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Abstract
Hierarchical self-assembly leading to organized supramolecular structures across multiple length
scales has been of great recent interest. Earlier work from our laboratory reported the
complexation of peptide amphiphile (PA) supramolecular polymers with oppositely charged
polyelectrolytes into a single solid membrane at a macroscopic interface. We report here the
formation of bulk gels with many internal interfaces between the covalent and supramolecular
polymer components formed by the rapid chaotic mixing of solutions, one containing negatively
charged PA nanofibers and the other the positively charged biopolymer chitosan. We found that
formation of a contact layer at the interface of the solutions locks the formation of hydrogels
with lamellar microstructure. The nanofiber morphology of the supramolecular polymer is
essential to this process since gels do not form when solutions of supramolecular assemblies
form spherical micelles. We found that rheological properties of the gels can be tuned by

changing the relative amounts of each component. Furthermore, both positively and negatively
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charged proteins are easily encapsulated within the contact layer of the gel, which provides an

interesting biomedical function for these systems.

Introduction

The mixing of oppositely charged polyelectrolytes in aqueous solution resulting in associative
phase separation with polymer-rich phases is referred to as polyelectrolyte complexation.! These
polymer-rich phases are known as polyelectrolyte complexes (PECs) and can take the form of
films,?>* micelles,>° gels,”? solutions,'? or precipitates.! PECs are prevalent in nature, such as in
membrane-less organelles'!'? and also have applications in tissue engineering!>!# and drug
delivery,>!>16 An obvious benefit of using polyelectrolyte complexes for biomedical applications
is their spontaneous formation without requiring catalysts or initiators required in hydrogels that
form through chemical reactions.!” Most research of PECs focuses on interactions between
covalent polymers, and complexation between covalent and supramolecular polymers remains

relatively unexplored.

Self-assembly offers a path to create dynamic and responsive hierarchical materials with
applications including regenerative medicine,'®!° drug delivery,?® and biosensing.?! Peptide
amphiphiles (PAs) are composed of amino acid sequences that have been modified with a
hydrophobic moiety to promote their self-assembly.??>2* The Stupp Laboratory has developed PA
nanostructures based on the competition between strong -sheet hydrogen bonding and a charged
region that promotes solubility.?*->-28 In water, hydrophobic collapse due to the aliphatic tail and
B-sheet formation induce assembly of the molecules into one-dimensional supramolecular

nanostructures.??2325 These PA nanostructures have shown the ability to bind growth factors and
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amplify signaling, which could enable future therapies that incorporate proteins.?>3° The PA

nanofibers have highly charged surfaces and can be gelled with multivalent ions.3!=33

The Stupp Laboratory previously reported the formation of hierarchical membranes and closed
sacs formed with the negatively charged polymer hyaluronic acid (HA), and the positively
charged PA C;sV3A3K;3* Due the electrostatic interactions between the negatively charged HA
and positively charged C;cV3A3Kj3, a contact layer formed at the interface of the two solutions
which lead to self-assembly of PA nanofibers at the interface. The HA then diffused through the
contact layer into the PA compartment, nucleating self-assembly of PA fibers perpendicular to
the contact layer, which in turn lead to growth of PA-HA membrane.’* Subsequent works
explored the physical properties’>3¢ of these membranes as well as their ability to be used for
anti-cancer therapeutics®’ and promote angiogenesis.?® In these examples, the two solutions were
put in contact without mixing, resulting in a single, complexed interface. More recently,
oppositely charged PA-polymer systems have been reported in the formation of layer-by-layer
films,3® hydrogels that develop without the formation of a contact layer,*® printed toroidal
structures,*! and systems that undergo morphogenesis during membrane formation due to
conformational changes of the polymer.*> These examples involve bringing the solutions in
contact without further mixing. We investigate here the formation of bulk gels through interfacial
complexation between negatively charged PA and the positively charged polymer chitosan
utilizing combination of scanning electron microscopy, confocal microscopy, X-ray scattering,
rheology, and absorbance spectroscopy. Since hydrogels have been reported to aid delivery of
proteins,*#* we also explore the hypothesis that the emergent structure could promote

encapsulation, localization, and retention of proteins within the hydrogel.
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Results and Discussion

