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ABSTRACT: We present the first demonstration of the direct encapsulation
of cargo into polyelectrolyte complex (PEC) fiber mats. This approach takes
advantage of the intrinsic self-assembly characteristics of complex coacervates
to simplify the formulation requirements to electrospin fibers containing a R
high loading and an even distribution of cargo. Two families of structurally
similar fluorescent dyes were used as model cargo of varying hydrophobicity
and charge and were encapsulated into coacervates of poly(4-styrenesulfonic
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acid, sodium salt) and poly(diallyldimethylammonium chloride). The

coacervate phase behavior, dye partitioning, and resulting fibers were systematically investigated as a function of dye and
salt concentration. Strong partitioning was facilitated by favorable electrostatic and 7— interactions but was adversely affected
by increased salt. We further identified that dye and salt interactions can be treated as independent control parameters to
modulate the properties and electrospinnability of the coacervate precursor solutions. These findings facilitate the use of
electrospun PEC fibers in applications related to biomedicine, energy, and separations where cargo-loaded mats are needed.

1. INTRODUCTION

Electrospinning enables the fabrication of highly porous mats
composed of fibers with large surface area-to-volume ratios
that can be easily tailored for a specific application.'™* Fiber
mats used in advanced medical applications, such as wound
dressings,4_7 tissue engineering scaffolds,® and drug delivery
platforms,””~"* benefit from having active agents incorporated
within the fibers. While a variety of strategies exist to
incorporate active agents into electrospun fibers, the methods
can be challenging to implement on an industrial scale. For
example, core/shell electrospinning requires optimizing the
rheology of two fluids,"* ™" whereas layer-by-layer deposition
is a discontinuous postprocessing strategy.”'¥'” Notably, the
incorporation of active agents inside fibers oftentimes requires
surfactants and toxic organic solvents and results in a low
loading of the encapsulated cargo.””~** “Greener” methods for
electrospinning fiber mats without organic solvents that have a
high loading of small molecule cargo are needed.

Recently, we demonstrated that polymer-based complex
coacervates could be electrospun into polyelectrolyte complex
(PEC) fibers using an entirely water-based methodology.”
Complex coacervation is an associative liquid—liquid phase
separation that occurs due to the electrostatic and entropic
interactions between oppositely charged macro-ions in
water.”> ">’ The self-assembly, phase behavior, and properties
of the resulting dense, polymer-rich coacervate phase can be
controlled by proper parameter selection, including the relative
concentration of the charged polymers, polymer chain length,
chemistry of the charged species, ionic strength, and
pH.”?**°7** Our first report demonstrated that the polymer-
rich coacervate phase could be directly used as a precursor
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solution and electrospun into PEC fiber mats.”* One
interesting consequence of the strong electrostatic attractions
driving complexation is the excellent stability of PEC fibers
against both heat and dissolution in a broad range of organic
solvents and pH conditions.”*

A critical observation in our initial work was the interplay
between coacervate phase behavior and the electrospinnability
of the resulting materials. While complex coacervates have a
tremendous history of applications related to the encapsulation
of both hydrophobic and hydrophilic cargo,”~*" there have
been few systematic studies that investigate how the molecular
properties of small molecules drive encapsulation and/or
modulate the phase behavior and properties of the coacervate
itself.*® Recent work by Zacharia and co-workers demonstrated
the importance of charge and hydrophobicity in driving the
partitioning of small molecule dyes into various polymer-based
coacervates.””*® However, it remains unclear how subtle
variations in the chemistry of the cargo molecules would
modulate encapsulation or how the incorporation of molecules
would affect the electrospinnability of the resulting coacervates.

Here, we utilized a panel of six water-soluble fluorescent
dyes (Figure 1) as model cargo to systematically examine how
changes in the chemical structure and properties of structurally
similar small molecules would affect their encapsulation into
complex coacervates formed from poly(4-styrenesulfonic acid,
sodium salt) (PSS) and poly(diallyldimethylammonium
chloride) (PDADMAC) in potassium bromide (KBr)
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Figure 1. Chemical structures of (a) brilliant blue G (BBG), (b) fast green FCF (FG), (c) fluorescein sodium salt (FS), (d) rhodamine 123
(R123), (e) thodamine 6G (R6G), and (f) rhodamine B (RB). Charges are labeled based on the ionized form of the dyes in a pH = 7.2 solution.
Counterions have been left off for simplicity. A detailed comparison between dyes is provided in Table SI.
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Figure 2. Schematic of the process used to electrospin the coacervate phase into polyelectrolyte complex (PEC) fiber mats. Dye-free complex
coacervates composed of poly(4-styrenesulfonic acid, sodium salt) (PSS), poly(diallyldimethylammonium chloride) (PDADMAC), and potassium
bromide (KBr) in water and coacervates containing brilliant blue G (BBG), fast green FCF (FG), fluorescein sodium salt (FS), rhodamine 123
(R123), rhodamine 6G (R6G), and rhodamine B (RB) were electrospun. The polymer-rich coacervate phase was used as the electrospinning
precursor solution. The SEM and fluorescence micrographs show FS-containing PEC fibers.

solutions. We further explored how the presence of the various
cargo molecules altered the phase behavior, properties, and
subsequent electrospinnability of the resulting coacervates
(Figure 2).

