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ARTICLE INFO ABSTRACT

Keywords: Pickering emulsions can be utilized to improve the usage efficiency of water-insoluble drugs as oral drug delivery
Pectin systems. The present study showed a series of dopamine-functionalized pectin-based Pickering emulsions for
Dopamine

anti-inflammatory medication. The dopamine functionalization induced significant differences in wettability,
zeta potential, particle size, and PDI value compared with the oxidized pectin. The resultant Pickering emulsions
consequently had excellent stability and could be stored for 30 days. Moreover, the morphology of the dried
Pickering emulsions was all nano-scale spherical particles. Indomethacin (IND) was used as a water-insoluble
drug model. The resultant Pickering emulsion-based drug delivery system showed persistent release of IND for
more than 12 h, high pH-responsiveness, and biocompatibility. All the results manifested the excellent potential
of dopamine-functionalized pectin-based Pickering emulsions in drug delivery applications. The present work
also provided a new approach to preparing Pickering emulsions from modified anionic polysaccharides for
delivering the water-insoluble drugs.
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1. Introduction

Drug delivery system (DDS) is a combination of drugs with carriers
via physical or chemical approaches and can implement sustained and
controlled drug release in vivo based on the various interactions be-
tween drugs and carriers. They can significantly improve the efficacy
and safety of drugs by decreasing the drug release rate and expanding
the duration [1]. Drug-loaded microcapsules are excellent representa-
tives that can release drugs under specific conditions and protect the
drugs from external damage [2]. The emulsion template method [3],
microfluidic method [4], precipitation polymerization [5], and interfa-
cial polymerization [6] are commonly used.

Pickering emulsion templates have been developing rapidly due to
their advantages in operation, safety, and sustainability [7]. Single or
multilayer interfacial film-stabilized emulsions are formed through the
absorption of micro- and nano-solid particles on the oil-water interface.
In addition, the adsorption of particulate emulsifiers tends to be slow
and irreversible [8]. The particulate emulsifier forms a dense protective
layer on the surface of the water-oil interface without causing a signif-
icant reduction in the interfacial tension [9]. Hence Pickering emulsion
templates have the advantages of an irreversible adsorption interface,
high coalescence stability, and stable droplet size compared to con-
ventional emulsions [10,11]. Moreover, the irreversible physical
adsorption without adding other crosslinkers determined the superiority
in operation and safety [12]. Therefore, oil-in-water Pickering emul-
sions can potentially encapsulate the water-insoluble drugs in the oral
drug delivery system.

Water-insoluble drugs have excellent biological activities but are
limited by their poor water solubility, chemical stability, and bioavail-
ability [8]. To this end, oil-in-water Pickering emulsions have been
employed as carriers for delivering water-insoluble drugs [13]. Natural
polymers, including pectin, alginate, chitosan, cellulose, and starch [8,
14], have received significant attention as Pickering stabilizers and
emerged with enormous potential. Unlike other polysaccharides, pectin
possesses specific biological activities such as probiotics, hypocholester-
olemia, hypoglycemic, and anticancer effects [15]. Thus, pectin may be
one of the ideal candidates for the preparation of drug delivery systems if
it can be used as a solid particle for Pickering emulsions.

In recent years, pectin-protein complex has been used as a particulate
emulsifier for Pickering emulsions [16]. The resultant emulsions were
typically stabilized by reducing the interfacial tension between water
and oil phases and forming an interface layer that prevents the elec-
trostatic interaction between oil droplets [8]. Generally, the interfacial
adsorption was considered sluggish and irreversible for particles with
near-neutral wettability (i.e., 6,4 =90°) [17]. However, the
electron-rich functional groups (e.g., hydroxyl and carboxyl groups)
result in pectin being highly hydrophilic and exhibiting poor stabilizing
properties for Pickering emulsions. Nitrogen-containing macromole-
cules can significantly regulate the wettability of pectin molecules via
electrostatic interaction and hydrogen bonding, such as gliadin [18],
plant protein [19,20], casein [21], lipoprotein [22], whey protein [23].
In this process, the negatively charged carboxyl functional groups were
coupled with the amino, imino, and acylamino groups [24,25]. More-
over, hydrogen bonding caused the coupling of the hydroxyl and
nitrogen-containing groups [26]. The hydrophilia of pectin conse-
quently decreased, and the resultant composites could be used as sta-
bilizers to form stable Pickering emulsions. However, the non-covalent
interactions between the electron-rich functional groups and
nitrogen-containing functional groups can be facilely broken, resulting
in the disintegration of composites [26]. Thus, the fabrication of pectin
derivatives that have nitrogen-containing groups via chemical routes
may not only decrease the hydrophilia but also possess stability. These
pectin derivatives may be consequently favored to form stabilized
Pickering emulsions.

