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Abstract

Inflammatory bowel disease (IBD) is characterized by the chronic inflammation of the
gastrointestinal tract and impacts almost 7 million people across the globe. Current therapeutics
are effective in treating the symptoms, but they often do not address the root cause or selectively
target areas of inflammation. Notably, self-assembled nanoparticles show great promise as drug
delivery systems for the treatment of IBD. Nanoparticles can be designed to survive the harsh
gastric conditions and reach inflamed areas of the gastrointestinal tract. Oral drug delivery with
nanoparticles can localize drugs to the impacted inflamed region using active and/or passive
targeting and promote a high rate of drug dispersion in local tissues, thus reducing potential
off-target toxicities. Since a dysregulated gut microbiome is implicated in the development

and progression of IBD, it is also important to develop nanoparticles and biomaterials that

can restore symbiotic microbes while reducing the proliferation of harmful microbes. In this
review, we highlight recent advances in self-assembled nanosystems designed for addressing
inflammation and dysregulated gut microbiomes as potential treatments for IBD. Nanoparticles
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have a promising future in improving the delivery of current therapeutics, increasing patient
compliance by providing an oral method of medication, and reducing side effects. However,
remaining challenges include scale-up synthesis of nanoparticles, potential side effects, and
financial obstacles of clinical trials. It would be in the patients’ best interest to continue research
on nanoparticles in the pursuit of more effective therapeutics for the treatment of IBD.
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INTRODUCTION

Interest in finding treatments for inflammatory bowel disease (IBD) has been increasing

in recent years, with the rise of big data helping to elucidate the complex interactions
associated with the illness. Crohn’s disease (CD) and ulcerative colitis (UC), the two forms
of IBD, are both disorders described by chronic inflammation of the gastrointestinal (GI)
tract. While they often have similar symptoms, they have different clinical and pathological
criteria. The shared symptoms include fatigue, loss of appetite, abdominal pain, cramping,
diarrhea, blood in stool, and unintended weight loss.! While the exact pathogenesis of

IBD is unknown, potential causes of IBD include a dysregulated immune system, genetic
predisposition, diet, and other environmental factors.2 Genome-wide association studies
found that 163 genes are involved in IBD, 110 of which were shared by both CD and UC.3
Despite this, genetics are not the singular cause as a small study reported concordance of
monozygotic twins to be 95.4% and 49.5% for CD and UC, respectively, while for dizygotic
twins the percentages were 42.4% and 0% for CD and UC, respectively.? Interestingly,
environmental factors are also nonuniform.®> With this multifactorial etiology in mind,

it is clear why the leading views like the hygiene hypothesis focus on the premise of

how increasing worldwide standard of living decreases childhood exposure to pathogens,
possibly preventing the typical development of the immune system.6:”
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Patients with IBD often have periods of illness and remission, and their symptoms can

vary in severity. There are many possible complications from IBD, including primary
sclerosing cholangitis, eye/skin/joint inflammation, blood clots, and an increased risk of
colorectal cancer. The manifestations of these diseases and their subsequent recognition

are quite different. CD can present with small bowel disease, antisaccharomyces cerevisiae
antibodies, and granulomas, which are specific findings that help distinguish the disease.
UC is typically associated with rectal inflammation, antineutrophil cytoplasmic antibodies,
and crypt abscesses.2 While specific complications from CD include malnutrition, bowel
obstructions, fistulas, and anal fissure, complications from UC include severe dehydration, a
perforated colon, and a toxic megacolon.8

IBD has been increasing in prevalence in the industrialized world. Some 1.6 million
Americans are diagnosed with IBD, with 80 000 of those cases being children and 70

000 new diagnoses every year.%10 People living in industrialized countries have an increased
risk of developing IBD, and this is thought to be related to key factors such as a Western
diet with increased consumption of fat and refined food.2 Globally, the number of cases

of IBD has increased dramatically from 3.7 million to over 6.8 million between 1990

and 2017, an increase of 85.1%.11 Therefore, there is an urgent need for new therapeutic
approaches against IBD. While developed nations have the greatest incidence of IBD,
emerging countries have seen an increase in the incidence of IBD as they have become

more industrialized.12-14 Interestingly, studies have shown that IBD can lead to a relative
lack of diversity in the microbiome, possibly leading to unchecked bacterial proliferation

of pathobionts and even barrier infiltration, prompting tissue destruction from the resulting
immune-mediated inflammatory response.>-20 With the pathogenesis of 1BD still unclear,
it remains to be seen whether specific microbes are responsible for the disease or if a
dysregulated microbiome is a downstream effect. Regardless, the symbiotic relationship that
exists between the gut flora and the host clearly has repercussions on the wellbeing of
people and could be a cornerstone to the future of IBD treatment.

The current standard of care for IBD includes anti-inflammatory drugs such as
corticosteroids and aminosalicylates that help suppress symptoms caused by the immune
response. Systemic corticosteroids are highly efficient at treating inflammation but carry

a heavy side effect profile. This class of drugs often targets inflammation by neutralizing
inflammatory mediators and stimulating the production of anti-inflammatory molecules.?!
Aminosalicylates work through the scavenging of reactive oxygen species (ROS) and
antioxidant effects via immaobilizing leukocytes. They also upregulate endogenous
antioxidant effects, helping lessen downstream effects.2223 Immune suppressors are used in
conjunction with anti-inflammatory drugs to help and prevent the damage that occurs from
the malfunctioning immune response. For patients with moderate to severe IBD, monoclonal
antibody therapies targeted against inflammatory cytokines are given through intravenous
(IV) infusions or injections. These biologics for IBD have grown as a more prominent

form of treatment ever since Remicade was approved by the Food and Drug Administration
(FDA) in 1998.7 However, these biologics aiming to block cytokines can make patients more
susceptible to infection, so this class of drugs is clinically recommended as a therapeutic for
people who are unresponsive to traditional medications.® While there is a significant array
of treatments available for IBD patients, they may no longer be effective after an extended
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amount of time because of system tolerance, requiring patients to use other medications.? In
severe cases, some patients have little to no remission from any of the therapeutics available
on the market, significantly decreasing their quality of life and increasing the chances of
serious complications. Some patients must resort to costly, life-altering surgeries, and this
adds to the medical expenses. In the US alone, it was estimated that the annual financial
burden of IBD patients was $14.6-31.6 billion in 2014.10 On a per-patient basis, it costs
about $10,364 per year for someone with CD, which is more than the cost for people with
chronic obstructive pulmonary disease, coronary artery disease, multiple sclerosis, stroke, or
diabetes.11 Thus, more research is needed to develop more cost-effective treatments along
with better end results.

