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ABSTRACT: Materials for preventing harmful bacterial contamination attract widespread
interest in areas that include healthcare, home/personal care products, and crop protection. One
approach to achieving this functionality is through the sustained release of antibacterial
compounds. To this end, we show how putty-like complex coacervates, formed through the
association of poly(allylamine hydrochloride) (PAH) with pentavalent tripolyphosphate (TPP)
ions, can provide a sustained antibacterial effect by slowly releasing bactericides. Using triclosan
(TC) as a model bactericide, we demonstrate that, through their dispersion in the parent PAH
solution with nonionic surfactants, hydrophobic biocides can be efficiently and predictably
encapsulated within PAH/TPP coacervates. Once encapsulated, the bactericide can be released
over multiple months, and the release rates can be readily tuned by varying the bactericide and
surfactant compositions used during encapsulation. Through this release, the PAH/TPP
coacervates provide sustained bactericidal activity against model gram-positive and gram-negative
bacteria (Staphylococcus aureus and Escherichia coli) grown under a nutrient-rich condition over
at least two weeks. Thereafter, though some partial activity persists after one month, the release
slows down and the bactericide-eluting coacervates lose their efficacy. Overall, we show that
bactericide release from easy-to-prepare complex coacervates can provide a pathway to sustained

disinfection.
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1. INTRODUCTION

Bacterial contamination causes numerous costly problems, including human diseases and

4

mortality,"” 2 food and consumer product spoilage,* * crop diseases,> ¢ biofouling,’ and

pipe/equipment corrosion. ° To address these challenges, bactericides (i.e., disinfectants,
antiseptics and antibiotics) are widely used in healthcare, professional cleaning, water purification,
food processing, coatings, and consumer product formulations.!® ! Despite their broad utility,
however, use of these active molecules frequently presents problems such as their toxicity,'? need
for repeated application, and limited chemical stability.!* To this end, there has been substantial
interest in the controlled release of disinfectants for long-term prevention of bacterial growth.!3!”
This approach mitigates the need for repeated application, (through encapsulation) protects the

active compounds from degrading!® and, by moderating the amounts in which these antibacterial

payloads are released, reduces the toxicity associated with their application.!* '8

The controlled bactericide release systems developed to date include plastic films,'6 17> 1

wafers,?% 2! beads,!® and a diverse array of micro- and nanoparticles,'® 2% fibers,>*2° coatings'>

26, 27 28-31

and gels, all of which have been used for encapsulating and slowly releasing biocidal

small molecules. Among these sustained release vehicles are materials prepared through
polyelectrolyte self-assembly.! 3234 These biocide-eluting materials have been prepared through
two general approaches: (1) preparation of polyelectrolyte complex multilayers (PEMs), where

tens of alternating layers of anionic and cationic polyelectrolyte layers were deposited on

15,32-34

surfaces; and (2) complex coacervation, where complexes between a polyelectrolyte and an

35, 36 22, 37 38, 39

oppositely charged polymer, protein or multivalent ions were formed by simply

mixing the two associating solutes in aqueous solution. In recent years, PEMs have been shown to

provide antibacterial and antifungal activity over multi-week and multi-month timescales.*>*! To
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our knowledge, however, despite their much simpler preparation, such long-term antibacterial
activity has not been demonstrated for complex coacervates.

Recently, one of us hypothesized that highly sustained disinfection could be achieved using
putty-like complex coacervates formed from aqueous mixtures of the cationic polymer,
poly(allylamine hydrochloride) (PAH) and pentavalent anion, tripolyphosphate (TPP) (see Scheme

43,44 and release small molecules

la and b).*? These coacervates can both adhere to diverse surfaces
over multiple months.*>*’ The long-term sustained release functionality of PAH/TPP coacervates
likely reflects their high network densities and has, to date, been demonstrated using water-soluble
(anionic and zwitterionic) dyes*’ and the anti-inflammatory drug, ibuprofen.*> Besides their
adhesion and long-term release functionalities, PAH/TPP coacervates have shown promising
cytocompatibilities with human cells, which suggests these materials to be relatively nontoxic.*?
Indeed, PAH (in its covalently crosslinked form) is already used as an oral drug,*® and TPP is on
the U.S. Food and Drug Administration’s generally regarded as safe (GRAS) list. These favorable
properties, along with the ability of PAH/TPP coacervates to adhere to a surface and release small

molecules over extended timescales, suggest these multifunctional self-assembled materials as

attractive long-term sustained release vehicles for a broad range of potential applications.

Scheme 1. Molecular structures of (a) PAH, (b) TPP, (c) TC and (d) TW.
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Building on these findings, here we investigate the use of PAH/TPP coacervates for the
highly sustained release of antibacterial agents, with the view of developing products for sustained
household, institutional, and (eventually) medical disinfection — e.g., where the bactericide-
eluting PAH/TPP coacervates are attached to (or incorporated within) wet surfaces or devices,
ranging from the insides of showerheads to infection-prone surgical implants. Further, by using a

)*#7:48 as the model bactericide

hydrophobic, sparingly soluble molecule, Triclosan (TC; Scheme 1¢
we, for the first time, characterize the multifunctional PAH/TPP coacervates as materials for the
long-term release of hydrophobic payloads, which — despite being often encapsulated in

biopolymeric (e.g., gelatin/anionic polysaccharide) coacervates?? 33749 50

— have not yet been
used with the PAH/TPP system.