The hydroxyl and carboxyl functional groups in the pectin molecules
are deservedly the reaction sites for chemical modification such as
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esterification, amidation, etherification, acetylation, oxidation, etc. [15].
Most of the reactions occurred in the presence of toxic catalysts such as
Dicyclohexylcarbodiimide/N-hydroxysuccinimide = (DCC/NHS)  and
N-(3-Dimethylaminopropyl)-N’'-Ethylcarbodiimide Hydrochloride/N-hy
droxysuccinimide (EDC/NHS), from which the added catalysts need to
be removed via the fussy routes; otherwise, the residual catalysts may
appear their toxic side effects on subsequent biomedical applications.
Periodate has been widely used to oxidate vicinal diols of the poly-
saccharides to dialdehyde groups that are the reaction sites for Schiff’s
base reaction [27]. Dopamine (DA), an important neurotransmitter, can
bind extrasynaptic receptors via volume transmission to achieve the role
of the extrasynaptic messenger molecule. It is a contraction of 3, 4-dihy-
droxyphenethylamine that can spontaneously oxidate to dopamine
quinone and further convert to polydopamine (PDA) [28]. PDA func-
tionalization = has  been  considered a  material surface
chemistry-independent route, which has been consequently used to
regulate the surface chemistry of materials for drug delivery applications
[29]. For periodate-oxidized pectin, the DA can not only couple with the
negatively charged carboxyl functional groups but also react with alde-
hyde groups via Schiff’'s base reaction. Moreover, the formed imine
linkages can also couple with carboxyl functional groups due to the
electron-rich nature of nitrogen [30].

The present study developed a series of Pickering emulsions stabi-
lized by dopamine-functionalized pectin, which were further used as
drug delivery systems. The effect of dopamine functionalization on the
chemical structure, wettability, zeta potential, and particle size was
studied. Moreover, the stability and creaming index of Pickering emul-
sions were determined. Indomethacin was selected as the water-
insoluble drug model to calculate the release performance of
emulsion-based drug delivery systems. The biocompatibility of the ob-
tained emulsions was also determined.

2. Materials and methods
2.1. Materials

Pectin and dopamine hydrochloride were provided by Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). The degree of esteri-
fication of pectin is 27.3%, and its average molar weight is 37.2 kDa. The
sodium periodate (NalOy4), absolute ethanol, and ethanediol were pur-
chased from Tianjin Yongsheng Fine Chemicals Co., Ltd. (Tianjin,
China). The HCI (aq), NaOH, NaH,PO4, and Na,HPO,4 were purchased
from Sinopharm Chemical Co., Ltd. (Shanghai, China). Corn oil was
produced by Cofco Fulinmen Food Co. Ltd. (Tianjin, China). All chem-
icals were directly used without pretreatment.

2.2. Preparation of oxidized pectin (OP)

The oxidized pectin was produced according to our published data
[31]. In detail, pectin (10 g) was added to 75 mL of ethanol with slow
stirring, followed by adding 300 mL of distilled water and stirring until
the pectin was fully dissolved. Sodium periodate (3 g) was dissolved in
50 mL of distilled water, which was added to the pectin solution at room
temperature under dark conditions with stirring for 2 h. Then, excess
ethanediol (2 mL) was added to terminate the oxidation reaction. The
resultant solution was centrifuged at 10,000 rpm, dialyzed, and
freeze-dried to obtain the final OP. The obtained OP had an oxidation
degree of 38.43%, which was determined according to the published
method [32].

2.3. Preparation of Pickering emulsions stabilized by dopamine-
functionalized OP (OP-DA)

Three groups of 4 wt% OP solutions were obtained, and their pH
were adjusted to 1, 2, and 3 by adding HCI solution (0.1 mol/L). The
surface negative charge of OP contributed to high surface energy that
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was not conducive to the stability of Pickering emulsions. Thus, we
prepared OP-DA composite solutions by adding DA into the OP solutions
according to the 1:1 molar ratio of the aldehyde group to the amino
group. The obtained particles were noted as OP1-DA, OP2-DA, and OP3-
DA, viz., the numbers 1, 2, and 3 represented the pH of the preparation
conditions. This process was performed under dark conditions to delay
the oxidative auto-polymerization of DA.

The OP-DA composites-stabilized Pickering emulsions were obtained
at different water/oil ratios (3:7, 4:6, 5:5, 6:4, 7:3, v/v), and the total
volume of emulsions was 10 mL. Briefly, corn oil and OP-DA suspension
were mixed in a glass bottle (20 mL) with preset water-oil ratios and
severely sheared by a FSH-2A high-speed homogenizer at 10,000 rpm
for 5 min. The obtained Pickering emulsions were sealed and kept
quiescently at room temperature. A small dosage of emulsions was
added to the corn oil or distilled water to judge the type of emulsions.
Results showed good dispersion in distilled water and agglomeration in
oil, indicating the oil-in-water Pickering emulsion. The obtained emul-
sions from the OP-DA under different pH conditions were noted as OP1-
DAPE, OP2-DAPE, and OP3-DAPE (Fig. 1).

