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Protamine and BSA–dextran complex emulsion improves oral bioavailability and
anti-tumor efficacy of paclitaxel
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ABSTRACT
Food protein and polysaccharide complex emulsions are safe carriers of hydrophobic drugs and
nutrients. To improve oral bioavailability and therapeutic/healthy efficacy of hydrophobic drugs and
nutrients, herein, protamine (PRO), a cationic cell-penetrating peptide, was introduced into protein
and polysaccharide complex emulsion. The electrostatic complex of PRO and BSA–dextran conjugate
(BD) produced by Maillard reaction was used as emulsifier to produce oil-in-water emulsion (@BD/
PRO). The BSA molecules were crosslinked at the oil–water interface by a heat treatment and the PRO
chains were simultaneously anchored in the interface. BD emulsion (@BD) without PRO was produced
for comparation. Paclitaxel (PTX), a hydrophobic antineoplastic drug, was encapsulated in the emul-
sions with 99% loading efficiency and 6.4% loading capacity. The emulsions had long-term stability.
The bioavailability and H22 tumor inhibition efficacy of PTX@BD/PRO were 40% and 70% higher than
those of PTX@BD, respectively, after oral administration in the mice. More importantly, orally adminis-
trated PTX@BD/PRO had the same anti-tumor efficacy as intravenously injected commercial PTX injec-
tion. No abnormality was observed in the main organs of the mice after consecutive oral
administration of PTX@BD/PRO. This study indicates that @BD/PRO is an excellent carrier of hydropho-
bic drugs/nutrients and is suitable for long-term oral administration.
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1. Introduction

Oral medication is the most acceptable way to achieve thera-
peutic and healthy efficacy, especially for long-term adminis-
tration (Thanki et al., 2013; Du et al., 2018; Ezrahi et al.,
2019). However, the oral bioavailability of hydrophobic drugs
and nutrients is usually very low (Du et al., 2018; Ezrahi
et al., 2019; Sze et al., 2019). It is of great significance to
design and produce universal oral delivery systems of hydro-
phobic drugs and nutrients. Nanoemulsions produced from
food protein and polysaccharide complexes are safe oral
delivery systems of lipophilic drugs and nutrients (Evans
et al., 2013; Albano et al., 2019), and can be easily scaled up
for production (Singh et al., 2017). Amphipathic proteins
which contain hydrophilic and hydrophobic amino acid resi-
dues in their primary structures are widely used as emulsi-
fiers (Bouyer et al., 2012). In the process of high energy
emulsification, such as ultrasound and high-pressure hom-
ogenization, amphipathic protein molecules expose their
hydrophobic residues and adsorb at oil–water interface to
lower the surface tension (Galazka et al., 2000; Tabibiazar
et al., 2015). By means of heat treatment, the emulsions pro-
duced from globular proteins, such as BSA (bovine serum
albumin) and soybean protein, form crosslinked protein film

at oil–water interface due to the denaturation and gelation
of the proteins (Yin et al., 2012; Wang et al., 2016).
Hydrophobic drug/nutrient can be effectively encapsulated
and protected in the oil droplets (Bouyer et al., 2012, 2013;
Wang, Gao, et al., 2016). Hydrophilic polysaccharide chains
conjugated to the protein are located on the oil droplet sur-
face that increase the hydrophilicity, steric repulsion and
therefore the stability of the droplets in aqueous phase
(Dickinson & Semenova, 1992; Dickinson, 2008). Previously,
we produced curcumin-loaded BSA–dextran conjugate emul-
sion with crosslinked BSA interfacial film and dextran surface
(Wang et al., 2016). The emulsion had long-term physical
and chemical stability, and greatly increased the oral bio-
availability of curcumin in mice. However, the evaluation of
the therapeutic efficacy of the encapsulated drug in protein
and polysaccharide complex emulsion was seldom reported,
which blocks the application of the emulsion in drug delivery
field.

