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Various strategies at the microscale/nanoscale have been developed to improve oral absorption of thera-
peutics. Among them, gastrointestinal (Gl)-transporter/receptor-mediated nanosized drug delivery systems
(NDDSs) have drawn attention due to their many benefits, such as improved water solubility, improved
chemical/physical stability, improved oral absorption, and improved targetability of their payloads. Their
therapeutic potential in disease animal models (e.g., solid tumors, virus-infected lungs, metastasis, diabetes,
and so on) has been investigated, and could be expanded to disease targeting after systemic/lymphatic cir-
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culation, although the detailed paths and mechanisms of endocytosis, endosomal escape, intracellular
trafficking, and exocytosis through the epithelial cell lining in the Gl tract are still unclear. Thus, this review
summarizes and discusses potential Gl transporters/receptors, their absorption and distribution, in vivo

Open Access Article. Published on 19 April 2024. Downloaded on 6/20/2026 4:08:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/biomaterials-science

1. Introduction

As therapeutics, low molecular weight chemical drugs (<1 kDa)
and high molecular weight biological drugs (>2 kDa, e.g., pep-
tides, proteins, siRNA, mRNA, pDNA, etc.) are administered
into the body through various routes. The oral route is the
most attractive because it is characterized by high patient com-
pliance, requires no aid from medical professionals in dosing,
has cost-effectiveness and mostly minor sterility constraints,
and has flexible dosage design in production (e.g., solution,
powder, suspension, capsule, tablet, etc.). However, the
exposure of therapeutics to the chemical, biochemical, or bio-
logical environments of the gastrointestinal (GI) tract has fre-
quently caused problems such as poor water-solubility, poor
chemical/biological stability (e.g., degradation, denaturation,
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studies, and potential sequential targeting (e.g., oral absorption and disease targeting in organs/tissues).

aggregation, hydrolysis, etc.), poor oral absorption, and so on.
Thus, to solve these issues, various oral formulations and strat-
egies such as nanocrystals, enteric-coated dosage forms
(ECDFs), self-emulsifying/self-microemulsifying drug delivery
systems (SEDDSs/SMEDDSs), micron-sized/nanosized drug
delivery systems (MDDSs/NDDSs), and so on have been devel-
oped (Fig. 1).

Among the strategies, nanocrystals, SEDDSs/SMEDDSs, and
MDDSs/NDDSs have been used to improve the water solubility
of payloads. In contrast, ECDFs and MDDSs/NDDSs could
protect their payloads from the GI environments and provide
targeted delivery or absorption. In addition, the intact particles
of SMEDDSs and NDDSs could be absorbed through the GI
tract’s epithelial cell lining due to their nanoscale sizes.
Depending on their intracellular trafficking and exocytosis,
NDDSs could deliver their payloads into the enterocytes and
their neighboring immune cells and reach various organs (e.g.,
lungs, liver, brain, tumors, etc.) after systemic or lymphatic cir-
culation. In particular, introducing ligands to bind selectively
with transporters/receptors expressed in both the oral and
pathological sites could improve oral absorption and thera-
peutic outcomes while minimizing side effects. These facts
have triggered the design strategies for oral drug formulations
to shift from solubility and protection to targetability, resulting
in starting transporter/receptor-mediated oral delivery at the
nanoscale (Fig. 2). Thus, this review will introduce the poten-
tial of GI transporter/receptor-mediated oral absorption and
discuss its expansion to disease targeting.
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Fig. 1 Various strategies of oral drug delivery systems.

2. Potential Gl transporters/receptors
for oral absorption

In the GI tract, various transporters and receptors are
expressed (Fig. 3 and ESI Table 1) and deliver their corres-
ponding substrates (e.g., drugs, nutrients, etc.) (Table 1 and
ESI Table 27) through the epithelial cells (e.g., enterocytes) to
their neighboring immune cells (e.g., macrophage, dendritic
cells), systemic circulation, or lymphatic circulation. The
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expression levels and substrate-transporting activity of the GI
transporters/receptors could be regulated to take up the rec-
ommended daily allowance (RDA) of specific substrates such
as sugars, bile acids (BAs), vitamins, efc. In addition, the
expression levels and transporting activities could be increased
or decreased depending on the disease status (Table 2 and ESI
Table 31)." Nevertheless, we are focused on the expression
levels of the GI transporters/receptors rather than their trans-
porting activity because substrate (or ligand)-decorated
NDDSs-bound target GI transporters/receptors would follow
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Fig. 2 The research trends in oral drug delivery, oral NDDSs, and transporter/receptor-mediated oral NDDSs.

endocytosis, unlike transport of substrate through a channel
in the transporter.> Thus, this section will discuss the poten-
tial GI transporters/receptors that their corresponding sub-
strate-decorated NDDSs could use.

2.1. GI transporters for BAs

Apical sodium-dependent bile acid transporter (ASBT), which
is mainly expressed in the epithelial cells of the small intestine
(particularly the distal ileum), plays a crucial role in maintain-
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ing BA homeostasis and lipid metabolism because the BAs in
the intestine are transported into the blood (e.g., the portal cir-
culation system) via the intestinal epithelial cells and their
reabsorbed quantity is almost 95% (equivalent to 12-18 g/
70 kg in a day).?® Also, it is known that the expression levels of
ASBT decrease by about 31% and 75% in Crohn’s disease and
obstructive cholestasis, respectively.®” In contrast, the levels
increase in obesity and diabetes.®® Thus, various BAs such as
glycocholic acid (GCA), deoxycholic acid (DCA), taurocholic
acid (TCA), and cholic acid (CA) have been considered as
ligands to bind the ASBT selectively.

2.2. GI transporters for vitamins

Folic acid (FA; vitamin B9) or folate is an essential nutrient for
various cellular processes such as DNA synthesis, repair, and
methylation, and plays a vital role in cell growth and division.
Its cellular uptake is mediated by either proton-coupled folate
transporter (PCFT) or folate receptor (FR), and it is known that
FR has a higher binding affinity with folate than PCFT
(especially at pH 7.4). However, when folate exists in the GI
tract, its absorption and transport are mainly carried out by
PCFT rather than FR because PCFT is primarily expressed in
the apical membrane of the duodenum and the proximal
jejunum, whereas there are no FRs in the healthy intestine.>”*®
In particular, PCFT works under weakly acidic conditions (e.g.,
pH 5.8-6.0) because the transporter needs protons.”” In
addition, pathological conditions could increase its expression
levels, or lead to up-regulate of the FR expression level. The
expression level of PCFT increased by about 12-fold in diabetic
rats.”® It was also reported that FRa and FRB are highly
expressed in colorectal cancer and inflamed colon cells (e.g.,
macrophages in inflammatory bowel disease (IBD)),
respectively.'”!" Thus, folate, naringenin, and their derivatives

Biomater. Sci, 2024,12, 3045-3067 | 3047
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Fig. 3

(A) Quantitative protein expression levels of transporters/receptors and (B) relative mRNA expression levels of transporters/receptors in the

human intestine®> (detailed values are shown in ESI Table 11). OATP2B1, organic anion transporting polypeptides 2B1; PEPT1, peptide transporter 1;
OCT1/3, organic cation transporter 1/3; ASBT, apical sodium-dependent bile acid transporter; ABCB1/C3, ATP-binding cassette transporter B1/C3;
SERT, serotonin transporter; OCTN1/2, organic cation/carnitine transporter 1/2; CNT1/2, concentrative nucleoside transporter 1/2; ENT2, equilibra-
tive nucleoside transporter 2.

Table 1 Potential substrates of various Gl transporters and receptors®

Transporter ~ Slightly soluble (>1 mg mL™") Very slightly soluble or practically insoluble (<1 mg mL™")
ASBT Cholic acid sodium salt, deoxycholic acid sodium salt, Benzothiazepine (and derivatives), cholic acid, deoxycholic
glycocholic acid sodium salt, taurocholic acid sodium salt acid, naphthol derivates
ATB"* Carnitine, propionyl-L-carnitine Acetylcarnitine
CNT2 Adenosine, cladribine, didanosine, floxuridine, formycin B, Clofarabine, fluoropyrimidine, guanosine
inosine, mizoribine, ribavirin, uridine, zidovudine
ENT1 Adenosine, capecitabine, cladribine, cytosine, fialuridine, Guanine, guanosine
fludarabine, gemcitabine, ribavirin, uridine, thymidine,
thymine
GLUT2 Glucose —
GLUTS5S Fructose -
MCT1 B-p-Hydroxybutyric acid, y-hydroxybutyric acid, r-lactic acid, Nateglinide
pyruvic acid, salicylates, valproic acid
OATP2B1 Aliskiren, fexofenadine Amiodarone, atorvastatin, bosentan, DHEAS,
estrone-3-sulfate, glibenclamide, talinolol, telmisartan,
L-thyroxine
OCTN1 Acetylcholine, carnitine, doxorubicin, entecavir, ergothioneine, Mitoxantrone, quinidine, tiotropium
gabapentin, imatinib, ipratropium, metformin, oxaliplatin,
pregabalin, pyrilamine, verapamil
OCTN2 Carnitine, cephaloridine, emetine, entecavir, imatinib, Etoposide, spironolactone, tiotropium
ipratropium, verapamil
OSTa/p Cholic acid sodium salt, deoxycholic acid sodium salt, Cholic acid, deoxycholic acid, DHEAS, digoxin
glycocholic acid sodium salt, PGE2, taurocholic acid
PAT1 Betaine, r-tryptophan —
PCFT — Folic acid, 5-methyltetrahydrofolate
PEPT1 5-Aminolevulinic acid, carnosine, cephalexin, penicillin G Cefadroxil, glibenclamide, nateglinide
(benzylpenicillin), o-Phe-Ala, valacyclovir
SGLT1 Glucose, galactose —
SMVT1 Pantothenic acid Biotin, lipoic acid
SVCT1 L-Ascorbic acid —
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Disease Increased expression Decreased expression