In this regard, nanoparticles (NPs) show great promise for potential treatment against IBD.
NPs are a class of nanomedicine that can undergo dynamic changes in structural properties,
which affect how they interact with their surroundings. They often use bonding and chemical
reactions to facilitate changes to their structure at a desired site for drug release. In

addition, self-assembled NPs often mimic cellular behaviors. For peptide self-assemblies,
the ingredients are simple amino acids formed by widely available chemicals, making

their scale-up process economical?* and applicable for oral delivery.2> With advancements
in technology, targeted delivery systems can become even easier to make. There are
abundant opportunities within this field to improve delivery systems, tissue healing, and
even modulation of organ behavior.26:27 Additionally, the bottom-up production approach is
easily modifiable, similar to the delivery system of COVID-19 mRNA vaccines. Making
specific changes for individualized care or specifying targets can be simple and cost-
effective.28 There are numerous applications in medicine and nanobiotechnology, providing
a positive outlook for many chronic illnesses.

Nanoparticles can be produced in a short step synthesis process and often use polyethylene
glycol (PEG) and polycaprolactone (PCL), which are polymers used in FDA approved
products.2? These molecules have high drug loading capacities. The inner fold can be filled
with minimal effects on the delivery of the drug or the behavior of the molecule, facilitating
the development of both an efficacious and safe delivery system.39-32 Their long polymeric
chains can protect the cargo against immune cells or antibodies prior to reaching their
activation point.

An important aspect of this research is the development of mouse models to evaluate the
therapeutic effects of drugs against IBD. Dextran sulfate sodium (DSS) induced colitis in
mice is currently the most common model for research on this chronic disease.33 DSS

is a sulfated polysaccharide that is toxic to the intestinal epithelial cells. DSS added in
drinking water impedes the functions of the small intestines and colonic barrier and induces
an immune reaction similar to IBD. Clinical correlations often observed in these mice

are reduced colon lengths, absorption difficulties, malnutrition, and blood in the stool.
DSS-inflamed tissue also triggers immune responses typically seen in IBD,3* including
local infiltration of neutrophils, macrophages,3® and lymphocytes.3® It is notable that while
DSS-induced colitis is an acute model of IBD and phenocopies some of its pathogenic
features, it does not mimic the chronic inflammation present in 1BD.
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Oral drug delivery is attractive because of the many benefits this route provides. Drugs taken
in pill form are generally cheaper for patients as they require no additional equipment or
help to be administered. It comes with the added benefit of not needing to set aside time

to receive IV infusions or subcutaneous injections in their treatment course, resulting in
higher patient compliance because of the convenience and painless application.3” One of the
greatest advantage of the oral delivery route comes from not having to use a needle. A recent
study estimated that an astonishing 6.7 billion injections are given per year using reused
equipment, mostly in resource-poor countries.38 That puts individuals at risk for chronic
bloodborne infections, such as Hepatitis B, Hepatitis C, and HIV. In fact, the World Health
Organization estimated that in the year 2000, the usage of dirty needles contributed to 33%,
40%, and 5% of new infections in those respective diseases worldwide.3° Giving the option
for patients in third world countries to receive cheaper and safer healthcare for their IBD can
be lifesaving.

Oral drug delivery systems have to circumvent the harsh conditions of the stomach

in order to reach the target tissue in the intestines. The best way to overcome these
difficulties is often with a pH self-assembly that can help adapt to the surrounding
systems when it reaches target conditions.2” A nanoparticle system that is responsive to

a certain physiological environment can properly colocalize to the necessary area. The
configuration of self-assembled NPs is reversible, so it is important that the structure
and/or payload remains intact before reaching the desired target area. There are noticeable
differences between pH-dependent delivery systems and ROS-targeting nanoparticles,
and it is important to understand how artificial self-assemblies behave.2”:40 Moreover,
nanoparticles can be delivered to specific tissues guided by external stimulations, such as
ultrasound. The multitude of ways of delivering nanoparticles to specific tissues will help
produce better results not only for IBD treatment but for other drug delivery applications as
well 40

While oral drug delivery is generally the preferred route, the effectiveness of the treatment is
the most important factor for drug development. Injections and enemas provide alternatives
for delivery that circumvent the need to design nanoparticles that can survive the harsh
conditions of the Gl tract to reach the site of inflammation. However, this comes with the
risk of blood borne pathogens and reliance on appropriate clinics to distribute care with
additional cost. Again, physicians must weigh not only the effectiveness of the treatment but
also the lifestyle of the patient to make better decisions for the treatment process. Table 1
summarizes the articles covered in this review, including the different delivery routes used.

