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Abstract

Background: The use of drug nanocarriers to encapsulate drugs for oral administration may become an important

strategy in addressing the challenging oral absorption of some drugs. In this study—uwith the premise of controlling

single variables—we prepared model nanoparticles with different particle sizes, surface charges, and surface hydro-

phobicity/hydrophilicity. The two key stages of intestinal nanoparticles (NPs) absorption—the intestinal mucus layer
penetration stage and the trans-intestinal epithelial cell stage—were decoupled and analyzed. The intestinal absorp-
tion of each group of model NPs was then investigated.

Results: Differences in the behavioral trends of NPs in each stage of intestinal absorption were found to result from
differences in particle properties. Small size, low-magnitude negative charge, and moderate hydrophilicity helped
NPs pass through the small intestinal mucus layer more easily. Once through the mucus layer, an appropriate size,
positive surface charge, and hydrophobic properties helped NPs complete the process of transintestinal epithelial cell
transport.

Conclusions: To achieve high drug bioavailability, the basic properties of the delivery system must be suitable for
overcoming the physiological barrier of the gastrointestinal tract.
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Background

Nanoscale drug preparations have emerged over the last
three decades, and the spread and development of this
area since its inception has been rapid. In the field of
pharmaceutics nano preparation has become a hot topic.
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becoming increasingly mature, and with the gradual
diversification of nanocarrier forms, more complex
structures and incidental functions have emerged [1-3].
In terms of application, extensive clinical studies have
been conducted on nanoparticle delivery systems, and
many particle-based formulations and technologies
have been introduced into the clinic. Oral, local, topi-
cal, and systemic (such as intravenous) administration
are all approved by the US Food and Drug Administra-
tion (FDA) for delivery of nanoparticles/microparticles
[4]. In the past 3 years, three new nano pharmaceutical
preparations (Vyxeos, Onpattro, and Hensify) have been
approved and represent a new generation of nano phar-
maceutical preparations has successfully entered the
market and opened up new clinical trials based on their
unique physical and chemical properties. More than 50
nano pharmaceutical preparations have been approved
for clinical use, and more than 400 are expected to
become new clinical solutions alone or in combination
with other key enabling technologies [5-9].

Oral administration is one of the best options for drug
administration owing to its non-invasiveness. The oral
route has the advantages of avoiding the pain and dis-
comfort caused by injection, as well as eliminating pol-
lution. The human digestive tract, which has a very high
surface area and is primarily responsible for the absorp-
tion of nutrients, provides an attractive route for orally
ingested particles to enter the system. Many oral deliv-
ery systems based on polymer nanoparticles have been
developed and it has been successfully demonstrated that
delivery systems can pass through the intestinal mucosa
whilst protecting the encapsulated small molecules,
peptides, proteins, nucleic acids, or vaccines, to ensure
their absorption [10-14]. A large number of studies
have shown that appropriate nano system selection and
fine-tuning of the physical and chemical properties of
the system can enhance drug absorption. In addition to
preventing degradation by enzymes and acids in the gas-
trointestinal tract and increasing the solubility of drugs
in the lumen, delivery carriers can also enhance transport
through the gastrointestinal barrier [15-17].

Polymer nanoparticles have many advantages over
other delivery platforms. Compared with single-unit
preparations, multiarticulate systems such as nanopar-
ticles are more evenly distributed in the gastrointestinal
tract, which results in more uniform drug absorption and
reduced risk of local irritation [18, 19]. Nanoparticle size
is thought to be a key parameter as microparticles larger
than 10 ym are unable to penetrate the mucus layer. In
addition, the absorption of nanoparticles by intestinal
cells is better than that of microparticles; and for parti-
cles larger than 4 pum, absorption becomes notably chal-
lenging. Nanoparticles are also more stable in biological
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fluids than liposomes—which are widely applied as drug
carriers [11, 20]. Liposomal intestinal cells are difficult
to maintain intact during endocytosis, which limits the
potential applications of these carriers.

From a pharmacological perspective, the choice of
polymeric material can be used to control physical and
chemical properties (for example: hydrophobicity, zeta
potential), drug release characteristics (for example:
delay, prolongation, triggers), and biological behavior (for
example: targeting, bio adhesion, improved cell absorp-
tion) [21-24]. From a physiological point of view, the
gastrointestinal barrier is designed to protect our bod-
ies from foreign compounds. The therapeutic agent must
first diffuse through the mucous layer, and then enter the
blood or lymph circulation through the epithelial cell
barrier under the mucosa [15, 25]. However, thorough
research on the actual outcomes for NPs in the digestive
tract remains limited [11].

This study aims to evaluate the impact of particle size,
surface charge, and surface hydrophilicity/hydropho-
bicity—the basic physical properties of polymer nano-
particles—on their ability to overcome the intestinal
barrier and achieve oral absorption, by constructing cor-
responding model nanoparticles with a single variable.
The performance of these model NPs in each stage of the
intestinal absorption process is specifically evaluated,
including the ability of NPs to penetrate the small intes-
tinal mucus layer and the ability to penetrate the small
intestinal cell barrier.

Owing to the dispersion stability and uniform control-
lable size of fluorescently labeled polystyrene nanopar-
ticles (PSNPs) in various dispersion media, they were
selected as the model particles for evaluating the effect of
particle size [21, 26, 27]. Grafted water-soluble chitosan
NPs that can be prepared with controlled particle size
and surface charge served as model particles for evaluat-
ing surface charge; including negatively charged grafted
carboxymethyl chitosan NPs (CMCNPs) and positively
charged grafted chitosan hydrochloride NPs (CHNPs),
rhodamine B (RhB) was used as covalent label for these
NPs [28-30]. Poly(lactic-co-glycolic acid) (PLGA) with
different monomer ratios can be used to prepare NPs
with different degrees of surface hydrophobicity. NPs
made using PLGA-polyethylene glycol (PEG)-PLGA tri-
block copolymer present a dense hydrophilic layer at
the surface [31-34]. These (PEG-)PLGA nanoparticles
served as hydrophilic models. Coumarin 6 (C6) and Nile
red (NR) were used to label the NPs.

The model NPs were characterized and then evalu-
ated using a single factor-controlled investigation. Vari-
ous experimental models—based on the small intestinal
mucus barrier that prevents the passage of macromol-
ecules and the selective monolayer small intestinal cell
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barrier [35] —were used to evaluate and summarize
the ability of NPs with different basic physical proper-
ties to overcome the physiological barrier to intestinal
absorption.

Materials and methods

Material and equipment

Fluorescent polystyrene NPs (Flu-PSNPs) were pur-
chased from Tianjin BaseLine chromatography technol-
ogy development center (Tianjin, China). Carboxymethyl
chitosan and chitosan hydrochloride (molecular weight,
100 kDa) were purchased from Jinke Biochemical Co.
Ltd. (Zhejiang, China). All PLGA and PLGA-PEG-
PLGA triblock copolymers were purchased from Jinan
Daigang Biomaterial Co., Ltd; C6, RhB, methyl-3-
cyclodextrin (M-B-CD), chlorpromazine hydrochloride,
5-(N-ethyl-N-isopropyl) amiloride (EIPA), and forma-
lin were purchased from Shanghai Aladdin Reagent Co.
Ltd. (Shanghai, China). 4,6-diamino-2-phenyl indole
(DAPI), brefeldin A, monensin, and bafilomycin Al
were obtained from Dalian Meilun Biotechnology Co.,
Ltd. (Dalian, Liaoning, China). Lysosome (Lyso)-Tracker
probe, endoplasmic reticulum (ER)-Tracker probe, and
golgi complex (Golgi)-Tracker were purchased from Key-
GEN Biotech (Nanjing, Jiangsu, Biotechnology (Shang-
hai, China). N-acetyl-L-cysteine (NAC) was purchased
from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Caco-2 cells were from Cell Resource Center,
Shanghai Institute of Life Sciences, Chinese Academy of
Sciences (Shanghai, China). Sprague—Dawley (SD) rats
were obtained from Jinan Pengyue Experimental Animal
Breeding Co., Ltd. (Jinan, China).

Preparation of the model nanoparticles

NPs with different surface charge were prepared via
grafting polymerization [30, 36]. Carboxymethyl chi-
tosan or chitosan hydrochloride was dissolved in
100 mL of deionized water in a 40 °C water bath under
nitrogen over 30 min. After adding methyl meth-
acrylate (MMA), ammonium persulfate (APS) solution
was added dropwise at 75 °C and allowed to react for
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5 h, then the particles were separated by centrifugation.
The grafting of hydrophobic MMA onto the hydro-
philic chitosan deionizer resulted in the formation of
NPs from the amphiphilic polymer.

RhB(4 mg) was added to 10 mL of pH 4.5 hydrochlo-
ric acid solution and allowed to dissolve. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride
(EDC-HCI, 2 mg) and N-hydroxysuccinimide (NHS,
2 mg) were then added and the reaction mixture was
stirred for 2 h in the dark. CMCNPs or CHNPs sus-
pension (30 mL) was then added and the mixture was
stirred for 24 h in the dark. The reaction product was
dialyzed against pure water until no fluorescence was
detected in the dialysis medium to obtain RhB-labeled
grafted water-soluble chitosan nanoparticles (RhB-
CMCNPs and RhB-CHNPs). Adjusting the input ratio
(Table 1) of raw materials and initiator in the prepara-
tion process allowed three kinds of fluorescent CMC-
NPs and CHNPs with different final surface charges to
be obtained.

