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Abstract: Naturally occurring biological entities with extractable and tunable structural and func-
tional characteristics, along with therapeutic attributes, are of supreme interest for strengthening
the twenty-first-century biomedical settings. Irrespective of ongoing technological and clinical ad-
vancement, traditional medicinal practices to address and manage inflammatory bowel disease
(IBD) are inefficient and the effect of the administered therapeutic cues is limited. The reasonable
immune response or invasion should also be circumvented for successful clinical translation of
engineered cues as highly efficient and robust bioactive entities. In this context, research is underway
worldwide, and researchers have redirected or regained their interests in valorizing the naturally
occurring biological entities/resources, for example, algal biome so-called “treasure of untouched
or underexploited sources”. Algal biome from the marine environment is an immense source of
excellence that has also been demonstrated as a source of bioactive compounds with unique chemical,
structural, and functional features. Moreover, the molecular modeling and synthesis of new drugs
based on marine-derived therapeutic and biological cues can show greater efficacy and specificity
for the therapeutics. Herein, an effort has been made to cover the existing literature gap on the
exploitation of naturally occurring biological entities/resources to address and efficiently manage
IBD. Following a brief background study, a focus was given to design characteristics, performance
evaluation of engineered cues, and point-of-care IBD therapeutics of diverse bioactive compounds
from the algal biome. Noteworthy potentialities of marine-derived biologically active compounds
have also been spotlighted to underlying the impact role of bio-active elements with the related
pathways. The current review is also focused on the applied standpoint and clinical translation of
marine-derived bioactive compounds. Furthermore, a detailed overview of clinical applications and
future perspectives are also given in this review.

Keywords: algal biome; polysaccharides; bioactive entities; engineered cues; therapeutic attributes;
inflammatory bowel disease

1. Introduction

Inflammatory bowel disease (IBD) is a chronic inflammation of the gastrointestinal
tract (GIT) that occurs due to the dysregulation of the immune system. Although the
explicit etiology and underlying remain uncertain, both environmental and genetic factors
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are involved in immune dysregulation. Historically, IBD has been categorized into Crohn’s
disease (CD) and ulcerative colitis (UC). Both diseases show heterogeneous pathological
and clinical features and can be distinguished by their location, nature and characteristics of
inflammation. More specifically, the laboatory analysis and careful stool evaluation are con-
sidered initial measures to diagnose the patient who is suspected to have IBD (Figure 1) [1].
Crohn’s disease is a deeper transmural inflammation affecting any segment of the GI tract
from the mouth to anus, whereas ulcerative colitis is a chronic inflammatory disease that
attacks the colonic mucosa [1]. Approximately, 25% of UC patients require hospitalization
for acute severe ulcerative colitis (ASUC) at any phase during this complication, leading to
colectomy in 40% of patients [2,3].

Figure 1. Initial workup of a patient suspected of having inflammatory bowel disease (IBD). The ini-
tial workup is ideally started by the referring physician, with the subspecialist performing anything
missing plus endoscopies and small bowel assessment(s) [1]. License Number: 5022881429496. Ab-
breviations: CBC (Complete Blood Count), CRP (C-reactive protein), ESR (Erythrocyte Sedimentation
Rate), MRI (Magnetic resonance imaging), and CT (computed tomography).

The origin and disease progression of UC and CD are significantly different from each
other. The changes in microbial diversity of lumen, impaired barrier functions of mucus
and epithelial layer through interrupting tight junctions are strongly associated with the UC
pathogenesis. Figure 2 portrays a graphical representation of the pathophysiology of UC [4].
Though individuals with UC show a great percentage of Enterobacteriaceae Gamma-
proteobacteria [5], and sulfite-reducing bacteria [6], and minimum Firmicutes diversity,
such changes are intestinal inflammation-mediated or vice versa remains debatable. In the
case of CD, inflammation of the small bowel results in an increased concentration of pro-
inflammatory cytokines, like IL-17A, and IFN-γ [7]. Furthermore, Th17 cell-derived IL-17
in turn favors the Th-1 response [8]. IL-6, IL-23, and TGF-β secreted by antigen-presenting
and innate immune cells influence the IL-17 pathway (Figure 3) [4].
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Figure 2. Pathophysiology of Ulcerative Colitis. Impairment of tight junctions and the mucous layer leads to increased
permeability of the intestinal epithelium, resulting in more uptake of luminal antigens. Antigen presenting cells (APC)
become activated upon recognizing non-pathogenic bacteria (commensal microbiota) through Toll-like receptors (TLRs).
Activated APC initiate differentiation of naïve CD4+ T-cells into Th-2 effector cells (which produce pro-inflammatory
cytokines such as TNF-α, IL-5, IL-6, and IL-13). TNF-α and IL-1 activate nuclear factor κB (NF-κB) pathway, which facilitate
expression of pro-inflammatory and cell survival genes. Binding of integrin-α4β7 bearing T cells to the mucosal adhesion
molecule MAdCAM-1 facilitate entry of more T cells into the lamina propria. Recruitment of circulating leucocytes due
to the upregulation of inflammatory chemokines (chemokine ligands: CXCL1, CXCL3, CXCL8 and CXCL10) perpetuates
the inflammatory cycle. MAdCAM-1, mucosal addressin cell adhesion molecule-1; IL, interleukin; TNF-α, tumor necrosis
factor-alpha; TGF-β, transforming growth factor-beta; NKT, natural killer T; DC, dendritic cell; Th, T helper; GATA3, GATA
binding protein 3; IRF4, interferon regulatory factor 4; PU.1, purine-rich PU-box binding protein; FOXP3, Forkhead box
protein 3. Reprinted from Ref. [4] with permission under the Creative Commons Attribution (CC BY) license. Copyright ©
2020 the authors. Licensee MDPI, Basel, Switzerland.