To perform this study, TC encapsulation effects on PAH/TPP coacervation were first
examined, after which the TC uptake performance of the resulting PAH/TPP coacervates was
quantified. To target applications in household and institutional disinfection, tap water (such as
might be found in bathrooms, kitchens or dental unit waterlines) was used as the release medium,
wherein coacervate swelling and TC release were measured. Finally, the antibacterial efficacy of
the TC-eluting PAH/TPP coacervates against planktonic bacteria was examined over roughly 2

months using Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) as model gram-

positive and gram-negative bacterial strains, respectively.

2. MATERIALS AND METHODS

2.1. Materials
Deionized water (18.2 MQ-cm resistivity) was obtained from a Millipore Direct-Q water

purification system. PAH (nominal molecular weight = 150 kDa; 40 wt% solution) was purchased
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from Nittobo Co. (Tokyo, Japan). TC, TPP (sodium salt), thiazole orange, and ninhydrin reagent
(2,2-dihydroxyindane-1,3-dione) were obtained from Sigma-Aldrich (St. Louis, MO). Tween 20
(TW) surfactant (Scheme 1d), propidium iodide, paraformaldehyde, ethanol (EtOH), dimethyl
sulfoxide (DMSO) and hydrochloric acid (HCI) were purchased from Fisher Scientific (Fair Lawn,
NJ), while sodium hydroxide (NaOH) was supplied by VWR (West Chester, PA). All materials

were used as received.

2.2 Preparation of TC-Loaded Coacervates

TC-loaded PAH/TPP coacervates were prepared as shown in Scheme 2. To disperse the
TC in water, it was first dissolved in 86 wt% EtOH, and then mixed with aqueous TW solutions
in 0.25 — 1.00:1 TW:TC molar ratios (and a constant 0.22:1 TC:EtOH molar ratio). The mixtures
were then stirred at 400 rpm overnight with 12 mm X 4 mm cylindrical magnetic stir bars. The
resulting TC/TW/EtOH/water mixtures were then mixed with 20 wt% (2.4 M in their monomer
concentrations) PAH solutions in a 1:1 volumetric ratio (and stirred at 1200 rpm for overnight) to
prepare TC-charged 10 wt% (1.2 M) PAH mixtures (Scheme 2). To generate TC-loaded PAH/TPP
coacervates, 0.8 mL of 7.5 wt% (220 mM) TPP solution and 0.75 mL of PAH/TC mixture were
added to 1.5 mL microcentrifuge tubes and vortexed for 5 — 10 s. The tubes were then centrifuged
at 15000 rpm for 90 min, whereupon the coacervates were separated from the supernatant phases
for analysis. Similarly, control coacervates (without any TC, TW or EtOH and with TW/EtOH

only) were prepared via the same method.
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Scheme 2. Preparation of the TC/TW-loaded PAH/TPP coacervates.
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2.3. Analysis of PAH/TPP Complexation

The PAH/TPP association within the coacervates could be affected by their composition
(e.g., their pH/ionic strength* or payload content*®). Thus, the PAH/TPP complexation efficiency
was examined by quantifying the free PAH concentrations within the supernatant and coacervate
phases. The supernatant PAH concentration was used to estimate the fractions of PAH chains that,
through PAH/TPP complexation, ended up in the coacervate (i.e., the yield of the coacervation
process). To quantify free PAH in the supernatant, 0.5 mL of supernatant solution was added to a
6 mL glass test tube, whereupon 0.5 mL of ninhydrin reagent was added to each tube. The tubes
were then capped, shaken and heated in a boiling water bath for 30 min. They were then cooled in
a 25 °C water bath for 10 min, after which 2.5 mL of 50 vol% water/EtOH mixture was added to
each tube, and the tubes were vortexed for 30 s. The PAH content was then determined via
absorbance measurements (at A = 570 nm) with a Cary 50 UV-vis spectrometer (Sparta, NJ), which

revealed the PAH yield as:

%Yiezdz(cf;qjxloo% (1)

i

where C; was the initial (i.e., overall) PAH concentration obtained upon mixing of PAH with TPP,
and C, was the free PAH concentration remaining in the supernatant. Further insight into the TC
uptake effect on the PAH/TPP complexation was obtained by estimating its impact on the PAH

concentration within the coacervate. This analysis was performed by weighing the coacervate
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phases and dividing the PAH weights they contained (obtained via the ninhydrin assay) by their

total weights. Each coacervate type was analyzed using three replicate samples.

