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Inorganic nanoparticles for oral drug delivery:

opportunities, barriers, and future perspectives "
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Oral delivery is the preferred route of drug administration due to
patient compliance and convenience. Despite this,
nanomedicines have so far primarily been developed for the
parenteral route. Inorganic nanoparticles hold great promise as
theranostics for oral drug delivery. This is gaining importance
especially for the local treatment of gastrointestinal (Gl)
diseases. However, successful oral delivery of inorganic
nanoparticles is challenged by complex physiological
conditions in the Gl tract. We discuss the main Gl barriers and
their impact on nanoparticle biotransformation and toxicity. An
improved understanding of the complex interplay of inorganic
nanoparticles with the dynamic Gl environment can facilitate
the development of efficient oral nanomedicines.
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Introduction

Nanomedicine has been an active area of research since
the discovery of liposomes in the 1960s [1]. Nano-
technology in medicine and pharmaceutical research has
aided great discoveries in the treatment, imaging, and
diagnosis of various conditions, especially in oncology
[2,3]. Today, more than 30 types of nanoparticles have
been approved in the clinic. The Food and Drug Ad-
ministration (FDA) approval of lipid nanoparticle-based

carriers for the mRINA vaccines against COVID-19 has
fueled even greater interest in nanomedicine [4]. In fact,
parenterally administered lipid nanoparticles make up
the largest fraction of clinically approved nanoparticles,
followed by inorganic nanoparticles as the second largest
group. The latter are primarily iron oxide-based nano-
particles used in the systemic treatment of iron-deficient
anemia and kidney disease [5¢].

Compared with systemically administered nanoparticles,
orally administered ones have been much less studied,
despite the oral route being the most common (approx.
60% of approved drug products) and showing best pa-
tient compliance. Nevertheless, orally administered in-
organic nanoparticles are well-established as food
additives, for example, in the form of SiO, (E551), a
common and generally-regarded-as-safe food additive
[6]. Furthermore, the successful clinical translation of
systemically administered nanomedicines, offer pro-
mising pharmaceutical and biomedical applications of
inorganic nanoparticles in the gastrointestinal tract
(GIT). Orally administered inorganic nanoparticles can
be used 1) as carriers for systemic drug absorption, ii) for
local treatment of gastrointestinal (GI) diseases such as
inflammatory bowel disease (IBD) and colorectal cancer
(CRC), and iii) for imaging applications. Thus, the
function of orally administered nanoparticles does not
solely rely on their translocation across the intestinal
epithelium. However, oral administration of inorganic
nanoparticles is challenging due to multiple barriers
presented by the GIT. These include its high enzymatic
activity, variations in pH, the intestinal mucosal barrier,
and absorption across the intestinal epithelium. The
functionality and fate of inorganic nanoparticles in the
GIT depend on their physicochemical properties such as
composition, size, shape, porosity, and surface chemistry
(Figure 1).

Inorganic nanoparticles are most often explored for their
theranostic potential, that is, combined diagnosis and
treatment. This level of functionality is difficult to
achieve with lipid-based or polymeric nanoparticles. The
most commonly used inorganic nanoparticles for bio-
medical applications include pure metals (especially
plasmonic nanoparticles such as Au and Ag), metal
oxides (e.g. solid or mesoporous SiO,, y-Fe,03/Fe;0y),
semiconductor materials (quantum dots), and calcium
phosphates. Gold nanoparticles are extensively studied
due to their high biocompatibility, ease of synthesis, and
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Physicochemical properties that influence the biological fate and
behavior of inorganic nanoparticles in the GIT. Sizes, shapes, and
compositions are depicted as examples.

bioconjugation, as well as tunable optical and thermal
properties. The latter properties make gold nano-
particles of particular interest for photothermal therapy
(PTT), in which near-infrared (NIR) light is used to
trigger localized hyperthermia. Iron oxide nanoparticles
have also been widely studied for hyperthermia, mag-
netically targeted drug-delivery applications, and as
contrast agents in magnetic resonance imaging.
Recently, hybrid materials have been developed that
combine the benefits of several nanoparticle classes [7].
For the interested reader, there are detailed reviews
covering the synthesis, physicochemical properties, and
biomedical applications of the most commonly used in-
organic nanomaterials: gold [8], silver [9], iron oxide
[10,11], ttanium dioxide [12], and silicon di-
oxide [13,14].

Here, we review recent advances in orally administered
inorganic nanoparticles for disease treatment and diag-
nosis. First, we highlight the barriers encountered by
nanoparticles in the GIT and how these impact their
dissolution, aggregation, and biodistribution. We focus
specifically on the interplay between the GI environ-
ment and the nanoparticles themselves. The interested
reader is referred to recently published reviews on drug
solubility [15], dissolution [16], and ultimately absorp-
tion [17] from the GI'T. We emphasize the importance of

developing i vitro methods that more closely mimic the
dynamic physiological conditions encountered by nano-
particles in the GIT. A special focus is placed on the
emerging use of oral inorganic nanoparticles as ther-
anostics for GI diseases. Finally, we address toxicity is-
sues related to nanoparticles and their impact on the
successful clinical translation of oral inorganic nanome-
dicines.

Gastrointestinal barriers encountered by
orally administered inorganic nanoparticles
The GIT is well-adapted for its physiological tasks of
processing food and absorbing nutrients while at the
same time protecting the body from harmful substances
and microorganisms. These opposing functions of up-
take and exclusion are the main barriers for orally ad-
ministered inorganic nanoparticles. The physiological
environment in the GI'T varies between different GI
regions, prandial states (i.e. fasted versus fed), and
health conditions (healthy or diseased). These para-
meters all influence the complex dynamics of GI trans-
port and oral drug absorption [17]. For an inorganic
nanoparticle-based drug-delivery system to exert a sys-
temic therapeutic effect, the nanoparticle and/or its
cargo must cross the mucus lining of the intestinal epi-
thelium and permeate the epithelial cells. Here, it is
important to consider the release of the cargo from the
nanoparticle. Both the properties of the drug (e.g. logP
and pK,) and the nanoparticle (e.g. size and material)
influence when, where, and at which rate the drug is
released from the carrier. Examples include immediate
drug release from the nanoparticle upon contact with the
GI fluid or controlled release at the target site after
systemic absorption of the nanoparticle. Surface coat-
ings/modifications (such as pH-responsive coatings) can
modulate drug release [18,19]. Below, we outline para-
meters governing GI transport and cellular uptake of
inorganic nanoparticles and their impact on oral drug
delivery.

Dynamics of nanoparticle dissolution and aggregation in
gastrointestinal fluids

GI fluids are aqueous solutions or suspensions com-
prising exogenous (e.g. food) and endogenous con-
stituents. The fluids vary in pH, ionic strength, and
composition (e.g. lipids, bile salts, and proteins). In turn,
the fluid properties affect the dynamic behavior of in-
organic nanoparticles in the GI'T with respect to nano-
particle degradation (due to pH changes or enzymes
[20]), dissolution, aggregation, and surface propertics
(Figure 2). Nanoparticle transport through the GIT is
governed by nanoparticle diffusion and motility-driven
transport.

