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Abstract

The pharmacological therapy for gastrointestinal (GI) diseases, such as inflammatory

bowel diseases, continues to present challenges in targeting efficacy. The need for

maximal local drug exposure at the inflamed regions of the GI tract has led research

to focus on a disease-targeted drug delivery approach. Smart nanomaterials respon-

sive to the reactive oxygen species (ROS) concentrated in the inflamed areas, can be

formulated into nanoplatforms to selectively release the active compounds, avoiding

unspecific drug delivery to healthy tissues and limiting systemic absorption. Recent

developments of ROS-responsive nanoplatforms include combination with other

materials to obtain multi-responsive systems and modifications/derivatization to

increase the interactions with biological tissues, cell uptake and targeting. This review

describes the applications of ROS-responsive nanosystems for on-demand drug

delivery to the GI tract.
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1 | INTRODUCTION

Localized gastrointestinal (GI) therapy has important applications in a

wide array of diseases affecting the upper part (e.g., gastric ulcers) and

the middle-to-lower regions of the intestine, such as inflammatory

bowel disease (IBD), irritable bowel syndrome (IBS), colon cancer and

infections. In these cases, the conventional oral therapy is discour-

aged, because of the adverse effects associated with systemic expo-

sure. The available platforms for local GI therapy aim at controlling

the drug release by exploiting environmental features, such as pH

(e.g., pH-dependent or enteric-coated formulations), transit time

(e.g., time-delayed systems), presence of mucus (e.g., bioadhesive for-

mulations) or enzymes produced by colonic bacteria (e.g., prodrugs

and enzymes-activated systems).[1,2] Although these strategies pro-

vide advantages over traditional systemic dosage forms in terms of

reduced toxicity and unwanted side effects, these medications still

suffer from lack of therapeutic efficacy, difficulty of drug targeting,

insufficient selectivity, low drug retention at the inflamed areas and

high variability in local drug concentrations. Such challenges are pre-

sent because these targeting strategies rely on physiological parame-

ters, which are highly variable between patients.

To overcome challenges associated with pathophysiological varia-

tions in patients, research is recently moving from strategies based on

site-specific targeting to a disease-specific targeting approach, where

the objective is to achieve a selective drug release only in the diseased

regions. To this purpose, the environmental features of the tissues

affected by the disease can be used as a trigger to activate drug

release. Specifically, the abnormally high levels of reactive oxygenSerena Bertoni, Ariella Machness, and Mattia Tiboni contributed equally to this work.
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species (ROS), which characterize the microenvironment of gastric

and intestinal inflamed regions, can be exploited to differentiate and

target diseased tissues from healthy ones. ROS-responsive (also

defined as redox- or oxidation-responsive) drug delivery systems rep-

resent a type of stimuli-responsive systems, based on materials which

can change their physicochemical properties in response to the spe-

cific environment.[3]

This new approach of developing nanosystems based on ROS-

responsive materials is gaining attention for its potential to enhance

the drug availability at the site of action, allowing not only to reduce

the dose to be administered, but minimize the undesired side effects

and improve the therapeutic efficacy. As for the most of

nanoformulations developed, a basic characterization of the nano-

system should always report a minimum quantity of information

including the initial material characterization with the synthesis of

new materials, definition of size, shape, morphology and zeta-poten-

tial, drug loading and release.[4]

This review will focus on ROS-responsive nanosystems for GI drug

targeting. After giving a background on advantages and drawbacks in

GI drug delivery, we provide an overview of the ROS-responsive nan-

oplatforms explored so far and describe their composition, design

principles and potential for local GI therapy.

2 | DRUG DELIVERY TO THE GIT

The digestive tract consists of a hollow muscular tube composed of

the upper (oral cavity, esophagus, stomach and duodenum) and lower

(small intestine, cecum, colon, rectum, and anus) parts, and their func-

tions include nutrient digestion and absorption, waste excretion, and

immunity. The intestinal mucosa is a complex tissue representing a

selectively permeable barrier between the external environments and

the internal milieu.[5] The epithelium is a single-cell layer composed of

different cell subtypes, mainly enterocytes (absorptive cells), but also

goblet cells, Paneth cells, enteroendocrine cells, M-cells, cup cells and

Tuft cells.[6] The presence of tight junctions (TJs), which strongly seal

the spaces between epithelial cells and ensures the intestinal barrier's

function. Moreover, the epithelium is covered by a protective mucus

layer, a viscous fluid secreted by goblet cells mainly composed of

mucin glycoproteins.[7] Despite these natural barriers, the GI tract rep-

resents a convenient way of access for therapeutic molecules. Among

the different administration routes, the oral pathway is considered the

most common and preferred route, and can be used to achieve either

a systemic effect by absorption of the active compound or a local

therapy by delivering the drug to the lumen and/or the membrane of

the GI tract.[8] The latter effect is desirable in GI diseases, where the

objective is to increase the topical drug exposure and limit systemic

absorption. To maximize the local therapeutic response and limit the

systemic toxicity, the formulation should meet two main

requirements:

i. travel through the GI tract and maintain drug integrity until it

reaches the inflamed areas; and

ii. make the drug available at the inflamed sites at concentrations

sufficient to provide the therapeutic response, while not perme-

ate through the intestinal mucosa.

There are, however, several key challenges that must be overcome

to achieve a successful targeted drug delivery to specific intestinal

regions. After ingestion during its transit through the GI tract, the drug

encounters various compartments, as shown in Figure 1.

The first major challenge is represented by the stomach, where

the pH is generally low and can vary between 1 and 3.5, depending

on the fasted/fed states.[9] Moreover, the gastric enzymes, mainly

pepsin, constitute another possible cause for drug instability. Later,

the passage from the stomach to the small intestine causes a shift of

the pH to weakly acidic/neutral values (5.0 and 7.0).[10] The intestine

is a dynamic environment characterized by absorptive structures

(e.g., microvilli) and an intense motility provided by coordinated con-

tractions (peristalsis). Both features can contribute to limiting the

accumulation of drug at local intestinal sites. Moreover, drug stability

can be affected by intestinal fluid components, such as bile salts and

digestive enzymes (hydrolases, lipases, peptidases, and amylases).