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(4-styrenesulfonic acid, sodium salt) (PSS,
AkzoNobel, VERSA TL130, 15 wt % solution in water, ca. 332 000 g/
mol, N ~ 1600, PDI ~ 1.08). The molecular weight and PDI of PSS
were characterized by aqueous gel permeation chromatography
(GPC/SEC-MALS Agilent Technologies, Santa Clara, CA) using a
TSKgel G3000SWxl column with a mobile phase of 20/80 v/v
mixture of 0.1 M sodium nitrate (NaNO;, ACS grade, Sigma-Aldrich,
St. Louis, MO) and acetonitrile (C,H;N, ACS grade, Fisher Scientific,
Fair Lawn, NJ). PSS was filtered using a 0.22 ym pore size filter
(EMD Millipore) prior to use. Poly(diallyldimethylammonium
chloride) (PDADMAC, Hychem, Hyperfloc CP 626, 20 wt %
solution in water, ca. 350 000—400 000 g/mol, N ~ 2470) was used as
received. Brilliant blue G (BBG, 854.02 g/mol), fast green FCF (FG,
808.86 g/mol), fluorescein sodium salt (FS, 376.27 g/mol),
rhodamine 123 (R123, 380.82 g/mol), rhodamine 6G (R6G,
479.02 g/mol), and rhodamine B (RB, 479.02 g/mol) were ACS
grade and used as received from Sigma-Aldrich. ACS grade potassium
bromide (KBr), hydrochloric acid (HCl), and sodium hydroxide
(NaOH) were used as received from Fisher Scientific. Deionized (DI)
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water was obtained from a Milli-Q water purification system
(resistivity of 18.2 MQ cm, Millipore).

2.2. Preparation of Complex Coacervates. PSS and
PDADMAC aqueous stock solutions were prepared gravimetrically
at 0.5 M on a monomer basis and adjusted to pH 7.2 with a few drops
of concentrated HCI or NaOH. Dye was first mixed with an 0.5 M
PSS stock solution to make concentrated dye—PSS stock solutions.
Dye-containing coacervates were prepared at a total volume of 1.5 mL
in microcentrifuge tubes (Fisherbrand 2.0 mL Graduated Natural,
Fisher Scientific) for dye concentration measurements and at a total
volume of 10 mL in graduated round-bottom tubes (14 mL, Fisher
Scientific) for coacervate volume measurements. To prepare dye-
containing coacervates, solid KBr, dye—PSS solution, PSS solution,
and PDADMAC solution were sequentially added to a clean, dry
container and vortexed for 30 s after each addition to facilitate mixing.
Coacervate samples were all prepared at a 1:1 ratio of
PSS:PDADMAC, on a monomer basis, and the total PSS and
PDADMAC monomer concentration in the final sample was 0.5 M.
All samples used for concentration measurements were made in
triplicate. Coacervate samples were mixed overnight on a rotator
(Arma-Rotator A-1, Elmeco Engineering, Gaithersburg, MD) at 20
rpm until equilibrated before being centrifuged to coalescence the
dense coacervate phase. Small-scale samples were centrifuged at 17g
for 10 min (Sorvall Legend Micro 17 Centrifuge, Thermo Fisher
Scientific), while large-scale samples were centrifuged at 2300g for 10
min (Sorvall ST 16R Centrifuge, Thermo Fisher Scientific). The only
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Figure 3. (a) Digital photographs of a dye-free PSS/PDADMAC coacervate sample alongside samples containing increasing amounts of BBG and
FG (0.03—0.15 mM dye). (b) The volume fraction of the coacervate (COAC) and supernatant (SNT) phases as a function of increasing dye
concentration. The solid back line indicates the volume of the two phases for a dye-free coacervate. Plots of (c) dye concentration in the coacervate,
(d) encapsulation efficiency, and (e) the partition coefficient (coacervate/supernatant) as a function of increasing dye concentration. (c—e) Open
circles (at or above 20 mM BBG) indicate the presence of precipitated polymer/dye aggregates. All samples were prepared with 0.5 M PSS/
PDADMAC, on a monomer basis, in 1.6 M total KBr. An asterisk () denotes p < 0.05 between BBG and FG samples, and error bars denote

standard deviation.

exception to this procedure were the highly concentrated FG-
containing samples (20 and 25 mM), which were left at room
temperature to settle for 90 days to ensure phase separation. Samples
prepared for visualization and digital imaging were prepared at a
concentration of ~0.03—0.15 mM BBG and FG and ~0.05S mM FS,
R123, R6G, and RB (Figures 2, 3, and S).