Table 1 provides an overview of recent studies on the
dynamic aggregation and dissolution behavior of in-
organic nanoparticles in simulated GI fluids. Many of
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these 2 wvitro studies focus on a specific GI location
(e.g. in the small intestine) and the resulting effects on
the hydrodynamic particle diameter or particle con-
centration. To improve the correlation of iz vitro and in
vivo data, dynamic 7z vitro assays have been developed
to account for the processes occurring upon transport
through different GI regions (i.e. cascade set-ups). Fur-
ther, cascade setups have been compared with the dis-
solution behavior of various metal oxide nanoparticles in
individual fluids (mimics of fasted-state saliva, and gas-
tric and intestinal fluids) [21]. Cascade transport through
various biological compartments may significantly affect
the toxicological profile of certain nanomaterials [22e¢].

The impact of varying physiological conditions in the
GIT due to disease state, for example, during an acute
inflammation, when investigating inorganic nanoparticle
fate in vivo, 1s often overlooked. Physiological changes
can include impaired integrity of the intestinal wall and
altered motility and flow conditions (e.g. due to diar-
rhea). Leonard et al. demonstrated that larger (~2 pm)
particles adhere more strongly than smaller (~80 nm)
ones to inflamed Caco-2 cells during flow conditions
[23]. Thus, cell studies under flow could more closely
mimic GI motility and the resulting nanoparticle—cell
interactions than static experiments.

Enzyme corona formation in gastrointestinal fluids
GI-fluid components such as pancreatic enzymes can
interact with the surface of inorganic nanoparticles to
form an enzyme corona. This considerably increases the
hydrodynamic diameter of the particles, alters their
surface properties, and increases particle recognition and
elimination by the innate immune system. This is a
well-studied phenomenon for parenterally administered
nanoparticles for which the systemic transport and bio-
distribution of nanoparticles is strongly influenced by
the formation of a serum-protein corona [24]. In contrast,
corona formation in GI fluids still remains understudied.
Although one recent study has explored the influence of
particle properties in this context [25¢¢], more studies
are needed to understand the dynamic interaction of
digestive enzymes with inorganic nanoparticles and their
impact on GI toxicity and cellular uptake. The formation
of enzyme corona can be minimized, but not abolished
by coating the nanoparticle surface with neutrally
charged molecules or polymers such as polyvinyl al-
cohol and polyethylene glycol (PEG) [26].

Transport of inorganic nanoparticles through the
intestinal mucus layer

The GIT is covered by a protective mucus layer con-
sisting of hydrogel-forming mucins, which are large,
glycosylated proteins secreted by goblet cells [27]. The
morphology and thickness of the mucus layer varies
throughout the GIT. The mucus itself is a barrier and
the constant mucus turnover, combined with the GI-

fluid flow, efficiently removes particles [28]. Taken to-
gether, thise creates problems for nanoparticle-mediated
systemic drug delivery (Figure 2). The hydrogel mesh
sterically excludes particles > 200 nm [29]. Furthermore,
mucus can interact with nanoparticles and their cargo via
electrostatic, hydrophobic, and hydrogen-bonding in-
teractions and thereby hinder transport toward the epi-
thelium. In particular, electrostatic interactions between
the overall negatively charged mucus and cationic de-
livery systems can retain nanoparticles in the mucus
layer.

Thus, cationic and hydrophobic nanoparticles interact
more strongly with mucin than anionic and hydrophilic
ones, thus rendering nanoparticles either mucoadhesive
or mucopenetrating, respectively [30]. Bhattacharjee et al.
observed that the transport of SiO, nanoparticles through
porcine jejunal mucus depends on particle size, surface
charge, and coating [31]. Specifically, anionic and methyl-
PEGylated SiO, nanoparticles were transported more
readily than their cationic and noncoated counterparts.
Additionally, Au nanoparticles can interact with mucin
through the formation of gold—sulfur or disulfide bonds
(for thiol-stabilized Au) [32]. Nanoparticle shape can also
influence transport through mucus. Using mesoporous
silica and calcium phosphate nanoparticles, Yu et al.
showed that nanorods display better mucus-transport
properties than nanospheres of the same chemistry [29].
Finally, nanoparticles can impact the mucus layer itself.
For example, Bredeck et al. reported an altered expres-
sion of mucin genes upon exposure to CeO; and Ag na-
noparticles, which may lead to an elevated susceptibility
toward intestinal inflammation and infection [33].

Nanoparticle uptake by the intestinal epithelium for
systemic drug delivery

T'he intestinal epithelium consists of a tight layer of cells
with different functions, for example, absorptive en-
terocytes and mucus-producing goblet cells (Figure 2).
T'he transport of inorganic nanoparticles is generally very
low across these cell layers for systemic absorption to
occur [24,25# 34-36]. Inorganic nanoparticles can cross
the intestinal epithelium via endocytotic pathways,
classified as pinocytosis and phagocytosis. The main
pinocytotic pathways are macropinocytosis, clathrin-
mediated endocytosis, caveolar-mediated endocytosis,
and clathrin- and caveolar-independent pathways. Pha-
gocytosis is a receptor-mediated process carried out
mainly by specialized cells such as macrophages and
neutrophils to remove invading microorganisms and
exogenous material.

Some studies also suggest that the paracellular route can
be an absorption pathway, although the available space
(<10 10\) there is limited [37]. T'wo recent studies de-
monstrated that anionic SiO, nanoparticles can enhance
intestinal paracellular permeability via tight-junction
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Orally administered nanoparticles and the physiological obstacles they face in the GIT. Lumen: upon contact with Gl fluids, nanoparticles may lose
their function due to enzymatic degradation or pH-triggered dissolution. Nanoparticle properties may be significantly affected due to aggregation
events and protein corona formation. Mucus: particles are entrapped in the mucin network due to the size-dependent diffusion through the mucosal
pores and/or mucus—particle interactions. The constant renewal of mucus contributes to the removal of particles from the mucosal layer. Cellular
uptake: nanoparticles are taken up by absorptive enterocytes through various pinocytotic pathways, such as macropinocytosis, clathrin-mediated
endocytosis, caveolar-mediated endocytosis, or clathrin- and caveolar-independent pathways. Eventually, the particles might degrade in the
lysosome. Efficient removal of pathogens by specialized cells, such as macrophages or neutrophils, is performed via phagocytosis.

relaxation. This enabled oral delivery of a coadminis-
tered peptide drug [35¢,38]. For oral peptide delivery,
nanoparticulate carriers have another advantage: they
can enhance stability by protecting the peptide from the
harsh GI environment, thereby positively affecting oral
bioavailability [39,40].

Endocytosis of inorganic nanoparticles, including Ag
[41e], Au [36,42], Fe,Oy [43], SiO, [44-46], and TiO,
[47], has been studied in multiple ways. These include
in vitro cell models with Caco-2 cells as proxies for the
intestinal epithelium [23,24,35¢,42-46], ex vivo with in-
testinal tissues, and 7z vivo after oral administration
[35¢,45,47]. In general, cellular uptake is influenced by
nanoparticle size [35¢,42,43,45], shape [45], and surface
coating [24,35¢ 46]. In contrast to endocytosis, exocy-
tosis mechanisms are rarely studied, although a recent
study by Lichtenstein et al. highlighted the influence of
particle composition on transcytosis mechanisms [48].

