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Objective. To sustain the bioactivity of proanthocyanidins-rich plant-derived extracts via
encapsulation within biodegradable polymer microcapsules.
Methods. Polylactide microcapsules containing grape seed extract (GSE) were manufactured
using a combination of double emulsion and solvent evaporation techniques. Microcap-
sule morphology, size distribution, and cross-section were examined via scanning electron
microscopy. UV-vis measurements were carried out to evaluate the core loading and
encapsulation efficiency of microcapsules. The bioactivity of extracts was evaluated after
extraction from capsules via solvent partitioning one week or one year post-encapsulation
process. Fifteen human molars were cut into 7mm x 1.7 mm x 0.5 mm thick mid-coronal
dentin beams, demineralized, and treated with either encapsulated GSE, pristine GSE, or
left untreated. The elastic modulus of dentin specimens was measured based on three-point
bending experiments as an indirect assessment of the bioactivity of grape seed extracts. The
effects of the encapsulation process and storage time on the bioactivity of extracts were
analyzed.
Results. Polynuclear microcapsules with average diameter of 1.38 um and core loading of
up to 38 wt% were successfully manufactured. There were no statistically significant dif-
ferences in the mean fold increase of elastic modulus values among the samples treated
with encapsulated or pristine GSE (p =0.333), or the storage time (one week versus one year
storage at room temperature, p=0.967).
Significance. Polynuclear microcapsules containing proanthocyanidins-rich plant-derived
extracts were prepared. The bioactivity of extracts was preserved after microencapsulation.
© 2017 The Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Dental caries is the most prevalent chronic disease worldwide.
Resin composites have been widely used as restorative mate-
rials to manage tissue loss due to caries, yet, their service life
is limited to only a few years (e.g. average 7 years in posterior
teeth) [1-3].

The predominant reason for the replacement of composite
restorations is the gradual loss of adhesion at the dentin-resin
interface, likely due to the enzymatic degradation of collagen
fibrils [4], and the hydrolytic degradation of resin compo-
nents at the interface [5]. There are two ongoing efforts to
improve the long-term stability of the interface materials,
and hence, the longevity of composite restorations: advance-
ments in resin composite chemistry for increased stability in
the oral environment, and strengthening and stabilization of
dentin matrix at the dentin-resin interface. The latter can be
achieved by an increase in the number of inter- and intra-
microfibrillar cross-links within type I collagen fibrils through
the use of exogenous natural and synthetic cross-linkers [6].
The use of plant-derived extracts as collagen cross-linkers is
more attractive and promising due to their biocompatibility
and wide source availability of these compounds compared to
their synthetic counterparts [7].

Recently, the use of plant-derived extracts rich in proan-
thocyanidins (PA), such as cocoa, pine bark, and grape seed
extracts has been reported to effectively improve the mechan-
ical properties and biostability of the dentin matrix as well
as the dentin-resin bond strength [8-10]. Simple addition of
bioactives into the dental adhesive may prove challenging due
to stability of the polyphenols and reactivity with the den-
tal resin chemistry. On-demand release of bioactives at the
adhesive interface is an attractive way to deliver and sustain
activity over the long-term, or to localize activity where poten-
tial flaws are present at the interface.

Herein, we propose an approach for sustaining the long-
term bioactivity of natural extracts and protection from
potential environmental degradation via sequestration within
polymer microcapsules. Microencapsulation is a versatile
technique commonly used for isolation, protection, and con-
trolled delivery of active core materials in a wide range
of applications and industries including drug delivery [11],
self-healing materials [12], nutrient preservation [13], and per-
fumery [14]. The versatility of microcapsules is exemplified
by the ability to release their core material in response to
a variety of environmental stimuli including chemical trig-
gers (e.g. change in pH), light irradiation, mechanical rupture,
temperature, and time [15]. For dental materials microencap-
sulation of bioactive or reactive agents has enabled strategies
for enhancing the performance of dental tissues, materials, or
treatments. For example, self-healing resin composites were
demonstrated using core-shell microcapsules that release a
healing agent in response to mechanical damage [16-18].
Microcapsules have also been used for the time-release (also
known as sustained release) of useful agents for antimicrobial
activities [19,20], remineralization [21-23], and regeneration
[24-27]. Time-release is generally achieved via the degrada-
tion of the encapsulating wall material, diffusion through the
shell wall, or a combination of these two mechanisms [28].