When the drug is released in the intestinal lumen, it is generally diffi-

cult to completely avoid drug absorption, especially when the active

compound is a highly permeable molecule. For example, budesonide

(BDS), a synthetic steroid indicated for the treatment of intestinal

inflammation, has limited systemic exposure due to its marked hepatic

metabolism (about 90%). Despite this, the systemic availability of BDS

after a single oral administration of capsules was on the order of 10%

to 14%.[11] Unlike the small intestine, the large intestine is not the pri-

mary site of nutrient absorption, but plays a major role in water

absorption and metabolism of undigested material through the intesti-

nal microbiome. The gut microbiota consists of 1013-1014 microorgan-

isms, which provide active metabolic activity, playing a crucial role in

intestinal barrier function, energy balance, and immune response.[12]

Within the large intestine the pH drops to slightly acidic (6.0-6.5) and

the motility is reduced.

A distinction in therapeutic delivery should be made based on the

specific target site. While for some active pharmaceutical ingredients

delivery to the lumen is sufficient (e.g., antibiotics), in the case of anti-

inflammatory drugs (e.g., 5-ASA, steroids) and macromolecules, the

target is more likely to be within the epithelium or submucosa.[13]

While in the former case a delayed- or pH-dependent formulation is

typically sufficient to reach the inflamed site, the latter case is more

challenging, because the drug needs to overcome the mucus barrier to

reach the epithelial cell membrane In instances where binding to an

intended receptor is required, the drug should enter the intestinal cells

through the apical side (i.e., intracellular drug release). Simultaneously,

the permeability across the basolateral membrane should be

limited.[13]

Moreover, a diseased state could profoundly affect GI physiology,

including the transit time, mobility, composition and pH of the GI

fluids, and gut microbiota (Figure 1). These changes, together with the

high variability in the location and extent of intestinal lesions,[14] rep-

resent important challenges in realizing successful therapeutic
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platforms. Specifically, common alterations in GI diseases are

increased mobility, diarrhea and changes in microbiome composition

(dysbiosis).[15] For instance, it has been reported that IBD patients had

significantly higher colon transit time, about 52 hours compared to

healthy subjects (about 24 hours),[16] leading to decreased contact

time of the dosage form with the intestinal mucosa and thus the local

drug bioavailability. The alteration in mucus layer composition and

thickness, TJs disruption, epithelial lesions and ulcers can determine a

partial loss of barrier integrity with increased permeability. Moreover,

at the sites of active inflammation, the infiltration of immune cells

(e.g., neutrophils, macrophages, and dendritic cells) is accompanied by

an important release of inflammatory mediators, such as cytokines

and ROS. Specifically, the intestinal mucosa of patients with IBD,[17]

cancer,[18] as well as other GI diseases showed oxidative stress with

increased ROS levels. Biopsies taken from patients suffering from

ulcerative colitis have a 10- to 100-fold increase in mucosal ROS con-

centrations, which are confined to sites of disease and correlate with

disease progression. Activated phagocytes are typically the main pro-

ducers of high concentrations of ROS localized at intestinal inflamma-

tion sites.[15]

3 | ROS-RESPONSIVE MATERIALS

As previously discussed, the GI tract is an important source of ROS.

ROS include radicals [superoxide (O2˙) and hydroxyl (˙OH)] and non-

radicals, such as singlet oxygen (1O2) and hydrogen peroxide

(H2O2).
[17] They participate in a variety of physiological processes,

including cellular signaling, immune response and metabolism. How-

ever, under pathological conditions ROS may lead to cellular damage,

initiation and progression of inflammation.[19] ROS-responsive or

redox-responsive materials are a new generation of engineered mate-

rials, generally of polymeric nature, that changes their chemical struc-

ture in response to one or more types of ROS. The reader interested

in details on the chemical structures and mechanisms of oxidation-

responsiveness of the various types of ROS-responsive materials is

referred to recent reviews.[19–21]

In general, ROS-responsive polymers can be divided in two main

categories: those responding to the oxidative environment with a sol-

ubility switch, and those containing ROS-cleavable bonds (Figure 2).

In the first case, oxidative conditions cause a hydrophobic−hydro-

philic transition, which allows the polymer solubilization in aqueous

F IGURE 1 Different GI environment encountered by oral formulations and representation of the intestinal mucosa in either healthy or
inflammatory conditions. Figure generated with Servier Medical Art (SMArt)

BERTONI ET AL. 3 of 14



media. The second category consists of polymers that undergo back-

bone breakdown by cleavage of bonds sensitive to ROS.[18,19] In addi-

tion to their potential of targeting and on-demand drug delivery, if

ROS molecules are “consumed” in the reaction, these systems can also

be explored for their ability to scavenge the excessively generated

ROS and return ROS levels to normal levels.[22]

ROS-responsive materials drug delivery applications mainly pos-

sess limitations in: (a) the toxicity of the original polymer and its deg-

radation products and (b) the ability to respond to ROS levels that are

not physiologically relevant. However, the great variety of possible

chemical structures and properties of ROS-responsive polymers rep-

resents a strong driving force to advance in the synthesis of new

oxidation-responsive materials with improved biocompatibility and

physiologically relevant responses.