(PEG-)PLGA nanoparticles were prepared using the
emulsification solvent evaporation method [37, 38]. One
hundred milligrams of PLGA (20000% 50:50°), PLGA
(20000%, 75:25%), PLGA (20000%, 85:15") or triblock
copolymer PLGA (20000? 50:50°)-PEG (550°)-PLGA
(20000%, 50:50°), PLGA(20000%, 50:50°)-PEG(1000°)-
PLGA (200007, 50:50"), PLGA(20000%,50:50")-
PEG(2000°)-PLGA(20000%,50:50°), and 0.2 mg of C6 or
NR were dissolved in 2 mL of dichloromethane-ethyl
acetate (7:3) mixed solvent to obtain the organic phase.
The organic phase was added to 8 mL of 3% (w/v) poly-
vinyl alcohol (PVA) aqueous solution, and sonicated for
100 s under 200 W sonication (2-s pulses, 1-s breaks) in
an ice bath to form an emulsion (o/w). The emulsion was
then added dropwise to 50 mL of 0.5% PVA solution and
magnetically stirred for 3 h to evaporate the organic sol-
vent to form nanoparticles with encapsulated C6 or NR
(C6-PNPs, C6-PPNPs, NR-PNPs, and NR-PPNPs). The
NPs were then dialyzed for 48 h before collecting by cen-
trifugation. (* represents the average molecular weight of
PLGA, P represents the ratio of LA to GA in the PLGA

Table 1 Partial characterization of CMCNPs and CHNPs (n=3)

Nanoparticles group

CMC, CH:MMA Molar Initiator

Particle size (nm)

Polydispersity Index

Zeta potential (mV)

ratio (w/w) dosage(mg)
CMCNPs (-40) 31 150 163.6+£79 0.081£0.006 —1880+32
CMCNPs (-30) 1:1 30 166.7£75 0.066£0.011 —27974£40
CMCNPs (-20) 1:5 30 169.2+£89 0.108 £ 0.006 —4340+39
CHNPs (4-20) 1:1 300 1443444 0.075+£0.007 16.09£5.1
CHNPs (+30) 1:1 70 1583+£50 0.006 £ 0.002 3139442
CHNPs (440) 1:4 50 1449+57 0.070£0.015 40.27+38
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chain, and ° represents the average molecular weight of
PEG)

Characterization of model nanoparticles

A dynamic light scattering (DLS) laser particle size ana-
lyzer (Delsa” Nano C, Beckman Coulter, USA) was used
to measure the average hydrodynamic diameter, polydis-
persity index (PDI), and zeta potential values of all CMC-
NPs, CHNPs, PNPs, and PPNPs at room temperature.
All samples were measured three times. A Phenom XL
scanning electron microscope (SEM) system (Phenom,
The Netherlands) was used to observe the surface mor-
phology of the PSNPs. A JEM-1230 transmission elec-
tron microscope (TEM) system (Jeol, Tokyo, Japan) was
used to observe all PSNPs, as well as the to determine the
morphology of the CMCNPs, CHNPs, PNPs, and PPNPs.
The contact angle of all PNPs and PPNPs were measured
with a contact angle measuring instrument (JC 2000D
2A, Shanghai Zhongchen, China) after freeze-dried and
pressed into tablets. Besides, the PNPs or PPNPs were
dispersed in 1 mL double-distilled water saturated with
n-octanol and added to a vial. Four milliliters of water-
saturated n-octanol was then added and the sample was
vortexed for 3 min and then left to oscillate at 30 °C for
1 h. The fluorescence intensities of the aqueous phase
and the organic phase were then measured, and the Pow
values of the NPs were calculated using the following
formula.

Pow = Fo/Fy

EF, is the equilibrium fluorescence intensity of NPs in
n-octanol, and F,, is the equilibrium fluorescence inten-
sity of NPs in the water phase.

Finally, all Flu-PSNPs, RhB-CMCNPs, RhB-CHNPs,
C6-PNPs, C6-PPNPs NR-PNPs and NR-PPNPs were
dispersed and incubated in deionized water, phosphate
buffered saline (PBS), and artificial intestinal fluid. The
fluorescence intensities were measured at 0, 4, and 24 h.
The fluorescence intensity changes were calculated using
to the following formula.

Fluorescence intensity change = (Fy — Fo)/Fo

E, is the fluorescence intensity of fluorescent NPs when
t=0 h and F, is the fluorescence intensity of fluorescent
NPs when t=4 or 24 h after dispersed in different media.

In vitro intestine penetration

SD rats were fasted overnight and anesthetized with 20%
urethane (5 mL/kg). The abdomen was cut at the midline
and the small intestine was taken out and divided into
9-cm segments. After the mesentery and lymph nodes
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were removed, the intestinal ring was turned over, and
the inner surface of the intestine was cleaned. Tyrode’s
solution (2 mL, 37 °C) was injected into the sac and both
ends of the intestinal segment were tied tightly. The
everted intestinal sacs were put into Tyrode’s solution
containing each group of fluorescent NPs and incubated
inat 37 °Cin a 5% CO, incubator for 3 h. Air was injected
with a syringe every 15 min to maintain the oxygen con-
tent. The fluorescence signal value of the liquid in the
capsule was measured after incubation.

In situ intestine absorption

After fasting, SD rats were anesthetized and then a lapa-
rotomy was conducted to expose the small intestine. A
4-cm intestinal ring was made by ligating each end. Each
group of fluorescent NPs was injected into an intestinal
ring and incubated for 2 h. Subsequently, all intestinal
rings were thoroughly washed to remove residual NPs.
After weighing, the intestinal ring was homogenized
using a high-speed shearing machine, and the fluores-
cence signal of the sample was quantitatively measured
[39].

In addition, after the intestinal ring was incubated with
NPs for 3 h, the rats were euthanized, and the ligated
intestinal segment was removed, washed, and immersed
in 4% formalin solution for fixation. The intestinal ring
was then dehydrated, sectioned in a cryostat, and stained
with DAPIL Anti-fluorescence quencher was used to pre-
vent fluorescence quenching of the section. A live cell
imager was used for slice imaging.

Transmucus transport

Fresh mucus from the small intestine of a rat was pipet-
ted into the lumen of the Transwell, spread evenly, and
equilibrated at 37 °C for 30 min in a 95% relative humid-
ity environment. Hank’s balanced salt solution (HBSS,
600 pl) was added to the receptor compartment and
allowed to equilibrate for 15 min. Next, 500 pL of CMC-
NPs, CHNPs, PNPs or PPNPs was added carefully to the
donor side. The device was then incubated in the above
conditions. At 15, 30, 60, 90, and 120 min, 200-uL ali-
quots were taken from the receptor side and replaced
with 200 pL of fresh HBSS. The apparent permeability

coefficient (P,,,) was calculated using the formula:

Papp = dQ/dt x 1/(A x Cp),

where dQ/dt is the NPs flux from the donor to the accep-
tor; C, is the initial concentration of NPs on the donor
side, and A is the membrane area (cm 2).

Simultaneously, after incubating with mucus for 2 h,
the mucus layer was carefully removed and the relative
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amount of fluorescence accumulation in the mucus was
measured [13].

In addition, NAC is a mucolytic agent widely used
in the clinic that can destroy the hydrogen bonds and
disulfide bonds of mucus [14]. Based on the procedure
described in section “In situ intestine absorption’, the
intestinal ring was treated with 0.2% NAC to remove the
mucus layer before and after incubation with the fluores-
cent nanoparticles. The pre-incubation treatment served
as the pretreatment group, the post-incubation treatment
served as the post-treatment group, and the untreated
intestinal ring served as the control group. The other
processing methods were as described in section “In situ
intestine absorption’; and the sample was measured.

Cellular uptake

Caco-2 and HT29-MTX cells were used for cell culture
[5]. The cells were grown in a 21-cm? cell culture dish
containing Dulbecco’s modified eagle media (DMEM)
supplemented with 10% fetal bovine serum, 1% non-
essential amino acids, 1% penicillin and streptomycin.
The cells were cultured at 37 °C with 90% relative humid-
ity and 5% CO, supply.

A co-culture of Caco-2 and HT29-MTX cells (8:2) was
used as an in vitro model to simulate the intestinal mucus
and epithelial environment [6]. The cells were seeded in a
24-well plate at a density of 3 x 10* cells/well and placed
in an incubator for 14 days. The original medium was
then replaced with each group of fluorescent NPs (10 pg/
mL), and cells were incubated for a further 3 h. After the
treatment the cells were washed three times with PBS,
and the cells were stained with DAPI to indicate the
nuclei. Cells were subsequently fixed by adding 500 pL of
4% paraformaldehyde for 15 min. The cells were washed
three times with PBS and observed using a high-resolu-
tion live cell imaging system (BioTek Cytation " 5, US).

The Caco-2 cells were seeded in a 6-well cell culture
plate at a rate of 3x10° cells/well and incubated for
14 days. Cells were treated with fluorescent NPs (20 pg/
mL) for 1.5 h. The cells were then trypsinized and cen-
trifuged at 2000xg for 5 min. The supernatant was dis-
carded and the cells were washed three times with PBS.
Subsequently, the cells were resuspended in 600 pL of
fresh PBS and analyzed by flow cytometry (BD Accuri
Ce6, US).

In addition, the cell internalization mechanism of
model NPs was studied by adding different specific cel-
lular pathway inhibitors. Caco-2 cells in the logarith-
mic growth phase were seeded at 3 x 10° cells/well in a
6-well plate and grown for 48 h. The following inhibitors
(2 mL) were then added: chlorpromazine (30 pmol/L),
EIPA (20 pmol/L), formalin (20 pmol/L), and M-B-CD
(2.5 mmol/L). After 0.5 h, fluorescent NPs (20 pg/mL)
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were added to the co-cultured cells, which were then
incubated for 1 h. Following treatment as described
above, the fluorescence intensity of the cells was meas-
ured by flow cytometry [7, 8]. For the control group PBS
was used instead of an inhibitor.

Everted rat intestinal sacs were prepared using the
method described in section “In vitro intestine pen-
etration” The everted intestinal segments were then
incubated for 30 min in Tyrode’s buffer containing the
following inhibitors: formalin (20 umol/L), chlorprom-
azine (30 umol/L), EIPA (20 umol/L), and M-p-CD
(2.5 mmol/L). Subsequently, the extracapsular solution
was replaced with suspensions containing each group of
fluorescent NPs, in addition to the corresponding inhibi-
tors at the same concentration. The control group did not
contain inhibitors. Samples were incubated in a 37 °C, 5%
CO, incubator for 3 h, and air was injected with a syringe
every 15 min to maintain the oxygen content [40]. The
fluorescence intensity of the liquid in the capsule was
measured after incubation.

Intracellular transport

The fate of the model NPs after entering the cells was
tracked by organelle colocalization [9, 10]. Caco-2 cells
were seeded in a 24-well plate at a density of 3 x 10* cells/
well and placed in an incubator for 48 h. NPs were then
added carefully and incubated with cells at 37 °C for 2 h.
After incubation, the cells were rinsed with cold PBS,
washed thoroughly and fixed with 4% paraformaldehyde.
The cells were treated with Lyso-Tracker, ER-Tracker,
and Golgi-Tracker and then DAPI was added for nuclear
staining. The samples were observed using a high-resolu-
tion live cell imaging system.

In addition, Caco-2 cells were seeded in a 6-well plate
at 3 x 10° cells/well and grown for 48 h. The cells were
then incubated with NPs (20 pg/mL) for 1 h. The sus-
pension was replaced with culture medium containing
bafilomycin Al (100 nM), monensin (32.5 pug/mL), and
brefeldin A (25 pg/mL) and incubation was continued
for 2 h. Following treatment as described in the “Cellular
uptake” section, the cell suspension was analyzed by flow
cytometry [11]. Cells incubated with NPs only served as
the blank group, and cells incubated with medium with-
out inhibitor served as the control group.