2.3. Determination of Dye Concentration. The volumes of
both the supernatant and the coacervate phase were directly read from
the graduation marks on the round-bottom tubes following
centrifugation. The concentration of dye in the supernatant in each
sample was determined by extracting 4—10 uL of solution, followed
by dilution using dye-free supernatant in a disposable cuvette (1.5
mL, polystyrene, Fisher Scientific). Samples were analyzed using an
ultraviolet—visible scanning spectrophotometer 10S (UV/vis, Gen-
esys, Thermo Scientific). Calibration curves were constructed using
the peak absorbance wavelength for each dye (Table S2). The
concentration of dye in the coacervate phase was calculated via
conservation of mass based on the experimentally determined
concentration of dye in the supernatant and the volume of the
coacervate and supernatant phases. Dye-free supernatant was obtained
from a sample prepared at a total monomer concentration of 0.5 M
PSS/PDADMAC in 1.6 M KBr, unless otherwise specified.

Changes to the UV/vis spectra for the various dyes in the presence
of coacervate components were characterized using solutions of 0.02
mM BBG and FG dissolved in DI water, 1.6 M KBr solution, 10 mM
PSS and 10 mM PDADMAC, and dye-free supernatant. Analogous
experiments were performed for 0.03 mM FS, R123, R6G, and RB in
both DI water and dye-free supernatant. The effect of increasing dye
concentration on the observed spectra was studied using samples of
0.10, 0.25, and 0.50 mM BBG and FG in 10 mM PSS and 1.6 M KBr
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solution, respectively. For display purposes, the maximum peak
absorbance was used as a reference point to normalize the absorbance
spectra of each dye (Figures 4 and S).

The encapsulation efliciency was defined as the fraction of dye
present in the coacervate phase, while the partition coefficient was
defined as the dye concentration ratio between the coacervate phase
and the supernatant phase.”’ ™ We also calculated the number of
monomers per dye molecule in the coacervate phase as an indication
of how interactions between polymer and dye might change as a
function of concentration or solution conditions. These calculations
assumed that 99% of the polymer present in the entire sample was
localized to the coacervate phase.*

2.4. Electrospinning of Polyelectrolyte Complex (PEC)
Fibers. Coacervates were loaded into a S mL syringe (Henke Sass
Wolf, Norm-Ject Luer Lock) capped with a PrecisionGlide 22 gauge
needle (Becton, Dickinson & Co., Franklin Lakes, NJ). The syringe
was secured to a PHD Ultra syringe pump (Harvard Apparatus,
Plymouth Meeting, PA). Alligator clips were used to connect the
positive and negative anodes of a high-voltage supply (Gamma High
Voltage Research Inc, Ormond Beach, FL) to the needle and a
copper plate wrapped in aluminum foil, respectively.”’ Unless
otherwise specified, the coacervate solution was advanced at a
constant rate of 1.0 mL/h, the needle-to-collector separation distance
was set to 20 cm, and an applied voltage of 14 kV was used. The
electrospinning apparatus was housed in an environmental chamber
(CleaTech, Santa Ana, CA) maintained at temperature of 24 + 1 °C
and a relative humidity of 28—31% using a desiccant unit (Drierite,
Xenia, OH).

2.5. Characterization of Polyelectrolyte Complex (PEC)
Fibers. Fiber morphology was examined using a scanning electron
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Figure 4. UV/vis absorbance spectra for dilute (0.02 mM) (a) BBG
and (b) FG in DI water, 1.6 M KBr, 10 mM PSS, 10 mM
PDADMAC, and dye-free supernatant. BBG could not be fully
dissolved in 10 mM PDADMAC solution. UV/vis absorbance spectra
for 0.10, 0.25, and 0.50 mM of (c¢) BBG and (d) FG in 10 mM PSS
solutions in 1.6 M KBr.

microscope (SEM, FEI-Magellan 400). SEM samples were sputter
coated for 120 s with gold (Cressington high-resolution ion beam
coater model 108). Fiber diameter was determined using ImageJ 1.80
software (National Institutes of Health, Bethesda, MD) to measure
250 fibers from five or more high-resolution SEM micrographs. A
Zeiss Axiovert four-laser spinning disc confocal microscope (20X
magnification, Oberkochen, Germany) was used to collect bright-field
and fluorescence images, Ex/Em 488/509 nm for BBG, 353/465 nm
for FG, 495/519 nm for FS, 507/529 nm for R123, 530/552 nm for
R6G, and 543/565 nm for RB. A digital single lens reflex (Nikon
D5200, Melville, NY) camera with an AF-S NIKKOR 18—35 mm
1:3.5—5.6G lens was used to photograph the PEC fibers.

Attenuated total reflectance Fourier transform infrared spectrom-
etry (ATR-FTIR, Platinum ATR, Bruker Alpha, Billerica, MA) was
used to verify the presence of PSS, PDADMAC, BBG, and FG in the
PEC fibers. Lyophilized (Labconco, FreeZone Plus 2.5 Liter Cascade
Console Freeze-Dry System, Kansas City, MO) PSS and PDADMAC
polymers, PEC fibers, as-received BBG and FG, and the BBG- and
FG-containing PEC fibers were examined. Coacervate samples were
prepared using 0.5 M PSS/PDADMAC in 1.5 M KBr and both the
presence and absence of 15 mM total dye concentration. Electro-
spinning conditions were 1 mL/h, 14 kV, and 20 cm.

