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ABSTRACT: The present study was designed to develop multifunctional zinc oxide-
encapsulated Eudragit FS30D (ZnO/EFS) nanohybrid structures as a biodegradable
drug delivery system and as a promising successful carrier for targeting sites. The
solvent evaporation method was used to fabricate the ZnO/EFS nanohybrids and the
size, shape, stability, and antioxidant activity were characterized using transmission
electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectroscopy, dynamic light scattering
(DLS), thermogravimetric analysis (TGA), and an antioxidant (1,1-diphenyl-2-
picrylhydrazyl (DPPH)). Zinc oxide-encapsulated Eudragit FS30D (ZnO/EFS)
nanohybrid structures consisted of irregularly shaped, 297.65 nm-sized ZnO/EFS
microcapsule, enduring thermal stability from 251.17 to 385.67 °C. Nano-ZnO was
encapsulated in EFS through the formation of hydrogen bonds, and the average
encapsulation efficiency for nano-ZnO was determined to be 96.12%. In vitro
intestinal-targeted drug release assay provided 91.86% with free nano-ZnO, only 9.5% in acidified ZnO/EFS nanohybrid structure
but the rate ZnO/EFS nanohybrids reached 93.11% in succus entericus resultantly modified nano-ZnO was proven proficient
intestinal-specific delivery system. The stability of the ZnO/EFS nanohybrid structures was confirmed using ζ-potential and
antioxidant activity analysis. Hence, the EFS nanoencapsulation strategy of ZnO provided a stable, nontoxic, and
pharmacokinetically active intestine-specific system that can become the best choice for an effective oral feed additive in future.

■ INTRODUCTION

With an increase in global population, and an associated
increase in per capita meat consumption, the higher pasture
intensities have become an inevitable choice for us, with the
avoidance of further deforestation and grassland conversion.1

Pasture intensification reduced the area needed for livestock
and poultry, but improving the physical fitness of animals
became a key technical requirement.2 Indeed, there is
considerable evidence that animal health is related to feed
conversion efficiency.3 Animals require essential dietary intake
regularly as the trace micronutrients do not sustain for a longer
period of time for the vital functions of the body such as
metabolism, growth, and reproduction.4−6 To date, the most
crucial task for specialized ranchers has been formulating an
effective method for improving the animal quality via
enhancing the feed efficiency.7,8 Therefore, the importance of
improving the efficiency and pharmacokinetics of the additives
used in animal feeds has become more evident.
Nano-ZnO, being the new feed Zn supplement source, has

the potential to enhance the growth performance and immune
status in animals, due to its small size and versatile surface
chemistry.9−11 It has been reported that dietary zinc oxide

nanoparticles at a level of 30 mg/kg could improve the
immune and antioxidant status of Oreochromis niloticus.12 Also,
previous reports demonstrated that nano-ZnO supplementa-
tion could modulate protein abundances in blood plasma and
the intestine of common carp (Cyprinus carpio).13,14 However,
the bioavailability of nano-Zn is still unsatisfactory. The
uncoated nano-Zn does not fulfill the bioavailability criteria as
it gets easily degraded and then excreted by any change in the
physiological condition such as the acidic pH, high ionic
strength, etc.15 Studies have also shown the poor resistivity of
the nano-ZnO within the gastric fluid and the short residence
time in the intestine that makes it incompetent to get absorbed
into the body.16 Moreover, the complexes of nano-ZnO remain
undigested and unprocessed due to the presence of
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endogenous inhibitors in feed diets (tricalcium phosphate,
phytic acid, and fiber).17 If the nano-ZnO was completely
dissolved during the acid dissolution process, then no
significant difference should be seen between the nano-ZnO
and inorganic forms (ZnCl2).

