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Active Encapsulation in Biocompatible Nanocapsules

Baiheng Wu, Chenjing Yang, Bo Li, Leyun Feng, Mingtan Hai, Chun-Xia Zhao,

Dong Chen,* Kai Liu,* and David A. Weitz

Co-precipitation is generally refers to the co-precipitation of two solids
and is widely used to prepare active-loaded nanoparticles. Here, it is
demonstrated that liquid and solid can precipitate simultaneously to
produce hierarchical core-shell nanocapsules that encapsulate an oil
core in a polymer shell. During the co-precipitation process, the polymer
preferentially deposits at the oil/water interface, wetting both the oil and
water phases; the behavior is determined by the spreading coefficients and
driven by the energy minimization. The technique is applicable to directly
encapsulate various oil actives and avoid the use of toxic solvent or sur-
factant during the preparation process. The obtained core-shell nanocap-
sules harness the advantage of biocompatibility, precise control over the
shell thickness, high loading capacity, high encapsulation efficiency, good
dispersity in water, and improved stability against oxidation. The applica-
tions of the nanocapsules as delivery vehicles are demonstrated by the

1. Introduction

Nanocapsules have attracted much atten-
tion in chemistry, material, medicine, phar-
macology, and nanotechnology because of
their wide-range applications in catalysis,
intelligent textile, medical diagnostics,
drug delivery, and functional food.['%3]
Hierarchical core—shell nanocapsules are
promising carriers that could encapsulate
various oil actives in a polymer shell, pro-
tect them from harsh ambient conditions
and release them when it is required.['’]
Encapsulation of the oil actives in the
nanocapsules can effectively alleviate their
deficiencies of low stability and poor dis-
persity in water, thus increasing their bio-
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excellent performances of natural colorant and anti-cancer drug-loaded
nanocapsules. The core—shell nanocapsules with a controlled hierarchical
structure are, therefore, ideal carriers for practical applications in food,

cosmetics, and drug delivery.
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availability.?”! For example, many food
active molecules, such as antioxidants
and aromas, exist in an oil form and effec-
tive encapsulation of the oils in the core
of nanocapsules is generally required for
practical applications.[?+%2

To meet the demands, a variety of
techniques have been developed to pre-
pare core—shell nanocapsules that consist of an inner oil core
surrounded by a polymer shell.2>-2%1 They can be divided into
chemical methods, such as complex coacervation,*-?®! interfa-
cial polymerization,*”! and polymerization induced phase sepa-
ration,*” and physical methods, such as fluid bed coating,i*!
one-step emulsification,?34 and two-step emulsification.”!
Despite the significant advances, the widespread applications
of nanocapsules are limited by the use of toxic solvent or sur-
factant (cause foaming), disqualifying the resulting materials
from being used in food, cosmetic, and drug delivery. Thus,
encapsulation of various oil actives in biocompatible core—shell
nanocapsules using all FDA-approved materials remains an
important but challenging task.13%l Innovations of technologies
for the green preparation of biocompatible nanocapsules with
controlled hierarchical structure and property are essential.

Here, we develop a facile method to actively encapsulate
various oils in the biocompatible core-shell nanocapsules. By
virtue of controlled co-precipitation under rapid mixing, small
oil molecules aggregate first to form oil droplets while shellac
polymer subsequently precipitates at the oil/water interface
to minimize the total free energy, forming core—shell nano-
capsules. To demonstrate the application of the oil-core nano-
capsules as delivery vehicles, we use capsanthin, a hydrophobic
natural colorant, as our model cargo. The prepared capsanthin-
loaded nanocapsules are well dispersed in water and are able
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to protect capsanthin from destructive environmental factors,
substantially improving its stability. Since the nanocapsules are
prepared in the absence of any chemical reactions and using
all FDA-approved materials and non-toxic solvents, the hier-
archical core-shell nanocapsules are well suited for practical
applications in food, cosmetic, and drug delivery.

