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Oral administration has beenwidely regarded as themost convenient, quick and safe approach compared
to other routes of drug delivery. However, oral absorption of drugs is often limited due to rigorous
environments and complex obstacles in gastrointestinal tract. Having received considerable attention,
biomacromolecules have been applied for oral drug delivery to improve the bioavailability, which could
be attributed to its stability and unique bioactivities, including intestinal adhesion, opening of epithelial
tight junctions, inhibiting cell efflux and regulating relative protein expression. Specifically, enhancing
intestinal permeability has been regarded as a promising strategy for improving bioavailability of oral
drug delivery. In this review, a series of biomacromolecules and the related mechanisms of increasing
intestinal permeability for enhanced oral bioavailability are comprehensively classified and elucidated. In
addition, recent advances in biomacromolecules based oral delivery and related future directions are
mentioned and predicted in this review article.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Oral delivery has been considered as a preferred administration
and widely applied into clinic due to the low learning cost, ease of
administration, patient compliance and feasibility for solid for-
mulations [1–5].However,owingtothecomplicatedgastrointestinal
environment, oral delivery of small chemotherapeutics [6,7] and
bioactive molecules (DNA [8,9], RNA [10], and protein [11], etc.) still
face a series of challenges. Briefly, the physical barrier (gastrointes-
tinal mucus, [30_TD$DIFF] etc.), the chemical barrier (pH, enzyme, [31_TD$DIFF] etc.), and the
biological barrier (ATP-dependent efflux protein, [32_TD$DIFF] etc.) could
degrade cargos and/or decrease its oral absorption [12–14]. In
addition, human intestine had a large surface area for absorption
(approximately 400m2) [15–18] and had the potential to directly
absorbsubstancesof smaller size [19–21]. Therefore, a largeamount
of effort has been devoted to improve the stability and intestinal
penetration of delivered drugs for high oral bioavailability [22–25].
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Biomacromolecules, including polysaccharides, peptides and
microRNA etc., play key roles in regulating physiological activities,
including improving gastrointestinal stability and enhancing
intestinal permeability [26–28]. For example, chitosan and its
derivative could bind with Ca2+ on intestinal cytomembrane and
open its tight junctions with enhanced permeability and bioavail-
ability of delivered cargo. Compared to other widely studied
material applied for oral delivery (e.g., silica particles), biomacro-
molecules are more biocompatible, easy to modify, and pharma-
ceutical active,which couldnotonly improve thedeliveryefficiency
but also enhance the bioavailability [29–31]. Currently, a series of
biomacromolecules have been applied for oral administration
to promote absorption and bioavailability of drugs [32–40].
However, there is no systematic review and summary in the field
of increasing intestinal penetration by biomacromolecules. Here,
wesummarizedbiomacromoleculesand the relatedmechanismsof
increasing oral bioavailability. Meanwhile, recent advances in
biomacromolecules based oral delivery and related future
directions were also included and predicted.

2. The strategies to increase intestinal permeability

To achieve efficient oral delivery and bioavailability, drug first
need to remain stable within the stomach before reaching small
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. The illustration of various biomacromolecules to enhance intestinal permeability could be classified as promoting the ability to bind with cell membranes by (a)
chemical or physical bonding and (e) autonomous penetration; increasing cellular uptake by attaching to (b) specific receptors or (h) transport proteins; (c) inhibiting the
efflux capacity of P-glycoprotein; (d) opening tight junctions by interferences; directly crossing (f) cell membranes or (g) tight junctions; (i) down-regulating the protein
expression related to tight junctions.
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Fig. 1. Illustration of the delivery process after oral administration of intestine-
penetrating and double-layered nanoparticles, which remained stable through
stomach and improve the intestinal penetration by opening tight junctions. Copied
with permission [84]. Copyright 2019, The Royal Society of Chemistry.
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intestine [39,41–43] and overcome complex gastric environment,
such as low pH (below 3.5), high levels of proteolytic enzymes and
high mucosal viscosity [44–46]. Through optimizing the nano-
architecture, solubility and isoelectric point, nanosized carrier
could maintain its structurewithin stomach and intestine [47–49].
Besides, there are still numerous absorption barriers that lead to
poor bioavailability [50,51]. For example, the tight junction
between small intestinal epithelial cells is one of the key barriers
for intestinal absorption [52–54]. In addition, the short-term
retention and high level of efflux in intestinal cells induced by
P-glycoprotein (P-gp) and the low level of cellular uptake are
the causes of low bioavailability [55–57]. Due to the diverse
bioactivities, certain biomacromolecules could enhance the
intestinal permeability via various mechanisms [58–60]
(Scheme 1), such as directly penetration (Schemes 1e–g),
promoting intestinal adhesion ( [33_TD$DIFF]Schemes 1a, b and h), slowing
efflux (Scheme 1c), and evenphysically (Scheme 1d) or biologically
(Scheme 1i) regulating tight junctions.

