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KEY WORDS Abstract In the microscale, bacteria with helical body shapes have been reported to yield advantages in
many bio-processes. In the human society, there are also wisdoms in knowing how to recognize and make

hiral ilica; . . e . . . . . . o
Chiral mesoporous silica; use of helical shapes with multi-functionality. Herein, we designed atypical chiral mesoporous silica

iﬁ;ﬁgfgg; nano-screws (CMSWs) with ideal topological structures (e.g., small section area, relative rough surface,
Geometric topological screw-like body with three-dimension chirality) and demonstrated that CMSWs displayed enhanced bio-
structure; adhesion, mucus-penetration and cellular uptake (contributed by the macropinocytosis and caveolae-
Intestinal epithelium mediated endocytosis pathways) abilities compared to the chiral mesoporous silica nanospheres (CMSSs)
barrier; and chiral mesoporous silica nanorods (CMSRs), achieving extended retention duration in the gastroin-
Oral adsorption testinal (GI) tract and superior adsorption in the blood circulation (up to 2.61- and 5.65-times in AUC).

After doxorubicin (DOX) loading into CMSs, DOX@CMSWs exhibited controlled drug release manners
with pH responsiveness in vitro. Orally administered DOX@CMSWs could efficiently overcome the in-
testinal epithelium barrier (IEB), and resulted in satisfactory oral bioavailability of DOX (up to 348%).

Abbreviations: APTES, 3-aminopropyltriethoxysilane; AUC(_., area under the curve; AR, aspect ratio; Cp,,x, maximum concentration; CMSs, chiral
mesoporous silicas nanoparticles; CMSWs, chiral mesoporous silica nano-screws; CMSRs, chiral mesoporous silica nanorods; CMSSs, chiral mesoporous
silica nanospheres; Cq4, drug loading capacity; DAPI, 4,6-diamidino-2-phenylindole; DOX, doxorubicin; DCM, dichloromethane; EDC-HCI, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; FBS, fetal bovine serum; FITC, Fluorescein isothiocyanate; F,., relative bioavailability;
TEOS, ethylsilicate; GI, gastrointestinal; HOBT, 1-hydroxybenzotriazole; IEB, intestinal epithelium barrier; IR, infrared spectroscopy; MB-CD, methyl-3-
cyclodextrin; MRT(_ ., mean residence time; MSNs, mesoporous silica nanoparticles; NPs, nanoparticles; nano-DDS, nano-drug delivery systems; N-PLA,
N-palmitoyl-L-alanine; PBS, phosphate buffer solution; RBCs, red blood cells; RITC, rhodamine B isothiocyanate; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; SBF, simulated body fluid; Sggt, Specific surface area; SD, Sprague—Dawley; SGF, simulated gastric fluid; SIF, simulated in-
testinal fluid; t/,, half-life; T,,., peak time; V,, pore volume; Wgjy, pore diameter; XRD, X-ray diffractometry.
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CMSWs were also proved to exhibit good biocompatibility and unique biodegradability. These findings
displayed superior ability of CMSWs in crossing IEB through multiple topological mechanisms and
would provide useful information on the rational design of nano-drug delivery systems.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Oral administration is recognized as the most convenient drug
delivery route because of its noninvasion and best patient-based
compliance' . Nevertheless, there are huge challenges for the
oral delivery of a majority of drugs due to the complex physio-
logical/chemical barriers in gastrointestinal (GI) tract [e.g., gastric
pH condition, GI enzymatic degradation, and intestinal epithelium
barrier (IEB)], which protect the internal tissues and organs from
invasion of harmful agents, contribute to the homeostasis of
microenvironment, and meanwhile limit the effective absorption
of various therapeutic molecules® ®. Among these intestinal bar-
riers, IEB (including the mucus layer and epithelial cells) is
considered to be the major barrier to prevent intact nanoparticles
(NPs) from efficiently entering the blood circulation through oral
administration™’. Although the delivery efficacy can be greatly
improved with the assistance of nano-drug delivery systems
(nano-DDS) existing smart stimulus-triggered drug release per-
formance, the low-efficiency oral absorption property of current
nano-DDS still greatly restricts their biomedical applications. One
of the main reasons is that, the vast majority of nano-DDS are
spherical in the current clinical trials or lab-scale studies due to
their ease of synthesis, which can minimize the surface free en-
ergy, and maintain the hydrostatic equilibrium. They also exhibit
some mechanical properties, such as strong stability, good flow-
ability, and impact resistant ability. However, from a geometric
perspective, spheres always mean large section area, small contact
area (“point” contact) and smooth surface, which are disadvantage
for many bio-processes and greatly limit the effectiveness of such
drug delivery systems. Along with the advance of self-assembly
strategies and the deeper understanding on the growth of NPs,
non-spherical nanomaterials, such as rod-shaped, hollow rod-
shaped, dendrimer-like, virus-like and core—shell structures,
have been gradually synthesized in recent years. Yu et al.'’
revealed that rod-shaped NPs showed faster diffusion than their
spherical counterparts in the mucus layer due to the rotation-
facilitated mechanism, and thus contributing to a better mucus
permeability and a longer GI detention time. This finding informs
us that the shape of NPs may influence the biological effects, and
non-spherical shapes may be a better choice though currently
conventional spherical NPs remain the dominant one.

Faced with such an adversity, we began to gain inspirations
from the microorganisms with superior adaptability and func-
tionality in the GI tract. One of the first things we learn in mi-
croorganisms is that they come in a wide variety of shapes in
nature: from spherical HIV viruses to rod-like Tobacco mosaic
viruses and Escherichia coli bacterias'""'?, and even the current
epidemic corona-liked severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) viruses. Morphology diversity not only
endows superiorities to the evolution and development of crea-
tures, but also is always consistent with functions as a result of
biological evolution. For example, some viruses with spike protein

rough surface present excellent cellular invasion through strongly
binding to bio-membranes'®. Likewise, the rod-shaped microbes
having small section area have been reported to swim through the
intestinal mucus and remain in the mucus layer for extended pe-
riods, and are beneficial for the absorption in the GI tract'®'*!>.
Among the microorganisms, helical bacteria, such as campylo-
bacter jejuni (the bacteria that causes bacterial-induced diarrhea)
and Helicobacter pylori (which induce stomach ulcers), are a kind
of bacteria with helical body shapes'®'”. They possess strongly
pathogenicity in vivo, and have been reported to yield some
advantage in many bio-processes, including penetration, adhesion,
colonization and invasion. In both cases (Campylobacter jejuni
and H. pylori), the loss of the helical shape (which can be
destroyed by fairly simple gene knockouts) can result in a
reduction on colonization and virulence, and the ability of the
bacteria to function within the body. Particularly, helical C. pylori
have been discovered to infect the human stomach through the
strong adhesion on the gastric mucosa and the gastric intercellular
space. Moreover, it has been reported that helical campylobacter
pylori can swim more than 15% faster than their isogenic rod-
shaped mutants. It seems that the geometric topological struc-
ture of microorganisms is close associated with their bio-
functionality on the microscale. In the human society, there are
also wisdoms in knowing how to recognize and make use of he-
lical shapes. Tools with special helical shapes (e.g., screw-spike,
corkscrew, screw-wedges and propellers) are designed and
endowed with incredibly functionality, such as strong fastening,
high penetration, effort-saving, and alteration of the magnitude or
direction (or both) of an applied force. Inspired by the above-
mentioned aspects, we designed inner and outer dual-helical
nano-screws (named as CMSWs) with long and twist body, rela-
tive rough surface, and three-dimension chiral topological struc-
ture. We hypothesized that the ideal engineered nano-screws could
penetrate the IEB more efficiently than nanospheres and nanorods.