Protamine (PRO), a cationic peptide (He et al., 2014), is
able to bind with negatively charged macromolecules, such
as hyaluronic acid (Wang et al., 2015), carrageenan (Dul
et al., 2015), heparin (Thu et al., 2012), albumin (Lochmann
et al., 2005) and nucleic acid (Sk€old et al., 2015), forming
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electrostatic complexes. PRO is an effective and nontoxic
cell-penetrating peptide, which promotes the absorption of
the bound or assembled molecules and nanoparticles in
intestines (Beloqui et al., 2014; Thwala et al., 2016). For
example, He et al. (2013) prepared insulin–PRO conjugate
which significantly improved the pharmacological bioavail-
ability of insulin in rats. Zhang et al. (2018) used polyethyl-
ene glycol-poly(lactic-co-glycolic acid) and PRO to fabricate
exanatide–Zn2þ complex-loaded nanoparticles which had sig-
nificant hypoglycemic effect and great improvement in oral
bioavailability of exenatide. Beloqui et al. (2014) found that
dextran-PRO coating greatly increased the permeability of
the lipophilic drug-loaded nanoparticles in mimetic mucus
and enterocyte monolayers.

Herein, we introduced PRO into BSA–dextran conjugate
(BD) emulsion to increase the absorption in intestines and
thus increase the oral bioavailability as well as therapeutic
efficacy of the encapsulated hydrophobic drug. BD was pro-
duced by a nontoxic Maillard reaction (Qi et al., 2013; Wang
et al., 2016), which links the reducing end carbonyl group of
dextran to the amino group of BSA. BD is negatively charged
in pH 6 solution, and therefore can bind with positively
charged PRO, forming electrostatic complex BD/PRO. We
used BD/PRO complex as the emulsifier to produce emulsion
@BD/PRO whose structure is illustrated in Scheme 1, and
used @BD/PRO to encapsulate hydrophobic antineoplastic
drug paclitaxel (PTX) and fluorescent probe DiR (1,10-diocta-
decyl-3,3,30,30-tetramethyl indotricarbocyanine iodide). The
anti-tumor efficacy of orally administrated PTX-loaded @BD/
PRO emulsion (PTX@BD/PRO) was evaluated and compared
with the efficacy of commercial PTX injection. The systemic
toxicity of PTX@BD/PRO after consecutive oral administration
in mice was evaluated. In addition, BD emulsion (@BD) with-
out PRO as well as PTX-loaded BD emulsion (PTX@BD) were
produced and studied parallelly for comparation.

2. Experimental

2.1. Materials

PRO (from salmon, BC grade), dextran (10 kDa) and BSA
(grade V, 99%) were obtained from Sangon Biotech Co., Ltd.

(Shanghai, China). PTX was obtained from Jiangsu Yew
Pharmaceutical Co., Ltd. (Jiangsu, China). Commercial PTX
injection was from Hainan Chuntch Pharmaceutical Co., Ltd.
(Hainan, China). MCT (medium chain triglyceride) was pur-
chased from Avic (Tieling) Pharmaceutical Co., Ltd. (Liaoning,
China). FITC (fluorescein isothiocyanate) was obtained from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). DiR was
purchased from RuiTaibio Co., Ltd. (Beijing, China). Sodium
carboxymethyl cellulose (CMC-Na) was purchased from
Sigma-Aldrich (Shanghai) Co. (Shanghai, China). All other
chemical reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

2.2. Preparation of BD

BD was prepared by Maillard reaction as reported previously
(Qi et al., 2013; Wang et al., 2016). Briefly, BSA and dextran
were dissolved together in deionized water with a feed-
molar ratio of BSA to dextran 1:6 (weight ratio of BSA to dex-
tran 1:0.9); the mixed solution was adjusted to pH 8.0 and
then lyophilized. The lyophilized powder reacted at 60 �C
and 79% relative humidity for 48 h. After the reaction, about
4.4 dextran chains were conjugated to one BSA molecule on
average. The produced BD was directly used without purifi-
cation. For the BD solution mentioned below, the BSA con-
centration was used to denote the BD concentration.

2.3. Preparation of @BD/PRO and @BD emulsions

PRO and BD were added in deionized water together with
0.5mg/mL PRO and 10mg/mL BSA. After dissolution, the pH
of the solution was adjusted to 6.0 using 1M HCl and then
the solution was stirred for 3 h to obtain BD/PRO complex
solution. MCT with 20% volume fraction was added in the
complex solution. The mixture was emulsified to produce oil-
in-water emulsion @BD/PRO using a homogenizer (FJ200-S,
Shanghai Specimen Model Co., Shanghai, China) at
10,000 rpm for 1min followed by a high-pressure homogen-
izer (AH100D, ATS Engineering Inc., Shanghai, China) at
800 bar for 4min. After a 1 h heating of the emulsion at
90 �C, the produced @BD/PRO was adjusted to pH 2.0, 5.0,
6.0 and 7.0, and then stored at 2–6 �C to investigate the sta-
bility. In addition, @BD, the emulsion without PRO, was pro-
duced using the same emulsification method.