2.4. TC Uptake Analysis

To measure TC encapsulation efficiency, the supernatant phases were carefully collected
for further analysis, right before the freshly formed coacervates were centrifuged into pellets. This
step was crucial to avoid sedimenting the TC/TW dispersions in the supernatant phase onto the
coacervate surface. The supernatant TC concentration was then determined via UV-vis
spectroscopy, which required the sparingly soluble TC to first be fully dissolved. To dissolve the
colloidally dispersed TC, the supernatant phases were diluted in 20 wt% EtOH aqueous solutions
that contained 10 mM NaOH, whereupon the supernatant TC concentrations were quantified
through UV-vis absorbance readings at A = 292 nm (¢ = 40 mM ~! cm ~!). These concentrations

were then used to determine the TC loading capacity (LC) and loading efficiency (LE) as:

LC= % «100% )
0
LE = % x100% (3)

where C; is the initial overall TC concentration in the parent PAH/TPP/TC/TW mixture added to
the microcentrifuge tube, Cs is the final TC concentration remaining in the supernatant, V; is the
total mixture volume added to the microcentrifuge tube, V; is the supernatant volume recovered
after centrifugation, and W is the coacervate weight (also measured after centrifugation). Besides

varying the TC concentrations (as described in Section 2.2), the LC and LE values of the TC/TW-
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loaded coacervates were measured at variable TW:TC molar ratios (at a constant TPP:PAH molar

ratio of 0.2:1). Each uptake experiment was repeated thrice to ensure reproducibility.

2.5. Gravimetric Analysis of Coacervate Swelling

The stability of TC-loaded PAH/TPP coacervates in tap water (pH = 9.6 + 0.4) was probed
by gravimetry. The initial coacervate weight was measured after removing the supernatant from
the microcentrifuge tube and then gently wiping the coacervate surface with a Kimwipe™ tissue.
The coacervates were then equilibrated in an Eppendorf Thermomixer (Hamburg, Germany) at
400 rpm in 1 mL of dechlorinated tap water at 25 °C (with the water replaced daily) and weighed
every 4 d to determine changes in their weights. Their weights were then normalized to the initial
values as W(t)/Wy, where W(t) was the weight at time, ¢, and W) was the weight prior to tap water
immersion. Similar measurements were taken for control coacervates prepared without any TC or

TW, with each sample type analyzed in triplicate.

2.6. TC Release Rate Analyses

TC release into the dechlorinated tap water was then analyzed via UV-vis spectroscopy, by
measuring absorbance at A = 292 nm (¢ = 40 mM ! cm ). To eliminate turbidity artifacts, all
release media samples were diluted in 20 wt% EtOH and 10 mM NaOH aqueous solution (to fully
solubilize any undissolved TC) before their analysis. To begin this experiment, 1 mL of tap water
(described in Section 2.5) was poured over the coacervate pellets at the bottoms of the
microcentrifuge tubes. The tap water was then replaced daily with the release from each coacervate

sample measured after each solvent replacement step.
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Additionally, since TC is only sparingly soluble (which could make maintaining sink
conditions during the release experiments challenging),”! further release experiments were
performed to assess the impact of the release medium volume on its release rates. Here, the 2 mL
flat-capped microcentrifuge tubes (@ = 11 mm) containing the coacervate pellets were stripped of
their caps and fitted inside 15 mL Falcon™ centrifuge tubes (@ = 17 mm). The larger tubes were
then filled with 10 mL of tap water, which increased the release medium volume tenfold, and
agitated at 600 rpm and 25 °C on a Multi-Therm™ shaker (Benchmark Scientific; South Plainfield,
NJ). The tap water was, again, periodically replaced and analyzed via UV-vis spectroscopy for the
released TC; daily at first, and then, once TC release slowed down, every 2 d. Each release

experiment was repeated thrice to ensure reproducibility.

2.7. Antimicrobial Activity Analysis

To probe the effectiveness of bactericide-eluting PAH/TPP coacervates in long-term
disinfection, two model bacteria were used: gram-positive S. aureus (ATCC 25923) and gram-
negative E. coli (ATCC 25922). Long-term release of TC into fresh bacterial culture (which was
replenished daily) was performed over 2 months. Coacervate pellets (0.15 — 0.22 g) each prepared
in 1.5 mL microcentrifuge tubes (with caps removed) were fitted inside 15 mL Falcon™ centrifuge
tubes. Ten mL aliquots of freshly cultured bacterial suspensions in one-tenth strength Luria-Bertani
(LB) broth (OD = 0.1 + 0.01; corresponding cell number ~107 cfu/mL) were then added on top of
the coacervates inside the 15 mL centrifuge tubes, whereupon the tubes were incubated at 200 rpm
and 37 = 1 °C for 24 + 4 h. To convincingly show that the bactericidal activity is mediated by the
long-term sustained release (and not by the bactericide in the release media released earlier in the

experiment), the bacterial suspensions were then replaced daily with freshly cultured suspensions



https://doi.org/10.1021/acsabm.0c00763

in TC-free media. Bacterial growth was monitored based on changes in OD, which were recorded
every 2 d. Bacterial cell viability was also analyzed using an upright fluorescence microscope
(Olympus BX-51; Tokyo, Japan). Here, to distinguish live and dead cells, 5 pL of 42 uM thiazole
orange in DMSO and 5 pL of 4.3 mM aqueous propidium iodide solution were added to 500 uL.
cell dispersion aliquots to stain the cells.