NANOPARTICLES ENGINEERED FOR ROS TARGETING

As previously discussed, the pathogenesis of IBD is not yet fully understood. However,

a few factors have been identified that may reduce inflammation and lead patients to
remission. One of the targets for treatment is ROS, which is mainly composed of peroxide,
superoxide, and hydroxyl radicals. ROS are thought to regulate oxygen homeostasis and
cellular signaling, making them necessary for cells to function normally.>® However,
overproduction of ROS has been shown to be involved in the development and pathogenesis
of inflammatory diseases.>’ Higher concentrations of ROS in IBD leads to increased
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mucosal membrane permeability, inflammatory response, and ulceration.>8:59 Patients with
IBD have been shown to have 10-100 times higher concentrations of mucosal ROS, thus
making ROS an attractive target.59 While there have been a few research studies showing
the promise of targeting ROS in IBD,5! treatments have not yet reached the market because
of their nonspecificity toward inflamed sites, instability within the GI tract, and inability to
neutralize ROS in local tissues.*3 Recently, however, some nanoparticle drug designs have
shown the potential to be applicable clinically and will be covered in this section of the
review.

One potential therapy, a B-ATK-T nanoparticle prodrug, aims to treat IBD through the
self-assembly of a nanoparticle that incorporates both budesonide (B), an anti-inflammatory
drug, and tempol (T), an antioxidant (Figure 1a).41 This nanoparticle was synthesized

by reacting aromatized thioketal (ATK) with budesonide to form B-ATK, which was
subsequently reacted with tempol to form B-ATK-T. The nanoparticle had a 41% and 16%
loading capacity for budesonide and tempol, respectively. The designed thioketal bonds
between the drugs were effective in releasing the drugs with ~55-100% rates of hydrolysis,
depending on the level of ROS, whereas BT/poly(lactic-co-glycolic acid) (PLGA) NPs
showed no hydrolysis. The nanoparticle was tested for its responsiveness to ROS, including
hydrogen peroxide, hypo-chlorite, hydroxyl radical, superoxide anion, and peroxynitrite.
The prodrug only reacted upon the exposure to overproduced ROS species, leading to

the disassembly of the nanoparticle and release of budesonide and tempol at the site of
inflammation in the colon. This effectively increased the drug concentrations at the desired
sites and decreased undesired systemic effects. These nanoparticles remained stable in
simulated intestinal and gastric fluid. When evaluated /7 vivo on mice with DSS induced
colitis, daily oral administration of B-ATK-T NP exerted robust therapeutic efficacy, as
shown by significant improvement in the histological scores of colonic tissues. B-ATK-T
NP also reduced weight loss while improving disease activity index (DAI) and colon length
of the DSS-induced mice, as shown in Figure 1b. Mice treated with B-ATK-T NP did not
exhibit any major toxicity as shown by normal major organs and blood chemistry.

Another research group engineered a self-assembled supramolecular nanoparticle using
natural polyphenols (tannic acid, catechin, epigallocatechin gallate), which are considered
Generally Recognized as Safe (GRAS) compounds by the US FDA.#2 The benefit of

using these polyphenols is that they have strong antioxidant and radical-scavenging activity
through their inhibition of ROS-generating enzymes and reducing ROS, and have been
applied to IBD treatment in the past. Tannic acid (TA) is a degradable mucoadhesive
polyphenol, which allows for targeted drug delivery to the colon. Additionally, upregulation
of esterases occurs when there is inflammation, and because polyphenols can be hydrolyzed
by these enzymes, it provides a targeted approach to the colon. The nanoparticles were
prepared using PEG, poloxamer 407 (F-127), and poloxamer 188 (F-68), which are
considered safe by the US FDA. The polymers were each paired with a polyphenol and
assembled into nanoparticles, termed PPNP. The polydispersity index (PDI) of TA with
F-68 had a PDI lower than 0.05, which is the lowest of all pairings, indicating that it can
provide the PPNP with the highest degree of uniformity and smallest diameter. The PPNP
was then loaded with dexamethasone (DEX), which is commonly used for colitis treatment.
The resulting PPNP-DEX had a drug encapsulation efficiency of ~23% and weight ratio of
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~35%. Testing of PPNP-DEX in simulated gastric and intestinal fluid suggested that only
10% of DEX would be released before reaching the intestines, and 30% released thereafter.
However, when the colitis environment was simulated by adding esterase, the amount of
DEX released rose to 62%, indicating responsiveness of PPNP-DEX to models of inflamed
tissues. Esterase enzymes are not typically localized but are indicative of a generalized
inflammatory response. This increase in effectiveness was demonstrated in DSS-induced
colitis mice. A dye encapsulated in PPNP was given to healthy and colitis mice, and the
fluorescence intensity in colitis mice was about 3, 2, and 2 times greater than healthy mice
at hours 6, 12, and 24 h, respectively. After PPNP-DEX treatment, mice with DSS-induced
colitis showed an increase in body weight, a decrease in TNF-a levels, and reduced colonic
myeloperoxidase activity.

Another approach for decreasing ROS was taken by mimicking the body’s natural enzymes.
Superoxide dismutase (SOD) turns the superoxide into hydrogen peroxide, which can
become a hydroxyl radical through reduction or water through decomposition by catalase.*3
They utilized the free radical scavenger tempol as the payload and g-cyclodextrin-derived
material (OxbCD) for drug loading, serving as SOD and catalase mimics, respectively.

They achieved a loading capacity of approximately 5.9% for tempol. Using 1,2-distearoyl-
srglycero-3-phosphoethanolamine (DSPE)-PEG, these materials were then self-assembled
into nanoparticles which are stable through the Gl tract. When there are high levels of ROS,
the nanoparticles can release tempol at the inflammation site. The resulting nanoparticles
were delivered orally and preferentially targeted the inflamed colon because of the increased
binding interaction and epithelial permeability. The nanoparticles showed efficacy in both
TNBS and DSS-induced mice and decreased inflammatory cytokines and disease index with
good toxicological results. Notably, the nanoparticle treatment was more effective compared
with tempol/PLGA NPs or free tempol. While this system is designed for tempol, it may
also be applicable for delivering nucleic acids, peptides, and proteins, making it a promising
alternative for current treatments.