Alzheimer’s disease — MCT1

Cancers FRa (Colorectal). PEPT1 (Colorectal) —

Cholestasis OSTa, OSTP ASBT, OSTp

Cushing syndrome OATP2B1, PEPT1 —

Diabetes ASBT, GLUT2, GLUTS5, PCFT, PEPT1, SGLT1 —

Hyperthyroidism PEPT1

IBD FRp, ICAM-1, mannose receptor, OATP2B1, ASBT, ATB(“, GLUTS5, MCT1, OCTN2,
PEPT1, SVCT2, TfR OSTa, OSTB, SVCT1, SMVT

Infection FcRn —

Obesity ASBT, PEPT1 —

(e.g., N°,N'*°-dimethyl tetrahydrofolate) have been considered
to bind either the PCFT, FR, or both specifically.

Biotin (vitamin B7) and pantothenic acid (vitamin B5) play
roles in fatty acid synthesis and energy production and are
directly absorbed by the sodium-dependent multivitamin
transporter (SMVT) expressed in the brush-border membrane
of the small intestine.>*? The expression level of SMVT was
reduced in inflammatory disorders.'”> However, the oral
absorption of cobalamin (vitamin B12) occurs by Cubam
(referred to as a multi-ligand receptor in the epithelial cells of
the distal ileum) after forming the intrinsic factor (IF)-B12
complex.*® The absorbed IF-B12 complex in the ileal cells is
dissociated to IF and vitamin B12, and the vitamin B12 exocy-
toses to the blood by multidrug resistance 1 (MDR1). Ascorbic
acid (ascorbate, vitamin C) is absorbed by sodium-dependent
vitamin C transporter (SVCT) 1 and is exocytosed by SVCT2 in
the small intestine. SVCT1 is located at the apical membrane
of the epithelial cells in the small intestine (mostly jejunum)
and the colon, whereas SVCT?2 is expressed in their basolateral
membrane.** Interestingly, when the extracellular concen-
trations of vitamin C are high, the expression levels of SVCT in
the neighboring cells are increased.>> However, ulcerative
colitis and Crohn’s disease reduced the expression level of
SVCT by about three times.'*'* Thus, various vitamins (e.g.,
B5, B7, B12, C) and derivatives have preferentially been con-
sidered ligands to bind the SMVT, SVCT, or Cubam.

2.3. GI transporters for saccharides

All tissues and cells have various glucose transporters (GLUTSs)
and sodium-dependent glucose cotransporters (sodium-
glucose linked transporters; SGLTs) because glucose and
sugars, transported by their concentration-dependent GLUTS
and concentration-independent SGLTs, play an essential role
in regulating cellular metabolism, producing energy, and
maintaining blood sugar homeostasis. In particular, entero-
cytes have three essential sugar transporters, GLUT2, GLUTS5,
and SGLT1: (1) GLUT2, expressed in the basolateral mem-
brane, transports the absorbed monosaccharides (e.g., glucose,
fructose, galactose) into the blood (ie., the portal venous
system),® (2) GLUTS5, expressed in the apical membrane,
specifically absorbs fructose from the GI tract to the cells,””
and (3) SGLT1 absorbs glucose and galactose into the cells.*®
In particular, the expression levels of GLUT5 and SGLT1 are

This journal is © The Royal Society of Chemistry 2024

increased by about four times in diabetic patients compared
with healthy people.'>'® Thus, sugars and their derivatives
have been considered ligands that preferentially bind the
GLUT, SGLT, or both.

Mannose receptor, expressed in intestinal macrophages or
dendritic cells (DCs), recognizes mannose, fucose, and
N-acetylglucosamine present on the surface of pathogens (e.g.,
bacteria, fungi, parasites) and takes them up by endocytosis
for further degradation.?® IBD and colitis triggered the over-
expression of mannose receptors in antigen-presenting cells
(APCs)."”” Thus, mannose, fucose, N-acetylglucosamine, and
their derivatives have been considered ligands that bind the
mannose receptor selectively.

2.4. GI transporters for cationic molecules

Carnitine is essential in fatty acid metabolism because carni-
tine delivers a fatty acid into the mitochondria matrix after
forming a fatty acid-carnitine conjugate, e.g., acylcarnitine.*®
Then, the p-oxidation of acylcarnitine produces energy. The
process is essential in all tissues and cells but is more critical
in skeletal or cardiac muscles that require much energy. In the
GI tract, the carnitine is transported by organic cation/carni-
tine transporter 2 (OCTN2) under a proton gradient (i.e., H'-
dependent OCTN2) because the transporter is expressed in the
epithelial cells of the small intestine.*! Its carnitine transport-
ing activity is exceptionally high in the duodenum and
jejunum, resulting in about 50 times higher carnitine levels
inside than outside the cells.*' In addition, the expression
level of OCTN2 was reduced in Crohn’s disease (about 5-fold)
and colorectal cancers.'"®'** When depending on Na®,
OCTN?2 can transport tetraethylammonium and ergothioneine.
Thus, carnitine and its derivatives have been considered
ligands that bind the OCTN2 selectively.

2.5. GI receptors for antibodies

The neonatal Fc receptor for IgG (FcRn) is mainly
expressed in the epithelial cells of the proximal small
intestine and the APCs of the intestinal lamina propria.*?
The receptor is involved in transporting and recycling IgG
(IgG1, IgG2) antibodies, improving their half-life and
immune efficacy. FcRn binds tightly with the Fc of IgG in
the duodenum and proximal jejunum because the recep-
tor-Fc interaction is strong at acidic pH values (<pH 6.5),

Biomater. Sci,, 2024, 12, 3045-3067 | 3049
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unlike neutral pH values (>pH 7.0) for its dissociation.** In
particular, dissimilar to rodents, FcRn is expressed in
humans even after adulthood. Its expression in the entero-
cytes and DCs of the intestine was increased by TNFa (e.g.,
induced by inflammatory disorders such as Crohn’s disease
and ulcerative colitis) and viral infection (e.g., caused by
gastroenteritis virus).>® Thus, Fc and Fc fragments have
preferentially been considered ligands to bind the FcRn.

In healthy people, intercellular adhesion molecule 1
(ICAM-1) is not expressed in enterocytes but mainly in endo-
thelial cells and leukocytes. It mediates cell-to-cell adhesion
and interaction within the immune system during inflam-
mation, immune response, and surveillance. However, when
forming inflammatory environments (e.g., IBD), the expression
of ICAM-1 increases in the epithelial cells of the small intes-
tine to recruit immune cells.*' ICAM-1-targeted antibodies can
be internalized by ICAM-1-mediated endocytosis.

2.6. GI transporters for anionic molecules

Monocarboxylate transporter 1 (MCT1) transports monocar-
boxylate such as lactate, pyruvate, and short-chain fatty acids
(SCFA; e.g., acetate, propionate, butyrate) into cells in an H'-
dependent manner.*’ For example, MCT1 mainly transports
butyrate and acetate in the small and large intestines
(expressed in both apical and basolateral membranes of the
intestinal epithelial cells) and the liver.” In high energy-
requiring tissues (e.g., skeletal muscle, heart, brain), the trans-
porter mainly carries pyruvate and lactate,® whereas MCT1 in
cancer cells pumps lactate out.*” In particular, the expression
level of MCT1 in the enterocytes of IBD patients was decreased
by 60%.>> Thus, lactate, pyruvate, acetate, propionate, and
butyrate have been considered as ligands that bind MCT1
preferentially.