2.4. Preparation of the emulsion-based DDS

The indomethacin-loaded DDS were further prepared according to
the preparation process of Pickering emulsions. Indomethacin powder
(IND) was added to corn oil by magnetic stirring to dissolve it, resulting
in an oil phase with a concentration of 3 mg/mL. The other operations
were performed as same as the preparation of Pickering emulsions. The
obtained IND-loaded Pickering emulsions were noted as OP1-DA/IND,
OP2-DA/IND, and OP3-DA/IND.
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2.5. Characterization

2.5.1. FT-IR and 'H NMR analysis

FT-IR technology was used to characterize pectin, dopamine, OP,
and OP-DA. Generally, the samples were mixed with KBr and pressed
into a flake. The resultant slices were scanned by an FT-IR spectrometer
(IRAffinity-1, Shimadzu, Japan) in the 4000-500 em ™! wavenumber
range with 32 scans and a resolution of 4 cm™'. 'H NMR spectra was
used to characterize the DA functionalization of OP on Bruke AVANCE
NEO 500 nuclear magnetic resonance spectrometer at 25 °C, using
deuteroxide (D50) as solvents, and maleic acid (MA) was used as the
internal standard. In this process, 6 mg of maleic acid and 12 mg of OP-
DA were used. The grafting efficiency (GE) was calculated by the
following equations.

mps My X 4 X Ipy x 189.64

100 1
Moroa X 3 X Iy X 116,07 M

E (%) =

Mop—pA
where 189.64 and 116.07 were the molecular weight of DA and MA,
respectively. Ippy and Iyag stand for the integral areas of the aromatic
proton of DA and alkene proton of MA, and the proton number of aro-

matic and alkene protons were 4 and 3. The mys and mpp.ps were
respective to the dosage used in the quantitative NMR characterization.

2.5.2. Three-phase contact angle

The three-phase contact angle of OP and OP-DA was determined by
an optical contact angle & interface tension meter (SL200KB, KINO In-
dustry Co., Ltd., USA) [33]. Briefly, the lyophilized OP and OP-DA
powder were pressed into cylindrical tablets with a diameter of 8 mm
and thickness of 2 mm at a pressure of 2 MPa. Then, the tablets were
placed into a glass beaker containing an oil phase. Later, 2.5 uL of
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Fig. 1. Schematic illustration of the preparation process. (A) The oxidation of pectin by sodium periodate; (B) Schiff’s base reaction between OP and DA; (C)

Preparation of Pickering emulsion stabilized by OP-DA.
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distilled water was dropped on the surface of the slice by a microsyringe.
The process of dripping was shot by a video camera. CAST3.0 built-in
software was employed to fit the droplet outline to determine the con-
tact angles between water and slices.

2.5.3. Particle size, polydispersity index (PDI), and zeta potential of OP
and OP-DA

The particle size, zeta potential, and PDI of OP and OP-DA were
determined by Zetasizer Nano (Zetasizer Nano-ZS, Malvern Instruments
Ltd., UK) [23]. Each measurement was repeated three times at room
temperature, with the averages provided. The dynamic light scattering
technique was used for particle size and PDI measurements in a 12 mm
cell. For zeta potential, all samples were sonicated for 5 min. Laser
Doppler velocimetry was employed to determine the electrophoretic
mobility of the pretreated samples, and the zeta potential was fitted by
the Smoluchowski equation.

2.5.4. Visual appearance and long-term storage stability of emulsions

The OP-DA stabilized Pickering emulsions were prepared according
to Section 2.3. The obtained emulsions were stored in glass bottles at
room temperature for 30 days. The visual appearance of the emulsions
was recorded on the 1st and 30th days. To calculate the emulsion sta-
bility, the creaming index (CI, %) was measured according to Eq. (2).

CI%) = % % 100 @

t

where H. (cm) was the height of the cream, and H; (cm) was the initial
height of the emulsion.

2.5.5. Optical microscopy

According to the published data [34,35], polarized optical micro-
scopy (MX-117PS, Shenzhen Obvious Optics Co., Ltd, China) with a
Toupcam microscope camera (16 million pixels) was used to charac-
terize the non-polarizing microscope images of the Pickering emulsions
in a bright field. Briefly, 1 mL of emulsions was added to a 10 mL sample
bottle, followed by adding 9 mL of deionized water, which was
dispersed on a vortex mixer. The dilute emulsions were dropped on a
micro slide, then covered with a coverslip, and observed. This process
was performed at room temperature, and the magnification of the mi-
croscope was x 40.