2.4. Preparation of PTX and DiR-loaded emulsions

For the preparation of PTX@BD/PRO emulsion, PTX was dis-
solved in an oil phase containing 10% ethanol and 90% MCT
(volume fraction) at 5mg/mL PTX concentration, in which
ethanol was acted as a cosolvent and cosurfactant; the BD/
PRO complex aqueous solution, emulsification and heating
conditions were the same as described in 2.3 section.
DiR@BD/PRO emulsion was prepared in the same manner
except that the heating was performed in the dark. For com-
parison, PTX@BD and DiR@BD emulsions without PRO were
produced using the same BD, PTX or DiR concentrations and
the same emulsification method.

Scheme 1. Illustration of the structure of PTX@BD/PRO emulsion droplet.
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2.5. Characterization

2.5.1. Complexation of PRO with BD
FITC-labeled PRO (PRO-FITC) was prepared with a feed-
weight ratio of PRO to FITC 200:1 according to the literature
(Yin et al., 2012; Thwala et al., 2016). BD/PRO-FITC complex
solution and @BD/PRO-FITC complex emulsion were pre-
pared using the same methods as BD/PRO and @BD/PRO.
The free PRO-FITC molecules in BD/PRO-FITC solution and in
@BD/PRO-FITC emulsion were separated using ultrafiltration
(cutoff Mw 100 kDa). The PRO-FITC concentrations of the
ultrafiltrates were analyzed on a fluorescence spectropho-
tometer (QM 40, Photo Technology International,
Birmingham, NJ).

2.5.2. Circular dichroism (CD) spectra
The CD spectra of the PRO aqueous solution containing
0.5mg/mL PRO were measured using a CD spectropolarime-
ter (Chirascan, Applied PhotoPhysics Ltd., Surrey, UK). The
parameters were 0.1 cm path length, 60 nm/min scanning
speed, 1 s response, 1 nm bandwidth and 1 nm data pitch.

2.5.3. f-Potential and dynamic light scattering (DLS)
f-Potential, Dh (z-average hydrodynamic diameter) and PDI
(polydispersity index) were measured using a DLS instrument
(Zetasizer Nano ZS90, Malvern Instruments, Malvern, UK). The
f-potential sample was obtained after adjusting the emulsion
to desired pH and then diluting the emulsion by 1000-fold
with an aqueous solution having the same pH and 5mM
NaCl (Pan et al., 2007). For Dh and PDI measurement, the
sample was obtained after 1000-fold dilution of the emul-
sions with deionized water freshly.

2.5.4. PTX loading efficiency
The free PTX molecules in 1mL PTX@BD/PRO were extracted
using 2mL dichloromethane thrice. The dichloromethane sol-
utions were collected, mixed and dried under reduced pres-
sure. After being re-dissolved in acetonitrile, the extracted
PTX was analyzed using HPLC (Waters e2695, Waters Corp.,
Milford, MA) and detected at 227 nm absorbance. The mobile
phase was acetonitrile/water (70/30, v/v) containing 0.1 v%
trifluoroacetic acid at a flow rate of 1.0mL/min. Standard
PTX acetonitrile solutions were analyzed at the same condi-
tion to obtain PTX work curve. The PTX loading efficiency
(LE) and loading capacity (LC) in PTX@BD/PRO were calcu-
lated using the equations:

LE %ð Þ ¼ total PTX� extracted PTX
total PTX

� 100%

LC %ð Þ ¼ total PTX� extracted PTX
total BSA, dextran and PRO

� 100%

2.5.5. Transmission electron microscopy (TEM)
The diluted emulsion was deposited onto a carbon-coated
copper grid. After the grid was dried, the droplets on the
grid were observed on an electron microscope (FEI Tecnai

G2 TWIN, FEI Company, Hillsboro, OR). The TEM images were
acquired at a magnification ratio of 14,500.

2.6. Fluorescence imaging of murine
gastrointestinal tracts

All animal experiments of this study were implemented in
the Experimental Animal Center, School of Pharmacy, Fudan
University in full compliance with the guidelines approved
by Shanghai Administration of Experimental Animals. ICR
mice (male, about 20 g) were obtained from Sino-British
SIPPR/BK Lab. Animal Ltd. (Shanghai, China), and were ran-
domly divided into two groups. After an overnight fasting
with free to water, each of the mice was administrated with
0.5mL DiR@BD or DiR@BD/PRO per os. After the oral admin-
istration, the mice had free access to standard food and
water; three mice in each group were sacrificed at predeter-
mined time point, and the stomach and intestine organs
were excised. The organ surfaces were washed using saline.
The fluorescence images and fluorescence intensities of the
organs were acquired on a small animal imaging system
(In Vivo Xtreme, Bruker, Billerca, MA) as reported previously
(Xu et al., 2017).