18 Further, the ZnO chelation
with amino acids improves its bioavailability that can help to
increase the functionality. Besides, this organic zinc in animal
diets is limited due to its insignificance.19,20 Correspondingly,
excess Zn leads to pollution of urban runoff and aquatic
systems, which have an adverse effect on sustainable land
management and future biodiversity conservation.21,22 There-
fore, there is an urgent need for finding new ways that could
enhance the oral bioavailability of nano-ZnO.
Over the past decades, biodegradable polymeric materials

have made the most outstanding contribution to human
autoimmunity and tumor therapy as ideal drug delivery
systems.23,24 Biodegradable polymeric materials exhibited
good stability, tolerability, and longer circulation in previous
biological trials.25−27 It has been shown that a biodegradable
polymeric system can cross the biological barriers (e.g., the
gastrointestinal tract and blood vessels) and control drug
release to targeted cancer sites via some modification of its
components.28,29 Further optimization for the targeted drug
delivery in previous studies had been achieved by changing the
pH, time, or pressure.30 As in many cases, the release of drugs
from a drug delivery system can be controlled on an ideal time
scale and at a specific site, to allow more accurate and complete
absorption of drugs into the body.27,31 For drugs that are
directly released at the target tissue, dosing frequency and drug
side effects are reduced.32 An example is the site-specific drug
delivery as in intestine cancer that is considered effective and
more applicable.33 Therefore, a feasible nanotechnological
method that would contribute to promoting the bioavailability
of nano-ZnO was provided in this work. Therefore, a
contrasting combination of such biodegradable polymers and
nanovectors needs to be united to form a single platform that
could increase the biocompatibility and thus increase the
bioavailability in a specific drug delivery system.
Eudragit FS30D (EFS) is a terpolymer that was composed of

methacrylic acid, methyl acrylate, and methyl methacrylate.
Due to the presence of methacrylic groups, the solubility of
EFS in aqueous solution is pH-dependent.34 The combination
of these repeating units within this polymer formed the basic
skeleton of the protective shell of the drug under harsh
physiological conditions (stomach environment).35 Once the
EFS coating−drug system moves into the gastrointestinal tract,
the drug will optimally be absorbed depending on the
properties of the encapsulating shell and better bioavail-
ability.36 As a pH- and time-sensitive polymer, EFS has been
widely used in the medical and food industries. It has been
reported that drugs that can be delivered via using EFS include
proteins, flavonoids, and small-molecule particles.23 Moreover,
since EFS is an approved pharmaceutical excipient, the nano-
ZnO delivery system can be tailored by EFS.37

In the present study, a biodegradable polymeric material
Eudragit FS30D (EFS) was used as the drug delivery vehicle to
synthesize ZnO/EFS nanohybrids. The encapsulated ZnO/
EFS provides a different surface chemistry that stabilizes and
increases the bioavailability of the ZnO. This strategy provides
an excellent source of a nanoencapsulated thermally stable
additive that provides boosted drug storage and delivery
capacity.

■ RESULTS AND DISCUSSION
Encapsulation Efficiency (EE) of Nanoparticles. In

some sense, an orthogonal experiment has considerable
potential to scan all of the parameters systematically in an
efficient way with a minimum computational load.38 It has
several advantages such as uniformly distributed points for data
collection, minimization of experiments for comprehensive
analysis, and convenient range and variance analysis.39 In this
experiment, the influential factors of the fabrication conditions
mainly include the weight of EFS (A), the rotational speed
(B), the amount of Span 80 (C), and the dose of magnesium
stearate (D). Each factor had three levels indexed from 1 to 3,
which denoted the chosen values of the operation parameters.
According to the orthogonal experiment theory, the range
method was used to analyze the significance level of the factors.
KJm represents the sum of the EE of the m level of column J
factors, where the J value represents the experimental factors
and the m value represents the experimental levels. Besides, kJm
stands for the average of the KJm (kJm = KJm/3). According to
the kJm, the R value was calculated by RJ = kJ,max − kJ,min. RJ was
the range of column J factors, which responded to the
fluctuation of each level. The greater the R values, the greater is
the encapsulation efficiency.40

The EE (%) of the four factors of nano-ZnO is shown in
Table 1. Obviously, the preparation of ZnO/EFS nanohybrids

show a good EE for nano-ZnO, where the EE is generally
above 90%. In the experiment, four factors were arranged as A
> D > B > C according to the R values. The result of the
orthogonal experiment showed that the dosage of EFS plays an
important role in the preparation of ZnO/EFS nanohybrids.
Since EFS is the basic skeleton of the nanoparticle coating, it
would decrease the surface Gibbs free (δG) energy and reduce
the surface tension, thereby increasing the overall mechanical
strength and protecting the drugs in the capsule core.41

An insufficient or excessive dosage of EFS affected the
physicochemical properties (e.g., polarity and surface tension)
of the solution during preparation, which affected the EE of
ZnO/EFS nanohybrids.42 In addition, it has been observed
that an overdosage of EFS can also reduce the EE of ZnO/EFS