In 2017, about 6.8 million cases of IBD were documented worldwide [9]. Over 1.6 mil-
lion, 85,000, 250,000 and 260,000 people are affected by IBD in Australia, the USA, the UK
and China, respectively [10–12]. IBD remains dominant in western countries in the last
few decades because of the higher prevalence and incidence rates than in the developing
world. Nevertheless, the incidence of IBD has now intensified dramatically in several
Asian countries [12] with a consistently increasing trend, mainly in China, Japan, Hong
Kong, and Korea [13]. Due to lacking national registries in many African, Asian, and Latin
American nations, there is very scarce information regarding the occurrence and prevalence
of IBD.

IBD has been reported to occur at any age, however, the peak incidence appears in early
adulthood and adolescence [14–16]. Symptoms associated with IBD can be unpredicted and
highly variable. Children may exhibit inimitable physical examination findings along with
several upper or lower GI manifestations. There might be only a few symptoms in some
cases, with inexplicable weight loss and growth retardation. It is imperative to distinguish
that IBD is not irritable bowel syndrome (IBS). Though both diseases may present identical
symptoms, only IBD results in stunted height, growth retardation, ostomies, surgeries, and
many other undesirable outcomes or risks. Besides the systemic symptoms, like fatigue,
fever, mouth sores, uveitis, arthralgia, and nail clubbing, IBD is also related to a variety
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of extra-intestinal symptoms. These manifestations appear in approximately 25–35% of
individuals with IBD particularly at a young age [17,18].

Figure 3. Pathophysiology in Crohn’s disease. The uptake of luminal microflora stimulates APCs (e.g., dendritic cells and
macrophages) which in turn produce proinflammatory cytokines such as TNF-α, IL-6, and IL-23. Activated APCs facilitate
subsequent differentiation of naïve CD4+ T-cells into Th1 and Th17 via expression of master transcription factors. Inside
the high endothelial venule, binding of α4β7-bearing lymphocytes to MAdCAM-1 causes entry of more T cells into the
lamina propria. IFN-γ, interferon-gamma; FOXP3, Forkhead box protein 3; RORγt, retinoic acid receptor-related orphan
nuclear receptor gamma. Reprinted from Ref. [4] with permission under the Creative Commons Attribution (CC BY) license.
Copyright © 2020 the authors. Licensee MDPI, Basel, Switzerland.

The treatment protocols being practiced for the IBD involve either medication ther-
apy or surgery [19]. The preferred choice of medication therapy in the case of IBD is the
treatment with the use of anti-inflammatory drugs, such as aminosalicylates and corti-
costeroids. The second line medication for IBD encompasses using immunosuppressants
to halt the immune response, responsible for un-regulated inflammation. In addition to
immunosuppressants, tumor necrosis factor-α (TNF-α) inhibitors, or biologics works by
neutralizing immune system protein. In Crohn’s disease, where the infection is a concern,
antibiotics can be used to reduce the chances of infection. On the other hand, surgery may
be an option in severe cases when all these therapeutic options do not work. However,
treatment protocols are also being practiced culminating devastating colorectal cancer, but
no treatment is required for benevolent stage cancer. In the case of metastatic invasion,
surgery can be opted to eradicate malignant tumors and lymph nodes [20].