3. Polysaccharide-based vehicle for improving intestinal
penetration

Polysaccharides are composed of monosaccharides bonded
together by glycosidic linkages [61,62], which have excellent
biocompatibility and unique biological activities [61,63–66].
Currently, naturally-occurring or artificially synthesized polysac-
charides have beenwidely applied as vehicles for oral drug delivery
[67,68].

3.1. Chitosan and its derivatives

Chitosan (CS) and its derivatives are a class of aminopolysac-
charide, which have shown diverse biological activities, such as
improving the mucoadhesive [69–72] and opening tight junctions
between intestinal epithelial cell [54,73,74]. It has been reported
that CS could be complexed with plasmid DNA by electrostatic
interactions to form CS-based DNA particles for efficient adhesion
and penetration in gut [75]. Moreover, carboxymethyl chitosan
(CMC) were also studied and demonstrated with enhanced
capacity in opening tight junctions due to plentiful carboxyl
group (negative potential) to anchor cadherin [54,76–78]. Wang
et al. [54] studied the enhanced epithelial permeation of the
insulin:CMC/CS-NPs(�) and insulin:CMC/CS-NPs(+). In this work,
the tight junctions between intestinal epithelial cells were almost
completely detached, which were induced by the down-regulation
and dephosphorylation of claudin-4, and Ca2+ deprivation
by electronegative material [79,80]. Meanwhile, cargo release
characteristics in response to stomach and intestine environment
revealed that the nanoparticles could withstand gastric environ-
ment and promote insulin release in small intestine. Based on this
mechanism, a series of chitosan-based oral delivery systems with
desired efficiency and oral bioavailability were developed [81–83].
For example, CMC-coated acid-sensitive nanoparticles via ultra-
sonic emulsification were developed to deliver doxorubicin into
the hepatoma H22-bearing mice model by oral administration
(Fig. 1) [84]. Single-layered acid sensitive nanoparticles prepared
by polyvinyl alcohol were set as control groups to evaluate the
performance for oral delivery. Double-layered nanoparticles
demonstrated with robust stability under gastric tract, while the
control group got degraded within 6 h. Afterwards, the outer layer
would be peeled off to release free CMC due to the cleavage of
Schiff base under pre-intestinal microenvironment (pH 5.0–8.0).
Then, free CMC and the incompact CMC-coating would help to
open tight junctions and improve the adhesion ratio of nano-
particles for enhanced intestinal permeability. In addition, relative
experiments showed that the CMC-coated nanoparticles could
remain stable and directly penetrate the intestine into blood
circulation. Meanwhile, loaded DOX was released in the small
intestine under mildly acidic conditions (pH 5.0).

To further enhance the oral availability, various approaches
have been applied to optimize the chemophysiological properties
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Fig. 2. Illustration of the synthesis of TMC-chitosan nanoparticles and the comparison of therapeutic effects of different formulations. Compared to intravenous
administrated PTX group, oral PTX-loaded TMC-chitosan nanoparticles achieved similar therapeutic effects with lower toxicity. Copied with permission [85]. Copyright 2017,
Elsevier.
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Fig. 3. The oral delivery process of gellan gum (GG) based microparticles, which
could enhance the intestinal permeability by interfering with tight junctions and
then accelerate paracellular pathway. Copied with permission [100]. Copyright
2018, Elsevier.
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of CMC-based vehicles. One method is chemical modification of
chitosan. For example, He [34_TD$DIFF]et al. synthesized trimethyl embedded
chitosan (TMC) [85] to improve the solubility in strong-acid
environment. This TMC based vesicle demonstrated excellent
capacity in opening tight junction and its transport rate is 15.5
folds higher than free paclitaxel (PTX). Meanwhile, pH sensitive
release profile could prevent the rapid drug loss in the stomach and
oral bioavailability during oral delivery. In addition, following
the internalization into tumor cells through endocytosis, the
conjugates might be held in intracellular compartments such as
endosomes and lysosomes (pH 4–6), where the release of PTX from
the conjugates would be further protracted [85]. Compared to
intravenously injected free PTX [85,86], TMC-based oral PTX
delivery showed significant enhanced anti-cancer effects (Fig. 2).
PTX loaded TMC nanoparticles presented a sustained release of
PTX through the degradation of the ester bond without burst
release, and the sustained drug release was benefit to prolong its
half-life in gastrointestinal tract. In addition, arginine was
also applied to chitosan modification by grafting onto carboxyl
(CS-N-Arg), which can remain positively charged under neutral
and basic pH to further improve the oral availability by interfering
with P-gp and opening tight junctions [73]. In vitro Caco-2 cell
paracellular transport measurement showed that CS-N-Arg based
nanoparticles possess an enhanced transport ability with FITC-
grafted macromolecule and hydrophobic drug [87]. Besides,
thiomer chitosan 4-thiobutylamidine (TBA) [88] was prepared
for high level absorption and inhibition in P-gp activity of intestinal
epithelial cells. TBA based oral delivery system have shown that
the apparent permeability coefficients (Papp) was increased to
21.9�10�6 cm/s and the efflux ratioswas decreased to 0.5 [89]. For
physical modification, Krajicek synthesized chitosan–EDTA
complex by positive and negative electroadsorption, demonstrat-
ing greater effect on adhesion compared to free chitosan [90].
Meanwhile, chitosan could be also applied to incorporate with
other materials as oral delivery platform [91–93]. For example,
chitosan has been used to strengthen gastrointestinal stability and
improve the absorption in intestine of porous silicon (PSI). In vitro
studies using Caco-2/HT-29 cells indicated that the Papp of
CS-conjugated PSI was increased to 7-fold compared to free
insulin [94,95].