With the development of nanomedicine, mesoporous silica
nanoparticles (MSNs) with a pore size range of 2—50 nm are
regarded as one of the most promising nano-DDS of various
therapeutic molecules owing to their prominent features (e.g.,
relative rigid structure, large surface area and pore volume,
controllable particle size and pore size, diverse morphology, ease
modified surface, and intrinsic biocompatibility)'®. In this study,
chiral mesoporous silicas nanoparticles (CMSs) with different
morphologies (including spherical CMSSs, rod-shaped CMSRs
and screw-liked CMSWs) were fabricated by varying the ratios of
reactants. The structural and physicochemical properties of CMSs
were systemically characterized. To explore how the topological
structures of CMSs influence on the oral adsorption process, bio-
adhesion, mucus-penetrating properties, uptake cellular efficiency
and mechanisms, the GI tract retention ability, and the plasma
concentration of CMSs were evaluated. Furthermore, doxorubicin
(DOX) was selected as the model drug and was loaded into CMSs
to experimentally evaluate their drug delivery functions. After a
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detailed exam of the drug loading ability, in vitro release experi-
ments were carried out in phosphate buffer solution (PBS) with
varied pH values. Moreover, DOX retention and absorption in rat
small intestine were evaluated. /n vivo pharmacokinetic study was
also conducted to certificate the biological behavior advantageous
of CMSWs. Finally, the biodegradability of CMSs and the in vitro/
in vivo biocompatibility of CMSWs were studied. We believe that
the CMSWs with potential topological advantages are a promising
oral drug delivery platform owing to their superior biological re-
sponses and controllable release behavior.

2. Materials and methods

2.1. Materials and chemical reagents

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide  hydrochloride
(EDC-HCI) and 1-hydroxybenzotriazole (HOBT) were obtained
from GL Biochem Ltd. (Shanghai, China). N,N-Dimethylforma-
mide (DMF) and dichloromethane (DCM) were purchased from
Shanghai Jinjinle Industrial Co., Ltd. L-Alanine methyl ester hy-
drochloride (H-s-Ala-Ome-HCI), ethylsilicate (TEOS), 3-
aminopropyltriethoxysilane (APTES), palmitic acid and doxoru-
bicin hydrochloride (DOX) were purchased from Aladdin
(Shanghai, China). Fluorescein isothiocyanate (FITC), rhodamine
B isothiocyanate (RITC) and 4,6-diamidino-2-phenylindole
(DAPI) were purchased from Beijing Bailingwei Technology
Co., Ltd. (Beijing, China). Double distilled water was obtained by
ion exchange and used in all experiments.

Caco-2 cells were purchased from the American Type Culture
Collection (ATCC, China), and were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Carlsbad, CA, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS; HyClone,
Conroe, TX, USA), 1% (v/v) L-glutamine, 1% (v/v) non-essential
amino acid and 1% penicillin and streptomycin (100 [U/mL) at
37 °C in 5% CO,.

Animals were purchase from the animal standard Laboratory
center and approved by the Committee on the Ethics of Animal
Experiment of Shenyang Pharmaceutical University (Shenyang,
China). All animals received care in accordance with the guide-
lines for the Committee on the Ethics Animals.

2.2.  Preparation of CMSs with different morphologies

The anionic surfactant templates of N-palmitoyl-L-alanine (N-
PLA) were synthesized using a previously reported method'’. The
multiple CMSs with different morphologies were prepared ac-
cording to the previous method with some modification®’ %, For
the fabrication of CMSSs, 1.1 mmol N-PLA was dissolved in
10 mL deionized water and 10 mL NaOH (0.1 mol/L) on 35 °C
water bath. Until completely dissolve, 2 mL HCI (0.01 mol/L) was
added under stirring for 1 h. Afterwards, a mixture of 0.24 mL
APTES (0.227 g, 1 mmol) and 1.57 mL TEOS (1.458 g, 7 mmol)
was dropped into the above solution with the stirring rate of
600 rpm by ZNCL-S-10D magnetic stirrer (Gongyi, China) at
room temperature for 10 min. Then the system was remained
statically for 24 h, centrifuged, water and ethanol alternately
washed and dried. Finally, the dried sample was produced by
extraction method with an ethanolamine ethanolic solution of
(17%, vi/v) for 24 h at its boiling temperature.

Additionally, for the synthesis of CMSRs, 1 mmol N-PLA was
dissolved in 22.7 mL deionized water and 8.6 mL NaOH (0.1 mol/L)

with stirring at 35 °C water bath. Afterwards, 1.4 mL HCl
(0.1 mol/L) was added to the above dissolved solution under
vigorous stirring to partially acidify the salt. After the mixture was
stirred for 1 h, a mixture of 1.5 mL TEOS (1.4 g, 6.72 mmol) and
0.091 mL APTES (0.086 g, 0.39 mmol) was added to the above
mixture with stirring rate of 600 rpm at room temperature for 10 min
followed by statical placement for 2 h. The mixture was finally cured
at 80 °C for additional 15 h. The solid product was recovered by
centrifugal separation, water and ethanol alternately washed and
dried at 80 °C. The anionic surfactants were removed by reflux with
an ethanolamine ethanolic solution of (17%, v/v) for 24 h at its
boiling temperature.

To improve the morphology of CMSRs, we optimized the
synthesis method and obtained CMSWs. In a typical synthesis, the
following steps were repeated: a mixture of 1.5 mL TEOS (1.4 g,
6.72 mmol) and 0.091 mL APTES (0.086 g, 0.39 mmol) was
added to the mixture with stirring rate of 600 rpm at room tem-
perature for 10 min followed by statical placement for 2 h. Other
steps were consistent with the synthesis process of CMSRs.

For the synthesis of FITC-CMSs, FITC was firstly linked with
APTES in ethanol by covalent bond, and then 20 mg of engi-
neered CMSs were added to form the conjugation. The reaction
was remained for 8 h with vigorous stirring at room temperature,
and then centrifuged, washed with ethanol, and ultrasonicated
several times until the unconjugated FITC and APTES was
completely removed.

2.3.  Characterization

The morphologies of the prepared CMSs were studied by a TEM
instrument (FEI Tecnai G2-F30) and a SEM instrument (JEOL
JSM-6510 A), respectively. Hydrodynamic diameters and Zeta
potential of CMSs were detected by Malvern Zetasizer NanoZS90
based on the dynamic light scattering tests. N,
adsorption—desorption isotherms and pore size distributions were
obtained at 77 K using a V-Sorb 2800P equipment. The structure
information and the interaction between drug and carriers were
confirmed by infrared spectroscopy (IR) with wavenumber range
from 400 to 4000 cm™'. Samples were carefully grinded and
mixed with dried KBr in a mortar and pestle to obtain KBr disks.
X-ray diffractometry (XRD) measurements were performed on
DX-2700 diffractometer at 30 mA and 30 kV equipped with a Ni-
filtered Cu-Ka radiation in a 26 range of 5—40° using a step size of
0.02°. The physical state (i.e., melting point) was characterized by
differential scanning calorimetry (DSC) 2500 instrument at a
heating rate of 10 °C/min with the temperature from 25 to 300 °C.
Small X-ray scattering (SAXS) patterns were collected from
SAXSpace operated at 40 kV and 50 mA with a Ni filtered Cu-Ka
radiation. The surface wettability can evaluate through contact
angle measurement using the static drop technique. Water contact
angles were measured on JCY-1 contact angle tester by using
contact mode (the images were recorded every 5 s for all the
samples). Before measurement, 50 mg of the powder sample was
pressed into flakes under the pressure of 4 MPa using FW-4A
tablet machine.

