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ABSTRACT: Complex coacervates formed through the association of poly(allylamine
hydrochloride) (PAH) with pentavalent tripolyphosphate ions (TPP) have low solute
permeabilities and enable multi-month release of small, water-soluble molecules. To this end, we
have recently shown PAH/TPP coacervates to be highly effective in encapsulating and slowly
releasing bioactive anionic surfactants. Here, we extend this work to the encapsulation and release
of cationic surfactants and exploring the effects of the PAH/TPP/surfactant mixing order. Using
cetylpyridinium chloride (CPC) as a model cationic amphiphile, we show that (like their anionic
counterparts) cationic surfactants can be encapsulated in PAH/TPP coacervates in high
concentrations (exceeding 20% of the coacervate weight). The high loadings evidently reflect the
CPC/TPP association (which concentrates the CPC within the forming coacervates) and are
maximized at high CPC concentrations, low PAH/TPP concentrations, and when the CPC is
initially mixed with the TPP. This CPC encapsulation significantly affects the PAH/TPP
coacervate properties (likely due to the considerable CPC/TPP association strength) and makes the
coacervates opaquer and higher swelling, but less adhesive and less susceptible to spreading from
their application sites. Besides increasing with their CPC content, the coacervate swelling varies
with the PAH/TPP/CPC mixing order and is greatest when the CPC and TPP are mixed first. Once
loaded, the CPC can be released over multiple months, with some control over the release rates
(which, initially, are on the order of 10 pg/d, but tend to gradually fall below ~1 pg/d within the
first 1 — 4 weeks). These findings suggest that PAH/TPP coacervates may be suitable for the low-
dosage sustained release of cationic surfactants in applications where the release media has a low
volume and is not frequently exchanged. More broadly, this work also indicates that: (1) effective
encapsulation of active small molecules within polyelectrolyte/small multivalent counterion
coacervates does not (when the payload associates with the small multivalent ions) require
payload/polymer affinity; and (2) nonequilibrium effects during the formation of these payload-
bearing coacervates can have long-term consequences on their properties and performance.
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1. INTRODUCTION

Complex coacervates are polymer-rich liquid phases that form through the complexation
of polyelectrolytes with (typically oppositely charged) polymers [1-3], proteins [4, 5], surfactants
[6, 7], or small multivalent ions [8-10]. These complex fluids have attracted broad interest in fields
ranging from medicine and pharmaceutics [8, 11, 12], to food science [13], cosmetics [14-16], and
bioseparations [17, 18]. Among the coacervate types that have been extensively studied is one
composed of flexible primary polyamines, such as poly(allylamine hydrochloride) (PAH) or
poly(L-lysine) (PLL), complexed with small multivalent anions [8, 19-25]. When these
coacervates are prepared using more weakly associating multivalent counterions (e.g., citrate or
phosphate), they easily flow from their application sites and have, thus, been primarily used as
nanoscale thin films [23, 26] or (typically nanoparticle-stabilized) colloidal dispersions [8, 25, 27].
Conversely, when they are prepared using strongly associating multivalent counterions, such as
pyrophosphate (PP1) or tripolyphosphate (TPP), these coacervates have more putty-like properties
and can serve as either stimulus-responsive adhesives [21, 28] or as macroscopic ionic networks
for highly sustained release [22, 29, 30].

When used for sustained release, these PAH/PP1 and PAH/TPP networks, unlike typical
hydrogels (where, in the absence of payload-network affinity, small molecule diffusion is rapid
[31]), provide effective diffusion barriers and enable the release of small molecules over multiple
months [22, 29, 30]. Such sustained release could make these materials attractive for diverse
controlled release applications, ranging from drug delivery to household disinfection or fragrance
release. Recently, using the weakly amphiphilic drug, ibuprofen (critical micelle concentration,

CMC = 180 mM [32]) as a model payload, our lab has shown that PAH/TPP coacervates may be
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particularly effective in achieving very high loading and multi-month release of weak anionic
surfactants [30].

Ibuprofen was first (through simple mixing) allowed to form colloidal complexes with the
PAH, whereupon TPP was added. Because PAH/TPP binding was stronger than PAH/ibuprofen
binding, the PAH/ibuprofen complexes were transformed into PAH/TPP coacervates. Since
ibuprofen was localized around the PAH chains, however, it ended up being concentrated inside
the coacervates, producing PAH/TPP networks containing up to roughly 30 wt% ibuprofen [30].
Despite these high loadings, the PAH/TPP coacervates largely preserved their properties and were
able to release the ibuprofen over more than 6 months. When the weakly amphiphilic ibuprofen
was replaced with stronger sodium dodecylbenzene sulfonate (SDS; CMC = 8 mM [33]) and
sodium dodecylbenzene sulfate (SDBS; CMC = 3 mM [34]) surfactants, however, the competitive
surfactant association with PAH significantly changed the coacervate optical and rheological
properties and increased the coacervate permeability to small molecule solutes [30].

Here, building on these prior efforts, we explore whether PAH/TPP coacervates might
produce similar effects with the encapsulation of cationic surfactants, which find broad use in
home and personal care products and can serve as disinfectants [35-37], through the association of
cationic surfactants with TPP. Cetylpyridinium chloride (CPC; CMC = 1 mM [38]), which serves
as an antibacterial and antiviral agent [39, 40] in various applications — including oral care [41-
43], cosmetic, and fabric care formulations [44-46] — is used as a model cationic molecule.
CPC/TPP association is first examined through potentiometric titrations and phase studies. UV-
vis spectroscopy and gravimetry are then used to examine the impact of CPC addition on PAH/TPP
coacervation and characterize the CPC uptake performance. Unlike the previous studies on

PAH/TPP coacervates, where each model payload was encapsulated through a single mixing



https://doi.org/10.1016/j.colsurfa.2021.127490

method [22, 29, 30], these coacervation/uptake analyses also probed the influence of the mixing
procedure (i.e., of whether the CPC was initially mixed with the PAH or the TPP). To gain insights
into the PAH/TPP coacervate stability, the effects of CPC encapsulation and the presence of
various salts on the PAH/TPP coacervate swelling were also explored. Finally, the impacts of

various process and formulation parameters on the CPC release rates were characterized.

2. MATERIALS AND METHODS
2.1. Materials
Deionized water (18.2 MQ-cm resistivity) which, unless otherwise stated, was used for all

experiments, was obtained from a Millipore Direct-Q water purification system. TPP (sodium salt),
cetylpyridinium chloride (CPC), and ninhydrin reagent (2,2-dihydroxyindane-1,3-dione) for PAH
quantification, and Rhodamine B (RhB) were purchased from Sigma-Aldrich (St. Louis, MO).
PAH (nominal molecular weight = 150 kDa; 40 wt% solution) was obtained from Nittobo Co.
(Tokyo, Japan). Ethanol and hydrochloric acid (HCl) were purchased from Fisher Scientific (Fair
Lawn, NJ) and sodium hydroxide (NaOH) was bought from VWR (West Chester, PA). All

materials were used as received.