Transcellular transport

Caco-2 cells and HT29-MTX cells (8:1) were seeded on
a perforated plate (Corning Transwell 3460) at a con-
centration of 2 x 10° cells/well, and the medium in the
upper and lower compartments was changed every day.
A cell resistance meter (ERS; Millipore Corp., Bedford,
MA, USA) was used to measure the transepithelial resist-
ance (TEER) value to monitor the integrity of the cell
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monolayer. After 21 days of cell differentiation, a mon-
olayer with a TEER value higher than 300 Q/cm?* was
used. The cell monolayer was equilibrated in HBSS at
37 °C. After equilibration, the cell monolayer was incu-
bated with each of the CMCNPs, CHNPs, PNPs, and
PPNPs groups at 37 °C. At 15, 30, 60, 90, and 120 min,
200-pL samples were taken from the basolateral chamber
and replaced with an equal volume of HBSS. The trans-
port volume was measured with a microplate reader and
the cumulative transport volume was calculated. Each
experiment was repeated three times [41]. The samples
were then measured and the formula given in the “Trans-
mucus transport” section was used to calculate the P,
value.

Statistical analysis

The statistical significance of the results was analyzed
using a two-tailed student’s t-test. A p-value<0.05
(p<0.05) was considered statistically significant.

Results

Characterization of model NPs

In this study, polystyrene nanoparticles, water-soluble
chitosan nanoparticles, and (PEG-)PLGA nanoparticles
were used as model NPs representing the particle size
group, zeta potential group, and surface hydrophobicity/
hydrophilicity group, respectively. The PSNPs had regu-
lar spherical morphology (Fig. 1a) and uniform particle
sizes of approximately 70, 100, 150, 200, 300, and 500 nm
(Fig. 1b). The three CMCNPs and three CHNPs used
different raw material and initiator (APS) input ratios;
however, the average particle sizes determined by DLS
measurement were in the range 155415 nm (Table 1),
with approximate zeta potential values of —20, —30,
—40, 420, +30, and +40 mV (Fig. 1c). The CMCNPs
and CHNPs showed similar morphology in the TEM
images (Fig. 1d). The (PEG-)PLGA nanoparticles made
of different materials showed similar particle size, zeta
potential (Table 2), and spherical morphology (Fig. le);
however, contact angle and lipid—water distribution
studies showed that they had different surface hydrophi-
licity/hydrophobicity (Fig. 1f). All of the fluorescently
labeled nanoparticles were tested for their fluorescence
stability in deionized water, PBS, and artificial intestinal
fluid (Fig. 1g). The fluorescence changes exhibited after
4 h were all within 3%, and most NPs changed within
10% after 24 h. There was also no significant difference
between the fluorescence of all fluorescent NPs in various
media at 4 h and O h.

According to their different particle sizes, the fluo-
rescent polystyrene particles were denoted PSNPs
(70), PSNPs (100), PSNPs (150), PSNPs (200), PSNPs
(300), and PSNPs (500). Of the six grafted water-soluble
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chitosan nanoparticles obtained, three had different posi-
tive charges and three had different negative charges,
they were denoted CMCNPs (—20), CMCNPs (—30),
CMCNPs (—40), CHNPs (4+20), CHNPs (430) and
CHNPs (+40). The NPs prepared from the six differ-
ent (PEG-)PLGA materials were named as PNP (hh),
PNP (mh), PNP (lh), PPNP (lh), PPNP (mh), and PPNP
(hh) corresponding to high hydrophobicity, medium
hydrophobicity, low hydrophobicity, low hydrophilicity,
medium hydrophilicity, and high hydrophilicity respec-
tively according to their hydrophobicity/hydrophilicity.

Intestinal absorption of model NPs

The everted intestinal sac model constructed from the
isolated small intestine of rats was used to evaluated the
NPs. The permeability of the small intestine is shown in
Fig. 2a—c. It can be seen that the permeability of the iso-
lated small intestine tissue to NPs was size-dependent.
The amount of NPs with a particle size of 100 nm that
penetrated the intestine was 1.44 times that of NPs with a
particle size of 500 nm. In addition, for the CMCNPs and
CHNPs used in this study, the amount of CMCNPs—
which had a negative surface charge—that penetrated
the intestine was 1.38 times that for CHNPs—which
had a positive surface charge. Comparing NPs with
similar charge magnitude showed that the penetrations
of all of the negatively charged NP groups were greater
than those of the positively charged NP groups. For the
PLGA nanoparticles, the PPNPs—which had hydrophilic
surfaces—showed 1.58 times the penetration of PNPs
without PEG. In addition, the longer the PEG chain used
(within the scope of this study), the greater the penetra-
tion of the PPNPs.

The small intestine absorption of the model nanopar-
ticles was quantitatively evaluated using a rat in vivo
intestinal ring model (Fig. 2d—f), and the intestinal rings
incubated with the NPs samples were imaged by section-
ing (Fig. 2g—i). Similar to the findings for penetration
in the isolated small intestine, the absorption of NPs in
the in vivo model showed size dependence. The absorp-
tion of NPs with a particle size of 100 nm was 1.38 times
that of NPs with a particle size of 500 nm. In addition,
in the in vivo intestinal ring absorption model, the neg-
atively charged CMCNPs showed 2.9 times the absorp-
tion of the positively charged CHNPs, and model NPs
with a higher degree of negative surface charge exhib-
ited greater absorption or adsorption values. For the
PNPs and PPNPs, the hydrophilic PPNPs showed in vivo
absorption or adsorption values that were 1.4 times those
of the PNPs, and longer PEG chains resulted in increased
absorption.

Drugs and preparations must overcome the cor-
responding biological barrier after administration to
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Table 2 Partial characterization of PNPs and PPNPs (n=3)

Nanoparticles Ratio of LA Hydrophilic Particle Polydispersity Zeta potential (mV) Contact

group and GA material attached  size (nm) Index angle (°)

PNPs (hh) 85:15 None 1956+£4.2 0.103£0.013 —0.3340.25 93.60+1.24
PNPs (mh) 75:25 None 189.6+638 0.117+£0.026 —0.69£0.02 83.38+0.07
PNPs (Ih) 50:50 None 2036+£23 0.066 £0.007 —1.634+0.07 66984221
PPNPs (Ih) 50:50 PEG550 2025+£74 0.070£0.025 —1.294+0.82 63.654+0.04
PPNPs (mh) 50:50 PEG1000 189.7+£19 0.082+0.016 —4234+223 60.5740.03
PPNPs (hh) 50:50 PEG2000 1913475 0.09840.039 —1324105 42324050
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complete the absorption process. Generally, the absorp-
tion site for orally administered drugs is the small
intestine, and the main two absorption barriers of the

small intestine are the small intestinal mucus layer
and small intestinal epithelial cells connected by tight

drug carriers—including polymer
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nanoparticles—may adhere to the mucus, which pre-
vents them from easily penetrating the mucus layer. In
addition, if the nanoparticles are absorbed in the small
intestine epithelium monolayer through the transcellu-
lar pathway, they need to undergo a unidirectional pro-
cess of endocytosis and exocytosis, that is, the intestinal
lumen side enters the cell, the intracellular polarity is
transferred, and basolateral exocytosis [42]. The intes-
tinal absorption of nanoparticles must overcome these
obstacles in turn. Therefore, this study also conducted
an in-depth evaluation of the differences in the various
stages of intestinal absorption for model NPs with differ-
ent properties.

Evaluation of model NPs permeation in the mucus layer
The small intestinal mucosa is a physical and chemi-
cal barrier that can hinder drug absorption. Although
it is generally believed that the epithelial structure that
is densely packed with active cells is the key barrier and
the limiting factor in determining the systemic absorp-
tion of drug molecules, other non-epithelial mucosal bar-
rier components still need to be characterized [43]. This
is particularly true for nano formulations that require
mucosal administration. It is necessary to fully under-
stand the mucosal barrier to promote the development of
drug delivery technology [44, 45].

To explore the penetration of NPs with different prop-
erties in the small intestinal mucus, isolated rat small
intestinal mucus was spread in a Transwell. The appar-
ent permeability coefficient values of all of the varied
charge and hydrophobicity model NPs were determined
at several preset time points as shown in Fig. 3a—b. Com-
pared with the positively charged CHNPs, the negatively
charged CMCNPs were significantly easier to transport
from one side of the mucus to the other. In addition,
regardless of whether the surface charge was positive or
negative, NPs with a lower charge magnitude showed
higher transport levels. The apparent permeability coef-
ficient of CMCNPs (—20) was approximately twice that
of CMCNPs (—40), and CHNPs (+20) had a P, value of
approximately 1.85 times that of CHNPs (+40). The aver-
age P, values of the PNPs and PPNPs showed a positive
correlation with hydrophilicity, and PPNP (hh)—which
had the longest PEG chains—exhibited the best transport
results.

The isolated rat small intestinal mucus was removed
from the Transwell after the 2-h incubation with each
CMCNP, CHNP, PNP, and PPNPs group, and the fluo-
rescence intensity was measured to investigate the
retention of NPs in the mucus. The experimental results
(Fig. 3a, b) show that the overall mucus retention of the
positively charged CHNPs was 4.51 times of that of the
negatively charged CMCNPs. In addition, the model
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NPs used in this experiment showed the tendency that
smaller zeta potential magnitude led to lower mucus
retention, regardless of whether the charge was posi-
tive or negative. For the NPs used to study hydrophi-
licity/hydrophobicity, the retention of PNPs was 1.29
times that of the PPNPs. The PPNPs—which contained
PEG—showed a lower retention rate as a whole, and
there was a tendency for retention rate to increase with
increasing PEG chain length. The mucus retention of
PNPs without a PEG component was positively corre-
lated with the hydrophilicity of the material, and the
mucus retention of PNP (lh) was 2.6 times that of PNP
(hh).