Microencapsulation has also been used to enhance the stabil-
ity of resinous components prior to clinical treatments via the
sequestration of the reactive and sensitive components (e.g.
polymerization initiators), and releasing them when required
for optimal polymerization reactivity [29,30].

In this study, grape seed extract (GSE) was used as a core
material for microencapsulation because of its high PA con-
tent (up to 97%, [31]) and proven biomodification of the dentin
matrix. Polylactide (PLA), a biodegradable and biocompatible
polymer, was used as the shell wall material since the encap-
sulation by PLA does not involve in-situ chemical reactions
which could adversely affect the bioactivity of natural extracts,
and the biodegradation of PLA offers the ability to control
and tailor the sustained release of core materials for optimal
delivery to the dentin matrix. The goals of this study were to
develop a facile microencapsulation technique for the encap-
sulation of natural extracts (e.g. GSE) and to demonstrate the
sustained bioactivity of the core material after the encapsu-
lation process. Microcapsules containing natural extracts are
ultimately envisioned to be embedded in the adhesive dental
resin that anchors the bulk composite to the dentin substrate.
We hypothesize that the biodegradation of the microcapsule
shell wall will enable the sustained delivery of bioactives to the
dentin matrix for continued stabilization of collagen fibrils,
and consequently, prolonged service life of dental restora-
tions. Consequently, the size of microcapsules is constrained
by the maximum thickness of the adhesive layer (ca. 20 pm)
for practical clinical applications.

A novel double emulsion-solvent evaporation microencap-
sulation technique was used to encapsulate GSE within PLA
microcapsules. Encapsulation parameters were optimized to
produce microcapsules with acceptable morphology, desired
size range, and high core loading. Bioactivity of GSE, both pre-
and post-encapsulation, was assessed by the pretreatment of
demineralized dentin specimens with GSE and the measure-
ment of elastic modulus from three-point bend experiments.

2. Materials and methods
2.1. Materials

Unless otherwise specified, all chemicals and reagents were
purchased from Sigma Aldrich and used as received. Poly-
lactide (PLA) pellets were purchased from NatureWorks, LLC
(Ingeo 4043D, M ~100,000Da, and My ~150,000Da). Grape
seed extract (GSE) was 95% proanthocyanidins-rich Vitis
vinifera (MegaNatural™ gold grape seed extract, California,
USA).

2.2. Preparation of microcapsules

Microcapsules were fabricated using a combination of
water-oil-water (W/O/W) double emulsion and solvent evap-
oration techniques (Fig. 1). In a typical experiment 600 mg
GSE was dissolved in 3mL of distilled water to produce the
inner water solution (W;). The middle oil solution (O) com-
prised 20 g of 1.5 wt% Span 85 oil-soluble surfactant and 3 wt%
PLA in dichloromethane (DCM), a volatile, water-immiscible
organic solvent. The outer aqueous solution (W,) was 300 mL
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Fig. 1 - Schematic representation of the microencapsulation technique. First, an aqueous solution of GSE (W;) is emulsified
in an oil solution (0), consisting of PLA and Span 85 surfactant dissolved in DCM. The W;/O emulsion solution is then
further emulsified in an aqueous PVA surfactant solution (W,) to form a W;/O/W, double emulsion. Upon the formation of a
stable double emulsion, it is continuously agitated until DCM evaporates from the middle oil layer and a solid polymer shell
wall is formed around the aqueous core. Finally, microcapsules are washed and dried to remove any residual surfactant and

water from the capsules.

of 2.5 wt% polyethylene glycol (PEG) and 1 wt% sodium dodecyl
sulfate (SDS) surfactants in distilled water. The aqueous sur-
factant mixture was selected from the experimental trials of
various surfactant mixtures in order to obtain microcapsules
with good surface morphology and size control.