2.5.6. Scanning electron microscopy (SEM)

The OP2-DAPE and OP2-DA/IND were dropwise added on a silicon
plate and vacuum dried in an oven at 60 °C. The tailored samples were
pasted on the microscope stage with conductive adhesives, which were
further sprayed with gold for 5 min. The microtopography of the sam-
ples was scanned by a scanning electron microscope (SEM, Hitachi S-
4800, Japan) with an acceleration voltage of 1-10 kV and an in-lens
detector.

2.6. In vitro drug release testing and kinetics study

NaH,PO4-NayHPO,4 buffer with different pH were used as the release
mediums. The pH of the buffer solutions were adjusted by NaOH and
HCI solution (0.1 mol/L) to 1.2, 6.8, and 7.4, which were the simulated
gastric fluid (SGF), small intestinal fluid (SSIF), and colon fluid (SCF).
The standard curves of IND for different release mediums were tested,
with R? of 0.9992, 0.9998 and 0.9991 for pH= 1.2, PH= 6.8 and
pH= 7.4, respectively (Fig. S1). The effect of release time on the cu-
mulative release ratio was studied in different simulated fluids to obtain
the sustained-release performance of IND-contained Pickering emul-
sions. A specific dose of emulsions was injected into the dialysis bag that
was placed in a beaker containing 50 mL simulated mediums (i.e., SGF,
SSIF, and SCF). The release experiments were performed at 37 °C. Four
milliliters of release medium were sucked out at regular intervals,
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centrifuged at 8000 rpm, and filtrated by a millipore filter (0.22 pym).
Four milliliters of the corresponding buffer solution were immediately
added to the release medium when the release medium was sucked out.
The concentration of IND in the release medium was determined by a
UV-Vis spectrophotometer at 320 nm, and the cumulative release ratios
at time t were calculated by the following equation.

7@xw+wzgax

F(%) ~

100 3

where F (%) and m (mg) represented the cumulative release ratio and
the total loading of IND, the C, (mg/L) and C; (mg/L) were the con-
centration of IND in the release medium after the nth and ith samplings,
V; (mL) and Vj (mL) were the volumes of sampling and release medium.

To better describe the release behavior of IND from the IND-loaded
emulsions, kinetic studies were performed to fit the data of release ex-
periments. The first-order model (Eq. (4)), Higuchi model (Eq. (5)), the
Ritger-Peppas model (Eq. (6)), and the Bhaskar model (Eq. (7)) were the
commonly used kinetic models and have been consequently used in the
present study.

—In(1—F) = kit 4
F = kp*? 5)
InF = nint + Inks 6)
—In(1 = F) = kyt* @)

where n is the diffusion index that determines the type of diffusion
mechanism, and k; were the kinetic constants of different models.

2.7. Cytotoxicity assay

A professional institution, Shanghai Bingxin Biotechnology Co., LTD
(China), was employed to perform the cytotoxicity assay. The influence
of OP-DAPE on the 1929 fibroblast proliferation was used to calculate
the cytotoxicity by a colorimetric assay based on 3-(4, 5-dimethylthia-
zol-2-yl) 2, 5-diphenyl tetrazolium bromide (MTT). A hundred microli-
ters of L929 fibroblast cells (8 x 10 cells /mL) were inoculated on a 96-
well plate and incubated overnight in an incubator at 37 °C under 5%
CO4 atmosphere. The operating fluids with different OP-DA concentra-
tions (1, 0.5, 0.25, 0.125, and 0.0625 mg/mL) were obtained by mixing
OP-DA with a complete culture solution containing 90% minimum
essential medium (MEM, Hyclone, Thermo Fisher Scientific, USA) and
10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, USA).
Then, a hundred microliters of culture solution were accordingly added
to each well, and the cells were incubated at 37 °C under 5% CO- at-
mosphere for 24, 48, and 72 h. The absorbance of the cell at different
time intervals was determined at 570 nm by a microplate reader
(Thermo Scientific, Multiskan Spectrum), and the cell proliferation ra-
tios were calculated as follows.

