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A common challenge in infection control is uncontrolled and unpredictable rapid release of antimicrobials
— with ramifications on antimicrobial resistance (AMR) development and pollution — that makes it difficult
to determine appropriate dosage levels and treatment times. An important class of antimicrobials is
surface-active cationic substances, whose charge can be exploited for manipulating both their encapsula-
tion and controlled release. As a proof of concept, the cationic antimicrobial octenidine dihydrochloride
(OCT) was encapsulated in a microcapsule matrix of poly(p,L-lactide-co-glycolide) (PLGA) bearing anionic
carboxylate end groups. The strong PLGA-OCT interaction was verified by infrared spectroscopy and by
comparing the release of OCT to its uptake into empty microcapsules. By expanding a Fickian diffusion
model, the binding event was estimated to result in a 10-fold reduction in effective diffusivity resulting in
a sustained release maintained for several months. Using this model, the impacts of temperature and
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release medium solubilizers were globally examined to improve predictability. By exceeding the glass tran-
sition temperature of hydrated PLGA, the diffusional release was significantly faster at 37 °C with a diffusiv-
ity 200 times that at room temperature. The addition of solubilizers increased the OCT partitioning
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1. Introduction

One of the main factors leading to non-healing chronic
wounds is related to bacterial colonization in the wound bed,
which can be prevented through the use of topical antibiotics."
With the emergence and increasing prevalence of resistance to
common antibiotics in bacteria,? alternatives to the classical
antibiotics are desired. The amphiphilic and cationic octeni-
dine dihydrochloride (OCT) has been developed as a promis-
ing alternative to other topical antiseptics in the last decades.’
For several common both Gram-positive and Gram-negative
bacteria, minimum inhibitory concentrations (MICs) of OCT
on the order of milligrams per liter have been reported.* This
illustrates its broad-spectrum antimicrobial activity through
disruption of the microbial cell envelope.’

A key factor for a successful antimicrobial treatment is the
administration of the drug in and to the wound site. For most
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towards the aqueous phase without affecting its diffusivity.

topical treatments, the antimicrobial is applied in the form of an
ointment/cream or as an impregnation of a wound dressing. This
leads to (1) an initial fast and excessive release of the anti-
microbial followed by the release of low doses for a longer period
of time, (2) a subsequent rapid loss of antimicrobial functionality,
and (3) patient suffering since more frequent changes of the
wound dressings are required. Yet an additional serious ramifica-
tion is that the uncontrolled release of antimicrobials is a driver
for antimicrobial resistance (AMR) development since it is well
established that administration of antimicrobials at low concen-
trations below the MIC over time leads to resistant strains.®

To circumvent these problems and enable long-term
efficacy, a controlled and continuously sustained release of
OCT to the wound is consequently desired. Such sustained
release has been given significant attention in pharmaceutical
settings where microcapsule formulations have been devel-
oped for a sustained release of both small organic drugs as
well as larger biomolecules.”® These microcapsules act as a
rate-limiting barrier for release, relying either on the restricted
diffusivity of the active inside the capsules,'® erosion of the
microcapsule matrix, or a combination of both."* We have pre-
viously shown that microcapsules can be incorporated into a
multitude of different biobased polysaccharide fibers, to yield
a macroscopic controlled release material/dressing for use in
e.g. wound care.'” From these materials, the release was exclu-
sively determined by the microcapsules.'® Restricted diffusivity

RSC Pharm., 2024,1, 47-56 | 47


http://rsc.li/RSCPharma
http://orcid.org/0000-0002-1826-0674
http://orcid.org/0000-0002-0785-2017
http://orcid.org/0000-0002-6580-0610
http://orcid.org/0000-0002-7939-4684
https://doi.org/10.1039/d3pm00025g
https://doi.org/10.1039/d3pm00025g
https://doi.org/10.1039/d3pm00025g
http://crossmark.crossref.org/dialog/?doi=10.1039/d3pm00025g&domain=pdf&date_stamp=2024-04-11
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3pm00025g
https://pubs.rsc.org/en/journals/journal/PM
https://pubs.rsc.org/en/journals/journal/PM?issueid=PM001001

Open Access Article. Published on 19 Hlakola 2024. Downloaded on 2025-11-06 21:24:34.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

is controlled by factors such as the porosity of the microcap-
sule matrix whereas the erosion is affected by the surrounding
media (pH, temperature). More importantly in the case of the
cationic OCT, restricted diffusivity is also affected by specific
interactions between the matrix and active.'®

The encapsulation and subsequent release of OCT has pre-
viously only been studied for a limited selection of delivery
vehicles, such as mesoporous silica nanoparticles'* and poly-
lactide-based micro- or nanocapsules.'>'® Regarding the latter,
the encapsulation of OCT into polylactide-based capsules was
hypothesized to be dependent on electrostatic interactions
between cationic OCT and anionic carboxylate end groups of
the polylactides.’®'® This hypothesis has never been verified,
nor has the potential influence of this electrostatic interaction
on the sustained release of OCT been studied and quantified.