The marine environment has been demonstrated as a prolific source of bio-active
compounds with unique chemical, structural and functional features. Furthermore, the
molecular modeling and synthesis of new drugs based on marine-derived therapeutic
and biological cues might present greater efficacy and specificity for the therapeutics
(Table 1). A vast number of compounds have been derived and identified from marine
sources that exhibit a noteworthy role to circumvent the reactive oxygen species (ROS)
generation, show anti-inflammatory effects, and hinder various metabolic pathways. The
current review is focused on marine-derived bioactive compounds to treat and manage
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IBD. Furthermore, a detailed overview of clinical applications and future perspectives are
also given in this review.

Table 1. Marine-derived compounds and biological activities with therapeutic potential.

Marine-Derived
Compound Sources Potential Applications

and Benefits References

Chondroitin Sulfate
(CS)

Shark cartilage,
octopus, salmon,

zebrafish, ray, squid

Antiinflammatory,
Immunomodulatory,
Anticancer, Antiviral,

Anticoagulant

[21–26]

Hyaluronic acid (HA)

Shark, stingray,
eyeball, liver of

swordfish, mollusk
bivalves, tuna

Anti-inflammatory,
Antioxidant, Anticoagulant [27–31]

Chitosan Arthropods
(crustaceans), fungi

Anti-inflammatory,
Antioxidant, Anticancer,

Antimicrobial
[32–37]

Alginate Brown seaweeds

Anti-inflammatory,
Immunomodulatory

Antioxidant, Anticancer,
Anticoagulant

[38–43]

2. Marine-Derived Bioactive Compounds against Inflammatory Bowel Diseases (IBD)
2.1. Chitosan-Structural Properties and Potential Therapy of IBD

Chitosan is a linear polysaccharide obtained from deacetylation of chitin, it has a
cationic character because of its primary amino groups, which provides it with properties
such as controlled drug release, mucoadhesion, in situ gelations, transfection and increased
permeation [44,45]. It is an important constituent part of the exoskeleton of arthropods,
fungi, and crustaceans, which are the main marine source [46,47]. Among its various
properties and applications, those that stand out most are antimicrobial, antioxidant,
anticancer and anti-inflammatory [32–37].

The mucoadhesive property of chitosan has been a key point of its application in
the treatment of IBD (Table 2) and has also been indicated in a study with patients with
IBD [48,49]. For rectal use, this characteristic allows a prolonged local retention time of the
drugs. In line with this idea, a chitosan-based hydrogel was able to enhance the efficacy
of rectal administration of sulfasalazine (SSZ) in a mice model of ulcerative colitis. The
mucoadhesive drug delivery system was more therapeutic than the conventional oral
treatment and reduced the plasma concentration of a potentially toxic by-product of the
drug [50]. Besides its excellent mucosa adhesion, chitosan polymers are widely employed
in targeted drug delivery systems, providing better efficacy results in oral treatments. Pillay
et al. were able to develop Stimuli-Synchronized-Matrix (SSM) for colonic delivery, defined
by the space, of mesalamine (5-amino-salicylic acid or 5-ASA), the therapeutic metabolite
of SSZ, employing chitosan in a polysaccharide matrix coated with an alloy layer [51].
Their SSM was both time and pH-independent, while provided a responsive release of
the chemical in the presence of colonic enzymes. These characteristics also allowed the
minimization of variations of the plasma concentration and reduced the systemic presence
of 5-ASA. A similar approach was used in bioadhesive chitosan pallets and coated beads
to increase the topical delivery of 5-ASA [52–54]. Mesalamine has also been loaded in
N-succinyl-chitosan microparticles, improving its therapeutic results [54].
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Table 2. Applications of Chitosan in drug delivery systems for IBD treatment.

Strategy Drug Delivered References

Hydrogel Sulfasalazine [50]
Coated matrix 5-amino-salicylic acid (5-ASA) [51]
Coated beads 5-amino-salicylic acid (5-ASA) [53,54]
Microparticles 5-amino-salicylic acid (5-ASA) [54]

Coated bioadhesive pellets 5-amino-salicylic acid (5-ASA) [52]
Microgel 5-amino-salicylic acid (5-ASA) [55]

Matrix tablets 5-amino-salicylic acid (5-ASA) [56]
Coated tablets 5-amino-salicylic acid (5-ASA) [57]

Coated microparticles 5-amino-salicylic acid (5-ASA)
and curcumin [58]

Lipid nanoparticles Dexamethasone [59]
Beads Azathioprine [60]