Organic anion-transporting polypeptides (OATPs) are
expressed in the epithelial cells of the small intestine and
transport anionic or amphiphilic molecules of hormones, BAs,
drugs, and toxins. In particular, ulcerative colitis and Crohn’s
disease up-regulated their expression levels by 4-10 times."®

2.7. GI transporters for peptides and amino acids

Peptide transporter 1 (PEPT1), highly expressed in the epi-
thelial cells of the small intestine (specifically, jejunum and
ileum), transports small peptides (e.g., tripeptides, r-valine,
L-isoleucine, L-phenylalanine, Val-Gly, Tyr-Val), peptide analogs
(e.g., Gly-Sar), or peptide-like drugs (e.g., bestatin, f-lactam
antibiotics, 1-DOPA-1-Phe) in the GI tract to the cells.*® In par-
ticular, targeting the transporter has been utilized for design-
ing PEPT1-targeted prodrugs (e.g., derived from drugs not well
absorbed through the GI tract) because its transporting
capacity is large enough (ie., not saturated).*® Also, the
expression levels of PEPT1 are increased in the colon of IBD,
diabetes, or colorectal tumor.”*?** Thus, various peptides and
their derivatives have preferentially been considered ligands
that bind PEPT1.

Amino acid transporter B>* (ATB®*) and proton-coupled
amino acid transporter 1 (PAT1) are mainly expressed in the

3050 | Biomater. Sci, 2024, 12, 3045-3067
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epithelial cells of the distal ileum and the colon. The former
transports neutral (e.g., leucine, isoleucine, valine, cysteine) or
cationic amino acids (e.g., lysine, arginine) into cells, whereas
the latter absorbs polar and nonpolar amino acids (e.g,
proline, alanine, glycine) in a proton-dependent (or acid-acti-
vated) manner.**° In particular, IBD was found to reduce the
expression level of ATB®" by ten times.>® Thus, amino acids
and their derivatives have been considered ligands that bind
ATB*" or PAT1.

3. Understanding mechanisms in Gl
transporter/receptor-mediated
nanoparticle absorption and
transcytosis

Using potential GI transporters/receptors, their corresponding
substrate-decorated NDDSs have been investigated for improv-
ing oral absorption, and meaningful findings for their thera-
peutic effects have been reported. Many potential substrates
and their hydrophilic derivatives listed in Table 1 could be
applied, despite the few substrates that have been used.
Nevertheless, to expand the design purpose of NDDSs from GI
transporter/receptor-mediated enhanced oral absorption to
effective disease targeting (i.e., maximizing therapeutic effects
and minimizing unwanted effects in the pathological sites
such as organs/tissues, cells, or organelles), understanding of
the paths and mechanisms of GI transporter/receptor-targeted
NDDSs is required. Most analyses in cellular entry, intracellu-
lar trafficking, and exocytosis were performed based on com-
parative experiments in the presence/absence of inhibitors,
which affect three key oral absorption steps (Table 3). Thus,
this section will describe how the designed NDDSs enter cells
through GI transporters/receptors, how their intracellular
trafficking occurs, and whether they are in systemic or lym-
phatic circulation after exocytosis.

3.1. BA-decorated NDDSs

Various BAs such as GCA, DCA, TCA, and CA are ligands
binding ASBT. All BA-decorated NDDSs followed endocytosis
mechanisms to enter the epithelial cells in the small intestine.
Still, the detailed mechanisms of their entry, intracellular
trafficking, and exocytosis depend on the kind of BA and the
size of its NDDS (Fig. 4). Bae et al. designed BA-decorated solid
nanoparticles (NPs) (i.e., polystyrene beads) of 100 nm and
applied the BA-NPs to ASBT-expressing SK-BR-3 and Caco-2
cells.>*™* After using various endocytosis/macropinocytosis
inhibitors to understand their cellular entry, it was found that
GCA-NPs (i.e., GCPN) follow caveolae-mediated or Arf-mediated
endocytosis (Fig. 5). The cellular entry of DCA-NPs (i.e., DCPN)
was affected by caveolae-mediated endocytosis, Cdc42-
mediated endocytosis, or macropinocytosis, and CA-NPs (i.e.,
CCPN) underwent a combination of caveolae-mediated endocy-
tosis, clathrin-mediated endocytosis, Cdc42-mediated endocy-
tosis, or macropinocytosis. The BA-NP-bound ASBT complexes

This journal is © The Royal Society of Chemistry 2024
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Table 3 Inhibitors of cellular internalization, intracellular trafficking, and exocytosis mechanisms
Mechanism Target mechanism Inhibitors
Cellular internalization Clathrin-mediated endocytosis Chlorpromazine
Caveolae-mediated endocytosis Nystatin
Genistein
Indomethacin
Filipin

Macropinocytosis

Lipid raft-mediated endocytosis

5-(N-Ethyl-N-isopropyl)amiloride
Colchicine
Methyl-p-cyclodextrin

Clathrin/caveolae-independent endocytosis Lovastatin
Energy-dependent endocytosis 4 °C (low temperature)
Dynamin Dynasore

Actin filament Cytochalasin D

Cdc42 ZCL278

Intracellular trafficking

Acidification of endosome

Bafilomycin A,

Endosomal sequestration Chloroquine
ER-Golgi transport Brefeldin
Exocytosis Chylomicron Cycloheximide
OSTo/f 17a-Ethinylestradiol
Golgi-mediated protein transport Monensin
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Fig. 4 Detailed mechanisms of the entry, intracellular trafficking, and exocytosis of some BA-decorated NDDSs (GCPN, GCA conjugated carboxy-
lated polystyrene NP;°2 PTX@GCA-NP, GCA—chitosan coated PTX@Liposome;>* DCPN, GCA conjugated carboxylated polystyrene NP;*! DNP, DCA

conjugated chitosan NP;>* HDP, heparin-DCA/protamine complex;56 LH

e-tetD, low molecular weight heparin-tetrameric DCA conjugate;?> CCPN,

CA conjugated carboxylated polystyrene NP%). CV, caveolae-mediated endocytosis; LR, lipid-raft-mediated endocytosis; MP, macropinocytosis; CL,
clathrin-mediated endocytosis; CMP, chylomicron pathway; ER, endoplasmic reticulum; GA, Golgi apparatus; IBABP, ileal bile acid binding protein;

OSTo/p, organic solute transporter a/p.

underwent different endocytosis mechanisms depending on
the type of BA. However, studies on the colocalization of
BA-NPs with the ileal bile acid-binding protein (IBABP) or
Golgi/ER marker and the inhibition of transcytosis with the
chylomicron pathway showed similar intracellular trafficking
and exocytosis. Namely, the BA-NP-bound IBABP followed the
ER/Golgi pathway and then moved from the cells to lymphatic
vessels (via the chylomicron pathway). However, two steps are
still unclear: (1) the endolysosomal escape of BA-NPs after cell
entry and (2) the dissociation of the BA-NP-bound IBABP
complex during the ER/Golgi pathway. Similarly, Huang et al.
constructed PTX or quercetin-loaded liposomes (87.5 nm) and

This journal is © The Royal Society of Chemistry 2024

then coated the liposomes with GCA-chitosan conjugates.
After the GCA-liposomes (i.e., PTX@GCA-NP)-bound ASBT
complexes were taken up by enterocytes via lipid raft-mediated
endocytosis or macropinocytosis, the liposomes went through
the ER/Golgi pathway in Caco-2 cells. Then, they moved
forward to the lymphatic vessel.>® However, other DCA-deco-
rated NPs showed different intracellular trafficking and
different exocytosis. For example, DCA-chitosan NPs (ie.,
DNP)>* and low molecular weight heparin-tetrameric DCA con-
jugates (i.e., LHe-tetD)* followed ASBT-mediated endocytosis,
bound IBABP, and then moved to the blood. In particular,
heparin-DCA/protamine complexes (i.e., HDP) bound ASBT

Biomater. Sci, 2024,12, 3045-3067 | 3051
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and followed caveolae-mediated endocytosis in ASBT-expres-
sing MDCK cells. Then, HDP was not exocytosed but retained
in enterocytes.” Although the BA is the same, findings are still
debated: (1) the blood via unknown routes versus the lymphatic
vessels via the ER-Golgi pathway and (2) exocytosed from the
cells versus retained in the cells. Understanding of these could
help the design of BA-decorated NDDSs.