We have therefore in this work encapsulated OCT into poly
(p,L-lactide-co-glycolide) (PLGA) microcapsules bearing anionic
end groups to study and model the influence of the electro-
static interaction on both encapsulation and release. To
control and predict the release behavior, it is crucial that the
most important release parameters can be incorporated into
and tested against a model based on diffusional behavior. We
have therefore evaluated the effect of temperature (i) and the
external release medium composition (ii) as described below.
Most importantly, we have extended our model based on
Fickian diffusion, whose analytical solution to a spherical geo-
metry (microcapsule) has been derived by Crank,"” to addition-
ally encompass (iii) the hypothesized electrostatic interaction
between OCT and PLGA and its influence on the hindered
diffusion of the former.

(i) The microcapsule structure is temperature dependent
due to the low PLGA glass transition temperature (Tg) of
around 30 °C in its hydrated state.'® This should therefore
affect the diffusivity of OCT within the microcapsules, and
thereby its release rate. With the focus on pharmaceutical for-
mulations in the literature, release measurements are usually
performed at physiological temperatures (37 °C) and reports
on the effects of temperature are therefore limited.'>*° We
have consequently performed release measurements at both
ambient (22 °C) and physiological temperatures to understand
how temperature fluctuations could affect the release rate.

(ii) The external release medium is a less studied factor that
nonetheless is important for release predictability. In complex
biological media, amphiphilic proteins, polysaccharides, or
phospholipids can usually be found which all could have solu-
bilizing properties. Here, we have therefore varied the affinity
of OCT to the release medium in a controlled manner through
the addition of a nonionic surfactant (Brij® L23) as a model
solubilizer at varying concentrations.

(iii) Finally, we confirm the electrostatic interaction’s influ-
ence on the encapsulation and how the binding constant cor-
relates with the hindered diffusion (evaluated as an effect of
both (i) temperature and (ii) solubilizing agent). By comple-
menting the release measurements with studies on the uptake
of OCT into empty microcapsules — where a diffusivity
unaffected by the binding event is observed — we have quanti-
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fied the impact of hindered diffusion, here expressed as an
effective diffusion coefficient.

2. Experimental

Brij® L23, chloroform (>99.8%), dichloromethane (>99.9%),
hydrochloric acid (37%), and tris(hydroxymethyl)amino-methane
(TRIS, >99.8%) were purchased from Sigma-Aldrich. Ethanol
(99.5%) was purchased from Solveco, octenidine dihydrochloride
(OCT, 97%) was from AmBeed, poly(p,i-lactic-co-glycolic acid)
(PLGA, 70% lactic acid, IV 0.2 dI g™, ~10 kDa, acid terminated)
was from Polysciences, poly(vinyl alcohol) (PVA, 100 kDa, 95%
hydrolyzed) was from Acros Organics. All chemicals were used as
received and without further purification. Water of Milli-Q quality
(resistivity >18 MQ cm) was used for all aqueous solutions.

2.1. Microcapsule formulation

The microcapsules used in this work were formulated accord-
ing to a solvent evaporation procedure previously described in
detail.'® In short, PLGA (and OCT corresponding to up to
10 wt% of the final microcapsule when applicable) was dis-
solved in dichloromethane. This organic phase was then
added slowly to an aqueous phase containing 1 wt% PVA as a
stabilizer during high-speed shearing at 14 000 rpm using a
Kinematica Polytron PT3100D immersion disperser equipped
with a PT-DA07/2EC-F101 dispersing aggregate in a 5 ml round
bottom flask with a side neck. After 30 minutes of homogeniz-
ation, the emulsion was diluted with an additional equal volume
of the aqueous phase and left under gentle magnetic stirring (400
rpm) in a 20 ml glass vial for evaporation of the volatile solvent
overnight. The formed suspensions of monolithic microcapsules
(2 wt% solids) were characterized by microscopy immediately
after formulation and then stored at —20 °C for subsequent
studies, to minimize PLGA degradation.

2.2. Microscopy

Optical characterization of the microspheres was performed
using a Zeiss Axio Imager Z2 m microscope. Images were
acquired using both Brightfield and Differential Interference
Contrast (DIC) techniques. Brightfield micrographs were used
for determining the size distribution of the microspheres®
(see ESIY).

2.3. Infrared spectroscopy

Samples for infrared spectroscopy were prepared by dissolving
PLGA and/or OCT in chloroform at a total concentration of
5 wt%. This solution was then spread onto thin 22 x 22 mm
glass slides and left overnight for the solvent to fully evaporate
at ambient conditions in a fume hood.