2.2. Analysis of CPC/TPP Interactions

CPC interactions with PAH and TPP were qualitatively characterized via potentiometric
titration. The CPC/TPP complexes were prepared at a 0.20:1 CPC:TPP molar ratio (i.e., 1:1 charge
ratio when TPP is fully ionized) by mixing a 68 mM CPC solution (pH 7.0) with a pH-matched,
14 mM TPP solution. To prepare the CPC/TPP mixture for the titration, its pH was then lowered

to 2.0 using HCI, whereupon it was titrated with 20-pL aliquots of 6 M NaOH (recording the pH
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after each addition) until the measured pH exceeded 12. As controls, similar acid-base titrations
were also conducted on TPP-free 68 mM CPC solutions and CPC-free 14 mM TPP solutions.
Likewise, to probe PAH/CPC interactions, these titrations were performed on aqueous mixtures of
CPC and PAH (68 mM of each) and, as a control, CPC-free 68 mM PAH solutions.

To further characterize the CPC/TPP interactions, a phase map was generated by preparing
CPC/TPP mixtures at different compositions, equilibrating them at 25 °C and visually observing
them over 3 months. The CPC and TPP solutions were warmed to 25 °C by placing them in a water
bath for 1 h before mixing. The CPC/TPP mixtures were then prepared by equivolumetric mixing

of variably concentrated CPC and TPP solutions in glass test tubes.

2.3. Preparation of CPC-Loaded Coacervates

CPC-loaded PAH/TPP coacervates were produced by adding CPC to the PAH and/or TPP
solutions used in their preparation. To generate CPC-bearing parent PAH solutions, 5 mL of 2 —
20 wt% (56 — 560 mM) aqueous CPC solution was prepared and then mixed with an equal volume
of 2 - 20 wt% (0.24 — 2.4 M in its monomer units) PAH solutions. To ensure thorough mixing, the
CPC-bearing PAH solutions were vortexed for roughly 10 s and stirred for 6 h at 200 rpm with a
12 mm *x 4 mm cylindrical magnetic stir bar. The solutions were then equilibrated for 24 h in a 30
°C water bath. To prepare CPC-bearing TPP parent solutions, 10 mL of 1.9 — 7.5 wt% (53 — 220
mM) TPP solution containing 28 — 140 mM CPC were prepared by adding CPC to premade TPP
solutions. These solutions were mixed, vortexed, and then stirred at 200 rpm for 2 h with a
magnetic stir bar, and equilibrated for 10 h in a 30 °C water bath. Conversely, to prepare CPC-free

PAH and TPP solutions, 2.5 — 10 wt% PAH (0.29 — 1.2 M) solutions and 1.9 — 7.5 wt% (21 — 220
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mM) TPP solutions were prepared. All solutions were then adjusted to pH 7.0 with either NaOH
or HCL

To form CPC-loaded coacervates, the PAH and TPP solutions (at least one of which
contained CPC) were mixed inside centrifuge tubes. When CPC-bearing TPP solutions were used,
0.75 = 3.0 mL of 2.5 — 10 wt% (0.29 — 1.2 M) PAH solution was placed into either 2 or 15 mL
centrifuge tubes, after which 0.8 — 3.2 mL of CPC-bearing 1.9 — 7.5 wt% (53 — 220 mM) TPP
solution (containing 28 — 140 mM CPC) was added all at once. For CPC-bearing PAH solutions
(also containing 28 — 140 mM CPC), on the other hand, 0.8 — 3.2 mL of CPC-free 1.9 — 7.5 wt%
(53 — 220 mM) TPP solution was placed into the centrifuge tubes, whereupon 0.75 — 3.0 mL
aliquots of CPC-loaded 2.5 — 10 wt% (0.29 — 1.2 M) PAH solution were added. Further, in some
experiments (vide infra), CPC was added to both of the (PAH and TPP) solutions used in the
coacervation process. The TPP:PAH molar ratio was kept constant at 0.20:1, while the solution
volumes (e.g., 0.75 mL of 10 wt% PAH solution versus 3 mL of 2.5 wt% PAH solution) were

varied to contain identical PAH and TPP amounts (and thus produce similar coacervate volumes).

2.4. Ninhydrin Analysis of PAH/TPP Coacervation

Because PAH/TPP association depends strongly on the TPP:PAH molar ratio, pH, ionic
strength, and presence of competitively binding molecules [21], we examined the impact of CPC
on PAH/TPP complexation efficiency. This analysis was performed by quantifying the free PAH
content remaining in the supernatant phase upon coacervation using the ninhydrin assay [29, 47].
CPC-free coacervates and coacervates formed with 14 — 72 mM CPC (mixed into either the parent
PAH solution or the parent TPP solutions) were analyzed. To quantify free PAH in the supernatant,

0.5 mL supernatant samples were mixed with 0.5 mL of ninhydrin reagent in 6 mL glass test tubes,
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whereupon the tubes were immediately capped. The tubes were then shaken and heated in boiling
water for 30 min, after which the tubes were cooled to 25 °C using a water bath. After cooling the
test tubes to 25 °C by placing them in a water bath for 10 min, 2.5 mL of 50 vol% ethanol/water
mixture was added to each tube. The solutions (and similarly treated deionized water controls)
were then vortexed for 30 s and analyzed for their PAH content by UV-vis spectroscopy (4 =570
nm, ¢ = 52.1 mL mg~! cm™), using a Cary 50 UV-vis spectrometer (Sparta, NJ). Coacervate yields

at different CPC concentrations were determined (by analyzing three replicate samples) as [29]:

% Yield :£CIEC‘JXIOO% (1)

i

where C; was the initial/overall PAH concentration obtained upon PAH/TPP mixing, while Cy was

the free PAH concentration ultimately remaining in the supernatant.

2.5. CPC Uptake Analysis

CPC-loaded coacervates were prepared as described in Section 2.3 and, upon their
centrifugation into pellets, the supernatant phases were separated and analyzed by UV-vis
spectroscopy (at 4 =260 nm, ¢ = 12 mL mg ! cm™!). The CPC loading capacity (LC) and loading

efficiency (LE) within the PAH/TPP coacervates were then quantified as:

LC = (—Vfcf LA ] x100% ()

0

LE = Ve -re, x100% (3)
v.C

ti
where C; was the initial/overall CPC concentration in the mixture, Cs; was the molar CPC

concentration remaining in the supernatant, Vs was the supernatant volume, V; was the total mixture
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volume, and W) was the initial coacervate weight upon the removal of the supernatant phase. These

experiments were reproduced three times for each coacervate composition.