The first emulsion (i.e. W;/O) was prepared by adding W;
solution dropwise to the oil solution in a 50 mL beaker under
continuous agitation at 1500 rpm and simultaneous sonica-
tion (tapered 3mm tip sonication horn in 750 W ultrasonic
homogenizer, Cole Parmer) for 10 min (20% amplitude, 0.2s
pulse, 0.2s pause). The beaker was kept in an ice bath to
minimize the evaporation of DCM during emulsification. The
prepared emulsion was then, in turn, emulsified into the W,
solution in a 600 mL beaker using a homogenizer (OMNI GLH-
01) for three minutes. After forming a stable W;/O/W, double
emulsion, the emulsion was agitated at 800 rpm for five hours
to allow the gradual diffusion and evaporation of DCM solvent.
Removal of DCM from the middle layer resulted in the consol-
idation of PLA polymer and the formation of a protective shell
wall around the aqueous core (W;). Microcapsules were then
centrifuged (4000 rpm for 10 min) and washed with distilled
water four times to remove any residual surfactants. Finally,
collected microcapsules were lyophilized for 24h to remove
water from the microcapsules.

2.3. Characterization of microcapsules

Microcapsule morphology, cross-sectional imaging, and
size distribution were characterized via scanning electron
microscopy (SEM, Quanta 450 FEG ESEM). For cross-sectional
imaging, microcapsules were embedded in an epoxy resin,
and cured for 24h at 30°C. Specimens were then immersed
in liquid nitrogen for a few minutes and then immediately
fractured using a razor blade. Before imaging, specimens were
sputter-coated with Au/Pd to avoid surface charging.
UV-visible spectroscopy (UV-2401 PC, Shimadzu, Japan)
measurements were performed to determine the microcap-

sules core loading as well as the encapsulation efficiency.
A 1g/L solution of microcapsules in a mixture of 60vol%
tetrahydrofuran (THF) and 40vol% methanol was prepared,
and diluted with distilled water at a 1:9 volume ratio to force
the polymer precipitate out of the solution. A linear calibra-
tion curve of absorbance (at 280nm) as a function of GSE
concentration in the same solvent mixture was also created
by measuring the absorbance of GSE (200-700 nm) at known
concentrations. The absorbance of GSE in the microcapsule
solution was then measured, and GSE concentration was
determined from the calibration curve. Microcapsules core
loading, Lgsg, was calculated as,

Vsd
Losg = % % 100 (1)

cap

where cggg is the concentration of GSE determined from cal-
ibration curve, Vs is the volume of diluted solution used in
the UV-vis measurement, d is the dilution ratio (equal to 10
in this study), and Mgy is the original mass of microcapsules
dissolved in the solution. Encapsulation efficiency, &, of the
microencapsulation procedure was calculated by comparing
the actual loading of microcapsules with the theoretical load-
ing of GSE,

Lgse
£= - x 100 2)
E
and,
g = Mot g 3)

GSE = Mcse + Mp

where Mgsg and Mp are the mass of GSE and PLA polymer used
to manufacture microcapsules, respectively.
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2.4.  Modulus of elasticity of demineralized dentin

Fifteen extracted human third molars were obtained under
a protocol approved by the Institutional Review Board Com-
mittee from the University of Illinois at Chicago (2011-0312).
Serial sections in the mid-coronal dentin were performed,
resulting in dentin beams with 0.50mm thickness x 1.7 mm
width x 7.0 mm length and a dimple was made at the margin
of the beam for measurements to be performed on the same
surface. The dentin beams were immersed in 10% phospho-
ric acid solution (Ricca Chemical Company, USA) for 5h for
complete demineralization [32]. Specimens were thoroughly
rinsed with distilled water for 10 min. The modulus of elas-
ticity (E) of the dentin matrix was assessed at baseline and
immediately after the 1-h treatment with bioactive solutions
using a non-destructive three-point bending flexural test at a
3% strain, in a universal testing machine (EZ Graph, Shimadzu,
Japan) with a 1N load cell at 0.5 mm/min crosshead speed [10].
Solutions containing grape seed extract were freshly prepared
at 0.65wt/v % in HEPES solution at pH 7.2. The encapsulated
GSE (1-week post encapsulation and 12 months after room
storage) was removed by solvent partitioning using 5:1 chlo-
roform and distilled water with multiple water replenishment.
Distilled water was lyophilized, and then, GSE powder was dis-
solved at the concentration described above. The modulus of
elasticity was calculated and statistically analyzed by 2-way
ANOVA.

