temperature,8 and small-molecule addition™'®), and different
kinetic pathways (e.g, crystallization-driven,'" solvent titra-
tion,"> emulsification,'>'* and polymerization-induced"®).
These parameters give rise to specific interfacial curvature
between the core and corona where a balance of chain block
conformation and the interfacial tension at their interface, both
impacted by selective solvent swelling of the solvophobic and
solvophilic domains, create the unique aggregate characteristics
in response to specific assembly pathways. In most of the coil-
coil block copolymers, the particular chain conformation and
packing in the formed aggregates are possible due to the
flexible nature of the BCP coil backbone that allows the chains
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to collapse or expand to a preferred conformation without
significant resistance to bending. However, many naturally
occurring polymers, such as DNA or polysaccharides, exhibit
inherent chain stiffness, where the chain conformation in an
unfavorable solvent condition is largely determined by the
chain rigidity and large persistence length. This chain stiffness
is especially significant for charged polymers or polymers with
bulky monomers.'®'” When the backbones of BCPs exhibit
substantial rigidity, the assembly behavior is expected to
exhibit a different behavior from coil-based BCPs, especially if
the solvent environment is incompatible with the backbone
chemistry.'®

The effects of polymer backbone stiffness and hydro-
phobicity on BCP chain packing in an assembled nanostruc-
ture have important implications due to efforts to organize
various biopolymers in confinement to be used for applications
such as gene or drug delivery carriers."” " Semiflexible
polymers in an unfavorable solution condition are known to
produce torus particles,”>** spindles,”*** hollow spheres,”® or
disk-like*”*® collapsed structures depending on the polymer
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chain bending stiffness and polymer length.”®* While both
experimental and simulation studies have demonstrated a coil-
globule transition using homopolymer DNA*****° or various
modified polysaccharide molecules,*"*” little has been reported
on the hierarchical organization of collapsed BCP chains with
stiff backbone chemistry into well-defined nanostructures.
Bates, Lodge, Larson, and coworkers reported robust fibril
formation of semiflexible methylcellulose, for which the chains
were hypothesized to form a toroidal configuration at an
elevated temperature that subsequently packed unidirectionally
to form fibrils.”*** Similarly, Liu and coworkers have shown
that ethyl cellulose-based graft copolymers with different side
chain lengths were able to be controllably collapsed in different
solvent mixtures to form necklace-like networks.*>*® Fur-
thermore, the self-assembly behavior of rod-coil BCP systems
containin$ stiff polymer blocks®”*® (e.g,, conjugated poly-
mers””~*" or polypeptide-based molecules with helical
secondary structure’”~**) is dominated by the orientational
ordering of the rigid polymer chains**® that leads to
formation of non-conventional BCP nanostructures, including
tubules* or ribbons.*”*' These examples demonstrate the
possible complexity in assembly pathways and final assembled
structures observed with semiflexible, stiff backbone polymers
while also presenting challenges for a better understanding of
chain packing mechanisms and opportunities to take advantage
of stiff chain conformations during solution assembly.

In the work presented here, we use a poly(p-glucose
carbonate) (PGC)-based amphiphilic diblock copolymer
system where the entire backbone is composed of a
semiflexible, sugar-based PGC, and amphiphilicity between
blocks is created by the incorporation of a different side chain
chemistry within distinct block regions. With a solvent titration
method, the PGC BCPs are assembled into ribbon-like fibrils
with features that do not follow traditional cylindrical micelle-
like chain packing. The fibril formation is achieved hierarchi-
cally where precursor nanoparticles are first formed upon the
addition of water to an organic BCP solution with subsequent
interparticle associations occurring through hydrophobic
patches. Interparticle association driving hierarchical assembly
has been reported for soft, patchy micelles where micelle/
particle corona patches link together by either ion binding*”**
or through hydrophobic association of chemically distinctive
domains.*”*° In our system, we hypothesize that the
patchiness is a result of the PGC backbone segregating from
hydrophilic side chains on the exterior of the nanoparticles,
similar to collapsed conformations and observed aggregates of
grafted bottlebrush polymers with different backbones and side
chain solubilities in a selective solvent.”>*"** We show that
while the rigidity of the PGC backbone influences the local
BCP chain conformation and packing in the formed
nanostructure, the backbone hydrophobicity drives 1D fibril
growth by forming sticky domains on the exterior of the
initially formed nanoparticles. Cryogenic transmission electron
microscopy (cryo-TEM), small-angle neutron scattering
(SANS), and computational reverse engineering of the
scattering experiments (CREASE)*® confirm the PGC final
fibril structure and the intermediate stages during the fibril
formation, which are captured due to relatively slow fibril
growth. These results suggest that the stiffness and hydro-
phobicity of semiflexible backbone monomeric repeat units are
important factors that determine the assembly pathway and
final morphology of glucose carbonate-based BCP solution
assembly.