3.2. Vitamin-decorated NDDSs

Understanding of the cellular entry of folate (vitamin B9)-
mediated NDDSs via PCFT or FR is not deep, and their sub-
sequent processes in intracellular trafficking and exocytosis
have been rarely investigated (Fig. 6A). Nevertheless, Gan et al.
tried to understand the absorption and transcytosis in high or
low PCFT-expression cells using a ternary nanocomplex (NC)
of FA-grafted chitosan, y-poly(glutamic acid) (y-PGA), and

3052 | Biomater. Sci, 2024, 12, 3045-3067

insulin.>® In low PCFT-expression cells (i.e., Caco-2 treated
with PCFT inhibitor), after binding the FA-NCs (i.e., FNP) to
PCFT, the FA-NC-bound PCFT complexes were accumulated in
the lysosomes via clathrin-mediated endocytosis. Then, they
were degraded, regardless of the folate contents in the NCs.
Similarly, when low FA-NCs (<5%; i.e., FNP5) were applied to
high PCFT-expression cells (i.e., Caco-2), the NC-bound PCFT
complexes followed clathrin-mediated endocytosis or macropi-
nocytosis and then were sequestrated and degraded in the
lysosomes. However, the FA-NCs with a higher FA content
(10-20%; i.e., FNP10, FNP20) took the ER-Golgi pathway via
caveolae-mediated endocytosis and followed transcytosis to the
blood. In addition, when applying FA-decorated NPs (e.g.,
130 nm FA-RM-ELNC,’® 200-280 nm PBCA-FACS/HA,*” and
130-180 nm INS/DFAN’®) having different sizes to enterocytes,
their entry mechanisms were caveolae-dependent endocytosis

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Detailed mechanisms of the entry, intracellular trafficking, and exocytosis of (A) some FA-, (B) some biotin-, or (C) some ascorbic acid-deco-
rated NDDSs (FNP, FA-grafted chitosan NP;2° PG-FAPEP, FA and tripeptide dual-modified PLGA NP;%° FA-RM-ELNC, FA-modified exenatide reverse
micelle lipid nanocapsules;>” PBCA-FACS/HA, FA-conjugated chitosan and hyaluronic acid-coated poly(n-butylcyanoacrylate) NP;>® INS/DFAN, FA-
modified pectin NP;>° BLP, biotinylated liposome;®* As-PLGA-NP, ascorbate-conjugated PLGA NP®2). CV, caveolae-mediated endocytosis; MP,
macropinocytosis; CL, clathrin-mediated endocytosis; ER, endoplasmic reticulum; GA, Golgi apparatus; RFC, reduced folate carrier; MRP3, multidrug

resistance protein 3; PHT1, peptide/histidine transporter 1.

or macropinocytosis in Caco-2 cells regardless of whether the
NPs were lipid or polymer-based, and their intracellular
trafficking and transcytosis mechanisms were not reported.
Interestingly, Gan et al. designed dual GI transporter-targeted
NPs (ie., PG-FAPEP) composed of PCFT-targeted FA and
proton-coupled oligopeptide transporter (PHT1)-targeted tri-
peptide because PCFT and PHT1 are localized at the apical or
basolateral membrane of enterocytes, respectively (in the orig-
inal article, FR was expressed instead of PCFT. However, the
review expresses PCFT instead of FR because PCFT could exist
rather than FR).° After PG-FAPEP bound to PCFT, the
PG-FAPEP-PCFT complexes underwent endocytosis and then
released PG-FAPEP into the cytosol via tripeptide-mediated
endosomal escape in Caco-2 cells. Finally, the released
PG-FAPEP formed a complex with PHT1 to move further into
the blood. Overall, most FA-decorated NDDSs could undergo
caveolae-mediated endocytosis or macropinocytosis. However,
the uptake depends on pH because an acidic pH gradient only
allows cellular entry.®°

Biotin (vitamin B7) or ascorbic acid (vitamin C)-decorated
NDDSs have been designed to target SMVT1 and SVCT1,
respectively. However, their mechanisms for cellular internaliz-
ation, trafficking, and exocytosis are rarely studied.
Nevertheless, Wu et al. constructed 150 nm-sized biotin-deco-
rated liposomes (BLP) made of biotin-1,2-distearoyl-sn-glycero-
3-phosphoethanolamine (DSPE), soybean phosphatidylcholine
(SPC), and cholesterol.®® The designed BLP targeted bound to
biotin receptor (e.g.,, SMVT1), and the formed BLP-SMVT1
complex was internalized into cells via clathrin-dependent
endocytosis in Caco-2 cells (Fig. 6B). Then, the blood circula-
tion of BLP was expected, although there was no mechanism
study on its endosomal release and exocytosis. In addition,
Chen et al. mixed palmitoyl ascorbate (As) with poly(lactide-co-

This journal is © The Royal Society of Chemistry 2024

glycolide) (PLGA) and prepared As-PLGA NPs.°" The NPs first
bound to SVCT1, and the formed NP-SVCT1 complexes fol-
lowed three pathways, namely caveolae-mediated endocytosis,
clathrin-mediated endocytosis, or macropinocytosis in Caco-2
cells (Fig. 6C). When the NPs followed caveolae-mediated
endocytosis, their lymphatic circulation was expected,
although there was no experimental evidence. However, when
the NPs underwent clathrin-mediated endocytosis or macropi-
nocytosis, the NPs were sequestrated in the lysosomes and
were degraded, releasing their payloads, free paclitaxel (PTX).
Then, the released PTX passively penetrated the basolateral
membrane of the intestinal epithelial cells and moved toward
the blood circulation.

3.3. Saccharide-decorated NDDSs

Studies on the absorption and transcytosis of saccharide-deco-
rated NDDSs are lacking using GLUTs and SGLTs, despite
these being essential transporters for the daily glucose uptake
of about 250 g/70 kg adults. However, Guo et al. designed NPs
(i.e., DTX-GNP) made of glucose-conjugated zein and showed
their interaction with GLUTs.®> The NP-bound GLUTs were
internalized by caveolae-mediated endocytosis, clathrin-depen-
dent endocytosis, or macropinocytosis in Caco-2 cells.
However, it was not explained which subtype of GLUTs were
bound and which endosomal escape mechanisms, intracellu-
lar trafficking, and exocytosis pathways were involved (Fig. 7A).
In addition, Zhang et al. designed two glucose-decorated NPs
(i.e., a glucosylated NP (GNP) of glucose-PEG-PLGA and a glu-
cosylated cationic NP (PGNP) of glucose-PEG-PLGA and
DOTAP) to target the overexpressed SGLT in the epithelial cells
of the proximal small intestine.®* After binding PGNP with
SGLT, the PGNP-SGLT complex followed an SGLT1-mediated
endocytic pathway (proved by endosomal markers such as

Biomater. Sci, 2024, 12, 3045-3067 | 3053
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Fig. 7 Detailed mechanisms of the entry, intracellular trafficking, and exocytosis of (A) some glucose-(GLUT5-mediated), (B) some glucose-(SGLT1-
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PGNP, a mixed NP of glucose-PEG-PLGA and DOTAP;%* C-PP-PM, carnitine-conjugated polymeric micelles (PEOz-PLA);®> LC-PLGA-NP,
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mediated endocytosis; ER, endoplasmic reticulum; GA, Golgi apparatus.

Rab5 and Rab11) in Caco-2 cells (Fig. 7B). However, there is no
study on their endosomal escape, intracellular trafficking, or
exocytosis.

3.4. Cationic molecule-decorated NDDSs

For OCTN2-targeted oral absorption, many studies selected
carnitine as a cationic molecule, and carnitine-decorated
NDDSs have been developed. Their cellular entry mechanisms
depended on the type and size of NP. For example, Zhou et al.
prepared 26-31 nm-sized carnitine-decorated poly(lactic acid)
(PLA) polymeric micelles (PMs) (i.e., C-PP-PM) composed of
methoxy poly(ethylene glycol)-PLA (mPEG-PLA) and carnitine-
PEG-PLA.®® After C-PP-PM selectively bound with OCTN2, the
PM-OCTN2 complexes followed two different endocytic path-
ways: (1) clathrin-mediated endocytosis and (2) caveolae- or
lipid raft-mediated endocytosis in Caco-2 cells (Fig. 7C). When
the PM-OCTN2 complexes followed clathrin-mediated endocy-
tosis, the complexes passed through late endosomes and lyso-
somes. It was expected that C-PP-PM would be dissociated
from OCTN2 and escape from lysosomes, although no precise
mechanism is described. Other routes are that the PM-OCTN2
complexes would follow caveolae- or lipid raft-mediated endo-
cytosis and then be released into the cytosol. Regardless of
endocytic pathways, C-PP-PM in the cytosol took the ER-Golgi
pathway and circulated in the blood. As another example, Sun
et al. designed 200-230 nm-sized carnitine-decorated NPs (i.e.,
LC-PLGA-NP), and the NPs were prepared by mixing stearoyl-r-
carnitine with PLGA.°® When the contents of stearoyl-L-carni-
tine were 10, 20, or 40% in LC-PLGA-NP, 10% carnitine-NPs

3054 | Biomater. Sci, 2024, 12, 3045-3067

showed the highest cellular uptake, and sodium helped to
improve their uptake in Caco-2 cells. Following caveolae-
mediated endocytosis, LC-PLGA-NP moved toward the lym-
phatic vessel (Fig. 7C). However, when the NPs followed cla-
thrin-mediated endocytosis or macropinocytosis, the NPs accu-
mulated in the lysosomes and then degraded to release their
payloads (i.e., free PTX). The released PTX was transported to
the blood through the basolateral membrane of enterocytes.
Overall, their entry mechanisms affected exocytosis, resulting
in determining either the blood or lymphatic pathway.