Prior to imaging, the cells were fixed using a 4 vol% paraformaldehyde solution at room
temperature. To concentrate the cells, their dispersions were first separated from the coacervates
and centrifuged in the 15 mL Falcon™ tubes for 20 min at 5000 rpm (4300 g), after which 5 mL
of the cell-rich dispersions from the tube bottoms were collected for the analysis. All images were
captured using a 100x objective and slides equipped with 1 mm? grids and analyzed using ImageJ
software (National Institutes of Health; Bethesda, MD). This experiment was continued until all
observable antibacterial activity of TC-loaded coacervates was lost. Moreover, to ascertain the
effect of the eluted TC on the bacteria, bacterial growth was monitored under three control
conditions: (1) without coacervate, (2) with an empty coacervate, and (3) with a TW-loaded (but
TC-free) coacervate. To ensure reproducibility, three replicate samples (n = 3) were used at each
experimental condition and 6 images were captured from each slide. Statistical differences (p <
0.05) between the viability of coacervate-free cells and cells exposed to the coacervates (both with
and without TC) were then assessed via the one-way analysis of variance (ANOVA) followed by

a Dunnett’s post hoc test.

10
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3. RESULTS AND DISCUSSION

3.1. Coacervate Formation

Coacervates formed immediately upon the mixing of PAH with the TPP and adhered to the
microcentrifuge tubes. The coacervates loaded with TW and TC/TW mixtures, however, were
whiter/opaquer (Figure 1a) and less adhesive — i.e., unlike their empty counterparts, they detached
from the tube walls when vigorously shaken. Additionally, although both TC and TW were
nonionic (and were thus not expected to competitively associate with PAH or TPP*), the TC/TW
dispersions in the parent PAH solutions appeared to interfere with PAH/TPP complexation. As the
TC concentration was raised from 0 to 160 mM, the PAH yield within the coacervate phases
dropped by up to 5% (see Figure 1b). This effect was greatest at the highest TC concentrations and
TW:TC ratios, and suggested the possibility of the payload sterically hindering the PAH/TPP
association. Nonetheless, the average PAH yield remained above 90% at every tested composition,

indicating these inhibitive effects to be relatively minor.
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Figure 1. Effect of TC encapsulation on the (a) visual appearance of (i) empty and (ii) TC/TW-
loaded coacervates, (b) PAH yield and (¢c) PAH concentration within the coacervate when the TC
is dispersed in the parent PAH solutions using (4 ) 0.25:1, (4) 0.33:1, (®) 0.50:1 and (M) 1.00:1
TW:TC molar ratios. All data are mean + SD, while the lines are guides to the eye.

Interestingly, besides slightly reducing PAH/TPP complexation, the TC uptake decreased

the PAH concentration within the coacervates (Figure 1¢). The extent of this decrease depended

11
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strongly on the TW:TC molar ratio. At the lowest, 0.25:1 TW:TC molar ratio, the reduction in the
average PAH concentration within the coacervate (as the TC concentration added to the parent
PAH solution was raised from 0 to 160 mM) was very small (from 43 to 41 wt%). As the TW:TC
molar ratio was raised to 1:1, however, the PAH concentration within the coacervate dropped
significantly, from 43 to 32 wt%. This drop in the PAH concentration suggested that the PAH/TPP
ionic networks became more porous; presumably, due to a high colloid concentration within the
network. Since the TW molecular weight (1228 g/mol) was more than four times greater than that
of TC (289.5 g/mol), the dispersion of 160 mM (47 mg/mL) TC at a 1:1 TW:TC molar ratio
corresponded to 23 wt% of combined TC/TW concentration in the 10 wt% parent PAH solution.
Because most of this solute existed in either particulate or micellar form, its presence expectedly
increased the porosity of the PAH/TPP network and so decreased its overall PAH concentration.
Thus, though the TC/TW uptake had little effect on the PAH yield, its impact on the network

structure may have been more significant.

3.2. TC Encapsulation Efficiency

The TC content within the PAH/TPP coacervates scaled linearly with the initial TC
concentration in the parent PAH solution (Figure 2a). The slope of this line, however, depended
on the TW:TC ratio and decreased by nearly 40% as the TW:TC molar ratio increased from 0.25
to 1.00:1. This variation in slope reflected variability in the LE. At the lowest TW:TC ratio, the
LE — which remained insensitive to the TC concentration — was at nearly 100% (Figure 2b). As
the surfactant content increased, however, the LE dropped to roughly 60%. This drop in LE
coincided with the supernatant phase obtained upon PAH/TPP complexation becoming more

turbid (Supporting Information, Figure S1), thus indicating that the dispersed TC particles were

12
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less-efficiently encapsulated during the coacervation process. This effect may have reflected the
high TW contents in the parent PAH solution during coacervation at the higher TW:TC ratios,
which may have both enhanced the solubilization of the TC into the supernatant phase and (by
sterically inhibiting the formation of the PAH/TPP networks) allowed for the TW-coated TC
particles to be released from the coacervate before the polymer-rich PAH/TPP matrix could fully
form. Regardless of the reasons for these differences in LE, however, very high TC loadings,
exceeding 200 mg/g (or 20 wt% TC; see Figure 2a) were achieved and were easily and predictably
controlled. Moreover, this encapsulation procedure was highly efficient, with most of the LE-
values exceeding 80% (Figure 2b). These findings suggest that, similar to previous reports on
hydrophobic molecule encapsulation using complex coacervates,>” *>3° PAH/TPP complexes are

highly efficient in encapsulating hydrophobic payloads.
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Figure 2. Effect of the initial TC concentration in the parent PAH solution on its (a) LC and (b)
LE within the PAH/TPP coacervates obtained using (4 ) 0.25:1, (£.) 0.33:1, (®) 0.50:1 and (M)
1.00:1 TW:TC molar ratios during encapsulation. All data are mean + SD, while the lines are
guides to the eye.