2.7. PTX oral bioavailability

ICR mice (male) were randomly divided into four treatment
groups. Before administration, the mice were fasting over-
night but free to water. In PTX injection group, the commer-
cial PTX injection was intravenously injected (i.v.) at a PTX
dose of 12mg/kg. In the three oral groups, PTX/CMC-Na sus-
pension prepared by dispersing PTX in 1% CMC-Na aqueous
solution with 1mg/mL PTX concentration (Hou et al., 2017),
PTX@BD and PTX@BD/PRO were separately administrated by
intragastric gavage (i.g.) at a PTX dose of 20mg/kg. After the
administration, the mice had free access to water and stand-
ard chow. At each predetermined interval, in each group,
five mice were sampled from eye ground vein. About 500 mL
blood sample was put into EDTA-preprocessed microtube
and centrifuged at 1810 g and 4 �C (TGL-16G, Shanghai
Anting Scientific Instruments, Shanghai, China) for 10min
immediately. The plasma of 150 mL was taken out and mixed
with 350 mL acetonitrile. The mixture was vortexed for 2min
and then centrifuged at 4 �C and 7260 g for 15min. The
supernatant of 50 mL was loaded onto the HPLC system for
PTX analysis as described above. The PTX bioavailability (BA)
of the oral groups was calculated using the following equa-
tion:

BA ð%Þ ¼ AUC0–24ð Þi:g: � Dosei:v:
AUC0–24ð Þi:v: � Dosei:g:

� 100%

where AUC0–24 is the area under PTX plasma concentration–
time curve from 0 to 24 h, and Dose is the PTX dose
administrated.
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2.8. Anti-tumor efficacy evaluation

Male ICR mice were inoculated with 2� 106 murine ascites
hepatoma H22 cells in right hindquarter. The inoculated
mice were randomly divided into five groups and each
group had 9 mice. On the day of 3, 5, 7 and 9 after the
inoculation, the commercial PTX injection was intravenously
injected at a PTX dose of 12mg/kg; the commercial PTX
injection, PTX@BD and PTX@BD/PRO were orally adminis-
trated by intragastric gavage at a PTX dose of 30mg/kg sep-
arately. The oral saline group was acted as the control
group. On the day 10, the mice were sacrificed; the tumors
were excised and weighted. TIR (tumor inhibition ratio) was
calculated using the equation:

TIR ð%Þ ¼ ð1 � WT=WCÞ � 100%

where WTand WCare the tumor weights of the treatment
and control groups, respectively. The PA (pharmacological
availability) of the oral groups was calculated on the basis of
TIR using the equation:

PA ð%Þ ¼ TIRi:g: � Dosei:v:
TIRi:v: � Dosei:g:

� 100%

2.9. In vivo safety evaluation after long-term
administration

Male ICR mice were randomly divided into four treatment
groups. In PTX injection group, the commercial PTX injection
was intravenously injected at a PTX dose of 10mg/kg. In the
oral groups, PTX@BD and PTX@BD/PRO were orally adminis-
trated at a PTX dose of 30mg/kg separately, and the control
group was orally administrated with the same volume of
saline. The administration was performed on every other day.
After 13 times of the administration, the mice were sacri-
ficed. The organs of stomach, intestine, spleen, heart, lung,
liver, and kidney were excised. The hematoxylin-eosin (H&E)
stained organ sections were prepared as described previously
(Liu et al., 2017), and the histological images of the sections
were obtained on a microscope (BX53, OLYMPUS,
Tokyo, Japan).

2.10. Statistical analysis

The data were displayed as mean± standard deviation.
Statistical analysis was carried out using the independent
samples t-test. p value <.05 between two groups was con-
sidered significantly different.