2.6. Gravimetric Analysis of Coacervate Swelling

Gravimetric analyses were performed on the CPC-loaded PAH/TPP coacervates to
characterize their swelling and stability in tap water (pH 9.6 £ 0.5; turbidity = 0.2 — 0.4 NTU). To
measure the initial CPC-loaded coacervate weight, the supernatant was discarded from the
centrifuge tubes, using Kimwipe™ tissues to remove any excess solution remaining on the
coacervate surface. The coacervates were then submerged in 1 mL of tap water and shaken in an
Eppendorf Thermomixer (Hamburg, Germany) at 600 rpm and room temperature (20 — 25 °C).
The tap water swelling/release medium was changed daily for the first 4 d and every other day for
another 8 d. Then, for another 32 d, the medium was changed every 4 d and, at longer times, where
the amounts of CPC released over 4 d diminished below its detection limit (as these samples were
also used to measure CPC release), the release medium was replaced every 10 d. To probe the
CPC-loaded coacervate swelling/stability, the wet coacervate weights were measured whenever
the release medium was changed. These weights were then normalized to the initial values as
W(t)/Wy, where W(t) was the coacervate weight at the time, ¢, and W) was the weight prior to its
placement in tap water.

To also better understand the effect of salt addition on the swelling/stability of CPC-loaded
PAH/TPP coacervates in the presence of some common ions they may encounter during use,
coacervates were prepared from 10 wt% (1.2 M) PAH and 7.5 wt% (220 mM) TPP parent solutions
(with the PAH solutions containing 84 mM CPC). The supernatant phases were then discarded,

and the microcentrifuge tubes were filled with 1 mL of either 10 mM CacCl; solution, 10 mM NaCl
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solution, or 10 mM NaxSOs4 solution. The microcentrifuge tubes were then agitated at room
temperature as described previously. The salt solutions were replaced every other day and the

coacervate weights were recorded. Three replicate samples were used for all swelling experiments.

2.7. CPC Effect on PAH/TPP Coacervate Spreading

To qualitatively probe the effect of CPC uptake and parent PAH solution concentration on
the resistance of CPC-loaded PAH/TPP coacervates to spreading from their application sites, both
control coacervates (without CPC) and CPC-loaded coacervates were prepared as described
previously (by adding 56 mM CPC to both of the parent PAH/TPP solutions). Coacervate samples
(0.16 — 0.17 g) were then placed at the centers of polystyrene Petri dishes (0 = 83 mm), whereupon
4-mL portions of the supernatant phases obtained during coacervation were added to keep the
coacervates hydrated. The Petri dishes were then covered, sealed with Parafilm, and monitored for

changes in coacervate diameters over 7.5 d, with each experiment repeated in triplicate.

2.8. CPC Release Studies

CPC release from PAH/TPP coacervates was analyzed by measuring the CPC
concentration in the release medium by UV-vis spectroscopy (at A=260nm, e=12 mLmg ' cm™).
To model the release of an antibacterial cationic surfactant for household applications, room-
temperature (20 — 25 °C) tap water was chosen as the release medium. The coacervates, which
remained in the microcentrifuge tubes used in their preparation (see Section 2.3), were covered
with 1 mL of tap water (pH 9.6 £ 0.5 and turbidity = 0.2 — 0.4 NTU) and, to limit CPC accumulation
in the release medium, this tap water was periodically replaced (as described in Section 2.6).

Further, to assess the release medium volume effects on CPC release, several release experiments
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were repeated using a higher, 10-mL release medium volume. These modified experiments were
performed as described above, except the coacervate-bearing microcentrifuge tubes (@ = 11 mm)
were stripped of their caps and submerged in 10 mL of tap water inside larger, 15-mL Falcon™
centrifuge tubes (@ = 17 mm). In each case, CPC release was measured by analyzing the released
CPC content in tap water each time that the tap water release medium was replaced. The release
from each coacervate sample was monitored until the CPC concentration in the release medium
became too low to detect with the UV-vis spectrophotometer after allowing CPC to accumulate in

the release medium for 10 d. Three replicates were analyzed for each experimental condition.

3. RESULTS AND DISCUSSION
3.1. Analysis of CPC/TPP Interactions

Visual observation of CPC/TPP mixtures revealed that CPC/TPP association led to phase
separation over a broad range of conditions (see Fig. 1). This associative phase separation was
sensitive to the CPC and TPP concentrations. At lower concentrations, the CPC/TPP complexes
formed flaky precipitates (P), which coexisted with dilute supernatant (S) phases. At higher
concentrations, however, the CPC/TPP association was weakened (i.e., self-screened) by the
higher concentrations of released monovalent (Na” and C1") counterions [30, 48]. Thus, as the CPC
and TPP concentrations were raised, the CPC/TPP precipitates first turned into less tightly
associated liquid coacervates (C), then into less highly aggregated colloidal dispersions (D) and,
finally, in the limits of very high CPC and TPP concentrations, were fully dissolved (Fig. 1).
Similarly, single-phase mixtures were obtained in highly nonstoichiometric CPC/TPP mixtures,
which formed complexes that were either highly charged or screened enough to remain soluble

[49]. These solutions generally formed when the CPC surfactant concentration exceeded the
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charge equivalence line (dashed line in Fig. 1, indicating the 0.2:1 pentavalent TPP anion:CPC
cation ratio), and when the TPP concentration was raised beyond 20 — 50 mM. These phase
behavior trends confirmed the presence of CPC/TPP binding, which was qualitatively consistent
with prior work, where phosphate-mediated removal of CPC from water revealed a similar

association between CPC and phosphate ions [50].
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Fig. 1. Phase map of CPC/TPP mixtures indicating compositions where single-phase solutions,
stable colloidal dispersions, macroscopic flaky precipitates, and macroscopically separated
complex coacervates form. The macroscopic coacervates (C) and precipitates (P) coexist with
supernatant solution phases (S), while the dispersions (D) remain in a single macroscopic phase.
The dashed line represents stoichiometric CPC:TPP charge ratios, calculated under the assumption
of TPP being fully ionized. All samples were equilibrated for 3 months at 25 °C.

Further insight into CPC/TPP association came from potentiometric titration experiments,
where acid-base titrations of CPC and TPP solutions, and their 1:1 charge ratio mixtures (estimated

11
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based on the charge of fully ionized TPP) were performed. In the acid-base titration of the TPP
solution, there was strong buffering over a wide spectrum of pH-values, which (particularly
between pH 4 and 11) was evident from the gradual rise in pH with the NaOH addition (circles in
Fig. 2). This buffering stemmed from TPP (pKa.3 = 2.8, pKas = 6.5, and pKa.s= 9.2) being a
polyprotic acid with multiple pK.-values [51]. Conversely, because CPC was a strong cation, it
did not act as a buffer, and the pH rose sharply (especially when it was in the 3 — 11 range) with
the addition of NaOH (triangles in Fig. 2). Further, when TPP and CPC were mixed, the buffering
seen in the TPP solution was drastically weakened (squares in Fig. 2). Thus, in CPC/TPP mixtures,
fewer ionizable TPP groups were free to be protonated or deprotonated with the changes in pH.
This indicated that TPP/CPC binding was stable in this pH range (i.e., that this binding was quite

strong).