The OD value of the sample

Cell liferati tio (%) = 100
el proliferation ratio (%) The OD value of the control group x
®

In addition, the cultured cells were observed by IX71 fluorescence
microscopy (Olympus Corporation, Japan) to observe cell proliferation
visually. The cell culture process was according to the above operations,
and the cell proliferation in the solution containing OP1-DAPE
(0.0625 mg/mL) was collected as the representative. One milliliter of
the corresponding staining solution was added to each well, and the
incubation was continued for 15 min. The live cells (yellow-green
fluorescence) and dead cells (red fluorescence) were detected simulta-
neously using an excitation filter (490 & 10 nm) on the fluorescence
microscope.
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3. Results and discussions
3.1. Characterization

3.1.1. Chemical characterization

The periodate oxidation of vicinal diols and Schiff base reactions
have presented high popularization and efficiency in the functionaliza-
tion of pectin [14,15,27,31]. Thus, we just employed the FT-IR to
analyze the chemical variation among pectin, OP, DA, and OP1-DA, and
the results are shown in Fig. 2A. The stretching vibrations of C=0 of
carbomethoxy groups, C-O linkage of the secondary alcohol, and C=0
of free carboxyl groups in pectin molecules can be found at 1746, 1072,
and 1649 cm™! [31]. Compared with the native pectin, the wide vi-
bration peak at 1649 cm ™! shifted to 1609 cm ™!, which was ascribed to
the enol tautomers evaluated from the formyl groups. Moreover, the
absorption peak at 1072 cm ™! almost disappeared in OP. These changes
could prove that the o-hydroxyl group of the pectin molecule was
oxidized. For FT-IR spectra of DA, the peaks located at 1504 cm ™! and
1616 cm ™! were the C=C resonance vibrations of the aromatic ring and
bending vibration of N-H [36]. Unlike OP and DA, the FT-IR spectra of
OP1-DA showed a new shoulder peak on the left of the peak at
1640 cm ™!, which was ascribed to the characteristic absorption peak of
the imine bond, indicating the successful Schiff’s base reaction.

Quantitative 'H NMR was employed to prove Schiff’s base reaction
between the OP and DA, and the results are shown in Fig. 2B. The sharp
singlet at 3.67 ppm was ascribed to the protons in the methoxy groups of
the esterified pectin. The little peaks on the yellow background repre-
sented the H-1 (5.04 ppm), H-2 (3.94 ppm), H-3 (4.06 ppm), H-4
(4.32 ppm), and H-5 (4.82 ppm) in the p-galacturonic acid unit,
respectively [37,38]. Moreover, the peak at 3.51 ppm represented the
H-1’ in the oxidized pectin unit due to the presence of electron-absorbing
functional groups on both sides. The characteristic peaks of DA residue
can be found at 2.72 ppm (H), 3.07 ppm (G), 6.59 ppm (D), 6.68 ppm
(C), and 6.74 ppm (E). Moreover, the grafting efficiency was determined
as 40.49%.

3.1.2. Three-phase contact angle

Wettability is one of the vital capabilities of particles that can form a
Pickering emulsion. Thus, the wettability properties of OP and OP-DA
were calculated separately on lyophilized samples, and the three-
phase contact angles (6,,w) of OP and OP-DA are shown in Fig. 3. The
6,,/w values of OP prepared at different pH conditions were in the range
of 65.14° to 76.72°, indicating that OP can be employed as a particulate
stabilizer for forming Pickering emulsions. However, the 6,,, values
obviously decreased with the increased pH, indicating an increasing

DA —— OP —— OP-DA

Pectin

A

Transmittance (a.u.)
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surface free energy. This phenomenon was due to the protonation of
carboxyl functional groups, viz., the lower proton concentration
contributed to the ionization of carboxyl functional groups [39], and the
OP consequently showed lower contact angles.

The DA-functionalization induced a slight increase in the wettability
of the OP, which ranged from 67.31° to 79.37°. It was due to the non-
covalent interactions between carboxyl and imine groups, which were
competing with protonation. Moreover, phenolic hydroxyl groups in the
DA molecules dissociated in alkaline and near-neutral mediums but
remained under acidic conditions [40]. Thus, the OP-DA showed higher
6,,/w values than the OP prepared at the same pH conditions. Interfacial
adsorption was generally considered sluggish and irreversible for par-
ticles with near-neutral wettability (6,,w =90°) [17]. Thus, the OP-DA
contributed to obtaining more stable Pickering emulsions than OP
under the same pH condition.