2. Results and Discussions

To synthesize the core-shell nanocapsules, we use shellac
polymer, an FDA-approved natural resin mainly consisted of a
mixture of polyesters and single esters (Figure S1, Supporting
Information),’”) as our shell material and use vegetable oil, in
which many hydrophobic active ingredients have a fair solu-
bility, as our inner core. Capsanthin, the principal red coloring
compounds of paprika oleoresin (Figure 1a),¥l is used as the
model active ingredient and loaded in the nanocapsules to
demonstrate their applications as delivery vehicles. Capsanthin
barely dissolves in ethanol, while a small amount of vegetable
oil could significantly increase its solubility in ethanol, as shown
in the inset of Figure la. Therefore, capsanthin, vegetable oil,
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and shellac polymer are co-dissolved in the ethanol solution. To
prepare the nanocapsules, we quickly inject the ethanol solu-
tion into a water reservoir using a small microcapillary tip to
ensure rapid mixing. Upon sudden solvent exchange, vegetable
oil and shellac polymer co-precipitate while shellac polymer
preferentially deposits at the periphery of the oil droplets,
forming core—shell nanocapsules, as modeled in Figure 1b. The
capsanthin-loaded nanocapsules are well dispersed in water
while capsanthin imparts a vivid color to the solution, as shown
in Figure 1c and modeled in Figure 1d. When the oil cores are
removed, collapsed polymer shells of the nanocapsules are
characterized by the SEM image, as shown in Figure le.

We propose that the co-precipitation process involves three
steps: i) rapid mixing leads to the sudden solvent exchange
and the co-precipitation of vegetable oil and shellac; ii) small
vegetable oil molecules aggregate first to form oil droplets, as
vegetable oil has a smaller molecular weight and thus a larger
molecular mobility; iii) shellac polymer subsequently precipi-
tates at the oil/water interface to minimize the total energy,
as schematically illustrated in Figure 2a. Similar to the rapid
mixing in microfluidic channels, when the ethanol solu-
tion is quickly injected into a water reservoir using a small

capsanthin in ethanol

shellac
¢’ capsanthin

vegetable oil

adl10Cap C

Figure 1. Controlled preparation of hierarchical core—shell nanocapsules by co-precipitation upon rapid mixing. a) Chemical structure of capsanthin, a
natural red carotenoid. Capsanthin barely dissolves in ethanol, while a small amount of vegetable oil could significantly increase its solubility in ethanol,
imparting a dark red color, as shown in the insets. b) Schematic illustration of the formation of nanocapsules. Upon solvent diffusion, shellac polymer
preferentially precipitates at the periphery of oil droplets, forming core—shell nanocapsules. c) Stable suspension of capsanthin-loaded nanocapsules
after 48 days stored in dark at room temperature and modeled in (d). e) SEM image showing collapsed thin shells of nanocapsules after removing
the oil cores using ethyl acetate.
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Figure 2. Self-assembly of core—shell nanocapsules driven by energy
minimization. a) Three-step formation of nanocapsules: i) rapid solvent
exchange, ii) small oil molecules form oil droplets first, and iii) shellac
polymer subsequently precipitates at the interface. b) Calculation of %,
by Young's equation % = %g — cos8) g, where %, ¥%c and y are the
solid/liquid, solid/gas, and liquid/gas interfacial tensions, respectively.
The solid/gas interfacial tension ¥%¢ is obtained from the literature.]
c) Calculation of the spreading coefficient S = %, — (Js + %w) > 0, sug-
gesting that the replacement of the oil/water interface with the water/
shellac and oil/shellac interfaces lowers the total energy, where %, %s.
and ¥, are the oil/water, oil/shellac, and shellac/water interfacial ten-
sions, respectively. The oil/water interfacial tension ¥, is measured by
pendent drop experiments.