Infrared spectra were recorded on a PerkinElmer Frontier
FTIR spectrometer in Attenuated Total Reflectance (ATR) mode
using a Pike Technologies GladiATR diamond crystal. Samples
were recorded with an optical range of 4000 to 400 cm™" at a
resolution of 2 cm™" and cut between 2600 and 1900 cm™". 32
scans were collected and averaged.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.4. Release measurements

Release measurements were in all cases carried out in aqueous
10 mM TRIS-buffered suspensions at pH 7.4. The nonionic
surfactant Brij® L23 (CMC = 0.01 wt%, HLB = 17) was also
added to the release systems at concentrations of 0, 0.5, or
6 wt% to evaluate the effect of altering the partitioning of OCT
between microcapsules and release medium. The release
measurements were performed by adding a volume of the for-
mulated microcapsule suspension (loaded with 5 wt% OCT) to
a larger volume of aqueous release medium under gentle mag-
netic stirring (150 rpm) at either ambient (22 °C) or elevated
(37 °C) temperature. Measurements at 37 °C were performed
by placing the samples in a Stuart SI60D incubator. At given
times, 1.5 ml aliquots were taken out from the release medium
and centrifuged at 17 000g for up to four minutes. The concen-
tration of released OCT in the supernatant was determined by
measuring the absorbance at 281 nm with UV-visible spectro-
photometry using an HP 8453 spectrophotometer. The total
loading in the microcapsules was determined by extraction in
a 1:3 mixture of the release medium and ethanol. The
samples were centrifuged, and concentrations were deter-
mined spectrophotometrically after at least 12 hours of
extraction.

Time-dependent sorption measurements were carried out
in an analogue manner. A sorption medium was created where
OCT (20 mg L") was dissolved in TRIS-buffered solutions with
up to 6 wt% nonionic surfactant. After being left overnight for
complete dissolution, a 1.5 ml aliquot was taken out for deter-
mining the total amount of OCT in the aqueous phase. A
small volume of empty microcapsules, i.e. pure PLGA micro-
capsules containing no OCT, was then added to the sorption
medium and the OCT concentration in the aqueous phase was
determined in analogue to the release measurements
described above.

2.4.1.
microcapsules is normally controlled by the diffusivity of the
active within the spherical polymer matrix. Since OCT initially
is uniformly and molecularly dissolved in the microcapsule
matrix (see the Results section), this can be modeled math-
ematically by Fickian diffusion.”> On a spherical geometry, the
analytical solution to the diffusion equation is given by
Crank'” where the fractional release f(r,D,t) is

ol 28]

Here, D is the effective diffusion coefficient, r is the
microcapsule radius, and ¢ is the time. The coefficient « is
related to the partitioning of the active between the micro-
capsules and surrounding aqueous phase during release and
is given by

Diffusion models. Sustained release of actives from

a Z 6a(a+1)
1+a 9+ 9a + gn2a?

n=1

f(r,D,t) =

_ Vinedium (2)
VsphereI<

where Viedium and Vippere are the volumes of the aqueous
release medium and microcapsules, respectively. The partition

© 2024 The Author(s). Published by the Royal Society of Chemistry
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coefficient K of the active between microcapsule and release
medium is considered here, and consequently perfect sink
conditions are not a prerequisite for the validity of the model.
The parameter g, is given by the n:th positive root of

3q” ©)

tang, = ———.
an 3 + agn,?

The formulated microcapsules are polydisperse, following a
size distribution P(r) where a lognormal size distribution typi-
cally describes the polydispersity well.'®>' To account for this
polydispersity, the fractional release must be weighted and
normalized according to

m(t) Jo f(r,D,t)P(r)r*dr
Mt J"Ow P(r)r3dr

fbd (D7 t) = (4)

Mot
Burst effects are normally seen in the release from micro-
capsule formulations.""?* Here, a fraction py, is making up the
burst release which is assumed to follow a zero-order release
(due to lack of experimental data) during a short time of burst
tp, taken as the time until the first experimental data point.
The fraction f, describes any non-encapsulated active present
in the aqueous phase at equilibrium after formulation.

a__Jfo
o) = H(fibpbt, ift <t (5)
a/(1+a), ift>t

Eqn (1)-(5) can consequently be combined to yield a final
expression (frelease(Dyt)) for the overall observed release,

frelease(D7 t) :fO +pbfb(t) + (1 _pb)fpd(D: t)' (6)

Upon transferring the microcapsules to the release
medium, the partitioning of active between microcapsule and
continuous phase is displaced which induces a flux of active
out from the microcapsules. Starting at the initially free frac-
tion f,, this leads to a burst release, polydispersity-weighted
diffusion-controlled release, and degradation-controlled
release at successively longer times. The degradation contri-
butions to the final part of the release data has been described
in detail in the ESL{ The fits of experimental data to the
models were performed by nonlinear regression in MATLAB
R2021b (MathWorks).