2.4.  Bio-retention ability

The bio-adhesion study of CMSs was carried out according to the
previous elution method with some modification®*. To be specific,
Sprague—Dawley (SD) rats (2004+20 g) were fasted overnight
with free access to water and sacrificed to separate small intestine
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tissues. After carefully washed with normal saline (keeping the
mucus layer intact), the small intestine tissues were cut into
1 ecm x 4 cm segments, and spread on the glass slide with an angle
of 45° to the glass funnel. Afterwards, the prepared CMSs (10 mg)
were respectively and evenly spread on the above prepared small
intestine tissues. After that, CMSs were eluted from the isolated
small intestine tissues using simulated intestinal fluid (SIF) at a
flow rate of 2 mL/min for 1, 2, 3, 4, and 5 min (a schematic di-
agram of the apparatus was shown in Supporting Information
Fig. S1). Finally, the effluent was centrifuged and dried at
60 °C. The bio-adhesion capacity of CMSs was quantitatively
evaluated by weight loss method in triplicate and the bio-adhesion
ratio was calculated according to Eq. (1):

Bio - adhesion(%) -t x 100 (1)

Wo

where W, is the initial weight of the CMSs samples, and W, is the
weight of the collected effluent.

In addition, the bio-adhesion capacity of FITC-CMSs was
qualitatively accessed by ex vivo imaging technology. To be spe-
cific, the FITC-CMSs were spread on the small intestine tissues
(1 cm x 4 cm) and eluted using SIF medium at a flow rate of
2 mL/min for 5 min. After that, the fluorescence images of FITC-
CMSSs, FITC-CMSRs and FITC-CMSWs were recorded by a
Carestream FX PRO (Bruker/Carestream, Inc., USA) equipped
with an excitation filter of 470 nm and an emission filter of
535 nm. The average fluorescence intensity accumulated in the
small intestine tissues were quantitatively evaluated by a region-
of-interest (ROI) analysis on the FITC signal intensity.

2.5.  Mucoadhesion and mucus permeation properties

FITC-CMSs (1 mg/mL) were cultured with 3 mL simulated
gastric fluid (SGF) and SIF at 37 °C, respectively. At the prede-
signed points, 0.2 mL FITC-CMSs suspension were drawn out and
analyzed using microplate reader (Bio-Rad Laboratories Ltd.,
Hertfordshire, UK) to record the fluorescence spectra in the
wavelength range of 475—700 nm using scan step of 10 nm. After
the reaction completed, the supernatant was collected by centrif-
ugal separation of FITC-CMSs and the fluorescence spectra of
supernatant were record to investigate the fluorescence stability of
FITC-CMSs at SGF an SIF medium.

For exploring the three-dimensional penetration ability of NPs,
the isolated small intestinal was obtained. Firstly, the isolated
small intestine was cut into 2.5 cm segments. After staining the
intestinal segments with 500 uL RITC solution (10 pg/mL) for
10 min, 100 pL PBS solution containing FITC-labeled NPs
(100 pg/mL) was slowly injected. The intestinal loops were
ligated and incubated in Krebs—Henseleit (KH) buffer at 37 °C.
After 30 min, intestinal loops were washed with physiological
saline to remove the free NPs and then was cut along the midline.
The intestinal segments were spread out in a living cell culture
dish (intestinal cavity side downward) without fixation and 3D
images were obtained by confocal laser scanning microscopy
(CLSM, Nikon C2 Confocal, Tokyo, Japan) scanning in Z-stack
mode immediately.

Moreover, the fresh mucus (200 plL) was carefully isolated
from the lumen side of small intestinal and incubated with FITC-
CMSs samples (200 pg/mL in PBS, 10 pL) at 37 °C for 30 min,
respectively. Immediately, videos (frame rate: 37 fps, 2 s and 10 s)
of the motion trajectories of different CMSs in mucus solutions
were captured by inverted fluorescence microscope (DMI4000B,

Leica, Germany) and were analyzed using ImageJ software, which
is well-known as the multiple particle tracking method'.

2.6.  Cellular uptake

Caco-2 cells in logarithmic growth phase were seeded in 24-well
plates at a density of 5 x 10* cells/well, in which 1.0 mL of
complete medium was added and placed in a 37 °C incubator for
48 h with 5% CO,. When the cells grew to 80%—90% in the pore
plates, the culture medium was discarded and replaced with
1.0 mL of CMSs samples (0.25 mg/mL) labeled with FITC,
respectively. After an incubation at 37 °C for 4 h, the cells were
washed three times with cold PBS, fixed with 4% formaldehyde
and stained by 0.2 mL DAPI (5 pg/mL) for 15 min. Afterwards,
cells were washed twice with PBS in ice bath and sealed the
climbing tablets with 90% glycerin solution. Finally, CLSM was
applied to qualitatively observe the uptake behavior of three types
of engineered NPs.

2.7.  Cellular uptake mechanisms

In order to study the cellular uptake mechanisms, three specific
inhibitors were introduced to investigate the endocytic pathways
of CMSs. In this study, cells were first incubated in PBS with or
without specific inhibitors for 30 min at 37 °C and subsequently
exposed to 1.0 mL of CMSs (0.25 mg/mL) labeled with FITC for
1 h at 37 °C, in which a blank control group was performed in
PBS without inhibitors for CMSs. Additionally, when methyl-(-
cyclodextrin (MB-CD, 1 pg/mL) was present to delete cholesterol
from the cell membrane, further to inhibit caveolae-mediated
endocytosis. Cytochalasin D (5 pg/mL) was used to inhibit the
endocytosis pathway of micropinocytosis>. The inhibition of
clathrin-mediated endocytosis was achieved by chlorpromazine
inhibitor (10 pg/mL).

2.8.  Retention in the GI tract

The GI tract retention ability of CMSs, DOX and DOX@CMSs
after oral administration was investigated via ex vivo imaging
technology. For CMSs, they were labeled with FITC for ex vivo
tracking before the experiment. 54 SPF-grade male Kunming mice
(20+2 g) were fasted overnight with free access to water and then
were randomly divided into 3 groups (n=18 per group, n=3 at
each time point). These 3 groups were orally administrated with
0.5 mL FITC-CMSSs, FITC-CMSRs and FITC-CMSWs normal
saline suspensions (4 mg/mL), respectively. For DOX and
DOX@CMSs samples, 24 SPF-grade male Kunming mice
(20+2 g) were randomly divided into four groups and orally
administrated with 0.5 mL DOX, DOX@CMSSs, DOX@CMSRs
and DOX@CMSWs (the dose equal to 10 mg/kg of DOX) normal
saline solutions, respectively. At predesigned intervals, animals
were sacrificed, and the entire GI tract (including stomach and
small intestine) were excised. The fluorescence images of FITC-
CMSs, DOX and DOX@CMSs samples were recorded by a
Carestream FX PRO (A, =470 nm, A.,=535). The CMSs sam-
ples accumulated in the stomach and small intestine were quan-
titatively evaluated by a ROI analysis on the FITC signal intensity.

2.9.  Invivo blood circulation of CMSs

To study the in vivo blood circulation of CMSs, 12 healthy
Kunming mice (30£2 g) were randomly allocated into four groups
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(n=3): control group, CMSSs group, CMSRs group and CMSWs
group, which were intragastrically administrated with normal sa-
line or CMSs suspensions (at a dose of 60 mg/kg) using a lavage
needle, respectively. At predesigned intervals, supraorbital venous
blood (~0.15 mL) was collected into tubes containing heparin and
stored at 4 °C. After blood collection at all scheduled time points,
the plasma was separated from the whole blood by centrifugation
at 4000 rpm for 5 min. Subsequently, Si contents of plasma
samples were detected by ICP-MS using the calibration curve.

