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Polymeric assemblies are used in many biomaterials applications, ranging from drug-bearing nanoparticles to
macroscopic scaffolds. Control over their biodegradation rates is usually achieved through synthetic modification
of their molecular structure. As a simpler alternative, we exploit the associative phase separation in mixtures of
bioderived surfactants and polyelectrolytes. The gel fiber scaffolds are formed via phase inversion, using a
homologous series of fatty acid salts—sodium caprate (NaC,,), laurate (NaC,,), and myristate (NaC,,), and a
water-soluble chitosan derivative, N-[(2-hydroxy-3-trimethylammonium)propyl] chitosan chloride (HTCC). Their
dissolution times are modulated through the selection of the fatty acid molecule and vary in a predictable manner
from minutes (for NaC,,—HTCC), to hours (for NaC,,—HTCC), to days (for NaC,,—HTCC). These variations
are linked to differences in surfactant—polyelectrolyte binding strength and scale with the equilibrium binding
constants of their mixtures. These fibers were found to be both cytocompatible and cell-adhesive using neural
stem/progenitor cells, suggesting their potential for utility in biomedical applications.

1. Introduction

Biocompatible polymers are widely used in drug delivery and
tissue engineering, where they form a variety of structures,
through either chemical cross-linking or physical association,
that range from nanoparticles to macroscopic scaffolds.'™ In
many applications, it is important to control their degradation
rates, which is usually achieved by incorporating hydrolytically
or enzymatically cleavable groups into the polymer structure.’'?
Biodegradable polymer constructs can also be prepared via
reversible physical cross-linking, where the degradation rates
depend on the strength of electrostatic, hydrophobic, or hydrogen
bonding interactions.'*~'® Both of these approaches to tuning
the degradation rates, however, have the disadvantage of usually
requiring the polymer to be synthetically modified. An alterna-
tive approach is to control the degradation rates by using a
modular physical cross-linker, the association strength of which
will govern the degradation rate of the gel. This can be achieved
by exploiting the association between biologically derived
surfactants and polyelectrolytes.

Mixtures of oppositely charged surfactants and polyelectrolytes
are commonplace in many commercial products. When mixed in
aqueous environments, they self-assemble into a variety of soluble
or insoluble structures, which range from viscous fluids,'”'® to
nanoparticles,m’z' to macroscopic fibers,? coatings,zo’23 and
beads.>**> Over the past decade, their application has also been
explored in drug and gene delivery.?* Their molecular association

is driven by electrostatic interactions®**' and occurs at surfactant
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Figure 1. Phase map of the dilute cat-HEC—SDS—water mixtures
(adapted from ref 35).

concentrations well below the critical micelle concentration
(CMC).>'32 These attractive interactions can cause associative
phase separation, where a viscous liquid, gel, or precipitate forms
in equilibrium with a dilute supernatant.'8-3>34

The equilibrium phase behavior of carbohydrate-based sys-
tems that form gel-like assemblies®>>**>-% is exemplified in
Figure 1, which shows a phase map for dilute aqueous mixtures
of the cationic, trimethylammonium derivatized hydroxyethyl
cellulose (cat-HEC) and sodium dodecyl sulfate (SDS). When
either the surfactant or the polyelectrolyte is in excess, the
mixture forms a single-phase solution that is viscous when the
mixture is polyelectrolyte-rich and nonviscous when it is
surfactant-rich (Figure 1). When the oppositely charged species
are mixed in more stoichiometric proportions, however, they
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Scheme 1. Molecular Structure of N-[(2-Hydroxy-3-
trimethylammonium) propyl] Chitosan Chloride (HTCC) Prepared
from Partially Deacetylated Chitosan

COCH,
HO NH CH,0H
0
o0—0OH »—o
bo) CHy CI'
CH,0H NH—CH2(|:HCH2-ITI+—CH3

OH CH; n

undergo associative phase separation and form a solid,'®*> which
can be used to form insoluble gel-like assemblies.?>*>*> The
phase behavior shown in Figure 1 yields two critical surfactant
concentrations that are of practical importance: the critical
precipitation concentration (CPC) and the critical redissolution
concentration (CRC).'®32% The CPC, which is given by the
precipitation phase boundary in the limit of very low polyelec-
trolyte concentration,'®3® marks the minimum surfactant con-
centration where associative phase separation begins to occur
and is a measure of the surfactant—polyelectrolyte binding
strength.'®° Likewise, the redissolution phase boundary in the
limit of very low polyelectrolyte concentration indicates the
CRC, that is, the surfactant concentration above which the gel
phase ceases to be stable when immersed in an excess of
supernatant solution.>

The strength of surfactant—polyelectrolyte binding and its
colloidal and macroscopic consequences depend strongly on the
hydrophobicity of the surfactant species.’*>**” Specifically,
the surfactant—polyelectrolyte binding strength increases with
the length of the surfactant tail."®? This stronger binding shifts
the CPC and the precipitation phase boundary to lower surfactant
concentrations.'®34+3¢ Likewise, an increase in surfactant tail
length shifts the redissolution phase boundary in Figure 1 to
significantly lower surfactant concentrations.*® This tunability
makes biocompatible surfactant—polyelectrolyte mixtures at-
tractive as building blocks for modular drug delivery or tissue
engineering scaffolds with highly tunable controlled degradation
rates. However, their performance in this application remains
largely unexplored.