12- ./-- ’("' e WJ
‘,
i /./ : ﬁ
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00 02 04 06 08 10
6 M NaOH (mL)

Fig. 2. Acid-base titration curves for a TPP solution, a CPC solution, a CPC/TPP mixture with a
0.2:1 TPP:CPC molar ratio, a PAH solution, and a CPC/PAH mixture with a 1:1 PAH:CPC molar
ratio. The CPC, PAH, and TPP concentrations are 68, 68, and 14 mM, respectively (where the
PAH concentration is the monomer unit concentration). The lines are guides to the eye.

When CPC was mixed with PAH, on the other hand, it (since both species were cationic)
did not strongly interact with the ionizable amine groups on the PAH. Thus, the acid-base titration

curves for the equimolar PAH/CPC mixture nearly overlapped the titration curve obtained for the

12
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CPC-free PAH solution (inverted triangles and diamonds in Fig. 2). The effective pK, value of
PAH is near 8.7 [52] and, in both cases, buffering by the PAH — as is characteristic of
polyelectrolytes [52, 53] — occurred over a broad range of pH values. Overall, these titrations
suggested that the addition of CPC could inhibit coacervation due to its strong association with
TPP (which could reduce PAH/TPP crosslinking) but should not limit the availability of PAH

amine groups.

3.2. Compositional Effects on the Coacervate Yield

Mixing of PAH with CPC/TPP mixtures or TPP with CPC/PAH mixtures produced
macroscopic PAH/TPP coacervates that encapsulated CPC. These CPC-loaded coacervates were
more opaque than their CPC-free counterparts (see inset in Fig. 3a) and, despite still being tacky,
(in contrast to the CPC-free coacervates) detached from the microcentrifuge tube wall surface upon
vortex mixing. This qualitative change in coacervate properties was akin to that reported upon the
encapsulation of strong anionic surfactants (SDS and SDBS, whose CMCs were comparable to
that of CPC), which were associated with PAH and suggested possible persistence of CPC/TPP
binding within the coacervate phase [30]. Due to this competitive CPC/TPP binding, PAH/TPP
association was generally impeded by CPC, and the coacervate yield (which was estimated based
on the percentage of PAH in the coacervate phase) slightly decreased with CPC addition. As the
CPC concentration in the final PAH/TPP/CPC mixture increased from 0 to 68 mM (and the
CPC:TPP molar ratio increased from 0.00 to 0.62:1), the PAH yield decreased by 3 — 4%, which
might have reflected an increase in competitive CPC/TPP complexation (Fig. 3a). This reduction
in PAH coacervation, however, was very modest. The reasons for this limited effect could be

twofold: (1) the concentration of PAH amine groups in the PAH/TPP/CPC mixture (570 mM) was

13
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much higher than that of the CPC; and (2) PAH/TPP affinity may have, like in the ibuprofen
encapsulation study [30], exceeded that of TPP association with CPC. The latter of these effects
might have reflected the PAH having primary amine groups, whose binding to multivalent anions

has been reported to be stronger than that of the quaternary amine groups on the CPC [54, 55].
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Fig. 3. Variations in (a, b) coacervate yields and (c, d) PAH concentrations within the coacervates
as functions of (a, ¢) overall CPC concentrations achieved by initially adding the CPC to either the
parent PAH or the parent TPP solutions, and (b, d) parent PAH solution concentrations, where the
coacervates were formed either in the absence of CPC or in the presence of 25 mM CPC. All
samples in (a, c) were prepared using 10 wt% (1.2 M) PAH and 7.5 wt% (220 mM) parent TPP
solutions, while those in (b, d) were prepared using 2.5 — 10 wt% PAH (0.29 — 1.2 M) and 1.9 —
7.5 wt% TPP (53 — 220 mM) solutions (both containing 25 mM CPC). The TPP:PAH molar ratio
in all final mixtures was fixed at 0.20:1. The insets in plot (a) are representative images of
coacervates (1) without and (ii) with CPC. All data are mean + SD, while the lines are guides to
the eye.

Interestingly, the coacervate yield also depended on whether CPC was initially added to
the parent PAH solution or the parent TPP solution (before the PAH/TPP mixing). Though in both
cases PAH yield slightly decreased with the CPC concentration, this effect was always somewhat

stronger when the CPC was initially added to the PAH solution (Fig. 3a). These mixing-process
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dependent differences in yield suggested the coacervates that form upon CPC encapsulation to be
nonequilibrium systems whose compositions and properties are kinetically controlled.

Another minor determinant of PAH yield was the parent PAH solution concentration. As
the PAH concentration was increased from 2.5 to 10 wt% (from 0.29 to 1.2 M) in the absence of
CPC, the PAH yield slightly decreased (by 0.7%; see Fig. 3b). When the experiment was repeated
in the presence of 25 mM CPC, however (which was added to both of the parent PAH/TPP
solutions), this trend was reversed, and the PAH yield increased with the parent PAH solution
concentration. This increase likely reflected the enhanced ability of the more concentrated PAH to
compete with the CPC for the TPP ions. Indeed, though at the lowest parent PAH solution
concentration the PAH yield was more than 10% lower in the presence of CPC (which was an
observable inhibitory effect), at the highest parent PAH solution concentration this CPC addition
had no discernable impact on the PAH yield (Fig. 3b). Besides the variations in the relative
concentrations of CPC and PAH, this trend might also reflect the CPC/TPP binding likely being
stronger at lower ionic strengths [30, 48].

Also measured was the impact of CPC addition on the PAH concentration within the
coacervate phase. When the coacervates were prepared at the highest, 10 wt% (1.2 M) parent PAH
solution concentration, CPC addition had very little effect on the coacervate PAH content (Fig.
3¢). When the parent PAH concentration was reduced at a constant initial CPC concentration (and
constant TPP:PAH molar ratio), however, the CPC addition effect became much more pronounced.
While in the absence of CPC the coacervate PAH content remained constant with the parent PAH
solution concentration, PAH concentration in coacervates formed in the presence of 25 mM CPC
dropped from roughly 46 to 37 wt% as the PAH concentration was reduced by a factor of four

(Fig. 3d). This change likely, again, reflected the fact that, at lower PAH concentrations, CPC can
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more effectively compete with the PAH for the crosslinking TPP ions and (by inhibiting PAH/TPP
association) reduce the ionic network density. Overall, these findings (i.e., high PAH yields and
incremental reductions in the coacervate PAH contents) suggest that, though the presence of CPC

may hinder coacervation, this hindrance plays a relatively minor role.