3. Results and discussion

3.1. Properties of @BD/PRO and @BD emulsions

PRO is rich in arginine residues, its Mw is about 5.1 kDa and
isoelectric point is 10–12 (He et al., 2014). At pH 6.0, PRO
was positively charged, BSA of BD was negatively charged,
and therefore PRO and BD formed electrostatic complex. We
used fluorescence probe FITC-labeled PRO and ultrafiltration
(cutoff Mw 100 kDa) to characterize the complexation of PRO

with BD. In the individual PRO-FITC solution, all the free
PRO-FITC molecules passed across the ultrafiltration mem-
brane, and the ultrafiltrate displayed a strong PRO-FITC fluor-
escence signal as shown in Figure 1(A). In the PRO-FITC and
BD mixed solution, only 0.2% of the PRO-FITC molecules
passed across the ultrafiltration membrane, indicating that
99.8% of the PRO-FITC molecules bound with BD, forming
BD/PRO-FITC complex.

BD/PRO complex was used as emulsifier to produce @BD/
PRO. After emulsification at pH 6.0, the produced emulsion
was heat-treated at 90 �C for 1 h to cause BSA denaturation
and gelation, consequently to form crosslinked oil–water
interfacial film (Qi et al., 2013; Wang et al., 2016). The heat
treatment did not result in the PRO degradation and con-
formation change, verified by Figure S1 of Supplementary
material, which shows the identical CD spectra of the individ-
ual PRO aqueous solution before and after the heat treat-
ment. Due to the complexation with BSA, the hydrophilic
PRO chains might be anchored in the crosslinked oil–water
interfacial film. In @BD/PRO-FITC emulsion, only 0.7% of the
PRO-FITC molecules passed across the ultrafiltration mem-
brane (Figure 1(A)), confirming that 99.3% of the PRO-FITC
molecules were fixed in the interfacial film. The f-potential of
free PRO solution was zero because the PRO was too small
to be measured. Compared with @BD, @BD/PRO increased
the positive charges on the droplet surface in pH 2–8 range,
as shown in Figure 1(B), indicating that the other end of the
fixed PRO chains stretched in the aqueous phase. The results
shown in Figure 1(A,B) substantiated that PRO chains were
successfully introduced into @BD/PRO by binding PRO with
BD and fixing the PRO chains in the crosslinked inter-
facial film.

Table 1 shows that at the same emulsification condition
except PRO concentration, the produced emulsions with and
without PRO had different droplet sizes. The Dh of @BD/PRO
was 302 nm, while the Dh of @BD was 197 nm. The fresh
@BD/PRO samples prepared at pH 6.0 were adjusted to pH
2.0, 5.0 and 7.0. After 60 days of storage at 2–6 �C, all the
samples were homogeneous in appearance and their droplet
sizes did not change significantly (Figure 1(C)), suggesting
that the @BD/PRO produced at pH 6.0 was very stable in pH
2.0–7.0 media. The @BD/PRO was also produced at pH 7.0 at
which BD and PRO also carried opposite charges. The Dh of
@BD/PRO produced at pH 7.0 was 296 nm (Figure S2 of
Supplementary material), almost the same as the Dh of @BD/
PRO produced at pH 6.0. The @BD/PRO produced at pH 7.0
also presented long-term stability after 40 days of storage at
2–6 �C in pH 2.0, 5.0 and 7.0 media. In the following sections,
the emulsions produced at pH 6.0 were further studied.

3.2. Properties of PTX- or DiR-loaded @BD/PRO and
@BD emulsions

We used @BD/PRO to encapsulate antineoplastic drug PTX
and near infrared fluorescence probe DiR. The PTX loading
efficiency and loading capacity of the emulsion was 99.7%
and 6.4%, respectively (Table 1). The Dh and f-potential of
PTX@BD/PRO at pH 6.0 were 288 nm and �1.6mV, close to

DRUG DELIVERY 1363

https://doi.org/10.1080/10717544.2020.1825543
https://doi.org/10.1080/10717544.2020.1825543
https://doi.org/10.1080/10717544.2020.1825543
https://doi.org/10.1080/10717544.2020.1825543
https://doi.org/10.1080/10717544.2020.1825543


the Dh and f-potential of @BD/PRO, respectively. DiR@BD/
PRO had similar Dh and f-potential as PTX@BD/PRO. For
comparison, PTX@BD and DiR@BD without PRO were pro-
duced. The emulsions with and without PRO had almost the
same loading efficiencies, but the Dh values of PTX@BD and
DiR@BD were 95 and 86 nm smaller than those of PTX@BD/
PRO and DiR@BD/PRO, respectively. The TEM images in
Figure 1(D) display the spherical morphology of @BD,
PTX@BD, @BD/PRO and PTX@BD/PRO droplets. All the drop-
lets in the images had integrated interfacial film and coales-
cence was not obvious. Some droplets were close to each
other which might occur during the drying process because