4 | ROS-RESPONSIVE NANOPLATFORMS
FOR GIT DRUG DELIVERY

Among the different diseases involving the GI tract, Crohn's disease

and ulcerative colitis, the two main clinical forms of IBD, have been

the protagonist of numerous studies, proposing innovative treatments

and new delivery approaches. IBD is a chronic inflammatory disorder

of the GI tract affecting millions of patients around the world.[23]

Different strategies and diverse drugs have been developed for IBD

therapy comprising of nonspecific agents, such as nonsteroidal anti-

inflammatory drugs and corticosteroids, as well as immunosuppressive

and immunoregulatory agents.[24] Precisely because of their non-specificity,

the actual treatments generally lead to significant side effects that can

reach severe forms, such as lower GI bleeding from a variety of sources,

including diverticular disease, colitis and polyps, and they can also induce

colitis in a previously normal bowel.[25]

An emerging opportunity to solve this problem is represented by

nanotechnology and its therapeutic application, referred to as

nanomedicine, which has been used for the development of orally

administered dosage formulations designed as strategies to enhance

uptake into diseased tissue within the colon or other parts of the GI

tract.[15] Nanoplatforms have the potential to directly access the

intestinal mucosa and achieve a site-specific drug delivery. During the

last 50 years, nanoparticles with different compositions, sizes, surface

charges and targeting ligands have been investigated as carriers for

drug delivery to inflamed intestinal areas.[26] Nanoparticles with small

size (below 200 nm) accumulate in the areas of intestinal diseases

compared to the healthy GI tissues,[27] as a consequence of the com-

promised barrier function and increased particle uptake by macro-

phages. Nano-sized drug carriers could also display a prolonged

intestinal transit time due to increased adhesion to the thick mucus

layer.[28] Nanomedicine, compared to conventional drugs, may also

protect the payload from destabilization or hydrolysis, improving the

bioavailability and increasing drug release/retention at diseased

sites.[29]

To overcome the multiple problems of IBD and other pathologies

involving specific GI areas, stimuli-responsive drug delivery systems

represent a promising strategy due to their site-specific release ability

in the presence of a stimulus associated with disease characteristics,

such as different pH or ROS overproduction.[30]

Driven by the need for on-demand drug delivery, nanomedicines

can be successfully combined with innovative stimuli-responsive

materials (i.e., ROS-responsive) to develop smart nanoplatforms for

targeted drug delivery to diseased tissues.[15] Nanocarriers prepared

with ROS-responsive materials (ROS-responsive drug delivery

F IGURE 2 Schematic illustration of
the possible behavior of ROS-responsive
nanoplatforms in the presence of ROS.
Polymer chains are indicated as blue lines;
chemical bonds of the polymer are
represented as red segments
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systems) are designed to release the therapeutic payload only at the

site that produces excessive ROS (i.e., IBD) to reach both enhanced

therapeutic efficiency and reduced side effects.[31] Moreover, these

ROS-responsive materials can be combined with other polymers, for

example, polysaccharides, to increase the bioadhesion and biodegrad-

ability of the system to further improve the targeting activity[32]

and/or pH-sensitive polymers to protect the system from the harsh

gastric conditions orally administered formulations face.

In the next section we will discuss examples of ROS-responsive

nanosystems for the treatment of GIT diseases.

4.1 | Production techniques and characterization of
ROS-responsive nanoplatforms

Production techniques for ROS-responsive NPs were mostly based on

self-assembling of the material with classical nanoprecipitation. In the

case of Bertoni et al.[33] and Li et al.,[34] a microfluidic approach was

subsequently used to achieve an effective coating of the NPs with a

pH-responsive polymer to obtain the final microparticles formulation.

In the case of ROS-responsive nanoplatforms, the drug release

behavior should be investigated in the presence of oxidative mole-

cules (i.e., hydrogen peroxide) at a relevant concentration present in

the oxidative environment of the inflamed colon. In another tech-

nique, GSH is typically added to the release solution to mimic the

physiological reductive processes that happen during inflammation.

After demonstrating the ROS-responsive release of the payload,

in vitro and in vivo studies with a specific model that mimics the GIT,

or the IBD should be performed. For example, in vitro, the intestinal

membranes can be simulated with a co-cultured monolayer model,

human colorectal adenocarcinoma cells Caco-2 and mucus secreting

intestinal epithelial cells HT29-MTX, which form together TJs that

mimic the in vivo intestinal epithelium[33,35–39] to perform permeability

studies.

In vivo studies use well established IBD affected mice models by

inducing the inflammation with dextran sodium sulphate or TNBS in

ethanol.[40] In these models, biocompatibility, biodistribution and

effective pharmaceutical efficacy of the prepared systems can be

explored and evaluated.

Table 1 summarizes some of characterization techniques and

model used commonly in stimuli-responsive nanoplatforms develop-

ment for inflamed intestinal diseases.

4.2 | Types of ROS-responsive nanoplatforms

Progress in polymer chemistry has led to the development of several

novel ROS-responsive biomaterials in the last few years, which have

provided specific sensitivity toward H2O2 as a therapeutic approach

for oxidation-sensitive systems.[47]

Taking advantage of the increased ROS concentration in diseased

tissue in IBD, Wilson et al.[44] developed a new poly-(1,-

4-phenyleneacetone dimethylene thioketal) (PPADT) ROS-sensitive

polymer for targeting inflamed intestinal tissues that were stable in

TABLE 1 Characterization techniques and models for stimuli-responsive nanoplatforms developed for GIT drug delivery

Technique Type Use References

ROS-responsive drug release In vitro In vitro drug release tests in presence of H2O2 as

reducing agent to assess the ROS-responsive

behavior of the system.

[33, 41, 42]

Mucin adsorption In vitro An in vitro colorimetric method to predict the mucin

adsorption of the nanosystem in the intestine.

[42, 43]

C2BBe1/HT29-MTX cell monolayer In vitro In vitro model forming tight junctions and secreting

mucus to mimic the in vivo intestinal epithelium.

Useful for permeability studies.

[33–35]

Myeloperoxidase activity In vitro Useful for the evaluation of inflammation also in

inflammatory bowel disease

[41, 42, 44]

DSS induced colitis In vivo This model can be used in mice, rats, hamster or

guinea-pigs inducing an acute colitis characterized

by bloody diarrhea, ulcerations and infiltrations with

granulocytes. It is particularly useful to study the

contribution of innate immune mechanisms of colitis.

[40–42, 44]

TNBS induced colitis In vivo This model is useful to study T helper cell-dependent

mucosal immune responses. It is required particularly

to generate chronic colitis characterized by a

predominant Th1-mediated immune response with

dense infiltration of lymphocytes/macrophages and

thickening of the colon wall.

[40, 45, 46]

Oxazolone induced colitis In vivo This model induces a severe colitis in rats or mice,

characterized by weight reduction, diarrhea and

marked loss of globet cells. It is in some aspects

similar to characteristics observed in human

ulcerative colitis.