3.3. CPC Uptake Analysis

The CPC encapsulation expectedly increased with the initial CPC concentrations in the
parent PAH and TPP solutions. As the CPC concentration in the parent TPP solution was raised
from 28 to 140 mM (which elevated the overall CPC concentration in the final PAH/TPP/CPC
mixture from 14 to 71 mM), the LC values increased from roughly 6 to 40 mg/g (red circles in Fig.
4a). Similarly, when the CPC was initially added to the parent PAH solutions, the LCs increased
from 3 to 34 mg/g with similar added CPC amounts (black squares in Fig. 4a). Notably,
incorporating CPC in TPP solutions prior to the PAH/TPP mixing generally resulted in higher
LCs, likely because the initial CPC/TPP association helped to entrap CPC in the coacervate matrix.
Indeed, while the LCs achieved by adding CPC to the TPP solutions were consistently higher than
the overall CPC contents in the two-phase PAH/TPP/CPC mixtures (indicated by the dashed line
in Fig. 4a), such preferential CPC uptake was only achieved at the highest CPC concentration
when the CPC was initially added to the PAH solution. This CPC/TPP association requirement for
concentrating CPC within the coacervate phase might stem from most of the coacervate volume
being occupied by PAH and TPP, which (in the absence of considerable CPC/TPP affinity) likely

hinders CPC uptake into the coacervate phase.
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Fig. 4. CPC concentration effects on the (a) LC and (b) LE of CPC uptake into coacervates
prepared from 10 wt% (1.2 M) PAH and 7.5 wt% (220 mM) TPP where the CPC was initially
introduced into either the parent TPP solution or the parent PAH solution. The CPC concentrations
indicated on the abscissa are those achieved upon the mixing of the parent PAH and TPP solutions.
All data are mean + SD, while the solid lines are guides to the eye. The dashed line in (a) shows
the overall CPC content in the two-phase PAH/TPP/CPC mixtures, and approximates the LCs
expected with uniform CPC partitioning between the coacervate and supernatant phases. Similarly,
the shaded region in (b) indicates the range of percentages of the mixture weights made up by the
coacervate phases, which approximates the range of LEs expected with uniform CPC partitioning.

Though CPC could be encapsulated in a range of different loadings, the LE values
remained fairly low (between 6 and 16%). These LE values can be understood based on the low
volume fraction occupied by the coacervate phases, which accounted for only ~8 — 11% of the
mixture mass (see the shaded region in Fig. 4b). Since, at the compositions examined in this
experiment, CPC was not strongly concentrated in the coacervates (see Fig. 4a), LEs comparable
to the coacervate weight fractions were expected. Thus, the LE was 6 — 12% when the CPC was
initially added to the PAH solution and 13 — 16% (Fig. 4b) when the CPC was initially added to
the parent TPP solution (which resulted in more efficient encapsulation). Irrespective of these
encapsulation methods, the LE modestly increased at higher CPC concentrations, possibly due to

a rise in CPC/TPP association (which was expected due to the cooperativity of surfactant binding

to multi- and polyvalent molecules of opposite charge [30, 56]). This increase in LE was also
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qualitatively consistent with the earlier report on anionic surfactant (i.e., ibuprofen) encapsulation,
where (albeit at different PAH/TPP concentrations) a highly pronounced increase in LE at higher
surfactant concentrations also occurred [30].

The encapsulation properties also depended on the parent PAH solution concentration,
which was varied at a fixed, 0.2:1 TPP:PAH molar ratio while initially dissolving matching
amounts of CPC in both of the parent PAH/TPP solutions. Here, the LCs generally decreased with
the PAH concentration, with (though the trend was nonmonotonic at the highest CPC
concentration) the best LCs predominantly occurring at higher CPC and lower PAH contents (Fig.
5a). The lower-PAH compositions also corresponded to the highest achieved LE values, which
reached the 20% range (black squares and red circles in Fig. 5b). The variations in LEs, however,

did not show a clear monotonic trend.

(a) (b)

100 40

—m-14 mM CPC —m-14 mM CPC
~e- 28 mM CPC ~® 28 mM CPC
754 56 mM CPC 304 56 mM CPC
=2 X
E 50 \ o 20+
o B - \ /l
4 i I 1
251 \ 101 \%*
0 , , , : 0 , , : ,
0 300 600 900 1200 1500 0 300 600 900 1200 1500
[PAH] (mM) [PAH] (mM)

Fig. 5. Effect of PAH concentration on the (a) LC and (b) LE values. The three data sets correspond
to three different (14 — 56 mM) overall CPC concentrations in the final PAH/TPP/CPC mixtures
(which were achieved by adding matching CPC amounts in the parent PAH/TPP solutions). The
TPP:PAH molar ratio was fixed at 0.20:1. All data are mean + SD, while the lines are guides to
the eye.

The higher LCs that were generally achieved at lower PAH concentrations were

qualitatively consistent with those obtained upon the encapsulation of anionic, PAH-binding
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payloads within PAH/TPP coacervates [22, 30]. This similarity likely reflected CPC/TPP binding
(which acted analogously to the PAH/anionic surfactant binding) and the dilution of the
encapsulated CPC at higher PAH concentrations due to a greater coacervate volume being formed
[22, 30]. Conversely, the lack of a clear monotonic trend in some of this CPC encapsulation data
might have stemmed from the LE being determined by a balance between two effects: (1) higher
PAH concentrations generating a greater amount of coacervate, which enhanced CPC entrapment
[22]; and (2) higher PAH/TPP concentrations reducing the uptake-enhancing CPC/TPP affinity
[30]. Here, the drop in uptake affinity could either have arisen from the reduction in the CPC:TPP
ratio (which lowered the likelihood of cooperative hydrophobic interactions between TPP-bound
CPC molecules [30, 56]) or the higher ionic strengths [30, 48].