Chitosan is a water soluble positively charged polysaccharide derived from chitin which is
biodegradable, biocompatible, and previous work has investigated its use as a biomaterial for
wound dressings.!7434¢ Gels were produced using 1 wt% solutions of chitosan and PA with the
sequence C;sV3A3E3;-OH (E3OH), which has its peptide chain terminated by a carboxylic acid
group. The two solutions were added simultaneously to opposite sides of a glass vial, followed
immediately by mixing with a vortex agitator, resulting in the rapid formation of a gel within
chitosan rich excess fluid (Fig. 1). As shown in Fig. 2A-C, scanning electron micrographs of the
resulting gels revealed a sheet-like morphology with fibrous textures. The structure of PA
nanofibers is retained in the final gel, as shown by X-ray scattering experiments (Fig. 2D). These

sheets approach millimeter length scales in width and are micrometers thick.

—ly
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Fig. 1 Schematic representation of gel formation by adding PA and chitosan solutions to
opposite sides of a vial followed by immediate mixing.

Since electron microscopy cannot determine the distribution of PA and chitosan molecules,
confocal laser scanning microscopy was used to explore these domains using specific fluorescent
labels on each molecule. The chitosan polymer was labeled with fluorescein isothiocyanate
(FITC), and PA molecules labeled with 5-carboxytetramethylrhodamine (TAMRA) (see
Electronic Supplementary Information). By using different dye labels for each component, it was

possible to determine the extent of colocalization of both components versus separation into

4
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distinct morphologies. In the E30H-chitosan polyelectrolytic complex, we see a clear distinction
between the chitosan and the PA domains (see Fig. 2E). Based on confocal micrographs, the PA
component of the gel appears to be encapsulated by a layer of chitosan. By obtaining a z-stack in
confocal microscopy, it is possible to explore the three-dimensional structure of the material. The
confocal z-stack imaging (Fig. 2F) indeed confirmed the morphology observed by SEM. The gel
is made up of sheets that are crumpled and folded over each other, and they contain PA
nanofibers in their interior encased by chitosan outer layers. Similar structures were also

observed when mixing was performed with a dual-barrel syringe with a mixing tip (ESI Fig. S1).
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Fig. 2 (4-C) Scanning electron micrographs of critical point dried E3OH-chitosan gels at

various magnifications. (D) Small, medium, and wide-angle x-ray scattering of E30H-chitosan

gel and an E30H solution. (E) Confocal micrograph of a gel cross section revealing the presence

of PA (red channel) and chitosan (green channel). (F) Maximum intensity projection of a z-stack
Confocal micrograph with PA channel in red and chitosan channel in green.

Chaotic mixing of both components is characterized by the generation of increasing amounts of
interfacial area between them as well as the development of a lamellar fluid structure 474° as
shown schematically in the first transformation of Fig. 3. The deformations that fluids experience

during chaotic mixing are commonly referred to as “stretching and folding,” and the amount of
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interfacial area generated is related to the amount of stretching experienced by the fluid
elements.*”*® If the fluids are miscible, extensive mixing eventually results in the formation of a
homogeneous phase. During the mixing of chitosan and the oppositely charged PA, we observed
complexation at the interfaces of the two fluids, locking in the striations that make up the
lamellar structure of the mixing fluids as depicted schematically in Fig. 3. As a result, the rapid
interfacial gelation leads to nonequilibrium, sheet-like structures composed of both PA and
chitosan. Scanning electron microscopy and confocal microscopy confirmed the lamellar
structure of the gel and showed that our material was heterogeneous in terms of dimensions of
the sheets as well as their random orientation relative to each other, which we hypothesize is a

result of the chaotic manner in which the two solutions were mixed.

Fig. 3 Schematic representation of the morphology formed by the positively charged biopolymer
chitosan (green) and an oppositely charged PA (red). Mixing leads to stretching and folding of
the fluids and results in the formation of a material with many interfaces due to electrostatic
complexation at their interfaces, which prevents further mixing and locks a nonequilibrium
structure. The spaces between the lamellae, shown in white in the third cube and shaded in the
zoomed inset, are composed of fluid in the final gel.