2.6. Statistical Analysis. Statistical analysis was performed using
an unpaired, two-tailed Student’s ¢ test. An asterisk (#) denotes p <
0.0S between samples.

3. RESULTS AND DISCUSSION

The goal of this work was to establish a rational framework for
(i) understanding the incorporation of small water-soluble
molecules (i.e., fluorescent dyes) into complex coacervates, (ii)
determining how cargo encapsulation affects the phase
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behavior of the coacervates, and (iii) unveiling whether
cargo encapsulation influences the electrospinnability of
polyelectrolyte complex (PEC) fibers. While previous reports
have investigated the encapsulation of dyes into liquid complex
coacervates,”*”*> much of this work has compared the
encapsulation of dyes with vastly different properties (i.e.,
charged vs neutral)*’~* and/or significant differences in
chemical structure.*’~**°* Here, our goal was to elucidate how
subtle chemical differences between dye molecules can
modulate the encapsulation of dye into complex coacervates
and the subsequent electrospun fibers using PSS/PDADMAC
and KBr as a model system.

3.1. Encapsulation of BBG and FG as a Function of
Dye Chemistry and Concentration. To begin with, we
examined the encapsulation of increasing amounts of two
relatively large fluorescent dyes that have similar chemical
structures: brilliant blue G (BBG) and fast green FCF (FG)
(Figure 1a,b and Table S1). We observed strong partitioning of
both dyes into the polymer-rich coacervate phase and an
increase in dye concentration within the coacervate phase
when the overall dye loading was increased (Figure 3c). This
result was consistent with previous reports, which suggested
that relatively hydrophobic polymers favor the uptake of
hydrophobic dyes.*”** Interestingly, very high levels of
encapsulation efficiency were demonstrated with no significant
variation over the range of concentrations examined for both
dyes (~95%, Figure 3d); however, dramatically different
partitioning of the dyes into the coacervate phase was observed
as a function of dye loading (Figure 3e). We observed a
significant increase in the partition coeflicient of BBG with
increasing dye concentration, while the partitioning of FG
decreased over the same range.

At first glance, these two results appear to be inconsistent.
How could an increase in dye concentration lead to different
partitioning behaviors, while a similar level of encapsulation
efficiency was maintained? Such a result would be physically
impossible if the volume of the two phases remained constant.
However, while increasing amounts of both dyes led to an
increase in the volume of the coacervate phase, these changes
were much more dramatic for the case of FG (Figure 3b,e).
Thus, the encapsulation data for FG indicate that the same
overall fraction of total dye was encapsulated into the
coacervate phase, while the larger coacervate volume resulted
in a relatively lower dye concentration and, thus, a decrease in
the partition coefficient with increasing dye load.

While the observed changes in coacervate volume explain
the numerical differences between partitioning and encapsu-
lation efficiency, the question remains as to why the two dyes
partitioned differently. BBG and FG have a similar molecular
framework, with BBG having a higher total molecular weight.
This difference in hydrophobicity based on molecular size
could explain why BBG partitions more strongly into the
coacervate environment, yet it does not justify the enhanced
swelling of the coacervate phase and the decrease in partition
coeflicient for FG. From an electrostatics perspective, the two
dyes have the same total number of charged groups, with BBG
having a net charge of +1 and FG having a net charge of —1.
On its own, electrostatics also failed to explain why the two
dyes would partition differently, as the total contribution to the
ionic strength of the solution was the same for BBG and FG.
Instead, we consider how combinations of more specific
interactions could lead to the observed partitioning behavior.
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Figure S. (a) Digital photograph of PSS/PDADMAC coacervate samples containing 0.0S mM FS, R123, R6G, and RB. (b) Volume fraction of the
coacervate (COAC) and supernatant (SNT) phases in the presence of dyes. The solid black line indicates the volume of the two phases for a dye-
free coacervate. (c) UV/vis absorbance spectra for dyes (0.03 mM) in DI water and dye-free supernatant. Plots of the (d) dye concentration in the
coacervate, (e) encapsulation efficiency, and (f) the partition coefficient (coacervate/supernatant) for dyes. All samples were prepared with 0.5 M
PSS/PDADMAC, on a monomer basis, in 1.5 M total KBr. An asterisk () denotes p < 0.05 between samples, and error bars denote standard

deviation.