Regardless of the mechanisms underlying the above uptake trends, Figs. 4 and 5 suggested
that the highest CPC loadings were generally achieved when: (1) the CPC was initially introduced
into the parent TPP solution; (2) the CPC concentration was high; and (3) the overall PAH/TPP
concentration in the phase-separating PAH/TPP/CPC mixture was low. All three of these
observations were similar to those made previously on the encapsulation of anionic surfactant
(ibuprofen) in PAH/TPP complexes, where extremely high (~30 wt%) ibuprofen loadings were
achieved at even lower PAH concentrations via the method described in the Introduction [30]. To
explore whether a similar effect could also be achieved with cationic surfactant (e.g., CPC)
encapsulation, CPC/TPP colloidal dispersions (containing 28 — 84 mM CPC and 25 mM TPP)
were prepared, whereupon small charges of 10 wt% (1.2 M) PAH solution were immediately
added (in a 1:9 volume ratio) to form coacervates at the same 0.2:1 TPP:PAH molar ratio used in
the other experiments (see Supplementary Data, Section A). Although the PAH and TPP

concentrations in the final PAH/TPP/CPC mixtures were roughly 1.2 — 4.8x smaller than those
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used to produce the coacervates described in Figs. 4 and 5, the CPC in these mixtures was initially
concentrated around the TPP. Thus, despite the low PAH/TPP/CPC mixture volume fraction
occupied by the coacervate phase (see Supplementary Data, Fig. S1) — and consistent with the
previous findings on this type of encapsulation of ibuprofen [30] — the CPC was encapsulated in
very large amounts, with LCs ranging from roughly 60 to 230 mg/g and LEs remaining in the 11
— 17% range (Fig. 6). In other words, just like in the case of the PAH-binding anionic surfactants
[30], very high loadings (exceeding at least 20 wt%) can be achieved with cationic surfactants such

as CPC.
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Fig. 6. CPC concentration effects on the (a) LC and (b) LE of CPC-bearing coacervates prepared
by adding PAH (to generate a 0.2:1 TPP:PAH molar ratio) to colloidal CPC/TPP dispersions
containing 28 — 84 mM CPC in 0.9 wt% (25 mM) TPP. The CPC concentrations are those achieved
upon the addition of PAH. All data are mean + SD, while the lines are guides to the eye. The
dotted line in (a) shows the overall CPC content in the two-phase PAH/TPP/CPC mixtures, and
approximates the LCs expected with uniform CPC partitioning between the coacervate and
supernatant phases. Similarly, the shaded region in (b) indicates the range of percentages of the
mixture weights made up by the coacervate phases, which approximates the range of LEs expected
with uniform CPC partitioning.

3.4. Coacervate Swelling
Although there was no visible increase in the PAH/TPP coacervate weights upon their

month-long storage in the presence of their supernatant phases (data are not shown), more

20



https://doi.org/10.1016/j.colsurfa.2021.127490

substantial swelling occurred when the coacervates were stored in tap water (see Fig. 7). The wet
weights of CPC-free PAH/TPP coacervates stored in tap water increased by roughly 45% after one
month (Fig. 7a and d). Afterward, however, this swelling plateaued (Fig. 7aiii, aiv, and d). This
increased swelling upon placement into tap water, which likely reflected an increased osmotic
pressure difference between the coacervate and supernatant phases, was qualitatively consistent
with that measured previously for PAH/TPP coacervates [29] and those reported for
polyelectrolyte complex coacervates (formed between oppositely charged polyelectrolyte

molecules) in salt-free water [57, 58].
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Fig. 7. Photographs of PAH/TPP coacervates prepared with (a) no CPC, (b) CPC added to the
parent PAH solution, and (¢) CPC added to the parent TPP solution after (i) 0, (ii) 10, (i11) 20 and
(iv) 120 d of contact with room-temperature tap water (pH 9.6 = 0.5 and turbidity =~ 0.2 — 0.4
NTU); (d, e) gravimetric data on PAH/TPP coacervates where CPC was initially added to either
to the (d) parent PAH solution or (e) parent TPP solution resulting in 0 — 69 mM final CPC
concentrations in the PAH/TPP/CPC mixtures; and (f) peak swelling as a function of LC for
coacervates where CPC was initially added to either the parent PAH solution or the parent TPP
solution. All coacervates were prepared using 10 wt% (1.2 M) parent PAH solutions and 7.5 wt%
(220 mM) parent TPP solutions. The final PAH/TPP/CPC mixtures used to form the coacervates
in (b, c) both contained 69 + 2 mM CPC. All data are mean + SD, while the lines are guides to the
eye.
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The coacervate swelling generally increased with their CPC content (Fig. 7a — e).
Moreover, coacervates where CPC was initially introduced into the parent TPP solution swelled
more than those where the CPC was first dissolved in the parent PAH solution (Fig. 7d and e). At
the highest, 69 mM CPC concentration, for instance, coacervates where the CPC was first added
to the parent PAH solution swelled by more than twofold, while the coacervates where CPC was
initially added to the parent TPP solution underwent more than threefold swelling. This strong,
preparation method-dependent swelling indicated that: (1) despite its limited impact on the initial
coacervate yield and PAH concentration (see Fig. 3), competitive CPC/TPP complexation affects
PAH/TPP association; and (2) since the preparation dependence appeared to persist even after
correcting for differences in LC (compare peak swelling versus LC curves in Fig. 7f),
nonequilibrium aspects of competitive CPC/TPP and CPC/PAH association during coacervate
preparation may have long-term implications on the coacervate performance. Further, despite the
very substantial swelling of the CPC-loaded coacervates, they appeared to maintain their low
solute permeabilities — i.e., upon their 10-d exposure to a solution of non-binding Rhodamine B
dye (which was added to the tap water to check whether it would diffuse into the coacervate), there
was no visible dye penetration into the coacervate networks (Supplementary Data, Section B).

The swelling of CPC-bearing coacervates was also sensitive to the presence of salts. This
dependence was explored using 10 mM NaCl, CaCl,, and Na>SOs4 solutions, which served as
extreme-case models of high tap water salinity/hardness [59, 60]. Simple electrolytes such as those
used in this experiment are well known to inhibit coacervate formation, with multivalent salts (e.g.,
Na»S04 and CaCly) producing a stronger inhibitory effect [9, 61]. The three salt types, however,
produced highly disparate coacervate swelling. The NaCl solution increased swelling (diamonds

in Fig. 8), possibly because of the competitive association of monovalent ions with crosslink-
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forming ionic groups [62, 63], which may have weakened both CPC/TPP and PAH/TPP binding
and, thus, decreased the intermolecular association within the coacervates [21]. This increased
swelling was significantly more pronounced when the coacervates were stored in CaCl, solution
(triangles in Fig. 8), reflecting the strong Ca>" binding to the TPP [64, 65], which reduced the TPP
crosslinking of the PAH. Another (albeit smaller) contribution to this CaCl, effect may have been
that the concentration of the Cl™ ions in this solution, which could competitively associate with the
PAH and CPC, was twice as high as in the case of NaCl. Conversely, when CPC-bearing
coacervates were exposed to Na;SOs solution, they swelled the least (circles in Fig. 8), even less
than the CPC-bearing coacervates stored in tap water and, initially (until the swelling medium was
replaced after the first day of the experiment), made the medium turbid. This diminished swelling
may have been caused by the SO4>~ ions — despite competing with the TPP for the PAH amine
groups — forming insoluble complexes with the PAH (Supplementary Data, Section C). Thus,
PAH/SO4*~ complexation reduced PAH/TPP coacervate swelling and gave rise to initial turbidity

by precipitating the uncomplexed PAH.
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Fig. 8. CPC-loaded PAH/TPP coacervate swelling in various aqueous release/swelling media
photographed after (a) 0, (b) 2, (¢) 4 and (d) 10 d of equilibration, and (e) normalized coacervate
wet weights as functions of time. The release/swelling media were tap water (pH 9.6 = 0.5 and
turbidity ~ 0.2 — 0.4 NTU) and 10 mM NaCl, CaCl,, and Na>SO4 solutions. All coacervates were
prepared by using 42 mM final CPC concentration in the PAH/TPP/CPC mixtures, where CPC
was dissolved in 10 wt% (1.2 M) PAH and mixed with 7.5 wt% (220 mM) blank TPP solutions.
All data are mean + SD, while the lines are guides to the eye.

