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Poly(allylamine)/tripolyphosphate coacervates
enable high loading and multiple-month release of
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When synthetic polyamines, such poly(allylamine hydrochloride) (PAH), are mixed with crosslink-forming
multivalent anions, they can undergo complex coacervation. This phenomenon has recently been
exploited in various applications, ranging from inorganic material synthesis, to underwater adhesion, to
multiple-month release of small, water-soluble molecules. Here, using ibuprofen as a model drug
molecule, we show that these coacervates may be especially effective in the long-term release of
weakly amphiphilic anionic drugs. Colloidal amphiphile/polyelectrolyte complex dispersions are first
prepared by mixing the amphiphilic drug (ibuprofen) with PAH. Pentavalent tripolyphosphate (TPP) ions
are then added to these dispersions to form ibuprofen-loaded PAH/TPP coacervates (where the
strongly-binding TPP displaces the weaker-bound ibuprofen from the PAH amine groups). The initial
ibuprofen/PAH binding leads to extremely high drug loading capacities (LC-values), where the ibuprofen
comprises up to roughly 30% of the coacervate mass. Conversely, the dense ionic crosslinking of PAH by
TPP results in very slow release rates, where the release of ibuprofen (a small, water-soluble drug) is
extended over timescales that exceed 6 months. When ibuprofen is replaced with strong anionic
amphiphiles, however (i.e., sodium dodecyl sulfate and sodium dodecylbenzenesulfonate), the stronger
ampbhiphile/polyelectrolyte binding disrupts PAH/TPP association and sharply increases the coacervate
solute permeability. These findings suggest that: (1) as sustained release vehicles, PAH/TPP coacervates
might be very attractive for the encapsulation and multiple-month release of weakly amphiphilic anionic
payloads; and (2) strong amphiphile incorporation could be useful for tailoring PAH/TPP coacervate
properties.
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1. Introduction

When polyelectrolytes are mixed with polymer-binding multiva-
lent counterions, they can undergo associative phase separation
and form either gels, coacervates or precipitates that are rich in
both species and coexist with dilute supernatant phases.*™* One
class of such systems that has attracted considerable interest is
mixtures of synthetic, primary amine-bearing polycations, such
as poly(allylamine hydrochloride) (PAH) or poly(i-lysine) (PLL),
with multivalent anions - e.g, citrate, phosphate, tripolyphos-
phate (TPP) and ethylenediaminetetraacetic acid (EDTA).*®
These mixtures form coacervates, which have been explored for
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a variety of applications, ranging from serving as templates for
inorganic material synthesis,®® to underwater adhesion,*” to
medical imaging,' photothermal therapy' and controlled
release.>>"

When weaker-binding multivalent anions (such as citrate,
phosphate and EDTA) are used, the resulting polymer networks
contain short-lived ionic crosslinks and have liquid-like prop-
erties.*® Consequently, since these coacervates flow and (when
prepared as macroscopic phases) fail to hold their shape,' they
are typically used as colloidal coacervate droplets, which are
coated with a stabilizing material that prevents their coales-
cence.*>® Conversely, when strongly binding TPP and pyro-
phosphate (PPi) ions are used, the ionic crosslinks have longer
relaxation times, which result in putty- or gel-like behavior,
along with an ability to adhere to a variety of surfaces under wet
conditions.*” This improved ability to hold their shape and
remain at their application sites enables the PPi- and TPP-
crosslinked coacervates to be broadly used in both colloidal
dispersion and macroscopic putty/gel forms.**
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Scheme 1 Chemical structures of (a) PAH and sodium salts of (b) TPP and (c) ibuprofen.

Recently, our group has shown how, by preparing PAH/PPi
and PAH/TPP ionic networks, multiple-month release of
small, hydrophilic (dye) molecules could be achieved.”> These
highly extended release times (which evidently reflected the very
small hydrodynamic mesh sizes within the densely crosslinked
PAH/PPi and PAH/TPP networks) were achieved regardless of
the payload/polymer network affinity.'> Moreover, these release
times were much longer than those normally obtained with
hydrogels where, without encapsulating the payload inside
dispersed/release rate-controlling colloids (e.g., liposomes,
microgels or nanoparticles),'**® covalently conjugating the
payload to the base polymer molecules,** or relying on solute-
specific gel/payload binding interactions,*?** release of small
water-soluble drug molecules cannot typically be sustained over
many days, weeks or months.>* Additionally, these PAH-based
complexes (especially the PAH/TPP complex) show promising
invitro cytocompatibility.> Given that PAH is already being used
in its covalently crosslinked form as an oral drug,*® and both PPi
and TPP are on the U.S. Food and Drug Administration's
generally regarded as safe (GRAS) list, these findings suggest
that PAH/PPi and PAH/TPP coacervates may prove to be
attractive vehicles for long-term drug delivery.*?

Building on this previous work, here we explore the use of
gel-like coacervates prepared by crosslinking PAH with TPP for
the encapsulation and long-term release of the anti-
inflammatory drug, ibuprofen (see Scheme 1). Besides the
potential utility of this drug/coacervate combination in appli-
cations such as improving host responses to biosensors,
implants and indwelling catheters,">*” the use of ibuprofen in
this study provides a model for other types of amphiphilic
anionic drugs that might be encapsulated within PAH/TPP
coacervates (e.g., diclofenac and valproate).

