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Introduction: Nanoparticles are increasingly used as drug carriers for oral administration. The
delivery of drug molecules is largely dependent on the interaction of nanocarriers and gastroin-
testinal (GI) mucus, a critical barrier that regulates drug absorption. It is therefore important to
understand the effects of physical and chemical properties of nanocarriers on the interaction with
GI mucus. Unfortunately, most of the nanoparticles are unable to be prepared with satisfactory
structural monodispersity to comprehensively investigate the interaction. With controlled size,
shape, and surface chemistry, copolymers are ideal candidates for such purpose.

Materials and methods: We synthesized a series of diblock copolymers via the atom transfer
radical polymerization method and investigated the GI mucus permeability in vitro and in vivo.
Results: Our results indicated that uncharged and hydrophobic copolymers exhibited enhanced
GI absorption.

Conclusion: These results provide insights into developing optimal nanocarriers for oral
administration.

Keywords: absorption barriers, oral drug delivery system, ATRP, nanoparticles

Introduction

Oral administration, because of its convenience, high safety, and good patient
compliance,' has played a dominant role in pharmaceutical market for a long time.
Oral drug delivery is less invasive compared to injections, which helps to improve
patient compliance.”* However, there is a layer of mucus barrier on the surface of the
gastrointestinal (GI) tract.>” On the one hand, it serves as a very efficient barrier that
provides lubrication and regulates moisture content in the underlying tissues, as well
as prevents harmful particles, viruses, and bacteria from entering the human body.?’
On the other hand, the protective function of the mucus also hampers the diffusion of
drugs, which dramatically reduces their efficiency.'®!! Nanoparticles that are unable to
contact with the GI epithelial cells during the effective absorption time will be excreted
in the stool with updated mucus, resulting in failed drug delivery.'>!* Therefore, effec-
tive interaction with GI mucosa is crucial for nanocarriers.

Mucus, a complex network of highly branched glycoproteins, lipids, serum macro-
molecules, electrolytes, cells, and other cellular debris, is the first barrier that orally
delivered drugs diffused before entering the circulatory system.' The mucus gel layer,
covering the surfaces of mucosal membranes, is a dynamic system, which can be con-
tinuously reformed through secretion of mucins by the goblet cells.!* Furthermore, the
abundance of intermolecular interactions, including hydrogen bonding and electrostatic
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and hydrophobic interactions, coupled with the high degree
of physical entanglements between mucus constituents result
in the high viscoelasticity and effective porosity of the gel
network.'*"'8 The high viscoelasticity and adhesivity of mucus,
along with the abundance of possible interactions between par-
ticle and environment, can severely retard diffusion of a drug
carrier or molecule.'** Therefore, the physical and chemical
properties of nanoparticles, such as charge, hydrophobicity,
and particle size, are expected to greatly affect the permeability
of nanoparticles through the mucus layer.

The transport of drug carriers across the mucosal barrier
has significant implications for the development of oral drug
delivery systems.?"*> The ability of different materials, such
as some polymers, to adhere and diffuse on the surface of
mucous coat has been often used in transmucosal delivery
system to improve drug bioavailability.'®!” Even though
efforts have been made in studying the effects of nanoparticle
charge, size, and hydrophobicity on diffusion through mucus
diffusion, there is a large variation in techniques.”*' Besides,
the nanoparticles prepared by using the conventional method
often had a range of sizes; therefore, it is difficult to determine
the influence of the surface properties on the mucus layer.
In addition, the investigations on the effects of particle size,
surface charge, and hydrophilicity had little or no consider-
ation on maintaining other effect factors constant. Therefore,
in this study, to better understand the interaction of nanocar-
riers with GI mucus, we synthesized diblock copolymers by
atom transfer radical polymerization (ATRP)**3* method.
The particle size, surface charge, and hydrophilicity could be
precisely controlled by adjusting the reaction parameters. A
hydrophobic near-infrared dye cypate, served as model drugs,
was encapsulated into the copolymers. Compared with other
drug loaded nanoparticles, the permeability of nanoparticles
with different properties in GI mucus layer was studied sys-
tematically, which provided a reference for the selection of
vectors in oral drug delivery system. In addition, most of the
previous studies'*'®27 on the oral administration system were
used for hydrophilic drugs, such as insulin, and our polymer
was designed for carrying hydrophobic drugs.

Materials and methods

Materials

Ethyl 2-bromoisobutyrate (EbiB), N,N,N’,N” N”-pentamethy
ldiethylenetriamine (PMDETA), ethyl methacrylate (EMA),
2-hydroxyethyl methacrylate (HEMA), 2-hydroxyethyl acry-
late (HEA), tertiary-butyl Methacrylate (TBMA), dimeth-
ylaminoethyl methacrylate (DMAEMA), trifluoroacetic acid
(TFA), and CuBr were all purchased from Macklin (Shanghai,
China). The chemicals were used without further purification

except for CuBr, which was purified by successively washing
with glacial acetic acid and ethanol for three times, followed
by drying under vacuum at 25°C for 12 h. Mucin from por-
cine stomach (type II) was purchased from Sigma-Aldrich
Co. (St Louis, MO, USA). Coumarin 6 was purchased from
Aladdin Industrial Corporation (Shanghai, China). N,N-
Dimethylformamide (DMF) and tetrahydrofuran (THF)
were all obtained from Sinopharm Chemical Reagent Co
(Shanghai, China). Near-infrared dye cypate (Ex: 780 nm,
Em: 810 nm) was synthesized in our laboratory. Dulbecco’s
Modified Eagle’s Medium, penicillin, streptomycin, trypsin,
and fetal bovine serum were purchased from Kangyuan
Corporation (Tianjin, China). 3-(4,5-Dimethylthialzol-a-yl)-
2,5-diphenyltetrazolium bromide (MTT) was purchased from
Solarbio Corp (Beijing, China). Kunming normal mice (male)
were purchased from Daren Laboratory Animal Co. Ltd.
(Qingdao, China).