2. METHODS

2.1. Synthesis of Side Chain-Modified PGC Block Copoly-
mers. The poly(methyl-2,3-O-ethoxycarbonyl-4,6-O-carbonyl-a-p-
glucopyranoside)-b-poly(methyl-2-O-ethoxycarbonyl-3-O-propargy-
loxycarbonyl-4,6-O-carbonyl-a-p-glucopyranoside) [PGC(EEC)qq-b-
PGC(EPC),,] diblock copolymer was synthesized by one-pot
sequential organocatalyzed ring-opening polymerization (ROP) with
a monomer feed ratio [GC-(EEC)]/[GC(EPC)] of 3:1 to ensure a
specific block composition. The cationic side chain modification was
then done by post-polymerization modification of PGC(EEC),g-b-
PGC(EPC);, using a photoinitiated thiol-yne click reaction with
cysteamine hydrochloride to afford PGC(EEC),4-b-PGC(EPC)-
(NH,Cl)5. Detailed synthetic methods are described elsewhere.”
Characterization of the diblock copolymer PGC(EEC)y4-b-PGC-
(EPC)y, and post-polymerized cationic modified polymer PGC-
(EEC)gs-b-PGC(EPC) (NH,Cl), was reported in a previous study.*
The specific chemical structure of the PGC(EEC)q4-b-PGC(EPC)-
(NH;Cl),, diblock copolymer is provided in Figure 1.
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Figure 1. Chemical structure of the poly(p-glucose carbonate) block

copolymer with the PGC backbone illustrated in green, the
hydrophobic side chains in red, and hydrophilic side chains in blue.

®)

2.2. Fibril Assembly Pathway. The amphiphilic PGC BCPs
were first dissolved in an organic solvent, tetrahydrofuran (THF).
Then, pure Milli-Q water was slowly titrated dropwise to the polymer-
solvent mixture at a rate of 1 mL/h until the water volume reached 40
vol % at a final polymer concentration ranging from 0.04 to 0.4 wt %.
The samples were then aged for different amounts of time (no aging
up to two weeks of aging) to observe fibril formation progress. During
the aging, samples were stored in PTFE-lined glass vials and sealed
with PTFE tape and a parafilm to eliminate solvent evaporation. The
solution level was constantly checked throughout the aging to verify a
constant THF/H,O volume ratio. For SANS sample preparation, dg-
THF and D,O were used to provide scattering contrast between the
assembled nanostructure and the solvent mixture. The BCP
concentration range used for these experiments did not affect the
final assembly morphologies.

2.3. Characterization. 2.3.1. Transmission Electron Microscopy
(TEM). TEM imaging was performed on a FEI TALOS with a Falcon
IT direct electron detector camera at an electron accelerating voltage
of 200 keV. Cast film TEM grids were prepared by applying 3 uL of
the sample onto a plasma-cleaned carbon-coated copper grid
purchased from Electron Microscopy Sciences. All cast film samples
were negatively stained with sodium phosphotungstic acid (PTA) (2
wt %, pH 7). The staining solution was directly introduced to the grid
right after the sample solution was blotted away. The remaining
staining solution was then wicked away with a filter paper.

Cryogenic TEM (cryo-TEM) vitrified grid preparation was done
using the Vitrobot, an automated plunge device that vitrifies a thin
layer of desired solution. Depending on the sample concentration, the
blotting parameters can be adjusted. Here, blotting was varied
between 2 and 3 applications with a blotting time of 1-2 s at 100%
humidity. The sample grids were rested for 1-2 s post-blotting. For
preparing the vitrified THF sample, the humidity was set lower, and
the chamber was saturated with THF to ensure no solvent
composition change during the blotting process. To achieve an
extremely fast cooling rate (~10° °C/s) for a homogeneous vitreous
layer, the grid was first plunged into liquid ethane (90 K) and then
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transferred and stored in LN, until imaging. During the imaging, the
cryo-TEM holder (Gatan 626 single tilt cryo-holder) was maintained
at —177 °C to prevent solvent crystallization. Lacey carbon grids from
Ted Pella, Inc. were used for all grid preparations. All images were
analyzed using Fiji-Image] software®® with at least 50 width
measurements both along the same fibril and within different fibrils
to ensure a global representation of the assembled structure.