3.5. Peptide/amino acid-decorated NDDSs

Various short peptides (e.g:, dipeptides and tripeptides),
amino acids, and their derivatives-decorated NDDSs enter
enterocytes using PEPT1 or PAT1. Some studies have been con-
ducted on their intracellular mechanisms, but there is limited
understanding of their intracellular trafficking and exocytosis.
Tu et al. synthesized Val-a-tocopherol-PEG (TSPG) or Phe-TPGS
by conjugating Val or Phe to TSPG, and made their 15 nm-
sized PMs (e.g., Val-PM or Phe-PM).%” After Val-PM bound to
PEPT1, the formed Val-PM-PEPT1 complexes were internalized
into the cells via a combination of clathrin-mediated endocyto-
sis, caveolae-mediated endocytosis, macropinocytosis, or cla-
thrin-/caveolae-independent endocytosis in Caco-2 cells
(Fig. 8A). Similarly, Phe-PM followed a combination of cla-
thrin-mediated endocytosis, caveolae-mediated endocytosis, or
macropinocytosis. However, their endosomal escape and exo-
cytosis were not analyzed after endocytosing Val-PM or Phe-
PM. Nevertheless, in the presence of lymphatic transport

This journal is © The Royal Society of Chemistry 2024
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transporter 2.

inhibitors (i.e., cycloheximide), their blood concentrations
(e.g., AUC) decreased. The results indicate that the exocytosis
of Val-PM and Phe-PM would take the lymphatic pathway. In
addition, Liu et al. prepared 30-40 nm-sized Gly-Sar-conju-
gated PEG-PLA NPs (ie., GS-PP-PM) to target PEPT1.%®
GS-PP-PM-bound PEPT1 was internalized into the cells
through clathrin-mediated or lipid-raft-mediated endocytosis
in Caco-2 cells (Fig. 8A). Their escape from the endosomes or
lysosomes was unknown, but GS-PP-PM was migrated to the
basolateral membrane via the ER.

For targeting PAT1, Jin et al. chose betaine as the PAT1
ligand.®® They constructed 90 nm-sized betaine-decorated NPs
(i.e., PLGA-PPP2K, PLGA-PPP3K, PLGA-PPP4K) with different
molecular weights of poly(propylene oxide) (PPO), which was
composed of poly(carboxybetaine) (PCB)-PPO-PCB and PLGA.
When entering enterocytes, the NP-bound PAT1 complexes
underwent macropinocytosis or clathrin-mediated endocytosis
in Caco-2 cells (Fig. 8B). Then, PLGA-PPP was released to the
cytosol (despite an unknown mechanism of endosomal
escape) and moved into the blood through the ER.

3.6. Antibody-decorated NDDSs

Antibodies- or antibody fragments-decorated NDDSs are
mainly considered to be internalized through antibody/recep-
tor-mediated endocytosis, and their cellular entry and exocyto-
sis mechanisms have yet to be studied in detail. Muro et al
designed anti-ICAM-coated polystyrene beads (i.e., anti-ICAM
NP) to confirm ICAM-1-mediated cellular internalization in
ICAM-1-overexpressed enterocytes.”” Anti-ICAM NP-bound
ICAM-1 was internalized via CAM (cell adhesion molecule)-

This journal is © The Royal Society of Chemistry 2024

mediated endocytosis. Interestingly, the intracellular traffick-
ing via the lysosomes depended on the cell preparation. When
Caco-2 cells were cultured on coverslips (i.e., apical and baso-
lateral sides cannot be distinguished.), anti-ICAM NP-ICAM-1
complexes were localized to the lysosomes. However, when
Caco-2 cells were cultured as a monolayer (i.e., the apical side
can be distinguished from the basolateral side), anti-ICAM
NP-ICAM-1 complexes moved to the basolateral region after
escaping from the lysosomes (followed by an unknown mecha-
nism) (Fig. 9A). In addition, Farokhzad et al. designed FcRn
overexpressed enterocyte-targeted Fc-decorated NDDSs using
Fc-conjugated PLA-PEG-Mal NP (i.e., NP-Fc).”! Although their
detailed cellular entry and transcytosis mechanisms were
unclear, NP-Fc-bound FcRn was internalized through FcRn-
mediated endocytosis (Fig. 9B). Through comparative studies
using wild-type mice and FcRn knockout mice, NP-Fc trans-
port into the blood was confirmed after its absorption in the
small intestine, although the detailed mechanisms of its intra-
cellular trafficking, endosomal escape, and exocytosis were
unknown.

4. In vivo therapeutic potential and
challenges of Gl transporter-mediated
NDDSs

For the process from the entry to the exit of the GI tract, the
detailed mechanisms and paths of substrate-decorated NDDSs
still need to be clarified. Nevertheless, various NDDSs have
been investigated to target GI transporters/receptors for
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Fig. 9 Detailed mechanisms of the entry, intracellular trafficking, and
exocytosis of (A) some anti-ICAM- or (B) some Fc-decorated NDDSs
(anti-ICAM, ICAM-1 antibody-conjugated polystyrene beads;”® NP-Fc,
Fc-conjugated PLA-PEG NP”Y). CAM, cell adhesion molecule-mediated
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enhanced oral absorption and therapeutic effects of their pay-
loads. Using the NDDSs, their therapeutics have been delivered
from the surroundings of the GI tract (e.g., small intestine,
colon, Peyer’s patch) to the blood or lymphatic circulation and
further organs/tissues (e.g:, liver, brain, lung, tumor, etc.). They
could be applied to treat solid tumors (e.g., breast, colon, lung,
colorectal liver metastasis), diabetes, virus-infected lung dis-
eases, and so on. The size and the type of therapeutics are not
limited because small chemicals, proteins/peptides, genes
(e.g., siRNA), and magnetic/metallic nanoparticles have been
used, and their size scale is from 0.1 nm to tens of nm. Thus,
this section introduces some potential examples of GI trans-
porter/receptor-targeted NDDSs. More examples can be found
in Table 4.

4.1. Anti-tumor potential of BA-decorated NDDSs

PTX, a hydrophobic anti-tumor drug that stabilizes micro-
tubules and results in apoptosis, is absorbed into enterocytes
when administered orally. Still, its oral bioavailability (0BA) is
less than 1% because P-glycoprotein (Pgp) pumps it out to the
GI tract.>® Thus, Liu et al. designed BA-decorated liposomes to
increase the oBA of PTX (Fig. 10).>* The designed liposomes
composed of DSPE-PEG-Que, PTX-cholesterol, and sphingosyl-
phosphoricoline (SPC) were prepared and then coated with
GCA-chitosan, forming PTX@GCA-NPs. GCA and Que were
selected to target ASBT-mediated absorption and inhibit a
drug efflux function of Pgp, respectively, in the epithelial cells
of the small intestine. PTX@GCA-NPs delivered more PTX to
enterocytes and further resulted in 19-fold and 4-fold higher
AUC (i.e., the concentration of PTX in the blood) than two con-
trols of Taxol® and PTX@NPs (coated with GCA-free chitosan),
respectively. Also, based on the results of the reduced PTX
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levels in the blood when free TCA and PTX@GCA-NP were co-
administered, both ASBT-mediated enterocyte entry and sys-
temic delivery of PTX@GCA-NP were confirmed. In particular,
when orally administered to an LL2 (lung cancer cell line)-
xenograft mouse model, PTX@GCA-NPs showed a higher anti-
tumor effect than Taxol® and PTX@NPs, whereas PTX@GLNP
(excluding Que) showed a lower anti-tumor effect than
PTX@GCA-NPs. These findings mean that GCA improves oral
absorption of PTX, and Que blocks Pgp-mediated PTX efflux,
resulting in a synergy of anti-tumor effect.

It is known that BAs are mainly reabsorbed in the small
intestine and reach the liver through enterohepatic circulation.
This would open up a potential for BA-decorated NDDSs to
target liver diseases after ASBT-mediated oral absorption. Lee
et al. planned to treat colorectal liver metastasis (CLM)
involved in the AKT/PI3K pathway and designed AKT-silencing
NDDSs (Fig. 11).°" Thiolated Akt siRNA was chemically linked
to gold nanoparticles (AuNPs), and then the formed 20 nm-
sized Akt siRNA-AuNPs (i.e., AR) were coated with TCA-conju-
gated chitosan (i.e., chitosan-TCA, GT), preparing 110-130 nm-
sized AR-GT100. The ASBT-targeted Akt-silencing NPs (ie.,
AR-GT100) showed good colloidal stability at pH 2 and 5,
mimicking the GI tract. When applying AR-GT100 to Caco-2
and HepG2 cells, AR-GT100 had higher cellular uptake than
AT-chitosan (i.e., a TCA-free control). When orally adminis-
tered, AR-GT100 protected Akt siRNA in the GI tract, was
absorbed well in the ileum, and then distributed to the liver.
In a CLM mouse model using CT26 cells, the orally adminis-
tered AR-GT100 decreased by 45% compared with a CLM
control. In particular, AR-GT100 reduced the number and the
size of metastatic tumor nodules in the liver by 43-58% more
than AR-chitosan, improving mouse survival rates. Overall, the
study found that the selective accumulation of AR-GT100 in
the ileum and liver may be mediated by ASBT and NTCP
(sodium/taurocholate cotransporting polypeptide), respect-
ively. The findings mean that BA-decorated NDDSs could
target and treat liver disorders after oral absorption.