Table 1. Orthogonal Experiment Design and Nano-ZnO
Entrapment Efficiency EE (%)

experimental factors

entry A B C D EE (%)

1 1 1 1 1 93.43
2 1 2 2 2 96.24
3 1 3 3 3 98.96
4 2 1 2 3 95.22
5 2 2 3 2 93.71
6 2 3 1 1 99.50
7 3 1 3 2 91.88
8 3 2 1 3 91.11
9 3 3 2 1 90.21
K1 288.63 280.53 284.04 283.14
K2 288.43 281.06 281.67 281.83
K3 273.2 288.67 284.55 285.29
k1 96.21 93.51 94.68 94.38
k2 96.14 93.68 93.89 93.94
k3 91.06 96.22 94.85 95.09
R 5.14 2.72 0.96 3.42
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nanohybrids. The main reason is that EFS is an anionic
copolymer.34 Thus, an excessive amount of EFS would increase
the electrostatic repulsion between EFS and nano-ZnO, which
would have a negative effect on the encapsulation processes.
Simultaneously, EFS gets clustered and does not encapsulate
nano-ZnO due to its strong self-polymerization.43

According to the analytical results of the orthogonal
experiment, the optimized formulation, A1B3C3D3, was 0.20
g of EFS, the centrifugation during emulsification was
conducted at 700 rpm, the amount of Span 80 was 0.45 g,
and the dose of magnesium stearate was 0.035 g. Under these
conditions, the average encapsulation efficiency of the obtained
nanoparticles from the five experimental groups was 96.12%
(SD = 0.676).
Morphological Observation. As shown in Figure 1a, the

ZnO/EFS nanohybrids were white powder with a uniform
color. However, the texture of ZnO/EFS nanohybrids was not
as fine as nano-ZnO, which was mainly due to the difference in
their microstructure and material composition. To further
analyze the microstructure, ZnO/EFS nanohybrids were
investigated by dynamic light scattering (DLS), as shown in
Figure 2b. It is interesting to note that the monodispersed
nanoparticles were obtained in this experiment with a relatively
unified size distribution. The average particle size of ZnO/EFS
nanohybrids was measured to be 297.65 nm, as shown in
Figure 1b. The scanning electron microscopy (SEM) image
showed the uniform size of ZnO/EFS nanohybrids, which is
depicted in Figure 1c.
This expected observation was mainly contributed by the

Span 80, which reduced the dielectric constant and led to the
removal of the hydration of EFS, which ultimately reduced the
surface tension force of EFS.44,45 It is noteworthy that a

suitable proportion of raw material and the correct method are
also crucial for the size of nanoparticles.46 Moreover, some
large particles were observed, which formed multiple nano-
particles based on the electrostatic interaction.47,48 As shown
in Figure 1d, the irregular shape of ZnO/EFS nanohybrids was
also investigated by a scanning electron microscope. This
phenomenon can be related to the undirected bridging and by
the distortions of the polymer chains of EFS.49

FTIR Analysis. To reveal the encapsulation mechanism of
the carriers, nano-ZnO, EFS, and ZnO/EFS nanohybrids were
subjected to FTIR spectroscopy, as shown in Figure 2. From
spectra a in Figure 2, we noticed that crystalline water is
present in nano-ZnO molecules from the O−H peak at 3434
and 1623 cm−1.50 This means that nano-ZnO has a tendency
to form hydrogen bonds with EFS. In Figure 2b, an absorption

Figure 1. Morphology and microstructure of ZnO/EFS nanohybrids: (a) photographic image, (b) particle size, and (c, d) SEM image.

Figure 2. Fourier transform infrared (FTIR) characterization: (a)
nano-ZnO, (b) EFS, and (c) ZnO/EFS nanohybrids.
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peak is observed at 3481 cm−1, which is attributed to the
stretching vibration absorption peak of the −OH group of the
surface of EFS.51

In addition, the peak at 1728 cm−1 could be ascribed to the
stretching vibrations of CO.35 Furthermore, the quaternary
ammonium groups of EFS gave rise to the characteristic peak
at 965 cm−1.52 For the last c spectra shown in Figure 2, a
significant change was observed in the characteristic peak,
which indicated that the EFS was involved in the
intermolecular interaction. A new absorption peak appeared
at 1539 cm−1 due to EFS attachment of additional carbonyl
groups of EFS to nano-ZnO through hydrogen bonds.37 This
indicated that nano-ZnO could be successfully encapsulated
into the nanoparticles due to the functionally active groups
held on the surface and the protruding groups that provide
stable interaction and binding sites.
X-ray Diffraction (XRD) and Thermogravimetric