2.3.2. Small-Angle Neutron Scattering (SANS). SANS experiments
were conducted using an NGB-7 30m SANS at the Center for
Neutron Research (NCNR), a part of the National Institute for
Standards and Technology (NIST, Gaithersburg, MD). The standard
configuration at 1, 4, and 13 m sample-to-detector distances was used
to collect data at a g-range of 0.003 to 0.5 A™' where q is the
scattering vector; g = (%)sin(g) with 4 = 6 A as an incident
wavelength and 0 as the scattering angle. Titanium sample cells with 1
mm thickness were mounted on a rotating cell holder to prevent
sample sedimentation during the measurement. Before loading, all
samples were degassed to remove air bubbles, and all experiments
were carried out at an ambient condition. All collected data were
corrected for the instrumental background, empty cell scattering, and
detector efficiency, as well as radially averaged to 1D data and
normalized to an absolute scale in units of cm™" based on the NIST
NCNR data reduction protocol.”® SANS data were fitted with models
available in SasView software®” including the parallelepiped, elliptical
cylinder, and flexible elliptical cylinder model. All models describe a
long 1D structure with fitting parameters characterizing the width,
height, and the Kuhn length in the case of the flexible elliptical
cylinder model, but the models have different cross-sectional
geometries: a rectangular geometry for the parallelepiped model
and an ellipse for the elliptical models. The Schultz distribution
(number-average) available in SasView was also used to account for
the polydispersity of the fibril width and height.

2.3.3. Computational Reverse Engineering of Scattering Experi-
ments (CREASE). For structural interpretation of the SANS intensity
profiles without the models in SasView, a computational reverse
engineering approach (CREASE)*® was used. Specifically, the genetic
algorithm (GA) portion of the CREASE method was used to calculate
the dimensions for a variety of potential shapes of the assembled
structure formed from the PGC amphiphilic BCPs. The overview of
the GA is shown in Figure S1. The input to the GA included the
scattering intensity profiles from experiments (I, (q) versus q), the
BCP design, and the hypothesized shape of the BCP assembled
structure (e.g., spherical, cylinder, and parallelepiped). BCP design
information included the chemistry of the BCP (i.e., the solvophilic
block PGC(EEC) referred to as A (for brevity) and the solvophobic
block PGC(EPC)(NH,CI) referred to as B), the BCP sequence
(diblock), the number of repeat units in the solvophilic block (N, =
30) and solvophobic block (Ng = 98), the molar mass of each repeat
unit (M, = 601 g/mol and Mg = 364 g/mol), the contour lengths of
each repeat unit (/0004 = 0.72 nm and I,y = 0.72 nm), and the
density of the solvophobic block, (pp = 1.13 g¢/mL), taken as the bulk
density of the solvophobic polymer chemistry at the same
temperature and pressure as the assembly conditions. The assembled
structure shapes tested with GA were cylinders (with/without
coronas), parallelepipeds (without coronas/with corona of equal
width in all directions and independent width on the side and top of
the parallelepipeds), and elliptical cylinders (with/without coronas).
For a given input, the GA method outputs the dimensions of the BCP
assembled structure (e.g., diameter and length of cylinders, core and
corona sizes for cylinders or parallelepiped) whose computational
scattering intensity profile best matches the input experimental
scattering profiles.

A comprehensive description of the GA implementation is
provided in our recent publication.>® The key details of the GA
method that are pertinent to this study are described next. The reader
is directed to the Supporting Information (section 1.2) for other
details. Briefly, for each proposed assembly shape, the GA started with
a random population consisting of 80 different individuals with
different micelle dimensions. The number of individuals within a

population was chosen based on values that can minimize the
computational intensity and maximize genetic diversity (i.e., explore a
large number of possible solutions). For each individual in a
generation, point scatterers with a diameter of 7.7 nm were randomly
placed within the dimensions (e.g., width and height) of the input
shape. The justification for the number and size of point scatters is
provided in the Supporting Information. Using the point scatterer
positions, the computational scattering intensity Icomp(q) was
calculated (see Supporting Information section 1.2 for the details of
this step). For each Icomp(q), the sum of (log difference) squared
errors, sse, was calculated with eq 1

sse = X wllog(enl®f) ()P (1)

with the weight w being proportional to log(Aq). The fitness of each
individual in the generation was calculated by comparing the Immp(q)
and the Iexp(q) using eq 2; a high value of the fitness indicates a close
match between the I, (q) and the Iexp(q). To define the fitness, the