Microcrystals Dexamethasone [61]
Beads and microparticles Prednisolone and inulin [62]

swellable hydrogel pentosan polysulphate (PP) [63]
Hydrogel Resveratrol [64]
Hydrogel Curcumin [65]
Hydrogel 6-shogaol [66]
Hydrogel siCD98 [67]
Hydrogel PS-ATNF-α [68]

Colloidal particles NK007 [69]
Coated microparticles AvrA nanoparticles [70]

Coated pellets Rutin [71]
Microspheres Icariin [72]

Coated microparticle tablets Quercetin [73]
Coated liposomes Quercetin [74]
Monolithic tablet Diamide oxidase and catalase [75]

Polymer-enzime cojugate Superoxide dismutase [76]
Nanoparticles Berberine [77]

Coated nanoemulsion Curcumin [78]
Coated agglomerates of nanoparticles Diclofenac sodium [79]

Nanoparticle SIGIRR gene [80]
Microspheres Ketoprofen and ascorbic acid [81]

Additional research has been conducted to ameliorate the pharmacokinetics of the
conventional treatment for IBD. A microgel based on oxidized sodium alginate and water-
soluble chitosan demonstrated in vitro potential application as a carrier for mesalamine [55].
A different formulation of chitosan and alginate composite microparticles associated with
an enteric coat was capable of effectively delivering 5-ASA and curcumin in a colitis rat
model [58]. Another preparation combined a cellulose-derived polymer with pectin and
chitosan in matrix tablets of 5-ASA to provide desirable changes in its physicochemical
characteristics and drug release profiles [56]. An additional antibacterial effect was reached
by preparing mesalamine tablets with a chitosan-ethylenediaminediacetic acid disodium
(CH-EDTA) conjugate coating [57]. Research has also been conducted to improve the
pharmacokinetics of immunosuppressive drugs. Some strategies, such as loading chitosan
modified lipid nanoparticles (NPs) with dexamethasone and preparing azathioprine-loaded
chitosan beads have shown promising results in targeted and sensitive drug delivery at
the colitis site [59,60]. Dexamethasone microcrystals coated with chitosan, alginate, and an
enteric coat multilayers also exhibited significant therapeutic effects in mice [61]. Another
corticoid, prednisolone, was loaded with inulin, a naturally occurring polysaccharide, in
beads and microparticles coated with calcium (Ca)-alginate core and a chitosan coating.
The resulting formulations were tested in vitro and were deemed suitable to be used to
deliver substances to the colon [62].

The possibility of producing hydrogels with chitosan to obtain a sustained release
of a drug in the intestine is another relevant aspect for its application in the treatment of
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IBD. A biodegradable and reversible polyelectrolyte complex (PEC) of poly acrylic-acid
(PAA) and chitosan was engineered to be used as a swellable hydrogel colonic delivery
system for topical treatment of IBD with pentosan polysulfate (PP). However, an enteric
coat was still needed to protect the proposed formulation from the gastric environment [63].
Resveratrol, a polyphenol present in red wine with anti-inflammatory properties, was also
successfully loaded in nanostructured chitosan-based hydrogel and had its pharmacoki-
netics improved [64]. Two similar studies demonstrated the use of a chitosan and alginate
hydrogel to encapsulate nanoparticles loaded with curcumin and 6-shogaol, a biologic
compound found in ginger. The formulations significantly alleviated the colitis symptoms
and quickened wound repair in mice (Figure 4) [65,66]. Interesting use of other chitosan
hydrogel was in the design of an antibody functionalized nanoparticles-releasing hydrogel.
The authors developed nanoparticles prepared with single-chain CD98 antibodies on their
surface, for carrying inside of it CD98 small interfering RNAs (siCD98). It was already
known that the overexpression of CD98 in the colonic epithelial cells and macrophages
was associated with the development and progression of IBD. By using this strategy, the
authors were able to downregulate CD98 and efficiently diminished the manifestations of
IBD in vitro and in vivo [67]. This idea of using oligonucleotides to inhibit the synthesis of
pro-inflammatory molecules has been recently employed to reduce TNF-α production in a
mice colitis model. Xu et al. [68] loaded a chitosan-alginate hydrogel with phosphoroth-
ioated antisense oligodeoxyribonucleotide of TNF-α (PS-ATNF-α) and reportedly inhibited
the molecule at both the protein and mRNA levels [68].