Analysis (TGA). To further evaluate the ZnO/EFS nano-
hybrid interactions, ZnO/EFS nanohybrids and nano-ZnO
were investigated by XRD, as shown in Figure 4a. For nano-
ZnO (Figure 3ai), a series of intense and sharp Bragg peaks
appeared at 2θ values of 31.77, 34.42, 36.25, 47.54, 56.60,
62.86, 67.96, 69.10, 72.56, and 76.95°, which corresponds to
those in the report of Hu.53 Simultaneously, it is interesting to
note that the Bragg peaks of nano-ZnO are also found in the
XRD spectra of the ZnO/EFS nanohybrids at the same
diffraction angles, as shown in Figure 3aii. This indicates that
the entire encapsulating process did not destroy the structure
and crystal phase of the nano-ZnO. Moreover, the diffraction
peak intensity of the ZnO/EFS nanohybrids appears to be
reduced compared to that of the nano-ZnO, and some
additional low-intensity and unrecognizable amorphous-phase
peaks are even found. This could be an indication of
amorphization due to EFS being an amorphous material.49

Besides, this phenomenon points out the possibility that the

nano-ZnO release is principally controlled by ZnO/EFS
nanohybrids.
Figure 3bi shows the TG analysis results for EFS and ZnO/

EFS nanohybrids. Like EFS, the first decomposition event of
ZnO/EFS nanohybrids from 40 to 150 °C was caused by free
water and crystal water evaporation. However, compared with
EFS, which showed a weight loss of 5.59 wt %, the ZnO/EFS
nanohybrids had almost no loss of weight from 250 to 320 °C.
Simultaneously, the thermal stability of ZnO/EFS nanohybrids
improved from 251.17 to 385.67 °C, as shown in DTA curves
(Figure 3bii). This phenomenon could be ascribed to the
formation of hydrogen bonds within ZnO/EFS nanohybrids
such that the energy was increased to remove the
dimethylamino group and to form the six-membered cyclic
anhydride.54,55 Besides, EFS and ZnO/EFS nanohybrids had a
large weight loss at 320−500 °C due to the complete
decomposition of the next terpolymer.52 Correspondingly,
the highest decomposition temperatures of EFS and ZnO/EFS
nanohybrids were observed at 429.83 and 444.67 °C from
DTA curves, respectively. Moreover, it was worth noting that
the mass loss of EFS reached 100% at 900 °C and the weight
reduction of ZnO/EFS nanohybrids was only 74%. Due to the
excellent thermal stability of nano-ZnO, this observation
further proved that the nano-ZnO could be successfully loaded
into the nanoparticles.

In Vitro Release Study. To evaluate the ability of products
to control the release of nano-ZnO, the in vitro release
experiments of free nano-ZnO and ZnO/EFS nanohybrids
under gastrointestinal tract mimicking conditions (pH = 1.0/
6.8) were conducted. As shown in Figure 4, it was clear that
ZnO/EFS nanohybrids can effectively protect nano-ZnO from
separating out in the simulation of gastric fluid. Simulta-
neously, the drug system of ZnO/EFS nanohybrids guarantees
the sustained release of nano-ZnO in the simulation of a succus
entericus environment.

Figure 3. Physicochemical characterization: (a) XRD patterns: (i) nano-ZnO and (ii) ZnO/EFS nanohybrids; and (b) thermograms: (i)
thermogravimetry (TG) curves and (ii) derivative thermogravimetry (DTA) curves.
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At pH = 1.0, the drug release of free nano-ZnO was found to
be higher at first, and the cumulative release rate even
increased rapidly to 91.86% after 120 min. In contrast, the
cumulative release rate of ZnO/EFS nanohybrids was only
9.5%. With the pH changed to 6.8, interesting results were
observed with the drug release for ZnO/EFS systems. The
cumulative release rate of ZnO/EFS nanohybrids was found to
rapidly increase to 74.7% after 150 min. And the total release
rate of ZnO/EFS nanohybrids was 93.11% after the end of the
experiment, which was close to that of the free nano-ZnO
(97.85%).
In the entire in vitro release test, these expected results could

be ascribed to the special structure of EFS. Theoretically
speaking, the nanoparticle coating was not destroyed in the
acidic medium due to the EFS acidity coefficient of 7.5.37