13



https://doi.org/10.1021/acsabm.0c00763

3.3. Swelling of TC-Loaded Coacervates

While the empty control coacervates swelled by only 30% in tap water during the long-
term release experiment, all TC/TW-loaded coacervates swelled to roughly 2 — 4 times their initial
weight (Figure 3). This swelling increased with the TC loading and (especially at the higher TC
loading) with the TW:TC ratio. In each case, the payload-induced swelling gradually increased
over the first two weeks, and then remained roughly constant. The impacts of TC and TW addition
on this swelling likely reflected the TC/TW effects on PAH/TPP association. As these additives
were introduced, they hindered PAH/TPP association and generated TC/TW-filled pores in the
coacervate networks. The less-complete PAH/TPP association, in turn — along with the increased

solute/pore contents within the coacervate networks, likely increased the osmotic coacervate

swelling.
(a) (b)
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Figure 3. Effect of TW:TC ratio on coacervate swelling in tap water where (a) 32 mM TC and (b)
160 mM TC were initially added to the parent PAH solutions in (4 ) 0.25:1, (4) 0.33:1, (®) 0.50:1
and (M) 1.00:1 TW:TC molar ratios. For comparison, the swelling of control coacervates (V)

without any TC or TW is also shown. All data are mean + SD, while the solid curves are guides to
the eye.

14
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The moderate increase in swelling of the payload-free coacervates when placed in water

42,45

was consistent with those previously reported for both PAH/TPP networks and polyelectrolyte

complex coacervates (prepared through the mixing of oppositely charged polymers).’> 3
Moreover, the increase in swelling with the coacervate loading was qualitatively similar to that
seen in prior work upon the encapsulation of a non-binding zwitterionic dye (Rhodamine B).*?
Because the LCs with the dye molecules were orders of magnitude lower than those used here,
however, the swelling in that earlier work was much more modest (with the coacervate weights
changing by just 10 — 30% when placed in deionized water or phosphate-buffered saline).*?
Interestingly, in another prior study where PAH/TPP coacervates were loaded with the weakly
amphiphilic, anionic drug, ibuprofen (whose LCs reached ~300 mg/g), the swelling was also very
low, with 20 — 30% coacervate weight changes.*® In the present case of TC/TW mixtures, however,
the high solute content was combined with the introduction of network-disrupting insoluble TC
particles, which (together with the TW micelles) may have impacted the swelling. Though the
reasons for the much higher swelling of TC-loaded coacervates are not fully understood, it clearly
illustrates that PAH/TPP coacervate swelling can be highly sensitive to their cargo content.
Nonetheless, despite their moderate deformation upon swelling, the coacervates — like in prior

reports*> 4

— remained intact throughout all multi-month swelling and release experiments (see
Section 3.4) and maintained their adhesion to the agitated microcentrifuge tubes. Thus, the

PAH/TPP coacervates (at least in the experimental setup used here) remained at their application

sites over highly extended times.

3.4. TC Release Kinetics
Release over multi-month timescales was achieved using all tested coacervate

compositions, with no more than ~ 50% of the TC released over 48 d (Figure 4). Yet, both the

15
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release rate and release profile shape depended on the TC and TW concentrations used during
coacervate preparation. Higher TC concentrations and TW:TC ratios generally produced faster
release, with the TC release over the 48-d initial experiment increasing from roughly 1.1 to 5.7 mg
(Figure 4a, ¢ and e). At low TC loadings and TW:TC ratios, the release rates were relatively
constant. At higher TC loadings and TW:TC concentrations (e.g., coacervates prepared by
dispersing 160 mM TC in the parent PAH solution at 0.50:1 and 1.00:1 TW:TC molar ratio),
however, there was a significant burst release. When the initial TC content was low (such as where
32 mM TC was dispersed in the parent PAH solution) and the TW:TC molar ratio was high (0.50
and 1.00:1), this burst release lasted only 2 d, after which slower release continued at a fairly
constant rate (Figure 4a and b). When higher TC contents were used, however, the burst release at
the same TW:TC ratios tended to persist for over a week (Figure 4e and f). This longer burst release
period was followed by a relatively slow release rate during the second and third week, whereupon,
after the third week, the release rate increased once again (Figure 4c — f). Interestingly, the burst
release period also coincided with turbidity in the release media, which increased with both the
TC content and TW:TC molar ratio, and suggested that the burst release (at least in part) stemmed
from the ejection of colloidal TC particles from the coacervates. The accelerated release after the
third week, on the other hand, may have reflected the coacervate becoming more swollen (Figure
3b) and, thus, more permeable to the encapsulated solutes (both TC and the solubility-enhancing
TW). Further, the general increase in the release rate with the TW content likely stemmed from its
impact on the TC solubility, in both the coacervate matrix and (because of the TW leaching into
the tap water) the release medium. This TW leaching (i.e., the release of TW along with the TC)
was evident from the foaming of the release media upon its agitation, which confirmed the

surfactant release.
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Figure 4. TC release from coacervates prepared by dispersing (a, b) 32 mM, (c, d) 97 mM and

(e, f) 160 mM TC in the parent PAH solutions, where (4 ) 0.25:1, (4) 0.33:1, (®) 0.50:1 and (W)
1.00:1 TW:TC molar ratios were used. The release profiles are shown in terms of both (a, c, ¢)
total TC mass released and (b, d, f) percent of encapsulated TC released as functions of time. All

data are mean + SD.