The correlation of the dynamic GI environment en-
countered by orally administered nanoparticles and the
resulting impact on their cellular uptake is often

overlooked in the literature. Preclinical studies — with
pristine nanoparticles under experimental conditions
that do not reflect the GI environment — may under- or
overestimate nanoparticle uptake /# vive. For example,
Jiang et al. showed that the type of assay medium can
influence nanoparticle uptake in 7z vitro-simulated gas-
tric and intestinal fluids [36]. Abdelkhaliq et al. de-
monstrated that the uptake of iz wvirro-digested Ag
nanoparticles is lower than that of their pristine coun-
terparts [41e¢]. These examples underline the im-
portance of considering the iz vivo Gl environment
when designing and interpreting iz vitro studies.

Orally administered inorganic nanoparticles
for the treatment and diagnosis of
gastrointestinal diseases

The incidence and prevalence of GI diseases are in-
creasing worldwide, placing a huge economic burden on
society in terms of medical costs [49]. Many GI dis-
orders, if inadequately treated, can lead to serious com-
plications. Thus, there is a great need to develop more
efficient and patient-compliant diagnosis and treatment
options for GI diseases. Inorganic nanoparticles hold
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great promise here as theranostics (‘l'able 2). Further-
more, they can be locally delivered to the diseased GI'T
by oral administration, circumventing the need to cross
the intestinal epithelium for systemic exposure.

Colorectal cancer

CRC is the third most common type of cancer and cause
of death by cancer worldwide [50]. Au nanoparticle-
mediated PTT combined with chemotherapy has been
successfully applied for treatment of CRC and the method
is under clinical trial investigation for prostate cancer
(NCT02680535) and glioblastoma (NCT03020017).
Especially promising are therapies that combine che-
motherapeutic drugs with mild hyperthermia induced by
NIR photoactivation of Au nanoparticles [51]. Theranostic
metal-based nanoparticles can also offer spatiotemporal
control of the nanosystem. Au nanoparticles can be tagged
with a radionuclide before positron emission tomography/
computed tomography (CT), to guide precise delivery of
the nanoparticles to the CRC tumor [52]. Iron oxide can
act as a T2 contrast agent to visualize nanoparticle accu-
mulation in the cancerous tissue by magnetic resonance
imaging [53]. Furthermore, the iron oxide enables precise
localization of the nanoparticles at the target site using an
external magnet.

However, only a few studies have attempted the oral
administration of theranostic nanomaterials for CRC
treatment. Recently, an oral hybrid system was devel-
oped using solid lipid nanoparticles loaded with doxor-
ubicin and iron oxide for local hyperthermia therapy of
CRC [54¢]. The system was designed to evade absorp-
tion in the small intestine, while enhancing cellular
uptake by the tumorous tissue through targeting of fo-
late receptors. Thus, this oral delivery system enables
colonic delivery of the nanostructure, by using coating
layers that prevent biorecognition by absorption trans-
porters and enzymatic degradation.

Inflammatory bowel disease

IBD is a chronic inflammation in the intestine.
Examples of IBD are Crohn’s disease and ulcerative
colitis. Diagnosis and treatment are challenging, partly
because the disease has periods of active inflammation
versus remission, but also due to the lack of accurate
diagnostic procedures. Inorganic nanoparticles have
been explored as imaging agents for diagnosis and be-
cause of their unique capability to mediate catalytic IBD
treatment (I'able 2). In a mouse model of colitis, Naha
et al. administered dextran-coated CeQO, nanoparticles
orally as contrast agents for C'T' imaging. The particles
successfully accumulated in the inflamed GIT locations
[55¢]. Zhao et al. capitalized on the enzymatic activity of
CeO, to scavenge excessive reactive oxygen species
(ROS) in active IBD [56]. Scavenging of ROS molecules

could alleviate inflammation while also serving as a tar-
geting site for IBD. Similarly, Zhao et al. used Prussian
blue particles (ferric hexacyanoferrate(I)) with manga-
nese as highly stable, inflammation-targeting ROS na-
noscavengers [57,58]. This approach is particularly
promising as Prussian blue is already a clinically estab-
lished oral antidote for heavy-metal poisoning.

Gastrointestinal toxicity of inorganic
nanoparticles

T'he oral administration of inorganic nanoparticles raises
concerns regarding their potential toxic effects in the
GIT, especially with the recent EU ban of Ti0, (E171)
and re-evaluation of SiO, (E551) as food additives. The
current FDA-approved amounts of TiO, and SiO, are
1% and 2% by weight of the food, respectively [59,60].
However, with the continuous influx of new reports and
due to the lack of international regulations regarding
approval of nanomedical products, these certified num-
bers are continuously updated and adjusted. The ap-
proval of nanomedical products is limited by regulatory
aspects, where the toxicity of the nanomaterial is of
major importance [61,62].

Nanotoxicity is commonly attributed to properties such
as size, surface charge, chemical composition, shape, and
the delivered dose [63-65]. These properties dictate the
ability of nanomaterials to interact with biological com-
ponents or (mechanically) damage tissues upon direct
contact by penetrating cell membranes. Ultimately, the
properties of the nanomaterials also govern their dis-
tribution and clearance from the body. The high surface-
to-volume ratio of nanoparticles can potentiate reactivity
of the material. Materials such as gold are inert in their
bulk form, but can exhibit toxic effects at the nanoscale
level. Although some nanoparticles, such as the CeO,
mentioned above, act as ROS scavengers, other nano-
sized metal oxides can generate ROS [66]. In vivo stu-
dies of GI nanotoxicity are still scarce. The high doses of
particles used for 7z vitro studies do not necessarily re-
flect the iz vivo local particle concentrations in the GIT.
As a result, studies report contradictory results regarding
the harmful effects of inorganic nanoparticles intended
for oral administration.

Toxicity is strongly dependent on the nanoparticle size.
For example, 10-nm SiO, nanoparticles, but not 30-nm
ones, administered orally exacerbated intestinal in-
flammation in a colitis mouse model [67]. For Au na-
noparticles (10, 30, and 60 nm), /#z vive biodistribution
and excretion was also size-dependent [68]. The smal-
lest nanoparticles were most harmful, probably because
of their greater penetration into the cell nucleus and
consequently more DNA damage. Comparable results
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were obtained by Yao et al., where small Au nano-
particles accumulated more than the larger ones
(15nm > 50 nm > 100 nm) in Caco-2 cells [42].

The cytotoxicity of iron oxide nanoparticles is commonly
considered minor or associated with the highest dose
and/or longest exposure time for a given experiment
[69]. Voss et al. investigated the correlation between
cellular effects and physicochemical properties of iron
oxide and reported no alterations in ROS production,
apoptosis, or mitochondrial membrane potential in Caco-
2 cells [43]. Similar results were reported by Moskvin
et al., who tested iron oxide nanoparticles with various
surface modifications on human CRC cell lines [70].
SiO, is generally considered a biocompatible material
and therefore often used as a benign coating layer on
inorganic nanoparticles such as iron oxide [71]. However,
recent studies have shown that SiO, can exhibit # vitro
cytotoxicity in macrophages and colon-cancer cells
[72,73]. Chen et al. demonstrated that the oral ingestion
of SiO, nanoparticles by mice induces microbial di-
versity in the intestine as well as significantly increased
levels of pro-inflammatory cytokines, however, no
overall toxicity was reported [74].