3.2. Other polysaccharide-based vehicle

Besides chitosan and its derivatives, other polysaccharides
could also affect the intestinal permeability. For instance, gellan
gum, a linear anionic polysaccharide with good water solubility,
was self-assembled into microparticles and coated with colon-
specific films for oral delivery of insulin [96–99]. A pH-dependent
release behavior was discovered from gellan gum-based drug
carriers under gastrointestinal environments, which indicated that
this vehicle could reduce the risk of transient high drug
concentration in gastrointestinal tract. Moreover, both in vitro
and in vivo permeation tests indicated that the enhancement of
insulin permeationwas due to the influence of gellan gum on tight
junctions opening (Fig. 3), which further extended the effective
activity of insulin to 7 h [100]. In addition, hydroxypropyl
methylcellulose acetate succinate and celecoxib were also applied
synergistically for saturable amorphous drug-loading, which could
improve the drug stability and efficiency by 1.5-fold [101].
Alibolandi et al. used the poly[35_TD$DIFF](lactic-co-glycolic acid)-grafted
dextran to synthesize polymersomes for oral delivery of insulin. In
this work, experimental data showed that the transport rate could
reach to [36_TD$DIFF]16.89%, while free insulin was [37_TD$DIFF]3.5%, which could be
attributed to the enhanced intestinal penetration capability of
dextran-based polymersomes [102–104]. This polymersome could
retain the insulin against the proteolytic degradation in the
stomach at a lower pH and release the insulin sustainedly in the
intestine. Likewise, various small molecules with P-gp inhibition
capacity have been introduced onto polysaccharides for enhanced
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intestinal permeability [55,56,105,106]. Nakashima et al. discov-
ered that the dextran sodium sulfate could weaken the function of
P-gp and even down-regulate its expression in intestinal epithelial
cells [107]. Besides, lipopolysaccharide could specially target
toll-like receptor 4/MyD88 signal-transduction pathway to
down-regulate the expression of tight junctions-relative protein
for enhanced intestinal permeability [108].

In general, a number of polysaccharides could improve the
intestinal permeability with various strategies and could be
applied for efficient oral drug delivery via combining different
mechanisms by modification or synergies.

4. Peptide/protein-based intestinal permeability improver

Peptide and protein are a kind of biological macromolecules
composed of amino acids [109,110], which perform awide range of
functions in the body [111,112]. Therefore, peptides and proteins
have been widely studied and applied to enhance bioavailability
for oral drug delivery [109,113–116].