Ethical statement

All the animal experiments were performed in the Animal
Center of Qingdao University in accordance with National
Institutes of Health Animal Care guidelines and the Animal
Management Rules of the Ministry of Health of the People’s
Republic of China. The in vivo studies were approved by the
Animal Care Ethical Committee of Qingdao University.

Methods

Synthesis of the macroinitiator-poly ethyl
methacrylate (PEMA)

In this study, the macroinitiator was synthesized via ATRP.3234
Briefly, EbiB (63 pL, 0.2576 mmol), EMA (1,612 uL,
12.88 mmol), and PMDETA (200 pL, 0.9579 mmol) were dis-
solved in 2 mL DMF. CuBr was quickly added to the reaction
tube as the catalyst after the mixture was frozen in liquid nitro-
gen. Then, the air in the reaction tube was removed by vacuum,
and the reaction tube was sealed. The reaction was carried out
at 60°C. After 24 h, the mixture was exposed to air to terminate
the reaction. The crude product was precipitated with excess
water and then redissolved in DMF. The solution was dialyzed
against deionized water for 2 days to remove impurities. The
final product was obtained through freeze-drying. Thus, the
copolymer PEMA was synthesized.

Synthesis of diblock copolymers

Synthesis of diblock copolymers with different properties
The ATRP of different copolymers were conducted by
using purified PEMA as the macroinitiator. And the
procedure is similar to that of ATRP of PEMA. First, PEMA
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(0.2 g, 0.058 mmol), DMAEMA (492 uL, 2.92 mmol),
and PMDETA (200 puL, 0.9579 mmol) were dissolved in
2 mL of DMF. Through the operating process as above, the
positively charged copolymers PEMA-b-PDMAEMA (poly
[2-(dimethylamino) ethyl methacrylate]) were obtained by
freeze-drying. The diblock copolymers PEMA-b-PHEA
(poly [2-hydroxyethyl acrylate]), PEMA-b-PHEMA (poly

(0]
/\O)J\{/Br . )J\’(o\/
(o]

[2-hydroxyethyl methacrylate]), and PEMA-(PDMAEMA-
co-PHEA) were prepared by using the same methods.
Negatively charged copolymers (PEMA-b-PMAA [poly
(methacrylic acid)]) were obtained by treating PEMA-b-
PTBMA (poly [tertiary-butyl methacrylate]) with TFA for
8 h, followed by dialysis and freeze-drying. The syntheses of
all diblock copolymers are depicted in Scheme 1.
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Scheme | Synthetic routes of PEMA-Br polymer, PEMA-b-PDMAEMA, PEMA-b-PMAA, PEMA-(PDMAEMA-co-PHEA), PEMA-b-PHEA and PEMA-b-PHEMA diblock

copolymers.
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Synthesis of diblock copolymers with different sizes

The copolymers with different sizes were synthesized by
adjusting the molar ratio of hydrophobic and hydrophilic seg-
ments of PEMA-b-PMAA. The hydrophobic segments were
synthesized with three molar ratios of 1:30, 1:50, and 1:100,
and then the hydrophilic segments were synthesized with the
molar ratios of 1:60, 1:50, and 1:100, respectively.

Model drug encapsulation

To investigate the drug loading profiles of the copolymers,
fluorescence dye, cypate, served as model drug, was encap-
sulated into different polymers. Briefly, cypate was first
dissolved in 0.5 mL dimethyl sulfoxide (DMSO) and then
added dropwise to 5 mL phosphate-buffered saline (PBS)
(containing 2 mg polymer) under magnetic stirring at room
temperature. The solution was then placed into a dialysis
tube (MWCO 10000) against 2 L distilled water for 24 h.
After dialysis, centrifugation (10,000 rpm for 10 min) was
carried out to remove free drugs. Then, particle size and
{-potential were determined by Malvern Zetasizer Nano-
7590. The entrapment efficiency was calculated according
to the following equation: entrapment efficiency = (mass of
dye loaded in copolymer solution/mass of dye fed initially) x
100%; loading content = (mass of cypate loaded in copolymer
solution/mass of cypate-loaded copolymer solution) x 100%.

Characterization of diblock copolymers

To determine the structure of copolymers, the 'H nuclear
magnetic resonance ('"H NMR, INM-ECP600; JEOL, Tokyo,
Japan) spectra and gel permeation chromatography (GPC,
PL1110-6504; Agilent Technologies, Santa Clara, CA, USA)
of copolymers were measured. The molecular weights and
polydispersities of diblock copolymers were measured with
PLgel 5 um MIXED-D and a differential refractive index
detector. The measurements were performed by using THF
as the eluent at a flow rate of 1.0 mL/min. The calibration
was carried out with polystyrene standards. The copolymers
were dissolved in THF before being added into water drop-
wise. The concentration of the polymer solutions was then
adjusted to 0.2 mg/mL, and the particle size and {-potential
were determined by Malvern Zetasizer Nano-ZS90 (Malvern
Instruments, Malvern, UK) after THF was evaporated com-
pletely. The size and morphologies of polymer solutions
were observed by transmission electron microscope (TEM,
JEM2010, JEOL). The surface hydrophobicity was evaluated
by measuring the contact angle. For the water contact angle
(WCA) tests, 5 mL of the copolymer solution was applied
onto a glass microscope slide. The solution formed a thin

film on the glass after water was evaporated. And then the
WCAs were measured. Furthermore, in order to determine the
stability of the samples, the mean particle size and {-potential
of each sample were measured at different time.