To further understand the interaction between NPs
and small intestinal mucus for the different models—
using the intestinal ring model in rats as a basis—NAC
was used before incubation with NPs (pretreatment
group) and after incubation (post-treatment group)
to relax and release the viscosity of the small intestine
mucus. The absorption results were then measured
and plotted (Fig. 3c—e). In the pretreatment group,
the absorption of all NPs increased, and the degree of
improvement showed a positive correlation with par-
ticle size. The absorption of PSNPs (70), PSNPs (100),
PSNPs (150), PSNPs (200), PSNPs (300), and PSNPs
(500) increased to 1.82, 1.93, 1.95, 2.17, 2.36, and 2.36
times the original, respectively. The model NPs with
positive surface charge and hydrophobic surfaces also
showed improved absorption. The absorption of CMC-
NPs (—40), CMCNPs (—30), CMCNPs (—20), CHNPs
(+20), CHNPs (+30), and CHNPs (+40) increased to
1.86, 1.80, 1.69, 2.73, 3.88, and 3.40 times the original,
respectively. In addition, the absorption of PNP (hh),
PNP (mh), PNP (lh), PPNP (lh), PPNP (mh), and PPNP
(hh) increased to 1.95, 1.97, 1.56, 1.41, 1.21, and 1.15
times the original, respectively. When the small intes-
tinal mucus was removed and analyzed after the intes-
tines had been incubated with NPs, the small NPs were
found to exhibit the greatest retention. The absorption
of PSNPs (70), PSNPs (100), PSNPs (150), PSNPs (200),
PSNPs (300), and PSNPs (500) reduced by 29%, 32%,
38%, 40%, 46%, and 47%, respectively. Negative surface
charge and greater charge magnitude made the NPs
more likely to be retained. The absorption of CMCNPs
(—40), CMCNPs (—30), CMCNPs (—20), CHNPs (+20),
CHNPs (4-30), and CHNPs (+40) reduced by 50%, 20%,
7%, 77%, 78%, and 85%, respectively. For the PNPs and
PPNPs groups, PNP (lh), which did not contain PEG
but was more hydrophilic than the other two PNPs, had
the lowest remaining penetration. The absorption of
PNP (hh), PNP (mh), PNP (lh), PPNP (lh), PPNP (mh),
and PPNP (hh) reduced by 43%, 79%, 91%, 64%, 38%,
and 42%, respectively.



Guo et al. ) Nanobiotechnol

(2021

) 19:32

Page 10 of 21

°
°

°

o °  Apical Side
9 . °

°

Basolateral Side

L]

Mucus layer

a
G 7] [_IMucus penetration| [ 14
) ] Mucus retention
E 6- . - . -12
o w* L
g 5 T 10
s
E * g
3 4]
k-
8 31 6
£
S 2- 4
©
>
g 1 -2
©
o
R oS S SN oSS
o o oS o~ o~ o~
£ & £ < < <
© © © & & &
A S A (& (&) (&
b
& 61 [_IMucus penetration| [ 4
e ] Mucus retention
» 54
E 1
7 -3
3 44 — % "
E * *
©
] J
s 3 2
©
2
£ 2
1
3 -1
=3 1
o
©
o
) ) ) ) ) )
& & & &
& & & & 08
< <Q < <K & &K

Filter membrane

(6rl) snonw pajejosi ui uondiospy

(6rl) snonw pajejosi ui uondiospy

Relative absorption ratio of pretreatment group Relative absorption ratio of pretreatment group

Relative absorption ratio of pretreatment group

—=— Pretreatment group 1.2
35 7 Post-treatment group
3.0 .11.0
#

2.5- . 0.8
204 ° [ o

o 06
1 .5 b ##

1.0 -0.4
0.5. 0.2
QA N I S S )

e A A Sl
Q & P P & P
6 - —=— Pretreatment group -1.2
Post-treatment group
51 -1.0
##
4 0.8
##
\E
34 ## -0.6
24 . L0.4
4
i ##\##
s L0.2
S S N S S ©
& F &
N o o S S G
—=— Pretreatment group -1.2
25 T Post-treatment group
1.0
## ##
204 7%
# -0.8
1.5 ##
i\\ 0.6
t—
1.0 # ] #o ]
-0.4
0.5 -0.2
) ) ) ) ) )
Qe\*“ . & ‘e&“ ‘«&“ g & Q(,@“
& & ] K QQ\“ Qqé

Fig. 3 Evaluation of the ability of model NPs to penetrate the mucus layer: Evaluation of CMCNPs, CHNPs (a), PNPs and PPNPs (b) permeation and
retention in isolated intestinal mucus (data are mean £ SD, n=3, *p<0.05, **p <0.01). Research on the interaction between PSNPs (c), CMCNPs,

CHNPs (d), PNPs and PPNPs (e) and mucus layer by removing mucus in the rat in situ intestine ring model (data are mean = SD, n= 3, Compared
with a control group that was not treated with mucus removal, fp < 0.05, #p < 0.01)

dnoub juawyeasy-}sod jo ones uondiosqe aane|oy dnoJb Juawyeas)-jsod jo ones uondiosge aAne|dy

dnoJb Juawjyeas)-jsod jo ones uondiosge aane|ey




Guo et al. J Nanobiotechnol (2021) 19:32

Evaluation of model NPs permeation in monolayer cells
The intestinal epithelial cell layer is the last barrier to
intestinal absorption. These cells are cylindrical epithelial
cells with a brush-like border membrane on the top, cov-
ered by glycocalyx—a dense grid of sugar structures—and
connected to each other by tight junctions. Theoretically,
macromolecules or particles can traverse the intestinal
epithelium through transcellular pathways as well as tight
junction pathways. Of these two, transcellular pathways
are the most studied and is the main focus of this study.
The transcellular transport of nanoparticles starts with
endocytosis in the apical membrane of the cell, which is
the process by which the particles are absorbed into the
cell [46]. The particles are then transported through the
cell and released at the basolateral membrane.

Each model NPs group was incubated with a co-culture
system of Caco-2 and HT29-MTX cells that had formed
a monolayer and fully differentiated. Quantification of
cell uptake (Fig. 4a—c) and imaging analysis (Fig. 4d—f)
were conducted. Of the PSNPs groups, PSNPs (100)
showed the highest uptake, which was 1.22 times that
of PSNPs (70) and 1.51 times that of PSNPs (500). The
overall uptake of CHNPs was 1.62 times of CMCNPs.
Comparing particles with the same charge magnitude,
NPs with positive charge had higher absorption than NPs
with negative charge. Comparing PNPs and PPNPs, the
PEG component was found to reduce the cellular uptake
of NPs. The overall uptake of PPNPs was approximately
62% that of PNPs. Additionally, PNPs (lh) with no PEG
component modification had the highest cellular uptake.

To understand the effects of the NPs properties on their
uptake, a specific inhibition method was used to study
the infiltration mechanisms. Chlorpromazine inhibits
clathrin-mediated endocytosis, EIPA inhibits macropi-
nocytosis, formalin is an inhibitor of caveolin-mediated
endocytosis, and M-B-CD inhibits lipid raft-mediated
endocytosis [47, 48]. These inhibitors were applied to the
cell uptake model (Fig. 5a—c) and the rat everted intesti-
nal sac model (Fig. 5d—f), and the effects on cell uptake
and intestinal sac permeation were calculated.

Of the PSNPs groups, PSNPs (100) and PSNPs (150)
were most affected after clathrin-mediated endocyto-
sis was blocked. After caveolin-mediated endocyto-
sis was blocked, the cellular uptake of PSNPs (300) was
reduced the most. After blocking macropinocytosis, NPs
uptake showed positive correlation with particle size. All
PSNPs showed a reduction in uptake of more than 35%
after lipid rafts were inhibited. For the CMCNPs and
CHNPs groups, the negatively charged CMCNPs exhib-
ited a greater reduction after macropinocytosis was
blocked. The absorption of positively charged CHNPs
was clearly affected when clathrin-mediated endocytosis
was blocked. The cell uptake of CHNPs (+20), CHNPs
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(4+30), and CHNPs (+40) reduced by 52%, 52%, and 51%,
respectively, and the intestinal penetration of CHNPs
(+20), CHNPs (+30), and CHNPs (+40) reduced by 40%,
51%, and 59% respectively. An observation that was only
clearly made for the animal model was that NPs with
lower charge magnitude were less affected when cave-
olin-mediated endocytosis was blocked. For the PNPs
and PPNPs, after clathrin-mediated endocytosis was
inhibited, the cellular uptake of PPNPs with longer PEG
chains and PNPs made from more hydrophilic PLGA had
a greater tendency to be affected. After macropinocytosis
was inhibited, the uptake of PPNPs containing PEG com-
ponents was slightly more affected than that of PNPs. All
PNPs and PPNPs were only slightly affected after cave-
olin-mediated endocytosis was inhibited. Of the various
inhibitor treatments, PNPs and PPNPs almost all showed
the greatest reduction in uptake when the lipid raft struc-
ture was destroyed.

To understand the intracellular distribution of the
model NPs after entering the cell, Lyso-Tracker, ER-
Tracker, and Golgi-Tracker were used to label lysosomes,
endoplasmic reticulum, and Golgi, respectively, and
imaging was conducted (Fig. 6). All model NPs were
labelled with red fluorescent probes, the nuclei were
stained blue, and the three cell structures—lysosomes,
endoplasmic reticulum, and Golgi apparatus—exhibited
green fluorescence.

After entering the intestinal cells, the polymer nano-
particles need to undergo intracellular transport and then
exit the cell at the basal side to complete the absorption
process. Therefore, the method of specific inhibition was
used again to explore the intracellular transport mecha-
nism and exocytosis of model NPs. Bafilomycin Al is an
inhibitor of endosomal acidification. Brefeldin A can pre-
vent the transport of NPs from the ER to the Golgi com-
plex, and monensin can block transport from the Golgi
complex to the plasma membrane [49, 50].

The results (Fig. 7a—c) show that the exocytosis of all
PNPs and PPNPs groups was affected by the three inhibi-
tors. The process of their exocytosis after internalization
may involve the reactivation of vesicles and transport to
the ER, Golgi complex, and cell membrane in turn. For
the PSNPs groups, the exocytosis of PSNPs (100) was
more significantly inhibited by bafilomycin A1 and mon-
ensin, while the inhibitory effect of brefeldin A on exocy-
tosis was more pronounced for NPs with a particle size
less than 300 nm. This indicates that the activation of
retransportation after entering the cell occurs more com-
monly for NPs with a particle size of more than 100 nm,
while subsequent transport from the endoplasmic retic-
ulum to the Golgi complex occurs more commonly
for NPs with a particle size of less than 300 nm. For the
CMCNPs and CHNPs groups, CHNPs (420) were most
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Fig. 4 Evaluation of cellular uptake of model nanoparticles: Uptake of PSNPs (a), CMCNPs, CHNPs (b), PNPs and PPNPs (c) by mixed-cultured caco-2
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significantly inhibited by the three inhibitors. The exocy-  have a more positive tendency to exocytosis after enter-
tosis of CHNPs (420) treated with bafilomycin Al, bre-  ing the cell.

feldin A, and monensin reduced by 62%, 48%, and 52%, Caco-2 and HT29-MTX monolayer cell models formed
respectively. The lower degree of positive charge may in the Transwell were used to evaluate the monolayer cell
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transport of CMCNPs, CHNPs, PNPs, and PPNPs. The
results (Fig. 7d, e) show that the trans-cell transport of
positively charged CHNPs was significantly higher than
that of negatively charged CMCNPs. The average P, of
CHNPs was 2.61 times of that of CMCNPs. When NPs
have the same kind of charge, the lower level of positive
or negative electric charge gain more transport value.
The transport volume of PPNPs containing PEG compo-
nents was slightly lower than that of PNPs. The average
P, of PNPs was 1.51 times of that of PPNPs, and in each
group of PPNPs there was a tendency for the P, ,, value to
increase as the PEG chain became longer.