Here, we demonstrate the preparation of cytocompatible
surfactant—polyelectrolyte gel fibers (ranging between ca. 500
and 3000 um in diameter), the degradation rates of which can
be tuned over several orders of magnitude without synthetic
modification. These versatile fibers show potential as either drug
carriers or tissue engineering scaffolds and are formed via phase
inversion of a viscous, polymer-rich surfactant—
polyelectrolyte solution that is extruded into a low-viscosity
surfactant solution.”? Specifically, a water-soluble chitosan
derivative, N-[(2-hydroxy-3-trimethylammonium) propyl] chi-
tosan chloride (HTCC, see Scheme 1) is extruded into a
homologous series of readily available, biologically derived fatty
acid salts, sodium caprate (NaC,), sodium laurate (NaC,,), or
sodium myristate (NaC,,). HTCC is used because of its
demonstrated potential as a drug carrier’®*° and implant
material that is both cytocompatible with mammalian cells and
exhibits antibacterial properties.*' The mechanism of gel
degradation is dissolution, the times of which are modulated
through the selection of the fatty acid molecule, range from
minutes (for NaC,,—HTCC), to hours (for NaC,,—HTCC), to
days (for NaC,,—HTCC), and are related to the differences in
surfactant—polyelectrolyte binding strengths. Cytocompatibility
and cell interaction with these fibers is demonstrated using rat
brain derived neural stem cells.
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2. Materials and Methods

2.1. Materials. All experiments were performed using Millipore
Milli-Q deionized water with 18.2 MQ cm resistivity. Highly viscous
chitosan (MW = 500 000-700 000 g/mol) and glycidyltrimethylam-
monium chloride were purchased from Fluka (Buchs, Switzerland).
Sodium caprate (NaC,,), sodium laurate (NaC,,), and sodium myristate
(NaC,,) with respective minimum purities of 98%, 99%, and 99%,
were purchased from Sigma-Aldrich (Oakville, ON, Canada). All
materials were used as received.

2.2. HTCC Synthesis. N-[(2-Hydroxy-3-trimethylammonium)pro-
pyl]chitosan chloride (HTCC) was synthesized from chitosan using the
protocol of Lim and Hudson.*? Briefly, chitosan flakes (5 g) were
dispersed in 195 mL of water at 85 £ 10 °C. Glycidyltrimethylam-
monium chloride (18.4 mL) was added under continuous stirring in
three equal volumes at 2 h intervals, after which the dispersion was
left to stir overnight. This resulted in a mixture of insoluble solvent-
swollen flakes dispersed in a viscous polymer solution. The flakes were
then removed via centrifugation. Using a Spectra/Por regenerated
cellulose membrane (molecular weight cutoff = 3500), the soluble
product was dialyzed for 24 h, twice against 10 mM NacCl, and three
times against deionized water. To remove the residual solids, the
dialyzed HTCC solution was filtered through a frit. The final product
was then lyophilized and confirmed using '"H NMR spectroscopy in
deutarated water, where the reagent and product spectra (not shown)
matched the literature spectra for chitosan and HTCC.*

2.3. HTCC Characterization. 2.3.1. Potentiometric Titration. To
quantify the polymer charge (and to determine the surfactant—
polyelectrolyte stoichiometry used in the fiber preparation), potentio-
metric titrations of aqueous chitosan and HTCC solutions were done
at room temperature using a Corning 320 pH meter equipped with an
Acumet pH/ATC probe. Chitosan (37.6 mg) and HTCC (27.8 mg) were
dissolved in 20.2 and 39.2 mL of water, respectively, whereupon neat
HCI was added to achieve pH 2 (which is well below the pK, values
of chitosan and HTCC and results in fully protonated polymers). The
solutions were then titrated with 20 mM NaOH solution up to pH 9,
which was 3-5 units higher than the pK, values of both polymers and
results in full deprotonation of pH-sensitive charges.

2.3.2. Phase Behavior. Phase behavior of the fatty acid—HTCC
mixtures was investigated at compositions relevant to gel fiber formation
and dissolution. To determine the maximum surfactant loading in the
viscous, polymer-rich fatty acid—HTCC mixtures used for fiber
preparation, 0.8 wt % HTCC was mixed with various fatty acid
compositions in water. To determine the critical redissolution concen-
tration (above which the gel dissolves when immersed in excess
supernatant), single drops (ca. 30 uL) of 1 wt % HTCC were added to
3 mL aqueous samples containing variable fatty acid compositions.
Similarly, to determine the minimum surfactant concentrations necessary
for the gel phase to be stable, CPCs were estimated for the fatty
acid—HTCC mixtures at the physiological ionic strength and pH. To
do this, the precipitation phase boundaries were measured in 1X
phosphate buffered saline (PBS, pH 7.4) in the limit of very low HTCC
concentration.'® All mixtures were incubated for several days, either
at room temperature (for polymer-rich mixtures and all mixtures
containing NaC,,) or at 37 °C (for the less-soluble surfactant-rich
mixtures containing NaC,, or NaC,,). The phase behavior was then
recorded based on visual observations.