microcapillary pipette tip, the mixing time 7., of ethanol
with water (around 10 ms)B% could be shorter than the typical
polymer aggregation time 7,5, (around 30 ms).**! There-
fore, both vegetable oil and shellac polymer experience a rapid
exchange of solvent, leading to their co-precipitation. In gen-
eral, there are four possible morphologies for the two-phase
system: core—shell, occluded, acorn and heteroaggregate, while
the final morphology is determined by the energy minimum
and could be predicted by the spreading coefficients.**=! To
calculate the spreading coefficients, the interfacial tension of
solid and liquid is derived from Young’s equation, ¥k = %g —
cosOyg, where %, %g, and ¥%¢ are the solid/liquid, solid/
gas, and liquid/gas interfacial tensions, respectively, as shown
in Figure 2b; we obtain % =~ 4 mN m™ and %, =~ 6 mN m™,
where j,, and ¥, are the oil/shellac and shellac/water interfa-
cial tensions, respectively. The oil/water interfacial tension ¥,
measured by pendent drop experiments is J,, = 22 mN m™ and
we get S; = Yow = (Yos + Yew) > 0, S2= Yos = (Yow + ¥ew) <O, and
S3 = Yew — (Yos T Yow) < 0. Therefore, shellac polymer tends to
lower the total energy and precipitate at the oil/water interface,
forming a core-shell structure, as shown in Figure 2c. The ten-
dency of shellac polymer to wet both oil and water benefits from
its chemical compositions, containing both hydrophobic ester
groups and hydrophilic carboxyl groups. Therefore, controlling
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the co-precipitation behavior under rapid mixing and directing
the self-assembly of polymer at the oil/water interface provide
a simple and green way to prepare biocompatible core—shell
nanocapsules.

To demonstrate the flexible tailoring of the size and shell
thickness of the nanocapsules, we follow the same procedure
and prepare a series of different nanocapsules using 25/25,
25/50, and 25/100 uL mg™! solutions. The notion 25/50 UL mg™
denotes 25 pL vegetable oil and 50 mg shellac polymer per mL
ethanol. When the amount of vegetable oil is kept constant at
25 uL per mL ethanol, the size of the nanocapsules measured
by light scattering slightly increases as the concentration of
shellac polymer increases while the zeta potential is roughly the
same, as shown in Figure 3a,b and Figure S2, Supporting Infor-
mation. The results are consistent with the co-precipitation sce-
nario that small vegetable oil molecules aggregate first to form
oil droplets while shellac polymer subsequently deposits at
their periphery. When the concentration of vegetable oil is kept
constant, the oil cores have roughly a same size. As the concen-
tration of shellac polymer increases from 25 to 100 mg per mL
ethanol, the shell thickness, t=r—r =(3/1+¢ —1)r, increases
from t = 31 to =56 nm if we assumed the oil cores have an
average size of ry = 150 nm as estimated from the light scat-
tering results in Figure 3a and the SEM images in Figure 3c-e,
thus contributing to a small increase in the nanocapsule size,
where r, is the radius of the nanocapsules and ¢, is the volume
ratio of shellac to oil. The increase in shell thickness also
enhances the rigidity of the shells, that is, thin shells collapse
when the oil cores are removed while thick shells retain their
spherical shape, as characterized by their morphology shown in
Figure 3c—e and modeled in the insets. When the concentration
of shellac is kept constant at 50 mg mL™, the size of the nano-
capsules slightly increases as the concentration of oil increases,
as shown in Figure S3, Supporting Information. When we
reduce the concentration of oil to 5 uL per mL and the con-
centration of shellac to 5 mg mL™}, we obtain nanocapsules as
small as 125 £ 58 nm.