Mucus—copolymer interaction study

The interaction between copolymers with various properties
and artificial mucus was studied by following the procedure
below: First, 100 pL of artificial mucus (20 mg/mL in PBS,
0.1 M, pH =6.5) was added into 1 mL of polymer solutions
(0.2 mg/mL). The mixture was then incubated in a thermo-
mixer at 37°C and 120 rpm for 4 h. Next, the mixture was
centrifuged at 4°C and 12,000 rpm for 30 min. At each point
of 1,2, 3, and 4 h, the particle size and {-potential were deter-
mined after the mixture was dispersed in 1 mL of distilled
water. At the same time, the particle size and {-potential of
plain mucus were measured as the control (n=3).

Diffusion studies using Transwell®

chambers

To investigate the transportation of copolymers across the
mucus barrier, 12-well plates (12 mm; pore size: 3 wm;
Corning Incorporated, Corning, NY, USA) were used as
previously reported.*>3¢ First, coumarin-6 was added to
copolymer THF solutions to achieve coumarin-6-loaded
polymer solutions. In the coumarin-6-loaded polymer solu-
tions, the coumarin-6/copolymer ratio was 1:1,000 (w/w).
And then the encapsulation efficiency (EE) of coumarin-6
was measured. 100 puL of artificial mucus (20 mg/mL in PBS,
0.1 M, pH =6.5) was put in each Transwell and 500 uL of
the coumarin-6-loaded polymer solutions (0.2 mg/mL) were
placed on the top of the mucus layer. The Transwell was put
in 12-well plate, and the acceptor chamber contained 1.5 mL
of PBS (pH =6.5). The plate was put on the incubated shakers
(WIGGENS, WS-600) at 37°C and 120 rpm. At predeter-
mined time points of 1, 2, 3,4, 5, and 6 h, 100 pL samples
were removed from the acceptor chamber and replaced with
the same volume of PBS. The amount of permeated particles
was calculated by standard curve of coumarin-6 concentra-
tion and fluorescence intensity (n=3).

In vitro cytotoxicity assays

MTT assay was used to test the cytotoxicity of different
copolymers on Caco-2 cells. Cells were seeded in 96-well
plates at a density of 2x10° per well and incubated for 24 h
at 37°C before starting the treatment. Prior to the test, the
medium was withdrawn and the cells were washed with
PBS. Subsequently, cells were treated with a series of
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different concentrations (from 5 to 400 ug/mL) of different
copolymer solutions. After incubation for 24 h, 20 uL of
MTT (5 mg/mL) was added to each cell and incubated for
another 4 h. Then the medium was removed, the cells were
washed by PBS once and replaced by 150 uL of DMSO.
Finally, the absorbance was measured by a microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA) at
490 nm. The Caco-2 cells treated with the medium were
evaluated as control. Cell viability was calculated by the
following formula:

I A
Cell viability (%) = —=24 » 100

control

and A
cells and control cells, respectively.

where A represented the absorbance of treated

treated control

In vitro distribution in the small intestine
Copolymers labeled with coumarin-6 were prepared for distri-
bution studies. To determine the distribution of coumarin-6-
labeled copolymers in the small intestine, the intestinal loop
experiments were carried out as previously described.”’ First,
Kunming mice were sacrificed, and a 2 cm jejunum region
was taken out from the abdomen. Then the jejunum was tied
off, and 200 UL of coumarin-6-labeled polymer solutions was
injected into the loop using a syringe. At the completion of
the experiment (about 30 min), the tissues were sliced and
1 cm segment of tissues were placed in chambers. Sections
were imaged by using a confocal microscopy (Nikon A1R
MP; Nikon Corporation, Tokyo, Japan).

In vivo distribution studies

In order to investigate the absorption and excretion of copo-
lymers with various properties in the GI tract, 68 week male
Kunming mice were used. First, cypate-uploaded polymer
solutions (0.2 mg/mL) were prepared and the cypate/
copolymer ratio was 1:10. The mice were weighed, and
then the abdominal hair was shaved before Vaseline was
applied. The mice were divided into four groups, which were
administered with different kinds of copolymers (150 UL per
10 g weight). The mice were fasted for 12 h before gavage
administration. At predetermined time points of 0.5, 1,2,4, 8,
and 12 h, fluorescence intensity was observed by using in vivo
imaging system (IVIS Spectrum, Ex: 780 nm, Em: 8§10 nm;
PerkinElmer Inc., Waltham, MA, USA). Then, the mice were
sacrificed before dissecting the stomach and intestine, and
ex vivo fluorescence imaging was carried out.

In addition, the release of copolymer-cypate in vitro was
calculated to ensure that changes of fluorescence intensity in
vivo was caused by copolymer-cypate rather than the free cypate.
Briefly, the sample was kept inside a dialysis bag and dispersed
in PBS (pH =7.4) before shaking at 100 rpm. Then, 200 puL of the
suspension was withdrawn at predetermined time intervals and
replaced with equal volume of solution. Finally, the absorbance
of the sample was determined by UV spectrophotometer.

Ex vivo distribution in small intestine

To further investigate the diffusion of copolymers
in the intestine, ex vivo animal experiment was con-
ducted. First, mice were anesthetized by 1% pento-
barbital sodium (70 mg/kg), and a 2 cm jejunum region was
tied off from an incision in the abdomen. Then 200 UL of
coumarin-6-loaded polymer solutions was injected into the
loop by using a syringe. At different time points (from 15
to 60 min), the mice were sacrificed and the tissues were
frozen in Optimal Cutting Temperature compound. For
all tissues, 20 um thick sections were cut by using a Leica
CM-3050-S cryostat (Leica, Wetzlar, Germany). The tissue
sections were stained with Mounting Medium, antifading
with 4’,6-diamidino-2-phenylindole and were imaged by
using a confocal microscopy (Nikon A1R MP; Nikon).