Discussion

Oral administration has always been considered one of
the best administration routes, however some poorly sol-
uble small molecule drugs and macromolecular proteins,
peptides, and nucleic acid drugs can be limited by degra-
dation or being difficult to absorb in the gastrointestinal
tract, making their oral administration impractical. How-
ever, there are solutions to these challenges. The enteric
coating can protect drugs in the gastric juice, however it
only slightly improves the drug absorbance in the intes-
tine. The use of penetration enhancers can enhance
the gastrointestinal absorption of drugs [51], but there
may be safety issues for long-term administration. The
design of oral delivery vehicles for drugs has been exten-
sively studied. Drug carriers can encapsulate therapeu-
tics in carrier materials or special structures to provide
a degree of protection [52, 53]. Then, the characteristics
of the drug carrier supersede those of the drug itself and
become the decisive factor in absorption [54]. Drug car-
riers with a particle size of more than 5 pm are hardly
absorbed in the intestinal tract. In addition, carrier mod-
els based on colloidal systems are difficult to stabilize in
the gastrointestinal environment. Therefore, the main
object of our research was polymer nanoparticles based
on solid systems. We studied the effects of their particle
size, surface charge, and surface hydrophilicity/hydro-
phobicity on the intestinal absorption process in depth.

Particle size

Size is an important parameter for NP drug carriers [55,
56]. A study by Li et al. showed that the intestinal cell
transport capacity of NPs is size dependent [40]. Agata
et al. found that, following oral delivery, the absorption
of smaller NPs was higher than that of larger ones [57].
Khin et al. also conducted research on oral delivery sys-
tems based on NPs and found that the smallest particles
(50 nm) showed the lowest absorption rate, which indi-
cated that the particle size effect may have a lower limit;
outside of which size no longer plays a key role in the
degree of absorption [55].
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Polystyrene nanoparticles were used as model NPs and
were labeled with red fluorescence. When observed by
TEM, all PSNPs were approximately spherical with uni-
form particle sizes of 70, 100, 150, 200, 300, and 500 nm.
In deionized water, PBS, and artificial intestinal fluid. The
PSNPs maintained stable fluorescence, which fulfilled the
requirements for this study.

The intestinal mucus layer is the first major obstacle to
the absorption of NPs in the intestine, and this was sup-
ported by the experimental results. When the mucus was
removed from the small intestine tissue, the absorption
of all PSNPs in the small intestine increased. In addi-
tion, compared with the control group, the increase in
NPs absorption showed a trend of increasing with the
increase of particle size, which indicates that larger par-
ticle sizes were more hindered by the mucus layer. If
the intestinal mucus was removed after incubation with
PSNPs (and NPs retained in the mucus were removed at
the same time), the PSNPs with larger particle size were
relatively less well retained in the intestinal tissue. This
also indicates that large NPs are more likely to stay in the
mucus layer.

The second major physiological barrier to the absorp-
tion process of NPs in the small intestine is the small
intestinal epithelial cell barrier. To overcome this obsta-
cle via the transcellular pathway, NPs must enter the
small intestinal epithelial cells on the intestinal lumen
after penetrating the mucus layer, then be ejected from
the cells after passing through the intracellular polar
transport to reach the basal side, which completes the
absorption process [35]. After co-culturing caco-2 and
HT29-MTX cells for 14 days, we performed imaging
observation and quantitative measurement of the cel-
lular uptake of PSNPs. PSNPs (100) showed the highest
cellular uptake. When the NPs size exceeded 100 nm, the
cell uptake showed a negative correlation with the size
of the NPs. When the particle size increased to 200 nm,
compared with PSNPs (100), the difference of the cellular
uptake began to be significant. In the study of the PSNPs
endocytosis pathway, chlorpromazine—an inhibitor of
clathrin-mediated endocytosis—had the most marked
inhibitory effect on PSNPs (100) and PSNPs (150). For-
malin—an inhibitor of caveolin-mediated endocytosis—
had the most obvious inhibitory effect on PSNPs (300).
These results show that, within the scope of this study,
clathrin-mediated endocytosis of NPs tends to favor a
particle size of 100-150 nm, while caveolin-mediated
endocytosis tends to involve NPs with a particle size
of approximately 300 nm. After caco-2 cells ingested
PSNPs, the NPs were removed from the culture environ-
ment and the process of exocytosis was studied. Bafilo-
mycin Al inhibits the reactivation of vesicles formed
after NPs enter cells, and its inhibitory effect on PSNPs
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with a particle size of more than 100 nm was the most
marked. Brefeldin A inhibits the continued transport
processes of NPs on the ER, and was found to inhibit the
exocytosis of PSNPs with a particle size less than 300 nm
most significantly. We found that, within the scope of our
research, when the particle size of PSNPs was less than
100 nm, the further transport effect after entering the cell
was weakened. However, when the PSNPs size exceeded
300 nm, further intracellular transport from the endo-
plasmic reticulum was affected.

In terms of overcoming the entire small intestinal
absorption barrier, the absorption of PSNPs showed
negative correlation with particle size, and small NPs
showed higher penetration or absorption values. In the
isolated everted intestinal sac model, when the particle
size increased to 200 nm, the difference in penetration
compared with PSNPs (70) became significant. When
the particle size reached 500 nm, the significance level of
the difference in penetration became highly significant.
In the in vivo intestinal ring absorption model, when the
particle size increased to 300 nm, the difference between
the absorption values of PSNPs (300) and PSNPs (70) also
became significant.

Surface potential

Surface charge is a non-negligible characteristic in the
oral intestinal absorption of NPs [58]. Rieux et al. found
that optimizing the particle size of oral delivery systems
is important, but that simultaneously optimizing the sur-
face properties (charge, hydrophobicity) is also crucial
[11]. The polyphosphate NPs prepared by Akkus et al.
penetrated the mucus barrier to a greater extent than
dephosphorylated polyphosphate NPs. In addition, if the
particulate system was unable to penetrate the mucus
barrier well, it was cleared quickly from the mucosa [59].
Akkus believes that this is owing to the negative surface
charge of the polyphosphate NPs [60].

Water-soluble chitosan nanoparticles prepared by graft
copolymerization were used as the model NPs for the
surface potential group, and the NPs were fluorescently
labeled with RhB. The particle diameters of all RhB-
CMCNPs and RhB-CHNPs determined by DLS measure-
ment were in the range 155415 nm and had a low PDL
The TEM images showed that the size of the NPs was
smaller than that measured by DLS, however the sizes of
the CMCNPs and CHNPs in each group were still simi-
lar and both appeared to be approximately spherical. In
addition, the fluorescent NPs maintained stable fluores-
cence in deionized water, PBS, and artificial intestinal
fluid. Therefore, the prepared CMCNPs and CHNPs met
the requirements for the surface potential group for this
study.
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In the intestinal mucus layer permeability study, posi-
tive charge on the surface of the NPs was found to pre-
vent them from passing through the mucus layer and
meant that CHNPs were more likely to be retained in the
mucus. In addition, as the degree of negative charge on
the surface of the CMCNPs increased, their penetration
in mucus decreased and their retention increased. The
in vivo animal model showed similar results. The positive
charge on the surface made CHNPs more likely to remain
in the intestinal mucus than CMCNPs, instead of pen-
etrating the mucus layer.

In the intestinal epithelial cell barrier penetration
study, different situations emerged. CHNPs generally
showed better uptake than CMCNPs. The positive charge
on the surface of the NPs was advantageous when they
entered the intestinal epithelial cells. In the study of
the NPs endocytosis pathway, we found that the most
marked difference between CHNPs and CMCNPs was
that CHNPs were more affected by chlorpromazine,
which indicates that clathrin-mediated endocytosis tends
to favor NPs with a positive zeta potential. In the study
of CHNPs and CMCNPs transport in monolayer cells,
the positively charged CHNPs showed a higher transport
capacity than CMCNPs. Compared with the advantages
in cell uptake, CHNPs appeared to have a more obvious
advantage in the transport results of monolayer cells. The
overall cellular uptake of CHNPs was 1.61 times of that
of CMCNPs, and the apparent permeability coefficient
value on the monolayer cell model was 2.61 times of that
of CMCNPs. This may be because the positively charged
CHNPs also have the advantage of passing through mon-
olayer cells in ways other than the transcellular pathway.
In addition, the transport of CHNPs (+20) in the mon-
olayer cell model was greater than that of the other two
groups of CHNPs with higher positive charges. From
the findings of the study of its exocytosis process, it can
be seen that CHNPs (420) exhibited the most obvious
inhibitory effect of the three intracellular transport inhib-
itors. Therefore, we speculate that CHNPs (+20) have
the highest transport volume. An important factor is that
they had a greater tendency to be transported and exit
after entering the cell. In terms of overcoming the over-
all small intestinal absorption barrier, within the scope
of our research, negatively charged NPs exhibited signifi-
cantly higher absorption or adsorption values than posi-
tively charged NPs. The average penetration of CMCNPs
in the isolated small intestine was 1.38 times of that of
CHNPs.

Surface hydrophobicity/hydrophilicity

The surface pro-hydrophobics of the NPs were also con-
sidered in this study. Yuan et al. found that an appro-
priate hydrophilic modification (such as PEGylation) is
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important to make NPs that would otherwise be mucosal
adhesives, inert during gastrointestinal transport and
absorption. The optimal extent of hydrophilic modifica-
tion of NPs requires follow-up research [61].

(PEG-)PLGA nanoparticles were selected as model NPs
for studying the role of hydrophobicity/hydrophilicity
in intestinal absorption. DLS measurements and TEM
observation showed similar results. The particle sizes of
all PNPs and PPNPs were in the range of 185-205 nm,
and they had a zeta potential of no more than 5 mV and
an approximately spherical shape. In the investigation
of hydrophobicity/hydrophilicity, the three PNPs and
three PPNPs exhibited the expected differences in hydro-
phobicity. Two fluorescent reagents (C6 and NR) were
encapsulated in the NPs. The fluorescence of the NPs was
stable in deionized water, PBS, and artificial intestinal
fluid. C6-PNPs, NR-PNPs, C6-PPNPs, and NR-PPNPs
were used as model NPs in the study.