The versatile method of making biocompatible core—shell
nanocapsules is applicable to encapsulate various oils, such as
vitamin E, rosemary oil, and jasmine oil, as shown in Figure 4a—c,
respectively. The shell material could be varied from shellac
polymer to other biocompatible polymers, which are soluble in
ethanol and contain both hydrophilic and hydrophobic groups
with a tendency to precipitate at the oil/water interface, such as
polycaprolactone, as shown in Figure 4d. We demonstrate that
it is also feasible to directly encapsulate undissolved oil that
is previously emulsified in the ethanol solution, as modeled
in Figure 4e. In the 50/50 uL mg! solution, there are some
undissolved but emulsified vegetable oil droplets, as evidenced
by the opaque appearance shown in Figure 4f and Figure S4,
Supporting Information. When the solution containing emulsi-
fied oil droplets is quickly injected into water, all oil droplets
are effectively encapsulated in the nanocapsules and the disper-
sion is stable for a long period of time, as shown in Figure 4g.
The nanocapsules overall have a thin but relatively homoge-
neous shell, as shown by the SEM images in Figure 4h and
Figure S5, Supporting Information. The active encapsulation of
emulsified oil droplets is attributed to the preferential deposi-
tion of shellac polymer at the oil/water interface and the basic
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Figure 3. Flexible tailoring of the size and shell thickness of the nanocapsules. a) The size of the nanocapsules only slightly increases as the concentration
of shellac polymer increases when the amount of vegetable oil is kept constant at 25 pL per mL ethanol. b) The zeta potential of the nanocapsules. SEM
images of empty nanocapsules prepared by c) 25/25 uL mg™, d) 25/50 uL mg™', and e) 25/100 uL mg™' solutions, showing an increase in the rigidity of
the polymer shell as the shellac concentration increases. The notion 25/25 UL mg™" denotes 25 L vegetable oil and 50 mg shellac polymer per mL ethanol.
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Figure 4. Active encapsulation of various oils in the biocompatible
nanocapsules. SEM images showing the shellac polymer shells of a)
vitamin E nanocapsules, b) rosemary oil nanocapsules, and c) jasmine
oil nanocapsules and the polycaprolactone polymer shells of d) vegetable
oil nanocapsules after the oil cores are removed. All the nanocapsules
are prepared following the same process. e) Model of active encapsula-
tion of oil droplets directly emulsified in the ethanol solution. f) In the
50/50 uL mg~' solution, a small amount of undissolved vegetable oil is
directly emulsified in the ethanol solution by vortexing, making the solu-
tion slightly opaque. g) After quickly injecting the solution into water,
all oil droplets are effectively encapsulated in the nanocapsules, as
evidenced by the stable dispersion. h) SEM image showing the shellac
polymer shells of nanocapsules prepared by the 50/50 uL mg™' solution.
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principle that is applicable to various situations could solve a
myriad of problems.

To determine the encapsulation efficiency, we measure the
UV-vis absorption of capsanthin loaded in the nanocapsules
and confirm the linear dependence of the UV-vis absorption on
its concentration, as shown in Figures S6 and S7, Supporting
Information. At pH = 1.6, the dissociation of H* cations from
the carboxyl groups is strongly suppressed and the hydrophobic
nature of shellac nanocapsules causes them to aggregate and
settle. The portion of capsanthin left in the supernatant is
regarded as the amount of unencapsulated capsanthin and we
confirm that the encapsulation efficiency of the nanocapsules is
as high as 98%, as calculated from the UV-vis measurements
and supported by the colorless appearance of the supernatant
(Figure S8, Supporting Information). The obtained encap-
sulation efficiency is higher than many other reported nano-
capsules* and we attribute the high encapsulation efficiency
to the controlled co-precipitation under rapid mixing and the
guided nanocapsule formation by energy minimization.

The developed biocompatible nanocapsules are ideal carriers
and have various advantages, including tunable shell thickness,
high encapsulation efficiency, high loading capacity, and good
dispersity in water. The dispersions of nanocapsules in water
are stable over a wide pH range from pH =4 to 7, as shown in
Figure 5a and modeled in Figure 5b. Shellac polymer contains a
lot of carboxylic acids, which are typical weak acids.*] At neutral
pH, the partial dissociation of the carboxyl groups at the surface
makes the nanocapsules negatively charged and the electrostatic
repulsion between them resists their coagulation and floccula-
tion. At low pH, the dissociation of H" cations from the carboxyl
groups is strongly suppressed and the hydrophobic nature of
shellac nanocapsules causes them to aggregate. At high pH,
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Figure 5. Dispersity and stability performances of capsanthin-loaded nanocapsules. a) The dispersion of the nanocapsules in water is stable at pH
ranging from pH=4 to pH=7. b) At low pH, the dissociation of H* cations from the carboxyl groups is strongly suppressed and the hydrophobic
nature of shellac nanocapsules causes them to aggregate. At neutral pH, the electrostatic repulsion prevents the nanocapsules from aggregation. At
high pH, the high dissociation rate of the carboxyl groups makes shellac polymer dissolvable in water and the transparency of the solution increases.
c) Chitosan, a positively-charged biocompatible polyelectrolyte, could revert the zeta potential of the nanocapsules from negative to positive via elec-
trostatic interactions. d) Retention of capsanthin encapsulated in shellac nanocapsules steadily increases when the polymer shell becomes thicker.
The samples are stored in dark at room temperature (=25 °C). ) The use of natural antioxidants, for example, rosemary oil, significantly increases the
stability of capsanthin. Cell viability of f) Hela and g) human fibroblast cells in the presence of blank nanocapsules (red columns) and paclitaxel-loaded
nanocapsules (blue columns), suggesting that the nanocapsules are biocompatible and are ideal carriers for anti-cancer drugs.