2.3.3. Rheology. Flow curves for 0.8 wt % HTCC dissolved in
deionized water, or in aqueous solutions containing 0.8 wt % NaC,,,
0.4 wt % NaC,,, or 0.2 wt % NaC,, were obtained using an AR1000
stress controlled rheometer (TA Instruments, New Castle, DE) equipped
with a 40 mm 2° cone. The samples were conditioned at 25 °C for 20
min prior to shear, whereupon their viscosities were measured at shear
rates ranging from 0.05 to 800 s~ '. The zero-shear viscosities were
then estimated by fitting the flow curves to the Carreau model using
the instrument data analysis software.

2.4. Fiber Preparation. Approximately 0.5 mL of viscous fatty
acid—HTCC mixtures (0.8 wt % HTCC mixed with either 0.8 wt %
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Table 1. Solution Compositions Used for Fatty Acid—HTCC Fiber Preparation

ion exchange

fiber type composition extruded mixture receiving solution solution

A NaC,,—HTCC 0.8 wt % NaC,, 1.0 wt % NaC,, N/A
0.8 wt % HTCC

B NaC,,—HTCC 0.4 wt % NaC,, 0.5 wt % NaC,, N/A
0.8 wt % HTCC

C NaC,,—HTCC 0.2 wt % NaC,, 0.2 wt % NaC,, N/A
0.8 wt % HTCC

D NaC,,—HTCC 0.8 wt % NaC,, 0.5 wt % NaCi, N/A
0.8 wt % HTCC

E NaC,,—HTCC 0.8 wt % NaC,, 0.4 wt % NaCi, 0.5 wt % NaC,,
0.8 wt % HTCC 0.1 wt % NaC,,

F NaC,,—HTCC 0.8 wt % NaC,, 0.4 wt % NaCi, 0.15 wt % NaC,,

0.8 wt % HTCC

0.1 wt % NaCy,

NaC,,, 0.4 wt % NaC,,, or 0.2 wt % NaC,,) were extruded through a
26 gauge syringe needle into Petri dishes (85 mm in diameter) filled
with 30 mL of low-viscosity aqueous surfactant solutions, using the
compositions in Table 1. As the surfactant diffused into the polymer-
rich phase, the extruded jet gelled and fractured into 1-2 cm fibers.
All NaC,,—HTCC fibers (fiber types A and D) were prepared by a
single-step process (i.e., extruding the viscous NaC,,—HTCC mixture
into a low-viscosity NaC,, solution) at room temperature and equili-
brated for at least 2 h. NaC,,—HTCC and NaC,,—HTCC fibers were
formed using either a one- or two-step method. In the single-step method
used to form (fiber types B and C), the extruded jets of viscous
NaC,,—HTCC or NaC,,—HTCC solutions were gelled in a solution
of NaC,, or NaC, 4, respectively, and left for at least 2 h to equilibrate.
In the two-step method, fiber types E and F were first prepared by
injecting viscous NaC,,—HTCC mixture into surfactant mixtures
composed of 0.4 wt % NaC,, and 0.1 wt % of either NaC,, or NaC,,
and left to equilibrate for 2 h. Then, to remove the weaker binding
NaC,, from the HTCC, a second (ion exchange) step was carried out,
where the fibers were immersed in 30 mL of either 0.5 wt % NaC,, or
0.15 wt % NaC,, for at least 2 h. Because the solubilities of NaC,,
and NaC,, at room temperature are limited, their solutions were kept
at 37 °C.

2.5. Fiber Degradation Visualization. To simulate gel degradation
in model physiological environments, fiber dissolution was studied
under both creeping flow and stagnant conditions. For degradation of
fatty acid—HTCC fibers under creeping flow, fibers (0.5-1 cm in length
and similar diameters, i.e., fiber types D—F) were inserted into clear
tubes (4.54 mm ID). PBS was circulated through the tubes using a
peristaltic pump at a rate of 6-7 mL/hr, which corresponds to a
Reynolds number of approximately 0.3-0.4 (Re = pUd/u, where p is
the fluid density, U is the average fluid velocity, d is the inner diameter
of the tube, and u is the fluid viscosity). The fibers were observed at
regular time intervals until they were no longer visible by eye. This
time was recorded as the time of complete degradation. Likewise, the
degradation times under stagnant conditions were measured by
submersing the fibers in 30 mL of 1X PBS buffer and recording the
time at which the fibers were no longer visible. Because surfactant—
polyelectrolyte interactions exhibit a very weak temperature depen-
dence,* the experiment was carried out at room temperature.