4.1. Linear peptide

Christina [117] [34_TD$DIFF]et al. synthesized a series of amphiphilic
peptides, such as ac-A6K-CONH2, KA6-CONH2, ac-A6D-COOH,
and DA6-COOH lipid-like linear peptides. These peptides could
enhance the electrostatic adhesion to small epithelial cells and
therefore increase the transport ratio of FITC-dextran by 7.6-fold
compare to free FITC-dextran. Meanwhile, e-polylysine (ePL, poly-
L-lysine and poly-D-lysine) produced by Streptomyces albulus is a
cationic antimicrobial peptide, which could efficiently sterilize and
directly affect intestinal tight junctions by electrostatic interfer-
ence [118]. Niu [119] [34_TD$DIFF]et al. utilized the electrostatic interactions of
ePL and cyclodextrin (CD) to form nano-complexes as drug carriers
(Fig. 4), which could prevent premature release and degradation by
digestive enzyme in stomach and release its payload to the small
intestine. The peptide based nano-complex could be optimized
with appropriate zeta potential (�39�1.5mV) to avoid clearance
by gastric mucosa and overcome the trans-intestinal epithelial
electrical resistance for enhanced oral absorption. Besides, certain
small molecules were also applied to interact with peptides to
achieve desired biological functions. For instance, deuterohemin
[120–122], a liposoluble biological iron supplement, was modified
with AHTVEK-NH2, which could effectively remove reactive
oxygen species and penetrate Caco-2 cell monolayers with
enhanced permeability [123]. Likewise, certain bioactive peptides
can also be embedded into drug carriers for enhanced oral delivery
[(Fig._4)TD$FIG]

Fig. 4. The preparation of β-CD-based nano-complex and its mechanism in enhancin
[124,125]. For instance, R8was a typical cell-penetrating peptide to
penetrate across intestinal mucosa. Yang [38_TD$DIFF]et al. [126] grafted R8
onto the carboxymenthyl-β-cyclodextrin (R8-CM-β-CD) to assem-
blewith insulin by pore size recombination, demonstrating desired
insulin release kinetics and high level of permeability through
interfering the efflux effect of P-gp in streptozotocin-induced
diabetic mouse model. Besides, the chemotherapeutic drugs that
cannot be absorbed orally could also bemodified by these peptides
to increase intestinal penetration. Yan [39_TD$DIFF]et al. [127] used Gly-Sar, a
typical substrate of intestinal oligopeptide transporter, to modify
didanosine by esterification. In vivo experiment showed that the
oral absolute availability of peptide modified prodrug was [40_TD$DIFF]47.2%,
compared to 7.9% of free drug. Besides, the active parent drug could
not be released from the prodrug in gastrointestinal tract, but
could be released in intestine. Moreover, there are also a series of
peptides with specific bioactivity modified with polysaccharide,
chitosan and its derivative for better oral delivery efficiency. For
example, chitosan–histidine–cysteine (CHC) was synthesized via
specific sequence grating, which could integrate the advantages of
peptide and polysaccharide to conquer various cellular and
systemic barriers [128]. Then, the shRNA with tumor inhibiting
effect was loaded into CHC-based nano-complex, whose oral
delivery efficiency was 4 times higher than free shRNA. Similarly, a
series of cell penetrating peptide, such as SAR6EW [129],
CSKSSDYQC (CSK) [124] and FQSIYPpIK (FQS) [130] were also
grafted onto chitosan or chitosan derivative for enhanced intestinal
permeability.

4.2. Cyclic peptide

Cyclic peptides contain a circular sequence of amino acids
through a connection between the amino and carboxyl ends of
peptides [131]. Many efforts have been devoted to the study of
cyclic peptides, demonstrating a series of bioactivities, such as
anticancer, antibacterial, antifungal, and intestine permeability
[132,133]. In this section, recent progress on cyclic peptide based
oral delivery has been summarized. Cyclosporine A (CyA) was
commonly used as immunosuppressant and enhancer of oral
bioavailability, which could be contributed to the high lipophilicity
and inhibition in transport function of P-gp [133,134]. For
example, poly(methacrylic acid-co-methacrylate) copolymer was
co-assembled with CyA through quasi-emulsion solvent diffusion
technique. In this work, the oral availability of CyA was increased
by [41_TD$DIFF]32.5% due to the efflux capacity of intestinal epithelial cells
[135]. Likewise, cyclosporine-like cyclic peptides such as KI-306
[136], NIM811 [137,138], SCY-635 [138] and Alisporivir [139], were
g intestinal permeability. Copied with permission [119]. Copyright 2019, Elsevier.
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also demonstrated with great intestinal permeability. Qian et al.
[140] prepared a series of amphiphilic cell penetrating cyclo-
peptide for oral delivery. Briefly, the cytosolic delivery efficiency
had increased up to [42_TD$DIFF]120% than that was 2% in HIV Tat peptide
(YGRKKRRQRRR), a typical mammalian cell membrane translocate
peptide. More importantly, the maximal plasma concentration
reached 3.2mmol/L after oral administration of cyclo(FFRRRRQ,
F: L-2-naphthylalanine), which was induced by its proteolytic
stability and high membrane permeability. Besides, the poly
alanine cyclic hexapeptide with N-methylation library was
prepared for evaluation of intestinal permeability [141]. In vitro
membrane permeability assay showed that N-methylation
(2-5 N-Me groups) of cyclic peptides possess great permeability
(Papp> 2�10�5 cm/s). Thiswork could be beneficial for design and
improving the intestinal permeability of cyclic peptide-based drug
and delivery [142]. Nielsen et al. [143] discovered that the
cyclization makes peptides more stable under enzyme or acid
environment. And the further modification of cyclic peptides by
N-methyl and N-heterocycle could result in an enhanced
gastrointestinal stability and cell adhesion for enhancing intestinal
permeability. For instance, cyclic N-methylated hexapeptide
containing Arg-Gly-Asp (RGD) was modified by lipophilic prodrug
charge masking (LPCM) (Fig. 5). Afterwards, the intestinal
absorption pathway was change from paracellular to transcellular,
and the Papp of the modified cyclopeptide was significantly
increased [144]. In addition, Hess et al. [145] studied the
impact of peptide modification on stability and intestinal
permeability. For hexapeptide Phe-Gly-Gly-Gly-Gly-Phe,
modification of C-methylation (Gly to Ala), N-methylation and
cyclization revealed increased enzymatic and acidic stability and
cell permeability.