3. Results

PLA microcapsules with GSE as the core material were
successfully manufactured. A scanning electron microscope
image of microcapsules is shown in Fig. 2a. Manufactured
microcapsules are polydisperse in size (Fig. 2a), and possess
a smooth surface morphology. In Fig. 2b, microcapsule size
distribution obtained from analyzing the SEM images of micro-
capsules (count 124) is shown. Average microcapsule diameter
Dayg =1.38 pum with the maximum diameter Dmax = 14.35 um,
and minimum diameter Dy, =0.20 pm was determined from
the size distribution analysis. Cross-sectional SEM imaging
of microcapsules (Fig. 2c) reveals a polynuclear structure
with multiple pore regions that are randomly and non-
uniformly distributed throughout the encapsulating PLA
polymer matrix. GSE loading of microcapsules was evaluated
by dissolving the capsules in the organic solvent mixture and
measuring the absorbance at 280 nm, where GSE shows a dis-
tinctive absorbance peak. The calibration curve of absorbance
as a function of concentration of GSE is shown in Fig. 3.
Based on these measurements, an average GSE loading of
38.1+1.3% was obtained for the PLA microcapsules. In Fig. 4,
the results of three-point bend experiments on untreated
and treated dentin specimens are presented. Pretreatment of
dentin specimens with GSE results in significant enhance-
ment in the modulus of elasticity compared to the baseline
groups, indicating the strengthening effect of the extract on
the dentin matrix. There were no statistically significant dif-
ferences in the mean fold increase (the ratio of the elastic
modulus after treatment to the baseline elastic modulus) val-
ues among the encapsulated and pristine GSE experimental

40

Davg =1.38 ym

Count

Fig. 2 - Microcapsule characterization. (a) Scanning electron
microscope image of microcapsules reveals a smooth
surface morphology and polydisperse size distribution. (b)
Representative microcapsule size histogram

(Davg =1.38 pm). (c) Cross-sectional SEM image of two
microcapsules embedded in epoxy resin shows the interior
polynuclear structure of the capsules.

groups (p=0.333), or as a function of the storage time (one
week versus one year storage at room temperature, p=0.967).

4, Discussion

Microencapsulation offers effective compartmentation, pro-
tection, and controlled delivery of bioactive or therapeutic
agents in dental material applications. Selection of proper
microencapsulation technique is governed by the chemical
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Fig. 3 - Calibration curve of UV-vis absorbance of GSE as a function of concentration was used to determine core loading
and encapsulation efficiency. The red solid diamond represents the absorbance of a solution of microcapsules at
Mcqp/(Vs.d) = 0.1 g/L, equivalent to Lgsg ~38%. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

and physical characteristics of the core material as well as
the encapsulating shell wall polymer. The water-solubility of
natural extracts, such as the one used in this study, limits
the choice of microencapsulation techniques since many con-
ventional techniques generally require a continuous water
phase for emulsification. Use of a double emulsion approach
may allow for the formation of aqueous emulsion of natu-
ral extracts within a middle hydrophobic phase, however, it
requires the ability to form a shell wall in the middle layer
of the double emulsion. In addition, formation of two stable
emulsions makes the control over the microcapsule structure,

loading, and size challenging, especially at micron and sub-
micron scale.