the droplets in the solutions were well dispersible as indi-
cated by their narrow PDI values of 0.04–0.07 (Table 1). All
the emulsions with and without PRO were stored at 2–6 �C
in pH 6.0 medium. After 120 days of storage, all the emul-
sions were homogeneous in appearance, their Dh values did
not change significantly, indicating that all the emulsions
had long-term physical stability. It is reasonable that the
emulsions had good stability because the droplets were pro-
tected and stabilized by the crosslinked interfacial film and
were dispersed in aqueous solutions by the conjugated dex-
tran chains as reported previously (Qi et al., 2013; Wang
et al., 2016).
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Figure 1. (A) Fluorescence intensities of the ultrafiltrates of PRO-FITC solution, BD/PRO-FITC solution and @BD/PRO-FITC emulsion; (B) f-potential changes of @BD
and @BD/PRO emulsions as the function of pH; (C) Dh values of @BD/PRO emulsion after adjustment to pH 2.0, 5.0 and 7.0 and then storage at 2–6 �C (n¼ 3); (D)
TEM images of @BD, PTX@BD, @BD/PRO and PTX@BD/PRO emulsions. The emulsions were prepared at pH 6.0.

Table 1. Properties of PTX and DiR-loaded emulsions (n¼ 3).

Freshly prepared After 120 days

Samplea
Drug concentration

(mg/mL)
Loading

efficiency (%)
Loading

capacity (%)
f-Potential

(mV)
Dh

(nm) PDI
Dh

(nm) PDI

@BD 0 – – –3.5 ± 0.8 197 ± 10 0.07 ± 0.05 187 ± 3 0.04 ± 0.01
PTX@BD 1.00 99.6 ± 0.2 6.6 ± 0.1 –3.2 ± 0.4 193 ± 5 0.04 ± 0.02 189 ± 3 0.10 ± 0.02
DiR@BD 0.08 –3.9 ± 0.5 191 ± 8 0.06 ± 0.04 183 ± 9 0.08 ± 0.06
@BD/PRO 0 – – –1.7 ± 0.5 302 ± 16 0.04 ± 0.03 312 ± 10 0.17 ± 0.04
PTX@BD/PRO 1.00 99.7 ± 0.1 6.4 ± 0.1 –1.6 ± 0.7 288 ± 5 0.04 ± 0.03 289 ± 3 0.11 ± 0.06
DiR@BD/PRO 0.08 –1.4 ± 0.4 277 ± 6 0.04 ± 0.03 295 ± 6 0.06 ± 0.06
aThe emulsions were produced at pH 6.0; the BSA concentration was 8mg/mL and dextran concentration was 7.2mg/mL in all the emulsions; the PRO concen-
tration was 0.4mg/mL in the emulsions containing PRO.
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3.3. In vitro digestion of PTX@BD and PTX@BD/PRO

It was reported that polysaccharide could delay the enzym-
atic degradation of protein-based nanoparticles in gastro-
intestinal tract (Chang et al., 2017; Alavi et al., 2018). The
sequential digestions of PTX@BD and PTX@BD/PRO in simu-
lated gastric fluid (SGF) and simulated intestinal fluid (SIF)
were investigated as reported previously (Xu et al., 2017). As
shown in Figure S3 of Supplementary material, the emulsions
remained homogenous in appearance after 2 h digestion in
SGF, and only 1% of the PTX was extractable by dichlorome-
thane, implying that the emulsions are not digestible or the
digestion is very slow in stomach. In the followed digestion
in SIF, each of the mixtures became two layers. The lower
layer was transparent, the upper layer was cloudy with oil
and chyme, and most of the PTX was extractable by
dichloromethane, suggesting that the emulsions can be
digested in intestine.

3.4. Fluorescence imaging of murine
gastrointestinal tracts

After oral administration of DiR@BD and DiR@BD/PRO separ-
ately in mice, the ex vivo fluorescence images of the murine
gastrointestinal tracts were acquired. The two groups pre-
sented similar fluorescence distributions in gastrointestinal
tracts as shown in Figure 2(A,B) and Figure S4 of
Supplementary material. In both groups, the fluorescence
intensities in the stomachs decreased gradually. In the intes-
tines, the jejunums and ileums exhibited relatively higher
fluorescence intensities, suggesting that the emulsions and/
or their digestive products stayed in jejunums and ileums for
longer time. According to the literature (Thirawong et al.,
2008), the retention in jejunum and ileum would be benefi-
cial to the absorption of the delivered drug.