More broadly, this model system enables a more general
analysis of how ionically crosslinked polymer networks interact
with oppositely charged amphiphile (i.e., surfactant) molecules.
Mixtures of oppositely charged surfactants and polyelectrolytes,
which not infrequently appear in studies on new cosmetic and
pharmaceutical formulations,*®** can also self-assemble and
undergo associative phase separation (either coacervation or
precipitation).***® Thus, introduction of anionic surfactants
into PAH/TPP mixtures may lead to competition between the
anionic surfactant and TPP for the cationic PAH amine groups.
Such competitive binding could affect both the coacervate
formation and its payload uptake/release properties. Ibuprofen
(at least in its sodium salt form) is a weak anionic surfactant
with an aqueous critical micelle concentration (CMC) of roughly

19410 | RSC Adv., 2018, 8, 19409-19419

180 mM *” and can therefore serve as a model system for the
analysis of such effects.

To perform this study, the surfactant/polyelectrolyte inter-
actions between ibuprofen and PAH (both with and without
TPP) were first probed by isothermal titration calorimetry (ITC)
and light scattering. The formation of ibuprofen-loaded coac-
ervates was then characterized by visual observation and
rheology, and their encapsulation properties were determined
by UV-vis spectroscopy. UV-vis spectroscopy was then also used
to analyze the ibuprofen release kinetics, using both 1x phos-
phate buffered saline (PBS) and deionized water as the release
media (while also analyzing the PAH/TPP network stability by
gravimetry). Finally, recognizing that ibuprofen is a relatively
weak anionic surfactant, effects of stronger surfactants -
sodium dodecyl sulfate (SDS; CMC = 8 mM **) and sodium
sodium dodecylbenzenesulfonate (SDBS; CMC = 3 mM *°) - on
PAH/TPP coacervation were also briefly explored.

2. Materials and methods

2.1. Materials

All experiments were conducted using Millipore Direct-Q 3
deionized water with an 18.2 MQ cm minimum resistivity. PAH
(nominal molecular weight = 120-200 kDa) was purchased
from Alpha Aesar (Ward Hill, MA). Ibuprofen and TPP were
obtained from Sigma-Aldrich (St. Louis, MO), while HCl, NaOH
and PBS powder were purchased from Fisher Scientific (Fair
Lawn, NJ). The SDS and SDBS were obtained from MP
Biomedicals (Solon, OH) and TCI America (Portland, OR),
respectively. All materials were used as received.

2.2. Analysis of PAH/ibuprofen interactions

Surfactant/polyelectrolyte binding between anionic ibuprofen and
cationic PAH was analyzed via ITC and light scattering. ITC
measurements were performed at 25 °C using a MicroCal VP-ITC
instrument (Malvern, Northampton, MA). Fifteen mM aqueous
ibuprofen solutions were titrated into aqueous PAH solutions,
which had either 5, 10 or 30 mM monomer concentrations. Both
the ibuprofen and PAH solutions were adjusted to pH 7.0 using
either NaOH or HCI prior to the titrations. Moreover, to test the
effect of TPP binding on the PAH/ibuprofen interactions, addi-
tional ITC experiments were performed where the 30 mM PAH
solutions were replaced with soluble TPP/PAH complexes. These
complexes were prepared at 0.2:1 and 0.4 : 1 TPP : PAH molar
ratios by titrating either 200 ul or 400 ul of 100 mM TPP into 15 ml
of 30 mM PAH solution (in 50 pl aliquots with 5 min intervals

This journal is © The Royal Society of Chemistry 2018
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between each addition). After equilibrating the final mixtures for
1 h, the binding of ibuprofen to TPP-complexed PAH was probed
by ITC.

In each ITC experiment, PAH or PAH/TPP solutions were
placed in the sample cell and the ibuprofen solution was placed
in the injector. The titrations were then performed using
twenty-seven injections (one 2 pl injection followed by twenty-
six 10 pl ones) separated by 10 min equilibration intervals. To
ensure uniform mixing within the sample cell, its contents were
mixed with an impeller-shaped injector tip at a standard
307 rpm speed. The raw data obtained from each titration (see
ESI, Fig. S11) was then integrated over time to generate the final
isotherms. Furthermore, to isolate the heat of binding from the
heat of ibuprofen dilution, control experiments that quantified
the dilution heats were performed by titrating the ibuprofen
solution into control PAH-free water at pH 7.0. The integrated
dilution heat was then subtracted from the experimental data to
obtain the final enthalpic PAH/ibuprofen binding signature.

To also analyze the PAH/ibuprofen interactions via light
scattering, similar titrations were repeated manually inside
20 ml scintillation vials stirred at 800 rpm with 12 mm x 4 mm
magnetic stir bars. Here, 200 pl aliquots of 15 mM ibuprofen
solution were sequentially titrated into 10 ml of 5-30 mM PAH
solutions (and solutions of soluble PAH/TPP complexes), with
5 min time increments between each ibuprofen addition. After
each ibuprofen addition, the light scattering intensity from the
PAH/ibuprofen mixtures was measured (at the 173° detector
angle) using a Zetasizer Nano ZS (Malvern, UK) dynamic and
electrophoretic light scattering instrument. Each ITC and light
scattering experiment was performed in triplicate.