2.6. Assaying Cell—Fiber Interactions. 2.6.1. Isolation and
Culture of Neural Stem Cells. Neural stem/progenitor cells (NSCs) were
isolated from the subependymal region of the lateral ventricles in the
forebrain of adult enhanced green fluorescent protein (EGFP) transgenic
male Wistar rats, as described previously.** Briefly, subependymal tissue
was harvested from 8—12 week old rats and subjected to papain
dissociation (Papain Dissociation System; Worthington Biochemical
Corporation, Lakewood, NJ). The resulting cell suspension was
resuspended in complete medium containing neurobasal media (Gibco-
Invitrogen, Burlington, ON, Canada), B27 neural supplement (Gibco-
Invitrogen), 2 mM L-glutamine (Sigma-Aldrich), 100 ug/mL penicillin—
streptomycin (Sigma-Aldrich), 20 ng/ml epidermal growth factor
(recombinant human EGF; Gibco-Invitrogen), 20 ng/ml basic fibroblast

growth factor (recombinant human bFGF; Gibco-Invitrogen), and 2 ng/
ml heparin (Sigma-Aldrich). Cell numbers and viability were determined
with a hemocytometer and trypan blue exclusion test. Dissociated cells
were plated in complete media and incubated at 37 °C in an incubator
with 5% CO,. GFP-positive neurospheres appeared in 2-3 weeks, after
which cells were passaged every week.

2.6.2. Cell Adhesion. To study cell adhesion and spreading, 100 L
of neural stem cell suspension (1 x 10° cells/100 uL) was added to
NaC,,—HTCC and NaC,,—HTCC fibers (fiber types E and F), which
had been placed on sterile tissue culture treated glass coverslips in
multiwell plates. The control wells contained 100 uL of neural stem
cell suspension without fibers. The neural stem cells were cultured in
complete medium either on fatty acid—HTCC fibers or alone for 24 h
at 37 °C and 5% CO,, after which they were counterstained with the
nuclear dye 4',6-diamidino-2-phenylindole (DAPI) present in Vectash-
ield mounting media (Vector Laboratories, Burlingame, CA). The
coverslips were then inverted and mounted onto glass slides. All samples
were examined and photographed using an Olympus BX61 epifluo-
rescent microscope. Each determination was performed in quadruplicate,
and the experiment was repeated three times.

2.6.3. Cell Proliferation. Cell proliferation studies were carried out
by plating neural stem cells at a density of 1 x 10* cells per well (or
3 x 10? cells/cm?) in multiwell tissue culture plates. Three ca. 5 mm
long NaC,,—HTCC, NaC,,—HTCC, or NaC,,—HTCC fibers (fiber
types D—F) were added to 0.5 mL complete media contained in the
Millicell hanging inserts (Biopore PTFE membrane, Millipore, Billerica,
MA) present in each well. The resulting supernatant freely penetrated
the insert membrane and was in direct contact with the neural stem
cell suspension in the wells. The partitioning of the wells was carried
out to allow luminescent quantification of cell proliferation, which
would have been otherwise problematic due to the high optical density
of the fibers. Cells were grown in the multiwell plates for 4 and 10
days, at the end of which the hanging well inserts were removed and
cell growth was quantified using the CellTiter-Glo luminescent cell
viability assay (Promega, Madison, WI). After 5 days, 0.5 mL of fresh
media was added to the well inserts for the 10 days time point. This
assay provides a homogeneous method of determining the number of
viable cells in proliferation and cytotoxicity assays based on quantifica-
tion of the ATP present, an indicator of metabolically active cells.

3. Results and Discussion

3.1. HTCC Characterization. 3.1.1. Aqueous HTCC. Un-
like chitosan, which is water-soluble only under acidic condi-
tions (where its primary amine groups are protonated), HTCC
dissolves in water at acidic, neutral, or basic pH due to the
presence of positively charged quaternary amine groups (see
Scheme 1). Although HTCC is nominally water-soluble,*® as
its concentration approaches 1 wt %, the solution becomes
turbid. The turbidity indicates molecular aggregation and
ultimately (over the course of days) results in a small amount
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Figure 2. Potentiometric titration curves for (a) chitosan and (b) HTCC.
0.9913 and (b) 0.9975.

of precipitate that is in equilibrium with a clear and viscous
polymer-rich supernatant. This is consistent with previous
studies, where the solution turbidity of HTCC formed from
partially acetylated chitosan increased with decreasing charge
density,® and likely can be prevented by fully deacetylating
the chitosan prior to HTCC synthesis.*?

To quantify the charge on HTCC and its parent chitosan,
potentiometric titrations were performed on both the parent
chitosan and HTCC product (see Figure 2a,b). Neglecting the
dependence of polyelectrolyte pK, values on the degree of
protonation,**** the number of charges, N, (in moles), and their
average pK, values were estimated via least-squares-error fitting
of the experimental data to the equation (see Appendix for
derivation):

_ 10*PH

N P
“\k,+107H
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+ Ngo — V[ 10 - ﬁ

Vadd —
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Here, CR<Sh; is the concentration of the NaOH solution (20
mM), Nij,, represents the amount of HCl initially added to lower
the pH to ca. 2 (at which all titratable groups were protonated),
K, is the dissociation constant for water, V'™ and V* are the
respective volumes of the initial chitosan/HCI solution and added
NaOH, and 10 P expresses the H;O" concentration in moles
per liter. The fitted pK, values for the chitosan and HTCC are
6.1 and 4.1, respectively. The lower pK, of HTCC reflects the
presence of its secondary amine (see Scheme 1), which replaces
the primary amine of the parent chitosan and gives HTCC its
pH sensitivity under acidic conditions.*® Furthermore, Figure 2
shows that the buffering range of the polymer solution shifts
from pH values of approximately 5-7, for chitosan, to ap-
proximately 3-5 for HTCC. This monotonic shift in the
buffering range suggests the extent of primary amine conversion
into secondary amines (i.e., conversion of chitosan into HTCC)
to be high, consistent with the complete conversion reported
by Lim and Hudson.** The N, fits estimate that the native
chitosan and HTCC bear 4.5 x 107* and 2.7 x 10~ moles of
charged monomer units per gram of polymer, respectively.
Using this result, the degree of deacetylation (DD) of the parent