2.10.  Drug loading and release

Drug loading were performed by organic solvent drying method.
Briefly, 2 mg DOX was precisely weighted and sufficiently dis-
solved in 2 mL absolute alcohol to get a high-concentration drug
solution (1 mg/mL). Afterwards, the above solution was mixed
with 8 mg CMSs under mild stirring for 24 h at room temperature.
After being dried under environment condition, the mixture was
washed with pH 7.4 PBS solution and centrifuged until the su-
pernatant was transparent. The drug loading efficiency was
measured by ultrasonic extraction of DOX from absolute alcohol
solution and then the content of drug was determined by ultravi-
olet spectroscopy (UV-1750, Shimadzu, Japan) at the wavelength
of 480 nm. The loading capacity (Cq4, %) were calculated based on
Eq. (2):

Ca(%) =%>< 100 @)
where W, is the weight of DOX in CMSs, and W, is the weight of
CMSs.

The drug release of DOX and DOX@CMSs were determined
by dialysis method in vitro. The process of drug release was
designed as follows: 100 pg DOX and DOX@CMSs with equiv-
alent of 100 ng DOX were separately mixed with 1 mL PBS and
then added into the dialysis bag with molecular weight cutoff of
3500 Da. Then the prepared dialysis bags were placed in 9 mL
PBS solution with different pH values for 100 rpm at 37 °C. At
specified intervals, 0.2 mL the sample solution was drawn out to
place into 96-well plates and immediately replenished by the same
volume of release medium. The fluorescence intensity
(Aex=480 nm; A, =580 nm) of DOX was analyzed using
microplate reader. The cumulative release (Cr, %) was quantita-
tively calculated according to Eq. (3):

W,

Cr (%) = % 100 A3)

total
where W, indicates the amount of drug released at predesigned
time (f) and Wy, is the initial amount of drug loaded in the
CMSs.

2.11.  Drug absorption in rat small intestine

To investigate the small intestine absorption of DOX and
DOX@CMSs, four male SD rats (200+£20 g) were intragastrically
administered with DOX@CMSs and DOX normal saline suspen-
sions (the dose equal to 5 mg/kg of DOX). Two hours later, rats
were euthanized, and the middle small intestine segments were
excised. The intestinal tissues were carefully cleaned with PBS,
frozen with OCT agents immediately, sliced at a depth of 15 um
by a cryostat (Leica, Wetzlar, Germany), stained with DAPI, and
detected by CLSM instrument.

2.12.  In vivo pharmacokinetic

Twelve SD rats were randomized into four groups (n=3), and
different DOX formulations (DOX@CMSSs, DOX@CMSRs and
DOX@CMSWs, a dose equivalent to 30 mg/kg of DOX) and
DOX (30 mg/kg) were orally administered. At predesigned in-
tervals, approximately 0.5 mL blood samples were taken from eye
venous sinus and centrifuged immediately at 4000 rpm for 5 min
to obtain plasma (supernatant), and then stored the supernatants at
—20 °C for further analysis. Plasma samples were treated ac-
cording to the previous reference 25. The key pharmacokinetic
parameters, including area under the curve (AUCy_o ), half-life
(t12), maximum concentration (Cp.y), peak time (T.x) and
mean residence time (MRT(_.) were determined using DAS.2.1
version. The relative bioavailability was calculated by the
following Eq. (4):

(AUCy_o )T/DoseT

Fra(%) = (AUCy_« )R/DoseR

x 100 (4)

where F is the relative bioavailability, T refers to the different
DOX formulations, and R refers to DOX.

2.13.  Invitro biodegradation of CMSs

In vitro biodegradation property was evaluated using weight loss
method. Specifically, CMSs samples were precisely weighted,
sealed and immersed into SGF, SIF and simulated body fluid
(SBF) at a particle concentration of 1.0 mg/mL, respectively, with
a gentle shaking rate of 150 rpm at 37 °C. After 1 week, the
residues were centrifuged, gently washed with deionized water,
dried at 60 °C, and weighted for quantifying the biodegradation
activity. The particles after degradation were characterized by
TEM. The biodegradation ratio was calculated using Eq. (5):

W, — W
t

where W, is the weight of added CMSs and W, is the weight of
residues.

Degradation ratio(%) = x 100 (5)

2.14.  Hemolysis assay

Hemolysis assay of red blood cells (RBCs) was carried out to
explore the blood compatibility of CMSWs. Firstly, fresh blood
sample was collected from eye venous sinus of SD rats, and the
RBCs were isolated from serum by centrifugation, and washed
three times with sterile normal saline. Then, RBCs were diluted to
a concentration of 2% (v/v) solution by sterile normal saline and
were separately mixed with an equal volume of CMSWs solutions
at different concentrations (25, 50, 100, 200, 400 and 800 pg/mL),
and the hemolytic photographs of RBCs were obtained after 0.5,
2, 4 h standing. Herein, RBC diluted with D.I. water and sterile
normal saline were acted as the positive and negative controls,
respectively. After standing at room temperature for 4 h, all the
sample tubes were centrifuged at 8000 rpm for 5 min, the he-
molytic photographs of RBCs were taken and the absorbances of
the supernatants were detected using ultraviolet spectroscopy
(Amax=2541 nm). The percent hemolysis ratio of RBCs was
calculated based on the following Eq. (6):

A\'um e — Anc ative
Hemolysis ratio(%) = el —Zresative 1 (6)

Apositivc - Ancgativc
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where Agample represents the absorbance value of the tested group,
Ancgative and Apogisive are the absorbance value of positive and
negative controls, respectively.

2.15.  In vitro toxicity

In vitro cytotoxicity of CMSWs was determined by MTT assay.
Caco-2 cells were first seeded in 96-wells plates (5 x 10* cells/well)
and incubated at 37 °C under 5% CO, for 24 h. After that, the cells
were separately treated with various concentrations of CMSWs
suspensions (0, 10, 20, 50, 100, 200, 300 and 400 pg/mL) for 24 h.
Subsequently, the medium was removed and replaced with 10 pL
MTT solution for further 4 h. Before test, the supernatant was dis-
carded and replaced with the addition of 150 uLL. DMSO to dissolve
crystals by gentle shaking, and the absorbance was detected using a
microplate reader at 490 nm. Each experiment was repeated five
times.

2.16.  In vivo toxicity

To further explore the in vivo toxicity of CMSWs, the rats in
CMSWs group were orally administrated with CMSWs at a dose
of 60 mg/kg once a day for 14 days with saline group as a control.
After administration, the body weight was recorded every other
day. On Day 14, blood was drawn from ocular vein for hema-
tology analysis. Blood biochemical assay was analyzed using a
Biochemical Autoanalyzer (Type 7170, Hitachi, Japan). After-
wards, the rats were euthanized, the GI tract and the tissues (heart,
liver, spleen, lung and kidney) were excised, weighted and further
analyzed by H&E staining. The organ/body ratio (%) was calcu-
lated as the ratio of tissues (wet weight, mg) to body weight (g).

2.17.  Statistical analysis

All data were expressed as mean =+ standard deviation (SD).
Student’s r-test and one-way ANOVA were applied to evaluate
statistical significance. A P-value < 0.05 was considered statis-
tically significant.