By their nature, organic dyes are composed of highly
conjugated networks of carbon atoms that can form attractive
7—n interactions with the styrene functionality on PSS. UV/vis
spectra showed a strong red-shift in the maximum absorbance
peak for BBG in the presence of PSS, characteristic of J-
aggregation due to 7—7 interactions, while no such shifts were
observed for FG (Figure 4). On the basis of this observation,
we conclude that the net positive overall charge on BBG
enabled both electrostatic and 7—r stacking interactions with
the negatively charged PSS, while the negative charge on FG
prevented such binding. Our data agree with previous reports
that there are strong z—r interactions between a positively
charged methylene blue dye and PSS*"*” and suggest a
pathway for increased dye partitioning at higher loading based
on m—n stacking of dyes with minimal swelling of the
coacervate. In contrast, the electrostatic repulsion between
FG and PSS leads to larger excluded volume effects, which
drives swelling of the coacervate phase and an increased water
content. This conclusion is further supported by comparing the
ratio of monomer units present in the coacervate phase to the
number of dye molecules (Figure S1). Nearly identical trends
were observed for BBG and FG, suggesting that any differences
in the volume of the coacervate between these two dyes must
result from excluded volume differences due to the way that
the dyes interact with the polymers rather than swelling due to
differences in the number of dye molecules present.
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3.2. Encapsulation of Fluorescein and Rhodamine
Dyes. We next considered a larger series of chemically similar
fluorescent dyes to examine the effect of more subtle molecular
differences on coacervation and dye encapsulation. To this
end, we selected a family of fluorescent dyes: fluorescein
sodium salt (FS), rhodamine 123 (R123), rhodamine 6G
(R6G), and rhodamine B (RB) (Figure lc—f and Table S1).
All three of the rhodamine dyes carry a net positive charge, as
in the case of BBG, but incorporate different alkyl moieties. In
contrast, FS has a net charge of —2. Based on our hypothesis
from the results with BBG and FG, the negatively charged FS
should not interact with the PSS and thus should partition
more weakly into the coacervate phase than the rhodamine
dyes. However, it is not obvious how the subtle structural
nuances between the rhodamine dyes would affect uptake and
partitioning, as both steric and hydrophobic arguments could
be invoked.

Experiments that investigated the loading of rhodamine or
FS dye (5 mM total) into PSS/PDADMAC coacervates in 1.5
M KBr showed significant differences in the ways in which the
dyes partitioned into the coacervate phase and the extent to
which the volume of the coacervate phase was affected by the
presence of the dyes (Figure S5). Uniformly, the rhodamine
dyes exhibited a higher encapsulation efficiency (~90%) than
FS (54%), which showed the lowest efficiency of any of the
dyes considered in this study (Figure Se). However, the
measured concentration of dye in the coacervate phase was
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Figure 6. Plots of (a) dye concentration in the coacervate, (b) encapsulation efficiency, and (c) the partition coefficient (coacervate/supernatant)
and (d) the volume fraction of the coacervate (COAC) and supernatant (SNT) phases in the presence of dyes as a function of KBr concentration.
The solid back line indicates the volume of the two phases for a dye-free coacervate. (e) The excess volume of the coacervate phase in the presence
of dye compared to that of the dye-free coacervate as a function of the as-prepared KBr concentration. (f) The number of PSS and PDADMAC
monomers per dye present in the coacervate. All samples were prepared with S mM total dye concentration in 0.5 M PSS/PDADMAC, on a
monomer basis. An asterisk (*) denotes p < 0.05 between samples, and error bars denote standard deviation.

only statistically different for R123 (Figure 5d). Converting
from concentration to partitioning, we observed that the
partition coefficient of the dyes between the coacervate and
supernatant (Figure Sf) was a combinatorial outcome of the
encapsulation efficiency and the degree of swelling observed
for the coacervate phase (Figure Sb), as was observed in the
case of BBG and FG. Interestingly, FS incorporation resulted
in minimal swelling of the coacervate, which differed from the
outcome observed for FG, whereas more significant swelling
was observed for the strongly partitioning R123, R6G, and RB.

While the low encapsulation efficiency of the negatively
charged FS was expected based on our results from the BBG
and FG experiments, we utilized UV/vis spectroscopy to check
for the presence of attractive 7—r interactions between PSS
and the various dyes (Figure Sc). We observed a negligible
shift in the peak absorbance for FS but a significant red-shift
for all three of the rhodamine dyes, confirming that attractive
electrostatic interactions were a prerequisite to enable 7—n
stacking between the dyes and PSS. The combination of
repulsive electrostatics and the lack of 7—7 interactions for FS
resulted in a very low dye concentration in the coacervate
phase and therefore less significant swelling of the coacervate
phase compared to other dyes.

Interestingly, despite the strong red-shifting of all three
positively charged rhodamine dyes, we observed significant
differences in dye partitioning and swelling of the coacervate
phase. R123 had the strongest partitioning and the lowest
swelling, suggesting the closest interaction between the dye
and polymer. We hypothesize that the increased alkylation of
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the amine groups on R6G and RB would cause steric
hindrance that decreased the effectiveness of the attractive
7—n interactions, while the additional carboxylate group in RB
decreased the electrostatic attraction between, resulting in
more significant excluded volume effects. Additionally, we
observed a broadening of the absorbance peak for R6G, which
suggests that the dye exists in a larger distribution of local
electronic environments. Details of peak shifts for all dyes in
this study are tabulated in Table S2.