The ability of the mixed components to form gels was found to greatly depend on pH of the PA
solutions as well as their concentration. Gel formation required fibrous PA solutions at neutral a
pH, but PA solutions at high pH, which contain predominantly spherical micelles due to
electrostatic repulsive interactions among PA molecules,>*? lead to the formation of precipitates
during complexation with chitosan (ESI Fig. S2). This result demonstrates the importance of the

PA nanofiber morphology in the development of gels with fibrous sheet-like morphology. This
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agrees well with previous work that found that spherical assemblies of PAs did not result in
formation of a noticeable diffusion barrier or nanofiber growth when exposed to oppositely

charged polyelectrolytes.?

We also found that a sufficiently high PA concentration was required for gel formation. When
the concentration of PA in solution was below 0.75 wt%, gel microparticles were obtained rather
than a percolating network. This is likely because at lower PA concentration viscosity decreases
and the striations become thinner and weaker, thus leading to tearing during rapid mixing.
Because the sheets are smaller due to tearing, they were unable to make a cohesive network. On
the other hand, at higher PA concentrations, we consistently observed sheet-like structures, and
the formation of small particles was not observed (ESI Fig. S3). Additionally, sheet-like
microstructures were observed regardless of rotation speed during vortex mixing (ESI Fig. S4). It
was also found that the ratio of the polymer solution to the PA solution affects the mechanical
properties of the gel. As shown in Fig. 4A, increasing the volume ratio of polymer solution used
results in increased modulus and strain at break. A gel formed from a mixture of 1.5 wt% PA
solution and 1 wt% chitosan solution in a 1:1 volume ratio has a storage modulus in the linear
viscoelastic region that is approximately 2.4 times higher than a 3:1 mixing ratio and 4.8 times
higher than a 5:1 mixing ratio. This is consistent with previous work that found that increasing

the amount of polymer increased the modulus of planar PA-polymer membranes.>’
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Fig. 4 (A) Oscillatory rheology amplitude sweeps of gels made by mixing solutions of 1.5 wt%
PA with a 1 wt% chitosan solution in varied volume ratios. (B) Oscillatory amplitude sweep of
gels prepared by mixing 1 wt% chitosan solution with an equal volume of PA solutions of
varying concentration. (C) Viscosity of PA solutions as a function of concentration with power
law fits that all have negative slopes indicating shear thinning behavior in all PA samples.
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The mechanical properties of the hydrogels can also be tuned by varying the concentration of the
PA solution while keeping the chitosan concentration constant. In these experiments, the
chitosan solution used was 1 wt%, and the E3OH solution used was either 1 wt%, 1.5 wt%, or 2
wt% with constant volume ratios of both solutions (Fig. 4B). As the concentration of the PA
solution increases from 1 wt% to 2 wt%, the storage moduli of the gels in the linear viscoelastic
region decreases from approximately 10 kPa to 6 kPa, respectively. This was unexpected
because gels typically show an increase in moduli with as the concentration of gelator increases.
We hypothesize that this phenomenon is a result of how effective the mixing of the chitosan and
PA solutions is as gelation takes place at the interfaces between both. Increasing the
concentration of PA in solution from 1 wt% to 2 wt% increases the viscosity of the solution, with
all of the PA solutions showing shear thinning behavior and higher concentrations consistently
showing a higher viscosity for a given shear rate (Fig. 4C). This increase in viscosity lowers the
amount of mixing that can occur before mixing is arrested by gelation at interfaces. Decreased
mixing results in lower surface area, thus reducing interactions among sheets in the resultant gel.
The shear moduli of the gels are highly dependent on the interactions between the surfaces of the
sheets in the gels, so we assume that as proper mixing of the two solutions deteriorates, the
moduli of gels decrease. To explore this hypothesis, we determined the composition of the gels
by quantifying the amount of FITC-labeled chitosan in fluid excluded from the gels using
absorbance spectroscopy. Absorbance spectroscopy shows that as the concentration of PA
increases, we observe higher amounts of chitosan in the excluded fluid, corresponding to less
chitosan in the gel (ESI Fig. S7B) as well as a lower ratio of chitosan to PA in the gel (ESI Fig.
S7C). Increasing the amount of the negative component would not decrease the amount of the

positive component that was complexed in a typical polyelectrolyte complex. However, in this
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system, as the mixing efficiency is decreased due to increased viscosity, we expected to create
lower moduli gels with less gelled interfacial area as suggested by rheometry and absorbance

spectroscopy data.
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Fig. 5 (A) Graph of the amount of PA and chitosan that are incorporated into hydrogel during
gelation as well as the amount of BSA that is incorporated when it is dissolved in either PA
solution or chitosan solution prior to mixing. (B) Plot of BSA retention in hydrogels when placed
in a PBS bath at 37 °C (BSA was dissolved in either PA solution (red) or chitosan solution
(green) prior to gelation).