Thus, it could be observed that only a small amount of nano-
ZnO was released from the ZnO/EFS system in the simulation
of gastric fluid. However, the carboxylic acid groups of EFS get
ionized with the increase in the surrounding pH.56 When the
electrostatic repulsion generated based on the deprotonated
carboxylic acid groups is stronger than the drug−polymer
interaction, ZnO/EFS systems collapse and thus promote the
continuous release of nano-ZnO in the simulation of the
succus entericus environment.57 Figure 5 shows a similar
mechanism of ZnO/EFS nanohybrids in animals.
Like humans, the gastric fluid and the succus entericus of

most mammals were proved to be at pH 1.0 and 6.8,

respectively.58 Therefore, the in vitro drug release study reveals
that the ZnO/EFS nanohybrids are confirmed to be an
intestine-targeted drug system. The intestine-specific delivery
of nano-ZnO would allow it to be more accurately and
completely absorbed via the intestinal tissues, thereby greatly
improving the bioavailability of nano-ZnO. Simultaneously, the
existence of ZnO/EFS nanohybrids will effectively avoid
unwanted systemic absorption and side effects (e.g., inflam-
mation and oxidative stress) caused by a burst drug release.59,60

Overall, the ability of good gastroresistance and intestinal
targeting makes ZnO/EFS nanohybrids an ideal drug delivery
system.

Antioxidant Activity Study. 1,1-Diphenyl-2-picrylhydra-
zyl (DPPH) was widely used to evaluate the antioxidation
activity of materials due to its stability and sensitivity. The
more the DPPH radical is cleared, the stronger is the
antioxidant.61 When the DPPH solution is mixed with a
substance that can provide electrons or hydrogen atoms, the
electrons on the oxygen atoms of the DPPH radical will be
transferred to the odd electrons of the nitrogen atom, thereby
losing the original violet color and reducing its own
absorbance.9 Therefore, the antioxidant activity of ZnO/EFS
nanohybrids (or nano-ZnO) was tested by DPPH in a further
set of experiments. On treatment, the drug delivery system did
not alter the antioxidant properties of the nano-ZnO, as shown
in Figure 6.

It was observed that the antioxidation activity with different
concentrations between ZnO/EFS nanohybrids and nano-ZnO
was quite similar. The maximum DPPH clearance of the ZnO/
EFS microcapsule was 83.43%, which was close to that of the
free nano-ZnO (87.24%). On the other hand, compared to
nano-ZnO, a slight reduction in the antioxidant activity of
ZnO/EFS nanohybrids may occur due to the loss of
antioxidants with poor stability, which has also been observed
in previous reports.15,62

Storage Stability Study. In the packaging and storage of
feed, the external environment, including the temperature and
humidity, can influence the stability and physiological efficacy
of nano-ZnO.63 Thus, it is important to evaluate the storage
stability of ZnO/EFS nanohybrids prepared in this work. As
shown in Figure 7a,b, it is clear that the particle size and ζ-
potential of ZnO/EFS nanohybrids do not change significantly
under normal storage conditions (25 °C/60% relative
humidity (RH)) for 1 month.

Figure 4. Drug release of free nano-ZnO and ZnO/EFS nanohybrids.

Figure 5. Possible schematic diagram of the mechanism of ZnO/EFS
nanohybrids in animals (a−c) PC: Fan Luo.

Figure 6. DPPH radical-scavenging capacity of nano-ZnO and ZnO/
EFS nanohybrids.
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The average particle size of ZnO/EFS nanohybrids
increased from 291.63 to 305.89 nm, and its ζ-potential
increased from 37.59 to 39.21 mV. This expected result could
be caused by the encapsulation process that could reduce the
surface energy and charge density of nano-ZnO, preventing
nanoparticles from clustering with each other.49 Therefore, this
implies that ZnO/EFS nanohybrids could stabilize and extend
the shelf life of nano-ZnO.