3. Results and discussion

3.1. Octenidine encapsulation and the acid-base interaction

It has previously been hypothesized that there is an interaction
between cationic OCT and anionic carboxylate end groups in
biodegradable polyesters (Fig. 1a) where an increased concen-
tration of end groups (lower M,, or branched polymer chains)
yields greater encapsulation efficiencies.">"®

The encapsulated amount of OCT as a function of its equili-
brium concentration in the continuous aqueous phase of the
suspension immediately after formulation with a varying OCT
loading is shown in Fig. 1b, where the experimental data

RSC Pharm., 2024,1, 47-56 | 49
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Fig. 1 (a) The interaction between OCT (red) and PLGA (blue) shown
schematically. (b) Encapsulated OCT as a function of equilibrium con-
centration in the aqueous phase after formulation (-) with a Langmuir
adsorption isotherm (—) fitted to the experimental data with a binding
constant of 12 mM™ and a maximum binding capacity of 51 pmol OCT
g PLGA.

points correspond to loadings between 0.5 and 10 wt% OCT (8
and 160 pmol g~' PLGA) in the microcapsules. See Fig. S3 in
the ESIf for the corresponding data expressed based on the
OCT loading during formulation. As can be seen from Fig. 1b,
the encapsulated fraction did not follow a simple partition
coefficient where an increased loading during formulation
results in a proportionally increased encapsulated amount.
Instead, a plateau was observed at higher loadings. This could
be described by a Langmuir adsorption isotherm, eqn (7), by
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considering the carboxylate end groups in the PLGA as sorp-
tion sites for OCT.
Caght”

[ = Moy —2971 (7)

max 1+ Caq qu

Here, I'nay is the concentration of available sorption sites in
the polymer matrix and k% is the equilibrium constant for
binding interaction, given by the Langmuir adsorption model
which describes the bound fraction of active (I') as a function
of the equilibrium concentration c,q in the surrounding
aqueous phase.

From the data, a binding constant of 12 mM™"' and a
maximum binding capacity of 51 pmol OCT g' PLGA
(3.2 wt%) were fitted. Any additional OCT loaded beyond this
limit was simply present in the aqueous phase during formu-
lation due to all available sorption sites in the PLGA matrix
being occupied. For comparison, the carboxylic acid end group
content in the PLGA was determined to be 168 pmol g
(Fig. S1 in the ESI}). Thus, between one and two thirds of the
available sorption sites were utilized for binding OCT - based
on whether one or two of the cationic sites on OCT bind to
PLGA. Adding to this, a significant decrease in encapsulation
efficiency was found when changing from the acid-terminated
PLGA used here to one being ester-terminated (Fig. S3 in the
ESI¥). It should be noted that there was still a small amount of
encapsulated OCT in the ester-terminated PLGA where no end
group interactions are possible. This was likely a result of
either hydrophobic interactions or a kinetic entrapment of
OCT within the PLGA matrix upon solvent evaporation.

To further confirm the indications of strong PLGA-OCT
interaction, infrared spectra of PLGA-OCT thin films were
recorded as shown in Fig. 2. Selected PLGA bands were
assigned, in good agreement with Vey et al.>* Upon mixing
PLGA and OCT, the absorption band of OCT at 1651 cm™" was
gradually blue-shifted to 1656 cm™' due to the interaction
between the electron-donating carboxylate end groups of PLGA
and the positively charged OCT (shown schematically in
Fig. 1a). There are two resonance structures of OCT where the
charge is located either on the pyridinium or imine nitrogen.
The observed absorption band at 1651 cm™" was here assigned
to the pyridinium C=N stretch,>” in good agreement with
Mainka et al.*® who suggested that a majority of the charge is
located at this position. Hence, the interaction was at the pyri-
dinium nitrogen (as shown in Fig. 1a) and not the adjacent
imine. The observed frequency shift in OCT should have also
similarly been observed in the carbonyl stretch frequency of
the terminal carboxylates of PLGA. This could not be detected
in the spectra, but it is worth noting that only about 1% of the
bonds giving rise to absorption in the carbonyl region come
from the carboxylates, with the rest being ester groups
(1746 cm™") along the PLGA backbone. Hence, this minor
change may not be visible in the spectra.

From deconvolutions of the absorption bands in Fig. 2b
(shown in more detail in Fig. S4 in the ESI}), the fraction of
bound and unbound OCT in the PLGA films could be esti-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Infrared spectra for PLGA films containing 2, 5, and 10% OCT. Spectra of pure PLGA and OCT films, respectively, are shown as references

with selected absorption bands of PLGA assigned. The region shaded in red shows the absorption band for the C=N stretch of the pyridinium nitro-
gen at around 1660 cm™. In (b), this region is magnified and the experimental spectra for the different films (—) are shown along with individual
Gaussian peaks from deconvolution (---) and the centers of the two fitted peaks (- - -).

mated. By increasing the loading from 2% to 10%, a decrease
in bound OCT from 86% to 13% could be observed (Table S2
in the ESI}). This was in good agreement with the encapsula-
tion yield, where a maximum loading of around 3% was
found.

3.2. Release measurements

In this section, the effect of temperature and release medium,
respectively, on the release of OCT from the PLGA micro-
capsules is investigated. Moreover, to complement convention-
al release studies, sorption tests were carried out to further
understand the effects of the specific interactions on the
release rate. In Table 1 all fitted diffusion coefficients, burst
fractions, and calculated bound fractions from diffusivity data
(see section 3.3) where applicable are presented. The partition
coefficients are reported in the ESI (Table S3t) and only dis-
cussed qualitatively, due to large uncertainties.