A different approach for targeted delivery of anti-inflammatory substances to
macrophages was reported by Chen et al. [69]. The researchers used chitosan associ-
ated with alginate and tripolyphosphate (TPP) to form colloidal particles with the drug
tylophorine malate (NK007) and to incorporate it inside glucan mannan particles (GMPs).
The formulation was capable of specifically delivering the drug to macrophages and effec-
tively cured colitis in the mice model after being administered orally [69]. Chitosan was
also used in association with alginate to form gastroprotective microparticles capable of
releasing in the small intestine and colon nanoparticles of AvrA, an anti-inflammatory and
anti-apoptotic bacterial protein. The authors reported that the formulation diminished
clinical and histological scores of inflammations in a colitis model. The encapsulation with
alginate and chitosan allowed the drug to be administered orally, instead of transrectally,
which was undesired and restricted the delivery to the distal portion of the colon [70]. This
association was also applied to develop alginate/chitosan-coated pellets intended for the
colon delivery of rutin, a flavonoid with antioxidant and anti-inflammatory effects. The
results were promising dissolution profiles and great stability for rutin, which could be a
valuable alternative for mild-to-moderate IBD therapy [71].

An analogous approach was applied to the development of chitosan-alginate micro-
spheres as a carrier for icariin, a type of flavonoid, to reduce colonic injury and inflam-
matory response in rats [72]. Chitosan-alginate microspheres have also been employed
to colon deliver a combination of ketoprofen and ascorbic acid, bringing together anti-
inflammatory and antioxidant properties [81]. Quercetin, a flavonoid, has been incorpo-
rated in a chitosan-xanthan microparticle coated tablet, allowing a sustained and targeted
delivery to the target [73]. Alike, a hybrid system made liposomes coated with cross-linked
chitosan was proposed to deliver quercetin to the intestine [74]. Another strategy to protect
a drug against the gastric environment and control its release within the intestine was the
development of carboxymethyl starch (CMS)—chitosan monolithic tablets. A study has
employed these tablets as a carrier for diamine oxidase and catalase, two enzymes possi-
bly capable of reducing bowel inflammation [75]. A chitosan-derived polymer-enzyme
conjugate was developed as a promising option in the treatment of IBD with superoxide
dismutase, an antioxidant enzyme [76]. Also for oral delivery, a nanocarrier based on chi-
tosan and fucoidan was loaded with berberine, an alkaloid capable of promoting tightness
of the intestinal epithelial tight junction, and revealed promising results [77].
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Figure 4. Preparation and characterization of 6-shogaol loaded polymeric nanoparticles, (A) Schematic illustration of
process through which PLGA/PLA-PEG-FA nanoparticles [NPs-PEG-FA] were fabricated using a versatile single-step
surface-functionalising technique, (B) The morphology of PLGA/PLA-PEG nanoparticles [NPs-PEG] was characterised by
transmission electron microscopy [TEM], and their size and zeta potential were measured by dynamic light scattering [DLS]
using a Malvern Zetasizer Nano ZS90 Apparatus, and (C) The morphology, size, and zeta potential of PLGA/PLA-PEG-FA
[NPs-PEG-FA] were characterized. Reprinted from Ref. [66] with permission from Oxford University Press. Copyright
© 2017, Oxford University Press. License Number: 5022890402536. Abbreviations: PVA (Polyvinyl alcohol), PLGA
(poly(lactic-co-glycolic acid)), PLA (Polylactic acid), PEG (Polyethylene glycol), FA (Folic acid), and NPs (Nanoparticles).

A different design proposed an oil-in-water nanoemulsion coated with a chitosan-based
polysaccharide layer film as a nanocarrier for curcumin, an agent with anti-inflammatory
and antioxidant properties but lipophilic and unstable in aqueous solutions. The in vitro
tests demonstrated that the formulation was capable of protecting the drug from degra-
dation, evidencing its promising use for oral delivery of similar agents (Figure 5) [78]. A
multiple stepwise spinning disk processing (SDP) technique was developed to fabricate
a drug delivery system based on a composite diclofenac sodium-chitosan-poly(methyl
acrylates) nanoparticulate. This approach allowed scale-up manufacturing of the nanopar-
ticulate. Additionally, the drug uptake noticed was three times higher than the control
drug solution, with no evident toxicity [79].
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Figure 5. Schematic representation of air liquid interface of human colon carcinoma cell line (CaCo-2) equivalent ep-
ithelium in Transwell system. In the central insert, an enlarged view of the cell monolayer grown on the microporous
membrane. On the right, the oral nano-delivery system consisting of oil-in-water (O/W) nanoemulsion coated with a
thiolated glycol chitosan. Reprinted from Ref. [78] with permission from Elsevier. Copyright © 2018 Elsevier B.V. License
Number: 5022890619360.