[40]
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acidic, basic and protease-abundant environments analogous to the

GI tract. Using PPADT, they formulated ROS-responsive nanoparticles

(TKNs) via an oil-in-water single-emulsion procedure. TKNs degraded

when reaching the site of intestinal inflammation via thioketal link-

ages, thus localizing the release of the payload to inflamed intestinal

tissue.

PPADT was used to encapsulate TNF-α siRNA complexed with

the cationic lipid, 1,2-dioleoyl-3-trimethylammonium- propane (TNF-α

-DOTAP), to form nanoparticles (TNF- α -TKNs) for subsequent

in vitro and in vivo studies with mice suffering from dextran sodium

sulphate (DSS)-induced colitis.[40] Complexing siRNA with cationic

species (i.e., DOTAP) enhanced siRNA transfection by increasing

siRNA stability,[48] mucosal transport,[49] cellular internalization,[50]

and endosomal escape.[51] Furthermore, the incorporation of DOTAP

gave the nanoparticles a positive surface charge that increased parti-

cle uptake by phagocytes[52] and adhesion to the negatively charged

intestinal mucosa.[53] The siRNA-loaded TKNs (TNF-α-TKNs) were

optimized to have a diameter of around 600 nm to limit the non-

specific uptake by enterocytes[54] and improved the uptake by phago-

cytes, which are the main producers of TNF-α at sites of intestinal

inflammation[52] (Figure 3).

In vitro studies using lipopolysaccharide (LPS)-activated macro-

phages showed a significant reduction in TNF-α production when

treated with TNF-α-TKNs compared to cells treated with either phos-

phate buffered saline (PBS) or TKNs loaded with scrambled siRNA

sequence. Subsequent in vivo studies using mice suffering from DSS-

induced colitis demonstrated the ability of TNF-α-TKNs to effectively

target inflamed intestinal tissues and suppress mRNA levels of TNF-α

and several other pro-inflammatory cytokines (IL-1, IL-6 and IFN-γ).

Other systems, such as TNF-α-siRNA loaded PLGA nanoparticles and

TNF-α-DOTAP were used as a control and demonstrated characteris-

tics associated with DSS-induced inflammation, including high levels

of myeloperoxidase activity and significant weight loss. These results

support the ability of TKNs to target inflamed tissues, as an important

factor for their in vivo efficacy.

These positive results indicated successful siRNA delivery to the

inflamed intestinal tissues through the highly ROS-specific response

of the TKNs and, moreover, they confirmed that this ROS-responsive

material with a high stimulus specificity can withstand the harsh envi-

ronments of the GI tract and serve as a vehicle for successful oral

delivery of therapeutic agents in IBD with a pathophysiological level

of oxidative stress.

F IGURE 3 Thioketal nanoparticles
are formulated from a ROS-sensitive
polymer and release orally delivered
siRNA at sites of intestinal
inflammation. (a), PPADT 3 is a new
polymer composed of ROS-sensitive
thioketal linkages (circled dashed). TNF-
α–TKNs were prepared by first
precomplexing TNF-α–siRNA with the
cationic lipid DOTAP. Next, these TNF-α–
DOTAP complexes were added to an
organic solution containing PPADT. The
scanning electron micrograph shows
TNF-α–TKNs (scale bar represents
1.5 μm). (b), When delivered orally, TNF-
α–TKNs remain stable in the harsh
environment of the gastrointestinal tract,
protecting TNF-α–siRNA and preventing
its release to non-inflamed mucosal
tissues. However, at sites of intestinal
inflammation, where infiltrating
phagocytes produce unusually high levels
of ROS, the TKNs degrade, thus releasing
TNF-α–siRNA to the site of inflammation.
(c), PPADT 3 was synthesized using the
acetal exchange reaction. PTSA: para-
toluenesulphonic acid. Reproduced with
permission from Reference [44]; © 2010
Springer Nature Limited
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Zhang et al.[41] also developed a nanosystem based on Tempol (Tpl

selected as a SOD-mimetic drug) loaded in a biocompatible ß-cyclodex-

trin-derived material (OxbCD), as shown in Figure 4. This nanomedicine

(Tpl/OxbCD NP), prepared by a nanoprecipitation/self-assembly

method, was stable in the GI tract and could target inflammatory sites

by releasing the payload in the presence of non-physiologically high

ROS levels. OxbCD was synthesized by functionalization of β-CD with

an oxidation-labile moiety of 4-(hydroxymethyl) phenylboronic acid

pinacol ester (PBAP). Its ROS-responsive hydrolytic profile was

assessed, confirming that OxbCD NPs were completely hydrolyzed in

the presence of 1 mM of H2O2 within 2 hours. Furthermore, OxbCD

NPs may stoichiometrically eliminate H2O2 (catalase-mimicker behav-

ior) that concomitantly with OxbCD hydrolysis, is transformed into

water. The stability at different pH values covering the entire pH spec-

trum of the GI tract (1.2, 6.8, and 7.4) was confirmed up to

300 minutes. The release profiles of Tpl/OxbCD NP was evaluated

in vitro in various buffers including PBS pH 7.4 and 1.2 with or without

the presence of 1 mM of H2O2 for 6 hours, demonstrating that the

payload release was highly responsive to H2O2 level.

After in vitro characterization, the selective accumulation in the

inflamed colon of OxbCD NP was proved first ex vivo and then in vivo,

using mice suffering from DDS-induced colitis, using PLGA nanoparticles

as control. Then, therapeutic effects of Tpl/OxbCD NP in DSS-induced

acute colitis in mice was explored treating the animals for 7 days with

daily oral administration of Tpl alone, Tpl loaded PLGA nanoparticles and

Tpl/OxbCD nanoparticles. The body weight of all DSS-treated mice grad-

ually decreased except for the animals treated with Tpl/OxbCD

nanoparticles, which had a minimal weight loss. Moreover, Tpl/OxbCD

nanoparticle-treated mice displayed much lower disease activity and well-

preserved colonic length compared to model mice. The ROS-responsive

formulation also showed reduced levels of inflammatory cytokines, such

as TNF-α, INF-γ and IL-8ß, and a significant decrease in CD98 (a type II

transmembrane protein that may promote the development and progres-

sion of IBD[55]) expression, confirming the effective therapeutic effect of

Tpl/OxbCD nanoparticles. Finally, the same formulation was tested in

mice with TBNS-induced colitis[40] and showed effective inflamed colon

targeting and minimal weight loss after treatment.