4.2. Anti-diabetic potential of BA-decorated NDDSs

Oral absorption of peptides/proteins is limited due to their
enzymatic/chemical degradation and instability in the GI tract.
Therefore, many efforts to improve oBA have been made, and
they have focused on overcoming obstacles such as mucous
penetration, cellular entry, endosome escape, and transcytosis.
For example, Fan et al. designed DCA-chitosan-based insulin
NPs (i.e., DNPs), which were electrostatically made by complex-
ing with DCA-chitosan, insulin, and v-PGA (Fig. 12).>*
Chitosan was expected to help their mucus penetration, endo-
somal escape, and insulin protection. Also, DCA could follow
ASBT-mediated endocytosis in enterocytes. The decomposed
insulin was much reduced after DNPs entered enterocytes via
ASBT and escaped to the cytosol without their lysosomal
sequestration. When orally administered to type 1 diabetic
rats, DNPs provided about 12 times higher bioavailability of
insulin than free insulin. In addition, DNPs regulated blood
glucose levels well compared with free insulin. Although the

This journal is © The Royal Society of Chemistry 2024
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Table 4 Some potential examples of Gl transporter/receptor-targeted NDDSs
Transporter/ Therapeutic outcome/oral
receptor Substrate ~Carrier (size, zeta) Disease bioavailability (0BA) Drug Ref.
ASBT GCA Liposome (150 nm/—40 mV) CT26-tumor Anti-tumor vaccine effect (DC ~ OVA/poly(1:C) 72
maturation 1, Th1/Th2
immunity 1)
ASBT GCA SLN (120 nm/—32 mV) B16F10, 4T1, Anti-tumor effect DTX 73
CT26-tumor
ASBT GCA Liposome (120 nm/—32 mV) T2DM Anti-diabetic effect (blood Exendin-4 74
glucose level |) oBA: 19.5%
ASBT TCA Liposome (194 nm/negatively T1DM Anti-diabetic effect (blood Insulin 75
charged) glucose level |) 0BA: 34%
ASBT TCA Polyplexes (194 nm/negatively T2DM Anti-diabetic effect (blood pGLP-1 76
charged) glucose level |)
ASBT TCA Polyplexes (55 nm/6 mV) T2DM Anti-diabetic effect (blood pGLP-1 77
glucose level |)
ASBT TCA Polyplexes (230 nm/—5 mV) (0)7:¢ Bone regeneration t 0BA: 30%  rhPTH 78
ASBT DCA Emulsion (6-45 nm/—10-+3 mV) 4T1-tumor Anti-tumor effect 0BA: 20-35% ATV 79
ASBT DCA Polyplexes (7.64 nm/—0.36 mV) Osteoporosis Bone formation rhPTH 80
Cubam VB12 Dextran NP (150-280 nm) T1DM Anti-diabetic effect (blood Insulin 81
glucose level |)
FcRn Albumin  PLGA NP (150 nm/—8 mV) T1DM Anti-diabetic effect (blood Insulin 82
glucose level |)
FcRn IgG1-Fc Polyplexes (78 nm/10 mV) T2DM Anti-diabetic effect (blood pGLP-1 83
glucose level |)
GLUT Glucose  Zein NP 4T1-tumor Anti-tumor effect DTX 62
(87.9-136.4 nm/—22-—18.5 mV)
LAT1 Anti- Polyplexes (147-261 nm/ IBD Anti-inflammation effect CD98 siRNA 84
CD98 7.9-17.3 mV)
LAT1 Anti- PLGA NP (270 nm/—24 mV) Colon cancer Anti-tumor effect CD98 siRNA, 85
CD98 Camptothecin
Mannose Mannose LNP (284 nm/12.8 mV) IBD Anti-inflammation effect Budesonide 86
receptor
Mannose Mannose Chitosan NP (322.5 nm/34.9 mV)  Auto-immune Immune tolerance?t H6P 87
receptor disease
MCT1 Butyrate =~ PLGA NP T1DM Anti-diabetic effect (blood Insulin 88
(80-90 nm/—16.67-6.12 mV) glucose level |) 0BA: 9.28%
PCFT FA Pectin NP T1DM Anti-diabetic effect (blood Insulin 58
(130-270 nm/—26--17 mV) glucose level |)
PEPT1 1-Val-val PLGA NP (165 nm/—4-—2 mV) — 4.3-Fold higher oBA than DTX DTX 89
PEPT1 L-Val PLGA NP (213 nm/—14.4 mV) T1DM Anti-diabetic effect (blood Insulin 90
glucose level |)
SMVT Biotin Liposome (~150 nm) T2DM Anti-diabetic effect (blood Insulin 63

glucose level |) oBA: 8.23,
12.09%

ATV, atorvastatin; H6P, heat shock protein 65; OVX, ovariectomized rodent; pGLP-1, GLP-1 plasmid; rhPTH, human recombinant teriparatide;

SNL, solid lipid nanoparticle.

mechanism of transcytosis of free insulin from enterocytes to
the blood is unclear, the findings indicate that the payloads,
such as peptides/proteins, could be effectively delivered to the
blood via ASBT-mediated absorption.

4.3. Anti-tumor potential of vitamin-decorated NDDSs

Both PCFT and FR absorb FA. PCFT exists in the duodenum
and proximal jejunum, where the pH in the intestinal tract is
low because PCFT transports FA in a proton-dependent
manner. On the other hand, FR is expressed in the distal
ileum and colon, where the pH is neutral, and shows excep-
tionally high expression in colorectal cancer. Therefore, to
target colorectal cancer using FA-decorated NDDSs, the NDDSs
should avoid PCFT-mediated absorption in the proximal intes-
tine, but make more drugs reach the colon. Shen et al. selected
a solid lipid nanoparticle (SLN) composed of trilaurin, oleate,

This journal is © The Royal Society of Chemistry 2024

and FA-conjugated TPGS. They loaded doxorubicin (Dox) and
superparamagnetic iron oxide nanoparticles (SPIONs) into the
SLN (Fig. 13).”> Then, the formed Dox-SPION@SLN was coated
with dextran-conjugated octadecanol, finally forming DFSLN.
In the proximal intestine, DFSLN was not interacted with and
absorbed because dextran shielded FA at the surface of SLN,
and FA did not use PCFT-mediated cellular internalization.
DFSLN traveled to reach the distal intestine and colon, where
dextranase is present. In these sites, the dextran coating on the
DFSLN was dissolved and removed, and FA was exposed to the
surface of SLN, resulting in FR-targeted Dox and SPIONs deliv-
ery to FR-overexpressed colon cancers. In particular, when
DFSLN was applied to an orthotopic colon cancer mouse
model, it showed 3-fold better tumor growth inhibition than
PBS. With a high-frequency magnetic field (HFMF), DFSLN
reduced tumor mass more effectively than without HFMF.

Biomater. Sci, 2024,12, 3045-3067 | 3057
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Fig. 10 Anti-tumor potential of PTX@GCA-NPs: (A) the preparation and design concept, (B) the transport ratio in the monolayer of Caco-2 cells, (C)
the time-dependent plasma drug concentration, (D) the time-dependent tumor growth, and (E) the weight of the explanted tumor (reproduced
from ref. 53 under the terms of the Creative Commons CC-BY 4.0 License).
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Fig. 11 Anti-tumor potential of Akt siRNA-AuNPs: (A) the design concept, (B) the preparation, (C) the immunoblot analysis involved in PI3K/AKT sig-
naling and apoptotic pathway, (D) the progression in CLM, (E) the number of cancer nodules in the liver, and (F) the survival rate in a CLM cancer
mouse model (reproduced from ref. 91 with permission from American Chemical Society, copyright 2017).
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Overall, the findings indicate that the shielding-deshielding
strategy of GI transporter/receptor-targeted NDDSs could allow
selective targeting to both transporter/receptor and organ in
the GI tract for effective therapeutic outcomes.

4.4. Anti-diabetic potential of vitamin-decorated NDDSs

The disease status and substrate requirement strongly influ-
ence the expression levels of GI transporters/receptors. Their
inhibition or activation can be targeted to treat diseases. Gan
et al. found 12-fold overexpressed PCFT in diabetic rats com-
pared with non-diabetic rats and designed FA-chitosan conju-
gate-based insulin NDDS (ie., FNP) for PCFT-targeted oral
absorption (Fig. 14).>° In low PCFT-expressed Caco-2 cells, FNP
followed clathrin-mediated endocytosis and accumulated in
the lysosomes for further insulin degradation. However, when
applied to high PCFT-expressed Caco-2 cells, FNPs bound
PCFT, and the FNP-PCFT complex followed caveolae-mediated
endocytosis for the enterocyte entry. Then, FNP avoided lysoso-
mal accumulation and exocytosed into the blood via the ER/
Golgi pathway. When orally administered to rats, enterocytes
rarely absorbed free insulin. However, orally dosed FNP accu-
mulated in the enterocytes of diabetic rats, and the absorbed
FNP decreased in the presence of free FA. In diabetic rats, FNP,
unlike free insulin, reduced the blood glucose concentration
by 40% after 8 hours and showed about 14% in the oBA of
insulin. The findings indicate that FA-decorated NDDSs could
effectively deliver insulin to the blood via PCFT-mediated oral
absorption in diabetic environments.