A more complex approach employed chitosan nanoparticles as a delivery vector
for gene therapy in a colitis mice model. The authors developed a very cost-effective
way of constructing a carrier for a plasmid of Single Ig-domain containing IL-1 receptor-
related molecule (SIGIRR), a subtype of the IL-1R family, capable of attenuate colonic
tissue inflammation as a result of the inhibition of TLR4/NF-κB overactivation. The
study suggested a possible new gene therapy for IBD [80]. Along with the possibility of
improving the pharmacokinetics of other compounds, Chitosan oligosaccharide (COS), the
major degradation product of chitosan, has also been shown biological activity [82]. For
this reason, it has been pointed out as a potential compound to be used in colitis-associated
colorectal cancer (CRC) chemoprevention, due to its activation of AMP-activated protein
kinase (AMPK) and inhibition of the NF-κB and mTOR signaling pathways in intestinal
epithelial cells (IEC) [83–86].

Another relevant application of chitosan is in tissue engineering. Its antimicrobial
effect and biodegradability have made it possible for the compound to be used as a
bioscaffold for colorectal tissue engineering. A study has shown that a 3-layer chitosan
hydrogel patch revealed good wound healing, effective regulation of the inflammation,
and an integral regeneration of the colonic wall, along with the smooth cell layer. The latter
was achievable due to the soft gel layers on each side, which ensured the colonization
of cells and the formation of neo-tissue [87]. In a different approach, an association of
chitosan-based hydrogel and stromal vascular fraction from adipose tissue has successfully
replaced a circular colonic wall section [88]. Chitosan grafts could be useful for severe cases
of IBD that require surgical intervention, such as those on which cancer develops.

2.2. Hyaluronic Acid-Physicochemical Attributes and Potential Therapy of IBD

Hyaluronic acid (HA) is the only GAG that is not sulfated and not bound to pro-
teins and it’s formed by units of disaccharides N-acetyl-D-glucosamine (GalNAc) and
D-glucuronic acid (GlcA) [89,90]. HA is a crucial component of the extracellular matrix and
performs several functions like cell signaling mediation, morphogenesis, damage repair,
and matrix organization [91,92]. HA is found in almost all tissue in humans and also in
other vertebrates, can be extracted from marine sources like a shark, stingray, eyeball, liver
of swordfish, mollusk bivalves, and tuna [93–96]. It has numerous applications in biotech-
nology, regenerative medicine, drug delivery vehicles, development of new biomaterials,
and other biomedicals and pharmaceutical applications by cause of their properties as
biocompatibility, viscoelasticity, lubricity, and immunostimulatory [93,97,98]. HA has been
studied as a potential therapeutic agent against several diseases due to its antioxidant,
anti-inflammatory, and anticoagulant biological activities [27–31].
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HA has potentially useful biological activities against IBD, and studies have shown
that sodium hyaluronate, a derivative of HA, has beneficial effects in the treatment for IBD.
To investigate whether supplementation of the lining of the colon mucosa with sodium
hyaluronate may be a possible and effective alternative treatment for IBD, a clinical study
recruited 21 individuals with distal UC and applied 60 mL of sodium hyaluronate gel
(IBD98E) once a day for 28 days. 38.1% of patients achieved clinical remission and 47.6%
achieved endoscopic remission, showing that the local application of IBD98E enhances
endoscopic and clinical outcomes in subjects with active distal UC [99]. However, this study
did not have a placebo-controlled group, therefore, the results need to be analyzed with
caution. Another study demonstrated the improvement of mucosal healing by quickening
intestinal epithelial repair with HA therapy in vitro and in vivo [100]. HA can also be an
option to improve the effectiveness of conventional treatments like mesalamine (5-ASA),
combined therapy with HA and 5-ASA was capable to accelerate wound repair and
diminish inflammatory reaction in rat colitis [101].

Another potential application of HA was reported in a novel study based on the
synthesis of methylcellulose (MC) and HA-coated thermo-responsive hydrogel for suc-
cessful targeted rectal delivery against IBD [102]. The gelling behavior of the hydrogel
was improved due to the in situ gelling capability of HA [103]. Moreover, other remark-
able features of HA like the slow and prolonged controlled release, non-toxic, stability,
and entero-protection were also observed in the mice intestinal model via applicating
final formulated hydrogel. It was evident that the HA-MC hydrogel can be employed in
safe and inexpensive systems for rectal delivery of substances in IBD [104]. IBD is a risk
factor for the development of colorectal cancer and some studies also pointed out appli-
cations of HA in these cancer treatments [105–108]. In the last years, nanoparticles (NPs)
have been identified with promising strategies for the diagnosis and treatment of many
diseases. In comparison to more traditional approaches, they offer advantages such as
nanometer-scale dimension, controlled drug release, targeted drug delivery capacity, lower
plasma concentrations, and lessen adverse effects [109–111]. Several pieces of research
with NPs have been conducted to try to overcome the biggest problems with oral drug
administration such as loss of stability in GIT, systemic absorption, risk of side effects,
difficulty in transporting sufficient quantities of active drugs, and transporting them to
specific target sites [111,112]. In this regard, NPs have been an innovative approach for IBD
treatment, and the results have shown that they are much more effective than traditional
drug formulation (Figure 6) [111].