With another innovative material synthesis, Sun et al.[42] developed

an oral BDS (a synthetic glucocorticoid with high topical anti-

inflammatory activity, but limited systemic activity due to high first-pass

metabolism in the liver[56]) nanocarrier system with therapeutic potential

for IBD. An amphiphilic inulin derivative was synthesized from the carbo-

xymethyl inulin (CMI), bearing carboxyl groups in the side chain. Then,

4-aminothiophenol (ATP) was introduced to CMI by forming an amide

bond, using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)-

mediated chemistry, producing a 4-aminothiophenol-carboxymethyl inulin

F IGURE 4 Design,
preparation, and characterization
of a SOD/catalase mimetic
nanomedicine. Composition and
engeneering of a SOD/catalase
mimetic nanomedicine
Tpl/OxbCD NP (a). Targeted
therapy of colitis by Tpl/OxbCD
NP (b). Reproduced with
permission from Reference [41];
© 2016 Elsevier B.V
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conjugate (ATP-CMI). The nanoparticles were prepared by self-

assembling of the ATP-CMI followed by sonication for 6 minutes to

facilitate the oxidation reaction of thiol groups. In vitro stimuli-

responsive release showed that small amounts of BDS were released

in acidic and neutral conditions, while more than 80 wt% of the pay-

load was released when the drug-loaded nanoparticles were exposed

to pH 6.0 in the presence of glutathione (GSH), which was used as a

reducing agent to mimic physiological reductive processes that occur

during ROS overproduction in the inflammation sites.[57] These results

demonstrated that the oxidation-responsive nanoparticles can effi-

ciently transport the payload until reaching the inflamed colon tissue

and subsequently release the drug for effective targeted activity. The

nanoformulation presented in vitro cytocompatibility when incubated

with Caco-2 cells with NPs concentrations ranging from 50 to

500 μg mL−1 for 24 hours.

The effective therapeutic efficacy was established using DSS-

induced IBD mice where decreased inflammation, lower levels of IL-6

and TNF-α, and a higher level of IL-4 were observed in mice treated

with the oxidation-responsive BDS-nanoparticles compared to BDS

alone and PBS controls. The enhanced therapeutic efficacy of BDS-

nanoparticles in colitis was due to: (i) their selective adhesion to

inflamed segments, because of the negative surface charge of ATP-

CMI nanoparticles; (ii) the formation of disulfide bond with the intesti-

nal mucosa that can prolong the residence time of the delivery system

in the inflammatory sites; (iii) the redox-sensitive release of BDS

based on the reduction-oxidation processes of thiol groups on ATP-

CMI nanoparticles achieve a higher drug concentration gradient at the

absorption sites facilitating drug absorption.

With the aim of release cargo from nanoparticles in the presence

of biologically relevant levels of hydrogen peroxide, De Gracia Lux

et al.[58] synthesized two innovative polymers presenting boronic

ester groups in the backbone, one directly linked and the other one

linked via an ether linkage. Both were formulated into nanoparticles

with a size of approximately 150 nm via an oil/water emulsion and

loaded with a fluorescent dye (Nile red) as model drug. Interestingly,

the second polymer presented a degradation about an order of magni-

tude compared to the first one, releasing 50% of the payload after

6 hours of exposure to 100 μM H2O2. The payload release of NPs for-

mulated with this polymer was also tested with and without activating

ROS production in neutrophils demonstrating a 2-fold increased

release in presence of oxidative environment compared to PLGA NPs

and a control polymer similar in structure with the synthesized one.

The ROS-responsive property of this new polymer can be effective

for an application in targeting inflamed gastrointestinal tract.

5 | FROM ROS-RESPONSIVE MATERIALS
TO MULTI-STIMULI RESPONSIVE
APPROACHES TO TARGETED COLONIC
DRUG DELIVERY

Various pathological abnormalities in IBD are exploited to develop

stimuli-responsive drug delivery systems with high therapeutic

localization at the inflamed intestinal site and limited adverse

reactions.[15,47,59–61] These stimuli are categorized by whether the

delivery system interacts with or is actuated by internal biological sig-

nals or external means controlled remotely from the body. Internal

stimuli, such as deviations in pH and elevated ROS levels in diseased

tissues, has been widely used to overcome physiological barriers in

drug delivery, as previously discussed.[33,34,41,44,57,59,62] While single

stimuli-responsive systems have demonstrated some success in

protecting the therapeutic cargo from acidic pHs in the stomach or

sustaining the cargo release in the presence of enzymes associated

with IBD, they have also led to unspecific and premature drug release

due to the multiple physiological barriers present during the therapeu-

tics' trajectory to the colon.[63–65]

Multi-stimuli responsive drug delivery vectors are advantageous

over single response carriers, because they protect the drug cargo

while simultaneously or subsequently controlling drug release over

various physiological barriers that are presented as the carrier moves

through the GIT.[66,67] The pH responsive systems are typically used

to protect cargo from the acidic stomach (pH 1.2), but colon targeting

may remain problematic after the pH responsive coating is degraded

in the stomach. For example, ulcerative colitis treatment should occur

in the distal colon and rectum,[68] but the commercially available single

pH-responsive budesonide products Budenofalk and Entocort demon-

strated premature drug release in the ileum, which has a pH resem-

bling that of the colon.[69] This drug release in the ileum, thus

prevented the sufficient delivery of therapeutics to inflamed areas in

the distal colon. By having a multi-stimuli responsive system, more

specifically a hierarchal stimuli-responsive structure where different

stimuli are subsequently actuated, the cargo begins pH-mediated deg-

radation upon reaching the ileum and large intestine region, followed

by another stimuli-responsive layer triggering upon reaching the

colon. This approach delivers the system from the small intestine to

the colon with minimal cargo release, thus improving site specificity

and drug distribution in the colon.