Volume 20 mM NaOH (ml)
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Solution pH

(b)

The solid curves are the least-squares fits of eq 1, with R2 values of (a)

chitosan was estimated to be 78% (in agreement with the 77%
estimated by "H NMR and the 75-85% range reported by the
manufacturer) using:

N _ DD
mp,  MW,(1 —DD) + MW,DD

@)

where, mp is the mass of the titrated polymer, and MW, (203
g/mol) and MW, (160 g/mol) are the molecular weights of the
acetylated and deacetylated repeat units, respectively. Similarly,
assuming that the quaternization reaction achieved full conver-
sion, the percentage of HTCC monomers bearing charge was
estimated to be 73% using eq 2 and a MWy, of 311.5 g/mol
(which is the molecular weight of the HTCC monomer unit).
This estimate is within 10% of the result obtained for the parent
chitosan, which is likely within the error margin of this first-
order estimate and provides further evidence that the chitosan
derivatization reaction is near complete conversion.

3.1.2. HTCC—Fatty Acid Interactions. Fatty acid—HTCC
phase behavior was probed at timescales and compositions
relevant for fiber formation and dissolution. Aqueous interactions
between HTCC and fatty acid salts are qualitatively similar to
those of the structurally similar cat-HEC with anionic surfac-
tants,'”'$2>4 which have been used for gel preparation in
previous studies.?*>>* When dilute fatty acid—HTCC mixtures
are rich in either surfactant or polyelectrolyte, they remain
largely soluble (although small amounts of HTCC still precipi-
tate). Conversely, at near-stoichiometric ratios, they undergo
associative phase separation and yield a gel-like precipitate in
equilibrium with a dilute supernatant. In polymer-rich fatty
acid—HTCC mixtures that were used for fiber formation, the
addition of surfactant increased the turbidity and amplified the
viscosity of the 0.8 wt % HTCC (the zero-shear viscosity of
which is 5 cP at 25 °C) by up to 1-2 orders of magnitude. The
optical density and viscosity of the surfactant-rich mixtures, on
the other hand, remain low.

Both the precipitation and redissolution phase boundaries shift
to lower surfactant concentrations with increasing hydrophobic-
ity (and association strength, see Table 2) of the fatty acid
molecules. For weakly binding NaC,,—HTCC mixtures, mac-
roscopic phase separation of 0.8 wt % HTCC solutions occur
above ca. 0.8 wt % (41 mM) NaC,,, roughly twice the
concentration of charged HTCC monomers (ca. 19 mM). The
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Table 2. Fatty Acid Concentrations at Phase Boundaries
Relevant to Gel Fiber Preparation

precipitation boundary

surfactant type in 0.8 wt % HTCC CRC
NaC,, 0.8 wt % (41 mM) >2 wt % (>100 mM)
NaC,, 0.4 wt % (18 mM) 0.6 wt % (27 mM)
NaC,, 0.3 wt % (12 mM) 0.2 wt % (8 mM)

stronger binding NaC,,—HTCC mixtures, however, phase
separate at NaC,, concentrations above 0.4 wt % (18 mM
NaC,,, i.e., near-equimolar proportions with the HTCC), and
the strongest-binding NaC,,—HTCC mixtures precipitate at
NaC,, concentrations above 0.3 wt % (12 mM). Likewise, the
critical redissolution concentrations for the fatty acid—HTCC
mixtures (i.e., the fatty acid concentrations that give rise to
redissolution in the limit of very low polymer concentration®®)
are approximately 0.6 wt % and 0.2 wt % for NaC,, and NaC,,,
respectively. Likewise, in agreement with the trend shown for
the cat-HEC mixtures,° the critical redissolution concentration
of dilute NaC,,—HTCC mixtures was higher than that of its
homologues and was not observed in the NaC,, concentration
range of interest (i.e., up to 2 wt %).

Additionally, because the gel fiber degradation rates depend
on the fatty acid—HTCC binding strength under physiological
conditions, the CPCs of the fatty acid—HTCC mixtures were
approximated in PBS (pH 7.4). This was done by determining
their precipitation phase boundaries in the limit of very low
polyelectrolyte concentration, as has been previously de-
scribed.'® Figure 3 shows that the CPCs decrease exponentially
with the fatty acid chain length, reflecting the stronger binding
of the longer fatty acid molecules to the polyelectrolyte. The
exponential trend is consistent with those reported for cat-HEC
and alkyl sulfate mixtures.'®?® Interestingly, this scaling with
alkyl chain length is roughly inversely proportional to that
exhibited by the surfactant—polyelectrolyte binding constant,
Ku, which varies exponentially with the number of carbon
atoms, n, according to;!8:32,34.36
0
(AGk ;- ncp)) 3