3.5. Oral PTX bioavailability of PTX@BD and
PTX@BD/PRO

Figure 2(C,D) and Table 2 respectively show the PTX plasma
concentration–time curves and corresponding PTX pharma-
cokinetic parameters. In PTX injection group, commercial PTX
injection was injected via caudal vein at 12mg/kg PTX dose,
the Cmax (maximum PTX plasma concentration) was
11280 ng/mL, and the AUC0–24 was 7660 h�ng/mL. In oral
PTX/CMC-Na suspension group at the PTX dose of 20mg/kg,
the BA was 8.2% relative to PTX injection group, which was
similar to the result reported in the reference (Sparreboom
et al., 1997). In PTX@BD and PTX@BD/PRO oral groups, their
relative BA values were 24.4% and 34.6%, which were 3.0
and 4.2-fold of the BA value of the oral PTX/CMC-Na suspen-
sion group, respectively. Possibly, two factors resulted in the
higher BA values of the emulsions. One factor is that dextran
is a lymphatic absorption enhancer (Jonsson, 1977; Muranishi
et al., 1997). For example, Soudry-Kochavi et al. (2015)
reported crosslinked BSA and dextran nanoparticles for oral
delivery of exenatide, which improved the relative BA of exe-
natide to about 77% due to the enhanced lymphatic uptake

in enterocytes by the dextran on the coating wall of the
nanoparticles. The other factor is that the oil in the emulsion
droplets can be released, hydrolyzed, assembled into mixed
micelles and chylomicrons, absorbed in intestines and trans-
ported into systemic circulation via portal vein and lymphatic
system (Tso & Balint, 1986; Kotta et al., 2012; Kim et al.,
2018), which would increase the absorption and transporta-
tion of the solubilized and delivered lipophilic drug (Porter
et al., 2007; Kotta et al., 2012; Carri�ere, 2016). Because both
dextran and oil droplets could promote the absorption of
the encapsulated drug and also the lymphatic transport
could reduce hepatic first-pass effect, it was reasonable that
both PTX@BD and PTX@BD/PRO emulsions greatly enhanced
the PTX plasma concentrations compared with PTX/CMC-Na
suspension. Furthermore, the BA of PTX@BD/PRO was 42%
higher than that of PTX@BD, displaying that PRO had a sub-
stantial contribution to the PTX absorption. Because PRO can
promote the absorption of the bound or assembled mole-
cules and nanoparticles in intestines (He et al., 2013; Beloqui
et al., 2014; Thwala et al., 2016; Zhang et al., 2018), the PRO
fixed on the interfacial film and stretched in the aqueous
phase increased the absorption of PTX@BD/PRO in intestine
and therefore increased the PTX plasma concentration.

As shown in Figure 2(C,D), after a single intravenous injec-
tion, the PTX plasma concentration of the commercial PTX
injection group reached to 11280 ng/mL at 0.25 h post-injec-
tion. After reaching to the Cmax, the PTX plasma concentra-
tion dropped rapidly. The concentration was 36 ng/mL at
12 h post-administration, much lower than the defined thera-
peutic concentration of 85.3 ng/mL (Yang et al., 2004; Joshi
et al., 2013). In contrast, the three oral groups kept their PTX
plasma concentrations steadily during 0–24 h. The PTX
plasma concentrations of PTX@BD and PTX@BD/PRO oral
groups at 24 h post-administration were 112 and 178 ng/mL,
respectively, significantly higher than the PTX therapeutic
concentration of 85.3 ng/mL. These data indicated that
PTX@BD and PTX@BD/PRO would prolong the action time
of PTX.

3.6. Tumor inhibition efficacy of PTX@BD and
PTX@BD/PRO

The anti-tumor efficacies were evaluated in H22 tumor-bear-
ing mice. As shown in Table 3 and Figure 3, the TIR of the
commercial PTX injection group was 44% and the TIR of
PTX@BD/PRO oral group was 43%. This result indicated that
PTX@BD/PRO oral group had the same tumor inhibition effi-
cacy as commercial PTX injection group. The PA of PTX@BD/
PRO oral group reached to 39% relative to PTX injection
group, while the PA of PTX@BD oral group was 23%. The
H22 tumor inhibition efficacy of PTX@BD/PRO was 70%
higher than the efficacy of PTX@BD. The average body
weight of PTX@BD/RPO oral group was larger than the
weight of the commercial PTX injection group, as shown in
Figure S5 of Supplementary material, although the oral PTX
dose was 2.5-fold of the injected PTX dose. These results
indicated that at the same tumor inhibition efficacy, the
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orally administrated PTX@BD/RPO was more biocompatible
than the intravenously injected commercial PTX injection.