Finally, orally administered metal-based nanoparticles
such as Au [75], Ag, or 'TiO, [76] can have a negative
impact on gut microbiota. For the latter two, the mi-
crobial dysbiosis is attributed to the antimicrobial ac-
tivity of these materials [71,75-82]. This has to be taken
into account when treating GI diseases such as IBD that
already present impaired gut microbiota. It has been
reported that oral administration of TiO, to mice with
acute colitis can worsen inflammation [81,83ee 84].
However, other studies contradict any adverse effects of
titanium- and silver based nanoparticles  vivo [85,86].
The experimental and analytical methods as well as
different dose regimens in the various studies might
explain these conflicting findings. The assessment of
nanotoxicology is complex and the underlying cellular
mechanisms are not yet fully understood.

Conclusion

Inorganic nanoparticles have a promising future as oral
drug-delivery systems, especially because of their pro-
mise as theranostics. An emerging field of research in
oral nanomedicine focuses on the use of theranostic
nanoparticles for GI diseases. Here, the oral adminis-
tration of nanoparticles can replace systemically ad-
ministered medicines by exerting an optimized, local
effect in the GIT. Inorganic nanoparticles can destroy
tumorous tissue by thermal treatment (Au, iron oxides),

scavenge inflammatory ROS (CeQO,), and simultaneously
enable imaging or precise localization of the delivery
systems 7z vivo. Such concepts could also be expanded
to include other GI disorders such as celiac disease.

Recent advances in nanomaterial engineering enable
close control of physicochemical particle properties such
as size, composition, shape, and surface chemistry to
optimize optical and thermal properties and enhance
targeting or biocompatibility. This is essential to over-
come the physiological barriers encountered by orally
administered inorganic nanoparticles such as complex
transport phenomena in GI fluids, the mucus layer, and
crossing the intestinal epithelial cells. The impact of
physicochemical particle properties on these processes is
fairly well-understood, however, there is still a need to
develop rigorous iz vitro systems that more closely
mimic the dynamic GI transit of inorganic nanoparticles.
GI physiology — such as pH variations, flow, and en-
zyme corona formation — affects, among other things,
nanoparticle dissolution and aggregation. The GI phy-
siology ultimately governs the interaction of the nano-
particles with the cell and thus the biological fate.
Physiological differences can be further pronounced in
patients suffering from GI diseases, impacting the safe
and effective oral inorganic nanoparticle delivery in
these patient groups. The complex interplay of inorganic
nanoparticles with the GI environment, including the
gut microbiota, is also evident by contradicting reports
on GI nanotoxicity.

Future studies should consider the use of iz vitro dose
exposures that more closely reflect the local concentra-
tions 7z vivo, as well as the dynamic physicochemical
nanoparticle properties in the GIT. For example, it is
imperative to test nanoparticles in biosimilar intestinal
fluids and to take enzyme corona formation into account
in toxicological assays. Such systematic investigations
will enhance our understanding of the complex and
dynamic behavior of inorganic nanoparticles in the GI'T
and pave their way for patient-compliant and safe
oral use.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this

paper.

Acknowledgements
The Science for Life Laboratory and VINNOVA (2019-00048) are grate-
fully acknowledged for financial support. This work is part of a project that

www.sciencedirect.com

Current Opinion in Chemical Engineering 38 (2022) 100869



10 Nanotechnology: Inorganic Nanomaterials for Healthcare

has received funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation programme
(Grant agreement no. 101002582).

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

e of special interest
oo Of outstanding interest

1. Zhang C, Yan L, Wang X, Zhu S, Chen C, Gu Z, Zhao Y: Progress,
challenges, and future of nanomedicine. Nano Today 2020,
35:101008.

2. Shi J, Kantoff PW, Wooster R, Farokhzad OC: Cancer
nanomedicine: progress, challenges and opportunities. Nat Rev
Cancer 2017, 17:20-37.

3. Chen G, Roy |, Yang C, Prasad PN: Nanochemistry and
nanomedicine for nanoparticle-based diagnostics and therapy.
Chem Rev 2016, 116:2826-2885.

4. Anselmo AC, Mitragotri S: Nanoparticles in the clinic: an update
post covip-19 vaccines. Bioeng Trans! Med 2021, 6:e10246.

5. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA,

] Langer R: Engineering precision nanoparticles for drug delivery.
Nat Rev Drug Discov 2021, 20:101-124.

This paper reviews advanced nanoparticle designs that could improve

precision therapies with focus on overcoming biological barriers and

patient heterogeneity.

6. Peters R, Kramer E, Oomen AG, Herrera Rivera ZE, Oegema G,
Tromp PC, Fokkink R, Rietveld A, Marvin HJP, Weigel S,
Peijnenburg AACM, Bouwmeester H: Presence of nano-sized
silica during in vitro digestion of foods containing silica as a
food additive. ACS Nano 2012, 6:2441-2451.

7. Soares DCF, Domingues SC, Viana DB, Tebaldi ML: Polymer-
hybrid nanoparticles: current advances in biomedical
applications. Biomed Pharmacother 2020, 131:110695.

8. Hu X, Zhang Y, Ding T, Liu J, Zhao H: Multifunctional gold
nanoparticles: a novel nanomaterial for various medical
applications and biological activities. Front Bioeng Biotechnol
2020, 8:990.

9. Lee SH, Jun BH: Silver nanoparticles: synthesis and application
for nanomedicine. Int J Mol Sci 2019, 20:865.

10. Xie W, Guo Z, Gao F, Gao Q, Wang D, Liaw BS, Cai Q, Sun X, Wang
X, Zhao L: Shape-, size- and structure-controlled synthesis and
biocompatibility of iron oxide nanoparticles for magnetic
theranostics. Theranostics 2018, 11:3284-3307.

11. Dadfar SM, Roemhild K, Drude NI, Stillfried S, Kniichel R, Kiessling
F, Lammers T: Iron oxide nanoparticles: diagnostic, therapeutic
and theranostic applications. Adv Drug Deliv Rev 2019,
138:302-325.

12. Ziental D, Czarczynska-Goslinska B, Mlynarczyk DT, Glowacka-
Sobotta A, Stanisz B, Goslinski T, Sobotta L: Titanium dioxide
nanoparticles: prospects and applications in medicine.
Nanomaterials 2020, 10:387.

13. Jafari S, Derakhshankhah H, Alaei L, Fattahi A, Varnamkhasti BS,
Saboury AK: Mesoporous silica nanoparticles for therapeutic/
diagnostic applications. Biomed Pharmacother 2019,
109:1100-1111.

14. Jeelani PG, Mulay P, Venkat R, Ramalingam C: Multifaceted
application of silica nanoparticles. A review. Silicon 2020,
12:1337-1354.

15. Vertzoni M, Alsenz J, Augustijns P, Bauer-Brandl A, Bergstrom
CAS, Brouwers J, Millerz A, Perlovich G, Saal C, Sugano K,

Reppas C: UNGAP best practice for improving solubility data
quality of orally administered drugs. Eur J Pharm Sci 2022,
168:106043.