Monoclonal antibodies have been used as treatment of IBD for over two decades, and

the market has been continually growing. However, these treatments require injections,
leading to lower levels of patient compliance, and they are typically more expensive

than oral therapeutics. Moreover, delivery through injection leads to higher levels of
systemic exposure and cytotoxicity, thus increasing side effects. Researchers designed a self-
assembled nanoparticle that can encapsulate infliximab (INF) antibody using tannic acid and
PEG for successful oral delivery.** Tannic acid (TA), a natural polyphenol, was mixed with
a PEG-containing polymer (DSPE-PEG,k, PEG1gk, or Pluronic F68) to form nanoparticles.
TA was chosen because of its ability to form hydrogen bonds with macromolecules from

its catechol and galloyl groups, making it ideal for the encapsulation of the antibody.

This strategy is significant because it uses aqueous self-assembly as opposed to organic
solvents. Thus, potential toxicity of organic solvent can be avoided and scale-up becomes
simpler and more practical. These polyphenol-PEG-containing polymers self-assembled into
nanoparticles (termed PPCNPs) with drug loading efficiency greater than 90%, making them
an effective encapsulation strategy. The nanoparticles decreased in size once exposed to the
ROS, allowing for the release of the antibodies. Upon oral administration of INF-loaded
PPCNPs, the concentration of INF was much higher in inflamed regions of the colon of DSS
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mice compared with that in healthy controls, demonstrating the dynamic responsiveness of
the nanotherapy. Notably, IV administration of INF resulted in 4.4, 5.5, 14.6, 29.4, and
30-times higher levels of INF in the lung, heart, kidney, spleen, and liver, respectively,
compared with those after oral administration of INF-loaded PPCNPs. This demonstrates
the potential of nanoparticle-mediated oral delivery to reduce off-target toxicity of drugs.
In addition, oral treatment with INF-loaded PPCNPs produced significant better results
than free INF treatment in terms of colon length, disease activity, myeloperoxidase activity,
and proinflammatory cytokines (i.e., TNF-a, IL-18. and IL-6). Overall, this self-assembled
nanoparticle carrier has shown promising results in reducing inflammatory response with
reduced systemic effects and has the potential to transition the biologics market to adopt oral
delivery of antibodies.

Rosmarinic acid (RA), a polyphenol-based antioxidant, has shown potential as a promising
therapeutic because of its anticancer, antibacterial, and anti-inflammatory properties.
However, RA is difficult to administer because of its low natural availability and water
solubility. To address these issues, researchers have used one-step amide coupling to react
RA with mPEG,x-NH> and form PEGylated RA, which then self-assembled into spherical
nanoparticles, termed RANP (Figure 2a).*> RANP nanotherapy demonstrated similar ROS-
scavenging properties as RA for hydrogen peroxide, and RANP was effective at protecting
CHO-K1 cells from H,O5-induced cytotoxicity. RANP exhibited high colloidal stability,
and after intravenous administration, RANPs showed at least a 4 times larger elimination
half-life, mean residence time, and maximal concentration compared with free RA. In a
murine DSS-induced colitis model, RANP administered intravenously was localized to the
inflamed colon and outperformed their parent RA, leading to lowered colon inflammation,
disease activity scores, body weight loss, and pathological damage (Figure 2b). RANP also
addressed the pathophysiology of the disease by limiting the secretion of pro-inflammatory
cytokines within the digestive system. Finally, DEX-loaded RANP was shown to be more
effective at decreasing the DAI than RANP alone. This proof-of-concept study shows that
RANP has potential to work as a treatment against IBD and carrier for other nanotherapies.

NANOPARTICLES ENGINEERED AS DRUG CARRIERS

While ROS-targeting can be an effective strategy for IBD treatment, the field can also
benefit from innovative drug carriers that are capable of utilizing drugs that have already
been FDA approved. Existing treatments for IBD lack the localization needed to prevent
their systemic side effects, and the use of nanoparticles as drug carriers for the existing
drugs and new novel treatments is the imminent future of nanotechnology. For example,
studies have shown that in IBD, the mucosal layer is thinned, exposing mucus-secreting
goblet cells.®2 This makes mucoadhesive nanoparticles an attractive option because of the
increased penetrability. Delivery of nanoparticles to the other layers of the mucosa like the
lamina propria as well as microbiota are being explored as well.53 The localized delivery
may reduce the dosage and dosing frequency54 and may lead to a lessened toxicokinetic
profile,®® thus improving patients’ quality of life.

Vasoactive intestinal peptide (VIP) has been shown to be effective because of its anti-
inflammatory activity in animal models for CD,%6:67 multiple sclerosis,8:69 rheumatoid
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arthritis,’%-72 and septic shock.”74 It has also been shown to be immunomodulatory to

the adaptive and innate immune systems. However, in UC, there has been varied responses
reported, so researchers designed a sterically stabilized micelle (SSM), which is a lipid-
based nanoparticle that can incorporate VIP, an amphiphilic peptide, into its palisade layer,
termed VIP-SSM.46 With a mean particle size of 15 nm, this nanoparticle can protect VIP
from degradation, reducing hypotensive toxicity and increasing targeting. When tested on
DSS-induced colitis mice, both free VIP and VIP-SSM increased the expression of occludin,
a key tight junction protein, suggesting restoration of intestinal epithelial integrity against
colitis. While both VIP and VIP-SSM improved histology, proinflammatory cytokine, and
antidiarrhea in preventative studies, only VIP-SSM showed those results in a therapeutic
study. In addition, VIP-SSM reduced protein and mRNA expression of down-regulated

in adenoma (DRA), a key chloride bicarbonate exchanger in the colon responsible for
colitis-induced diarrhea. Notably, free VIP given frequently increased toxicity whereas SSM
removed any unfavorable side effects. While injections were used in this study, the research
group is currently working to develop an oral formulation for VIP-SSM which has shown
promise in /n vitro release experiments.’®