2.3. Ibuprofen-free coacervate preparation

The PAH/TPP coacervates were prepared by adding 22 ml of
11.2 wt% (304 mM) TPP into 1000 ml of 0.3 wt% (30 mM) PAH
solution stirred with a 12 mm x 4 mm cylindrical magnetic stir
bar at 400 rpm. The TPP additions were performed in eleven
2 ml aliquots with 5 min time intervals between each addition
and produced PAH/TPP mixtures with 0.2 : 1 TPP : PAH molar
ratios. Both PAH and TPP solutions were adjusted to pH 7.0
using HCI or NaOH prior to their mixing. The resulting coac-
ervates were then equilibrated for 72 h before further use.

2.4. Analysis of ibuprofen uptake properties

Ionically crosslinked coacervates containing ibuprofen were
prepared by first complexing the PAH with the drug and then
adding TPP solution to PAH/ibuprofen mixtures. PAH/ibuprofen
mixtures were prepared by pre-dissolving 1-5 mg ml ™" (4.9-24.3
mM) of ibuprofen in 500 ml of water, whereupon 0.3 or 1.0 wt%
PAH (30 or 107 mM in its monomer units) was dissolved. To fully
dissolve the ibuprofen (which was originally in its protonated
form), the pH of its dissolution medium was raised to 12.5, which
was well above its pK, (~4.5-4.6).* Solid PAH was then added to
these ibuprofen solutions while, to ensure complete PAH disso-
lution, maintaining the pH above 12 (where the PAH remained
largely deprotonated) by adding 1 M NaOH - i.e., to prevent PAH/
ibuprofen complexation and precipitation during PAH addition.

This journal is © The Royal Society of Chemistry 2018
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On complete dissolution of the PAH, the mixture pH was
adjusted to pH 7.0 using HCI, whereupon insoluble PAH/
ibuprofen complexes formed. These mixtures were equilibrated
for 5 h (while stirring at 300 rpm) prior to TPP addition. Then, to
form the coacervates, 5.25 ml of 11.2 wt% (304 mM) TPP were
added in eleven 1 ml aliquots to generate PAH/TPP/ibuprofen
mixtures with 0.2 : 1 TPP : PAH molar ratios.

After equilibrating the resulting coacervates for 72 h, the
supernatant phase was collected and analyzed for its ibuprofen
content by UV-vis spectroscopy (at A = 263 nm where ¢ =
367.3 M ' ecm ™). These measurements were performed using
a Cary 50 UV-vis spectrophotometer (Sparta, NJ) and enabled
the loading efficiency (LE) and loading capacity (LC) to be
determined using the following equations:

LE = (1 - M) x 100% 1)
Wp
LC = Wo = GsVsMw % 100% (2)
We

where Cg was the (molar) supernatant ibuprofen concentration,
Vs was the supernatant volume, My, was the ibuprofen molec-
ular weight, Wy, was the total weight of added (ibuprofen) drug
and W was the weight of coacervate formed. Experiments at
each uptake condition were reproduced three times.

2.5. Rheology

Dynamic rheology of amphiphilic cargo-loaded PAH/TPP coac-
ervates was characterized at room temperature using a Rheo-
metric Scientific RDA III (Piscataway, NJ) strain-controlled
rheometer fitted with 25 mm parallel plates. Amphiphile-
bearing PAH/TPP coacervates (formed in the presence of
24.3 mM of either ibuprofen, SDS or SDBS) were prepared as
described in Section 2.4 and compared with control samples
that contained no payload. The resulting coacervates were
equilibrated for 72 h prior to being loaded into the rheometer
(in roughly 0.1 g quantities). The samples were then
compressed to a 0.5 mm gap thickness, and allowed to relax
until the normal force was below 100 g. Excess coacervate was
then removed using a razor blade and water was applied to the
sides of the plates to keep the coacervate hydrated. After a strain
amplitude sweep was conducted to determine the linear visco-
elastic region, frequency sweeps were conducted at a 1.0%
strain amplitude and 0.1-500 rad s~ angular velocities. Each
rheological measurement was performed in triplicate.

2.6. Analysis of ibuprofen release rates

To analyze the ibuprofen release rates, ibuprofen-loaded coac-
ervates were prepared and equilibrated for 72 h as described in
Section 2.4. A known weight (roughly 0.1-0.2 g) of the coacervate
was then placed into a 2 ml microcentrifuge tube and covered
with 1 ml of the supernatant solution, which was obtained upon
coacervation. This mixture was then centrifuged at 15 000 rpm
for 90 min in an Eppendorf 5424 centrifuge (Hauppauge, NY) to
flatten the surfaces of the 9-10 mm thick coacervate layers. After
centrifugation, the supernatant was decanted and the