Results and discussion
Synthesis and characterization of diblock

copolymers

The synthetic routes of diblock copolymers are shown in
Scheme 1. According to the charge character, hydrophobicity,
and pore size distribution of the mucus,”? we designed dif-
ferent diblock copolymers to investigate their behavior in
the mucus layer. PEMA-Br was first prepared by ATRP.
Then, ATRP of DMAEMA/TBMA/HEA/HEMA was car-
ried out in DMF by using PEMA-Br as a macroinitiator and
CuBr/PMDETA as the catalyst system. By the method of
polymerizing different monomers on the basis of macroinitia-
tor, we synthesized copolymers with different charges and
hydrophobicity properties. At the same time, we obtained
copolymers with different sizes by adjusting the proportion
of the hydrophobic segments and hydrophilic segments of the
diblock polymer. Compared to previous investigations,>*¥>-34
polymers could be prepared by controllable polymeriza-
tion with predictable molecular weights and structures by
ATRP method. The polymers with controllable molecular
weight, narrow molecular weight distribution, abundant raw
materials, and low price were synthesized.
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Figure | 'H NMR spectra of (A) ethyl methacrylate, (B) PEMA-Br polymer, (C) PEMA-b-PDMAEMA diblock copolymer, (D) PEMA-b-PTBMA diblock copolymer, (E) PEMA-b-
PHEA diblock copolymer, and (F) PEMA-b-PHEMA diblock copolymer. CDCI, was used as the solvent in all images except (E) and (F) which were dissolved in DMSO-d,.
Abbreviations: 'H NMR, 'H nuclear magnetic resonance; PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PTBMA, poly (tertiary-
butyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl methacrylate); DMSO, dimethyl sulfoxide.

'"H NMR and GPC were used to confirm the chemical
structures and molecular weights of the copolymers. Figure 1B
shows the '"H NMR spectrum of PEMA-Br sample: reso-
nances at § 0.86-1.02 ppm (peak d) indicates the presence
of pendent methyl (-COOCH,CH,) protons, whereas
the peak at & 4.02 (peak a) corresponds to methylene
(~COOCH,CH,) protons. In the region of 6 1.81-1.25, the
peaks at 6 1.81-1.99 ppm (peak b) are assigned to the
methylene protons [-CH,C(CH,)-] and the peaks at &
1.25 ppm (peak c) are attributed to methyl [-CH,C(CH,)-]
from PEMA backbone. Comparing the '"H NMR spectra
of ethyl methacrylate (Figure 1A) with that of PEMA-Br
(Figure 1B) in CDCIl,, we found that the peaks corre-
sponding to the double bond protons (& 5.54 and & 6.09)
disappeared and new peaks at & 1.81-1.99 ppm (peak b)
appeared in Figure 1B, indicating that all the double bonds
were reacted. Figure 1C shows the '"H NMR spectrum of
PEMA-b-PDMAEMA. The chemical shifts, 6 2.56 ppm
(peak e) and 8 2.27 ppm (peak f), are mainly attributed to the
pendent methylene [-COOCH,CH,—N(CH,),] and methyl

[-COOCH,CH,~-N(CH,),] protons of the DMAEMA arms,
respectively, indicating the presence of DMAEMA chains.
The signal at 1.40 ppm (peak e) of Figure 1D was assigned
to the pendent methyl [~-COOC(CH,),] protons, which
confirmed that PEMA-b-PTBMA was formed. The new
singlets of 8 3.56 (peak e) and & 4.78 (peak f) in Figure 1F
were assigned to pendent methylene (-COOCH,CH,OH)
protons and pendent hydroxy (~COOCH,CH,OH) protons,
indicating the new group in copolymers. In comparison with
the spectrum shown in Figure 1F, the new singlet of 8 2.25
(peak g) shown in Figure 1E (PEMA-b-PHEA) corresponds
to methine [-CH,CH~-] protons, indicating the presence
of HEA chains. These results confirmed the presence of
hydrophilic and hydrophobic groups in the copolymers.
Figure 2 and Table 1 showed the GPC data of five different
copolymers. The different diblock copolymers all exhibited a
higher molecular weight compared with PEMA-Br homopo-
lymer, indicating that the ATRP reaction was successfully
achieved. From Table 1, it can be seen that PEMA-Br is
polymerized from small molecules into large molecules.
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Figure 2 Molecular weight distribution of each polymer.

Note: Signals at 10.3 and 10.8 min of elution time were caused by solvent.
Abbreviations: PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino]
ethyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly
(2-hydroxyethyl methacrylate); PMAA, poly (methacrylic acid).

As compared to PEMA-Br, the molecular weight of other
copolymers became much larger, suggesting the occurrence
of polymerization.

Particle size, {-potential, and contact angle
As expected, the five copolymers (PEMA-b-PDMAEMA,
PEMA-b-PMAA, PEMA-[PDMAEMA-co-PHEA], PEMA-
b-PHEA, and PEMA-b-PHEMA) showed roughly the
same particle size of around 200 nm (Table 2), and TEM
images indicated small and uniform size (Figure 3A-E).
For the {-potential, it can be altered by changing the ligand
of the copolymers. It is obvious that when the hydro-
philic segment was DMAEMA, the copolymers carried
a positive charge on particle surface (+47.7 mV), while
PEMA-b-PMAA showed a negative potential (-49.9 mV)
and PEMA-(PDMAEMA-co-PHEA) was electrically neutral

Table | Characteristic data of GPC

Sample M M, PD

PEMA-Br 3,999 4.8I11 1.203
PEMA-b-PDMAEMA 10,399 12,884 1.229
PEMA-b-PMAA 10,843 13,391 1.235
PEMA-(PDMAEMA-co-PHEA) 9,840 11,985 1.218
PEMA-b-PHEA 9,340 11,610 1.243

PEMA-b-PHEMA 9,670 12,039 1.245

Note: Number-average molecular weight (M), weight-average molecular weight
(M,), polydispersion index, PD =M /M .