sum of squared errors (sse) is rescaled as
Fitness = X(sse,, — sse) + Y )

where sse,,,, is the maximum sse for an individual of the current
population, and the parameters X and Y serve to ensure that the GA
does not converge prematurely.”’ Through a ranking that is
proportional to the individuals’ fitness values, the individuals with
high fitness were selected for the next generation. Besides retaining
the best fitting individual as is for the next generation, some selected
individuals then went through a “crossover” or “mutation”,
mechanisms used in the GA to bring some diversity and improve
matching of I,,,(q) and the I,,(q) over multiple generations. For
these next generations of individuals, the same steps of calculating
fitness, selection, crossover, and mutation were repeated. This
procedure was iterated for 100 generations, after which the best
and average fitness values plateaued for at least five consecutive
generations. The dimensions of the individual with the highest fitness
were saved for the GA run as the “best” structure whose Icomp(q)
matches the Iexp(q). Ten such trials or runs of the GA were conducted
for each input to determine the variability in the “best” structures. We
report the average and standard error for the structural dimensions
calculated from the “best” structures of these 10 trials.

3. RESULTS AND DISCUSSION

Dilute solution assemblies of PGC amphiphilic BCPs were
formed in mixed THF/water (60/40 v/v %). Representative
TEM images of the BCP fibril structure are presented in Figure
2A,B. When fully matured, the PGC BCPs formed pm long
fibrils with a width of 13.2 & 0.3 nm measured from cryo-TEM
images. The arrows in Figure 2C show structural details, such
as twists and folds, which indicate that these fibrils resemble
thin ribbon-like structures rather than a conventional
cylindrical micelle seen from coil-based BCPs assembled in a
similar assembly method.'>>® Local density fluctuations within
the fibrils from the cryo-TEM image in Figure 2A highlighted
with black arrows also confirm the presence of twists,
suggesting that the fibril cross section resembles a thin
elliptical or rectangular geometry rather than a cylinder.
Complete fibril formation after sample preparation required
a few days of aging, allowing one to observe initial,
intermediate, and final stages of fibril growth. Starting from
PGCs in pure THF organic solution in Figure S3, the initial
nanostructure is best described as inverse micelle-like
aggregates with ionic hydrophilic blocks primarily in the
particle cores and hydrophobic blocks forming the particle
shells due to THF being a poor solvent for the ionic side
chains and a good solvent for the backbone and the
hydrophobic block. Subsequent water titration, which
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A

Figure 2. (A) Cryogenic-TEM image showing the fibril structures
with an average fibril width of 13.2 nm. Arrows in A show twist
regions with a different density contrast along the fibril. (B)
Negatively stained TEM image is provided to show more detailed
characteristics such as (C) folds and twists that are hard to observe
from cryo-TEM due to a low contrast from solvent swollen
nanostructures. Both images are from the same sample concentration
of 0.4 wt %.

introduced a selective solvent for the hydrophilic side chains,
induced a local chain rearrangement. The rearrangement is
likely to start with the display of the hydrophilic side chains as
the coronal moieties, while the hydrophobic association drives
the shielding of the hydrophobic moieties in the core and the
collapsing of the PGC backbone. This type of hydrophilic-
hydrophobic block inversion from an inverse aggregate has
been proposed from previous BCP assembly studies using the
solvent titration method where the addition of a solvophilic
block-selective solvent initiated the chain rearrangement in a
polymer aggregate.’” The chain rearrangement and fibril
growth after the titration are first characterized by the
formation of precursor nanoparticles at an early assembly
time point. Figure 3 shows the initial stage of the assembly in
mixed solvent, taken immediately after the sample preparation,
where nanoparticle aggregates with diameters of 10—14 nm
were formed. The cryo-TEM image indicates that these

nanoparticles behaved closely to soft patchy particles that were
attracted to each other by hydrophobic interaction. Fur-
thermore, the location of these particles near the hydrophobic
lacey carbon structure of the support grids is another
indication that they were sticky to the carbon film with
hydrophobic patches. The precursor nanoparticles were slowly
consumed over several days, as illustrated in the Figure 3
progression, where mixed precursor particles and ill-defined
fibril structures with local troughs further support a fusion-like
mechanism for fibril growth. The size distribution of initial
precursor particles explains the slight inhomogeneity of fibril
widths along the length of a fibril and also the roughness of
fibril surfaces. The TEM images in Figure 3 do not show the
exact 3D shape of the precursor nanoparticles, but given the
thin ribbon-like quality of fully formed fibrils, a loosely packed
hamburger bun-like geometry with irregularly exposed back-
bone patches is hypothesized. The exact length of these fibrils
is hard to determine as the dimension is much greater than the
TEM field of view where we can distinguish individual fibrils.