The following section will discuss examples of dual-responsive

drug delivery systems, including pH with ROS, and enzymatic

responses, emerging external stimuli systems, and how these external

systems can be used in conjunction with internal stimuli to further

improve on therapeutic distribution in the colon. Finally, we will dis-

cuss other targeting strategies used for simultaneously stimuli-

responsive carriers for IBD treatment.

5.1 | pH-Mediated dual-responsive drug delivery
carriers

As previously mentioned, pH-responsive coatings are critical for

protecting the therapeutic cargo from acidic conditions in the stom-

ach, but an additional protective layer is needed to sustain the cargo

release as it travels through the large intestine, where the pH resem-

bles that of the colon.[70] Multi-compartmental or hierarchal nano-in-

micro (NiMOS) structures with dual pH and enzyme, bacteria, or ROS

responsive materials were developed to show increased therapeutic

targeting to the colon.[14,53,54] While there are a multitude of
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examples that demonstrate dual pH and other stimuli responsive

carriers for drug delivery to the colon, as the following section will

discuss, there remains limited research on combining pH and ROS-

responsive carriers for colitis-related treatments. This section will

discuss dual-responsive stimuli systems that have been developed for

drug delivery to the inflamed colon to understand potential carrier

materials and designs that can be combined with ROS-responsive sys-

tems in future studies. By exploring other dual-responsive systems,

the reader may find useful considerations for developing dual-

responsive ROS-mediated nanocarriers with applications in inflamed

colonic drug delivery and inspire their application in dual pH-enzyme

responsive systems for targeted IBD therapy. Although the focus of

this review is on ROS-responsive systems, it is pertinent to explore

other dual-responsive systems from, which we can apply to ROS-

mediated nanocarriers.

5.1.1 | pH and enzyme responsive systems

When designing enzyme responsive drug delivery systems, it is impor-

tant to consider the intestine microflora or what enzymes are present

in the different components of the GI tract and at what concentra-

tions. For example, the lumen of the small intestine contains gram

quantities of trypsin, chymotrypsin, and cathepsin-β, which are all

secreted from the pancreas.[71] Moreover, matrix metalloproteinase

(MMP) and esterases enzymes are upregulated in IBD and other

inflammatory conditions.[72–74] Patients with ulcerative colitis demon-

strated significantly higher levels of MMPs in the inflamed mucosa of

the distal colon and non-involved mucosa of the proximal colon.[72]

Thus, these enzymes serve an opportunity for therapeutic targeting in

the inflamed colon via enzyme-responsive carriers. Ideally, the carrier

should continue protecting the cargo throughout the small and large

intestine until it reaches the distal colon where drug release is medi-

ated by the presence of MMPs.

Small molecules with MMP-labile bonds, such as triglycerol mono-

stearate and acorbyl palmitate (AP), were used to form dual-pH,

enzyme-responsive hydrogels in Li et al.[34] BDS, a glucocorticoid for

IBD therapy, and AP were co-loaded inside hyaluronic acid

functionalized porous silicon (PSi) based nanoparticles (PSi-HA). The

nanoparticles were subsequently encapsulated by hydroxypropyl

methylcellulose acetate succinate (HPMCAS), a pH-responsive mate-

rial, to form the final dual-responsive hierarchal structured drug deliv-

ery system AP@PSi-HA@HPMCAS. Figure 5 shows the schematic for

producing this hierarchal stimuli-responsive structure.

Release profiles mimicking the pH gradient in the GIT showed

minimal release under acidic stomach conditions, and thus, the pH-

responsive matrix protected the embedded enzyme-responsive com-

posite. Upon addition of the enzyme lipase at pH 5, a lipase

concentration-dependent release is observed. This tailored drug

release would be particularly useful for modulating the drug concen-

tration in the colon by disease severity. Specifically, for IBD with

higher extent of inflammation and inflammation-associated enzyme

production, higher therapeutic amounts would be released into the

colon.

While this work demonstrated a sophisticated way to overcome

multiple physiological barriers as the therapeutic travels from the oral

cavity to colon, immunofluorescence images were only conducted for

the distal end of the colon and it is pertinent to observe the fluores-

cence in other GIT components, specifically those with similar pH to

that of the colon, dissected from mice with colitis. Naeem et al.[46]

measured the in vivo localization of the model drug Coumarin-6 (C-6)

in different GIT components to demonstrate the advantages of a dual

pH-enzyme-responsive drug delivery system. The dose amount was

measured in the stomach, small intestine, cecum, and colon, and simi-

lar dose levels were found in the stomach and small intestine for pH-

coated and dual coatings. Within the cecum and colon there was a

2.5- and 5.5-fold dose increase for pH- and dual pH-enzyme-

response systems. This system was subsequently applied to enhance

the therapeutic efficacy of BSD in ulcerative colitis.[45]

The aforementioned dual pH- and enzyme-responsive drug deliv-

ery systems were also monitored for reduction in inflammation bio-

markers commonly associated with IBD, such as IL-1β, IL-6, and TNF-

α.[15,75] Li et al.[34] showed a 5-fold decrease in IL-6 for different

F IGURE 5 Schematic for fabricating AP@PSi-HA@HPMCAS hierarchal nano-in-microparticles. Hyaluronic-functionalized porous silicon
nanoparticles are co-loaded with budesonide and the enzyme-responsive acorbyl palmitate (AP). The AP is gelled to lock BUD inside the PSi.
AP@PSi-HA is subsequently encapsulated with the pH responsive HPMCAS by a microfluidics approach to produce the final structure.
Reproduced with permission from Ref. [34] (CC BY-NC 4.0); © 2018 Elsevier B.V
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formulations in comparison to the control that did not receive any

treatment. However, only in IL-1β was there a significant reduction

between single pH-responsive systems and the dual pH- and enzyme-

one. Naeem et al. also observed the most significant TNF-α reduction

in the dual pH- and enzyme-responsive formulation.[45]