RSC Aadv., 2018, 8, 19409-19419 | 19411
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Fig.1 Titrations of 15 mM ibuprofen (a and c) into (ll) 5 mM, (®) 10 mM and (a) 30 mM PAH at pH 7.0 (all without TPP) and (b and d) into 30 mM
PAH mixed with TPP at (4) 0.00 : 1, () 0.20 : 1and (®) 0.40 : 1 TPP : PAH molar ratios analyzed by (a and b) ITC and (c and d) light scattering. The

error bars are standard deviations and the lines are guides to the eye.

centrifuge tube and coacervate surface were wiped dry with
a Kimwipe™ tissue. One ml of release media (either DI water or
1x PBS) was subsequently added, and release experiments were
performed in an Eppendorf Thermomixer at 37 °C and
a 400 rpm mixing speed. The concentration of the ibuprofen
released from the coacervates was measured over time by UV-vis
spectroscopy (where ¢ was the same as that in Section 2.4) and
the release media was replaced (with fresh media) each time
a measurement was taken. Two replicate samples were analyzed
at each release condition.

3. Results and discussion

3.1. PAH/ibuprofen interactions

The binding of ibuprofen to the PAH was probed using ITC
where the ibuprofen was titrated into variably concentrated (5-
30 mM) PAH solutions at pH 7.0 (see Fig. 1a). The binding heat
was initially minimal but, once a critical ibuprofen concentra-
tion was reached, increased sharply. This sharp rise was fol-
lowed by either a gradual reduction (black squares and blue
diamonds) or a plateau (red triangles) in the enthalpic signal.
The sudden increase in binding heats within each thermogram
reflected the critical aggregation concentration (CAC) for the
ibuprofen/PAH binding, which increased from about 0.5 to
1.3 mM as the PAH monomer concentration was raised from 5
to 30 mM (Fig. 1a). This increase in the CAC with the polymer
concentration was typical for surfactant binding to oppositely

19412 | RSC Aadv., 2018, 8, 19409-19419

charged polyelectrolytes,**> and might have reflected the
elevated ionic strengths at higher polymer concentrations.** At
higher ibuprofen concentrations, however (at least at the two
lower PAH concentrations), the binding enthalpy decreased
again; evidently due to a gradual saturation of ibuprofen
binding sites (i.e., the amine groups) on the PAH.*?

To start analyzing how PAH/ibuprofen binding was affected
by TPP addition during coacervate preparation, PAH/ibuprofen
interactions were also probed using 30 mM PAH solutions with
TPP added in either 0.00 : 1, 0.20 : 1 or 0.40 : 1 TPP : PAH molar
ratios (see Fig. 3b). The CAC transition, which at the 0.00: 1
TPP : PAH ratio was marked by a sharp increase in binding heat
at roughly 1.3 mM ibuprofen, became significantly more
gradual with TPP addition, thus indicating a decrease in PAH/
ibuprofen binding cooperativity.**** This decrease in coopera-
tivity likely reflected a partial neutralization of cationic PAH
amine groups by the strongly-binding TPP,** which reduced the
abundance of neighboring ibuprofen-accessible amine groups
(thus frustrating cooperative hydrophobic interactions between
the PAH/bound ibuprofen molecules). Since cooperative
hydrophobic interactions are critical to strong surfactant/
polyelectrolytes binding,**** this reduction in cooperativity
suggests that TPP addition might weaken PAH/ibuprofen
association.

The above interpretations of the ITC data were supported by
the variations in normalized light scattering that occurred upon

This journal is © The Royal Society of Chemistry 2018
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ibuprofen addition to PAH and PAH/TPP solutions. Here, the
CAC transitions were indicated by sharp increases in light
scattering, caused by the formation of insoluble colloidal PAH/
ibuprofen complexes. Consistent with the ITC data, these
transitions shifted to higher ibuprofen concentrations (which
were closely matched to those obtained by ITC) at higher PAH
concentrations (Fig. 1c). Similarly, the sharp rise in the
normalized light scattering intensity shifted to slightly higher
ibuprofen concentrations upon TPP addition (Fig. 1d). This was
despite the partial neutralization of the PAH with TPP (and the
fact that the 0.40: 1 TPP: PAH molar ratio was nearly high
enough to induce insoluble complex formation even without
ibuprofen®) and supported the view that TPP weakens PAH/
ibuprofen binding. Since TPP is not expected to associate with
the similarly charged ibuprofen molecules, this weakened PAH/
ibuprofen binding is attributed to PAH/TPP association, which
(by reducing the availability of free PAH and TPP ionic groups)
inhibits the interaction of both PAH and TPP with other solutes.