The rationale for this fibril formation is the semiflexible PGC
backbone conformation and the hydrophobicity of the
backbone chains, and we expect that the change in solvent
quality initiates fibril growth through precursor nanoparticle
fusion. To understand how the PGC polymer chains pack in an
assembled nanostructure, the effects of both backbone stiffness
and hydrophobicity need to be discussed. First, the particular
PGC chemistry exhibits significant rigidity due to the inherent
stiffness and bulkiness of cyclic glucose monomers that limit
conformational freedom, compared to the more commonly
known vinyl-based polymers.”’ The persistence length (L,) of
neutral glucose-based polymers is known to range from several
to tens of nanometers,”’ and with charged and hydrophobic
side chains of each PGC block, the electrostatic and steric
repulsions are likely to further enhance the local chain stiffness.
Second, during the PGC synthesis, all hydroxyl sites present in
glucose are used for installation of side chain moieties or
backbone linkages that lead to an overall hydrophobic sugar
backbone. In fact, the hydrophilicity of PGC(EEC)ys-b-
PGC(EPC)(NH,Cl)5, arises only from one side chain moiety
that presents two charged sites displayed from each repeat unit
along the hydrophilic block segment. In a solvent that is poor
for both the backbone and hydrophobic block, the final
nanostructure will require incorporation of all solvophobic
components within the core region. Several computational and
experimental studies have illustrated such packing of rigid
polymers in a non-compatible solvent environment forming a
cylindrical nanostructure where the backbone alignment is
parallel to the primary axis of the cylinder as opposed to a
perpendicular alignment seen in most of the conventional
cylindrical micelles.””** The backbone rigidity also forces an
interchain parallel alignment of the hydrophobic blocks in the
core. Although it is difficult to prove the exact chain
configurations and packing of PGCs in the final fibrils, possible
mechanisms are proposed after a close examination of the
intermediate nanoparticle structure. As shown in Figure 3, the
fibril formation is first initiated by the formation of patchy
precursors that eventually attach unidirectionallsy to form long
fibrils. The synthesis of soft patchy particles”*®> and examples
of their sequential aggregation into hierarchical structures have
been reported previously.”® While these previous studies
mostly relied on having two or more BCPs mixed within
nanoparticles with immiscible blocks forced to locally phase
separate and create multidomain, patchy particles, the
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Figure 3. Cryo-TEM image of early assembly stage (no aging) shown on the far left where individual precursors of 10—14 nm diameters are
formed. White arrows here highlight the particles in different orientations. With 1 day of aging, a regular TEM image of the intermediate stage
shows mixed precursors and loosely formed fibril structures with irregular surfaces. The inset shows a high magnification image of an early stage
fibril with troughs showing fusion-like growth. With longer aging, the precursors disappear and more mature regular fibrils form (2 day). All regular
TEM images are negatively stained for better contrast. A negatively stained TEM image of the precursors is provided in Figure S4.
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Figure 4. (A) PGC chain schematics shown with the backbone chains in green, charged side chains in blue, and hydrophobic side chains in red. (B)
Schematics of initial patchy precursors and their growth mechanism. This is a 2D projection of the particles as viewed from the top, similar to the
TEM image. The green hydrophobic patches randomly appear throughout the particles. When patches of two particles approach and interact, the
side chains rearrange to reveal a second patch across the particle from the first interparticle interaction. (C) Schematic highlighting an individual
chain in a patchy precursor in a side-view cross section. The elliptical cross section is proposed to have PGC chains packed in a toroidal-like
configuration to maximize hydrophilic side chain contact with the solvent environment while shielding the backbone in the core. (D) Schematic
showing the chain packing after the fibril formation.

proposed mechanism here for the patchy fibril precursors is the due to collapsed backbone (green) repeat units together with
local segregation of the PGC backbone and charged side chains one hydrophobic ethyl carbonate (red) side chain group,
in the hydrophilic block. Figure 4A shows the color scheme complicating the overall hydrophilic effect originating from the
used for each BCP component, and Figure 4B shows the charged side chains (blue). This hypothesized chain packing
schematics of the PGC chain packing of the initial aggregate. suggests a few important characteristics of PGC BCP assembly:

The PGC backbone (green) and its two hydrophobic ethyl (1) amphiphilic polyelectrolyte-like behavior of the hydrophilic
carbonate side chains (red) along the hydrophobic block block leads to the phase-segregated hydrophilic block, (2) the

segment are mostly shielded in the core, whereas the unusual PGC backbone chain conformation in an unfavorable
nanoparticle shell displays a more heterogeneous structure solvent condition results in a chain packing different from a
E https://dx.doi.org/10.1021/acs.macromol.0c01575
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Figure 5. SANS results of PGC fibrils of 0.4 wt % concentration assembled in deuterated solvents. Closed symbols (pink) are experimental data
with standard error, and fits are shown in dashed lines with different color schemes for each model used. Fits with polydisperse systems are shown

with dashed lines with corresponding colors of the specific models.

conventional core—shell micelle packing, and lastly, (3) the
final water volume or the solvent quality helps achieve
anisotropic fibril growth.

First, the amphiphilic polyelectrolyte-like behavior of the
hydrophilic block is supported by our previous study that
observed that the same PGC BCPs assembled into spherical
particles in 100% water>® (Figure S3). It was shown that the
length of the corona blocks and the intermicellar spacing of the
formed particles were both observed and simulated to be
extremely short at just several nanometers.”® The results
suggested that the corona may have only consisted of charged
side chains, while the backbone was likely to be situated near
the surface of the denser hydrophobic core aligned
perpendicular to the radial direction. The nanoparticle
precursors, herein, are expected to have a similar chain packing
with the hydrophilic block backbone and its hydrophobic side
chain situated close to the core surface and the charged side
chains extending out into the solvent as coronal moieties
(Figure 4C). This complex hydrophobic-hydrophilic polyelec-
trolyte behavior of the overall hydrophilic block supports how
the patchiness can be created by the proximity of the
hydrophobic and hydrophilic parts of the hydrophilic block
segment, creating a chain arrangement that maximizes
hydrophilic side chain contact with the solvent environment
while shielding the PGC backbone and hydrophobic side chain
next to the hydrophobic core as shown from the schematics
(Figure 4B,C). Second, the semiflexible PGC backbone chains
significantly influence the initial aggregate formation and
structure. From the cryo-TEM images in Figure 3, the
precursor nanoparticle formation is characterized by ill-defined
boundaries and inhomogeneous shapes and sizes due to the
particle patchiness and organic solvent content swelling the
particles. We hypothesize that the PGC backbone chains
collapse and wrap around themselves similar to the folding
transition of semiflexible chains in a poor solvent (Figure 4C).
Sakaue et al. have illustrated a similar phenomenon where a
disk-like structure is formed from semiflexible polymers
wrapping around themselves to form a toroid. However, with
a sufficiently long polymer chain length, the thickness of the
torus increased, shrinking the center cavity to form a fat

disk.””?® In the case of the precursor particles herein, the
hypothesized polymer chain packing is illustrated in Figure 4C
showing the elliptical cross section of the side view. The PGC
backbone near the core surface has more orientational ordering
to maximize hydrophilic side chain contact and minimize
hydrophobic side chain contact with the solvent environment
and ensure proper shielding of the hydrophobic, stiff
backbones by taking a toroidal-like chain conformation. The
particle core is likely occupied by slightly less ordered
hydrophobic side chains as well as the PGC backbone. The
particular assembly condition with significant organic solvent
volume may lead to partially folded PGC chains mixed with
tightly packed chains and less ordered chains, similar to a
core—shell-type condensed conformation observed with DNA
in a moderately poor solvent environment®” or a relatively long
semiflexible chain.”® Similar to the chain packing in precursor
nanoparticles, in fibrils, the hydrophilic block chains are
expected to align parallel to the surface, while hydrophobic
block chains are partially folded in the core (Figure 4D). The
mixed chain folding explains the slight size inconsistency and
lack of clear boundaries in TEM images (Figure 3, no aging)
shown from the precursor nanoparticles as well as in the final
fibrils. Lastly, the THF /water ratio is another important factor
that determines the overall fibril formation because it affects
the extent of ion pairing vs. ion solvation along the hydrophilic
side chains. Patchy precursor nanoparticles allow anisotropic
growth of the fibrils where the hydrophobic PGC backbone
chains are more easily exposed due to the partial collapsing of
corona chains (vide supra). As the proposed packing schematic
in Figure 4B shows, the weakly charged side chains that are not
able to fully ionize at a low water content do not fully swell and
are believed to be collapsed in the center of the precursor
exposing the backbone patches. A predominant 1D fusion of
precursors is also enhanced by two patchy particles
approaching near each other and a significant corona
rearrangement, after the first interparticle interaction reveals
a second patch across the particle. This process restricts the
appearance of multiple patchy sites for branch-like attachment
as corona chains reconfigure themselves to avoid crowding.
Overall, a moderately poor solvent environment leading to
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Table 1. Tabulated Results for Both TEM Data and SANS Model Fitting

results elliptical cylinder model” flexible elliptical cylinder model” parallelepiped model” cryo-TEM” TEM"
fibril width, w (nm) 172 + 15 15.6 + 0.6 150 + 4.3 132403 142 £ 05
fibril height,  (nm) 4.0 + 0.6 3.6 + 0.5 2.7 +03 n/a n/a
Kuhn length (nm) n/a 5.6 + 0.5 n/a n/a n/a