3.2.1. Effect of temperature on release. Fig. 3 shows the
release from microcapsules in TRIS-buffered (pH 7.4) 0.5%
aqueous Brij® L23 solution, at both 22 °C and 37 °C. Three

distinct regions could be assigned to these release profiles: (1)
burst release, (2) diffusion-controlled release, and (3) degra-
dation-controlled release. The focus of this article is on the
effect of electrostatic interactions in the diffusion-controlled
region. A more elaborate discussion regarding the degra-
dation-controlled release at longer times is given in the ESL¥
Starting with the burst release in the measured data, a
burst release of approximately 20% was observed, independent
of temperature. This was likely caused by releasing OCT that
was not encapsulated but only adsorbed onto the microcapsule
surfaces. At 37 °C, the observed diffusivity of OCT in the PLGA
matrix was much higher compared to that at 22 °C, leading to
a significantly increased release rate. This was found by fitting
eqn (6) to the experimental data where an effective diffusion
coefficient approximately 200 times greater was found, com-
pared to the one at 22 °C (see Table 1). This strong tempera-
ture effect can most likely be connected to the physical state of
the PLGA matrix. The glass transition temperature (7,) of
hydrated PLGA is approximately 30 °C.'® At 37 °C, the amor-
phous PLGA matrix is consequently in its rubbery state and

Table 1 Fitted diffusion coefficients and release burst fractions for release and sorption studies in release media with different concentrations of

solubilizing Brij® L23 at 22 °C and 37 °C along with k calculated from fitted
for the fitted parameters

Dsorption @and Dieiease- Values are presented with a 95% confidence interval

Brij® L23 Drelease Burst Dsorption

fraction (%) (m>s™) fraction (m>s™) ks

22 °C

0 — — (41+£1.7)x107" —

0.5 (5.0 + 6.0) x 1072° 0.14 + 0.04 0.12 +0.16
6 0.15 £ 0.04

37 °C

0 (1.0 +0.9) x 1077 0+0.05 (7.7+21)x107" 0.13 £ 0.12
0.5 0.15 £ 0.05

6 0.18 £ 0.05

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fractional release of OCT from PLGA microcapsules at both
22 °C and 37 °C in TRIS-buffered 0.5% aqueous Brij® L23 at pH 7.4.
Experimental data points are shown along with fitted diffusion models.
Shaded areas correspond to a 95% confidence interval for the fitted
parameters. Filled markers indicate the area where the diffusion
equation was fitted and valid without PLGA degradation affecting the
release rate, and open markers indicate the degradation-controlled
regime. In the dotted lines, the degradation rate expression has been
included. Photographs and micrographs in the insets display the gradual
degradation of the microcapsules over time on both a macroscopic and
microscopic scale.

considerably more swelled with water compared to its state at
room temperature. The degradation onset was also signifi-
cantly earlier in time, and its timeframe shorter, at elevated
temperatures®® which could be seen by the time it took until
the diffusion equation no longer described the experimental
data. At 22 °C the release was following the diffusion model
for the first two weeks (400 hours), whereas the release at
37 °C only followed the model for the first day. After this,
degradation became so significant that the simplistic model of
constant effective diffusivity in a homogeneous sphere no
longer was valid. In this final regime, the release data could be
described by appropriate degradation rate equations, pre-
sented in the ESL

For the initially monolithic OCT-loaded PLGA micro-
capsules, an increase in internal porosity of the microcapsules
was observed over time in the release medium (micrographs in
Fig. 3).>>*' This behavior was observed at both temperatures
studied, although at different time scales due to the tempera-
ture-dependent degradation kinetics of PLGA. Additionally,
significant swelling of the microcapsules over time has pre-
viously been reported,®® and a combination of these two
factors likely caused the deviations from diffusion control in
the degradation-controlled regime. To complement the micro-
scopic evolution of the microcapsules in the release suspen-
sion over time, the macroscopic appearances of the suspen-
sions were followed over time (see photos in Fig. 3). Over time,
the suspensions went from opaque - indicating the presence
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of microcapsules that scatter light — to completely transparent
when all spheres had fully degraded and disintegrated. The
observed degradation time frame was also in good correlation
with the release profiles in Fig. 3, which further confirmed the
strong PLGA-OCT interaction. It was not until the PLGA had
been degraded sufficiently to become soluble in the aqueous
phase that the majority of OCT also was released into the sur-
rounding aqueous phase.