Abbreviations: GPC, gel permeation chromatography; PEMA, poly ethyl meth-
acrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PHEA, poly
(2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl methacrylate); PMAA, poly
(methacrylic acid).

(Table 2). Our approach easily offered three materials with
different electric charges.

Different copolymer sizes were obtained by adjusting
the ratio of hydrophobic segment and hydrophilic segment,
and three polymers of different particle sizes were synthe-
sized. The materials were characterized by particle size and
TEM. Figure 3F-H shows the particle sizes ranging from
150 to 500 nm, and the three materials were named A, B,
and C, respectively. In addition, to evaluate the stability
of the polymers, changes in the mean particle size and
{-potential of the nanoparticles at different times were mea-
sured. No significant changes in the mean particle size or
{-potential of the polymers were found after nearly 1 month,
suggesting that most of the particles remained intact
(Figure S1).

Wetting behavior of the copolymers was assessed by mea-
suring the contact angle (Figure 31 and J). The contact angle
of the drop was found to be 86.7°+3.32° and 62.6°+3.81°
for PEMA-b-PHEMA and PEMA-b-PHEA, respectively.
From the data, we can conclude that the two materials are
both hydrophilic. HEA significantly enhanced the surface
hydrophilicity of the copolymers than HEMA, indicating that
HEMA is more hydrophobic than HEA. Therefore, compared
to PEMA-b-PHEA, PEMA-b-PHEMA is less hydrophilic.
In order to distinguish these two materials, PEMA-b-PHEA
was named hydrophilic material, while PEMA-b-PHEMA
was named hydrophobic material. The results indicated
that by using ATRP method, we can easily obtain polymers
with different potentials, hydrophilicity, and particle sizes,
which provided better materials for the in vivo and in vitro
experiments.

Model drug encapsulation

After encapsulating with hydrophobic dye cypate, the average
diameter by DLS measurement all decreased (Table 2). The
hydrophobic interaction between cypate and polymer would
result in the hydrophobic core becoming much more intense,
representing the decreased size compared to initial polymer
solution. Since the cypate was uploaded into the inner core
of the polymers, {-potential did not show obvious changes,
and the EE is 74.6%.

Mucus—copolymer interaction study

To determine whether the properties of copolymers remained
the same during the interaction with mucus, we monitored
the {-potential and size of copolymers (Figures 4 and S2).
As shown in Figure 4A, mucus can obviously change the
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Table 2 Characteristic data of copolymers and cypate-loaded copolymers

Sample Size (nm) PDI {-Potential
(mV)
(+) PEMA-b-PDMAEMA 201.8+0.78 0.105+0.036 47.7+0.624
(+) PEMA-b-PDMAEMA@cypate 174.141.905 0.129+0.021 45.9+0.583
PEMA-(PDMAEMA-co-PHEA) 204.1+3.024 0.067+0.04 —2.411+0.31
PEMA-(PDMAEMA-co-PHEA)@cypate 178.4+1.015 0.1254+0.026 —2.11£0.255
(-) PEMA-b-PMAA 196.9+2.61 0.13440.012 —49.9+0.473
(-) PEMA-b-PMAA@cypate 155.1%£1.75 0.115+0.013 —50.3+0.387
(Hydrophilic) PEMA-b-PHEA 202.6+4.53 0.124+0.039 —19.9+0.208
(Hydrophilic) PEMA-b-PHEA@cypate 182.9+1.893 0.158+0.005 —19.1+0.334
(Hydrophobic) PEMA-b-PHEMA 199.5+2.29 0.13340.039 —19.9+0.529
(Hydrophobic) PEMA-b-PHEMA@cypate 169.310.462 0.1590.02 -20.840.438
PEMA, -b-PMAA 141.643.3 0.128+0.019 —46.5+0.681
PEMA. -b-PMAA,_ @cypate 124.1+1 305 0.095+0.008 -48.2+0.683
PEMA_ -b-PMAA 317.1443 0.143+0.028 ~51.4+1.71
PEMA. -b-PMAA,_ @cypate 282.7+4.539 0.058+0.03 -49.8+0.987
PEMA, ,,-b-PMAA, ., 487.3+263 0.251+0.025 —49.9+1.47
PEMA -b-PMAA @cypate 468.2+17.5 0.203+0.018 —48.8+1.103

Abbreviations: PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl
methacrylate); PMAA, poly (methacrylic acid); PDI, polydispersion index.
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Figure 3 Transmission electron microscope images of (A) PEMA-b-PDMAEMA, (B) PEMA-b-PMAA, (C) PEMA-(PDMAEMA-co-PHEA), (D) PEMA-b-PHEA, and (E) PEMA-
b-PHEMA polymer solutions and size distribution of (F) PEMA, -b-PMAA_, (G) PEMA, -b-PMAA,, and (H) PEMA -b-PMAA  polymer solutions; inset: transmission
electron microscope images of three different size polymer solutions; images | and ] show the water contact angles of PEMA-b-PHEA and PEMA-b-PHEMA, respectively.
Images were taken at 30 s after water drops contacting on the surface.