3.1.3. Zeta potential, particle size, and polydispersity index (PDI) of OP
and OP-DA

In addition to the wettability, the zeta potential, particle size, and
PDI are also essential indices to measure the stabilizing capacity of the
particulate stabilizers. Therefore, these indices of the obtained granules
were determined, and the results are shown in Table. S1 (Supporting
information). The zeta potential of all the OP samples was negative,
which was an inherent characteristic of anionic macromolecules.
Moreover, the OP-DA showed a positive zeta potential, indicating the
electrostatic interactions between the dissociated carboxyl and imine
groups. These results manifested that electrostatic attraction exceeded
the repulsive force, and the pectin chains tended to condense in the
emulsions. For a branched polymeric compound, it favored the chain
entanglement and the consequent formation of stable Pickering emul-
sions. The solid particles need to have a particle size in the range of a few
microns to tens of microns, and the gravity effect can be ignored for
particles with a 2 ym grain diameter [41]. In the present study, all the
samples possessed an average grain diameter below 3.5 um, indicating
the stabilization capability for forming Pickering emulsions. Under
different pH conditions, the particle size of OP gradually decreased with
the increase in pH. The reason for this may be that the particle tended to
be more stable when it was close to pKa, and PDI of the particle also
decreased with the increase of pH of the system. The PDI values of all
samples ranged from 0.358 to 0.896. Compared with the published data
that used pectin/zein as the solid particles [34], the Pickering emulsions
that used OP as stabilizers showed a wider diversity of particle size due
to the electrostatic interaction [33]. The pKa of the pectin was about 3.5.
Therefore, the -COOH existed as -COOH3 when the pH of the prepara-
tion condition were 1 and 2. The electrostatic attraction caused particle

o fHs
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o
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1500 1250 1000
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Fig. 2. Chemical characterization. (A) FTIR spectra of the DA, pectin, OP, and OP-DA; (B) quantitative NMR spectra of OP2-DA.
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Fig. 3. Oil-in-water three-phase contact angles (0,,,) of the OP1(A), OP2(B), OP3(C), OP1-DA(D), OP2-DA(E), and OP3-DA(F).

movement, resulting in larger particle size and PDI value [18,42,43].
The pH condition of OP3 was close to the pKa of the pectin, and OP3
consequently presented a smaller particle size and PDI than OP1 and
OP2. Moreover, the PDI values of OP1-OP3 were all higher than 0.5,
indicating an unstable state of the resultant Pickering emulsion. The PDI
values of OP-DA decreased with the increasing pH of the preparation
process, which confirmed the importance of charge shielding. The PDI
values also illustrated that the surface modification of OP significantly
decreased the particle-size diversity. Thus, the sample OP1-DA and
OP2-DA presented low PDI values of 0.358 + 0.032 and 0.416 + 0.031,
indicating excellent stabilization capability. Comparing the PDI values
of OP1-OP3, that of OP1-DA, OP2-DA, and OP3-DA significantly
decreased to below 0.5, showing the efficacy of DA-functionalization.
These results showed that the DA-functionalization significantly regu-
lated the zeta-potential, particle size, and PDI of OP, and the obtained
OP-DA accordingly presented better stabilization capability than OP.

3.1.4. Visual appearance and long-term storage stability

Fig. 4 shows the visual appearance and storage stability of the
Pickering emulsions that were prepared with various oil/water ratios
under different pH conditions. The emulsifying volume increased with
the increased oil volume fraction ranging from 0.3 to 0.7. This result was
consistent with the published data [44]. Moreover, the emulsifying
volume ratios were above 90% when the oil phase fraction in OP-DAPE
ranged from 0.5 to 0.7. The emulsifying ability of the OP-DA decreased
with the increased pH. The OP can react with dopamine via the elec-
trostatic attraction or Schiff’s base reaction. In particular, the lower pH
condition contributed to the electrostatic attraction and inhibited
Schiff’s base reaction, which consequently decreased the hydrophilicity
of OP-DA [45]. The results can also be proved by the wettability (Fig. 3).

The storage stability of the emulsions was calculated after 30 days of
storage. The emulsions were converted into emulsion gels, which
improved their long-term stability [34]. Moreover, the emulsifying
volume fractions changed slightly compared with the initially prepared

Fig. 4. Visual appearance of Pickering emulsions prepared under different pH conditions with various water/oil ratios. Storage for 1 h (A-C) and 30 days (D-F),
where A and D were the emulsions prepared at pH= 1, B and E at pH= 2, and C and F at pH= 3, respectively.



J.-q. Zhang et al.

OP-DAPE. CI can be used to calculate storage stability [46]. In the
present study, the CI values were approximately 90% when the oil phase
fraction was 0.6 or 0.7 (Fig. S2), indicating excellent storage stability. It
was also significant that the color of the emulsions changed to brown.
This transformation was due to the auto polymerization of dopamine,
viz., the polydopamine, a biocompatible material, was obtained during
the storge because of UV irradiation [47]. The electrostatic interaction,
Schiff’s base reaction, and auto polymerization ensured the excellent
storage stability of the emulsion systems.