Due to the hydrophobicity/low solubility of TC, its release profiles also depended on the
choice of release medium volumes. At a low TW:TC molar ratio (of 0.25:1), where there was no
burst release, the initial release rate became severalfold faster (roughly fivefold initially) when the
release medium volume was raised tenfold (see Figure Sa, ¢ and e). This difference suggested that
sink conditions were not achieved and that the release rate was limited by the TC accumulation in
the release media (which reduced the thermodynamic driving force for further TC release by, at
least partially, saturating the release media). Over time, however, the release rate into the higher
tap water volume slowed down and the effect of release medium volume diminished. This slowing

of the release likely reflected a larger diffusion barrier at longer release times, at which the TC
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near the surface of the coacervate was already released. Indeed, after approximately one month,
the release rate became independent of the release medium volume, suggesting that — though they
were not reliably accessed during initial timepoints — sink conditions during these long-term

release experiments were eventually achieved.
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Figure 5. TC release from coacervates prepared by dispersing 160 mM TC in the parent PAH
solution shown in terms of (a, b) percent of encapsulated TC released, (c, d) total TC mass released
and (e, f) TC release rate as functions of time. The release profiles were obtained using (a, c, €)
0.25:1 and (b, d, f) 0.50:1 TW:TC molar ratios and either (H) 1 mL or (®) 10 mL of pH > 9.5 tap
water as the release media. All data are mean + SD, while the dashed red curves are guides to the

eye.

Also interesting was the effect of release medium volume at the higher, 0.50:1 TW:TC
molar ratio, where a significant burst release occurred over the first week (Figure 5b, d and f).
During the roughly week-long burst release period seen with the lower release medium volume —

during which (regardless of the release medium volume) the release medium was turbid — the
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release profiles obtained with the two dissimilar release medium volumes essentially overlapped
(Figure 5b, d and f). This overlap likely reflected the TC being primarily released as colloidal
particles rather than as dissolved molecules, which meant that it was not hindered by the saturation
effects at lower release medium volumes. After this initial period, however, the release profiles
began to diverge. While the release rate obtained using the lower water volume dropped sharply,
the average release rate into the higher water volume exhibited only a very gradual reduction.
Thus, upon the transition from the release of particulate TC to the release of solubilized TC,
saturation/solute partitioning effects became significant, and the average release rate into 10 mL
of tap water became roughly 5 — 6 fold higher than that into 1 mL of tap water. Finally, after about
3 weeks, at which point the release rate into the lower tap water volume sped up again, the release
rates into the two release medium volumes again became similar, once more suggesting sink
conditions to have been achieved at longer release times.

Overall, as the release medium volume was increased, the biphasic release profile shape
was lost, and the release profiles become more monotonic (red circles in Figure 5b and d).
Regardless of the TW:TC molar ratio and daily fluctuations in the measured release rates, release
under these conditions generally slowed down with time as shown by the dashed lines in Figure
Se and f. Moreover, despite the increased release medium volume, highly sustained release of TC
from the PAH/TPP coacervates was still achieved, with only roughly 10 — 35% of the payload
released over 110 d. These release profiles show that, just like with water-soluble payloads studied
previously,*> ¥ PAH/TPP coacervates can enable long-term sustained release of hydrophobic

payloads (including bactericides such as TC).
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3.5. Antimicrobial Efficacy

The sustained TC release produced significant antibacterial activity against both model
gram-positive (S. aureus) and model gram-negative (E. coli) bacteria over multiple weeks.
Their fluorescence imaging in the presence of propidium iodide and thiazole orange stains
revealed that, while in the absence of coacervates the cells were mostly viable, cells incubated
in the presence of TC-eluting coacervates were — at least over the first two weeks —
predominantly either damaged or dead (see Figures 6, 7a and 7b). For both E. coli and S.
aureus, TC-loaded coacervates (with the exception of one data point) produced a 90 — 100%
reduction in average cell viability over the first 15 d of the experiment (see Figure 7a and b).
After 30 d of releasing TC, there was still significant antibacterial activity (p <0.05), with only
roughly half of the cells remaining viable. This activity, however, was substantially weaker
than that earlier in the release process and, at the time points beyond one month (i.e., at 45 and
60 d into the release process), the antibacterial activity appeared to be fully lost (Figures 6, 7a,

7b and Supporting Information, Figure S2).
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(a) (b)

No Empty Coacervate Coacervate No Empty Coacervate Coacervate
Coacervate Coacervate wi TW w/ TC/TW Coacervate Coacervate wl TW wi TC/ITW

1d

7d
7d

15d
15d

45d 30d
45d 30d

60d

60d

Figure 6. Representative fluorescence micrographs showing the viability of (a) E. coli and (b) S.
aureus cells cultured in the presence of antibacterial PAH/TPP coacervates overnight (in 1/10%
LB medium at 37 °C). Bacterial viability was detected using propidium iodide and thiazole orange
stains at different time points in the release process. The leftmost column shows coacervate-free
(control) growth condition, while the second, third and fourth columns show cell growth in the
presence of empty coacervate, coacervate loaded with TW (but not TC), and TC/TW-loaded,
biocide-eluting coacervate (prepared by dispersing 160 mM TC in the parent PAH solution at the
0.50:1 TW:TC molar ratio). Nonviable bacteria appear red, viable bacteria appear green, and
damaged/membrane-compromised cells appear either yellow or orange.