Because the PA solution is effectively encapsulated by the contact layer, we hypothesized that
this gel would offer a platform for protein encapsulation and delivery. We explored this
possibility using bovine serum albumin (BSA) labeled with FITC so that the release and
encapsulation could be monitored. We found that encapsulation depended on which solution the
protein was dissolved in prior to gel formation (Fig. 5SA). The initial encapsulation efficiency was
found to be 99% when the FITC-BSA was dissolved in the PA solution prior to mixing.
However, the initial encapsulation efficiency was found to be 67 + 5% when the FITC-BSA was
dissolved in the chitosan solution prior to mixing. The higher encapsulation that occurs when the
protein is dissolved in the PA solution is likely a result of the PA solution itself being nearly
entirely incorporated into the gel. In contrast, only 60 = 6% of the chitosan is incorporated into

the gel. Because a significant amount of the chitosan solution is not incorporated into the gel, it

10

Page 10 of 19



Page 11 of 19

Soft Matter

is not surprising that a corresponding amount of protein that was in the chitosan solution is also

not incorporated into the gel.

In addition to measuring the encapsulation of the protein in E30H-chitosan hydrogels, retention
in the hydrogels was also measured (Fig. 5B). For this experiment, protein loaded hydrogels
were produced by dissolving FITC-BSA in either the PA solution or the chitosan solution prior
to gel formation during mixing. Gels were washed and then placed in PBS solutions at 37 °C,
and the absorbance of FITC-BSA in the supernatant PBS solution was monitored over time. The
amount of protein retained in the gels produced with BSA dissolved in the chitosan solution
starts off lower because a relatively lower amount of FITC-BSA is encapsulated in these gels. In
the gels produced with FITC-BSA dissolved in the chitosan solution, there was no significant
release detected over the course of 15 days, resulting in a 65 = 5% retention. In gels produced
with FITC-BSA dissolved in the PA solution prior to gel formation, after 15 days, 97 + 0.5% of
the protein was retained. While it is difficult to make a direct comparison, the retention of BSA
in these gels appears to be higher than previously reported PA-polymer gels that do not have a
diffusion barrier.* We hypothesize that the slower protein release observed is due to the dense

diffusion barrier at the polymer-PA interface.
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Fig. 6 (A-D) Confocal micrographs of PA-chitosan gels containing either Alexa Fluor 647-
labeled BSA or Alexa Fluor 647 labeled lysozyme (FITC chitosan in green, TAMRA-E3 in red,
and BSA or lysozyme in blue) all scale bars 10 micrometers. (E-H) Plots of the normalized
intensity values of each channel (FITC chitosan in green, TAMRA-E3 in red, and Alexa Fluor
647 lysozyme in blue) for the line cut (yellow dashed line) of the composite confocal image
above each respective plot.

Confocal experiments were performed to determine where BSA was located in gels (Fig. 6
A,B,E,F). For these experiments, protein loaded hydrogels were produced by dissolving Alexa
Fluor647 labeled BSA in either the PA solution (Fig. 6A and 6E) or the chitosan solution (Fig.
6B and 6F) prior to gel formation during mixing. In both experiments the FITC-chitosan and
TAMRA-E3 were used so that all gel components could be studied. As shown in Fig. 6A and 6B,
the Alexa Fluor 647 labeled BSA was found to have its highest concentration in the outermost
region of the sheets, regardless of whether or not the BSA was dissolved in the PA solution or
the chitosan solution prior to mixing. To better understand the role of electrostatics, we also
explored encapsulation of the protein lysozyme which bears a net positive charge (isoelectric
point ~11). Alexa Fluor 647 labeled lysozyme was also localized in the outermost region of the
gel, whether the protein was dissolved in the PA solution or the chitosan solution, as shown by
the confocal microscopy (Fig. 6C and 6D). The fluorescence intensity line cuts (Fig. 6E-H) show

high density of both chitosan and PA on the outermost region of the gel sheets as a result of their

12
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complexation. This dense region acts as a diffusion barrier that can trap proteins regardless of

their charge.