An alternative delivery approach for treatment is through enemas, which researchers

have utilized to deliver therapeutics using amphiphile ascorbyl palmitate (AP), designated
as a GRAS material by the US FDA, to self-assemble into a hydrogel carrier for
therapeutics.#” Their inflammation-targeting hydrogel, 1T-hydrogel, was effective at
encapsulating hydrophobic drugs with a maximum drug loading and encapsulation
efficiency of approximately 14% and 75%, respectively. Because of the negative surface
charge of the hydrogel, IT-hydrogel targeted and adhered to inflamed mucosa. 1T-hydrogel
releases its payload after degradation by hydrolytic enzymes prominent in inflamed regions.
The hydrogel was also stable for 16 days at 37 °C in PBS and did not release loaded DEX,
demonstrating its stability. Compared with free DEX, the hydrogel with DEX significantly
reduced cumulative systemic drug absorption while improving histopathology score, colon
weight, and TNF expression. Using human biopsies, IT-hydrogel was found to adhere better
on inflamed sites of UC patients. IT-hydrogel loaded with DEX and administered through
enema has been shown to decrease the systemic exposure to DEX and increase its efficacy
in DSS and TRUC-induced colitis mice models. As IT-hydrogel is composed of a GRAS
material and requires a simple synthesis process that can easily be scaled up, it is an ideal
candidate as a delivery system for other IBD treatments.

One study utilized inulin, a polysaccharide that can remain intact through the stomach’s
acidic environment while also being digested by inulinase and is found in the

colon.*8 To prepare this, mannosylated nanoparticles were self-assembled and attached to
carboxymethyl inulin (CMI), with side chains containing carboxyl groups. The mannose
backbone serves as a ligand that is recognized by mannose receptors found on the surface
of macrophages. This exclusivity ensures uptake by the inflammatory cells rather than
nontargeted cells within the colon. Using apremilast, a TNF-a inhibitor, the researchers
achieved a drug loading efficiency of 16% with encapsulation efficiency of 44%. In vivo
analysis showed that in DSS-induced colitis mice, 60% of the nanocomposite material
accumulated in the inflamed colon. With a size of 240 nm and a drug loading of 26% weight
percent, this nanoparticle system is suitable for macrophage-targeted drug delivery.
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Another study reported a drug delivery system using PLGA NPs as the carrier and
resveratrol (RSV) for treatment.49 PLGA nanoparticles have been shown to improve
diffusion on inflamed intestinal areas because of the size and charge. PLGA nanoparticles
can enhance the ability of insoluble drugs to survive oral administration, and PLGA is used
in FDA-approved products. When treated with folic acid (FA), PLGA nanoparticles formed
the outer shell. Resveratrol is an antioxidant and anti-inflammatory agent, which has a high
efficiency of loading within the PLGA-FA complex of 59% and 91% for PLGA-RSV alone.
PLGA nanoparticles treated with FA were shown to maintain more resveratrol through
gastric conditions. The in vitro and in vivo experiments were successful with the former
showing the best permeability with the aforementioned PLGA-FA-RSV compound. The /in
vivo experiments were done on TNBS-treated rats and also compared to Asacol, a drug
typically used for moderate UC. The colons of the rats treated with PLGA-RSV, PLGA-FA-
RSV, and FDA-approved Asacol were comparable to those of healthy rats. Unlike Asacol
and free resveratrol, which caused 5% and 17% body weight loss, the other two treatments
had no observable body weight loss or issues with colon length. PLGA-RSV and PLGA-FA-
RSV were effective against colitis progression while lowering the immune system reactions
and maintaining normal villi, submucosal, and lamina layers as in healthy rat intestines. On
the other hand, Asacol therapy resulted in moderate immune cell accumulation. Overall,
this showed the promise of the PLGA-FA system for delivering RSV as well as other
compounds.

Sulfasalazine is a common drug used to treat IBD,”® and ornidazole is an antibiotic often
used after ileocolonic resection to prevent CD relapse.’’ Researchers have developed a more
efficient delivery method by conjugating sulfasalazine with low molecular weight PEG to
make S-PEG, an amphiphilic conjugate.>0 This resulted in the self-assembly of a micellar
nanostructure with a hydrophobic cavity that allowed for the uptake of hydrophobic drugs
and a hydrophilic outer surface for increased solubility (Figure 3). The maximum drug
entrapment and loading efficiency for S-PEG loaded with sulfasalazine was 60.3% and
6.4%, while those for ornidazole were 29.9% and 3.1%, respectively. These nanoparticles
contained an azo-moiety that can be cleaved by azoreductase, an enzyme naturally produced
by the gut microbiome. The sulfasalazine conjugate also allowed for a targeting mechanism
from the chemical reductant, sodium dithionite. This enzyme mimic was used as an /n

vitro replacement for colonic lumen behavior, where there is azoreductase activity. S-PEG
showed the potential to survive the GI tract while also releasing at the necessary pH over

a significant amount of time. Providing the necessary treatment in small doses reduces the
side effects, and over 90% of encapsulated sulfasalazine was released in the presence of
sodium dithionite within 4 h in the colonic pH of 7.2. This self-assembled nanostructure
demonstrated its ability to release the drug in colon-mimicking conditions and to be
nontoxic to HEK293 cells (Figure 3c).