16. Hoérter D, Dressman JB: Influence of physicochemical properties
on dissolution of drugs in the gastrointestinal tract. Adv Drug
Deliv Rev 2022, 168:106043.

17. Vertzoni M, Augustijns P, Grimm M, Koziolek M, Lemmens G,
Parrott N, Pentafragka C, Reppas C, Rubbens J, Van Den Abeele J,
Vanuytsel T, Weitschies W, Wilson CG: Impact of regional
differences along the gastrointestinal tract of healthy adults on
oral drug absorption: an UNGAP review. Eur J Pharm Sci 2019,
134:153-175.

18. Ndayishimiye J, Cao Y, Kumeria T, Blaskovich MAT, Falconera JR,
Popat A: Engineering mesoporous silica nanoparticles towards
oral delivery of vancomycin. J Mater Chem B 2021, 9:7145-7163.

19. Jain RN, Huang X, Das S, Silva R, lvanova V, Minko T, Asefa T:
Functionalized mesoporous silica nanoparticles for glucose-
and pH-stimulated release of insulin. Z Anorg Allg Chem 2014,
640:616-623.

20. Croissant JG, Fatieiev Y, Khashab NM: Degradability and
clearance of silicon, organosilica, silsesquioxane, silica mixed
oxide, and mesoporous silica nanoparticles. Adv Mater 2017,
29:1604634.

21. Sohal IS, Cho YK, O’Fallon KS, Gaines P, Demokritou P, Bello D:
Dissolution behavior and biodurability of ingested engineered
nanomaterials in the gastrointestinal environment. ACS Nano
2018, 12:8115-8128.

22. Llewellyn SV, Kéampfer A, Keller JG, Vilsmeier K, Bittner V, Ag

ee Seleci D, Schins RPF, Doak SH, Wohlleben W: Simulating
nanomaterial transformation in cascaded biological
compartments to enhance the physiological relevance of in
vitro dosing regimes: optional or required? Small 2021,
17:2004630.

The authors propose a cascade-based testing strategy through phy-

siologically relevant compartments to assess the biotransformation of

engineered nanomaterials and demonstrate how this may impact re-

activity, cytotoxicity, inflammatory, and genotoxic potential of Ag and

SiO, during in vitro cell assays.

23. Leonard F, Srinivasan S, Liu X, Collnot E-M, Ferrari M, Lehr C-M,
Godin B: Design and in vitro characterization of multistage
silicon-PLGA budesonide particles for inflammatory bowel
disease. Eur J Pharm Biopharm 2020, 151:61-72.

24. Barbero F, Russo L, Vitali M, Piella J, Salvo |, Borrajo ML, Busquets-
Fité M, Grandori R, Bastus NG, Casals E, Puntes V: Formation of the
protein corona: the interface between nanoparticles and the
immune system. Semin Immunol 2017, 34:52-60.

25. Zhang T, Zhu G, Lu B, Qian Z, Peng Q: Protein corona formed in

*e the gastrointestinal tract and its impacts on oral delivery of
nanoparticles. Med Res Rev 2021, 41:1835-1850.

This review summarizes recent studies on digestive enzyme corona

formation on orally delivered nanoparticles and suggests the potential of

using the corona for colon targeted delivery.

26. Marets C, Boudon J, Millot N, Saviot L, Maurizi L: In vivo protein
corona on nanoparticles: does the control of all material
parameters orient the biological behavior? Nanoscale Adv 2021,
3:1209-1229.

27. Johansson MEV, Sjovall H, Hansson GC: The gastrointestinal
mucus system in health and disease. Nat Rev Gastroenterol
Hepatol 2013, 10:352-361.

28. Garcia-Diaz M, Birch D, Wan F, Nielsen HM: The role of mucus as
an invisible cloak to transepithelial drug delivery by
nanoparticles. Adv Drug Deliv Rev 2018, 124:107-124.

29. Yu M, Wang J, Yang Y, Zhu C, Su Q, Guo S, Sun J, Gan Y, Shi X,
Gao H: Rotation-facilitated rapid transport of nanorods in
mucosal tissues. Nano Lett 2016, 16:7176-7182.

Current Opinion in Chemical Engineering 38 (2022) 100869

www.sciencedirect.com


http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref1
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref1
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref1
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref2
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref2
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref2
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref3
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref3
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref3
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref4
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref4
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref5
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref5
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref5
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref6
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref6
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref6
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref6
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref6
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref7
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref7
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref7
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref8
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref8
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref8
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref8
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref9
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref9
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref10
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref10
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref10
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref10
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref11
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref11
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref11
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref11
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref12
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref12
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref12
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref12
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref13
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref13
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref13
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref13
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref14
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref14
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref14
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref15
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref15
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref15
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref15
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref15
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref16
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref16
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref16
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref17
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref17
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref17
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref17
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref17
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref17
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref18
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref18
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref18
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref19
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref19
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref19
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref19
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref20
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref20
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref20
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref20
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref21
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref21
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref21
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref21
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref22
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref22
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref22
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref22
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref22
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref22
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref23
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref23
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref23
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref23
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref24
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref24
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref24
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref24
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref25
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref25
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref25
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref26
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref26
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref26
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref26
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref27
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref27
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref27
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref28
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref28
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref28
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref29
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref29
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref29

30.

31.

32.

33.

34.

35.

Inorganic Nanopatrticles for Oral Drug Delivery Asad, Jacobsen and Teleki 11

Griffiths PC, Cattoz B, Ibrahim MS, Anuonye JC: Probing the
interaction of nanoparticles with mucin for drug delivery
applications using dynamic light scattering. Eur J Pharm
Biopharm 2015, 97:218-222.

Bhattacharjee S, Mahon E, Harrison SM, McGetrick J, Muniyappa
M, Carrington SD, Brayden DJ: Nanoparticle passage through
porcine jejunal mucus: microfluidics and rheology. Nanomed:
Nanotechnol Biol Med 2017, 13:863-873.

Ouellette M, Masse F, Lefebvre-Demers M, Maestracci Q, Grenier
P, Millar R, Bertrand N, Prieto M, Boisselier E: Insights into gold
nanoparticles as a mucoadhesive system. Sci Rep 2018,
8:14357.

Bredeck G, Kampfer AAM, Sofranko A, Wahle T, Bittner V,
Albrecht C, Schins RPF: Ingested engineered nanomaterials
affect the expression of mucin genes — an in vitro-in vivo
comparison. Nanomaterials 2021, 11:2621.

Enea M, Pereira E, Silva DD, Costa J, Soares ME, de Lourdes
Bastos M, Carmo H: Study of the intestinal uptake and
permeability of gold nanoparticles using both in vitro and in
vivo approaches. Nanotechnology 2020, 31:195102.

Lamson NG, Berger A, Fein KC, Whitehead KA: Anionic
nanoparticles enable the oral delivery of proteins by enhancing
intestinal permeability. Nat Biomed Eng 2020, 4:84-96.