3.1.5. Optical microscopy analysis

Optical microscope can be used to observe the shape and state of the
emulsion droplet of the OP-DAPEs. Fig. 5 shows the morphology of OP-
DAPESs stored at room temperature for 30 min and 30 days. Overall, the
droplet of all the samples showed a regular spherical shape with a
micron size. The emulsion droplet size increased as oil phases increased
by comparing the influences of different water-oil ratios. This phe-
nomenon is consistent with the findings of Arditty et al. [48]. Limited
coalescence may occur during the preparation process, which is deter-
mined by the volume fraction of the dispersed phase and the number of
particles. When the total interfacial area of the oil phase exceeded the
interfacial area covered by the solid particles in the emulsion system, the
oil droplets rapidly coalesced into larger droplets, reducing the water-oil
interfacial area and increasing the stability of the emulsion. Moreover,
the pH did not significantly influence the diameter of emulsion droplets
under the same water/oil ratio condition (Fig. 5A-C and D-F). The results
differed from the pectin/zein Pickering emulsions fabricated by Zhang
et al. [49]. It may be caused by the significant difference in water sol-
ubility. They also confirmed that the pectin with a higher methylation
degree possessed better adaptability to the pH (i.e., ion strength), viz.,

OPx-DA with 30 min of storage.
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free carboxyl groups would induce the change in diameter of emulsions
droplets. In the present study, the amino groups in dopamine existed as
the -NH4 under acidic conditions, which can be attracted by carboxyl
groups in the pectin chain. This electrostatic interaction could shield the
carboxyl groups in the pectin chain, resulting in an insensitivity to pH.
Fig. 5D-F present the shape and state of the emulsion droplet of the
OP-DA stored for 30 days, and there was no apparent difference
compared with the emulsions stored for 30 min. These results man-
ifested the stabilization capability of OP-DA to form Pickering
emulsions.

3.1.6. SEM analysis

The morphology of the OP2-DAPE and drug-loaded OP-DAPE mi-
crospheres (i.e., OP2-DA/IND) was obtained by the SEM technique,
which is shown in Fig. 6 with a magnification of 10, 000. The OP2-DAPE
appeared as nano-scale spherical particles but was inhomogeneous and
reunited, as well as the OP2-DA/IND. These results indicated the sta-
bility of OP2-DAPE and the slight influence of IND loading. The particle
size of OP-DAPE shown in the SEM image was much smaller than that
from optical microscopy (Fig. 5). This is because the pectin chain was
flexible, which was much different from the rigid particles, such as silica
microspheres, cellulose nanocrystals, and polystyrene microspheres.
Thus, the resistance of pectin molecular chains to surface forces was
much lower than that of rigid nanoparticles during the drying process,
and the as-prepared microcapsules collapsed. The morphological ana-
lyses indicated that the microspherical materials could be obtained via
the Pickering emulsion route.

OPx-DA with 30 days of storage.
D

Fig. 5. Optical microscopic images of OPx-DA with different oil/water ratios. (A and D) OP1-DAPE; (B and E) OP2-DAPE; (C and F) OP3-DAPE.
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Fig. 6. SEM images of the (A) OP2-DAPE and (B) drug-loaded OP2-DAPE (i.e., OP2-DA/IND).

3.2. Invitro drug release and kinetics study

IND is commonly used for rheumatoid arthritis and non-rheumatoid
inflammatory diseases but showed low bioavailability [14]. At the same
time, it has chemoprotective effects against colon cancer [50]. Many
researchers have attempted to encapsulate IND in natural and synthetic
polymer systems to preserve the gastrointestinal tract from adverse
mucosal injury [51]. The present study prepared oil-in-water emulsions
to contain hydrophobic indomethacin, and the sustained release per-
formance of DDS was calculated. The present study employed OP-DAPE
to fabricate DDS and calculate its sustained release performance. All the

results are shown in Fig. 7. It can be seen that all DDSs sustained IND
release for more than 12 h. In contrast to the sustained release of IND
power in the release medium in previous studies, the emulsion-based
DDSs were able to effectively prolong the release of IND.

All the DDSs showed a low cumulative release ratio of less than 7% in
the first 2 h under SGF conditions. These results confirmed that the drug
was fractionally released in the acidic medium, which was conducive to
the drug reaching the lesion. This phenomenon was according to the
stability of the IND itself and the resultant OP-DAPE under acidic con-
ditions. Similar results have also been obtained in the SSIF, and all the
DDSs released less than 10% IND in 6 h. The DDSs presented different
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Fig. 7. Cumulative release ratios under different pH conditions, (A) pH= 1.2; (B) pH= 6.8; (C) pH=7.4.
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Fig. 8. The dissociation of IND under different pH conditions.

release behavior in the SCF, and the release rate was much faster than
that in SGF and SSIF. It was caused by the sensitivity of carboxyl and
phenolic hydroxyl groups to alkali, viz., the carboxyl and phenolic hy-
droxyl groups can be dissociated in the alkaline medium. Moreover, the
dissociation of IND under different pH conditions was also an important
driving force that influenced the sustained release (Fig. 8). Thus, the
obtained DDSs showed significant pH responsiveness. Moreover, the
release rate in SGF and SSIF showed a promotion after a period of time
(Fig. 7B and C). This phenomenon was generally accompanied by the
erosion of OP-DA matrix, resulting in the rupture of emulsion droplets
and the acceleration of drug release rate, which was related to the
dissociation of carboxyl and phenolic hydroxyl groups under alkali and
near-neutral conditions in the present study.