“SANS- ﬁtted fibril width and fibril height with standard deviation calculated from the Schulz distribution. Kuhn length is only fitted for the flexible

model.

Average and standard deviation of measured fibril widths from cryo-TEM and TEM image analysis.
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Figure 6. Results for dimensions obtained with TEM, SANS data fit with models in SasView, and SANS data analyzed using the GA part of

CREASE for fibrils formed at 0.4 wt %.

both charged side chains and PGC backbone collapse is the
most important factor that drives the formation of a patchy
precursor and a unidirectional fusion to a long 1D structure.

Additional structural details of PGC fibrils were investigated
by SANS experiments. The SANS fibril samples were prepared
in mixed deuterated dg-THF/D,0 (60/40 v/v %) with the
same titration assembly method as above. Figure 5 shows the
scattering intensity plotted as a function of scattering vector, g,
for PGC fibrils assembled in 0.4 wt % concentration. Figure S6
provides SANS results for a concentration range of 0.04—0.4
wt % showing the presence of fibrils for all concentrations
used. The results were initially fitted with models describing an
elliptical (elliptical cylinder or flexible elliptical cylinder model)
or rectangular (parallelepiped model) cross section with the
reported fitting parameters including the fibril height, h, fibril
width, w, and Kuhn length of the fibril, [, for the flexible
elliptical model. The schematics of each model are included in
Figure S. All SANS data show similar features with g~
behavior in the low g region ranging from 0.04 to 0.01 A~
suggesting a 1D structure at larger length scales. The initial
fitting results are shown in Figure S7 with monodisperse fit
parameters. All models fit the data well at low to mid g,
demonstrating that all three models are able to capture the
longer dimension of the fibril as well as the transition into the
scattering of the local fibril structure. While ™' behavior at low
q is consistent with the 1D-like fibril structure at longer length
scales, the q_3 behavior at mid to high g deviates from the
typical q~* scattering dependence of nanostructures with sharp
interfaces between the nanostructure surface and the
surrounding solvent.®*® This deviation is thought to result
from the roughness and patchiness at the solvent-nanostruc-
ture interface characterized by the inhomogeneous fibril
surfaces shown from the TEM data and described in Figure
4. The Schulz distribution was then used in the SANS fitting to

account for nanostructure dispersity, which produced signifi-
cantly better fits than the monodisperse models, especially for
the elliptical model fit. Figure 5 shows fittings with
polydispersity in dashed lines. The fit results with the Schulz
distribution for a fibril height of ~4 nm with a width of ~15
nm are consistent with the microscopy data (Figure 2).
Tabulated values for fitted parameters for all models are
included in Table 1, and the Schultz distribution values and
calculations are presented in Table S1. Although the average
fitted fibril dimensions are within the standard deviation
between all three models, the flexible elliptical cylinder model
provides the best fit with the lowest sse value (Figure S8),
suggesting that the cross section of the fibril is likely to
resemble an ellipse, consistent with a hamburger bun-like
precursor particle geometry.