The TNF-α knockdown was also a key strategy for the oral deliv-

ery of siRNA, using dual pH- and enzyme-responsive

microencapsulated nanogels.[76,77] Oral delivery of siRNA presents an

additional challenge, because these gene-silencing molecules undergo

degradation by enzymes and harsh gastric conditions. Moreover,

intracellular delivery and endosomal escape must be achieved, while

maintaining the siRNA integrity. siRNA was loaded into polycationic

2-(diethylamino)ethyl methacrylate (DEAEMA)-based nanogels, which

were previously shown to facilitate intracellular delivery and

endosomal escape. The polycationic nanogels were then encapsulated

with an enzymatically and pH degradable hydrogel. Therefore, after

protection in gastric conditions followed by degradation in intestinal

conditions, the nanogels can help facilitate accumulation in the

inflamed intestinal tissue, where phagocytotic macrophages are pre-

sent. The nanogels and degraded microgels both showed a significant

reduction in TNF-α expression in comparison to a control siRNA.

Moreover, non-degraded microgels did not induce TNF-α knockdown,

indicating the protective capabilities of the microgel platform.

Clinton et al. also explored the material properties, such as micro-

particle polymer crosslinking density, on the oral delivery capability of

commercially available therapeutic proteins, such as Rituxan.[77] Such

strategies and material systems can potentially be applied to thera-

peutic proteins used to treat Crohn's disease, such as Adalimumab

and Infliximab. While pH- and enzyme-responsive drug delivery sys-

tems pose efficient strategies for overcoming the multiple physiologi-

cal barriers faced by therapeutics as they travel through the GIT,

other physiological abnormalities, such as elevated ROS levels, can be

also exploited to increase the therapeutic concentration at the dis-

eased site of interest.

5.1.2 | pH and ROS responsive systems

Reactive oxygen metabolites are inflammatory mediators that play an

essential role in the pathogenesis and progression of IBD, as previ-

ously discussed. While there have been a variety of drug delivery

examples that exploit the excessive generation of ROS as a disease-

specific triggering mechanism in inflammation-related diseases, such

as IBD and cancer, there are limited systems in the literature demon-

strating a dual-responsive therapeutic release.

As mentioned previously, a dual-stimuli-responsive system trig-

gered by pH and subsequently enzyme or ROS-mediated degradation

can further enhance therapeutic efficacy, where the pH coating pro-

tects the carrier from degradation due to varying pH throughout the

GIT. Upon reaching the inflamed site of interest, the therapeutic is

released not only proximally, but also precisely to the inflamed tissue,

where ROS levels are upregulated and not to surrounding healthy tis-

sue. This section will discuss an example where such a dual-

responsive carrier is used in the context of IBD, and the more

prevalent literature on colon cancer applications. While colon cancer

is a different application, there are similarities in physiological barriers

and considerations that can be applied to future carriers developed

for IBD.

Taking advantage of a sequential pH and ROS responsive behav-

ior, Bertoni et al.[33] formulated an innovative targeted nano-in-

micro therapy for IBD. To achieve this result, an H2O2-responsive

dextran (OxiDEX[78]) was synthesized and used to prepare

nanoparticles by nanoprecipitation, using a microfluidics approach.

The nanoparticles were subsequently coated with chitosan (CS),

known for its mucoadhesive properties to add an advantage for IBD

targeting.[15] Rifaximin (RIF) was chosen as model drug (because it

has successfully induced remission of IBD[79]) and effectively loaded

in the nanoparticles (CS-RIF). The RIF loaded and CS coated

nanoparticles were finally encapsulated by microfluidics in a pH-

responsive hydroxypropyl methyl-cellulose acetate succinate

(HPMCAS) polymer to obtain the definitive micro-composite. The

coating was added to protect the nanoparticles from the harsh con-

ditions of the stomach and to release them in the inflamed intestine

tissues, where an abnormal level of ROS is produced. Figure 6 shows

a schematic for the preparation of this dual pH-ROS-responsive car-

rier for targeting GIT delivery.

The stability of CS-RIF nanoparticles was confirmed in a medium

simulating intestinal conditions and the oxidation-responsive degrada-

tion of NPs was confirmed with different concentrations of H2O2

from 100 × 10−6 to 1.0 × 10−3 M. Furthermore, the pH-responsive

behavior of the coating polymer was defined immerging the micropar-

ticles at pH 1.2 in which the formulation remained unchanged, and

then at pH 6.8 in which the microparticles started to lose their shape

after 5 minutes. This characteristic proved the ability of the final for-

mulation to tolerate the harsh gastric conditions (pH 1.2) and to

release the encapsulated nanoparticles only at the typical intestinal

pH (6.8).

After assessing the in vitro cytocompatibility in two cell lines

(C2BBe1 and HT29-MTX), the interaction between nanoparticles

and intestinal cells monolayer in vitro model (C2BBe1/

HT29-MTX) was qualitatively studied by confocal laser scanning

microscopy. This study confirmed the mucoadhesive properties

of the nanoparticles due to the CS coating. Finally, using the

in vitro cell monolayer model formed with a co-culture of

C2bbe1/HT29-MTX that closely mimics the in vivo intestinal

membrane,[35] the drug permeability across membrane was evalu-

ated confirming that in a high-oxidative extracellular environ-

ment, the payload release from the ROS-responsive

nanoformulation was complete, and RIF was not released from

OxiDEX NPs in healthy conditions, representing an advantage in

terms of unspecific adsorption and systemic side effects. While

this formulation demonstrated promising results in mitigating

unspecific absorption and systemic side effects, future in vivo

studies are needed to observe the therapeutic distribution and

extent of inflammation reduction throughout the GIT.

Dual pH-and ROS-responsive drug delivery carriers to the GIT

have been more widely studied in colorectal cancer applications.[80,81]
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For example, Lee et al.[80] used redox-responsive nanoparticles with a

diselenide linkage core cross-linked with ChitoPEG copolymers

(ChitoPEGse) to deliver Piperlongumine (PL), a natural alkaloid extract

from piper plants. Release studies were conducted between a pH of

5.8 and 7.4 to mimic the slightly acidic conditions present in the tumor

microenvironment. The PL release rate and uptake by CT26 mouse

colorectal carcinoma cells increased in physiological abnormalities pre-

sent within the tumor microenvironment (i.e., acidic conditions and

elevated ROS levels). However, these pH levels are, again, representa-

tive of a tumor microenvironment and not acidic gastric conditions.