NANOPARTICLES ENGINEERED FOR MICROBIOME MODULATION

Emerging evidence has shown that the development and progression of IBD is associated
with a dysregulated gut microbiome. IBD patients show a different gut microbial community
structure as well as decreased overall diversity and relative abundance of anti-inflammatory
taxa compared tohealthy subjects.”® Manipulation of the dysregulated gut microbiome via
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fecal microbiota transplantation (FMT) and probiotics has been studied in some diseases,
such as in a Clostridium difficile infection. However, FMT has major limitations, including
biosafety concerns especially during the current COVID-19 pandemic, frequency of oral
administration, restricted storage conditions for the anaerobic bacteria, and the potential
high cost. Although it is still at its infancy stage, engineered nanoparticles or biomaterials
have shown potential to modulate the gut microbiota for therapy against IBD as well as
inflammation associated colorectal cancer.”

We have recently developed hyaluronic acid-bilirubin treatment, coined HABN, as a
potential therapy to modulate the gut microbiome and reduce inflammation in 1BD.%1

The current IBD treatments based on immunosuppressants aim to suppress immune
responses and limit inflammation without addressing the root issues. HABN instead focuses
on repairing damage to the mucus layer and restoring microbial diversity in the gut
microbiome. Hyaluronic acid (HA) is an aqueous compatible molecule found in the human
body that has the ability to modulate the immune system. Bilirubin (BR) is a hydrophobic
byproduct from the breakdown of red blood cells and is typically secreted from the liver

or gallbladder to the digestive tract. Chemical conjugation between HA and BR allowed

the formation of self-assembled nanoparticles that are robust for oral administration (Figure
4). The BR core exhibited potent ROS-scavenging capability while the HA shell promoted
immune modulation. HABN administered orally was localized to inflamed colon tissues
better than separate HA or BR molecules, and HABN exerted robust efficacy against
DSS-induced colitis. When compared with conventional IBD therapeutics, such as DEX
and methylprednisolone, HABN significantly outperformed them. Mice regained full body
weight while reducing the colonic damage in pathology examinations and restoring the
normal gut microbiome without any overt sign of serious side effects. With the pathogenesis
of IBD being closely correlated to intestinal barrier disruptions and the imbalance of the
gut microbiome, this work presents HABN as an initial foray into addressing the underlying
pathophysiology of IBD. In essence, this ROS-targeting approach shows promising results to
serve as a potent immunomodulator and a therapeutic agent against IBD.

HABN has a ROS-scavenging property, which led to a protective effect from ROS-
cytotoxicity on human HT-29 colonic epithelial cells. We showed the rapid disaggregation
and response of the nanoparticle in response to ROS. Interestingly, when dosed orally in
the DSS-induced colitis model, HABN was detected in DSS-inflamed colonic macrophages,
especially inflammatory M1 macrophages, but not in the colon of healthy mice. In addition,
HABN was shown to modulate the gut microbiota. 16S rRNA gene sequencing analyses
showed an increase in bacterial richness (observed operational taxonomic unit, OTU)

and a-diversity (Shannon and inverse-Simpson indices) from fecal samples of HABN
treated DSS-colitis mice (Figure 4c). Compared with other treatments, HABN-treated mice
demonstrated distinct gut microbiome composition, harboring higher relative abundance of
Akkermansia muciniphila, Clostridium X/Va, and Lactobacillus. Notably, these microbes
have been reported to have beneficial effects against IBD in both animal models and
patients. Importantly, when the microbiota was disrupted by oral antibiotics, the therapeutic
efficacy of HABN was markedly abrogated, highlighting the importance of microbiome
modulation for the treatment of IBD.
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The previously covered research group that engineered OxbCD NPs*3 extended their study
by replacing tempol with Ac2-26.52 Ac2-26 is a peptide that was identified to inhibit

the inflammatory responses and reduce the penetration of monocytes, macrophages, and
neutrophils into the region.8% The peptide also showed promising results when it was
delivered via nanoparticles using intramucosal and intraperitoneal injection.8 Similar to
their previous work, OxbCD was used as the carrier to encapsulate Ac2-26, resulting in

a nanostructure termed AON. The design allowed for the hydrolysis of OxbCD at high
ROS regions, releasing the peptide therapy at the inflamed regions. These nanoparticles
were then exposed to lecithin and DSPE-PEG to coat the hydrophobic core with an
amphiphilic top layer for colloidal stability (Figure 5a). AON exhibited a loading capacity
of 0.086% for Ac2-26 with an entrapment efficiency of 43%. When orally administered

on DSS-induced mice, AON nanotherapy reduced proinflammatory cytokine production by
altering macrophages from a proinflammatory to an anti-inflammatory phenotype while also
increasing gut microbiota diversity from a state of dysbiosis. It also reduced the weight
loss and disease activity of the DSS-induced mice while restoring colon length (Figure

5b). AON nanotherapy was safe and effective at decreasing the severity of oxidative stress,
inflammation, and fecal bleeding and increasing stool consistency and mucosal healing.

This Ac2-26-loaded compound responded to inflammatory conditions by tapering the

effect of the immune cells and normalizing the proinflammatory microenvironments,
helping reduce the impact of the disease. OxbCD reduced the expansion of Escherichia-
Shigellaand increased Prevotellaceaelevels, which is reported to be a short-chain fatty acids
(SCFAs) producer.82 Consequently, OxbCD significantly restored the level of gut microbial-
derived SCFAs, which were associated with a reduced risk of 1BD.82 We have recently
reported similar results and shown that oral administration of inulin gel reshaped the

gut microbiome, promoting the SCFAs production.”® Using the colon-retentive hydrogel
with anti-PD-1 resulted in changes in the gut microbiome characterized by increased
frequency of Roseburia, Lactobacillus, and Akkermansia, the former two of which are
major SCFA producers, and a reduction in Oscillibacterthat produces lipopolysaccharides.
Importantly, when combined with anti-PD-1 treatment, inulin gel consumption inhibited the
DSS-accelerated tumor growth in the CDX2-cre NLS-APC™ transgenic mice, which is a
model of IBD-associated colorectal cancer.