■ CONCLUSIONS

EFS-nanoencapsulated ZnO showed a tectonic melioration in
the bioavailability and pharmacokinetics of less operable nano-
ZnO. According to the structural characterization such as
FTIR, XRD, and TG, nano-ZnO was confirmed to be
successfully encapsulated in EFS through the construction of
hydrogen bonds. Moreover, the irregular shape of ZnO/EFS
nanohybrids was observed by using SEM. The average particle
size of ZnO/EFS nanohybrids was 297.65 nm, measured via
DLS. The cumulative release rate of ZnO/EFS nanohybrids
was found to be only 9.5% in the gastric fluid. In contrast, the
cumulative release rate of ZnO/EFS nanohybrids was found to
be rapidly increased to 93.11% in the succus entericus by the in
vitro release test. Hence, gastroresistance and intestine-
targeted ZnO/EFS nanohybrids allowed nano-ZnO to get
absorbed completely. It was also concluded that ZnO/EFS
nanohybrids inherited the original antioxidant activity of nano-
ZnO, which ensured the normal biochemical function of nano-
ZnO in animals. A storage stability study was conducted to
monitor the stability and the shelf life of nano-ZnO.
Conclusively, the nontoxic and stable ZnO/EFS nanohybrids,
as a drug delivery unit, have great potential for improving the
bioavailability and retaining the biochemical function of nano-
ZnO in animal nutrition and may serve as an effective
alternative for animal feed in future.

■ MATERIALS AND METHODS

Nano-ZnO (GR, size: 30 ± 10 nm) was kindly donated by
Shanghai Maikun Chemical Ltd. EFS (Evonik Industries AG,
Germany) was purchased from Sandoz Ltd. Span 80 was
prepared by Shanghai Jingchun Biochemical Technology Ltd.
Magnesium stearate was supplied by Tianjin Fucheng
Chemical Reagent Factory. All other chemicals in this
experiment were of analytical grade and used as received.
Preparation of Nano-ZnO-Encapsulated Eudragit

FS30D (ZnO/EFS) Nanohybrids. In this work, the ZnO/
EFS nanohybrids were synthesized by the solvent evaporation
(single emulsion) method, as described previously.64 Briefly,
0.2 g of EFS was weighed and dissolved in 12 mL of ethyl

alcohol to obtain an aqueous phase. Span 80 (450 mg),
magnesium stearate (35 mg), and nano-ZnO (0.3 g) were
solubilized in 15 mL of paraffin, and the oil phase was obtained
in a water bath at room temperature. Then, the aqueous phase
was added dropwise into the oil phase under magnetic stirring.
After 60 min, the mixture solution was stirred gently for 30 min
at 80 °C to remove the residual ethanol. Finally, the solid
product was washed with n-hexane at least three times to
remove the superfluous paraffin. Eventually, the nanoparticles
were obtained by vacuum-drying at 50 °C for 1 day. The
fabrication process of ZnO/EFS nanohybrids is outlined in
Figure 8.

Design of Orthogonal Experiment. An orthogonal test
is a useful and effective measurement for assaying the
comprehensive effect of a large number of environmental
factors on the encapsulation efficiency (EE). To investigate the
effect of fabrication conditions on nanoparticles and to obtain
the best product, four factors in three levels were studied based
on the EE as the evaluation index.39 An L9 (34) orthogonal
experiment on the weight of EFS named A, the rotational
speed named B, the amount of Span 80 named C, and the dose
of magnesium stearate named D was designed and is shown in
Table 2.

Encapsulation Efficiency Performance Test. Ten milli-
grams of ZnO/EFS nanohybrids was weighed and charged into
a 20 mL beaker to be mixed with 10 mL of 0.1 mol/L HCl for
10 min under magnetic stirring. Then, the solution was
transferred to a volume flask after filtration and diluted to 100
mL with deionized water. Free zinc content was measured and
calculated by using an inductively coupled plasma spectrom-

Figure 7. Storage stability of ZnO/EFS nanohybrids: (a) DLS size changes and (b) ζ-potential changes.