B

Here, the Gibbs free energy of surfactant binding is given
by AG® + n®, where AG® is a constant and ® (the values of

Ku = exp(
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g
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Figure 3. Fatty acid—HTCC CPCs in PBS plotted vs the fatty acid
tail length. The error bars indicate the fatty acid concentrations of
the samples directly above and below the phase boundary.
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—

U

(©)
Figure 4. Dark-field micrographs of gel fibers (types A through F)
prepared from HTCC and (a,d) NaC,,, (b,e) NaC,,, and (c,f) NaC,,
using the (a—d) one-step and (e,f) two-step methods using the mixture
compositions given in Table 1.

which typically range between —1.1 and —1.4 kgT) is the free
energy of transfer per hydrophobic CH, group.'®***7 Accord-
ingly, the exponential fit of the fatty acid—HTCC data in Figure
3 yields a @ value of —1.36 kzT, which corresponds to a 3.9-
fold variation in Ku per carbon atom in the fatty acid tail.

3.2. Fiber Formation. Surfactant—polyelectrolyte gel fibers
were formed by extruding viscous, polymer-rich surfactant—
polyelectrolyte mixtures into low-viscosity solutions of pure
surfactant.”? To minimize the deformation of the surfactant—
polyelectrolyte solution jet prior to its gelation, the gelation
process was accelerated by using solutions with higher surfactant
concentrations. These concentrations, however, were limited
by the phase boundaries described in Section 3.1.2. Conse-
quently, the formation of stable fibers by a single-step process
required the use of different surfactant concentrations for each
surfactant species. Initially, fatty acid—HTCC fibers were
prepared with the one-step method (fiber types A through
C) using the solution compositions given in Table 1.

The fiber diameter and morphology (see Figure 4a,b,c) varied
with the composition of the parent mixtures. The faster-gelling
fibers that were formed using the more concentrated fatty acid
solutions (e.g., NaC,,—HTCC, Figure 4a) had rougher mor-
phologies, possibly reflecting a more rapid collapse of HTCC
chains.?? Conversely, the variations in fiber diameter (where
thicker fibers formed from longer surfactants) were likely due
to the osmotic swelling of the polyelectrolyte phase prior to
gelation that occurs during phase inversion.”> The osmotic
pressures in the extruded fatty acid—HTCC mixtures with longer
hydrocarbon tails were higher because fewer of the polyelec-
trolyte charges were neutralized by polymer-bound surfactant.??
Likewise, the fatty acid concentrations and osmotic pressure in
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Figure 5. Fatty acid—HTCC fiber dissolution in (¢#) stagnant and (O) flowing (Re = 0.3-0.4) 1X PBS buffer plotted vs (a) fatty acid tail length and
(b) fatty acid CPCs. The error bars indicate the observation times immediately before and after fiber disintegration.

the receiving solutions were lower for the longer fatty acid
molecules due to their lower critical redissolution concentrations.
Moreover, the lower surfactant concentrations in the receiving
solutions reduced the gelation rate and gave the fibers more
time to swell. The combination of these factors amplified the
extent of osmotic swelling and resulted in fiber diameters
ranging from hundreds of micrometers (for NaC,,—HTCC
fibers, Figure 4a) to millimeters (for NaC,,—HTCC fibers,
Figure 4c).

Although these osmotic effects complicate the formation of
homologous fibers with the same diameter, they can be
overcome using a two-step process. Here, fibers are initially
prepared using near-isoosmotic fatty acid—HTCC mixtures and
then undergo a surfactant ion exchange step, which does not
disturb the macroscopic structure of the fibers. Specifically, the
fibers are first prepared using mostly NaC,, (the weakest-binding
surfactant) by extruding 0.8 wt % HTCC with 0.8 wt % NaC,,
into either 0.5 wt % NaC,, (for the production of NaC,,—HTCC
fibers) or into a mixture of 0.4 wt % NaC,, with 0.1 wt % of
either NaC,, or NaC,,, (for NaC,,—HTCC and NaC,,—HTCC
fibers, respectively). Then, to replace the HTCC-bound NaC,,
with NaC,, or NaC,,, the fibers were immersed in either 0.5
wt % NaC,, or 0.15 wt % NaC,,.

Parts d, e, and f of Figure 4 show that the diameters of the
NaC,,—HTCC, NaC,,—HTCC, and NaC,,—HTCC fibers formed
using the two-step process are all ca. | mm and are practically
independent of the fatty acid type. However, fibers produced
using NaC,,/NaC,, or NaC,,/NaC,, mixtures have significantly
rougher morphologies than their NaC,;,—HTCC homologue.
This may result from the more rapid gel collapse that is predicted
for stronger-binding surfactants, such as NaC,, or NaC,,.*>