As opposed to engineering nanoparticles that release drugs and peptides to inflamed colonic
tissue and restore healthy gut microbes, Teng et al.53 developed ginger exosome-like
nanoparticles (GELNS) that delivered their microRNAs to Lactobacillus rhamnosus (LGG),
altering the bacteria’s gene expression (Figure 6a). This preferential uptake behavior by
Lactobacillus rhamnosus was lipid-dependent, and GELN-derived lipids were enriched with
1,2-dilinoleoyl-srglycero-3-phosphate, C18:1/C18:3 (36:4), and 1-palmitoyl-2-linoleoyl-sr+
glycero-3-phosphate, C16:0/C18:2 (34:2). GELN-derived mdo-miR7267-3p has a potential
binding site for mMRNA encoding LGG monooxygenase ycnE. As a result, GELN-RNAs
inhibited the ycnE gene expression, increased indole-3-carboxaldehyde (I13A, a known
ligand for the aryl hydrocarbon receptor), and induced the production of I3A and 1L-22,
thereby ameliorating colitis.>3 Important metrics such as body weight, survival, and colon
length were all improved when using GELN-RNA treatment (Figure 6b). Moreover, there
have been attempts to use NP-mediated gene therapy for the treatment of IBD, focusing on
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the delivery of nucleic acids using biomaterials such as chitosan, polyamino acid, lipids, and
polyethylenimine, as outlined in a recent review paper.83

Polyphenols demonstrate anti-inflammatory properties, and the ability to treat the diseased
tract without any noticeable side effects, and have even been recognized for their ability

to modulate the microbiome. Figure 7a shows the hybrid filament hydrogel developed

with polyphenols as the attachment between side groups of the amyloid fibrils.>* This
hydrogel system increased the loading capacity of polyphenols and improved stability. For
example, when epigallocatechin gallate (EGCG) was tested as the polyphenol, it was shown
to have a dissociation factor of 3.4 x 10~ with the amyloid fibers. This allowed for greater
retention in the colon, allowing for the attachment of these hybrid filaments to help reduce
inflammation associated with colitis. It was shown to improve body weight, DAI, and colon
length of DSS-induced mice (Figure 7b). Additionally, the hydrogel system promoted the
symbiosis for the gut microbiota, addressing mMRNA expression for inflammatory immune
cells and stabilizing the intestinal barrier functions. The hydrogel is hypothesized to have
two modes of action to reduce antigen presentation on immune cells and inflammation:
reduction of colitis-associated bacteria because of the antioxidant effects of EGCG and the
physical barrier formed by the hydrogel, which protects epithelial cells. This represents a
multifactorial drug delivery system that can stabilize the colitis microenvironment.

Another potential therapeutic for addressing a gut microbiota imbalance is the development
of bacterial solutions that present a unique approach to the transplantation of microbiomes.>>
A biointerfacial supramolecular self-assembly was made by vortexing cholesterol,
dioleoylphosphatydic acid (DOPA), calcium phosphate buffer, and Escherichia coli Nissle
1917 together in as quickly as 15 min to develop lipid-coated high-retention probiotic
bacteria (LCB). The purpose was to circumvent and improve upon the current bacterial
therapeutics, which suffer from low retention and survivability through the Gl tract. The
encapsulated bacteria could still grow both /n vitroand in vivo. LCB were shown to remain
viable up to 4 days postadministration and prevented histological damage while increasing
the beneficial proliferation of the microbiome. They also prevented Sa/monella enterica
serovar Typhimurium infection in mouse models. The lengthened retention time and the
influx of probiotic bacteria resulted in increased treatment efficacy for induced colitis.
These results show great promise for microbiota transplantation or even potentially live
biotherapeutic products as treatment for IBD.

FUTURE OUTLOOK

With all these promising results both /n vitroand in vivo, what are the remaining challenges
to overcome for translating nanoparticles for treating IBD? First, the field of nanoparticle
drug delivery, especially within IBD, is still in its infancy and has not yet been adopted

by large pharmaceutical companies. Nanoparticle-based therapy against IBD has to be
validated in clinical trials, and this clinical translation is not easy to achieve, especially for
transitioning from an academic to scale-up process and GMP manufacturing. In the age

of COVID-19, the scientific advancement in nanomedicine is clear. However, as multiple
treatments are available for IBD with large market shares, pharmaceutical companies are not
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as incentivized to create these new, innovative medicines against IBD, unlike in the case of
SARS-COV-2.27

Beyond that, these artificial self-assemblies are still not as efficient as their natural
counterparts. The consistency of nanoparticles’ size is critical when manufacturing as it
affects the pharmacokinetics and pharmacodynamics of the drug. There are a multitude

of barriers in using nanoparticles reliably for treating IBD. Without significant monetary
incentives from pharmaceutical companies, it will be challenging to overcome the current
technological or scientific barriers. At the same time, it is important to continue developing
research, especially from the academic side, so treatments can become more readily
accessible and efficacious for this chronic life-altering pathology.26

The future of nanoparticle-based therapeutics for IBD is promising. Researchers should
first focus on improving nanoparticles as a carrier for traditional treatments. This effort
would go hand in hand with the development of a bottom-up individualized approach for
the treatment of patients. IBD represents a field of medicine that is well-suited for this
methodology to be tested. The mix-and-match approach clinicians use to improve patients’
quality of life can be transitioned to biomarker genomics that allow for the optimization

of nanoparticle selection. Moreover, additional research on the microbiome should also

be pursued to better understand how nanoparticles can influence the gut microbiome and
improve patient outcomes. Recent studies have shed new light on how the gut microbiotas
impact the pathobiology of IBD. Yet, more research is warranted to understand how the
specific microbes interact with one another and host cells and how new therapeutics can be
designed to target and modulate the pathogenic microbes as a new therapeutic approach for
IBD patients.