3.2.2. Effect of solubilizers in the aqueous phase.
Secondly, we will describe the effects of the surrounding
aqueous release medium on the OCT release rate from the
microcapsules. Release measurements were performed both in
pure TRIS buffer solution, as well as TRIS buffer with an
additional 0.5 wt% or 6 wt% nonionic surfactant (Brij® L23),
i.e., well above its CMC. The release curves are presented in
Fig. 4.
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Fig. 4 Release of OCT from PLGA microcapsules in TRIS-buffered
release media at pH 7.4 with 0% (¥), 0.5% («), and 6% (») Brij® L23.
Measurements were performed at (a) 22 °C and (b) 37 °C. Experimental
data is shown along with globally fitted diffusion models, fitted only to
the filled data points in the diffusion-controlled regime. Corresponding
data in the degradation-controlled regime are presented in open
markers. Shaded areas correspond to a 95% confidence interval for the
fitted parameters. In the dotted lines, the degradation rate expressions
have been included.
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For the measurement without any solubilizing surfactant at
22 ©°C, a decrease in the released amount of OCT over time
could be observed as shown in Fig. 4, meaning that there
rather was sorption into the microcapsules than release from
them. Clearly, the transfer of the microcapsules from the
crude formulated suspension to the TRIS-buffered release
medium resulted in the partitioning of OCT becoming more
shifted towards the microcapsules despite an approximate
100-fold dilution. However, this could be explained by the
effect of the dispersant PVA. The 1 wt% PVA solution is
required during formulation to stabilize the formed emulsion,
and later also the microcapsule suspension, but it likely also
helped to solubilize some of the OCT in the aqueous phase. It
should be noted here that sink conditions should have been
maintained even in the TRIS buffer on its own since the con-
centration in the release medium was at least 400 times below
the saturation concentration. It was not until after about 40
days (1000 hours), when a significant fraction of the PLGA had
begun degrading, that the majority of the OCT was beginning
to release from the microcapsules. At 37 °C, this shift in parti-
tioning toward the microcapsules was not observed. Instead,
about 15% of the total loading was released following a
diffusive process. This was likely due to the increased solubi-
lity in the aqueous phase with an increasing temperature
being enough to counteract the decrease in solubility caused
by the dilution of PVA.

The partition coefficient for OCT between the microcapsule
and the aqueous phase was shown to be highly dependent on
the addition of nonionic surfactant. This effect was especially
pronounced at 22 °C which can be observed in Fig. 4 by
inspecting the fitted plateau values at long times (dashed
lines) according to eqn (6). It should be noted that the uncer-
tainty of the fitted partition coefficient (ESI, Table S3t) was
rather large due to the interference by PLGA degradation kine-
tics at longer times. However, the trends — with a shift in the
partitioning coefficient towards the aqueous phase upon
increasing the surfactant concentration - are clear.

One should note that the surfactant can affect the release
in more than one way. In addition to the solubilizing effect
that drives the partitioning of OCT towards the aqueous phase,
surfactants have been reported to swell PLGA matrices which
consequently would affect the release kinetics®® similar to the
effect associated with increasing the temperature above T.
However, diffusivities of the same magnitude were observed
for all experimental data sets within the same temperature, as
shown by the individually fitted diffusion coefficients in
Table S3 in the ESI.} It was therefore concluded that the
release medium composition only affected the partitioning
and burst release, and not the diffusivity or by extension the
release rate. Because of this, the diffusivities in Fig. 4 were also
fitted globally to one value for each temperature studied to
improve accuracy. In the same global fitting routine, the burst
fraction and partition coefficient were fitted individually to
each measurement series. Regression analyses with all para-
meters fitted individually to each measurement set are shown
in Fig. S7 in the ESL{ Although no release was seen into the
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TRIS buffer at 22 °C and hence no release model could be
fitted, it could be seen that the addition of increasing amounts
of Brij® L23 only affected the partition coefficient for OCT
between microcapsule and aqueous phase. The diffusivity
through the polymer matrix was not affected, meaning that no
- or a minimal amount of - surfactant penetrated the micro-
capsules to plasticize and modify their swelling behavior.

Without solubilizing Brij® L23 in the release medium, no
burst release was observed. Here, the OCT present in the
aqueous phase at the start of the release measurement origi-
nated from dissolved OCT at equilibrium after formulation.
For the Brij® L23-containing release media, a burst release of
about 20% was, however, seen for both 0.5 wt% and 6 wt%
Brij® L23.

3.2.3. Uptake into microcapsules. The sorption of OCT
into the microcapsules, i.e. the reverse of the release measure-
ments, was studied to shed light on the effect of the PLGA-
OCT interaction and on the effective diffusion coefficient (as
discussed in the next section). However, there is an important
difference between the release and sorption measurements
that must be emphasized. In the sorption experiments, the
OCT molecules start in an unbound state (no PLGA-OCT inter-
action), in contrast to the release measurements.

Microcapsules without loading were added to an aqueous
phase where OCT had been dissolved and the uptake into the
capsules was followed over time, see Fig. 5. Similar to the release
experiments, the experimental data were fitted globally to eqn (6).
However, in contrast to the release measurements, the burst
release py, was set to zero. Individual fits of the diffusion equation
to each data set are shown in Fig. S8 in the ESL T Starting with the
diffusivity, the same trend as for the release measurements in
Fig. 4 was observed, where significantly faster sorption was
observed at 37 °C compared to that at 22 °C.