This paper describes the effect of SiO, nanoparticle size and charge on
intestinal permeability with the aim to enable the oral delivery of pro-
teins. The SiO, nanoparticles bind to intestinal surface receptors to
mediate opening of tight junctions in a reversible and nontoxic manner.

36.

37.

38.

39.

40.

Jiang X, Zhang X, Gray P, Zheng J, Croley TR, Fu PP, Yin J-J:
Influences of simulated gastrointestinal environment on
physicochemical properties of gold nanoparticles and their
implications on intestinal epithelial permeability. J Environ Sci
Health C 2019, 37:116-131.

Van ltallie CM, Holmes J, Bridges A, Gookin JL, Coccaro MR,
Proctor W, Colegio OR, Anderson JM: The density of small tight
junction pores varies among cell types and is increased by
expression of claudin-2. J Cell Sci 2008, 121:298-305.

Cornu R, Chrétien C, Pellequer Y, Martin H, Béduneau A: Small
silica nanoparticles transiently modulate the intestinal
permeability by actin cytoskeleton disruption in both Caco-2
and Caco-2/HT29-MTX models. Arch Toxicol 2020,
94:1191-1202.

Hristov D, McCartney F, Beirne J, Mahon E, Reid S, Bhattacharjee
S, Penarier G, Werner U, Bazile D, Brayden DJ: Silica-coated
nanoparticles with a core of zinc, I-arginine, and a peptide
designed for oral delivery. ACS Appl Mater Interfaces 2020,
12:1257-1269.

Abeer MM, Rewatkar P, Qu Z, Talekar M, Kleitz F, Schmid R,
Lindén M, Kumeria T, Popat A: Silica nanoparticles: a promising
platform for enhanced oral delivery of macromolecules. J
Control Release 2020, 326:544-555.

. Abdelkhalig A, van der Zande M, Undas AK, Peters RJB,

Bouwmeester H: Impact of in vitro digestion on gastrointestinal
fate and uptake of silver nanoparticles with different surface
modifications. Nanotoxicology 2020, 14:111-126.

The study highlights the effect of in vitro digestion on Ag nanoparticle
physicochemical properties and subsequent uptake in an intestinal
coculture cell model.

42.

43.

Yao M, He L, McClements DJ, Xiao H: Uptake of gold
nanoparticles by intestinal epithelial cells: impact of particle
size on their absorption, accumulation, and toxicity. J Agric
Food Chem 2015, 63:8044-8049.

Voss L, Hoché E, Stock V, Béhmert L, Braeuning A, Thiinemann AF,
Sieg H: Intestinal and hepatic effects of iron oxide
nanoparticles. Arch Toxicol 2021, 95:895-905.

44. Wright L, Joyce P, Barnes TJ, Lundmark R, Bergstrém CAS, Hubert
M, Prestidge CA: A comparison of chitosan, mesoporous silica
and poly(lactic-co-glycolic) acid nanocarriers for optimising
intestinal uptake of oral protein therapeutics. J Pharm Sci 2021,
110:217-227.

45. Zheng N, Li J, Xu C, Xu L, Li S, Xu L: Mesoporous silica nanorods
for improved oral drug absorption. Artif Cells Nanomed
Biotechnol 2018, 46:1132-1140.

46. Tan X, Yin N, Liu Z, Sun R, Gou J, Yin T, Zhang Y, He H, Tang X:
Hydrophilic and electroneutral nanoparticles to overcome
mucus trapping and enhance oral delivery of insulin. Mo/ Pharm
2020, 17:3177-3191.

47. Coméra C, Cartier C, Gaultier E, Catrice O, Panouille Q, El Hamdi S,
Tirez K, Nelissen |, Théodorou V, Houdeau E: Jejunal villus
absorption and paracellular tight junction permeability are
major routes for early intestinal uptake of food-grade TiO,
particles: an in vivo and ex vivo study in mice. Part Fibre Toxicol
2020, 17:26.

48. Lichtenstein D, Ebmeyer J, Meyer T, Behr A-C, Késtner C, Béhmert
L, Juling S, Niemann B, Fahrenson C, Selve S, Thiinemann AF,
Meijer J, Estrela-Lopis |, Braeuning A, Lampen A: It takes more
than a coating to get nanoparticles through the intestinal
barrier in vitro. Eur J Pharm Biopharm 2017, 118:21-29.

49. Fathring M, Roberts SE, Samuel DG, Williams JG, Thorne K,
Morrison-Rees S, John A, Akbari A, Williams JC: Survey of
digestive health across Europe: Final report. Part 1: The burden
of gastrointestinal diseases and the organisation and delivery
of gastroenterology services across Europe, United European
Gastroenterol. J 2014, 2:539-543.

50. Siegel RL, Miller KD, Jemal A: Cancer statistics, 2019. CA: Cancer
J Clin 2019, 69:7-34.

51. Mulens-Arias V, Nicolas-Boluda A, Pinto A, Balfourier A, Carn F,
Silva AKA, Pocard M, Gazeau F: Tumor-selective immune-active
mild hyperthermia associated with chemotherapy in colon
peritoneal metastasis by photoactivation of fluorouracil-gold
nanoparticle complexes. ACS Nano 2021, 15:3330-3348.

52. Lee SB, Lee J-E, Cho SJ, Chin J, Kim SK, Lee I-K, Lee S-W, Lee J,
Jeon YH: Crushed gold shell nanoparticles labeled with
radioactive iodine as a theranostic nanoplatform for
macrophage-mediated photothermal therapy. Nanomicro Lett
2019, 11:36.

53. Abed Z, Beik J, Laurent S, Eslahi N, Khani T, Davani ES, Ghaznavi
H, Shakeri-Zadeh A: Iron oxide-gold core-shell nano-
theranostic for magnetically targeted photothermal therapy
under magnetic resonance imaging guidance. J Cancer Res Clin
Oncol 2019, 145:1213-1219.

54. Shen M-Y, Liu T-l, Yu T-W, Kv R, Chiang W-H, Tsai Y-C, Chen H-H,

. Lin S-C, Chiu H-C: Hierarchically targetable polysaccharide-
coated solid lipid nanoparticles as an oral chemo/
thermotherapy delivery system for local treatment of colon
cancer. Biomaterials 2019, 197:86-100.

In the paper, the authors synthesized solid lipid nanoparticles loaded

with doxorubicin and superparamagnetic iron oxide nanoparticles for

local hyperthermia therapy of CRC by oral administration to mice.

55. Naha PC, Hsu JC, Kim J, Shah S, Bouché M, Si-Mohamed S,

. Rosario-Berrios DN, Douek P, Hajfathalian M, Yasini P, Singh S,
Rosen MA, Morgan MA, Cormode DP: Dextran-coated cerium
oxide nanoparticles: a computed tomography contrast agent
for imaging the gastrointestinal tract and inflammatory bowel
disease. ACS Nano 2020, 14:10187-10197.

This paper describes the protective effects from oxidative damage of

dextran-coated cerium oxide nanoparticles, as well as their use as CT

contrast agents for IBD after oral administration to mice.