The penetration and retention of NPs in isolated intes-
tinal mucus showed that as the hydrophilicity of the NPs
increased, the average penetration volume also tended
to increase, although the increase was not significant.
PPNPs with hydrophilic PEG surfaces had better overall
mucus penetration ability than PNPs, and this advantage
was significant. In addition, we found that for both PNPs
and PPNPs, NPs made using more hydrophilic materi-
als showed higher mucus retention. Increased hydro-
phobicity made it more difficult for NPs to pass through
the mucus, but did not cause greater retention. That is,
within a certain range, an increase in the hydrophilic-
ity of the NPs increased the amount of mucus transport
and mucus retention. We speculate that the challenge in
entering the mucus layer faced by more hydrophobic NPs
becomes the main obstacle in the process of transmu-
cosal penetration. Similar conclusions can be drawn for
the interaction of NPs with intestinal mucus in the in vivo
animal models. The more hydrophilic NPs were less
obstructed by the intestinal mucus, and at the same time,
there was no reduced mucus retention. NPs was made
of more hydrophilic materials and NPs modified with
hydrophilic components entered the intestinal mucus
more actively and achieved better mucus penetration.

Different results were obtained in the study of the
interaction between NPs and intestinal cells. PPNPs
modified with hydrophilic components showed less cel-
lular uptake and less monolayer cell transport. How-
ever, at the same time, as the length of the PEG chain
increased, the monolayer cell transport of PPNPs also
tended to increase slightly. All PNPs and PPNPs were sig-
nificantly inhibited by M-p-CD during endocytosis. This
showed that the lipid raft structure plays an important
role in the endocytosis of NPs with PLGA as the core. In
addition, the more hydrophilic NPs will be slightly more
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inhibited by chlorpromazine. This indicates that there
may be slight selectivity for hydrophilic NPs in clathrin-
mediated endocytosis. At the same time, modification
with PEG also affected the cellular uptake of NPs after
EIPA blocked the effect of macropinocytosis. After all
groups of PNPs and PPNPs entered the cell, the process
of exocytosis was significantly affected by the three trans-
port inhibitors, which indicates that the activation of
vesicles, the transfer of endoplasmic reticulum, and the
Golgi complex are all important factors in their intracel-
lular transport.

In the study of the penetration and absorption of intact
small intestine tissue, PPNPs showed higher penetration
or absorption in the in vitro and in vivo rat small intes-
tine. In addition, within the scope of our research, PPNPs
with longer PEG chains exhibited stronger small intesti-
nal absorption and adsorption.

Conclusion

In this study, we successfully prepared model nanoparti-
cles with single variable differences in particle size, sur-
face charge, and surface hydrophilicity/hydrophobicity,
and then studied the role of these basic properties in the
oral intestinal absorption of the polymer nanoparticles.
We conducted in-depth research by separating the two
main stages of intestinal absorption. We found that the
absorption of NPs showed a tendency to increase with
increasing particle size. The mucus layer hindered larger
particles making them more likely to be retained in the
layer. In addition, positive surface charge prevented NPs
from passing through the mucus layer. Increasing the
magnitude of the negative surface charge of NPs also
reduced their permeation in mucus and increased their
retention. Overall, PPNPs with a hydrophilic PEG sur-
face penetrated mucus better than PNPs. In addition, as
their hydrophobicity increased, PNPs and PPNPs found
it more difficult to pass through mucus, but were not
better retained. PSNPs with a particle size of 100 nm
showed the highest intestinal cellular uptake. When the
size of the NPs exceeded 100 nm, cellular uptake was
negatively correlated with the size of the NPs. When the
particle size was increased to 200 nm, the difference in
cellular uptake compared with PSNPs (100) started to
become significant. Within the scope of our research, it
was found that a particle size of 100—-150 nm was con-
ducive to clathrin-mediated endocytosis of NPs. Caveo-
lin-mediated endocytosis tended to be observed for NPs
with a particle size of around 300 nm. When the particle
size of PSNPs was less than 100 nm, the effect of further
transport after entering the cell was less pronounced.
However, when the size of the PSNPs exceeded 300 nm,
it further affected the intracellular transport of the
endoplasmic reticulum. The positively charged CHNPs
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showed better intestinal cell absorption and monolayer
cell transport than the negatively charged CMCNPs. The
overall cellular uptake of CHNPs was 1.61 times of that
of CMCNPs, and the apparent permeability coefficient
value on the monolayer cell model was 2.61 times that of
CMCNPs. The difference in the endocytosis pathway was
reflected in the clathrin-mediated endocytosis, and it was
observed that NPs with a positive zeta potential tended
to be taken up by clathrin-mediated endocytosis. In addi-
tion, CHNPs (420) had a greater tendency to migrate
and exit after entering the cell than the other positively
charged particles. PPNPs modified with hydrophilic com-
ponents showed less cellular uptake and less monolayer
cell transport. However, as the length of the PEG chain
increased, the monolayer cell transport of PPNPs also
tended to increase gradually. In clathrin-mediated endo-
cytosis, hydrophilic NPs showed slight selectivity. Modi-
fication with PEG also affected the cellular uptake of NPs
through macropinocytosis. The activation of vesicles,
endoplasmic reticulum transport, and the Golgi appara-
tus were all important factors in the intracellular trans-
port of PNPs and PPNPs.

In summary, smaller size, low magnitude negative
charge, and moderate hydrophilicity can help NPs pass
through the small intestinal mucus layer more eas-
ily. Then the proper size, positive surface charge, and
hydrophobic properties help NPs complete the process
of transintestinal epithelial cell transport. NPs with dif-
ferent characteristics show different behavioral trends in
the process of overcoming the absorption barrier of the
small intestine. Reliable oral administration of difficult-
to-absorb drugs is still an important topic in the field of
formulations. We believe that the future challenge will
no longer be how to protect drugs but how to adapt the
characteristics of the drug delivery system to the needs
of intestinal absorption. To deepen our understanding of
intestinal cells ingesting particles, more effort must be
made to conduct in-depth studies in the future.

Abbreviations

NPs: Nanoparticles; FDA: Food and Drug Administration; PSNPs: Polystyrene
nanoparticles; CMCNPs: Carboxymethy! chitosan nanoparticles; CHNPs:
Chitosan hydrochloride nanoparticles; RhB: Rhodamine B; PLGA: Poly(lactic-
co-glycolic acid); PEG: Polyethylene glyco; C6: Coumarin 6; NR: Nile red; Flu-
PSNPs: Fluorescent polystyrene nanoparticles; M-3-CD: Methyl-3-cyclodextrin;
EIPA: 5-(N-ethyl-N-isopropyl) amiloride; DAPI: 4,6-Diamino-2-phenyl indole;
Lyso: Lysosome; ER: Endoplasmic reticulum; Golgi: Golgi complex; SD:
Sprague-Dawley; MMA: Methyl methacrylate; APS: Ammonium persulfate;
EDC-HCI: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride; NHS:
N-Hydroxysuccinimide; PVA: Polyvinyl alcohol; DLS: Dynamic light scattering;
PDI: Polydispersity index; SEM: Scanning electron microscope; TEM: Transmis-
sion electron microscope; PBS: Buffered saline; DMEM: Dulbecco’s modified
eagle media; TEER: Transepithelial resistance; HBSS: Hank's balanced salt solu-
tion; NAC: N-acetyl-L-cysteine.

Page 19 of 21

Acknowledgements

We thank support of Key Project of National Science and Technology

(No. 20187X09301-017-003), Key Development Project of Yantai (No.
2018ZDCX022) and Youth Foundation Project of Yantai University. We thank
Sarah Dodds, PhD, from Liwen Bianji, Edanz Editing China (www.liwenbianj
i.cn/ac), for editing the English text of a draft of this manuscript.

Authors’ contributions

SG and YL performed the conception and design of the study. SG and LL
performed materials preparation, in vitro and in vivo experiments, and statisti-
cal analysis. SG YL and LL performed image analyses. SG, YS and YL wrote the
manuscript. AW, KS and YL supervised the entire study, provided the financial
support. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing financial interest.

Author details

! School of Pharmacy, Key Laboratory of Molecular Pharmacology and Drug
Evaluation (Yantai University), Ministry of Education, Collaborative Innovation
Center of Advanced Drug Delivery System and Biotech Drugs in Universities
of Shandong, Yantai University, Yantai 264005, People’s Republic of China.

2 College of Life Science, Yantai University, Yantai 264005, People’s Republic
of China. > China Resources Double-crane Pharmaceutical Co, Ltd,, Beijing,
China. * State Key Laboratory of Long-acting and Targeting Drug Delivery
System, Luye Pharmaceutical Co,, Ltd, Yantai, China.

Received: 5 November 2020 Accepted: 6 January 2021
Published online: 27 January 2021

References

1. Marques MRC, Choo Q, Ashtikar M, Rocha TC, Bremer-Hoffmann S, Wacker
MG. Nanomedicines-tiny particles and big challenges. Adv Drug Deliv
Rev. 2019;151-152:23-43. https://doi.org/10.1016/}.addr.2019.06.003.

2. TianY,Deng PWuY, LiJ, Liu J, Li G, et al. Mno2 nanowires-decorated
reduced graphene oxide modified glassy carbon electrode for sensitive
determination of bisphenol a. J Electrochem Soc. 2020. https://doi.
0rg/10.1149/1945-7111/ab79a7.

3. TianY,Deng PWuY, Liu J, Li J, Li G, et al. High sensitive voltammetric sen-
sor for nanomolarity vanillin detection in food samples via manganese
dioxide nanowires hybridized electrode. Microchem J. 2020. https://doi.
org/10.1016/j.microc.2020.104885.

4. Anselmo AC, Mitragotri S. Nanoparticles in the clinic. Bioeng Transl Med.
2016;1:10-29. https://doi.org/10.1002/btm?2.10003.

5. Germain M, Caputo F, Metcalfe S, Tosi G, Spring K, Aslund AKO, et al. Deliv-
ering the power of nanomedicine to patients today. J Control Release.
2020;326:164-71. https://doi.org/10.1016/jjconrel.2020.07.007.

6. HeQ LiuJ,Liu X, Li G, Chen D, Deng P, et al. Fabrication of amine-modi-
fied magnetite-electrochemically reduced graphene oxide nanocompos-
ite modified glassy carbon electrode for sensitive dopamine determina-
tion. Nanomaterials. 2018. https://doi.org/10.3390/nano8040194.

7. WuY,Deng P TianY, Feng J, Xiao J, Li J, et al. Simultaneous and sensitive
determination of ascorbic acid, dopamine and uric acid via an electro-
chemical sensor based on pvp-graphene composite. J Nanobiotechnol.
2020;18:112. https://doi.org/10.1186/512951-020-00672-9.

8. Ahmad N, Bhatnagar S, Saxena R, Igbal D, Ghosh AK, Dutta R. Biosynthesis
and characterization of gold nanoparticles: kinetics, in vitro and in vivo
study. Mater Sci Eng C Mater Biol Appl. 2017,78:553-64. https://doi.
org/10.1016/j.msec.2017.03.282.