Conclusions

We have shown that mixing of a supramolecular polymer with a polyelectrolyte of opposite
charge leads to rapid formation of a hydrogel containing crumpled sheets, and the complexation
at the interfaces of the mixing solutions leads to nonequilibrium structures with distinct domains.
Interestingly, decreasing concentrations of the supramolecular polymer were found to lower the
solution viscosity, allowing greater complexation during mixing, resulting in gels with higher
shear moduli. The hydrogels have tunable rheological properties and the ability to encapsulate
and retain proteins. The formation of a dense contact layer at the interface of the supramolecular
polymer and polyelectrolyte during gelation localizes both positively and negatively charged
proteins in the outermost layer of the gel. These gels, with their tunable mechanical properties
and the ability to encapsulate proteins, could be useful biomaterials for protein delivery in

regenerative medicine and wound healing.

Experimental

Gelation: Unless otherwise noted, equal volumes of PA and chitosan solutions were injected into
opposite sides of a 20 mL scintillation vial. The solutions were then immediately vortex mixed

together for ten seconds on the highest mixing setting of a Scientific Industries Vortex Genie.

13
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Scanning Electron Microscopy: Gels were placed into microporous specimen capsules (Electron
Microscopy Sciences) and solvent exchanged into absolute ethanol by placing the capsule into
30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% ethanol-water solutions for 10 minutes, followed
by 15 minutes in a 100% ethanol solution. Following solvent exchange into absolute ethanol, the
gel was critical point dried in the specimen capsule using a Tousimis Samdri-795 Critical Point
Dryer. The dry gel was then coated with 10 nm of osmium using a Filgen Osmium Plasma
Coater OPC60A, and micrographs were taken using a Hitachi S-4800 scanning electron
microscope.

Solution Rheology: Viscosity measurements were performed using an Anton Paar MCR 302
Rheometer. The CP50-1 fixture (50 mm cone with 1° angle) was used to measure viscosity of
600 pL solutions (25 °C). Mean viscosities were calculated at each shear rate by averaging the
measured viscosities in a 100 second interval after the experiment reached steady state.

Rheology of E30H-Chitosan Gels: Measurements were performed using an Anton Paar MCR
302 Rheometer. The PP20 fixture (20 mm plate) was used with a normal force gap setting of 0.1
N and a temperature of 25 °C. Gels were solvent exchanged in deionized water for 24 hours prior
to testing to ensure that all gels remained at the same pH and ionic strength. Amplitude sweeps
were performed using a logarithmic ramp from 0.01% strain to 100% strain with constant
frequency of 10 rad/s.

X-ray Scattering: X-ray scattering experiments were performed at Beamline 5-ID-D, DND-CAT,
Advanced Photon Source at the Argonne National Laboratory. An X-ray energy of 17 keV was
selected using a double monochromator, and the scattering patterns for an empty cell, water-
filled cell and sample-filled cell were recorded using a set of three charge coupled device (CCD)

detectors.”* The hydrogel samples were sealed in Grace Bio-Labs silicone isolators with

14
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Chemplex 7.5 pm Kapton windows and placed in the beam. The solution samples were placed in
a vacuum flow cell comprising of a 1.5 mm quartz capillary connected to a syringe pump. The
two-dimensional scattering patterns then azimuthally integrated to generate a scattering vector
magnitude ¢ vs. intensity plot, where ¢ is defined as g=4nsin(6)/A for which 0 denotes the half of
total scattering angle and 1 the X-ray wavelength, 0.7293 A. 2D to 1D data reduction was
performed by GSAS-II software.’>> We did not attempt to determine the absolute scattering
intensity.

Confocal Microscopy: Gels were placed on a glass slide with an adhesive spacer that was then
covered with cover glass. Imaging was performed on the Leica SP5 Confocal Microscope and
the Nikon A1R Confocal Microscope. On the Leica SP5 Confocal Microscope, the 488 nm laser
line was used to image the FITC-Chitosan and the 543 nm laser line to image the TAMRA-E3.
On the Nikon A1R Confocal Microscope, the 488 nm laser line was used to image the FITC-
Chitosan and the 561 nm laser line to image the TAMRA-E3, and the 640 nm laser line to image
the Alexa Fluor 647-labeled BSA and Alexa Fluor 647-labeled lysozyme.
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