3. Results and discussions

3.1.  Morphology and structure of the prepared CMSs

To elucidate how the topological structures of NPs influence on their
oral drug delivery efficiency, CMSs with various morphologies were
prepared by varying the ratios of reactants via co-structural-
directing-agent method (Fig. 1A)*°"*?. The successful synthesis
of the template N-PLA and the CMSs were characterized by IR
analysis (Supporting Information Fig. S2). The morphologies of
CMSs were presented in the TEM and SEM images (Fig. 1B—D). To
be specific, CMSSs was well-formed spherical NPs with a diameter
of approximately 70 nm and an aspect ratio (AR) of 1.0. CMSRs
exhibited a short rod-like morphology with a dimension of
153 nm x 259 nm and a calculated AR of 1.7. In particular, CMSWs
had a long and twist screw-like body, exhibiting a dimension of
43 nm X 192 nm and an AR of 4.5. The hydrodynamic diameters of
CMSSs, CMSRs and CMSWs were 78, 231 and 350 nm, respec-
tively (Fig. 1E). The measured value is slightly larger than the actual
size of CMSs on account for the hydration effect. Moreover,
CMSWs had a relative rough surface with inner and outer dual-
helical macroscopic chiral topological structure compared to

CMSSs and CMSRs (Fig. 1B), which is beneficial for the extensive
surface interaction with the biological hosts'®. Meanwhile, CMSs
were proven to have uniform mesoporous structures. As manifested
in Fig. 2A, SAXS patterns of CMSRs and CMSWs showed well-
resolved peaks at very scattering angles, indicating the highly or-
dered mesopore structure, while CMSSs exhibited inconspicuous
peaks, suggesting the low pore structure order degree. As shown in
Fig. 2C, N, adsorption—desorption isotherms of CMSs were typical
type 1V isotherms with clear hysteresis loops, demonstrating the
existence of uniform mesoporous. The calculated parameters were
listed in Table 1. The average pore size of CMSWs (3.8 nm) was
slightly larger than that of the CMSRs and CMSSs (3.7 nm, Fig. 2B
and Table 1). The Zeta potential of CMSSs, CMSRs, CMSWs were
9.42+0.63, 10.54+£0.56 and 9.14£0.46 mV, respectively, ensuring
that the three types of CMSs had the same surface charge (Fig. 2D).

3.2.  Bio-retention ability of CMSs in vitro

It is well known that small intestine is the main place for oral
adsorption. IEB, including the mucus layer and epithelial cells, acts as
the main barrier for the oral administration. Broadly speaking, drug
adhesion (retention) on the small intestine is the premise for effective
oral delivery in vivo. Theoretically, it is possible to achieve a high
absorption or uptake by producing a larger contact area and a longer
contact time with the small intestinal tract. As above mentioned,
although nanospheres exhibit some mechanical advantages, the
spherical shape always means large section area and small contact
area (“point” contact, as indicated in Fig. 3A). It may not be a best
choice for oral delivery from a geometric perspective. Nanorods,
known as NPs exhibiting smaller section surface and larger contact
area (“line” contact, Fig. 3A), are beneficial for the adhesion, trans-
port and penetration capability in IEB. Zhang et al.'* designed and
prepared rod-like MSNs with enhanced cellular uptake and higher
oral bioavailability of DOX. We further designed atypical CMSWs
with long and twist body and three-dimension chiral topological
structure, and hypothesized that nano-screws would adhere and
penetrate the IEB more efficiently than nanospheres and nanorods.
Firstly, as a precondition for bio-adhesion, the wettability of CMSs
was evaluated through contact angle measurement using the static
drop technique. It is a significant interfacial property to assess the
surface hydrophilic and hydrophobic properties of bio-materials®>>°,
and is close related to the in vivo biological behavior of MSNs. Ac-
cording to Fig. 2E, the initial water contact angle values (at 5 s) of
CMSSs, CMSRs and CMSWs corresponded to 44.35°, 35.17° and
27.04°, respectively, suggested good wettability. The contact angles
of CMSs were gradually decreased with the increasing capture time,
and both the initial and equilibrium contact angles of CMSWs were
obviously lower than that of CMSSs and CMSRs (Fig. 2E and F),
which was also powerful evidence on the large contact area and the
rough surface of CMSWs. Meanwhile, the wettability results indi-
cated that water could enter into the internal surface of mesoporous
channel, which was beneficial for the release of the payloads. The bio-
retention study was then performed ex vivo on small intestinal mucosa
under mild downward flow elution. The bio-retention images and the
bio-adhesion profiles of CMSs were shown in Fig. 3B and C,
respectively. The CMSWs showed the strongest fluorescence in-
tensity among the three CMSs, demonstrating the highest bio-
retention ability. Furthermore, the bio-retention ability was highly
correlated with morphologies in the order of CMSWs >
CMSRs > CMSSs, and the bio-adhesion ratios were measured to be
77.26£0.06%, 65.2240.08% and 47.65+0.05% at 5 min, respec-
tively. CMSWs showed significantly stronger bio-adhesion ability on
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Figure 1  The formation mechanism (A), representative TEM images (B and C), representative SEM images of CMSs (D), and hydrodynamic

diameters (E, based on the dynamic light scattering tests) of CMSs.

small intestinal mucosa because the three-dimension chiral topolog-
ical structure increased the contact area (“surface” contact, Fig. 3A)
and produced higher friction when coming into contact with the in-
testinal tract. It could then create more opportunities for the uptake of
nanocarrier and increase the possibility for the passive absorption of
the loaded therapeutic agents.

3.3.  Mucus penetration of CMSs

Mucus is a viscoelastic biological hydrogel with a micrometer-
ranged thickness and a nanometers-ranged pore size that protects
the epithelial surface from penetration of most NPs”"**. We
further explored the correlation between the morphologies of
prepared CMSs and their penetration in mucus visualized using
ex vivo image technology. Prior to the study, mucus was stained
with RITC, and CMSs were labeled with FITC. After determining
the fluorescence stability of FITC-CMSs (Supporting Information
Fig. S3), the intestinal loops were ligated, incubated with FITC-
CMSs, sectioned, and examined by CLSM instrument (Fig. 4B).
The three-dimensional images disclosed that only a small pro-
portion of red fluorescence was observed in CMSSs and CMSRs
groups, while strong red fluorescence signal was found in CMSWs
group. CMSWs showed a higher degree of mucus coverage than
CMSSs and CMSRs, indicating the excellent mucoadhesion
properties of CMSWs. Furthermore, the three-dimensional images
disclosed that only a few particles in CMSSs and CMSRs groups
were detected in the upper layer and without effectively migrating

to the deep mucus layer. In contrast, CMSWs could penetrate
deeper along the z-direction, presenting good permeability. It
could conclude that CMSWs had superior mucus-penetrating than
CMSSs and CMSRs™. The same results were also certificated by
multiple-particle tracking technology, which could determine the
particle moving trajectories in complex biological conditions. As
was mapped in Fig. 4C, CMSSs and CMSRs moved within a
narrow and limited area at 2 s and showed no obvious change in
moving trajectories with the time increased to 10 s, indicating that
the particles had weak diffusion ability and were nearly trapped by
the mucus barrier. Compared to CMSSs and CMSRs, CMSWs
showed dominant advantage toward mucus-penetration, which
moved faster and freer in a large dimension and could continue to
move in a random manner (in both horizontal and vertical) without
being trapped. The results indicated that the Brownian motions of
CMSWs were stronger though its particle size was even larger
than CMSSs and CMSRs. Apart from the particle size, the particle
shape also greatly influences the movement of NPs in the mucus
layer. To be specific, spherical shape always meant a large section
area, which was unbeneficial for the transport of NPs through the
mucus layer with a tenacious mesh structure, and could easily be
restricted and trapped by the viscoelastic mucins (Fig. 4A). On the
contrary, CMSWs exhibited good penetration ability due to the
small section area. What’s more, from the mechanical perspective,
the spherical CMSSs with highly symmetrical regular morphology
could balance the bio-force from all directions, presenting small
resultant forces and weak Brownian motions in the mucus layer,
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SAXS patterns (A), pore size distributions (B) and N, adsorption—desorption isotherms (C) of CMSs. (D) Zeta potential of CMSs.