3.2. Formation of ibuprofen-loaded coacervates

When ibuprofen was added to pH 12.5 water, the pH initially
dropped to roughly 10.5-11.5 (10.5 for the highest, 24.3 mM
ibuprofen concentration and 11.5 for the lowest, 4.9 mM
ibuprofen concentration). This pH reduction occurred because
the ibuprofen was initially in its protonated form and behaved
as an acid. Prior to PAH addition, the pH of this ibuprofen
solution was adjusted to and maintained above 12.0 (to keep the
PAH deprotonated during dissolution). This was required
because the PAH dissolution led to a reduction in pH and
resulted in PAH/ibuprofen phase separation, which was postu-
lated to interfere with further PAH dissolution. Hence, to ensure

This journal is © The Royal Society of Chemistry 2018

complete PAH dissolution, the pH was adjusted to 12.0 during
the PAH addition/dissolution process. Once the PAH was fully
dissolved, the pH of this mixture was adjusted to 7.0, which was
below the pK, of PAH (~8.7)* and caused the amine groups to
protonate and ionize. This PAH ionization resulted in colloidal
dispersions due to the association between the cationic PAH
and the anionic ibuprofen (see Fig. 2), which was well-
established through the calorimetric and light scattering
measurements in Fig. 1. These dispersions were not fully stable
and formed small amounts of flaky, macroscopic precipitates.
The subsequent addition of TPP to these PAH/ibuprofen
dispersions resulted in the formation and aggregation of TPP/
PAH complexes (Fig. 2), where flaky PAH/ibuprofen precipi-
tates were converted into ibuprofen-loaded PAH/TPP coacer-
vates.*” This conversion likely reflected the strong PAH/TPP
binding, which not only contributed to the high stability of
the PAH/TPP network (vide infra), but also displaced the weaker-
binding ibuprofen molecules from the PAH chains.

3.3. Ibuprofen encapsulation within PAH/TPP networks

The formation of PAH/TPP coacervates in ibuprofen-containing
mixtures resulted in ibuprofen encapsulation. The uptake of
ibuprofen into these coacervates was greatly facilitated by the
association of ibuprofen with PAH prior to the TPP addition
and, because the PAH/ibuprofen binding was cooperative (see
Section 3.1), both the LE and LC increased with the added
ibuprofen concentration (Fig. 3a and b). When 0.3 wt% PAH
solution was used in the encapsulation procedure, for instance
(blue circles), LE increased from roughly 3% when coacervation
occurred in the presence 4.9 mM ibuprofen to roughly 35%
when coacervation occurred in the presence of 24.3 mM

RSC Adv., 2018, 8, 19409-19419 | 19413
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ibuprofen (Fig. 3a). Even more striking was the impact of
ibuprofen concentration on the LC, which increased from less
than 1% to roughly 30% upon the same increase in the initial
ibuprofen concentration (Fig. 3b).

These high LC-values greatly exceeded those reported in the
previous study on payload uptake and release using PAH/PPi
and PAH/TPP coacervates where Fast Green FCF (FG) and
Rhodamine B (RhB) dyes were used as model molecules and
LCs did not exceed 3%.'* These differences in LC-values were
because the dyes and PAH in the previous work were mixed in
much lower payload : PAH ratios and, in the case of RhB (whose
LC-values were even much lower than those of FG) reflected
a lack of affinity between the payload and PAH. The superior
uptake properties demonstrated with ibuprofen above,
however, reflected a favorable PAH/ibuprofen affinity. In other
words, though the PAH/ibuprofen binding was sufficient to
concentrate the ibuprofen near the PAH chains (which enabled
the high LC-values), it was substantially weaker than the PAH/
TPP binding, and thus allowed the TPP to efficiently displace
ibuprofen from the PAH amine groups to form the ionic
network. This ability of TPP to displace the PAH-bound
ibuprofen enabled high ibuprofen : PAH ratios to be used
during the encapsulation process, and thus gave rise to the very
high LC-values without disrupting the ionic network formation.
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To further confirm that ibuprofen did not disrupt the PAH/
TPP complexation, coacervates with and without ibuprofen
loaded at the highest (roughly 30%) LC-value were probed via
dynamic rheology. For PAH/TPP coacervates without ibuprofen,
the storage modulus, G, exceeded the loss modulus, G”, over
the entire frequency range used (see Fig. 4a). This trend was
consistent with previous rheological analysis of PAH/TPP
networks formed from PAH and TPP solutions at neutral pH-
levels and without added salt.®” Similarly, although the addi-
tion of concentrated ibuprofen to these coacervates brought the
G’ and G” closer together, this nearing effect was mediated by
a multifold increase in G” rather than a decrease in G'. Indeed,
the G’ also increased slightly with the addition of ibuprofen and
remained above G’ over the entire experimental frequency
range. Thus, the gel-like properties of the coacervates were
largely preserved. These rheological trends suggest that, when
weakly amphiphilic anionic payloads such as ibuprofen are
used, the PAH/TPP coacervate networks can accommodate
remarkably high (up to 30 wt% of the total network mass) drug
loadings, which are uncommon for hydrogel-based, long-term
sustained release systems for water-soluble small molecules.**?*

While the LE was greatly enhanced at higher ibuprofen
concentrations (see Fig. 3a), increasing the PAH concentration
to 1 wt% produced only marginal improvements in LE-values,
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Fig. 4 Dynamic rheology of PAH/TPP coacervates comparing () G’ and (0) G” for (a) ibuprofen-free coacervates and (b) coacervates formed in
the presence of 24.3 mM ibuprofen. Both coacervate types were analyzed after 72 h of equilibration in the mixtures from which they formed.
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Ibuprofen release profiles from PAH/TPP coacervates loaded using (ll) 4.9 and (®) 24.3 mM initial ibuprofen concentrations, 0.3 wt% PAH,

and (aand b) 1x PBS and (c and d) DI water as the release media. The release profiles are plotted in terms of the (a and c) percent or (b and d) total
mass of the ibuprofen released. The error bars are standard deviations and the lines are a guide to the eye.

