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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 7 mm × 1.7 mm × 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 �m 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.
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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 �m)
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, Mn ∼100,000 Da, and Mw ∼150,000 Da). Grape
seed extract (GSE) was 95% proanthocyanidins-rich Vitis
vinifera (MegaNaturalTM 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 3 mL  of distilled water to produce the
inner water solution (Wi). 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 (Wo) was 300 mL
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