56. Zhao S, LiY, LiuQ,LiS, ChengY, Cheng C, Sun Z, DuY, Butch CJ,
Wei H: An orally administered CeO, @montmorillonite

www.sciencedirect.com

Current Opinion in Chemical Engineering 38 (2022) 100869


http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref30
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref30
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref30
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref30
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref31
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref31
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref31
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref31
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref32
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref32
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref32
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref32
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref33
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref33
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref33
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref33
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref34
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref34
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref34
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref34
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref35
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref35
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref35
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref36
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref36
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref36
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref36
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref36
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref37
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref37
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref37
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref37
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref38
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref38
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref38
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref38
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref38
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref39
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref39
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref39
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref39
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref39
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref40
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref40
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref40
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref40
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref41
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref41
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref41
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref41
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref42
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref42
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref42
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref42
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref43
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref43
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref43
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref44
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref44
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref44
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref44
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref44
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref45
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref45
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref45
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref46
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref46
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref46
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref46
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref47
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref47
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref47
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref47
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref47
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref47
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref48
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref48
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref48
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref48
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref48
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref49
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref49
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref49
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref49
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref49
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref49
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref50
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref50
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref51
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref51
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref51
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref51
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref51
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref52
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref52
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref52
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref52
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref52
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref53
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref53
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref53
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref53
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref53
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref54
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref54
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref54
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref54
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref54
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref55
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref55
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref55
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref55
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref55
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref55
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref56
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref56

12

57.

58.

59.
60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Nanotechnology: Inorganic Nanomaterials for Healthcare

nanozyme targets inflammation for inflammatory bowel
disease therapy. Adv Funct Mater 2020, 30:2004692.

Zhao J, Cai X, Gao W, Zhang L, Zou D, Zheng Y, Li Z, Chen H:
Prussian blue nanozyme with multienzyme activity reduces
colitis in mice. ACS Appl Mater Interfaces 2018, 10:26108-26117.

Zhao J, Gao W, Cai X, Xu J, Zou D, Li Z, Hu B, Zheng Y:
Nanozyme-mediated catalytic nanotherapy for inflammatory
bowel disease. Theranostics 2019, 9:2843-2855.

FDA, 21C.F.R §73.575; 2022.
FDA, 21C.F.R §573.940; 2022.

Foulkes R, Man E, Thind J, Yeung S, Joya A, Hoskins C: The
regulation of nanomaterials and nanomedicines for clinical
application: current and future perspectives. Biomater Sci 2020,
8:4653-4664.

Soares S, Sousa J, Pais A, Vitorino C: Nanomedicine: principles,
properties, and regulatory issues. Front Chem 2018, 6:360.

Erkekoglu P, Kocer-Gumusel B: Toxicity assessment of
nanopharmaceuticals. Elsevier; 2018:565-603.

Sukhanova A, Bozrova S, Sokolov P, Berestovoy M, Karaulov A,
Nabiev I: Dependence of nanoparticle toxicity on their physical
and chemical properties. Nanoscale Res Lett 2018, 13:44.

Shin S, Song I, Um S: Role of physicochemical properties in
nanoparticle toxicity. Nanomaterials 2015, 5:1351-1365.

Wang D, Zhao L, Ma H, Zhang H, Guo L-H: Quantitative analysis
of reactive oxygen species photogenerated on metal oxide
nanoparticles and their bacteria toxicity: the role of superoxide
radicals. Environ Sci Technol 2017, 51:10137-10145.

Ogawa T, Okumura R, Nagano K, Minemura T, lzumi M, Motooka
D, Nakamura S, lida T, Maeda Y, Kumanogoh A, Tsutsumi Y,
Takeda K: Oral intake of silica nanoparticles exacerbates
intestinal inflammation. Biochem Biophys Res Commun 2021,
534:540-546.

Lopez-Chaves C, Soto-Alvaredo J, Montes-Bayon M, Bettmer J,
Llopis J, Sanchez-Gonzalez C: Gold nanoparticles: distribution,
bioaccumulation and toxicity. In vitro and in vivo studies.
Nanomed: Nanotechnol Biol Med 2018, 14:1-12.

Laffon B, Fernandez-Bertélez N, Costa C, Brandao F, Teixeira JP,
Pésaro E, Valdiglesias V: Cellular and molecular toxicity of iron
oxide nanoparticles. In Cellular and Molecular Toxicology of
Nanoparticles. Edited by Saquib Q, Faisal M, Al-Khedhairy AA,
Alatar AA. Springer International Publishing; 2018:199-213.

Moskvin M, Babi¢ M, Reis S, Cruz MM, Ferreira LP, Carvalho MD,
Lima SAC, Horék D: Biological evaluation of surface-modified
magnetic nanoparticles as a platform for colon cancer cell
theranostics. Colloids Surf B 2018, 161:35-41.

Ledda M, Fioretti D, Lolli MG, Papi M, Di Gioia C, Carletti R, Ciasca
G, Foglia S, Palmieri V, Marchese R, Grimaldi S, Rinaldi M, Lisi A:
Biocompatibility assessment of sub-5 nm silica-coated
superparamagnetic iron oxide nanoparticles in human stem
cells and in mice for potential application in nanomedicine.
Nanoscale 2020, 12:1759-1778.

Rubio L, Pyrgiotakis G, Beltran-Huarac J, Zhang Y, Gaurav J,
Deloid G, Spyrogianni A, Sarosiek KA, Bello D, Demokritou P:
Safer-by-design flame-sprayed silicon dioxide nanoparticles:
the role of silanol content on ROS generation, surface activity
and cytotoxicity. Part Fibre Toxicol 2019, 16:40.

Fritsch-Decker S, An Z, Yan J, Hansjosten I, Al-Rawi M, Peravali R,
Diabaté S, Weiss C: Silica nanoparticles provoke cell death
independent of p53 and BAX in human colon cancer cells.
Nanomaterials 2019, 9:1172.

Chen H, Zhao R, Wang B, Cai C, Zheng L, Wang H, Wang M,
Ouyang H, Zhou X, Chai Z, Zhao Y, Feng W: The effects of orally
administered Ag, TiO, and SiO, nanoparticles on gut

75.

76.

77.

78.

79.

80.

81.

82.

83.

microbiota composition and colitis induction in mice.
Nanolmpact 2017, 8:80-88.

Zhu S, Jiang X, Boudreau MD, Feng G, Miao Y, Dong S, Wu H,
Zeng M, Yin J-J: Orally administered gold nanoparticles protect
against colitis by attenuating Toll-like receptor 4- and reactive
oxygen/nitrogen species-mediated inflammatory responses
but could induce gut dysbiosis in mice. J Nanobiotechnol 2018,
16:86.

LiJd, Yang S, Lei R, Gu W, Qin Y, Ma S, Chen K, Chang Y, Bai X, Xia
S, Wu C, Xing G: Oral administration of rutile and anatase TiO,
nanoparticles shifts mouse gut microbiota structure. Nanoscale
2018, 10:7736-7745.