In the present study, we successfully encapsulated GSE by
using a combination of double emulsion and solvent evapora-
tion techniques. Use of sonication in the first emulsification
step (W;/O) results in the formation of nanoscale aqueous
droplets within the oil solution, while the homogenization
in the second step allows for the formation of micron- and
sub-micron scale double emulsion droplets. The combination
of these two approaches provides efficient encapsulation of
the aqueous core within microcapsules within the desired

snjnpow Jpsea Ul asealou] pjo4

20 T mm Baseline L6
mm Treatment
— Fold increase
15 |
~ 1
o
=
Nt
(]
3
3
3 10
8 o
2
=
= L
L]
i
5_
0

Pristine GSE-1 week

'Em:apsulated GSE-1weeK Pristine GSE-1 year

'Encapsulated GSE-1 year

Fig. 4 - Results of elastic modulus and fold increase in elastic modulus of demineralized dentin specimens prior to
(baseline) and after treatment with fresh solutions of pristine GSE and GSE extracted from microcapsules at one week or one

year post-encapsulation.
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size range. The influence of using two separate emulsifica-
tion steps can clearly be seen in the resulting polynuclear
structure of microcapsules, where multiple pores of the inner
solution are randomly dispersed within the polymer matrix of
capsules. In addition, a smooth surface morphology with no
surface porosity was observed, a requirement for the proper
protection of the core material from the surrounding environ-
ment.

A relatively high GSE loading within microcapsules
(38.1+1.3%) was achieved. In general, microcapsule loading
can be adjusted by varying the ratio of core material to shell
polymer, as long as the polymer is able to form a complete shell
around the core material. In this study, a theoretical loading
of 50% was expected based on the ratio of core material and
polymer. Thus, an encapsulation efficiency of £=76.2+2.6%
was achieved for this microencapsulation technique and con-
dition. Loss of a small fraction of the inner aqueous solution at
the interface of the W;/O emulsion droplets and outer aqueous
solution (W,) during the second emulsification step is likely
the cause of the reduction in the encapsulation efficiency.

The bioactivity of encapsulated GSE was evaluated after
extraction from capsules via solvent partitioning at one week
or one year post-encapsulation storage at room temperature.
Demineralized dentin specimens were treated with encapsu-
lated GSE and pristine GSE (stored under similar conditions).
The modulus of elasticity of the specimens was measured
and compared to provide an indirect assessment of the degree
of bioactivity of GSE post-encapsulation. The results of these
experiments reveal that the pretreatment of dentin specimens
with GSE, either pristine or encapsulated, results in signifi-
cant enhancement in the modulus of elasticity compared to
the baseline groups. This indicates the strengthening effect of
the extract on the dentin matrix, which is in good agreement
with previous observations on the bioactivity of GSE [32,33]. In
addition, these results suggest that the encapsulation process
does not adversely influence the bioactivity of the extracts.

The retention of bioactivity of natural extracts after the
encapsulation process along with the time-dependent release
from degradable PLA microcapsules is the key requirements
for the proposed approach to enhance the lifetime of den-
tal restorations. The polynuclear structure of microcapsules
is particularly advantageous for time-release, since the core
compound is only released from the outermost pores as
the capsule shell wall degrades. The degradation rate of the
polymer is also a crucial factor when designing time-release
microcapsules. The hydrolytic degradation of biodegradable
polymers typically depends on several factors, including
molecular weight, morphology (i.e. degree of crystallinity),
porosity, and environmental conditions [34]. In general, high
molecular weight PLA (>20,000 Da), such as the one used in the
present study, exhibits a long degradation time ranging from
12 months up to 5 years depending on other described factors
[35,36], which is ideal for the expected prolonged release of
bioactives to the dentin-resin interface.

5. Conclusion

Grape seed extract was successfully encapsulated within
polylactide polymeric microcapsules for use in dental resin

applications. Polynuclear microcapsules with high loading,
acceptable surface morphology, and micron- and sub-micron
size range were manufactured. The bioactivity of GSE was
preserved during the microencapsulation process. The use of
polylactide as the shell polymer of microcapsules is expected
to provide time-dependent release of the core material upon
exposure to enzymatic or hydrolytic environmental condi-
tions. Integration of these capsules into the adhesive resin
of dental restorations is envisioned to provide sustained
delivery of the extracts to the dentin-resin interface for pro-
longed strengthening of collagen structure, and consequently,
enhanced service life of restorations.
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