Additionally, even without any TC or TW, the control coacervate was mildly
antibacterial and (at least during some of the earlier time points) decreased the mean viability
of both bacterial strains by 20 — 40% (with p < 0.05 at day 1 for E. coli and days 1 and 15 for
S. aureus; Figures 6, 7a and 7b). This antibacterial activity may have been due to the
bactericidal properties of PAH, which have previously been reported in studies on PAH
hydrogels,** polyelectrolyte complex multilayer films,> and covalently modified surfaces.>

Yet, this antibacterial activity tended to be mild relative to that of their TC-bearing counterparts
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and, interestingly, was reduced by the addition of TW into the coacervates (in the presence of
which the TC-free coacervates produced no significant bactericidal activity; see Figures 6, 7a,
7b and Supporting Information, Figure S2). This TW-mediated reduction in antibacterial
activity was possibly due to a shielding of the cationic PAH by the surfactant and (consistent

with prior findings)®’ suggested that TW was nontoxic to the bacteria.
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Figure 7. Analysis of (a, b) cell viability and (c, d) normalized optical density (to the coacervate-
free control) over time upon culturing (a, ¢) E. coli and (b, d) S. aureus cells (m) under coacervate-
free (control) growth conditions and in the presence of (®) empty coacervate, (») TW-loaded
coacervate and (4) TC/TW-loaded coacervate. The TC-eluting coacervate was formulated by
dispersing 160 mM TC in the parent PAH solution at the 0.50:1 TW:TC molar ratio and all

planktonic cultures were grown in 1/10x LB medium at 37 °C. All data are mean + SD, while the
lines are guides to the eye.

The above microscopy observations were also supported by OD measurements, which

revealed the relative numbers of cells (either live or dead) present upon exposure to each condition
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(Figure 7c and d). Due to the turbidity caused by the release of colloidal TC particles during the
early time points (see Section 3.4), OD data reflecting cell growth could not be reliably collected
from cultures exposed to TC-eluting coacervates during the first ~10 d of the release process.
Nonetheless, it was clear that: (1) the cell numbers were lowest for the TC-eluting coacervates,
with a significant (p < 0.05) antibacterial effect against E. coli and S. aureus occurring for the first
33 and 35 d, respectively; (2) even TC-free coacervates had an antibacterial (or at least an
inhibitory) effect, though this effect was only occasionally significant; and (3) that the antibacterial
effect diminished with time and, after about 1 month, disappeared. Further, the normalized cell
numbers revealed by the OD measurements — which, after 15 and 30 d, were in the 40 — 50% and
roughly 80% range, respectively — were much higher than the percentages of viable cells at those
time points. Since the OD measurements did not distinguish between viable and nonviable cells,
however, these quantitative differences between OD and cell viability results were both expected
and consistent with those seen in other antibacterial activity studies.’® >

Collectively, the fluorescence microscopy and OD measurements indicated that, despite
the multi-month TC release obtained using the PAH/TPP coacervates, the antibacterial activity
(where p <0.05) was limited to only a few weeks. This shorter duration of their effectiveness likely
reflected the gradual reduction in the average TC release rate with time. Indeed, according to the
curve drawn through the release data for the coacervate formulation used in the antibacterial
activity experiment (see dashed red curve in Figure 5f), the average TC release rate decreased from
above 0.6 to below ~ 0.1 mg/d in the first month of the release profile, thereby reducing the TC
concentration accumulated in the release media after 1 d from 60 — 70 to roughly 10 mg/L. Thus,
the gradual reduction in the release rates over the first month dropped the accumulated TC

concentrations from being significantly above the reported minimum bactericidal concentrations
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(MBC), which were 4 mg/L for E. coli (25922)°% and 1 mg/L for S. aureus (25923),%° to being
within an order of magnitude as those MBCs. Although the literature values were obtained under
different test conditions (which could explain the quantitative difference in TC requirements), their
ballpark comparison with the released TC concentrations supported the view that the TC release
eventually became too slow. This eventual loss of biocidal activity was also qualitatively
consistent with prior findings on TC release from slowly-releasing polystyrene films where, due
to an even slower release, antibacterial activity was lost after the first few hours.®' Further, the
decreased antibacterial activity due to PAH on the coacervate surface (which initially showed
bactericidal effects even in the absence of TC; Figures 6 and 7) may have reflected biofilm
formation on the surface of the coacervates (see Supporting Information, Section C) which, after
repeated exposure to bacteria, reduced the availability of biocidal surface PAH chains.