which were most significant at lower ibuprofen concentrations,
but became very weak at the more-favorable 19.4-24.3 mM
ibuprofen concentrations (Fig. 3a). This remarkably weak effect
of increasing the PAH concentration might have reflected the
cooperativity of the PAH/ibuprofen binding, which was essen-
tial for efficient ibuprofen uptake. Though adding more PAH
increased the availability of ibuprofen binding sites, increased
PAH : ibuprofen ratios both diminished the probability of
favorable, cooperative interactions between PAH-bound
ibuprofen molecules, and (for a constant ibuprofen concentra-
tion) increased the ionic strength. Indeed, as the parent PAH
concentration was increased from 0.3 to 1 wt%, the theoretical
overall NaCl concentration (achieved under the assumption of
complete ionic association between the ionizable PAH and TPP
groups) increased from 30 to 107 mM. Accordingly, as shown in
Fig. 1a, higher PAH : ibuprofen concentrations weakened PAH/
ibuprofen binding.

Furthermore, by distributing the encapsulated ibuprofen
over a greater coacervate mass, this increase in PAH concen-
tration sharply reduced the LC-values which, when the (most
favorable) 24.3 mM ibuprofen is used, dropped from around
30% to below 10%. These PAH concentration effects are
qualitatively consistent with those seen previously with the
uptake of the cooperatively binding FG food coloring dye
(though the LC-values for FG were much lower),"* and are likely
general to other cooperatively binding anionic payloads. They

This journal is © The Royal Society of Chemistry 2018

also indicate that, to achieve the very high loadings (i.e., very
high LC-values) of weakly amphiphilic payloads within these
coacervates, low PAH concentrations should be used.

Besides tailoring the PAH concentration, PAH/TPP coacer-
vates can be prepared using different PAH molecular weights
(data not shown). Since surfactant/polyelectrolyte binding
(which enables the high ibuprofen uptake), however, is only
sensitive to polyelectrolyte molecular weight when the polymer
chains are very short (with degrees of polymerization well below
100),**® variations in PAH chain length are not expected to
strongly affect uptake performance. In other words, the high LC-
values obtained herein can likely be achieved using an array of
PAH molecular weights.

3.4. Ibuprofen release from PAH/TPP coacervates

Release of ibuprofen from coacervates loaded with either the
lowest (4.9 mM) or the highest (24.3 mM) initial ibuprofen
concentrations was then characterized using 1x PBS and DI
water as the two model release media. At the lower ibuprofen
loading where, based on the LC-values in Fig. 3b, the coacer-
vates contained only 0.66 + 0.18 wt% ibuprofen, almost all of
the payload was released into PBS over about 175 days (black
squares in Fig. 5a). Conversely, coacervates prepared at the
highest initial ibuprofen concentration (which contained 29.9 +
1.6 wt% ibuprofen), released only about 20% of the payload over
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Fig. 6 Gravimetric analysis of the stability of PAH/TPP coacervates
loaded with 24.3 mM ibuprofen and 0.3 wt% PAH during drug release
into (M) DI water and (®) 1x PBS. The error bars are standard deviations
while the dashed line indicates the initial coacervate weight.

the 200 day experiment (blue circles in Fig. 5b). Despite this
lower fractional release, however, the coacervates with higher
LC-values released a much higher total ibuprofen mass than
their lower-LC counterparts (see Fig. 5b). Similar LC effects on
the release rates were obtained when the PBS release medium
was replaced by DI water (see Fig. 5¢ and d), though the release
rates in this lower-ionic-strength release medium became
substantially lower.

The multiple-month release achieved using the PAH/TPP
coacervates was (aside from their low solute permeability)
mediated by their high stability. Indeed, besides an initial
reduction in coacervate opacity (which occurred during the
initial weeks of the release process and likely reflected the loss
of larger pores/defects in the polymer network*’) and roughly
a 20% increase in coacervate weight — which for coacervates
loaded using 24.3 mM ibuprofen was obtained in both DI water
and 1x PBS (Fig. 6) — the coacervate appearance remained
unchanged throughout the nearly 200 day release experiment.
This relative invariance in appearance and normalized weight
indicates that, even with extremely high drug loadings (which
are orders of magnitude higher than those studied previously*?),
the PAH/TPP complexes preserve their stability.

Interestingly, despite the release being faster in the higher-
ionic-strength PBS than in DI water (¢f Fig. 5a and c), the
coacervate weights in DI water and PBS are virtually identical
(Fig. 6). This suggests that, in addition to depending on the
hydrodynamic mesh size and water content within the ionic
PAH/TPP networks," the release rates might depend on the
ionic crosslink relaxation times, which diminish with
increasing ionic strength.” In other words, in 1x PBS the ionic
crosslinks break and reform more rapidly, which facilitates
ibuprofen diffusion through the dense ionic networks.