Lysine-proline-valine (KPV) is a tripeptide with anti-inflammatory properties, Xiao
et al. [113] loaded KPV into HA-functionalized polymeric nanoparticles (HANPs), resulting
in an NPs called HA-KPV-NPs. The authors encapsulated the HA-KPV-NPs in a hydrogel
(chitosan/alginate) for oral administration against UC in a mouse model and used a group
control without HA. The results show that HA-KPV-NPs/Hydrogel system exhibited a
much stronger capacity to prevent mucosa injury and downregulate TNF-α compared with
group control. Therefore, this study reveals the important role of the HA in the NPs, which
was able to penetrate the colitis tissue and allow the KPV to be internalized in the target cells,
thereby alleviate UC [113]. In another study that also used a model of UC in mice, HANPs
was used to deliver the siRNA of the CD98 transmembrane protein involved in the colon’s
innate immune responses, siCD98, in association with a robust anti-inflammatory agent,
curcumin. The results of the analyzes showed that cell uptake of drugs in groups treated
with HANPs was much higher than those treated with NPs without HA, demonstrating that
HANPs could be a good alternative for UC-target therapy [114]. The same group reported
in previous studies that surface functionalization with HA increases the cellular uptake
efficiency of NPs as a consequence of interactions mediated by receptor [67], which seems to
be related to the fact that HA is a ligand of CD44, a membrane glycoprotein, that in UC has
increased expression on the surfaces of colon epithelial cells and macrophages [115–117].
Accordingly, Vafaei et al. [118] used HANPs to release budesonide in an in vitro model
of inflamed CACO-2 cells, the anti-inflammatory effect with HAMPs was much greater
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compared to cells that received the free drug [118]. Similar to HANPs, Li et al. [119] use
HA functionalized porous silicon nanoparticles to unite enzyme-responsive hydrogel and
pH-responsive polymer to develop a hierarchical structured and programmable responsive
AP@PSi-HA@HPMCAS carrier for efficient local delivery of drugs to sites of inflammation
in the intestine in IBD treatment via oral administrations. The vehicle with HA exhibited
superior therapeutic efficacy and significantly diminished systemic drug exposure [119].
No clinical studies have been found using HANPs to treat IBD, however, due to wide
marine availability and the promising results of experimental studies they have great
potential for the developing of alternative therapies capable of overcoming the limitations
of traditional oral drug formulation.

Figure 6. Schematic illustration of orally administered cell-specific nanotherapeutics for IBD. Reprinted from Ref. [111] with
permission under the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license. Copyright ©The Author(s)
2016. Published by Baishideng Publishing Group Inc.

2.3. Chondroitin Sulfate-Physicochemical Traits and Potential Therapy of IBD

Chondroitin Sulfate (CS) is a sulfated glycosaminoglycan (GAG) found on cell surfaces
and inside the pericellular matrix in the form of proteoglycans from different organisms
and is involved with several physiological events [120,121]. CS is a linear polysaccharide
formed by the repetition of disaccharide units N-acetyl-D-galactosamine (GalNAc) and
D-glucuronic acid (GlcA), which have sulfate groups added by several sulfotransferases in
various positions, forming diverse structures with heterogenous characteristics [122,123].
Commercially, the main marine source of CS is shark cartilage but it can also be extracted
from octopus, salmon, zebrafish, ray, and squid [96]. CS has biological activity as an
immunomodulator, anti-inflammatory, anticancer, antiviral, and anticoagulant [21–26]. It
has been highly employed in the treatment of osteoarthritis and tissue engineering, as CS
hydrogels proved to accelerate wound healing [21,96] and several studies have investigated
its use in the management of IBD.