The same trend was also seen in the partitioning of OCT
between the microcapsules and the aqueous phase. The parti-
tioning was the most shifted towards the aqueous phase for
6 wt% Brij® L23, where the fractional uptake at the final fitted
plateau was almost 0.2 and 0.3 at 22 °C and 37 °C, respectively.
This value can be compared to that from the release measure-
ments, where the corresponding fractional release in the same
release medium was around 0.7 at both temperatures. Hence,
there was an excellent agreement in terms of partition coeffi-
cients between the sorption and release data. However, as can
be seen in Table 1, the fitted diffusion coefficients were
approximately one order of magnitude larger for the sorption
measurements. The cause of this difference relates to the
different starting conditions mentioned above and is dis-
cussed in detail in the next section.

Regarding the sorption in the release medium without
added surfactant, an almost complete uptake of all OCT was
seen at 22 °C. This further verified that there was a strong
PLGA-OCT interaction causing the OCT to partition into the
microcapsules, despite fulfilling the traditional sink con-
ditions. It also explained the observed release data in Fig. 4
where no release could be observed from the microcapsules
without added solubilizing surfactant at 22 °C.
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Fig. 5 Sorption of OCT from TRIS-buffered aqueous phases containing
0% (V¥), 0.5% (), and 6% (») Brij® L23 at pH 7.4 into empty PLGA micro-
capsules at (a) 22 °C and (b) 37 °C. Experimental data is shown along
with fitted diffusion models, fitted only to the filled data points in the
diffusion-controlled regime. Corresponding data in the degradation-
controlled regime are presented in open markers. Shaded areas corres-
pond to a 95% confidence interval for the fitted parameters. In the
dotted lines, the degradation rate expressions have been included.

For the microcapsule degradation kinetics, a similar critical
degradation time as for the release measurements could also
be observed in the sorption studies. Until this critical degra-
dation point, OCT was taken up by the spheres as explained
well by Fickian diffusion. After this, OCT started being
released back into the aqueous phase again as significant
degradation occurred inside the microcapsules. When compar-
ing this critical time between sorption and release studies,
there was a good agreement with it being around two weeks at
22 °C and one day at 37 °C.

3.3. The effective diffusion coefficient and the equilibrium
binding constant

If we consider the diffusion of an active in a polymer matrix,
the observed diffusion coefficient is most often a composite
quantity that depends on several different parameters - such
as macroporosity, microporosity (e.g. free volume), tortuosity -
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and not only the unobstructed diffusivity D,."> The observed
diffusion coefficient is then often termed the effective
diffusion coefficient, D.g, and can be expressed as a function
of the relevant contributions. One such contribution that can
be introduced into Deg is specific interactions between the
active and the polymer matrix. If the interaction is strong,
such as ionic interaction, only the free non-bound fraction k;
of actives is available for diffusion and D¢ can be expressed as

Ve €
Defs = Dy [CXP (*}’ ﬁ) ;} ki (8)

where the parameters within the brackets, relating to porosity
and tortuosity, have been previously described in detail by
us.” In this work, these parameters were assumed to be con-
stant for all microcapsule systems. We can now identify that
the binding event giving rise to the reduction of the Dy —
when comparing the kinetics of the release and the sorption -
should be identical to the binding that is responsible for the
encapsulation maximum, as discussed and modeled pre-
viously. To test this hypothesis, k; can be expressed as

kl - (qu (Fmax - F(CO)) + 1)71 (9)

Here, I'max — I(co) is the concentration of available sorption
sites in the polymer matrix and k¥ is the equilibrium constant
for binding, given by the Langmuir adsorption model in eqn
(7) and ¢, is the total concentration of OCT in the microcap-
sule. However, as the encapsulated amount is limited by the
binding event, ¢, will always be lower than Iy, In this limit,
the concentration dependence of available sorption sites can
be neglected and eqn (9) can be reduced to the much simpler
eqn (10) as a good approximation of ;.

kr = (K may + 1) (10)

The full derivation and motivation of this expression for
the free fraction k; is given in the ESL.} The free fraction of
OCT that diffuses freely and by extension the equilibrium con-
stant for binding can consequently be estimated by two inde-
pendent measurements: (i) by comparing the diffusivity from
sorption and release measurements (eqn (8)), or (ii) via a
Langmuir isotherm (eqn (9)).

As a first estimation of k; and by extension &4, we can make
use of the different starting conditions for the release and
sorption measurements as discussed above. The sorption
measurements correspond to diffusion only affected by poro-
sity and tortuosity in eqn (8) since OCT diffuses freely until the
molecule encounters a free carboxylate end group. On the
other hand, the release measurements correspond to Deg as
explained above. The calculated k;, obtained directly from
fitted diffusion coefficients can be seen in Table 1. This can be
compared to the value calculated from the fitted Langmuir iso-
therm in Fig. 1, which from an equilibrium constant for
binding (k{) of 12 mM ™" was calculated as 0.08. The latter
encapsulation-based determination of k; was only performed
at 22 °C. Determining this value at 37 °C would require formu-
lating the microcapsules at 37 °C. Due to the low boiling point
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of dichloromethane (39.6 °C), its evaporation at elevated temp-
erature would likely be too rapid, meaning that the binding
event would not reach its equilibrium. It should also be noted
here that the units of the binding constant had to be converted
so that it was based on the volume of the microcapsules
instead of the volume of the aqueous phase. Similarly, it was
also necessary to express the concentration of sorption sites on
a volume basis, resulting in a k{ of 0.2 mM ™. As seen, the cal-
culated k; from the adsorption isotherm was indeed in good
agreement with the values based on diffusivity as shown
graphically in Fig. 6. Hence, this agreement corroborates the
proposed model based on a strong specific acid-base inter-
action between OCT and the carboxylate end groups of PLGA
that is responsible for both the reduced effective diffusion
coefficient and the observed Langmuir-like encapsulation iso-
therm. The error bars in Fig. 6 may appear large, as a result of
the propagating error for calculations based on several fitted
parameters. However, for the diffusion coefficients, larger
changes on the order of magnitudes are typically only interest-
ing in the context of release or sorption profiles.