Data are presented as the mean £+ SD of the mean (n = 3). (E) Contact angles of CMSs measured at the initial 5 s, the middle 25 s and the last

55 s. (F) The variation tendency of contact angles with time.

while the screw-like CMSWs with asymmetrical chiral topologi-
cal structure could be driven by the uneven bio-force of micro-
flows from all directions, resulting in strong resultant forces and
free movements with good mucus-penetration ability (Fig. 4B).
These results were also consistent with the pervious findings of Yu
et al.'’, that rod-like NPs with large AR value were proved to
penetrate the mucus layer easily through rotational dynamics. We
believed that the “rotational motion” on the nanorods was also an
evidence of the uneven bio-force of shear flow facilitated by the
non-spherical structure. In this case, the “rotational motion” of
CMSWs was further enhanced because the rotational torque was
easier to produce on the irregular morphology, making it easier to
produce rotational torque on the local irregular surface, and the
movement could be amplified on the three-dimension chiral to-
pological structure with regular slopes (functioned as screws).
Thus, we could experimentally and theoretically conclude that
CMSWs with small section area and irregular morphology
exhibited stronger and flexible mucus penetration abilities.

3.4. Cellular uptake of CMSs

To explore the effect of morphology on the cellular uptake, Caco-
2 cells were incubated with FITC-CMSs, and CLSM was applied
to observe the fluorescence intensity originating from FITC-
labeled CMSs. As can be seen from Fig. 5A, CMSSs exhibited the
relative weak green fluorescence of FITC, and CMSWs displayed
the strongest fluorescent signals among three engineered CMSs.
The green fluorescence intensity in CMSSs, CMSRs and CMSWs

groups increased in turn, indicating that the highest efficiency of
cell entry occurred in CMSWs group. The large contact area
(“surface” contact) and small section area facilitated the uptake of
CMSWs. Meanwhile, the three-dimension chiral topological
structure of CMSWs with regular slopes functioned as “screws”
and made it hard to slip out while being uptake. These results
could also be traced back to the fact that geometric topological
structure of nanocarriers is closely associated with their func-
tionality®®, which might attribute to specific endocytosis mecha-
nisms. Thus, three specific inhibitors of cytochalasin D,
chlorpromazine and MB-CD were introduced to identify cellular
uptake pathways of CMSs. We could acquire the useful infor-
mation from Fig. 5B and C that the cell entry efficiency of CMSSs
was significantly influenced by chlorpromazine with a decrease in
cellular uptake amount up to 50%, whereas the inhibition of M3-
CD and cytochalasin D on the cellular internalization was less
than 20%. This finding discovered that the cell uptake of CMSSs
in Caco-2 cells was mainly depended on the clathrin-mediated
endocytosis. For the rod-like CMSRs, a distinct reduction of the
cellular uptake (approximately 50%) occurred after pre-incubation
with chlorpromazine and MgB-CD inhibitors, while the effect of
cytochalasin D on cellular uptake could be negligible, suggesting
that both clathrin-mediated and caveolae-mediated endocytosis
were involved in the cellular internalization. Additionally, chlor-
promazine had no effect on the cell entry efficiency of the screw-
like CMSWs, but yet the influence of cytochalasin D and M3-CD
inhibitors were more obvious than chlorpromazine, demonstrating
that macropinocytosis and caveolae-mediated endocytosis were

Table 1  Specific surface area, pore volume, pore diameter and drug loading capacity of CMSs.
Sample Sper (m°/g) V, (cm’/g) Wpjp (nm) Ca (%) AUCq., (ug/mL-h)
CMSSs 311 1.2 3.7 269 + 2.4 4.67 x 10°
CMSRs 221 1.2 3.7 18.5 £ 2.3 2.16 x 10°
CMSWs 297 1.3 3.8 204 £ 1.6 122 x 10°

CMSSs, chiral mesoporous silica nanospheres; CMSRs, chiral mesoporous silica nanorods; CMSWs, chiral mesoporous silica nano-screws; Sggr.
specific surface area; V,, pore volume; Wgjyy, pore diameter; Cy, drug loading capacity; AUC,_,, area under the curve. Data are expressed as

mean + SD (n = 3).
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actively participated in the cellular uptake of CMSWs. Therefore,
it could conclude that the endocytosis pathway of nonspherical
NPs was more complex and always involved in two or multiple
pathways'*. Moreover, caveolae-mediated endocytosis was proved
to have higher transport efficiency than that of clathrin-mediated
endocytosis®'. Because the vesicle coated with clathrin could be
decomposed and did not remain stable under the acidic environ-
ment in the process of clathrin-dependent endocytosis, in which a
fraction of internalized NPs might be recycled back to the plasma
membrane where they gather around a new vesicle bud again®’.
Thus, the cellular uptake of CMSWs was more efficient than
CMSSs and CMSRs. These studies revealed that the topological
structure of NPs had strongly influence their abilities on over-
coming both mucus and cellular barriers, which were crucial for
determining the final destiny of nanocarriers in bio-systems.

3.5.  Retention of CMSs in the Gl tract

Considering the superiorities of CMSWs in bio-adhesion, mucus
penetration and cellular uptake, it could be reasonably speculated
that CMSWs would exhibit superior retention ability in the GI

tract instead of being quickly washed out by the turnover of
mucus. The FITC-CMSs were orally administered to fasted SD
rats, the stomach and small intestine were excised, and the
retention behavior of FITC-CMSs was studied visualized using
in vivo fluorescence imaging analysis. As shown in Fig. 3E—-G at
1 h post administration, a little fluorescence signal of CMSSs was
captured in stomach, and a strong fluorescence signal was
discovered in small intestinal. Then the fluorescence intensity in
the stomach increased slightly at 2 h, but decreased rapidly at 4 h.
Moreover, the fluorescence intensity in the small intestine started
to decline with a rapid speed at 2 h and almost disappeared at 6 h.
These results demonstrate that CMSSs showed fast gastrointes-
tinal clearance with a short retention time due to the small contact
area and the smooth surface resulted from the topological struc-
ture of nanosphere as aforementioned in the bio-adhesion part.
Compared with CMSSs, CMSRs did not present detectable fluo-
rescence signal in stomach and small intestine tissues at 1 h post
administration. Then the fluorescence intensity in stomach and
small intestine increased suddenly at 2 h, gradually decreased with
the extension of administration time and almost disappeared after
12 h. As for CMSWs, obvious fluorescence signal was appeared in
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In vivo and in vitro bio-retention of CMSs with different morphologies. (A) The conceptual comparison in the sectional area and

contact area of sphere, rod-shaped and screw-like structures. (B) Bio-retention images of CMSs on the mucus layer of small intestine (the white
circles show the average fluorescence intensity of CMSs, indicating the bio-retention performance of CMSs). (C) Bio-retention profiles of CMSs
on the mucus layer of small intestine. (D) Time-dependent plasma concentration of CMSs after oral administration. (E) Images of CMSs remained
in the whole GI tract at different intervals after oral administration. (F and G) The average radiance of CMSs in stomach and small intestine at
different times, respectively. Data are presented as the mean + SD of the mean (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.
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stomach and small intestine tissues at 1 h after administration.
With the increasing capture time, the fluorescence intensity of
CMSWs in the small intestine was stronger than that of CMSSs
and CMSRs, and the apparent fluorescence signal could still be
captured at 12 h, indicating the strongest intestinal retention
ability of CMSWs and providing great probability for the oral
adsorption of nanocarriers.