9. WuY,Deng P TianY,Ding Z, Li G, Liu J, et al. Rapid recognition and
determination of tryptophan by carbon nanotubes and molecularly
imprinted polymer-modified glassy carbon electrode. Bioelectrochemis-
try. 2020;131:107393. https://doi.org/10.1016/j.bicelechem.2019.107393.

10. Ma Z,Wang N, He H, Tang X. Pharmaceutical strategies of improving oral
systemic bioavailability of curcumin for clinical application. J Control
Release. 2019;316:359-80. https://doi.org/10.1016/jjconrel.2019.10.053.


http://www.liwenbianji.cn/ac
http://www.liwenbianji.cn/ac
https://doi.org/10.1016/j.addr.2019.06.003
https://doi.org/10.1149/1945-7111/ab79a7
https://doi.org/10.1149/1945-7111/ab79a7
https://doi.org/10.1016/j.microc.2020.104885
https://doi.org/10.1016/j.microc.2020.104885
https://doi.org/10.1002/btm2.10003
https://doi.org/10.1016/j.jconrel.2020.07.007
https://doi.org/10.3390/nano8040194
https://doi.org/10.1186/s12951-020-00672-9
https://doi.org/10.1016/j.msec.2017.03.282
https://doi.org/10.1016/j.msec.2017.03.282
https://doi.org/10.1016/j.bioelechem.2019.107393
https://doi.org/10.1016/j.jconrel.2019.10.053

Guo et al. ) Nanobiotechnol

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

(2021) 19:32

. des Rieux A, Fievez V, Garinot M, Schneider YJ, Preat V. Nanoparticles as

potential oral delivery systems of proteins and vaccines: a mechanistic
approach. J Control Release. 2006;116:1-27.

JiN,Hong Y, Gu Z, Cheng L, Li Z, Li C. Chitosan coating of zein-carbox-
ymethylated short-chain amylose nanocomposites improves oral bio-
availability of insulin in vitro and in vivo. J Control Release. 2019;313:1-13.
https://doi.org/10.1016/j.jconrel.2019.10.006.

Garinot M, Fievez V, Pourcelle V, Stoffelbach F, des Rieux A, Plapied L, et al.
Pegylated plga-based nanoparticles targeting m cells for oral vaccina-
tion. J Control Release. 2007;120:195-204. https://doi.org/10.1016/jjconr
€l.2007.04.021.

Li G, XiaY, Tian Y, Wu Y, Liu J, He Q, et al. Review—recent developments
on graphene-based electrochemical sensors toward nitrite. J Electro-
chem Soc. 2019;166:B881-95. https://doi.org/10.1149/2.0171912jes.
Babadi D, Dadashzadeh S, Osouli M, Daryabari MS, Haeri A. Nanoformula-
tion strategies for improving intestinal permeability of drugs: a more
precise look at permeability assessment methods and pharmacokinetic
properties changes. J Control Release. 2020;321:669-709. https://doi.
0rg/10.1016/jjconrel.2020.02.041.

Hickey JW, Santos JL, Williford JM, Mao HQ. Control of polymeric
nanoparticle size to improve therapeutic delivery. J Control Release.
2015;219:536-47. https://doi.org/10.1016/j,jconrel.2015.10.006.

Cheng H, Zhang X, Qin L, Huo Y, Cui Z, Liu C, et al. Design of self-
polymerized insulin loaded poly(n-butylcyanoacrylate) nanoparticles

for tunable oral delivery. J Control Release. 2020;321:641-53. https://doi.
0rg/10.1016/j.jconrel.2020.02.034.

Khatoon A, Khan F, Ahmad N, Shaikh S, Rizvi SMD, Shakil S, et al. Silver
nanoparticles from leaf extract of mentha piperita: eco-friendly synthesis
and effect on acetylcholinesterase activity. Life Sci. 2018;209:430-4. https
://doi.org/10.1016/jlfs.2018.08.046.

Ahlawat J, Guillama Barroso G, Masoudi Asil S, Alvarado M, Armendariz |,
Bernal J, et al. Nanocarriers as potential drug delivery candidates for over-
coming the blood-brain barrier: challenges and possibilities. ACS Omega.
2020;5:12583-95. https://doi.org/10.1021/acsomega.0c01592.
Nagavarma BVN, Yadav HKS, Ayaz A, Vasudha LS. Shivakumar HGJAJoP,
Research C. Different techniques for preparation of polymeric nanoparti-
cles- areview. 2012;5:16-23.

Banerjee A, Qi J, Gogoi R, Wong J, Mitragotri S. Role of nanoparticle size,
shape and surface chemistry in oral drug delivery. J Control Release.
2016;238:176-85. https://doi.org/10.1016/jjconrel.2016.07.051.
Bannunah AM, Vllasaliu D, Lord J, Stolnik S. Mechanisms of nanoparticle
internalization and transport across an intestinal epithelial cell model:
effect of size and surface charge. Mol Pharm. 2014;11:4363-73. https://
doi.org/10.1021/mp500439c.

He Q WuY,TianY, Li G, Liu J, Deng P, et al. Facile electrochemical sensor
for nanomolar rutin detection based on magnetite nanoparticles and
reduced graphene oxide decorated electrode. Nanomaterials. 2019. https
://doi.org/10.3390/nano9010115.

He Q, TianY,Wu, Liu J, Li G, Deng P, et al. Facile and ultrasensitive deter-
mination of 4-nitrophenol based on acetylene black paste and graphene
hybrid electrode. Nanomaterials. 2019. https://doi.org/10.3390/nano9
030429.

Sultan S, Abdelhamid HN, Zou X, Mathew AP. Cellomof: nanocellulose
enabled 3d printing of metal-organic frameworks. Adv Func Mater. 2019.
https://doi.org/10.1002/adfm.201805372.

Abdelkhaliq A, van der Zande M, Punt A, Helsdingen R, Boeren S, Vervoort
JIM, et al. Impact of nanoparticle surface functionalization on the protein
corona and cellular adhesion, uptake and transport. J Nanobiotechnol.
2018;16:70. https://doi.org/10.1186/512951-018-0394-6.

Pietzonka P, Rothen-Rutishauser B, Langguth P, Wunderli-Allenspach H,
Walter E, Merkle HP. Transfer of lipophilic markers from plga and polysty-
rene nanoparticles to caco-2 monolayers mimics particle uptake. Pharm
Res. 2002;19:595-601.

Abdelhamid HN, Wu HF. Multifunctional graphene magnetic nanosheet
decorated with chitosan for highly sensitive detection of pathogenic
bacteria. J Mater Chem B. 2013;1:3950-61. https://doi.org/10.1039/c3tb2
0413h.

Abdelhamid HN, El-Bery HM, Metwally AA, Elshazly M, Hathout RM.
Synthesis of cds-modified chitosan quantum dots for the drug delivery
of sesamol. Carbohydr Polym. 2019;214:90-9. https://doi.org/10.1016/j.
carbpol.2019.03.024.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 20 of 21

He C, HuY,Yin L, Tang C, Yin C. Effects of particle size and surface charge
on cellular uptake and biodistribution of polymeric nanoparticles.
Biomaterials. 2010;31:3657-66. https://doi.org/10.1016/j.biomateria
15.2010.01.065.

Dimchevska S, Geskovski N, Koligi R, Matevska-Geskovska N, Gomez
Vallejo V, Szczupak B, et al. Efficacy assessment of self-assembled plga-
peg-plga nanoparticles: correlation of nano-bio interface interactions,
biodistribution, internalization and gene expression studies. Int J Pharm.
2017;533:389-401. https://doi.org/10.1016/j.ijpharm.2017.05.054.
Danhier F, Ansorena E, Silva JM, Coco R, Le Breton A, Preat V. Plga-based
nanoparticles: an overview of biomedical applications. J Control Release.
2012;161:505-22. https://doi.org/10.1016/jjconrel.2012.01.043.

Sahai N, Ahmad N, Gogoi M. Nanoparticles based drug delivery for tissue
regeneration using biodegradable scaffolds: a review. Curr Pathobiol Rep.
2018;6:219-24. https://doi.org/10.1007/540139-018-0184-8.

Cartiera MS, Johnson KM, Rajendran V, Caplan MJ, Saltzman WM. The
uptake and intracellular fate of plga nanoparticles in epithelial cells.
Biomaterials. 2009;30:2790-8. https://doi.org/10.1016/j.biomateria
5.2009.01.057.

Cuggino JC, Blanco ERO, Gugliotta LM, Alvarez Igarzabal Cl, Calderon M.
Crossing biological barriers with nanogels to improve drug delivery per-
formance. J Control Release. 2019;307:221-46. https://doi.org/10.1016/j.
jconrel.2019.06.005.

Cui F, Qian F, Yin C. Preparation and characterization of mucoadhesive
polymer-coated nanoparticles. Int J Pharm. 2006;316:154-61. https://doi.
0rg/10.1016/}ijpharm.2006.02.031.

Song CX, Labhasetwar V, Murphy H, Qu X, Humphrey WR, Shebuski RJ,

et al. Formulation and characterization of biodegradable nanoparticles
for intravascular local drug delivery. J Control Release. 1997;43:197-212.
https://doi.org/10.1016/5S0168-3659(96)01484-8.

Fernandes C, Martins C, Fonseca A, Nunes R, Matos MJ, Silva R, et al.
Pegylated plga nanoparticles as a smart carrier to increase the cellular
uptake of a coumarin-based monoamine oxidase b inhibitor. ACS Appl
Mater Interfaces. 2018;10:39557-69. https://doi.org/10.1021/acsam
i.8b17224.

Song, ShiY, Zhang L, Hu H, Zhang C, Yin M, et al. Synthesis of csk-dex-
plga nanoparticles for the oral delivery of exenatide to improve its mucus
penetration and intestinal absorption. Mol Pharm. 2019;16:518-32. https
;//doi.org/10.1021/acs.molpharmaceut.8b00809.

Li Q, Liu CG, Yu Y. Separation of monodisperse alginate nanoparticles

and effect of particle size on transport of vitamin e. Carbohydr Polym.
2015;124:274-9. https://doi.org/10.1016/j.carbpol.2015.02.007.

SongY, Zhang L, Hu H, Zhang C, Yin M, Sun K; et al. Oral delivery system
for low molecular weight protamine-dextran-poly(lactic-co-glycolic acid)
carrying exenatide to overcome the mucus barrier and improve intestinal
targeting efficiency. Nanomedicine. 2019;14:989-1009.

Zheng Y, Wu J, Shan W, Wu L, Zhou R, Liu M, et al. Multifunctional
nanoparticles enable efficient oral delivery of biomacromolecules via
improving payload stability and regulating the transcytosis pathway. ACS
Appl Mater Interfaces. 2018;10:34039-49. https://doi.org/10.1021/acsam
i.8b13707.