3.3. Dye Encapsulation as a Function of Salt
Concentration. Thus far, our results have demonstrated
that small molecule cargo can have dramatic effects on the
coacervate matrix. For example, the coacervate can swell
significantly upon dye incorporation. For dye-free coacervate
systems, similar swelling has been known known to occur in
the presence of increasing salt due to osmotic pressure
effects. 82953760 1 particular, raising the salt concentration
from 1.4 to 1.5 M KBr and from 1.5 to 1.6 M KBr resulted in a
4% and 10% increase in the coacervate volume fraction,
respectively (Figure 6d). Therefore, we also examined the
interplay between dye encapsulation, partitioning, and
coacervate swelling as a function of salt concentration.

Across all dyes, regardless of their size, charge, or the details
of the chemistry, we observed a significant decrease in both the
concentration of dye present in the coacervate phase and the
partitioning of dye into the coacervate phase as the salt
concentration increased from 1.4 to 1.6 M KBr (Figure 6a).
However, varying the salt concentration did not significantly
affect the encapsulation efficiency for any of the dyes, with the
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Figure 7. (a) Digital photographs and (b) bright-field and fluorescence micrographs of dye-free PSS/PDADMAC PEC fibers (left), BBG-
containing PEC fiber (middle), and FG-containing PEC fiber (right). (c¢) SEM micrographs of as-spun BBG- and FG-containing PEC fibers as a
function of dye concentration. Dye-free PEC fibers are shown in Figure S2. (d) Fiber diameter distribution for dye-free, BBG-containing PEC fiber,
and FG-containing PEC fiber as a function of dye concentration. The average fiber diameter and standard deviation are indicated, n = 250. All fibers
were electrospun from 0.5 M PSS/PDADMAC, on a monomer basis, in 1.6 M KBr. Panels (a) and (b) were electrospun from coacervates
containing S mM overall dye concentration. The electrospinning conditions used were 1 mL/h, 14 kV, and 20 cm, except for the 10 mM (1.25 mL/
h, 18 kV) and 1S mM (1.25 mL/h, 22 kV) FG-containing samples.

noted exception of FS, which showed an increase in
encapsulation efficiency with increasing salt concentration
(Figure 6b). These data suggest that the combination of
increased coacervate volume and decreased dye concentration
allowed for the high level of encapsulation efficiency in parallel
with decreases in dye partitioning. A summary of the
partitioning results for the dyes used in this study is available
in Table S3.

Because of the complex interplay between concentration,
coacervate swelling, and partitioning, we calculated the number
of monomer units per dye molecule present in the coacervate
phase as a function of salt concentration. Interestingly, we
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obtained a relatively constant value of ~105 monomers per dye
molecule for all of the dye and salt conditions tested, with the
exception of FS (Figure 6f). These results suggest that for
many systems increased salt can be treated as an independent
control parameter to modulate the polymer concentration and
viscosity of the coacervate by enhancing swelling and that the
salt does not compete with dye molecules for binding sites
along the polymers.

While quantitative and systematic studies that investigate the
dye loading and partitioning of cargo in coacervates are scarce
in the literature, Zhao et al. described a decrease in the
encapsulation of a charged dye (methylene blue) with
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Figure 8. (a) SEM micrographs and (b) fiber diameter distributions of dye-free, BBG-, and FG-containing PEC fibers as a function of KBr
concentration. The average fiber diameter and standard deviation are indicated, n = 250. All fibers were electrospun from 0.5 M PSS/PDADMAC,
on a monomer basis, in 1.5 and 1.6 M KBr in the absence or presence of S mM total BBG and FG, respectively. Electrospinning conditions used

were 1 mL/h, 14 kV, and 20 cm.

increasing salt concentration.*’ Charge screening arguments as
well as shifts in the degree of ionization of the polymer were
used to explain this result.”® However, the salt concentration in
our system is an order of magnitude higher than the previous
reports (1.4—1.6 M vs 0—0.2 M), such that the addition of salt
would be expected to have a minimal impact on charge
screening effects. Instead, our data on the monomer/dye ratio
suggest that the observed impact of salt concentration on dye
uptake is a consequence of coacervate swelling (Figure 6f and
Figure S1).

Both salt and dye have been shown to significantly swell the
coacervate phase. Figure 6e quantifies the percent change, or
excess volume of the coacervate phase, relative to the dye-free
case as a function of salt concentration. In general, we observed
volcano-like behavior with a maximum in the excess volume
occurring at intermediate salt concentrations for most of the
dyes (1.5 M KBr). While a maximum was not observed for FG,
FS, or R6G, the data suggest that such a peak might be absent
due to the lack of attractive interactions or might be shifted to
salt concentrations beyond those investigated in this study.
This finding suggests that there may be a competition between
osmotic and excluded volume effects that favor swelling of the
coacervate phase and that increases in the hydrophobicity of

the coacervate environment the can resist further swelling by
excluding water and/or facilitating more efficient packing of
polymer and dye molecules. We expect that the presence of
dye could alter the location of the phase boundaries for
coacervation as a consequence of these effects. However,
specific quantification of the two-phase region is beyond the
scope of this study.