3.6.  Blood circulation of CMSs

On the basis of the results mentioned above, we concluded that
CMSWs with ideal structure could effectively overcoming IEB via
multiple topological mechanisms, and hold promise to achieve
satisfactory oral absorption. To investigate the oral absorption
process of CMSs, the in vivo blood circulation of CMSs was
studied after oral administration. It was found that the blood cir-
culation was quite different for CMSs (Fig. 3D). Generally
speaking, nanocarrier should be designed to enter blood circula-
tion rapidly and efficiently to exert a better therapeutic effect. As
shown in Fig. 3D, compared to CMSSs and CMSRs, CMSWs
showed superior oral absorption in both adsorption rate and
adsorption amount. To be specific, 2 h after administration, CMSs
began to show efficient distributions in blood. With the increase of

administration time, the plasma concentration of CMSSs
decreased significantly. For CMSRs, the maximum plasma con-
centration was reached at 12 h after administration, and the
plasma concentration showed a decreasing trend with the exten-
sion of administration time to 48 h. It should be noticed that,
although CMSRs exhibited superior retention ability than CMSSs
in the GI tract, it still showed lower blood circulation, because of
its larger particle size. Contrastingly, CMSWs still maintained a
high plasma concentration even after 48 h, implying a longer
blood circulation time, which might also increase the chance of
drug absorption when it was served as a drug delivery platform. In
a word, CMSWs achieved satisfactory absorption by exhibiting
high-level plasma concentrations and longer sustained blood cir-
culation, and the AUC of CMSWs was 2.61- and 5.65-times
higher than that of CMSSs and CMSRs, respectively. It pro-
vided direct evidence that the topological structure of nanocarriers
had great effect on their oral absorption process.

3.7.  Drug loading and release behavior of DOX@ CMSs

The above experiments demonstrated that screw-like CMSWs
with ideal topological structure hold promise to be an efficient oral
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drug delivery platform via multiple topological mechanisms. To
further verify this point, DOX was served as the model drug and
was effectively encapsulated into CMSs (confirmed by IR anal-
ysis, Supporting Information Fig. S4) by organic solvent drying
method. The drug loading capacity of CMSSs, CMSRs and
CMSWs were 26.9+2.4%, 18.5+2.3% and 20.4£1.6% (wiw),
respectively. The results were positive correlated with the surface
area (Table 1). As displayed in the XRD patterns (Fig. 6A), DOX
was presented in crystalline state. Nevertheless, CMSs before and
after drug loading exhibited broad bands in the range of 5°—45°
(20), indicating the transformation of DOX crystalline state after
loading into CMSs. Moreover, DSC analysis also confirmed the
amorphous state of DOX after incorporating into nanocarriers
(Supporting Information Fig. S5).

Before the drug release study, the wettability measurements of
DOX@CMSs were conducted to provide some insights from the
interfacial behavior. As displayed in Supporting Information Figs.
S6A and B, after loading into CMWSs, the wettability of DOX
was improved. Then the drug release of DOX@CMSs was
determined by dialysis method in pH 7.4 PBS with DOX as a
control (Fig. 6B). We found that DOX showed an initial burst
release step with an extreme fast release at the initial 30 min, and

the cumulative release amount of DOX reached up to 90% under
normal physiological conditions (pH 7.4) after 3 h. After incor-
porating into CMSs, the release rate of DOX significantly reduced,
and the cumulative release amount of DOX@CMSSs,
DOX@CMSRs and DOX@CMSWs were 11%, 16% and 18%
after 72 h, respectively. This sustainable release behavior of CMSs
might be attributed to the limited mesoporous channels.

Furthermore, the potential of pH responsive drug delivery was
also explored by selecting PBS medium with different pH values
(pH 7.4, 6.5 and 5.0) to mimic the environment of normal tissues,
tumor tissues and endosomes, respectively (Fig. 6C)™°. At the first
24 h, DOX@CMSWs presented only 16% DOX release at pH 7.4
PBS, 20% DOX release at pH 6.5 PBS and 25% DOX release at
pH 5.0 PBS, indicating a pH-dependent release manner. This
phenomenon could be explained by the protonation of the amino
groups on the inner and outer surfaces of CMSWs**. The DOX
release continued to increase under pH 5.0 after 24 h, and the
cumulative release amount reached up to 35% after 72 h. How-
ever, the release under pH 7.4 PBS and pH 6.5 PBS was complete
after 36 h. From the above results, we could infer that CMSWs
had the potential to delivery drugs in a controlled manner with the
pH responsiveness.



Multiple topological advantages of nano screws in oral drug delivery 1443

Figure 6

A

(@)

20%

10x

i ) CMSW:

sl MWMWWWWWWWZWWM
CMSRs

MWWWWWWWWWMMWWWW

E] ‘
T T T T
> WWWWWW DOX@CMSWs
s g DOX@CMSRs
) 1) .
£ bR bt o,
= DOX@CMSSs
bl ‘\ \{\ﬂ | | T F oo
it MY Y by M
10 20 30 40
20 ()
35
gso
& 25
3]
[F]
T 20
i .
[
215
2
K]
> 10
£
35

Time (h)

DOX DOX@CMSSs

DOX DAPI

Merge

50 pm
m—

200 pm 200 pm
—

—
50 pm 50 pm 50 pm
— — —

B 90
—a— DOX
g% —e— DOX@CMSSs
<70 —A— DOX@CMSRs

—v— DOX@CMSWs
§ 60- @

© 50

2 404

s
55 30
=]
£ 20-
=}

3 10¢:¢f¢;,‘=‘_+=__.‘

0 10 20 30 40 50 60 70
Time (h)

)

-
N

—a— DOX

—e— DOX@CMSSs
—A— DOX@CMSRs
—v— DOX@CMSWs

-
o

o
o

o
'S

Plasma concentration (ng/mL)
o [=]
N o

0 5 10 15 20 25 30 35 40 45 50
Time (h)
DOX@CMSRs

DOX@CMSWs

50 pm

50 pm 50 pm

200 pm

(A) XRD patterns of CMSs before and after DOX loading, indicating the successful drug loading. (B) In vitro release profiles of DOX
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3.8

Oral absorption of DOX@CMSs

To investigate the oral absorption process of DOX@CMSs, fasted
SD rats were orally administered the FITC-CMSs, the middle
small intestine tissues were collected, sliced using frozen section

method and analyzed by CLSM. According to Fig. 6E, almost no
red fluorescence signal of DOX was appeared in the DOX group.
On the contrary, the fluorescence signal of DOX became stronger
after being incorporated into CMSs, but the fluorescence intensity
and the fluorescence distribution in each DOX@CMSs were quite
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Table 2  Pharmacokinetic parameters obtained after oral administration of DOX and DOX@CMSs in SD rats.
Parameter DOX DOX@CMSSs DOX@CMSRs DOX@CMSWs
AUC(_o (mg/L-h) 4.00 + 0.02 5.57 £ 1.63 11.03 £ 1.18 13.94 + 0.56
MRTy_. (h) 24.58 + 0.34 16.84 £ 2.36 3428 £+ 6.18 29.73 £ 0.66
t12 (h) 12.62 + 0.58 5.87 £ 2.19 16.60 £ 4.16 11.04 + 0.48
Tinax (h) 1.00 13.33 + 12.70 24.00 28.00
Chnax (mg/L) 0.16 = 0.01 0.23 £+ 0.04 0.29 + 0.01 0.57 = 0.04
Fre (%) 100 139 276 348

Data are expressed as mean £+ SD (n = 3). AUC(_, area under the curve; Cy,,,, maximum concentration; Fi., relative bioavailability; MRT(_o.,

mean residence time; #1,, half-life; T;,.., peak time.

different. To be specific, after loading into CMSSs and CMSRs,
weak fluorescence signals of DOX were observed in the lumen.
Especially, DOX@CMSSs group showed little fluorescence
signal of DOX, while DOX@CMSRs exhibited stronger fluo-
rescence signal. In particular, the fluorescence signal was greatly
enhanced for DOX@CMSWs, and DOX was evenly distributed
around the small intestine villi in DOX@CMSWs group, indi-
cating that the penetration and absorption of DOX@CMSWs was
more effective than that of DOX@CMSSs and DOX@CMSRs.
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Figure 7

The calculated degradation rate of the CMSs after 48 h (A) and 1
d7), SIF (d2, d5, d8), and SBF (d3, d6, d9) after biodegradation for 1 week. (D) Hemolysis ratio of RBCs treated with CMSWs at different concen-
trations ranging from 25 to 800 pg/mL for 4 h. (E) Hemolytic photographs of RBCs incubated with different concentrations of CMSWs for 0.5 h (al),
2 h (a2), 4 h (a3) and centrifugation after 4 h (a4) with D.I. water (+) and sterile normal saline (—) as positive and negative control, respectively. The
presence of red hemoglobin in the supernatant indicates the damaged RBCs. (F) The H&E staining images of major tissues (heart, liver, spleen, lung and
kidney) at the end of treatments of CMSWs. Data are represented as mean + SD of the mean (n = 3). Scale bar = 200 nm.