CONCLUSIONS

Our review presents recent advancements in the field of nanoparticle engineering that have
been applied toward IBD to potentially serve as drug carriers, treatment, or a combination
of both. The researchers are adapting historically proven drugs for IBD, like DEX or
anti-TNF antibodies, or testing new therapeutics as alternatives to the established standard.
ROS have become a major focus in recent years as a potential mechanism for bringing
patients to remission. Additionally, the microbiome has been growing in importance as a
crucial indicator of disease and can be a target for therapy. Many of the nanotherapeutics
utilized targeted drug delivery by attaching and/or releasing the encapsulated load at the
site of inflammation. The predominant focus has been on oral formulations as it is more
likely to increase patient compliance and reduce systemic exposure. Adapting monoclonal
antibodies for oral delivery through self-assembled structures is especially promising as it
can improve biologics already FDA-approved and proven to work on patients by reducing
possible side effects and making it easier to administer. However, injections and enemas
are still a valid way to deliver therapeutics and have shown improvements over the years.
Although these treatments have not yet been tested in human clinical trials, most have the
potential to provide benefits without the immunosuppressant side effects that accompany
typical treatments. Additionally, improving delivery to the inflammation sites can increase
effectiveness, allowing for decreased dosage and the off-target toxicity of the drug. This
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review presents the most cutting-edge advancements in the field for treating the increasing
number of IBD-diagnosed patients at anticipated lower costs.
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Figure 1.

(a) Overview of B-ATK-T nanoparticle assembly and mechanism of release at site of
inflamed colon. (b) DSS mouse treatment regimen and efficacy data. All groups were given
3 wt % DSS except for the normal control, which was given purified water. B-TK-T NP
indicates the prodrug, while Bud + Tem is the unconjugated control. *p < 0.05, **p < 0.01.
Reprinted with permission from Li et al.*> Copyright 2019 Elsevier.
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Figure 2.
Overview of (a) RANP synthesis and structure. A transmission electron microscopy (TEM)

image of the nanoparticle with an average diameter of 67.5 nm is shown along with the
dynamic light scattering size distribution. (b) Efficacy on DSS-induced colitis mice for
different experimental groups: control (water), phosphate buffered saline (PBS) control
(DSS + PBS), free DEX control (DSS + DEX), RANPs as carrier control (DSS + RANPs),
and DEX-loaded RANPs (DSS + DEX@RANPSs). All mice (except the water control) were
given 3 wt % DSS for 5 days before being sacrificed on day 10. All mice (except the water
control) were treated with the indicated formulations on odd days. Modified and reprinted
with permission from Chung et al.*> Copyright 2020 American Chemical Society.
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Overview of (a) chemical synthesis of S-PEG and degradation by sodium dithionite or

Page 24

azoreductase into sulfapyridine (SP) and 5-ASA-PEG. (b) Diagram of S-PEG self-assembly
and encapsulation of a drug and subsequent release. The drug release profile of ornidazole
from S-PEG is shown over 30 h at pH 4.5 (blue) and 7.2 (gray). (c) Cytotoxicity assay on
HEK 293 cells evaluating the S-PEG carrier alone (orange) and loaded drugs ornidazole
(purple) and sulfasalazine (blue). Modified and reprinted with permission from Priyam et

al.>0 Copyright 2019 Elsevier.
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Figure 4.

Overview of (a) HABN structure and mechanism of action. TEM images are shown

for HA at molecular weights of 10, 100, and 700 kDa. Scale bars are 500, 300, and

400 nm, respectively. (b) Effects on DSS-induced colitis mice for different experimental
groups: control (PBS—water), PBS control (PBS-3% DSS), 5-aminosalicyclic acid (5-ASA),
methylprednisolone (MPS), free DEX (DEX), free HA and BN (HA + BN), and HABN
nanoparticle (HABN). All mice were given 3 wt % DSS for 6 days except the water control.
All treatments were administered orally. (c) Effects on microbiome diversity using metrics
such as OTUs, Shannon diversity index, and Invsimpson diversity index. HACN is the
control HA—cholesterol conjugate. Modified and reprinted with permission from Lee et al.5!

Copyright 2019 Nature Publishing Group.
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Overview of (a) assembly of AON and responsiveness to ROS species in inflamed colon
lumen. (b) DSS treatment regimens of mice and efficacy for different experimental groups:

non-DSS control (Normal), DSS-induced mouse control (Colitis), free Ac2-26 peptide

(Ac2-26), Ac2-26-loaded PLGA NP (APN), and Ac2-loaded OxbCD NP (AON). APN

was used as a non-ROS-responsive control. “A Proresolving Peptide Nanotherapy for

Site-Specific Treatment of Inflammatory Bowel Disease by Regulating Proinflammatory

Microenvironment and Gut Microbiota” by John Wiley and Sons, used under Creative

Commons CC BY license (https://creativecommons.org/licenses). Panels A and B cropped

and simplified from the original (ref 52).
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Figure 6.
Overview of (a) proposed mechanism for how plant-derived exosome-like microRNA

delivery system shapes the gut microbiota for the treatment of colitis. (b) DSS treatment
regimen and NP efficacy. GNVs are GELN nanovectors, and scrambled RNAs encapsulated
in GNV was used as the control. H&E-stained colon samples are used to show tissue effects.
Reprinted with permission from Teng et al.53 Copyright 2018 Cell Press.
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Overview of (a) formation of hybrid nanofilaments as a delivery system for the treatment

of colitis. (b) Treatment regimens and efficacy for different experimental groups: normal
control (NC), DSS-induced mouse control (DSS), amyloid-EGCG hydrogel treatment (DH),
EGCG treatment (DE), and amyloid fibrils treatment (DF). All were given 2 wt % DSS
except for NC, which was given purified water. Different letters between data groups
indicate statistically significant differences. Reprinted with permission from Hu et al.>*
Copyright 2020 American Chemical Society.
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