Behrens |, Pena AlV, Alonso MJ, Kissel T. Comparative uptake studies of
bioadhesive and non-bioadhesive nanoparticles in human intestinal cell
lines and rats: the effect of mucus on particle adsorption and transport.
Pharm Res. 2002;19:1185-93.

Mantaj J, Abu-Shams T, Enlo-Scott Z, Swedrowska M, Vllasaliu D. Role of
the basement membrane as an intestinal barrier to absorption of mac-
romolecules and nanoparticles. Mol Pharm. 2018;15:5802-8. https://doi.
org/10.1021/acs.molpharmaceut.8b01053.

Abdulkarim M, Agullo N, Cattoz B, Griffiths P, Bernkop-Schnurch A,

Borros SG, et al. Nanoparticle diffusion within intestinal mucus: three-
dimensional response analysis dissecting the impact of particle surface
charge, size and heterogeneity across polyelectrolyte, pegylated and viral
particles. Eur J Pharm Biopharm. 2015;97:230-8. https://doi.org/10.1016/].
€jpb.2015.01.023.

Sinnecker H, Ramaker K, Frey A. Coating with luminal gut-constituents
alters adherence of nanoparticles to intestinal epithelial cells. Beilstein
Journal of Nanotechnology. 2014;5:2308-15. https://doi.org/10.3762/
bjnano.5.239.

Kamei N, Yamamoto S, Hashimoto H, Nishii M, Miyaura M, Tomada K, et al.
Optimization of the method for analyzing endocytosis of fluorescently


https://doi.org/10.1016/j.jconrel.2019.10.006
https://doi.org/10.1016/j.jconrel.2007.04.021
https://doi.org/10.1016/j.jconrel.2007.04.021
https://doi.org/10.1149/2.0171912jes
https://doi.org/10.1016/j.jconrel.2020.02.041
https://doi.org/10.1016/j.jconrel.2020.02.041
https://doi.org/10.1016/j.jconrel.2015.10.006
https://doi.org/10.1016/j.jconrel.2020.02.034
https://doi.org/10.1016/j.jconrel.2020.02.034
https://doi.org/10.1016/j.lfs.2018.08.046
https://doi.org/10.1016/j.lfs.2018.08.046
https://doi.org/10.1021/acsomega.0c01592
https://doi.org/10.1016/j.jconrel.2016.07.051
https://doi.org/10.1021/mp500439c
https://doi.org/10.1021/mp500439c
https://doi.org/10.3390/nano9010115
https://doi.org/10.3390/nano9010115
https://doi.org/10.3390/nano9030429
https://doi.org/10.3390/nano9030429
https://doi.org/10.1002/adfm.201805372
https://doi.org/10.1186/s12951-018-0394-6
https://doi.org/10.1039/c3tb20413h
https://doi.org/10.1039/c3tb20413h
https://doi.org/10.1016/j.carbpol.2019.03.024
https://doi.org/10.1016/j.carbpol.2019.03.024
https://doi.org/10.1016/j.biomaterials.2010.01.065
https://doi.org/10.1016/j.biomaterials.2010.01.065
https://doi.org/10.1016/j.ijpharm.2017.05.054
https://doi.org/10.1016/j.jconrel.2012.01.043
https://doi.org/10.1007/s40139-018-0184-8
https://doi.org/10.1016/j.biomaterials.2009.01.057
https://doi.org/10.1016/j.biomaterials.2009.01.057
https://doi.org/10.1016/j.jconrel.2019.06.005
https://doi.org/10.1016/j.jconrel.2019.06.005
https://doi.org/10.1016/j.ijpharm.2006.02.031
https://doi.org/10.1016/j.ijpharm.2006.02.031
https://doi.org/10.1016/S0168-3659(96)01484-8
https://doi.org/10.1021/acsami.8b17224
https://doi.org/10.1021/acsami.8b17224
https://doi.org/10.1021/acs.molpharmaceut.8b00809
https://doi.org/10.1021/acs.molpharmaceut.8b00809
https://doi.org/10.1016/j.carbpol.2015.02.007
https://doi.org/10.1021/acsami.8b13707
https://doi.org/10.1021/acsami.8b13707
https://doi.org/10.1021/acs.molpharmaceut.8b01053
https://doi.org/10.1021/acs.molpharmaceut.8b01053
https://doi.org/10.1016/j.ejpb.2015.01.023
https://doi.org/10.1016/j.ejpb.2015.01.023
https://doi.org/10.3762/bjnano.5.239
https://doi.org/10.3762/bjnano.5.239

Guo et al. J Nanobiotechnol (2021) 19:32

48.

49.

50.

51

52.

53.

54.

55.

tagged molecules: impact of incubation in the cell culture medium and
cell surface wash with glycine-hydrochloric acid buffer. J Control Release.
2019;310:127-40. https://doi.org/10.1016/jjconrel.2019.08.020.

He B, Lin P, Jia Z, DuW, Qu W, Yuan L, et al. The transport mechanisms

of polymer nanoparticles in caco-2 epithelial cells. Biomaterials.
2013;34:6082-98. https://doi.org/10.1016/j.biomaterials.2013.04.053.

Guo M, Wei M, Li W, Guo M, Guo C, Ma M, et al. Impacts of particle shapes
on the oral delivery of drug nanocrystals: mucus permeation, transepi-
thelial transport and bioavailability. J Control Release. 2019;307:64-75.
https://doi.org/10.1016/jjconrel.2019.06.015.

Chai GH, Hu FQ, Sun J, Du YZ, You J, Yuan HIMP. Transport pathways

of solid lipid nanoparticles across mdck epithelial cell monolayer.
2013;11:3716-26.

McCartney F, Jannin V, Chevrier S, Boulghobra H, Hristov DR, Ritter N, et al.
Labrasol(r) is an efficacious intestinal permeation enhancer across rat
intestine: ex vivo and in vivo rat studies. J Control Release. 2019;310:115-
26. https://doi.org/10.1016/jjconrel.2019.08.008.

Ahmad N, Bhatnagar S, Dubey SD, Saxena R, Sharma S, Dutta R: Nano-
packaging in food and electronics. In Nanoscience in food and agricul-
ture 4. 2017: 45-97: Sustainable agriculture reviews].

He Q, Liu J, Liu X, Li G, Chen D, Deng P, et al. A promising sensing platform
toward dopamine using mno2 nanowires/electro-reduced graphene
oxide composites. Electrochim Acta. 2019;296:683-92. https://doi.
0rg/10.1016/j.electacta.2018.11.096.

Ahmad N, Bhatnagar S, Ali SS, Dutta R. Phytofabrication of bioinduced
silver nanoparticles for biomedical applications. Int J Nanomedicine.
2015;10:7019-30. https://doi.org/10.2147/1IN.S94479.

Win KY, Feng SS. Effects of particle size and surface coating on cellular
uptake of polymeric nanoparticles for oral delivery of anticancer drugs.
Biomaterials. 2005;26:2713-22. https://doi.org/10.1016/j.biomateria
15.2004.07.050.

Page 21 of 21

56. Crecente-Campo J, Guerra-Varela J, Peleteiro M, Gutierrez-Lovera C,
Fernandez-Marino |, Dieguez-Docampo A, et al. The size and composition
of polymeric nanocapsules dictate their interaction with macrophages
and biodistribution in zebrafish. J Control Release. 2019;308:98-108. https
;//doi.org/10.1016/jjconrel.2019.07.011.

57. Walczak AP, Hendriksen PJ, Woutersen RA, van der Zande M, Undas
AK, Helsdingen R, et al. Bioavailability and biodistribution of differently
charged polystyrene nanoparticles upon oral exposure in rats. J Nanopart
Res. 2015;17:231. https://doi.org/10.1007/511051-015-3029-y.

58. Czuba E, Diop M, Mura C, Schaschkow A, Langlois A, Bietiger W, et al. Oral
insulin delivery, the challenge to increase insulin bioavailability: influence
of surface charge in nanoparticle system. Int J Pharm. 2018;542:47-55.
https://doi.org/10.1016/j.ijpharm.2018.02.045.

59. Kollner S, Dunnhaupt S, Waldner C, Hauptstein S, PereiradeSousa
I, Bernkop-Schnurch A. Mucus permeating thiomer nanoparticles.

Eur J Pharm Biopharm. 2015,97:265-72. https://doi.org/10.1016/j.
€jpb.2015.01.004.

60. Akkus ZB, Nazir |, Jalil A, Tribus M, Bernkop-Schnurch A. Zeta potential
changing polyphosphate nanoparticles: a promising approach to
overcome the mucus and epithelial barrier. Mol Pharm. 2019;16:2817-25.
https://doi.org/10.1021/acs.molpharmaceut.9b00355.

61. Yuan H, Chen CY, Chai GH, Du YZ, Hu FQ. Improved transport and absorp-
tion through gastrointestinal tract by pegylated solid lipid nanoparticles.
Mol Pharm. 2013;10:1865-73. https://doi.org/10.1021/mp300649z.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1016/j.jconrel.2019.08.020
https://doi.org/10.1016/j.biomaterials.2013.04.053
https://doi.org/10.1016/j.jconrel.2019.06.015
https://doi.org/10.1016/j.jconrel.2019.08.008
https://doi.org/10.1016/j.electacta.2018.11.096
https://doi.org/10.1016/j.electacta.2018.11.096
https://doi.org/10.2147/IJN.S94479
https://doi.org/10.1016/j.biomaterials.2004.07.050
https://doi.org/10.1016/j.biomaterials.2004.07.050
https://doi.org/10.1016/j.jconrel.2019.07.011
https://doi.org/10.1016/j.jconrel.2019.07.011
https://doi.org/10.1007/s11051-015-3029-y
https://doi.org/10.1016/j.ijpharm.2018.02.045
https://doi.org/10.1016/j.ejpb.2015.01.004
https://doi.org/10.1016/j.ejpb.2015.01.004
https://doi.org/10.1021/acs.molpharmaceut.9b00355
https://doi.org/10.1021/mp300649z

	Research on the fate of polymeric nanoparticles in the process of the intestinal absorption based on model nanoparticles with various characteristics: size, surface charge and pro-hydrophobics
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Material and equipment
	Preparation of the model nanoparticles
	Characterization of model nanoparticles
	In vitro intestine penetration
	In situ intestine absorption
	Transmucus transport
	Cellular uptake
	Intracellular transport
	Transcellular transport
	Statistical analysis

	Results
	Characterization of model NPs
	Intestinal absorption of model NPs
	Evaluation of model NPs permeation in the mucus layer
	Evaluation of model NPs permeation in monolayer cells

	Discussion
	Particle size
	Surface potential
	Surface hydrophobicityhydrophilicity

	Conclusion
	Acknowledgements
	References