Interestingly, though the ionic strengths of all swelling media used in this study were lower
than that of the phosphate-buffered saline (PBS) used in some of the prior experiments on the
PAH/TPP coacervates [22, 30], the swelling of the CPC-loaded coacervates was generally greater
than that seen in that work. This difference may have reflected a possible disruption of the
coacervate networks by the CPC which, from visual observation (see inset in Fig. 3a), produced a
greater change in the coacervate properties than, for instance, that produced by the weak anionic
surfactant, ibuprofen [30]. Alternatively, the phosphate ions in PBS (which can also form
coacervates with PAH [19, 23, 27]) may have diminished swelling like the SO4>~ ions in the present
work. Though understanding these swelling effects requires further study, it is clear that the

PAH/TPP coacervate swelling can be highly sensitive to both the payloads they carry and their

swelling media.
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3.5. CPC Uptake Effect on Coacervate Spreading

Because the PAH/TPP coacervates were, strictly, complex fluids rather than true gels, they
ultimately flowed when left over extended times without solid enclosures (e.g., microcentrifuge
tubes). As shown in Fig. 9, while coacervates prepared from parent PAH solutions containing 2.5
— 10 wt% (0.29 — 1.2 M) PAH and either 0 or 56 mM CPC initially occupied almost identical
areas, they spread over time in a composition-dependent manner. CPC-free coacervates prepared
at higher PAH concentrations flowed the most — likely due to the elevated ionic strengths
generated by the release of monovalent counterions upon PAH/TPP complexation — while those
loaded with CPC spread the least (with a less than 25% increase in diameter) and were insensitive
to the parent solution PAH concentration. This diminished spreading suggested that strong
surfactant encapsulation can stabilize the PAH/TPP coacervates against spreading, possibly by
forming surfactant/TPP (or surfactant/PAH [30]) complexes with longer relaxation times, or
through a possible thickening effect created by encapsulated surfactant micelles. This reduced
flowability was also evident upon manual molding of the coacervates. Further impacts on
spreading rates might also stem from surfactant effects on the surface energies of the application
surface/water, application surface/coacervate, and coacervate/water interfaces, which (though all
coacervates appeared to spread spontaneously) may have affected the thermodynamic driving
force for coacervate spreading [66]. Regardless of its underlying causes, this diminished spreading
could help keep the CPC-loaded PAH/TPP coacervates at their application sites and may, at least

in part, explain their weakened adhesion to the microcentrifuge tubes (see Section 3.2).
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Fig. 9. Effects of parent PAH solution concentration and CPC uptake on the spreading behavior
of PAH/TPP coacervates when stored in their supernatant solutions photographed after (a) 0.0, (b)
0.3, (c) 0.7, (d) 2.0, and (e) 7.5 d of equilibration, and (f) changes in the normalized coacervate
diameters in images (a — e). The six coacervate samples are (i) 10 wt% (1.2 M) PAH without CPC,
(i1) 5 wt% (0.59 M) PAH without CPC, (iii) 2.5 wt% (0.29 M) PAH without CPC, (iv) 10 wt%
(1.2 M) PAH with CPC, (v) 5 wt% (0.59 M) PAH with CPC and (vi) 2.5 wt% (0.29 M) PAH with
CPC. In each CPC-bearing coacervate, the CPC was loaded by introducing 56 mM CPC into both
of the parent PAH and TPP solutions. All quantitative data are mean + SD, while the lines are
guides to the eye.
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3.6. CPC Release Analysis

When placed in tap water, all tested PAH/TPP coacervates slowly released CPC over multi-
month timescales, with no more than 10 — 15% of their payloads released after 5 — 7 months (Fig.
10a). When the release profiles were plotted in terms of the percentage of CPC released, the
fractional release was fastest when the initial CPC content was lower (Fig. 10a). When the same
data were replotted in terms of the total mass of CPC released, however, this situation generally
became reversed, with the coacervates bearing the most CPC generally exhibiting the highest
release rates (Fig. 10b). These trends and multi-month release times were qualitatively consistent
with those reported previously for other binding payloads, namely ibuprofen [30] and the anionic
dye Fast Green FCF [22]. A notable difference with much of the data in these prior reports,
however, was the relative insensitivity of the total payload mass released to the CPC content within
the coacervates (Fig. 10b). This feature was especially apparent when the variable burst releases
from the first day of the experiment were subtracted from the release profiles, whereupon the
release curves largely overlapped (Fig. 10c). In each case, the release rate was typically fastest at
the beginning (in the roughly 1 — 10 pg/d range) and then decreased with time, dropping below 1
pg/d after 1 — 2 weeks (Fig. 10d). Nonetheless, slow CPC release (at rates exceeding 0.1 pg/d)
persisted over several months. These trends occurred regardless of whether the CPC was initially
introduced into the parent PAH solution (Fig. 10a — d) or parent TPP solution (Fig. 10e — h), though
when CPC was initially added to the parent TPP solution, release rates near or above 1 pg/d tended

to persist longer (i.e., for approximately 1 month; see Fig. 10h).
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Fig. 10. CPC release into pH 9.6 £ 0.5 and turbidity = 0.2 — 0.4 NTU tap water from coacervates
prepared by initially adding the CPC to (a — d) the 10 wt% (1.2 M) parent PAH solution or (e — h)
the 7.5 wt% (220 mM) parent TPP solution. The release profiles show the (a, ) percent of the
encapsulated CPC released, (b, f) mass of CPC released, (c, g) mass of CPC released after the
initial burst release (i.e., after the initial day of the release experiment) and (d, h) CPC release rate
as functions of time. The overall CPC concentration in the PAH/TPP/CPC mixtures from which
the coacervates were formed (shown by the three data sets in each plot) was either 14 mM, 42 mM,

or 69 mM. All data are mean £+ SD, while the lines are guides to the eye.
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The long-term CPC release, as discussed in prior reports [22, 30], likely reflected the low
solute permeability of the PAH/TPP coacervates. Likewise, the reduction in the CPC release rate
with time was probably (at least in part) caused by the increased diffusion path lengths [22, 30].
Other possible effects that may have affected these release rates include temporal changes in the
coacervate swelling, porosity, and association with CPC (all of which might have altered the
coacervate solute permeability [22]). Another interesting feature of the release profiles (i.e.,
profiles showing the masses of CPC released as functions of time) was their relative insensitivity
to the LC values, which (as shown in Fig. 4a) monotonically increased with the CPC concentration
in the parent PAH and TPP solutions. This insensitivity might have, again, reflected the reversible
and cooperative association of the encapsulated CPC molecules, either with other CPC molecules
or with the TPP. Such binding interactions generally reduce diffusion rates [67] and, when
cooperative, may be more prevalent at higher payload concentrations [22].