3.3. Fiber Degradation Rates. To investigate the stability
of fatty acid—HTCC gels under model physiological conditions,
fiber dissolution times were tracked in PBS buffer both under
stagnant and creeping flow conditions (Re = 0.3-0.4). Dissolu-
tion times under creeping flow varied exponentially with the
length of the fatty acid tail (see Figure 5a) from minutes for
NaC,,—HTCC fibers, to hours for NaC,,—HTCC fibers, to days
for NaC,,—HTCC fibers. The dissolution times for
NaC,,—HTCC and NaC,,—HTCC fibers in stagnant PBS
appeared to follow similar scaling and were approximately twice
as long as that under flow. The NaC,,—HTCC fibers, however,

never completely dissolved. These results reflect the differences
in the surfactant—polyelectrolyte binding strength and can be
interpreted using a simple mass transfer analysis. Because the
HTCC only becomes soluble upon surfactant desorption, the
dissolution rate is inversely proportional to the rate of surfactant
elution. As a first-order approximation, the elution rate, N,, can
be quantified by the expression:*’

N = kyalC = € @

where k,, is the mass transfer coefficient (which depends on
the surfactant diffusivity and the hydrodynamic environment
of the PBS solution), a is the interfacial area through which
the surfactant is eluted, and Ci°" and C5"'* are the free surfactant
concentrations in the fiber and the bulk supernatant, respectively.
C*" depends on the binding strength of the surfactant—
polyelectrolyte system and, although surfactant—polyelectrolyte
binding is cooperative,****4° for simplicity it can be related to
the fractional coverage of the polyelectrolyte binding sites with
the Langmuir isotherm:

fiber __ ﬁ
T T a1 = p)

where Ku is the binding constant and 3 represents the fractional
coverage of the polyelectrolyte sites. Given that for an excess
of supernatant solution, C3"'™ is much smaller than Ci**", the
elution rate equation can be rewritten as

ke — B

N, = k,a Ku(l — B) (6)
Thus, the rate of surfactant elution is inversely proportional
to Ku, which varies exponentially with the number of carbon
atoms according to eq 3. Consequently, it follows that N, U
k,, ¢"® and the dissolution time in Figure 5a scales exponentially
with the number of carbon atoms in the fatty acid molecule.
Moreover, assuming that the mass transfer coefficient varies
little with surfactant length, @ values can be fitted to this
experimental data for both stagnant and flowing environments
as —1.45 and —1.62 kgzT, respectively. These are lower than
those fitted from the CPC values in Section 3.1.2 and correspond
to a 4- to 5-fold increase in dissolution time per surfactant CH,

group.
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Figure 6. NSCs grown as neurospheres imaged via (a) bright field and (b) fluorescence microscopy (after DAPI staining) and (c) DAPI-stained

NSCs adhered to a NaC,,—HTCC fiber.

The inverse relationship between the CPC and the binding
constant, Ku, suggests that the dissolution times can be predicted
from the CPC of the surfactant—polyelectrolyte mixture. Figure
5b shows that the experimental scaling exponents between the
dissolution time and CPC for dissolution under stagnant
conditions and under creeping flow are —1.06 and —1.19,
respectively, and are in reasonable agreement with the expected
inverse proportionality. The minor discrepancies in these scaling
exponents and ® values (which are amplified in the presence
of flow) might reflect the slight differences in k,, between the
fibers, caused by the differences in fiber roughness and fatty
acid structure. Similarly, the roughly 2-fold rise in dissolution
time between flowing and stagnant conditions is caused by the
amplification in k,, with increasing supernatant flow rate.

The NaC,,—HTCC fibers never completely dissolved under
stagnant conditions because the equilibrium NaC,, concentration
inside the 30 mL PBS vial was above the precipitation phase
boundary for the strongly binding NaC,,—HTCC system. This
illustrates the effect of confinement on the degradation of
physically associated scaffolds. When the fiber is contacted with
a limited supernatant volume, C™ may rise to a value that is
no longer negligible, and when C3"'¥ is equal to Ci°*", fiber
dissolution stops. Thus, using the surfactant—polyelectrolyte
Langmuir binding isotherm, the minimum volume necessary to
completely dissolve the fibers, V,,;,, can be roughly estimated
as a function of Ku and the 8 value necessary for phase
separation (f3,,) to occur as:

_ KuNg(l = By,

min ﬁZ
¢

where NI represents the number of moles of surfactant initially
present in the fiber. Hence, (if f,,, is constant) the minimum
volume needed to completely dissolve NaC,,—HTCC fibers is
roughly 15 times higher than that of NaC,,—HTCC and 230
times higher than that of NaC,,—HTCC.

3.4. Cell-Fiber Interactions. When rat brain-derived neural
stem/progenitor cells (NSCs) were seeded as neurospheres on
NaC,,—HTCC and NaC,,—HTCC fibers for 24 h, they adhered
to the fibers and a large percentage of the neurosphere-forming
cells migrated out from their original aggregates onto the fiber
surfaces. This migration demonstrates a common feature of
neurospheres when the cells interact favorably with the sub-
strate.”° Parts a and b of Figure 6 show bright field and DAPI-
stained fluorescent micrographs of NSCs growing as free
floating spheres prior to being seeded onto the fibers. Their
attachment and spreading on NaC,,—HTCC fibers is illustrated
in Figure 6¢, which depicts DAPI-stained cell nuclei dispersed
on the surface of a weakly fluorescent fiber 24 h after plating.
Similar results were observed on the NaC,,—HTCC. The
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Figure 7. NSC counts with and without the fatty acid—HTCC fibers
(O) 4 and (m) 10 days after plating.