3.4. Electrospinning BBG- and FG-Containing PEC
Fibers. We previously demonstrated that dye-free complex
coacervates could be electrospun into polyelectrolyte complex
(PEC) fibers (Figure 7 and Figure S2).** This effort
highlighted the importance of harnessing knowledge of
coacervate phase behavior, such as the interplay between
polymer and salt concentration, to achieve successful electro-
spinning outcomes. Here, our goal was to enable the direct
electrospinning of cargo-containing PEC fibers. Thus, we
sought to understand how dye-induced changes in coacervate
phase behavior would affect electrospinning and the sub-
sequent fiber formation and fiber morphology.

We were able to successfully electrospin PEC fibers
containing a wide range of dye concentrations using a single-
spinneret electrospinning setup. It should be noted that the
electrospinning apparatus conditions used in this study were
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consistent across all samples. A consistent flow rate (1 mL/h),
needle orifice diameter (22 gauge), applied voltage (14 kV),
spinneret-to-collector distance (20 cm), and temperature/
relative humidity in the electrospinning chamber were used
throughout all coacervate samples, such that variations in the
fiber diameter distributions should be dominated by differ-
ences in the coacervate precursor solutions rather than the
processing method. Notably, for coacervates made with 10 and
15 mM total FG concentration, it was necessary to increase the
flow rate to 1.25 mL/h and the voltage to 18 and 22 kV to
observe the onset of fiber formation.

While dye-free PEC fiber mats were white due to the
scattering of light, fibers electrospun from BBG- and FG-
containing PSS/PDADMAC coacervates were uniformly blue
and green, respectively (Figure 7ab). SEM micrographs
showed that the fibers have a continuous, cylindrical
morphology, with the fiber surface decorated by salt crystals
(Figure 7c), consistent with our previous work.”* The presence
of dye within the electrospun fibers was also confirmed via
FTIR (Figure S3). It is particularly noteworthy that while salt
was observed to crystallize out on the surface of the fibers, the
dye was retained in the polymer matrix. Furthermore, we
observed that encapsulated BBG remained in the fibers upon
contact with Milli-Q_water, while a small amount of FG
leached. These results were consistent with the types of
attractive or repulsive interactions observed previously
between the two dyes and PSS in the coacervate phase.
However, the as-spun fibers retain their morphology after
submersion in water, regardless of cargo identity.

Next we examined the effect of increasing the concentration
of BBG and FG on fiber formation. Increasing the
concentration of BBG in the coacervate precursor solutions
from 5 to 15 mM resulted in a mild increase in the coacervate
volume from 39% of the total to 43% (Figure 3b). This slight
swelling of the coacervate corresponded to a slight narrowing
and shifting of the distribution of fiber diameters to smaller
values with increasing BBG concentration (Figure 7d). In
contrast, FG resulted in much more significant swelling of the
coacervate over the same range of concentrations (42—60%
volume fraction, Figure 3b). Thus, we hypothesized that the
more swollen FG-containing coacervates would result in
smaller diameter electrospun fibers because of their lower
polymer concentrations. Our data support this hypothesis, with
samples prepared from S mM FG resulting in significantly
smaller and more monodisperse distribution of fiber diameters
than for the case of BBG (Figure 7c,d). Further increases in the
FG concentration resulted in even smaller diameter fibers with
a discontinuous morphology (Figure 7¢).7o1mot

We also examined the effect of salt on electrospinnability,
examining complex coacervates prepared at 1.4—1.7 M KBr in
the presence of S mM BBG or FG (Figure 8). Consistent with
our previous results,”* coacervates prepared at 1.4 M KBr were
too viscous to extrude through the spinneret, even in the
presence of dye. In contrast, while dye-free coacervates
prepared at 1.7 M KBr formed smooth, continuous PEC
fibers that were ~1.5 ym in diameter,”* the addition of $ mM
BBG or FG altered the character of the coacervate phases such
that fibers could not be electrospun using the conditions tested
in this study. Thus, our analysis focused on comparing samples
prepared at 1.5 and 1.6 M KBr.

As expected, increasing salt concentration led to a narrower
distribution of smaller diameter fibers for dye-free samples
(Figure 8 and Table $4).* On average, the dye-free fiber
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diameters were 4.04 + 1.00 and 1.59 + 0.45 um for salt
concentrations of 1.5 and 1.6 M KBr, respectively. This
decrease in fiber diameter was even more dramatic for FG-
containing samples, which shifted from a broad distribution of
diameters centered around 4.51 + 1.28 ym at 1.5 M KBr to a
significantly smaller and narrower distribution around 0.73 +
0.12 pum for 1.6 M KBr. Surprisingly, we observed very little
change in the distribution of fiber diameters for BBG-
containing fiber mats, despite significant differences in the
volume of the coacervate phase at the two different salt
concentrations (Figure 6d,e). We hypothesize that the
attractive interactions between BBG and PSS may help to
counterbalance salt-induced changes in the rheological proper-
ties of the coacervates associated with swelling.