According to SEM (Fig. 6), the emulsion droplet morphology was
spherical, and drug release may have various release mechanisms, such
as drug diffusion, drug dissolution, and cleavage of chemical bonding for
controlled release. Therefore, the drug release behavior was described
by commonly used kinetic models such as the First order model, Higuchi
model, Ritger-Peppas model, and Bhaskar model. The kinetic fitting
curves are shown in Figs. S3-5 (Supporting information), and R? and
kinetic parameters are recorded in Table S2 (Supporting information).
Regression models were commonly used to represent the quality of
dynamic models. Under concentrated acid condition (pH=1.2), four
models could well describe the release behavior with all R? values over
0.95. The fitting results indicated that the drug release mechanism was
mainly a diffusion mechanism. The kinetic constant, n, can judge the
release mechanism. For spheroidal preparations, n less than 0.45 cor-
responded to the Fickian diffusion mechanism, n between 0.45 and 0.85
corresponded to the non-Fickian diffusion mechanism, and n greater
than 0.85 corresponds to the case II mechanism. The non-Fickian

diffusion mechanism was mainly a synergistic effect of diffusion and
matrix dissolution, and the case II mechanism was mainly matrix skel-
eton dissolution. For all the DDSs, the n values were less than 0.43 in the
SGF, showing a Fickian diffusion transport. Oppositely, the n values
obtained by fitting release data in the SCF and SSIF were all higher than
0.85. Thus, the drug release can be controlled by the skeleton dissolution
of OP-DA matrix in diluent acid or alkaline mediums.

3.3. Cytotoxicity assay

The excellent cytocompatibility of materials is the basic condition for
biomedical and drug delivery applications. The activity of L929 cells
cultured in OP-DAPE was determined by the MTT method, and the
cytocompatibility of OP-DAPE was evaluated by observing the fluores-
cence images. After cultivating 1929 cells with the emulsions for 24, 48,
and 72 h, the cell viability was assessed. The cell viability of all three
samples was higher than 93% after 24 h, as shown in Fig. 9 A-C. Ac-
cording to these results, cell viability was not significantly impacted by
the OP-DAPE. The cell viability decreased with the time extension,
which may be due to insufficient nutrients inhibiting cell proliferation in
the cell culture medium. To better proven the cytotoxicity, the present
study collected a much higher concentration (0.0625 mg/mL,
0.125 mg/mL, and 0.25 mg/mL) of OP-DAPE than the published data
[52]. Overall, the cell proliferation ratios of the three systems were all
above 75% after 72 h of culture, indicating the excellent biocompati-
bility of the obtained solid particles.

Cell fluorescence staining was employed to observe and analyze the
morphology and proliferation of 1929 cells exposed to emulsion-based
DDS, and the results are shown in Fig. 9 D-F. Most of the L929 cells
still showed green fusiform morphology, and the number of cells did not
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Fig. 9. Cytotoxicity test of OP-DAPE (A-C) and fluorescent images of OP1-DAPE (D-F), where A-C are the L929 cell proliferation under the different initial con-
centrations of OP1-DAPE, OP2-DAPE, and OP3-DAPE, respectively; D-F are the fluorescent images of cultured L929 cells at the initial concentration of 0.0625 mg/mL

of OP1-DAPE sample for 24 h, 48 h, and 72 h.

significantly decrease, indicating great cell proliferation. These results
were in accordance with the cell proliferation assay. Thus, the OP-DAPE
did not show obvious adverse effects on cell proliferation.

4. Conclusions

In this study, pectin was first oxidized and further functionalized by
dopamine to change its hydrophilic properties for forming more stable
Pickering emulsions. The obtained OP-DA presented significant differ-
ences in wettability, zeta potential, particle size, and PDI values, which
contributed to forming stable Pickering emulsions. The particle size of
all samples was in the range of 0.358 + 0.032-0.896 + 0.144, with a
broad particle size diversity. The sample OP1-DA and OP2-DA showed
low PDI values of 0.358 & 0.032 and 0.416 + 0.031, indicating excel-
lent stabilization capability. SEM observations proved the nano-scale
spherical particles of the emulsion droplets. The in vitro drug release
showed that the DDS has a low cumulative release ratio of less than 7%
in the SGF, and the kinetic studies proved the different release behavior
of the emulsion DDS under different pH conditions. The cytocompati-
bility assay manifested excellent biocompatibility even at a very high
concentration of the emulsions. Overall, the present study developed a
series of pectin-based Pickering emulsions, which were favorable can-
didates for delivering water-insoluble drugs.
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