Depending on the drug, it can act within enterocytes or
move to the blood after oral absorption. If its mode of action
does not occur in enterocytes, its intracellular trafficking and

This journal is © The Royal Society of Chemistry 2024

exocytosis to the basolateral region are also necessary after
absorption into enterocytes. Therefore, Gan et al. designed
dual GI transporter-targeted NDDSs (i.e., PG-FAPEP), which
have FA and tripeptide (i.e., Asp-Phe-Gly) for targeting FR in
the apical membrane and PHT1 in the basolateral membrane
of enterocytes (Fig. 15).°° The charges of the tripeptide
exposed on the surface of PG-FAPEP depended on pH: neutral
charges at pH 6.8 (i.e., intestinal pH) and positive charges at
pH 5.5. In the intestine, the neutrally charged PG-FAPEP pene-
trated the mucus layer and was internalized into enterocytes
via FA-FR-mediated endocytosis. In the endosomes, the tripep-
tide exposed on the surface of PG-FAPEP was changed to posi-
tive charges, enabling proton buffering and endosomal
escape. In the cytosol, the tripeptide of the PG-FAPEP bound
to PHT1, and the formed PG-FAPEP-PHT1 complex was exocy-
tosed via a PHT1-mediated pathway. In particular, orally admi-
nistered PG-FAPEP reduced blood glucose concentration to
45% after 6 hours in diabetic rats, and its oBA was about
14.3%. Overall, sequential targeting to GI transporters/recep-
tors at the apical or the basolateral membrane of enterocytes
could effectively produce enhanced cellular internalization
and enhanced exocytosis of drugs, resulting in their adequate
blood circulation. In addition, although the study explained
FR targeting, the possibility of PCFT targeting rather than FR
targeting could be more realistic due to their known
expression levels in the intestine.

4.5. Anti-infective potential of saccharide-decorated NDDSs

When taking antibiotics orally, they travel down from the
stomach to small intestine, and large intestine. They kill
microbes in the GI tract, resulting in gut dysbiosis in the large

Biomater. Sci., 2024, 12, 3045-3067 | 3059
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intestine. However, when antibiotics are required to reach the
lung through the blood after oral absorption, they should be
absorbed in the small intestine before reaching the large intes-
tine. Zhang et al designed glucosylated NPs (i.e., GNP;
glucose-PEG-PLGA) and glucosylated cationic NPs (PGNP;
glucose-PEG-PLGA and DOTAP) to use the overexpressed SGLT
in the proximal small intestine, and the designed NPs encap-
sulated antibiotics, ampicillin (Amp) to treat lung infection
after SGLT-mediated oral absorption.®® PGNP showed much
higher oral absorption and accumulation in the proximal
small intestine than GNP but did not reach the large intestine.
In a Streptococcus pneumoniae-mediated lung infection model,
GNP-Amp and PGNP-Amp, orally administered, delivered a
5-fold higher antibacterial efficacy than free Amp. Also, two
glucosylated NPs reduced the mRNA level of pro-inflammatory
cytokines (i.e., IL-6, IL-1f, TNF-a) by 2-fold compared with free
Amp. Pulmonary pathological and histological analyses
demonstrated that two glucosylated NPs reduced inflammation
and pathology. The treatment of PGNP-Amp in a lung infection
model made the status of the intact alveoli close to that of
non-infected, normal lungs. In particular, the designed NPs

3060 | Biomater. Sci,, 2024, 12, 3045-3067

did not damage the intestinal microbial environment. The
findings indicate that glucose-decorated NDDSs could undergo
SGLT-mediated oral absorption and then circulate in the
blood, reaching the lungs. The results show that oral adminis-
tration of saccharide-decorated NDDSs could treat lung
disorders.

4.6. Anti-tumor potential of antibody-decorated NDDSs

Various oral NDDSs have been developed to improve the oBA
of poorly water-soluble and unstable drugs in the GI tract. To
orally deliver SP141, a newly discovered inhibitor of MDM2,
Qin et al. designed FcRn-targeted NPs (i.e., SP141FcNP), which
were constructed by a two-step process: (1) the preparation of
SP141-loaded Mal-PEG-PCL NPs (SP141NP) via the emulsion-
solvent evaporation method and (2) the conjugation of Fc on
the surface of SP141NP (Fig. 16).>> The designed SP141FcNP
was expected to target the first FcRn on enterocytes for oral
absorption and then target the second FcRn on breast cancer
cells for treating solid tumors through systemic circulation. In
MCF7 and MDA-MB-231 cells, the NPs effectively killed tumor
cells via apoptosis and reduced the expression of MDM2.

This journal is © The Royal Society of Chemistry 2024
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When orally administered in an MDA-MB-231 orthotopic
tumor model, SP141FcNP made 28.5-fold higher and 56.5-fold
higher concentrations of SP141 than free SP141 in the plasma
and tumor, respectively. In particular, SP141FcNP was
absorbed by FcRn in the small intestine and then was highly
accumulated in the MDA-MB-231 tumor after blood circula-
tion. Then, SP141FcNPs reduced the expression of MDM2 in
the MDA-MB-231 tumor, inhibited its tumor growth by 90%
compared with the control, and decreased lung metastasis.
The findings indicate that antibody-decorated NDDSs could
take FcRn-mediated oral absorption and circulate in the blood,
reaching FcRn-expressing solid tumors.

4.7. Some general issues of GI transporter/receptor-mediated
NDDSs for clinical applications

As aforementioned, various GI transporter/receptor-mediated
NDDSs have been investigated and applied to animal disease
models, and their therapeutic outcomes showed great poten-
tial to move further clinical applications. Nevertheless, they
have some general issues relevant to colloidal stability in the
GI tract and binding affinity to the GI transporters/receptors of
interest. First, when NDDSs are orally administered, they move
from the mouth to the stomach and then small and large
intestines. During the journey in the GI tract, they may lose
their colloidal stability under acidic (e.g., pH 1-5 in a fasted or
fed stomach®) or enzymatic (e.g., pepsin, lipase, etc. in the
stomach;’® di/amino peptidase, lactase, etc. in the small intes-
tine;”° azoreductase, dextranase, etc. in the large intestine®’)
conditions before their absorption in small and large intes-
tines because the conditions can cause their aggregation, dis-

This journal is © The Royal Society of Chemistry 2024

integration, or degradation. Thus, some studies have moni-
tored particle sizes in GI tract-mimicking fluids to evaluate
whether nanosized delivery systems keep their colloidal
stability.>’* Nevertheless, enteric-coated capsules could be
used if carrier particles are unstable in the stomach or their
changes are not evaluated.>® Second, when substrates (or
ligands) are decorated on the NP surface, their binding
affinities to their corresponding transporters (or receptors) can
be strongly affected by their exposed side and density/number
after linking on the NP surface, and the type and length of
linker molecules between substrates and NPs. For example,
chemically linking substrates on the NP surface can result in
partial or full masking of their binding side by the NP itself or
by their neighboring substrates decorated on the NP surface.
Unlike a binding between free substrates and their counter-
parts (e.g., transporters), steric hindrance by neighboring sub-
strates or nanoparticular components on the surface of the
same NP could reduce the binding affinity between the
designed substrate and the target transporter. Nevertheless,
steric hindrance-mediated influence has been frequently over-
looked when designing NDDSs. In reality, when synthesizing
carnitine-decorated NDDSs, the linking side of carnitine
should be the hydroxyl group rather than the carboxylic acid
because the latter is essential for binding to OCTN.*' Also,
although no study measures a binding affinity, Sun et al
reported that carnitine’s optimal contents/densities on carni-
tine-decorated NDDSs were about 10% for cellular uptake and
0BA when preparing NDDSs by mixing carnitine-conjugated
PLGA (i.e., PLGA-LC) and PLGA at various ratios (i.e., 5, 10, 20,
40%) of PLGA-LC. Increasing carnitine’s contents by up to
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10% increased the cellular uptake and oBA of carnitine-deco-
rated NDDSs, and then higher carnitine contents (e.g,
20-40%) reduced the levels (Fig. 17A).°° The results indicate
that too many substrates on the NP surface can inhibit or
hinder the targeted binding between substrate and transpor-
ter. In addition, Chen et al. introduced different PEG lengths
(i.e., 0, 500, 1000, 2000 Da) between PLGA and carnitine,
making CNP, C5NP, C10NP, and C20NP, respectively.
Interestingly, CNP showed the highest intestinal absorption
and oBA compared with other carnitine-decorated NDDSs with
lengthy PEG linkers (Fig. 17B).°® The authors inferred that an
increasing flexibility (by lengthy linkers) of the cationic sub-
strate on the NP surface could result in strong interaction with
the negatively charged mucus layer instead of interaction
between carnitine and OCTN. Thus, when designing oral
NDDSs, the above two critical factors should be investigated in
depth, further resulting in the maximized binding affinity
between substrate and target transporter and the highest 0BA
(i.e., highest therapeutic outcomes).
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5. Future directions beyond Gl
transporter/receptor-mediated
NDDSs: potential for disease targeting