the high dissociation rate of the carboxyl groups makes shellac
polymer dissolvable in water, and the nanocapsule dispersions
show an increase in transparency and a decrease in optical
density, as shown in Figure S9, Supporting Information. The
dissolution of shellac shells under alkaline conditions poten-
tially provides a pH-triggered release mode for the nanocap-
sules. Due to the surface charges, the nanocapsules could easily
be functionalized by polyelectrolyte coating. For example, the
zeta potential of the nanocapsules could be reverted from —60 to
50 mV by chitosan via electrostatic interactions, as modeled in
Figure 5c. These positively-charged nanocapsules are beneficial
for the uptake in the gastrointestine where mucosa cells gener-
ally have a negatively-charged cell membrane.[*?!

Small 2020, 16, 2002716
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Active ingredients, such as capsanthin, are generally sensitive
to light, temperature, pH, and redox agents.*’] Encapsulation
of capsanthin in nanocapsules increases both its dispersity
in water and stability over time, as shown in Figure S10, Sup-
porting Information. To quantitatively demonstrate its improved
stability, we monitor the fraction of undegraded capsanthin over
time using UV-vis spectroscopy. In the absence of any protec-
tion, capsanthin loaded in the oil droplets is susceptible to the
ambient environments and readily degrades after 20 days, as
shown in Figure 5d. In contrast, capsanthin encapsulated in the
nanocapsules shows a much better stability performance; about
20% capsanthin degrades after 20 days. The observed consider-
able reduction in degradation confirms the effective protection

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of sensitive ingredients from oxidation by the polymer shell. The
stability further increases when the shell thickness increases.
The versatile encapsulation method allows us to add various
oil antioxidants, such as vitamin E and rosemary oil, into the
nanocapsules. Interestingly, the addition of a small amount of
rosemary oil shows an excellent stability improvement, that is,
85% capsanthin retains after 48 days and the color of the nano-
capsule suspension barely changes, as shown in Figure 5e.

The biocompatible nanocapsules could also be used as delivery
vehicles of many water-insoluble drugs, which suffers from low
efficacy due to poor water solubility, and avoid the use of toxic sol-
vent or surfactant during the preparation process. Paclitaxel and
doxorubicin are chosen as the model water-insoluble drugs and are
encapsulated in the core—shell nanocapsules following the same
procedure as capsanthin. The encapsulation efficiency of doxo-
rubicin is confirmed to be as high as 98%, as determined by the
UV-vis absorption measurements shown in Figures S11-S13, Sup-
porting Information. The cell bioavailability of paclitaxel loaded in
the nanocapsules is tested using Hela and human fibroblast cells,
as shown in Figure 5f,g. The high cell viabilities of both cells cul-
tured in the presence of blank nanocapsules suggest high cell bio-
compatibility of the nanocapsules. In contrast, the cell viability of
Hela cells decreases dramatically as the concentration of paclitaxel
loaded in the nanocapsules increases, while that of human fibro-
blast cells only slightly decreases, indicating that the nanocapsules
could increase the bioavailability of paclitaxel and paclitaxel is less
toxic to human fibroblast cells. Therefore, the results confirm that
the core—shell nanocapsules are ideal carriers for drug delivery.

3. Conclusion

We develop a versatile method to prepare biocompatible nano-
capsules with a delicate hierarchical core-shell structure. The
controlled co-precipitation of oil and polymer under rapid
mixing and the guided deposition of polymer at the oil/water
interface by energy minimization ensure an effective one-
step way to actively encapsulate various oils in the biocompat-
ible nanocapsules. The core—shell nanocapsules are excellent
delivery vehicles and allow the customization of cargo loading
for targeted applications, such as unstable natural colorants and
water-insoluble drugs. The designed ready-to-go cargo-loaded
nanocapsules possess great many of advantages, including tun-
able shell thickness, high encapsulation efficiency, high loading
capacity, good dispersity in water, enhanced stability, and
improved Dbioavailability. The developed biocompatible nano-
capsules thus represent an important step toward their practical
applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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