Given the likely CPC affinity for the coacervate, it was also possible that sink conditions
in the release media were not readily achieved (i.e., that the driving force for the release was
reduced by CPC accumulation in the release media). To explore this possibility, one of the release
experiments was repeated using a tenfold larger release medium volume (Supplementary Data,
Fig. S4). This experiment revealed a severalfold increase in initial release rates. After a few days,
however, the difference between these release rates decreased (see Fig. S4c). Although the release
rates with the greater release medium volume remained generally higher throughout this 21-d
experiment, they were on the same order of magnitude as those with the lower release medium
volume. Thus, though sink conditions were not strictly achieved when the strongly surface-active
CPC was released from the coacervates, the relatively modest differences in release rates in Fig.

S4 suggested that the multi-month CPC release would persist irrespective of the release volume.
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3.7. Further Discussion

Collectively, the very slow CPC release rates obtained in this study confirm that, like the
previously studied anionic surfactant (ibuprofen) [30], cationic surfactants can be released from
PAH/TPP coacervates over multi-month timescales. The insensitivity of these release rates to the
LC, however, suggests that the use of PAH/TPP coacervates for CPC-release-mediated
disinfection should be limited to applications where the release media has low volumes and is not
rapidly exchanged (as otherwise, the CPC concentrations accumulated in the release media may
be too low to be efficacious). This constraint stems from the CPC release rates (~1 pg/d over the
first several weeks) being relatively low compared to its minimal inhibitory concentrations (MICs)
for common bacteria, many of which fall in the high 0.5 — 4 pg/mL range [68-71]. Though these
release rates can likely be adjusted by varying the coacervate/release medium interfacial areas, the
CPC amounts they release in Fig. 10 enables only ~1 mL/d of freshly supplied water to reach the
MIC. To achieve antibacterial activity in a broader range of conditions, however, the PAH/TPP
coacervates can likely be combined with more potent bactericides, which can be effective at much
lower concentrations, or bactericidal molecules that can be released more quickly [29]. Likewise,
the surfactant release demonstrated herein could have other potential applications, such as surface
tension control/enhancement of wetting properties.

Besides these sustained release application-oriented considerations, this study provides
several new physicochemical insights on the properties of PAH/TPP (and other
polyamine/multivalent anion) coacervates. First, it demonstrates that like the ionic polymers (e.g.,
PAH), small multivalent ions such as TPP can (through ionic association) concentrate oppositely
charged surfactants within coacervates. Thus, the high (> 20 wt%) LCs reached in this work

challenge the previously held view that effective solute encapsulation in polyamine/multivalent
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anion coacervates requires the payload to bear a net negative charge [8], and show that — as long
as the payload binds to the multivalent anion — this negative charge requirement can be
circumvented. Second, this study reveals how the mixing order affects the PAH/TPP coacervate
encapsulation properties. By demonstrating that mixing the payload with the oppositely charged
coacervate component (TPP in this work) first enhances encapsulation efficiency (which parallels
recent findings on protein encapsulation in polyanion/polycation coacervates [72]), our results
support the view that encapsulation within complex coacervates tends to be kinetically (rather than
thermodynamically) controlled. Third, the mixing order-dependent swelling of the CPC-loaded
PAH/TPP coacervates (which persists even for coacervates with similar CPC contents) indicates
that — contrary to the frequent treatment of coacervates as equilibrium phases [73, 74] — their
long-term properties can reflect nonequilibrium effects.

Additionally, this study reveals that, when placed into multivalent salt solutions,
polyelectrolyte/multivalent counterion coacervate swelling can be highly ion-specific, with
ambient ions that bind the coacervate-forming small ions increasing the swelling and those that
form insoluble complexes with the polyelectrolyte decreasing the swelling. Lastly, by
demonstrating that surfactant uptake can reduce PAH/TPP coacervate spreading from their
application sites, this study points to the possible use of surfactants in these (and other
polyelectrolyte/multivalent counterion) coacervates as rheological modifiers. These insights
establish more thorough guidelines for the design and use of PAH/TPP coacervates and provide a
basis for further fundamental work (e.g., on the origins of the mixing order-dependent swelling
properties or on the molecular and microstructural effects underlying the surfactant-induced

changes in their flow/spreading characteristics).
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4. CONCLUSIONS

Using CPC as a model molecule, we have shown that — like their anionic counterparts
[30] — cationic surfactants can be encapsulated in PAH/TPP coacervates (with LCs exceeding 20
wt%) and released over multiple-month timescales. The encapsulation properties are improved by
initially introducing the surfactant into the parent TPP solution (rather than the parent PAH
solution) which, by binding the cationic surfactant, concentrates it near the PAH and TPP during
the coacervation process. The highest LCs are achieved through this approach by generating
PAH/TPP/CPC mixtures with high surfactant concentrations and low PAH/TPP concentrations.
This CPC uptake reveals that high amounts of small molecule payload can be encapsulated within
polyamine/small multivalent anion coacervates without requiring payload affinity for the polymer,
thus (in cases where the payload species associate with the small multivalent anion) extending the
use of these coacervates to the effective encapsulation of cationic actives.

Once encapsulated, the cationic surfactant strongly increases the PAH/TPP coacervate
swelling in water (especially when coacervates are prepared by first adding the CPC into the TPP
solution) but decreases its spreading from its application site. Thus, cationic surfactant/TPP
binding appears to strongly affect PAH/TPP coacervate properties. Since the magnitude of this
effect depends on the mixing method by which CPC is loaded into the coacervate (even when the
overall coacervate CPC content is held constant), these analyses show that even the long-term
properties of macroscopic complex coacervates — which are often treated as equilibrium phases
— can be governed by nonequilibrium effects.

Regardless of the CPC content of the coacervates, its release rates diminish significantly
with time and, when expressed in terms of the percent of the payload released, depend strongly on

the CPC amount initially present in the coacervate (i.e., the LC). When expressed as a total
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surfactant mass released, however, the release profiles become relatively weak functions of the LC
and of whether the CPC was initially introduced in the parent PAH or the parent TPP solution
(though the initial drop in the release rate appears to be slower when the CPC is initially introduced
into the TPP solution). Taken together, these findings suggest the possibility of using PAH/TPP
coacervates for the low-dose sustained release of cationic surfactants in diverse applications, such

as surface cleaning and disinfection, and enhancement of wetting properties.
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