Similar to chitosan, research has been conducted to employ CS to obtain a controlled
release of drugs already in use to treat IBD. Cesar et al. [124] successfully synthesized a
polymeric conjugate of 5-ASA and CS capable of improving the biodistribution of the drug
and of providing it with a mucoadhesive profile (Figure 7) [124]. The authors suggested
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that the pharmaceutical could be considered as an alternative therapy for ulcerative coli-
tis [124]. Prednisolone has also been conjugated with CS to improve its delivery to the lower
intestines. The result was a nanogel that had its ability to target areas affected by colitis
confirmed in vivo [125]. Furthermore, the multi-bioresponsive drug, curcumin, has been
used in association with CS. Two studies described the development of curcumin-loaded
nanoparticles with their surfaces functionalized with CS. This modification yielded promi-
nently targeted drug delivery to macrophages and was considered a promising therapeutic
platform for IBD [65,126]. Additionally, a prospective, observational, follow-up study
indicated that IBD patients in remission under CS treatment for osteoarthritis could have a
lower incidence of relapses than generally reported in the literature. Although the study
had a small sample, it suggested that CS could be applied as a candidate for the treatment
of IBD due to its good safety profile and capability of alleviating osteoarthritis-related pain
in these patients [127].

Figure 7. Mesalamine polymeric conjugate for controlled release. Reprinted from Ref. [124] with permission from Elsevier.
Copyright © 2017 Elsevier B.V. License Number: 5022891040345.

2.4. Alginate-Physicochemical Attributes and Therapeutic Option for IBD

Alginates are a natural biopolymer composed of 1,4-linked (-L-guluronic acid) (G) and
(-D-mannuronic acid) (M) residues to form GG, GM, and MM blocks [128]. Ascophyllum
nodosum, Laminaria hyperborea, Saccharina japonica, Macrocystis pyrifera, Laminaria digitata,
and other species of brown seaweeds are the main source extraction with 17 to 45% of
the dry weight composed of alginate [129,130]. It is widely available, biocompatible, non-
toxic, low cost a has wide application in food processing, biotechnology, and biomedical
industry [131,132]. Some studies have pointed out the biological activities of alginates as an
antioxidant, anti-inflammatory, immunomodulating, anticoagulant, and anticancer [38–43].

Alginate has non-toxic, non-immunogenic, biocompatible and biodegradable prop-
erties [131,133,134], which make it a versatile material for biomedical application as in
microspheres, microcapsules, gel beads, hydrogel, film, nanoparticles, pellets, and tablets
for drug delivery [133,135]. Several alginate formulations with other marine compounds
have been studied in treatments against IBD and some of them were described previously
with chitosan. The main applications are in the engineering of drug delivery systems
specifically for the colon, which allows its use in the treatment of IBD in a different way
than relying solely on pH sensitivity [136]. In this regard, alginate offers a range of mi-
croencapsulation through a series of techniques, Samak et al. [137] analyzed alginate
microparticles loaded with hydrocortisone hemisuccinate and fabricated via aerosolization
and homogenization methods. In vitro experiments were carried out to verify whether the
microparticles by each of the techniques were able to suppress the release of the drug in the
simulated gastric fluid and promote the release correctly in the simulated intestinal fluid.
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The results indicated that both methods show potential for producing alginate hydrogel
microparticles suitable for colon-specific drug delivery in IBD treatment [137]. A subse-
quent study confirmed the potential of these techniques for delivering Nigella sativa extract
using the same in vitro tests [138]. Other studies have investigated alginate formulations
to see if they can improve the delivery and effectiveness of drugs used in conventional IBD
treatments like corticosteroids) [139,140].

3. Concluding Remarks and Outlook

Inflammatory bowel disease continues to result in substantial productivity loss and
extensive morbidity worldwide. The devastating consequence of inflammatory bowel
disease urgently calls for proper treatments, and thus implicate a considerable financial
and economic burden to individuals and the entire health care structure, particularly in
emerging countries. Marine-derived bioproducts attract incredible interest and appear a
revolutionary therapy for IBD due to their health beneficial properties that are ascribed
to the presence of characteristic biologically active functional constituents. This review
presents some naturally occurring biological entities/compounds derived from different
marine species for the efficient management of IBD. Particular focus has been devoted to
characteristic attributes, performance evaluation of engineered cues, and point-of-care IBD
therapeutics of diverse bioactive compounds from the algal biome. Although the ratio of
early surgery is reduced in IBD-associated patient by introducing biological active sub-
stances based therapeutic modalities, many challenges remain. Hence, additional research
efforts are required to inspect their bioavailability and efficiency in human and animal
models. The exploration of marine-derived bioactive compounds will continue to increase
in the future depending on new extraction strategies and novel modes of action. Ideally,
intensive future research and new research opportunities for marine bioproducts would
lead to a more efficacious and safer way for preventing and management of inflammatory
bowel disease.
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