Therefore, CMSWs could contact with intestinal epithelial cells
evenly and enter into intestinal tissue effectively, while CMSSs
and CMSRs rarely appeared in the regions of interest, which was
consistent with the results of bio-retention (in vitro) and mucus
penetration studies. In addition, DOX-CMSWs remained a
stronger fluorescence signal in the GI tract instead of being
rapidly washed away from the intestinal mucus even 12 h later,
indicating a better retention property (Supporting Information
Fig. S7).
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These experiments demonstrated that CMSWs with ideal to-
pological structure hold promise to be an efficient oral drug de-
livery platform. To further certificate the biological superiorities of
CMSWs in oral drug absorption in vivo, pharmacokinetics studies
of DOX and DOX@CMSs were carried out, the mean plasma
concentration versus time curves were shown in Fig. 6D and the
critical pharmacokinetic parameters were summarized in Table 2.
For DOX, two peaks were observed in the profile at 1 and 8 h post-
administration with the plasma concentration of 0.16 and 0.13 pg/
mL, respectively. In comparison, only one peak was found in the
profiles of DOX@CMSSs, DOX@CMSRs and DOX@CMSWs
with Cy.x 0f 0.24, 0.29 and 0.57 pg/mL at the delayed Ty,.x of 13,
24 and 28 h, respectively. It should be noted that after incorpo-
rating into CMSs with different morphologies, DOX showed the
delayed T),,x and MRT(_.., which might be close related to the
sustained drug release in vivo. More importantly, among DOX
formulations, DOX@CMSWs achieved the highest Cp,.,, which
was approximately 3.56-, 2.38- and 1.97-fold higher than DOX,
DOX@CMSSs and DOX@CMSRs, respectively. Similarly, the
F) for DOX@CMSWs was approximately 3.48-, 2.50- and 1.26-
fold higher than that of DOX, DOX@CMSSs and DOX@CMSRs,
respectively. There is no doubt that CMSW:s with ideal topological
structures (e.g., larger contact area, small section area and three-
dimension chiral topological structure) showed the greatest po-
tential in improving the oral delivery and enhancing the anticancer
efficacy of DOX via topological mechanisms.

3.9.  Degradability of CMSs

As drug delivery platforms, the degradability of CMSs was evalu-
ated. In this study, the biodegradation of CMSs with different
morphological property was studied in SGF, SIF and SBF mediums
by weight loss (Fig. 7A and B) and TEM (Fig. 7C) methods. Firstly,
after 48 h treatment, the weight loss of CMSs was much gentler (less
than 5%) during the experiment period in all incubation mediums,
confirming good stability while performing the delivery task. After 1
week treatment, CMSs showed low degradation ratio (<10%) in
SGF, while presented faster degradation with higher degradation rate
(>25%) in nearly neutral SIF and SBF. Compared to CMSSs and
CMSRs, CMSWs showed a relatively slow degradation rate in SIF
and SBF though it exhibited the best wettability. To further investi-
gate the degradation mechanism, the degradation residues of CMSs
(after 1 week treatment) were subject to TEM analysis, we could
infer from Fig. 7C that the CMSs immersed in SGF did not show any
obvious change in their morphology. However, significant
morphological change was observed in SIF and SBEF. It was worth
noting that, for CMSSs, the degradation occurred around the pore
channels, indicating the internal corrosion mechanism. In compari-
son, CMSRs and CMSWs were degraded from the external surfaces
of particles. Herein, the external surfaces CMSRs and CMSWs
guarded the internal pores, thus exhibiting slower degradation rates.
These results suggested that CMSs showed good stability during the
48-h treatment period which protected the loaded cargoes from the
harsh in vivo environment, and exhibited pH- and shape-dependent
biodegradability in the long term with less safety concerns.

3.10.  Biocompatibility assessment of CMSWs

Finally, the biocompatibility of CMSWs as nanocarrier was esti-
mated both in vitro and in vivo. The blood compatibility of
CMSWs was assessed by hemolysis assay at the concentration of
25—800 pg/mL. As shown in Fig. 7D and E, CMSWs does not

show significant hemolytic activity and the hemolysis rate was
lower than 5% even after incubation with high CMSWs concen-
tration for 4 h, demonstrating good blood compatibility. The cell
viability of CMSWs was evaluated on Caco-2 cells in the con-
centration range of 0—400 pg/mL by using MTT assay. As indi-
cated in Supporting Information Fig. S8, the cell viability remains
at a high level within the tested range. These results reveal that
CMSWs didn’t have toxicity, which provided prerequisite for the
applications of CMSWs for biomedical applications.

Additionally, to detect the underlying toxicity of CMSWs for
animals, the in vivo biosafety studies were carried out. No sudden
death, unusual behaviors, and significant weight loss was observed
during the 14-day experiments. The serum biomedical parameters
and hematological parameters were analyzed (Supporting
Information Figs. S9—S11). All these major parameters for the
CMSWs treated animals were within the reference ranges and
showed no substantial difference between the control groups.
Moreover, the GI tract and the major tissues (heart, liver, spleen,
lung and kidney) were excised for histological examination
(Fig. 7F). The organ/body ratios (%) were all within the normal
ranges (Supporting Information Table S1). H&E staining images
revealed that CMSWs would not cause obvious histopathological
abnormalities or damage after oral administration of CMSWs.
Both the in vitro and in vivo experiments verified that CMSWs
presented excellent biosafety and could be applied as a promising
oral drug delivery platform.

4. Conclusions

In summary, the multiple topological advantages of CMSWs in
overcoming IEB were listed as follows: (1) CMSWs with small
section area exhibited good penetration ability; (2) the Brownian
motion of CMSWs in mucus layer was promoted by the rota-
tional torque produced on the irregular morphology and ampli-
fied by the screw-like shape with regular slopes; (3) CMSWs
with the three-dimension chirality exhibited large contact area
(“surface” contact) and strong bio-retention ability, which then
facilitated the cellular uptake and prevented the slipping out.
Compared to CMSSs and CMSRs, CMSWs possessed superior
biological behaviors, including the strongest bio-adhesion, the
best mucus-penetrating properties and the highest cellular up-
take efficiency (contributed by the macropinocytosis and
caveolae-mediated endocytosis pathways), which then resulted
in longer intestinal retention time and superior adsorption in the
blood circulation (up to 2.61- and 5.65-times in AUC). Mean-
while, CMSWs presented a controlled drug release behavior with
pH responsiveness while serving as an oral delivery platform for
DOX. As expect, it could efficiently promote the DOX absorp-
tion and penetration in the intestine, and finally improved the
oral adsorption of DOX to a satisfactory level (up to 348%).
Additionally, both the in vitro and in vivo experiments verified
that excellent biodegradability and biocompatibility of CMSWs.
We believe that, the successful attempt of CMSWs gives insights
into the effect of the topological structures on the oral adsorption
of nanocarriers and will provide useful information on the
rational design of nano-DDS.
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