While we were able to successfully electrospin smooth,
continuous BBG-containing PEC fibers at all salt and dye
conditions tested, FG-containing samples were much more
sensitive to the combination of dye and salt concentration. At
1.6 M KBr we observed a discontinuous morphology above 5
mM dye (Figure 7c). This contrasts the results obtained at 1.5
M KBr, where smooth, continuous FG-containing PEC fibers
were obtained over the range of dye concentrations examined
(Figure S4e,f). These results highlight the importance of
understanding how the presence of cargo affects the overall
coacervate phase behavior and how parameters such as salt and
cargo concentration can be tuned to facilitate fiber formation.

3.5. Electrospinning Fluorescein- and Rhodamine-
Containing PEC Fibers. Building on our observations with
BBG and FG, we examined how the subtle structural variations
between F123, R6G, RB, and FS would affect electro-
spinnability. Despite their smaller size, all four of these dyes
caused significantly more swelling of the coacervate phase than
either BBG or FG (Figure 6d,e), and as was the case with BBG
and FG, the magnitude of swelling induced by the presence of
the dye did not necessarily correlate with spinnability and/or
fiber diameter.

The results for FS-containing coacervates were similar to
those reported for coacervates containing FG. At 1.5 M KBr,
both FS and FG formed large diameter fibers with a broad
distribution of diameters, as was also observed for the dye-free
case (Figure 9c and Figure S4f). Furthermore, the average
diameter of these broad size distributions was correlated to the
degree of coacervate swelling (Figure 6d,e). Increasing the salt
concentration to 1.6 M KBr resulted in a significantly narrower
distribution of smaller diameter fibers (Figure SSe). Thus, we
hypothesized that in the absence of attractive interactions
between the cargo and the polymers of the coacervates the size
of the resulting fibers will be dominated by the rheological
character of the swollen coacervate phase.

For the rhodamine dyes, as with FS, we were able to
successfully electrospin smooth, cylindrical, and uniformly
colored fibers at a salt concentration of 1.5 M KBr (Figure 9).
However, at a salt concentration of 1.6 M KBr, we only
observed the formation of smooth, continuous fibers for R123
and FS (Figure SS). R6G- and RB-containing samples showed
a discontinuous morphology suggesting beading and poten-
tially, the onset of fiber formation (Figure SSg). If one only
considered the attractive interactions between dye molecules
and PSS as a criterion for electrospinnability, then the results
from 1.6 M KBr might be unexpected. However, the attractive
dye—polymer interactions that might help to resist changes in
the rheological character of the coacervate were counter-
balanced by the significant swelling observed for these dyes
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Figure 9. (a) Digital photographs, (b) SEM and (inset) fluorescence
micrographs, and (c) fiber diameter distributions of PSS/PDADMAC
PEC fibers containing FS, R123, R6G, and RB. (c) The average fiber
diameter and standard deviation are indicated, n = 250. All fibers were
electrospun from 0.5 M PSS/PDADMAC, on a monomer basis, in 1.5
M KBr with S mM of total dye. Electrospinning conditions used were
1 mL/h, 14 kV, and 20 cm.

(Figure 6d,e and Figure SSd). For example, R6G and RB
showed significantly more swelling at 1.6 M KBr than any of
the other dyes, potentially accounting for the observed
difficulties in fiber formation. Interestingly, R123 was the
only rhodamine/fluorescein dye that completely resisted
leaching upon submersion in Milli-Q water, further supporting
the idea of strong polymer—dye interactions.

In summary, our results suggest that for successful
electrospinning it is critical to understand how cargo molecules
interact with components of the coacervate matrix and how
cargo molecules alter the overall coacervate phase behavior.
While a detailed characterization of the rheological properties
of coacervate precursor solutions is beyond the scope of this
study, our results suggest that for a given coacervate system
there is a critical polymer concentration (or degree of swelling)
beyond which electrospinning cannot be realized. Further-
more, the location of this critical point can be shifted based on
whether the encapsulated cargo molecules participate in
attractive interactions with the coacervate matrix.
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4. CONCLUSIONS

We report the first demonstration of electrospun, cargo-
containing PEC fibers from aqueous complex coacervates,
using a model system of PSS and PDADMAC. Six fluorescent
dyes were used to probe the effect of variations in cargo
hydrophobicity, structure, and charge on the resulting uptake
into complex coacervates for subsequent use in electro-
spinning. While preferential partitioning into the coacervate
phase was observed for all of the model compounds used in
this study, the presence of attractive interactions between dye
molecules and at least one of the polymer molecules
significantly increased the level of partitioning observed.
Furthermore, we observed a complex interplay in terms of
how salt and dye concentrations can be used to tune the phase
behavior of the complex coacervates to modulate both dye
encapsulation and subsequent fiber formation and morphol-
ogy. The use of aqueous complex coacervation as a strategy to
enable the green processing of PEC fibers has significant
potential for use in applications related to biomedicine, energy,
and environmental remediation where cargo-loaded fibers are
needed.
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