Abbreviations: PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl
methacrylate); PMAA, poly (methacrylic acid).
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Figure 4 (A) Variation of {-potential of five different properties, particle size of (B) PEMA-b-PDMAEMA, PEMA-(PDMAEMA-co-PHEA), and PEMA-b-PMAA and (C) PEMA-
b-PHEA and PEMA-b-PHEMA, and (D) three different size polymer solutions incubated with mucus at 37°C pH 6.5. Values are mean = standard deviation (n=3).
Abbreviations: PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl

methacrylate); PMAA, poly (methacrylic acid).

C-potential of PEMA-b-PDMAEMA from positive to nega-
tive in 1 h and the {-potential of all the materials changed to
roughly =30 mV after incubation for 4 h. It is obvious that
the surface properties of the positively charged materials
have changed by the effect of mucus. Figure 4B showed
that, compared to the particle size of PEMA-(PDMAEMA-
co-PHEA), the particle size of positively charged materials
increased from 200 to 450 nm and the size of negatively
charged materials increased to 410 nm. For hydrophilic and
hydrophobic nanoparticles, the size of PEMA-b-PHEMA
was maintained at about 250 nm, whereas the particle size of
PEMA-b-PHEA increased to 700 nm (Figure 4C). Hence, the
particle size of PEMA-b-PHEA showed greater change than
that of PEMA-b-PHEMA. From the data of particle size and
C-potential, it can be concluded that the change of hydrophilic

and positively charged copolymers is more significant
than those of others. In contrast, neutral and hydrophobic
copolymers showed little size change, probably due to less
aggregation in mucus. It can be seen in Figure 4D that the
particle size of copolymers increased significantly after
interaction with mucus. Specifically, the particle size of
copolymer A increased from 140 to 400 nm, the particle size
of copolymer B increased from 317 to 600 nm, and that of
copolymer C increased from 500 to 670 nm. Although the
size of copolymer A increased at a greater extent, the eventual
particle size remained the smallest among these three copo-
lymers. The particle size and {-potential of mucus have been
measured to be about 1,800 nm and —20 mV, respectively,
suggesting considerable change of -potential and particle
size were possibly due to the aggregation of polymers in
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the mucus layer. The adhesion mechanisms of copoly-
mers to mucus are predominantly based on electrostatic/
ionic interactions, as well as hydrophobic interactions or
hydrogen bonding. Here, the mucin—copolymer interaction
method suggested that positively charged and hydrophilic
copolymers have a higher tendency to electrostatically bind
mucin as compared to others. The strength of interactions
was confirmed by the {-potential of the mucin—copolymer
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dispersion, indicating the penetration of polymers in mucus
layer, which we will investigate in another experiment.

Diffusion studies using Transwell®
chambers

Figure 5A and B shows the permeability of polymer with dif-
ferent properties in the mucus layer. The infiltration capacity
was calculated by the standard curve of coumarin-6, and the
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Figure 5 Release of (A) PEMA-b-PDMAEMA, PEMA-(PDMAEMA-co-PHEA), and PEMA-b-PMAA and (B) PEMA-b-PHEA and PEMA-b-PHEMA, and (C) three different size
polymer solutions incubated with mucus at 37°C pH 6.5 in Transwell® chamber. (D) Comparison of cumulative release rate of copolymer-cypate in vitro. Values are mean +

standard deviation (n=3).

Abbreviations: PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl

methacrylate); PMAA, poly (methacrylic acid).
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EE is about 56%. As shown in Figure SA, permeability of
negatively charged and uncharged copolymers increased
rapidly during the first 2 h, whereas infiltration of positively
charged copolymers increased only slightly after 4 h. Neutral
copolymers showed the highest permeation, and the infiltration
capacity reached as high as 46 pg. In Figure 5B, the perme-
ability of the hydrophilic copolymers showed no obvious
change, with the infiltration capacity of about 7 pug. The
penetration of PEMA-b-PHEMA remained stable after 1 h,
with the infiltration capacity of up to 23 pg at 6 h. From these
data, it can be concluded that compared to charged copoly-
mers, neutral copolymers can more easily penetrate the mucus
layer. In addition, it is not easy for the hydrophilic copolymers
to penetrate the mucus layer. This result is consistent with
the result of “Mucus-copolymers interaction study” section
mentioned above. Mucoadhesion studies performed by the
mucus—copolymer method confirmed the intrinsic capability
of PEMA-b-PDMAEMA and PEMA-b-PHEA to interact
with negatively charged mucin, and this finding prompted
toward the investigation of permeating ability. Furthermore,
the negatively charged and neutral copolymers showed small
changes in the particle size and {-potential, indicating a large
permeation in the mucus. The positively charged copolymers
showed large size change, and the charge was changed from
positive to negative, accompanied by the poor permeability
in the mucus. However, the particle size of the hydrophilic
copolymers is obviously larger than hydrophilic copolymers,
and the permeability of the hydrophilic copolymers is lower
in the mucus. We can speculate that this phenomenon may
largely facilitate the neutral and hydrophobic copolymers to

get access to the mucus layer. Figure 5C shows the perme-
ability of different sizes of copolymers in the mucus layer.
Increased particle size correlates with decreased infiltration.
The permeability of copolymer A increased rapidly after 2 h.
We can speculate that with the increase of particle size, the
copolymers are more likely to be trapped by the network
structure of mucus. Notably, although the {-potential of all
the copolymer solutions eventually reached to —30 mV in
the mucus layer, the particle size of electrically neutral and
hydrophobic polymers changed much less than that of the
others, which may account for the better permeability in the
mucus layer. Interestingly, the release rate became slow over
time, probably due to the increased particle size caused by
the interaction with the mucus.