Javurek AB, Suresh D, Spollen WG, Hart ML, Hansen SA, Ellersieck
MR, Bivens NJ, Givan SA, Upendran A, Kannan R, Rosenfeld CS:
Gut dysbiosis and neurobehavioral alterations in rats exposed
to silver nanoparticles. Sci Rep 2017, 7:2822.

van den Brule S, Ambroise J, Lecloux H, Levard C, Soulas R, De
Temmerman P-J, Palmai-Pallag M, Marbaix E, Lison D: Dietary
silver nanoparticles can disturb the gut microbiota in mice. Part
Fibre Toxicol 2015, 13:38.

Williams K, Milner J, Boudreau MD, Gokulan K, Cerniglia CE, Khare
S: Effects of subchronic exposure of silver nanoparticles on
intestinal microbiota and gut-associated immune responses in
the ileum of Sprague-Dawley rats. Nanotoxicology 2015,
9:279-289.

Lyu Z, Ghoshdastidar S, Rekha KR, Suresh D, Mao J, Bivens N,
Kannan R, Joshi T, Rosenfeld CS, Upendran A: Developmental
exposure to silver nanoparticles leads to long term gut
dysbiosis and neurobehavioral alterations. Sci Rep 2021,
11:6558.

Chen Z, Han S, Zhou D, Zhou S, Jia G: Effects of oral exposure to
titanium dioxide nanoparticles on gut microbiota and gut-
associated metabolism in vivo. Nanoscale 2019,
11:22398-22412.

Cao X, Han Y, Gu M, Du H, Song M, Zhu X, Ma G, Pan C, Wang W,
Zhao E, Goulette T, Yuan B, Zhang G, Xiao H: Foodborne titanium
dioxide nanoparticles induce stronger adverse effects in obese
mice than non-obese mice: gut microbiota dysbiosis, colonic
inflammation, and proteome alterations. Small 2020,
16:2001858.

Yan J, Wang D, Li K, Chen Q, Lai W, Tian L, Lin B, Tan Y, Liu X, Xi Z:
Toxic effects of the food additives titanium dioxide and silica
on the murine intestinal tract: mechanisms related to intestinal
barrier dysfunction involved by gut microbiota. Environ Toxicol
Pharmacol 2020, 80:103485.

In this study, the authors investigated the toxic effects of oral, food-
grade titanium dioxide and silicon dioxide nanoparticles in mice and
their impact on the GT.

84.

85.

86.

87.

Ruiz PA, Morén B, Becker HM, Lang S, Atrott K, Spalinger MR,
Scharl M, Wojtal KA, Fischbeck-Terhalle A, Frey-Wagner |,
Hausmann M, Kraemer T, Rogler G: Titanium dioxide
nanoparticles exacerbate DSS-induced colitis: role of the
NLRP3 inflammasome. Gut 2017, 66:1216-1224.

Gao Y, LiT,Duan S, Lyu L, Li Y, Xu L, Wang Y: Impact of titanium
dioxide nanoparticles on intestinal community in 2,4,6-
trinitrobenzenesulfonic acid (TNBS)-induced acute colitis mice
and the intervention effect of vitamin E. Nanoscale 2021,
13:1842-1862.

Wilding LA, Bassis CM, Walacavage K, Hashway S, Leroueil PR,
Morishita M, Maynard AD, Philbert MA, Bergin IL: Repeated dose
(28-day) administration of silver nanoparticles of varied size
and coating does not significantly alter the indigenous murine
gut microbiome. Nanotoxicology 2016, 10:513-520.

Pindédkova L, Kasparkova V, Kejlova K, Dvoidkova M, Krsek D,
Jirova D, Kasparova L: Behaviour of silver nanoparticles in
simulated saliva and gastrointestinal fluids. Int J Pharm 2017,
527:12-20.

Current Opinion in Chemical Engineering 38 (2022) 100869

www.sciencedirect.com


http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref56
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref56
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref57
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref57
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref57
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref58
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref58
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref58
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref59
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref59
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref59
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref59
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref60
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref60
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref61
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref61
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref62
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref62
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref62
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref63
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref63
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref64
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref64
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref64
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref64
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref65
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref65
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref65
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref65
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref65
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref66
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref66
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref66
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref66
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref67
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref67
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref67
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref67
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref67
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref68
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref68
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref68
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref68
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref69
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref69
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref69
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref69
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref69
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref69
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref70
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref70
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref70
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref70
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref70
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref71
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref71
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref71
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref71
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref72
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref72
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref72
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref72
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref72
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref73
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref73
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref73
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref73
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref73
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref73
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref74
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref74
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref74
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref74
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref75
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref75
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref75
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref75
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref76
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref76
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref76
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref76
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref77
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref77
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref77
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref77
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref77
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref78
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref78
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref78
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref78
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref78
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref79
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref79
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref79
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref79
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref80
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref80
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref80
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref80
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref80
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref80
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref81
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref81
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref81
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref81
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref81
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref82
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref82
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref82
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref82
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref82
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref83
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref83
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref83
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref83
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref83
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref84
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref84
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref84
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref84
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref84
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref85
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref85
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref85
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref85

Inorganic Nanopatrticles for Oral Drug Delivery Asad, Jacobsen and Teleki 13

88. Axson JL, Stark DI, Bondy AL, Capracotta SS, Maynard AD,

89.

Philbert MA, Bergin IL, Ault AP: Rapid kinetics of size and pH-
dependent dissolution and aggregation of silver nanoparticles
in simulated gastric fluid. J Phys Chem C 2015,
119:20632-20641.

He X, Zhang H, Shi H, Liu W, Sahle-Demessie E: Fates of Au, Ag,
Zn0O, and CeO, nanoparticles in simulated gastric fluid studied

90.

using single-particle-inductively coupled plasma-mass
spectrometry. J Am Soc Mass Spectrom 2020, 31:2180-2190.

Voss L, Saloga PEJ, Stock V, Béhmert L, Braeuning A, Thiinemann
AF, Lampen A, Sieg H: Environmental impact of ZnO
nanoparticles evaluated by in vitro simulated digestion. ACS
Appl Nano Mater 2020, 3:724-7383.

www.sciencedirect.com

Current Opinion in Chemical Engineering 38 (2022) 100869


http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref86
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref86
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref86
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref86
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref86
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref87
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref87
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref87
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref87
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref88
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref88
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref88
http://refhub.elsevier.com/S2211-3398(22)00079-X/sbref88

	Inorganic nanoparticles for oral drug delivery: opportunities, barriers, and future perspectives
	Introduction
	Gastrointestinal barriers encountered by orally administered inorganic nanoparticles
	Dynamics of nanoparticle dissolution and aggregation in gastrointestinal fluids
	Enzyme corona formation in gastrointestinal fluids
	Transport of inorganic nanoparticles through the intestinal mucus layer
	Nanoparticle uptake by the intestinal epithelium for systemic drug delivery

	Orally administered inorganic nanoparticles for the treatment and diagnosis of gastrointestinal diseases
	Colorectal cancer
	Inflammatory bowel disease

	Gastrointestinal toxicity of inorganic nanoparticles
	Conclusion
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