In some ways, the multiple-month ibuprofen release is
similar to that seen in the previous work on sustained release
from PAH/PPi and PAH/TPP coacervates,'” where dye molecules
were used as model payloads. The decrease in the rate of frac-
tional drug release with the loaded ibuprofen concentration in
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Fig. 5a and c, for instance, is qualitatively similar to that seen
previously with the cooperatively-binding FG** and evidently
reflects an increase in the cooperative ibuprofen association
(with other ibuprofen molecules), which reduces its effective
diffusion rate. The same parallel holds for the increase in the
total payload mass released with the encapsulated payload
concentration (in Fig. 5b and d),** which again indicates that
the rates of multiple-month payload delivery can be extensively
tuned by varying its initial concentration within the coacervate.

Despite these similarities, however, the ibuprofen release
profiles differ from those of FG in two key ways. First, the
fractional release of ibuprofen is significantly more rapid than
that obtained for FG (where less than 5% of the payload was
released into PBS over 80-160 d).”* This difference in release
kinetics may be attributed to differences in the size and flexi-
bility of the two model payloads - i.e., FG is a relatively stiff,
polyaromatic molecule with a molecular weight above 800 Da,
while ibuprofen is a more flexible (and smaller) molecule with
a molecular weight (in its sodium salt form) of only 228 Da. Due
to this difference in molecular size and flexibility, ibuprofen was
much more mobile within the ionic PAH/TPP network. This
view was supported by ibuprofen release also being faster than
that obtained for Rhodamine B (RhB; another larger, poly-
aromatic dye molecule), which was essentially non-binding to
the PAH matrix, but still exhibited release properties that were
similar to FG."”> Thus, the variability in release rates between
ibuprofen and the previously studied dye molecules likely
predominantly reflected differences in their molecular size and
flexibility. Despite the faster release of ibuprofen, however, the
release was sustained over more than 6 months, indicating that
multiple-month release from PAH/TPP coacervates can be ach-
ieved even with smaller low-molecular-weight payloads (and not
just the larger, polyaromatic small molecules such as the FG
and RhB dyes).

The second key difference between ibuprofen and FG (and
RhB) dye release was that, because much more ibuprofen was
loaded into the PAH/TPP networks than the dyes in the previous
work, the PAH/TPP coacervates delivered ibuprofen in much
larger quantities than the dyes in the previous study. Indeed, in
the time required for them to release roughly 0.1 mg FG, the
PAH/TPP coacervates were able to release 10-20 mg of
ibuprofen. These much higher payload doses were achieved
while sustaining the controlled release over multiple-month
timescales and showed that, when weakly amphiphilic
anionic payloads (such as ibuprofen) are used, the highly sus-
tained release can be achieved with a wide range of drug doses.

3.5. Effect of amphiphile strength

Since successful PAH/TPP coacervate formation depended on
the efficient displacement of ibuprofen from PAH by stronger-
binding TPP ions," we also hypothesized that the successful
incorporation of ibuprofen within PAH/TPP coacervates might
not extend to stronger anionic surfactants that bind more
strongly to PAH. To this end, the encapsulation procedure used
with weakly amphiphilic ibuprofen (CMC = 180 mM *’) was also
attempted with strong anionic surfactants, SDS (CMC =

This journal is © The Royal Society of Chemistry 2018
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Fig.7 Digital photographs of (a) PAH/TPP coacervates prepared in the presence of: (i) no payload, (i) ibuprofen, (iii) SDBS and (iv) SDS (with each
amphiphilic payload present at a concentration of 24.3 mM) and (b) the same PAH/TPP coacervates after 7 d of equilibration in the presence of

1.0 ml of 2.1 mM RhB dye.

8 mM *) and SDBS (CMC = 3 mM.*) Encapsulation of these
strong surfactants produced several differences in PAH/TPP
coacervate properties. First, unlike the colloidal PAH/
ibuprofen complexes that formed when the pH of PAH/
ibuprofen mixtures was reduced to 7.0, stronger-bound PAH/
SDS and PAH/SDBS complexes rapidly formed macroscopic
precipitates. This difference in properties persisted after the
addition of TPP. Unlike the encapsulation of ibuprofen, which
had minimal impact on PAH/TPP coacervate appearance and an
enhancement in G’ and G"-values (see Fig. 7ai and ii and 4),
when SDS and SDBS where used, the coacervate became much
more opaque (Fig. 7aiii and iv) with lower (especially at lower
oscillation frequencies) G’ and G"-values (see ESI, Fig. S27).
Based on the higher opacities and lower G'-values (which
indicated larger pore size® and weakened PAH/TPP cross-
linking” respectively), we hypothesized that the presence of
strong anionic amphiphiles diminished the ionic crosslink
densities within the coacervates and, thus, compromised their
resistance to solute diffusion. To quickly test this, RhB dye,
which was essentially non-binding to the PAH/TPP networks,*
was added (in a 2.1 mM concentration) to the supernatant and
allowed to diffuse into the coacervate for 7 days. In the case of
the payload-free and ibuprofen-loaded coacervates, there was
no visible RhB penetration into the PAH/TPP coacervates (with
virtually all the red RhB dye remaining in the supernatant phase
and no RhB visible in the coacervate; see Fig. 7bi and ii).
Conversely, when the coacervates contained the stronger-
binding SDS and SDBS, a significant portion of the coacervate
turned red due to RhB penetration (Fig. 7biii and iv), thus
confirming that the PAH/TPP networks became more perme-
able, likely due to a reduction in the TPP crosslinking of PAH
chains. This disruption of PAH/TPP crosslinking likely reflects
the fact that, due to the stronger surfactant/PAH binding, TPP is
no longer able to displace the surfactant from the PAH chains.