In vitro cytotoxicity assays

The cytotoxicity of copolymer solutions against Caco-2
cells was performed by MTT assay, as shown in Figure 6.
The cytotoxicity of polymers all increased slightly with the
increase in concentration, and the cell viability was >80%
even at the highest concentration of polymers (400 pg/mL)
for 24 h. The results suggested that our materials were
essentially non-toxic.

In vitro distribution in the mouse small

intestine

There are many mechanisms of GI mucus, including elec-
trostatic interactions and polymer interpenetration,®®*!
which are all designed to facilitate adhesion to mucus.
In this experiment, by scanning the intestinal from outside
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Figure 6 Cytotoxicity test of different polymers in Caco-2 cells after 24 h of incubation.
Abbreviations: PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl

methacrylate); PMAA, poly (methacrylic acid).
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to inside layer by layer with a laser scanning confocal micro-
scope, we could distinguish which copolymers are more
likely to pass through the mucous membranes and spread
faster in the intestinal. We scanned the intestinal from the
outside to the inside every 30 um and observed changes of
fluorescence intensity at the same location. In Figure 7, by
comparing PEMA-b-PDMAEMA, PEMA-b-PMAA, and
PEMA-(PDMAEMA-co-PHEA), it is obvious that PEMA-
(PDMAEMA-co-PHEA) copolymer showed stronger fluo-
rescence intensity at the same location. It can be inferred
that uncharged materials are easier to pass through the
mucus layer. Compared with PEMA-b-PHEMA, PEMA-
b-PHEA can also partly pass through the mucus layer, but
obviously, the fluorescence intensity of PEMA-b-PHEMA is
higher. And under the same condition, it can be seen that the

(+) PEMA-b-PDMAEMA

(-) PEMA-b-PMAA

.

1,000 pm

PEMA,-b-PMAA PEMA, -b-PMAA,

.
.
K L

Figure 7 The distribution of different copolymers in intestinal mucus layer.

.-
=3
S

fluorescence intensity is becoming weaker with the increase
of particle size in the same position. We can assume that with
increasing size, the particles are less likely to pass through
the mucus layer.

Based on these results, the validity of this approach was
demonstrated for the permeability of various copolymers.
We can directly compare the fluorescence intensity to judge
the behavior of polymer in the mucus layer. We think that
the mucin fiber interweave to form a dynamic mesh structure
with different pore sizes to influence the permeability of
materials with different sizes. Therefore, the material with
smaller particle size will more easily permeate through the
mucus layer, regardless of other factors.”® With regard to
the surface charge of the nanoparticles, according to the
relevant literature, materials with negative charges are better

PEMA-(PDMAEMA-co-PHEA)

(Hydrophilic) PEMA-b-PHEA
A C

(Hydrophobic)
PEMA-b-PHEMA

PEMA, -b-PMAA

Notes: The distance interval is 30 um from A to L in each sub-figure. White scale bars indicate 1,000 um. Magnification x40.
Abbreviations: PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl

methacrylate); PMAA, poly (methacrylic acid).

submit your manuscript

2850

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Interaction of gastrointestinal mucus with oral diblock copolymers

than materials with positive charges in terms of mucus
permeability, and the uncharged materials is better than the
negatively charged materials.?* Regarding the surface hydro-
philicity of nanoparticles, according to the discussion above,
the hydrophobic domain of mucin fiber may offer stronger
interaction with the hydrophobic nanoparticles, prolonging
the transport time in the mucus layer.54*%

In vivo distribution studies

According to previous reports,*** nanoparticles can be lim-
ited in mucus layer of GI tract from minutes to hours before
being cleared by mucus barrier. From the in vitro results of
the distribution in the mouse small intestine, we can make
a preliminary conclusion that PEMA-(PDMAEMA-co-
PHEA) and PEMA-b-PHEMA can be easily absorbed and
excreted in epithelium. In order to further investigate the
effects of different kinds of copolymers in the GI tract, the
in vivo distribution studies were carried out. The absorption
and excretion of the copolymer solutions in the GI tract
indicated the influence of mucus on the copolymers of dif-
ferent properties and sizes. As shown in Figure 8A and C,
the absorption and excretion of positively charged sample
PEMA-b-PDMAEMA showed no obvious change in the first
8 h, whereas the fluorescence intensity of negatively charged
sample PEMA-b-PMAA decreased gradually over time.
However, the fluorescence intensity of uncharged copoly-
mers disappeared faster than that of the negatively charged
copolymers in Figure 8E. It can be seen from the comparison
that the absorption and excretion of uncharged copolymers
are superior to negative copolymers over positively charged
copolymers in the GI tract. In Figure 8F, the fluorescence
intensity of the hydrophilic copolymer PEMA-b-PHEA
and hydrophobic copolymer PEMA-b-PHEMA decreased
gradually in vivo. The average fluorescence intensity of
PEMA-b-PHEMA decreased more rapidly than that of
PEMA-b-PHEA from 0.5 to 1 h, but the overall absorp-
tion and excretion were not significantly different. These
results correlated well with the study of the behavior of the
copolymers and indicated which copolymers could be better
across to the mucus layer. It should be noted that, when the
absorption and excretion on the mucus layer were evaluated,
uncharged and hydrophobic copolymers exhibited higher
relative bioavailability than other copolymers. This phenom-
enon might underscore the importance of mucus layer in the
in vivo investigation for oral delivery platforms. Moreover,
the in vivo pharmacological study showed excellent correla-
tions with the in vitro mucus diffusion. Our results demon-
strated that it is a promising strategy to develop nanocarriers