3.7. In vivo safety after long-term administration

To further evaluate the biocompatibility of the emulsions
and safety of the treatments, histological analysis of the
organs was carried out after 13 times of consecutive adminis-
tration in healthy mice. In PTX injection group, vacuolar

Figure 2. Fluorescence intensities of the murine gastrointestinal tracts excised at 0.5, 1, 2, 4, 6 and 24 h after the oral administration of (A) DiR@BD and (B)
DiR@BD/PRO separately (n¼ 3). PTX plasma concentrations of the mice after (C) intravenous injection of commercial PTX injection at a PTX dose of 12mg/kg, and
(D) oral administration of PTX/CMC-Na suspension, PTX@BD and PTX@BD/PRO emulsions separately at a PTX dose of 20mg/kg (n¼ 5); �p< .01 compared with the
suspension group; �p< .05 compared with the PTX@BD group.

Table 2. Pharmacokinetic parameters of PTX (n¼ 5).

Group Treatment manner PTX dose (mg/kg) Tmax (h) Cmax (ng/mL) AUC0–24 (h�ng/mL) BA (%)

PTX injection i.v. 12 0.25 11280 7660 100
PTX/CMC-Na suspension i.g. 20 1 54 1042 8.2
PTX@BD i.g. 20 0.5 214 3118 24.4
PTX@BD/PRO i.g. 20 1 245 4413 34.6

Table 3. Tumor inhibition effects of the H22 tumor-bearing mice after various treatments (n¼ 9).

Group Treatment manner PTX dose (mg/kg) Mice number (beginning/end) Average tumor weight (g) TIR (%) PA (%)

Saline i.g. 0 9/9 0.68 ± 0.20 – –
PTX injection i.v. 12 9/9 0.38 ± 0.10a,b 44 100
PTX oral i.g. 30 9/9 0.63 ± 0.18 7 6
PTX@BD i.g. 30 9/9 0.51 ± 0.20 25 23
PTX@BD/PRO i.g. 30 9/9 0.39 ± 0.11a,b 43 39
ap < .01 compared with saline group.
bp< .01 compared with PTX oral group.

Figure 3. Photo of the tumors after various treatments (n¼ 9).
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degeneration appeared in liver cells and edema occurred in
renal tubular epithelial cells as shown in Figure 4, verifying
that the commercial PTX injection had liver and kidney tox-
icity after long-term consecutive intravenous injection.
Although the oral PTX dose was three-fold of the injected
PTX dose, PTX@BD and PTX@BD/PRO oral groups did not
show any abnormality in the main organs including stomach
and ileum after the consecutive oral administration, testifying
that the orally administrated PTX@BD and PTX@BD/PRO were
biocompatible and safe after long-term oral administration.
This study displayed that PTX@BD and PTX@BD/PRO reduced
the toxicity and enhanced the tumor inhibition efficacy of
PTX, which were similar to the functions of orally adminis-
trated selenium nanoparticles with polysaccharide–protein
complex coating reported by Zhang et al. (2019) recently.

4. Conclusions

In this study, the electrostatic complex of PRO and BD was
used as the emulsifier to produce emulsion for encapsulation
and oral delivery of hydrophobic drug PTX. The BSA mole-
cules were crosslinked by a heat treatment and the PRO
chains were simultaneously anchored in the oil–water inter-
face. BD emulsion without PRO was produced for compara-
tion. The emulsions had 99% PTX loading efficiency, 6.4%
loading capacity and long-term stability. The bioavailability
and H22 tumor inhibition efficacy of PTX@BD/PRO were 40%
and 70% higher than those of PTX@BD, respectively, after
oral administration in the mice. Compared with the intraven-
ously injected commercial PTX injection, orally administrated
PTX@BD/PRO had the same tumor inhibition efficacy, and
PTX@BD/PRO was biocompatible and safe after long-term
oral administration. For the first time, this study displays that
orally administrated drug-loaded protein and polysaccharide
complex emulsion can achieve the same therapeutic efficacy
as the commercial injection. Besides PTX and DiR, @BD/PRO
can encapsulate other oil-soluble drugs and nutrients. @BD/
PRO is a universal carrier for encapsulation and oral delivery
of hydrophobic drugs and nutrients, and is promising for
practical application.
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