This journal is © The Royal Society of Chemistry 2018

Another interesting observation was that, though RhB did
not preferentially partition into PAH/TPP coacervates,'” the SDS
and SDBS-bearing PAH/TPP networks were able to take up most
of the RhB from the supernatant (compare light pink superna-
tant phases in Fig. 7biii and iv with the dark red ones in Fig. 7bi
and ii). Indeed, when samples in Fig. 7biii and iv were observed
after 2 months, the supernatant phases were essentially clear
(data not shown), suggesting nearly full partitioning of RhB into
PAH/TPP/SDS and PAH/TPP/SDBS networks. This enhanced
partitioning into the ionic networks might have reflected the
hydrophobic interactions between aliphatic surfactant tails and
aromatic RhB rings. Thus, though incorporation of strong
anionic amphiphiles appears to weaken the diffusion barrier
properties of PAH/TPP networks, it might in some cases be
beneficial in either enhancing payload uptake properties (for
drugs exhibiting little natural affinity for PAH/TPP networks)
and, as has recently been explored with other coacervates
systems,**** enhance the use of these ionic networks as adsor-
bents. Similarly, strong anionic surfactants may be useful in
tailoring release rates from PAH/TPP coacervates in cases where
the very slow release from these materials needs to be
accelerated.

3.6. Further discussion

Overall, we have shown that gel-like PAH/TPP coacervates
combine extremely high loadings of weakly amphiphilic anionic
payloads with their release over multiple-month timescales,
which is very difficult to achieve with small, water-soluble
molecules using other, gel-based (and gel-like) sustained
release devices. Achieving multiple-week or -month delivery of
such small, water-soluble payloads from hydrogels, for
instance, typically requires techniques such as: (1) chemical
attachment of the payload molecules to the hydrogel, which
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enables the long-term release rates to be controlled by the slow
chemical cleavage rate;**** (2) development of a scaffold that
can physically bind the payload molecules, to retard their
diffusion;*** and (3) encapsulation of the payload within
colloidal structures (such as liposomes or polymeric micro- and
nanostructures), which are dispersed within the gels and, due to
their low payload permeability, control the release rates.***
Each of these approaches, however, increases the complexity of
the gel-like controlled release devices and typically generate LC-
values that are much lower than those reached in Fig. 3b.*>'%?%23
Though the high loading and multiple-month release are only
demonstrated here with the potent anti-inflammatory drug,
ibuprofen (which could potentially be released from PAH/TPP
coacervates to improve the host response during the applica-
tion of biosensors, implants or indwelling catheters'>?’), these
properties are also likely accessible with other weakly-
amphiphilic and hydrotropic payloads whose use is a subject
of ongoing studies. Further, the above experiments have shown
that solute partitioning and permeability in PAH/TPP coacer-
vates can be tailored through strong anionic amphiphile
incorporation. This ability to achieve high cargo loadings,
multiple-month release and tunable uptake/permeability, along
with their promising in vitro cytocompatibility,” could make
PAH/TPP coacervates attractive for a broad range of pharma-
ceutical, household and even environmental applications.

4. Conclusions

PAH/TPP coacervates were able to encapsulate a weakly
amphiphilic small molecule drug (ibuprofen) with extremely
high LC-values (where the ibuprofen comprised up to 30% of
the total coacervate mass) and then release this drug over
timescales exceeding 6 months. This unusual combination of
properties likely reflected: (1) the affinity of the anionic
amphiphile for the oppositely charged PAH, which localized the
payload near the polymer chains; and (2) the ability of the
stronger-binding TPP to efficiently displace the payload from
the cationic amine groups and form densely crosslinked ionic
networks. Highest LC-values were achieved at high ibuprofen
and low PAH concentrations. The release rates, on the other
hand, could be readily tuned by varying the amount of
ibuprofen initially loaded into the PAH/TPP coacervates. Over-
all, these findings suggest that gel-like PAH/TPP coacervates
could be attractive for the multiple-month delivery of weakly
amphiphilic drugs.

In contrast to the weakly amphiphilic ibuprofen, incorpo-
ration of stronger anionic amphiphiles (SDS and SDBS)
appeared to interfere with the formation of PAH/TPP crosslinks.
This in turn made the PAH/TPP complexes more permeable to
small molecules and caused significant diffusion through PAH/
TPP networks over the (significantly shorter) timescale of days.
The presence of these strong amphiphiles within the PAH/TPP
networks, however, also impacted the coacervate affinity for
other solutes (as demonstrated by their increased uptake of RhB
dye). These abilities to enhance dye uptake and accelerate
solute transport suggest that strong amphiphile incorporation
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within PAH/TPP coacervates could be utilized to tailor their
payload uptake and release properties.
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