Despite these observations and the bactericidal activity duration being shorter than the TC
release profile, the bactericide-loaded PAH/TPP coacervates produced a highly sustained
antibacterial effect (see Figures 6 and 7), which killed most of the bacteria for at least two weeks
and was still discernable after one month. Also important was that, to minimize cell death in the
absence of bactericidal treatment, these bactericidal properties were evaluated under conditions
that were more favorable to bacterial survival than those present in most disinfection applications
(i.e., the cells were cultured in 1/10x LB medium rather than regular tap water). Thus, the duration
of the antibacterial effect measured in this study may have been lower than those expected in many
of the potential coacervate applications, where (in the absence of growth media) bacterial survival
would likely be diminished. To ascertain the true duration of their (application-specific) long-term
bactericidal effect, further analyses of their antibacterial properties in various types of media-free

water (and under varying flow conditions) should therefore be performed in future work.
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3.6. Technological Implications

The multi-week antibacterial effect achieved with PAH/TPP coacervates could be utilized
in diverse applications, where the coacervates may be attached to a wet surface/device and provide
sustained disinfection. Although TC (and TW) encapsulation decreases the tackiness of the
coacervate, TC-loaded PAH/TPP networks can still be adhered to surfaces (i.e., through either their
own residual adhesiveness, or by attaching a tackier TC-free PAH/TPP coacervate layer, to serve
as the adhesive). Further, since solute permeability of PAH/TPP coacervates can be increased (e.g.,
by partially disrupting PAH/TPP association through anionic surfactant inclusion),* it is likely that
— by accelerating/optimizing the TC release from the coacervates (or, alternatively, choosing a
different bactericide) — an even longer-term antibacterial effect might be achieved.

Overall, the PAH/TPP coacervates enable longer-term bactericide release and antibacterial
activity than those generally reported for hydrogels (which, like the coacervates, are aqueous
polymer networks, but tend to have more hydrated/permeable network structures).*? Despite multi-
week bactericide (silver ion) release having been achieved by loading the gels with slowly
dissolving silver nanoparticles,”® 3! hydrogels tend to (due to their higher permeability) release

29-31

most of their small-molecule cargos within one day and are typically only demonstrated to be

antibacterial over short observation times, ranging from hours?*>! to a couple of days.!*
Conversely, the present study shows that bactericide-eluting PAH/TPP coacervates can kill most
of the bacteria for at least two weeks, with a statistically significant antibacterial effect (albeit a
weakened one) persisting after a month.

Though there have been reports of antimicrobial-releasing PEM films providing fungicidal

and bacterial colonization-disrupting activity over even longer timescales than shown here,** !
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the PAH/TPP polyelectrolyte-based biocide release systems benefit from much simpler/quicker
preparation procedures (both of which could ultimately facilitate their use in commercial
applications). Moreover, unlike the PEM films, the putty-like coacervates can be more easily
molded (i.e., customized after their initial preparation) to their manifold potential application sites
and, once they lose their efficacy, removed and reapplied.

Another category of materials that has been occasionally reported to provide a longer-term
antibacterial activity than that shown herein are certain types of plastic films and polymer
elastomers, which enable release/antibacterial activity over a multi-month timescale.'® ¥
Nonetheless, since the PAH/TPP coacervates form under milder conditions (e.g., without high-
temperature processing or synthetic chemical reactions), they may offer attractive alternatives to
these plastic-based disinfection technologies.

We envision that these PAH/TPP coacervate-based bactericide or fungicide releasing
devices could be attractive for diverse household, dental and hospital applications, to prevent the
growth of harmful microbes on wet surfaces. These potential applications include sustained
65,66

disinfection of household and hospital shower heads and hoses,%>%* dental unit waterlines,® % sink

67.68 washing machines,® sponges and dish/wash cloths,’” and even bath toys (or other items

drains,
that remains wet between uses).® Another potential class of bactericide-eluting PAH/TPP
coacervate uses could be in disinfecting building and automotive heating, ventilation and air
conditioning (HVAC) system components, where bacterial growth can lead to both infections and
foul odors.”® Finally, though these applications remain to be experimentally explored, these

coacervates may find use as infection-preventing parts of non-degradable surgical implants and

indwelling catheters.
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4. CONCLUSIONS

We have shown that PAH/TPP coacervates can efficiently encapsulate high loadings of
hydrophobic bactericides and release them over multiple-month timescales. The encapsulation
process is facilitated through the addition of nonionic surfactant, and the LC within these resulting
coacervates can be predictably tuned by varying the amount of added bactericide. The bactericide
release rate is also readily adjusted by varying its loading and the surfactant:bactericide ratio used
in the coacervate preparation and, when room-temperature tap water is used as the release medium,
enables sustained release over more than 3 months. This sustained release imparts PAH/TPP
coacervates — which, even without bactericide, exhibit mild antibacterial activity — with
significant antibacterial activity over several weeks (i.e., over an extended period, albeit one
shorter than the full duration of their release profile). The bactericidal effect (even in the nutrient-
rich environment used in this work) kills most of the bacteria over two weeks and roughly half of
the bacteria after one month. At longer times, however, the bactericide release becomes too slow
to be efficacious, and the antibacterial activity is fully lost. Collectively, these findings support the
possibility of using bactericide-eluting PAH/TPP coacervates for controlling microbial growth in
diverse applications, such as household, hospital and dental office disinfection, or medical device

design.
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formation on the TC-free coacervate surfaces. This material is available free of charge via the

Internet at http://pubs.acs.org.
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