Figure 8. Schematic representation for the synthesis of ZnO/EFS
nanohybrids.
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eter (ICP 2100, PerkinElmer). At the same time, the
encapsulation efficiency of nano-ZnO was calculated as follows

=
−W W

W
EE (%) total free

total (1)

whereWtotal represents the weight of zinc in nano-ZnO initially
added to the formulation, and Wfree is the weight of zinc in
unentrapped nano-ZnO.
Physicochemical Structural and Morphological Anal-

yses. Nano-ZnO, EFS, and ZnO/EFS nanohybrids were
analyzed in the range of 600−4000 cm−1 via a Fourier
transform infrared (FTIR) spectrometer (Spectrum 100,
PerkinElmer Inc.). XRD analysis of nano-ZnO and ZnO/
EFS nanohybrids at 5−80° was performed using an X-ray
powder diffractometer (X’Pert PRO MPD, Panalytica, Hol-
land). Under the protection of nitrogen, the thermal stability of
EFS and ZnO/EFS nanohybrids at 40−900 °C was
investigated by a thermogravimetric analyzer (TGA2, Mettler
Toledo, Switzerland). Five milligrams of ZnO/EFS nano-
hybrids was scattered in deionized water, and then the sample
solution was dripped and dried on the silicon wafer stage. After
the surface of the samples was sprayed with gold particles, a
scanning electron microscope (EVO18, Mettler) was used to
observe the morphology and particle size of the sample. After
the ZnO/EFS nanohybrids were scattered in deionized water,
dynamic light scattering (90 Plus PALS, Brookhaven) was used
to measure the particle size and ζ-potential of the sample.
In Vitro Drug Release Study. This work is mainly based

on the in vitro drug release research method reported by a
previous study, and the specific operation is as follows.49 Seven
hundred and fifty milligrams of the acidic medium simulating
the gastric fluid (0.1 M HCl, pH 1.0) was prepared and
transferred to the dissolution vessel. According to the
operational requirements of the dissolution tester (RC12AD,
TDTF, China), the mechanical paddle was adjusted to the
most suitable rotational speed and height. Then, 1 g of ZnO/
EFS nanohybrids (or nano-ZnO) was placed in a dissolution
vessel and kept in an incubator beaker throughout this work
(37 °C). After the start of the experiment, 5 mL of sample
solution was collected in the glass tube every 20 min, and the
lost solution was supplied automatically by the machine. After
2 h, 250 mL of 0.2 mol/L of phosphate buffer was added to the
dissolution vessel to change the pH of the solution to 6.8
(succus entericus). At the specified time (30 min) intervals, 5
mL of samples was collected, and the missing phosphate buffer
was supplied automatically by the machine. The experiment
was terminated after 2 h. All of this work was carried out in
triplicate.
One milliliter of sample solutions was accurately placed from

the glass tube to a volume flask and diluted to 100 mL with
deionized water. Free zinc content was measured and
calculated by using the ICP (ICP 2100, PerkinElmer).
Meanwhile, the release rate of zinc in nano-ZnO was calculated
as follows

=
∑ +=

−

Q
V c V c

W
(%)n

k
n

k ns 1
1

r

(2)

where Vs is the measured volume of the sample, Vr represents
the volume of the medium, c represents the zinc content
measured by ICP, n is the number of samples, and W is the
drug loading of 1 g of ZnO/EFS nanohybrids.

Antioxidation Capacity Assay. To test the antioxidant
activity of products, nano-ZnO and ZnO/EFS nanohybrids
were investigated via 1,1-diphenyl-2-picrylhydrazyl (DPPH)
free radical-scavenging activity assay.63 Briefly, 25 μL of
different concentrations of ZnO/EFS nanohybrids (or nano-
ZnO) was added to 2 mL of the DPPH ethanol solution (50
μg/mL). Then, the mixed solutions were stored at room
temperature in the dark. After 60 min, the mixed solution was
measured by an ultraviolet spectrophotometer (UV-2550,
Shimadzu, Japan) at λ = 524 nm. All of this work was carried
out in triplicate. Besides, the clearance rate (C) of DPPH was
calculated as follows

= −
−

×
i
k
jjjjj

y
{
zzzzzC

A A
A

(%) 1 1001

0 (3)

where A is the measured absorbance of the reaction mixture of
samples with the DPPH solution, A1 represents the absorbance
of the solutions of samples without DPPH, and A0 is the initial
absorbance of DPPH without the samples.

Storage Stability Analysis. According to the Interna-
tional Conference on Harmonization (ICH) guideline, the
stability of ZnO/EFS nanohybrids under storage conditions of
25 °C and 60% relative humidity (RH) was investigated for 1
month.64 Dynamic light scattering was used to measure the
particle size and ζ-potential of the sample for a period of 1, 3,
7, 15, and 30 days. All of this work was carried out in triplicate.
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