NaC,,—HTCC fibers were not assayed for direct cell adhesion
and spreading because they degraded too quickly.

Fiber cytotoxicity was tested by quantifying NSC proliferation
in the absence and presence of fatty acid—HTCC fibers 4 and
10 days after plating. Because the fibers have a high optical
density, the assay was carried out using sectioned wells where
the cells were separated from the fibers by a porous PTFE
membrane that was permeable to the fiber supernatant. This
enabled luminescent quantification of the effects of fatty acids
and HTCC on cell growth. When the fibers were introduced,
the NaC,,—HTCC fibers underwent rapid dissolution, whereas
NaC,,—HTCC and NaC,—HTCC fibers remained mostly intact
for several days. The neurospheres growing in the fiber-free
control wells fused over time into very large aggregates, ranging
approximately 300-500 4m in diameter. In contrast, the sample
wells with the fibers contained smaller, uniform 50-100 gm
spheres, which grew in size and number but did not fuse together
as the cell density increased over time. This was likely caused
by the elution of fatty acids from the gel fibers. Interestingly,
the neurospheres grown in the presence of fast-degrading
NaC,,—HTCC fibers adhered to the bottom of the wells. This
may be due to the adsorption of cell-adhesive HTCC onto the
well surface after the NaC,,—HTCC fibers dissolve.

Figure 7 indicates that all samples containing fibers exhibited
cell counts double that of the fiber-free control, and a roughly
10-fold population growth between the 4- and 10-day time
points. The lower levels of proliferation in the fiber-free control
may have been due to the limited diffusion of nutrients into the
inner cores of the very large aggregates that formed.’' Thus,
the cell counts suggest that all three surfactant—polyelectrolyte
systems were cytocompatible with the NSCs. The cytocompat-
ibility of the HTCC is consistent with the literature data obtained
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using 3T3 mouse fibroblast,*’ and provides further evidence of
the polymer’s usefulness as a cytocompatible implant with
antibacterial properties.*' Likewise, the fatty acids were not
detrimental to NSC proliferation, although they are known to
be cytotoxic when present in high concentrations.> The lack
of cytotoxicity observed for the fatty acids may be due to their
association with HTCC, which lowers the concentration of free
fatty acid molecules in contact with the cells.

4. Conclusions

The associative interactions between oppositely charged
bioderived surfactants and polyelectrolytes such as fatty acids
and the water-soluble chitosan derivative, HTCC, can be
exploited to produce gel-like fibers with highly tunable degrada-
tion rates. These fibers are cytocompatible and cell adhesive
with neural stem/progenitor cells. Fiber degradation occurs via
dissolution and depends on the rate at which the surfactant elutes
from the gel. Consequently, gel degradation times can be
modulated in a predictable manner from minutes to days by
varying the hydrophobicity of surfactants that belong to a
homologous series. These times increase exponentially with the
number of carbon atoms in its hydrophobic tail, linearly with
the surfactant—polyelectrolyte binding constant and inversely
with the critical precipitation concentration. This predictable
tunability suggests that surfactant—polyelectrolyte gels offer an
attractive and versatile alternative to traditional ways of creating
biodegradable polymeric biomaterials, ranging from rapidly
degrading drug carriers to longer-lasting tissue engineering
scaffolds.

Appendix

The model equation used to fit the results in the potentiometic
titration experiments (eq 1) was derived using mass action
expressions (eqs A.1 and A.2), mass balances (eqs A.3 A.7),
and the overall charge balance (eqs A.8 or A.9).

- [H3O:][P] A
[P']
K, = [H,0"][OH] (A.2)
Cy' = [P] + [P"] (A3)
Wi = [C17] (for chitosan) (A4)
Cy' + Ciey = [CI] (for HTCC) (A.5)
C¥" = [QP"] (for HTCC) (A.6)
Co%., = [Na'] (A7)

[Pl + [H,07] 4+ [Na*] = [OH] + [CI ](for chitosan)

(A.8)
[Pl + [QP'] = [H,0] + [Na'] =

[OH™] + [Cl”Ifor HTCO) (A.9)

Here, [P*], [P], and [QP™] represent the concentrations of
protonated amines, deprotonated amines, and quaternary amines,
repectively. The differences between the material balance
equations for the two titrations are due to the quaternary amine
and chloride ions present on each charge-bearing HTCC
monomer. Because this group does not affect the acid—base
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equilibrium however, it does not affect the ultimate analytical
result. After a series of substitutions, a relationship between
v, Ciom» Cier, and the solution pH for both polymers is

constructed:

lo—pH + tot _ KW __ ot
NaOH 10PH HCI
G = T (A.10)
K,+ 107"

To express this relationship in terms of the added volume of
NaOH solution, Cy", Cxson» and Cijey are written in terms of
moles and volumes as:

tot ]\7;1
G = m (A.11)
Chtr = oy (A.12)
tock Vadd
o _ LNaoH
Nion = Ui e (A.13)

Substituting these equations into eq A.10 and solving for V*
yields the final result:

|10 ) iyl g K
\k + 107" el 1071
Vadd — a
Stock —pH __ w
ek + 10 o

(A.14)
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