To go beyond model-based scattering interpretation, the
SANS data were also analyzed using the GA part of the
CREASE algorithm for a broad range of shapes and two types
of BCP packings—typical core—corona arrangements in
micelles and a compact PGC BCP packing similar to the
proposed packing in Figure 4. For the typical core—corona
arrangement, the backbone of the hydrophilic block is
considered as part of the corona that extends into the solvent
and results in a corona of ~5 nm width from the GA core—
corona results. If the typical core—corona arrangement was
indeed the case, this corona width would be visible in the cryo-
TEM observations as a region around the core of assembled
structure. In the compact arrangement, only the hydrophilic
side chain decorates the fibril surfaces and would not be clearly
distinguishable from the core in TEM images due to their small
size and the polydispersity in the fibril dimensions shown in
Table 1. Based on these observations, the GA results for the
core—corona arrangement do not make physical sense with the
dimensions obtained from TEM despite the low sse values of
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some of the core—corona arrangement GA results. The
disagreement between the TEM measurements and the
core—corona-based shape dimensions obtained from GA
(Figure 6) supports our hypothesis that the PGC BCPs do
not pack in the typical core—corona arrangement; specifically,
only the core dimensions for the core—corona shapes match
the dimensions obtained from TEM. The best agreement
between the dimensions obtained from the GA and those from
TEM and SANS fit to the models in SasView is seen for the
compact parallelepiped in Figure 6. The next best agreement
between the dimensions from the GA and those from the TEM
and SANS fit to the models in SasView is seen for the compact
ellipse in Figure 6, which maintains an aspect ratio for the
cross-sectional dimensions (height and width) similar to the
compact parallelepiped. Even though the dimensions obtained
with the GA cylinder shape also closely match the dimensions
obtained from TEM in Figure 6, the high sse of the GA best
structure’s Icomp(q) for the compact cylinder, Figure S8,
indicates that the I ,,,(q) does not match the I,,(q) as well
as the compact parallelepiped and compact elliptical shapes do.
This supports the hypothesis that the cross section of the fibril
is more elliptical rather than a circle (as in a cylinder). The
dimensions and sse obtained from the SANS experiment at
0.04 wt %, shown in Figures S8 and S9, further confirm the
dimensions shown in Figure 6 from cryo-TEM, TEM, and
SANS models fitted to the data with SasView as well as SANS
GA analysis. The GA fitting results are shown in Figure S10.

The SANS data of Figure 7 collected from a series of aging
experiments also support the fibril formation progression
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Figure 7. SANS results of PGC fibrils of 0.04 wt % in an aging series
from 1 h to S days showing an increase in scattering intensity at the
mid q region and a shoulder appearance at ¢ = 0.015 A with aging,

shown by the TEM images in Figure 3. Although a lower
concentration at 0.04 wt % was used, the concentration used in
the experiment did not affect the fibril formation as confirmed
from Figure S6 showing the SANS series of PGC BCPs
assembled in different concentrations. The SANS data above
show, qualitatively, an increase in the scattering intensity in the
low-to-mid q region from 1 h to S days of aging indicating
formation of larger 1D nanostructures. A consistent upturn at
low q at all times shows that the longer dimension of formed
nanostructures exceeds the probed length scale of the
instrument, even with the least aging possible. This character-

istic illustrates that the patchy particle fusion began to occur at
an early assembly stage and that SANS was unable to capture
the individual precursor particle structure formation. The data
points at 1 h describe rather ill-defined aggregates forming a
loosely packed long 1D structure. The progression of scattering
profiles with time clearly confirms eventual fibril formation on
a similar aging timescale as shown in the microscopy data.

4. CONCLUSIONS

We present here the formation of ribbon-like fibrils from PGC-
based amphiphilic BCPs, a biodegradable, natural source-based
chemistry. The unique PGC chemistry with a semiflexible
hydrophobic backbone that presents two hydrophobic side
chains in one block and a combination of one hydrophobic and
one hydrophilic side chain in the second block results in an
overall amphiphilic character that includes locally amphiphilic
polyelectrolyte-like behavior even within the hydrophilic block.
Such complexity of local molecular structure then leads to
interesting complexity in global solution-state assembly,
involving the formation of patchy precursor nanoparticles in
which the exposed hydrophobic PGC backbone and side
chains provide sticky patchiness in the formed structure. The
hydrophobic interparticle association leads to uniform 1D
growth of these patchy precursors to a final fibril morphology.
The microscopy and scattering data both confirm the
formation of fibrillar structures with aging. Although SANS
cannot sufficiently capture the characterization of early
assembly precursor formation due to its long measurement
time, the trend in increased scattering intensity in the mid g
region matches well with the fibril growth trend shown from
the microscopy data. The illustrated polymer packing schemes
of the fibril precursors and the SANS fit with models from
SasView and analyzed using the genetic algorithm in CREASE
suggest an elliptical cross section of the fibril. Furthermore, due
to the slight inhomogeneity of the precursor nanoparticle sizes,
the fibril surfaces are characterized by rough, uneven surfaces
that are accounted for by using polydisperse models with
SANS data fitting. Future work on the PGC BCP assembly
includes exploring various solvent conditions to observe the
effects of initial solvent quality as well as the final solvent
compositions on the overall assembled morphologies. Our
results demonstrate that the BCP systems with unconventional
chemistries can shed light on the effects of polymer backbone
stiffness and hydrophobicity on the BCP solution assembly
behavior.
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