5.1. Potential for disease targeting dependent on the
expression of GI transporters/receptors

The expression levels of potential GI transporters/receptors are
not fixed, but dependent on the status of diseases (Table 2 and
ESI Table 37). For example, colorectal cancer increased the
expression levels of PEPT1 and FR. IBD increased the
expression levels of FRp, ICAM-1, OATP, PEPT1, and transferrin
receptors, but decreased those of ASBT, ATB”*, MCT1, OCTN2,
OSTa, OSTP, SVCT, and SVMT. Also, various GI transporters/
receptors were increased: ASBT, GLUT5, PCFT, PEPT1, and
SGLT1 in diabetes; ASBT and PEPT in obesity; FcRn in infec-
tion. The change in the expression level of GI transporters/
receptors could improve or limit their use for oral absorption
of substrate-decorated NDDSs. If BA-decorated NDDSs are

This journal is © The Royal Society of Chemistry 2024
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(A) Cellular uptake in Caco-2 cells and pharmacokinetics profile of paclitaxel in LC-PLGA NP-administered rats, and (B) fluorescence inten-

sity and pharmacokinetics profile of the drug in carnitine-NP-administrated rats (for A, reproduced from ref. 66 with permission from Wiley-VCH,
copyright 2017; for B, reproduced from ref. 98 under the terms of the Creative Commons CC-BY 4.0 License).
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developed to target ASBT, the NDDSs could make better thera-
peutic outcomes in diabetes and obesity but have less efficacy
in IBD and obstructive cholestasis. Targeting PEPT1 will be a
good choice in treating diabetes, IBD, and obesity. However,
targeting ASBT, MCT1, OCTN2, SVCT, and SVMT will be the
wrong choice to treat IBD. Thus, understanding the relation-
ship between the expression level of GI transporters/receptors
and diseases will be critical for a high therapeutic effect of
substrate-decorated NDDSs.

5.2. Potential for disease targeting dependent on the
destination of GI transporter/receptor-mediated NDDSs

When substrate-decorated NDDSs follow GI transporter/recep-
tor-mediated oral absorption, their cellular entry, endosomal/
endolysosomal escape, intracellular trafficking, exocytosis, and
blood/lymphatic circulation depend strongly on their sizes,
surface characteristics (e.g., zeta-potential, charge, hydrophili-
city/hydrophobicity), materials (e.g., polymers, lipids, metals,
ceramics), and architectures (e.g., gels, micelles, vesicles, solid/
porous particles, oil droplets). Many efforts have been made to
understand and investigate GI transporter/receptor-mediated
paths and mechanisms from the entry to the exit of the NDDSs
through the epithelial cell lining of the intestine. However, the
relevant information is still lacking. Nevertheless, if the
NDDSs are well-regulated to follow the designed paths for
moving to the destination of interest, they could be localized
in the intestine or its surroundings, circulated in either the
blood or lymphatic vessel, and distributed to organs/tissues.
First, for local delivery in the intestine or its surroundings, the
NDDSs might contain blockers/inhibitors of exit pathways and
be localized in the epithelial cells of the small intestine and
the colon and various immune cells (e.g., macrophages, DCs)
in the Peyer’s patches. Small intestinal bacterial overgrowth,
Crohn’s disease, ulcerative colitis, GI infections, and colon
cancer could be targeted. Second, if substrate-decorated
NDDSs release their payloads into the blood after moving to
the blood, their applications would be extensive, including
cancers, inflammatory disorders, infective disorders, auto-
immune diseases, metabolic diseases, etc. However, their first-
pass metabolism in the liver could lower their therapeutic out-
comes. Third, if GI transporter/receptor-targeted NDDSs take a
lymphatic pathway after an exocytosis route (e.g., a chylomi-
cron pathway), the NDDSs could improve the bioavailability of
their payloads because they bypass hepatic first-pass metab-
olism (or directly enter systemic circulation). In particular, the
intestinal lymphatic vessel-targeted NDDSs enable the treat-
ment of various immune diseases, including IBD, by effectively
activating or suppressing various immune cells because the
intestine is the largest immune organ, where 70-80% of the
immune cells in the body exist. In situ genetic engineering of
immune cells (e.g., T cells, macrophages, DCs, etc.) could also
be possible. Fourth, suppose the designed NDDSs are distribu-
ted to the diseased organs/tissues after entering the systemic
circulation directly or via the lymphatic circulation. In that
case, the endothelial cells (e.g., blood-brain barrier) neighbor-
ing the target organs/tissues should express transporters/
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receptors, or the blood capillary neighboring the target
organs/tissues (e.g., liver, spleen, bone marrow, solid tumor
tissues, inflamed tissues, etc.) should be fenestrated or sinu-
soidal. The NDDSs could treat various disorders in the brain,
liver, spleen, solid tumors, and inflamed tissues. Overall, the
design strategies regulating endolysosomal escape, intracellu-
lar trafficking, or exocytosis should be investigated for a custo-
mized destination of substrate-decorated NDDSs and their
encapsulated therapeutics.

5.3. Potential for disease targeting dependent on dual
transporter/receptor targeting of substrate-decorated NDDSs to
both intestinal barrier and disease organs

The enterocyte contains various transporters/receptors that
can absorb vital nutrients and energy sources from the GI
tract. The substances are transported to enterocytes via specific
transporters/receptors and then distributed through the blood
to the required organs. This fact indicates that the organs also
have substance-corresponding transporters/receptors. Thus,
substrate-decorated NDDSs can target GI transporters/recep-
tors on enterocytes for oral absorption and then target disease-
related organs expressing the same or substrate-transportable
transporters/receptors for selective delivery of their payloads
(Fig. 18). For example, BAs are first absorbed by enterocytes
through ASBT, transported into the blood, and then reab-
sorbed into the liver through NTCP,! present in the basolat-
eral membrane of hepatocytes. Namely, BA-decorated NDDSs
can deliver therapeutics for liver-related diseases such as hepa-
tocarcinoma, cirrhotic cholangitis, and metabolic liver dis-
eases. In particular, the NDDSs may effectively target meta-
bolic liver diseases associated with diabetes or obesity due to
increased intestinal ASBT expression in diabetic or obese
patients. Second, ascorbic acid (vitamin C) is absorbed and
diffused into enterocytes through SVCT1. It makes equilibrium
with its oxidized form, dehydroascorbic acid (DHA). DHA is
transported to the blood through GLUT.*® The brain, muscles,
adrenal glands, and liver absorb vitamin C via SVCT2, making
the tens of mM compared with the tens of pM in the blood.
Thus, vitamin C-decorated NDDSs can transport drugs to
various organs via SVCT-mediated oral absorption and organ
targeting, and can be applied to treat diseases in the brain,
liver, and so on. Third, utilizing OCTN2, expressed not only in
enterocytes but also in the basolateral membranes of neurons,
lung airways, heart, liver, and muscles, may allow carnitine-
decorated NDDSs to treat disorders in the brain, lungs, heart,
liver, and so on. In particular, the increased expression of
OCTN?2 in glioblastoma could be a good factor when selecting
a target disease of OCTN2-mediated NDDSs. Fourth, glucose is
absorbed into enterocytes by SGLT1 and then transported to
the blood by GLUT2. Also, the kidneys reabsorb glucose by
SGLT2 or GLUT1 and express it in the renal basolateral mem-
brane.'® The kidneys of diabetic patients frequently malfunc-
tion, requiring medication to restore their function. With the
increased expression of SGLT1 in the intestine of diabetic
patients, glucose-decorated NDDSs could be utilized to selec-
tively deliver therapeutics to the kidneys for treating diabetes-

This journal is © The Royal Society of Chemistry 2024
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Fig. 18 Possible examples of dual-targeted substrate-decorated NDDSs

mediated kidney diseases. Substrate-decorated NDDSs could
make sequentially dual-targeting drug delivery systems for
enhanced oral absorption and disease targeting.

6. Conclusion

Various oral drug delivery systems have been investigated to
overcome poor water-solubility, chemical/biological stability,
oral absorption, or targetability. Among them, GI transporter/
receptor-targeted NDDSs could be an essential strategy to solve
all the issues mentioned earlier. The enhanced or over-
expressed GI transporters/receptors could improve the pay-
loads’ therapeutic outcomes in the NDDSs. In particular, the
transcytosis-modulating design strategies of the NDDSs could
tune the destinations of their payloads, treating broad-range
disorders in the GI tract, the systemic/lymphatic vessel, or
various organs/tissues. Thus, GI transporter/receptor-targeted
NDDSs have solid potential to expand from oral absorption to
disease or organ targeting.
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