The fitted effective diffusion coefficients for OCT in PLGA
microcapsules can also be compared to the effective diffusivity
of pyrene — a hydrophobic model substance without specific
interactions with PLGA - from similar PLGA microcapsules
previously studied by us.'® For pyrene, the fitted effective diffu-
sivity in release studies was approximately two orders of mag-
nitude higher at ambient temperature, compared to OCT in
analogous release studies. Hence, this was closer to and
within the same order of magnitude as the OCT diffusivity
observed in the sorption studies in this work. This further
illustrates the significant effect that the presence or absence of
specific interaction between the active and PLGA matrix can
have.

0.30 B Diffusion-based

B Encapsulation-based
0.25} ]
0.20 _

= 0.15¢

0.10

0.05

0

22 °C

37 °C

Fig. 6 Calculated fraction of free OCT in PLGA k, (responsible for redu-
cing D) based either on fitted diffusion coefficients or the Langmuir-
like encapsulation isotherm, at both 22 and 37 °C. Due to solvent incom-
patibility, an encapsulation-based measurement could not be performed
at 37 °C. Error bars show the propagation of uncertainty from fitted
parameters.
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4. Conclusions

In this work, the encapsulation and sustained release of the
antimicrobial octenidine (OCT) from PLGA microcapsules
have been systematically investigated at relevant physiological
conditions and analyzed within a theoretical framework for
hindered diffusion. The release profile could be divided into
three distinct regimes; (1) an initial burst release followed by
(2) slow diffusive release through the PLGA polymer and (3) a
final faster release determined by the hydrolytic degradation of
the microcapsule.

The release of OCT was further analyzed as a function of
temperature and solubilizing agents. The temperature can vary
significantly depending on the application, e.g., a medical
device surface (room temperature) or a wound or an implant
inside the body (33-37 °C). A significantly faster release was
seen at 37 °C, which is above the glass transition temperature
of hydrated PLGA (30 °C), as compared with that at room
temperature. For short times, this was mainly due to an
increased OCT diffusivity through the polymer matrix, as
shown using diffusion models. At longer times, it was instead
due to faster PLGA degradation at elevated temperature, as
indicated by the time at which the diffusion model started
deviating from experimental data.

The effect of solubilizing agents - such as amphiphilic pro-
teins, polysaccharides, phospholipids, etc., in wound exudates,
interstitial fluid, or bacterial biofilms — on the release of OCT
was investigated using a nonionic surfactant as a model com-
pound. Despite being a highly efficient solubilizer, this mainly
affected the partitioning between the microcapsule and release
medium. The OCT diffusivity was not affected, meaning that
the microcapsules would retain their barrier properties regard-
less of whether the release medium contained solubilizing
agents or not. It was however remarkable that without a solu-
bilizer the partitioning was highly shifted towards the micro-
capsules despite a notable solubility of OCT in the release
medium and fulfillment of conventional sink conditions. Both
the observed release profiles with a degradation-controlled
release at long times as well as the high partitioning towards
the microcapsules could be explained by a strong specific
interaction between OCT and PLGA. Upon encapsulation, a
strongly interacting complex was formed which led to a hin-
dered OCT diffusion in subsequent release studies. This was
verified experimentally by infrared spectroscopy, as well as by
comparing sorption to and release from microcapsules.

Given the antimicrobial efficacy of OCT, applications in for
instance wound dressings are easily conceived. We have pre-
viously'® verified the biocompatibility of microcapsule-loaded
nonwoven fiber materials. Additionally, we have previously
shown the rate-limiting properties of microcapsules embedded
in nonwoven fiber materials - and that the fiber material itself
only to a very minor extent affects the release rate. Hence,
results shown here for microcapsules in aqueous suspension
would likely be transferrable to wound dressings based on
fiber materials containing embedded microcapsules as well.
Depending on the type of dressing, its temperature may vary
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which in turn could influence the OCT release rate as shown
here. A separate publication where microencapsulated OCT
enables a sustained antimicrobial efficacy in a wound dressing
prototype is currently under preparation by us. Finally, since
there is a plethora of commercially relevant drugs, biocides,
and antimicrobials bearing cationic charges - all of which
should display similarities with respect to encapsulation and
release from polylactide-based microcapsules - this further
widens the applicability of these results.
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