Therefore, it would be of interest to combine the redox-responsive

component with pH responsive materials that are degraded at pH

levels representing that of the GIT during oral drug delivery.

Other dual pH-and ROS-responsive carriers for colorectal cancer

therapeutic delivery have utilized zinc protoporphyrin (ZnPP)-loaded

with a pH sensitive polymeric prodrug of

benzoyloxycinnamaldehyde[82] and the hybrid anticancer prodrug

[4-(1,3, 2-dioxaborinan-2-yl)benzyl ([5-methyl-2-styryl-1,3-dioxan-

5-yl] methyl) carbonate], which coupled a quinone methide-generating

moiety to a ROS-generating cinnamaldehyde.[83]

The dual responsive carriers for colorectal cancer applications are

used for synergistic purposes rather than the sequential therapeutic

protection and sustained release strategy that is typically observed in

IBD applications. However, these pH-responsive systems that

degrade under more mild acidic conditions can still be utilized as an

additional protective layer for delivery in the GIT. For example, within

the GI tract the pH drops to 5.7 in the caecum and gradually increases

to pH 6.7 in the rectum.[84] Moreover, there are different forms of

IBD that possess varying levels of inflammation within the colon. IBD

associated with primary sclerosing cholangitis, for example, has the

highest histologically graded inflammation in the proximal colon.[85]

Moreover, distal ulcerative colitis demonstrated higher inflammation

in the distal colon.[86] Thus, incorporating an additional pH-sensitive

layer can further localize the therapeutic release to the specific site of

interest.

5.1.3 | External stimuli and future considerations for
multi-responsive drug delivery systems for IBD
therapy

Finally, external stimuli also serve as a promising strategy for increasing GIT

targeting in a remote, patient-specific manner. Internal stimuli can often

lead to off-targeting drug release due to patient-specific differences in the

GI tract environment. Externally triggered systems are promising tools in

modern precision medicine, because the physician has spatiotemporal con-

trol over the therapeutic delivery. Computed tomography (CT) contrast

agents were loaded into thermoresponsive capsules and released via mag-

netic hyperthermia to image the drug payload location in the gut.[87]

Moreover, low-frequency ultrasound is being investigated to

improve drug penetration in the colonic mucosa.[88–92] Drug delivery to

the colonic mucosa requires that the carrier diffuses through the mucus

and enter the mucosal tissue via the epithelial enhanced permeability

and retention effect.[91] Ultrasound can permeabilize biological mem-

branes to increase the diffusion of the therapeutic through tissue bar-

riers, with potential applications in GIT delivery. Schoellhammer

et al.[92] demonstrated in an ex vivo experiment that exposure to low-

frequency ultrasound enhanced the delivery of dextran by almost

7-fold in comparison to passive diffusion. Schoellhammer et al. also

investigated the optimal permeant characteristics for ultrasound-

mediated GI delivery, including the effect of permeant size, charge, and

the presence of chemical penetration enhancers.[90]

6 | CONCLUSIONS AND FUTURE OUTLOOK

The biggest challenge in GI drug targeting is reaching a maximal local

drug exposure at the inflamed regions, while avoiding unspecific drug

delivery and systemic exposure. By using nanotechnology for drug

delivery, the therapeutic effect may be achieved, while side-effects

are potentially reduced. Depending on the different locations of the

inflamed area, drug delivery systems must overcome multiple

F IGURE 6 Schematic illustration of the production of nano-in-micro Oxi-Dex@CS@HPMCAS for Rifaximin delivery to the colon. (a), The
ROS-responsive Oxi-dex nanoparticles are formed by nanoprecipitation and coated with chitosan (CS) before being encapsulated by the pH
responsive polymer HPMCAS through a microfluidics approach. TEM images of (b), Oxi-dex NPs formed after nanoprecipitation and (c), Oxi-dex
NPs coated with chitosan. Reproduced with permission from Reference [33]; © 2018 Wiley-VCH
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physiological barriers in order to maximize drug availability, promis-

ingly addressing the existing medical challenges.

ROS-responsive drug delivery systems, which degrade in the pres-

ence of a pathophysiological level of oxidative stress, coated with dif-

ferent stimuli-responsive materials, provide outstanding drug

protection capacities from the physiological conditions throughout

the GI tract, enabling a disease-specific targeting approach while

maintaining drug integrity until it reaches the inflamed areas, as

shown by the examples covered in this review.

Nevertheless, there is still a great gap between the laboratory vali-

dation and clinical translation. Currently, no clinical trials have been

documented to further testify the function of the ROS-responsive

drug delivery systems. Therefore, further studies are needed to dem-

onstrate its potential to treat GI diseases.

Moreover, while external stimuli such as ultrasounds have not been

applied in conjunction with internal stimuli for IBD therapeutic delivery

applications, combining the previously discussed internal and external

stimuli can potentially increase the therapeutic efficacy at the inflamed

site of interest. Moreover, triggering a release via external means at differ-

ent locations within the GIT or increasing mucosa permeability in con-

junction with protecting the therapeutic at acid pH in the upper GIT

would produce more tailored formulations for IBDs with varying severity,

locations, and pathogenesis. Because drug delivery vectors need to over-

come multiple physiological barriers as they travel from the oral cavity to

inflamed intestine, multi-stimuli responsive materials are required to pro-

tect the cargo and ensure high drug concentrations reach the inflamed

sites. Thus, it is important that we have materials that not only respond

to obstacles present in the upper GIT, but also more specifically, to the

microenvironment at the site of action through either internal, external or

a combination of stimuli responsive carriers.

However, special attention should be paid to the dosage and

selection of loaded drug molecules to avoid anti-oxidant-induced

stress. Overall, ROS-responsive systems hold great potential to selec-

tively deliver drugs to inflamed areas and effective decrease inflam-

mation throughout the GIT.
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