that could overcome multiple barriers in oral absorption.
Besides, from the images of stomach and intestines, the
change of fluorescence intensity of the five copolymers
was more obvious. The absorption of the copolymer
PEMA-(PDMAEMA-co-PHEA) was significantly higher
than that of PEMA-b-PMAA and PEMA-b-PDMAEMA.
Compared to PEMA-b-PHEA, the fluorescence intensity
of PEMA-b-PHEMA decreased more rapidly. Therefore,
we can conclude that the mucus has little effect on PEMA-
(PDMAEMA-co-PHEA) and PEMA-b-PHEMA. Figure 8B
and D shows the absorption and excretion of copolymers
with different sizes in vivo, respectively. In Figure 8G, it
can be seen that the average fluorescence intensity of copo-
lymer A disappeared quickly and the signals disappeared
at 12 h postinjection. In contrast, the average fluorescence
intensity of copolymers B and C decreased slowly. This is
consistent with the changes of the fluorescence intensity in
the GI tract. According to the results, the change of fluores-
cence intensity reflects the absorption and excretion of the
copolymers in vivo. It is obvious that the smaller the particle
size, the easier it is for the copolymers to pass through the GI
mucosa and the faster for the absorption of the copolymers
in absorptive epithelium. Moreover, Figure 5D shows that
the amount of copolymer-cypate released in vitro was <6%
in 12 h, indicating that the change of fluorescence intensity
in vivo is the cause of copolymer-cypate rather than the
free cypate.

Ex vivo distribution in the small intestine
To further investigate the influence of surface properties and
size on the interaction of nanoparticles and mucus layer,
ex vivo distribution of different nanoparticles was conducted,
as shown in Figure 9. Compared to the negatively charged
and uncharged copolymers, positively charged copolymers
are trapped in the mucus layer and the average fluorescence
intensity outside the mucus layer is lower. In Figure 9A, there
is no obvious difference between hydrophilic polymers and
hydrophobic polymers. However, the average fluorescence
intensity of hydrophobic polymers shown in Figure 9C is
higher than that of hydrophilic polymers, and the average
fluorescence intensity of uncharged copolymers is higher
than that of negative charged copolymers. In combination
with the in vivo results, the ex vivo results indicated that
PEMA-(PDMAEMA-co-PHEA) and PEMA-b-PHEMA
have stronger ability to pass through the mucus layer. From
Figure 9B and D, it is obvious that the smaller the particle size,
the easier it is to pass through the mucus layer. These results
were consistent with the results of the in vitro studies.
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Figure 8 (A and C) Intragastric administration of five different properties, (B and D) three different size polymer solutions in different time, and variation of average fluorescence
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methacrylate); PMAA, poly (methacrylic acid).
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Figure 9 Distribution of (A) different properties copolymers; (B) three different size copolymers in jejunum; average fluorescence intensity of (C) five kinds of copolymers
and (D) three different size copolymers in intestinal except mucus layer. Scale bars: 500 um. Magnification x40.
Abbreviations: PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl

methacrylate); PMAA, poly (methacrylic acid).

Based on these results, we believe that due to the nega-
tively charged nature of the mucus layer, the negatively
charged copolymers are easier to penetrate the mucus layer
than positively charged copolymers due to electrostatic inter-
actions. In addition, as compared to the negatively charged
copolymers, the uncharged copolymers showed greater per-
meability in the mucus layer due to the minimal interaction

with mucus.* Hydrophilicity is also an important factor.
The hydrophobic mucus layer is expected to have stronger
interaction with hydrophobic copolymers than hydrophilic
ones, and therefore, hydrophobic copolymers are more likely
to be absorbed and excreted in the mucus. In our study,
we synthesized diblock copolymers by ATRP, which can
adjust the particle size easily and obtain different properties
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polymers. We also studied the relationship between the prop-
erties of the nanoparticles and permeability in the mucous
layer, which provides guidance on the design of nanocarriers
for oral administration.

Conclusion

For oral administration, the mucus layer hinders the effective
absorption of drugs. A drug administration will fail if it is
unable to reach the epithelial surfaces of the GI tract in a rela-
tively short time. It is therefore important to have a bettering
understanding of how physical and chemical properties of
drug carriers affect the interaction with mucus layer. In this
study, we developed a series of copolymers for in vitro and
in vivo experiments and found that hydrophobicity and neutral
charge provide copolymers significant advantages in getting
across the mucus layer for enhanced drug uptake. These
results provide insights into developing optimal nanocarriers
for oral administration. In addition, model hydrophobic drug
cypate was encapsulated into the copolymers, and the results
showed no obvious changes in particle size and {-potential,
indicating that uploading hydrophobic drugs would not affect
the interaction between mucus with polymers. In the future,
we will study the transport of drug loaded particles in vivo
and in vitro based on the results obtained.
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Figure S1 (A) Size and (B) {-potential of the different polymer solutions after keeping in storage for different time (n=3).
Note: The size and {-potential before storage served as the control.

Abbreviations: PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl
methacrylate); PMAA, poly (methacrylic acid).

Figure S2 Transmission electron microscope pictures of (A) PEMA-b-PDMAEMA, (B) PEMA-b-PMAA, (C) PEMA-(PDAMEMA-co-PHEA), (D) PEMA-b-PHEA, (E) PEMA-
b-PHEMA, (F) PEMA, -b-PMAA_, (G) PEMA,-b-PMAA,  and (H) PEMA -b-PMAA  polymer solutions in mucus.

Abbreviations: PEMA, poly ethyl methacrylate; PDMAEMA, poly (2-[dimethylamino] ethyl methacrylate); PHEA, poly (2-hydroxyethyl acrylate); PHEMA, poly (2-hydroxyethyl
methacrylate); PMAA, poly (methacrylic acid).
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