4.3. Protein

Comparedwith peptides, proteins have largermolecularweight
and more complex spatial structure with more biological
functions, which were also used in the field of oral delivery
[146–148]. For example, fish sarcoplasmic protein (FSP) has been
studied for oral delivery due to its excellent acidic tolerance in
gastrointestinal tract [146]. Stephansen [43_TD$DIFF]et al. [149] used FSP to
prepare nanofibers and load insulin by electrospinning, which
could maintain a sustained release of insulin for 8 h. More
[(Fig._5)TD$FIG]

Fig. 5. The absorption strategy of cyclic peptides was changed from paracellular to
transcellular by lipophilic prodrug charge masking (LPCM) approach. Copied with
permission [144]. Copyright 2018, American Chemical Society.
importantly, the permeation efficiency of loaded insulin from
FSP-based nanofibers into intestine was increased to [44_TD$DIFF]12%, which
could be contributed to FSP induced tight junction modulations by
disturbing relative protein (ZO-1 and CL-4). Likewise, Whey
protein, a common food ingredient, was discovered for oral drug
delivery [150,151], demonstrating a controllable release of
encapsulated cargo without any crosslinking in gastrointestinal
tract. What is more, Chen et al. [152] discovered that the carboxyl
groups inWhey protein could specially bind to Ca2+, and theWhey
protein-based delivery could also target the intestinal epithelial
cells for sustained drug release in intestinal tract for enhanced
intestinal absorption. Meanwhile, this Whey protein based
microsphere allows delayed cargo release in stomach and
completely release in small intestine by pancreatic degradation.
In addition, Lammers et al. [153] observed that Gliadin, themixture
of alcohol soluble protein, could increase intestinal permeability
via immune mediation. The mechanism is that Gliadin could
induce epithelial zonulin release and then disassembly of tight
junctions. Besides, dietary soya saponins have also been developed
to increase gut permeability by interfering cell membrane [154],
which could reduce enteritis causing by oral administration.

5. MicroRNA-based intestinal penetration promoter

MicroRNA is a kind of genetic material, which could regulate
protein’s expression in intestinal epithelial cells to improve the
permeability of small intestine [155]. Meanwhile, different from
microRNA, polysaccharides and linear peptide based vehicles
could increase intestinal absorption of cargos through physical
absorption, bio-specific recognition, and interfering protein
activity [67,68,118,119,131,147]. Meanwhile, miRNA itself can
increase the permeability of small intestine via regulating the
expression of intracellular proteins. Similarly, cyclic peptide itself
also enhances intestinal permeability via targeted absorption or
regulating absorption strategy from paracellular to transcellular. A
lot of efforts have been devoted to the study of microRNA and
its effects of improving intestinal permeability. For example, Zhou [34_TD$DIFF]

et al. [156] evaluated the performance of microRNA-29a (MIR29A)
in 19 diarrhea-predominant IBS patients, indicating increased
intestinal membrane permeability with upregulation of miRNA
expression. Besides, it was also discovered that the tight junction
between intestinal epithelial cells was related to the level of tumor
necrosis factor (TNF)-α [157,158]. In addition, the mechanism and
process of microRNA to increase intestinal permeability were
further studied (Fig. 6) [159]. The high level of MIR29A and B could
decrease the amount of glutamine synthetase to down-regulate
claudin-1 (CLDN1) signaling for increased intestinal permeability,
[(Fig._6)TD$FIG]

Fig. 6. The influence of intestinal permeability by miR-29 regulation. Briefly, miR-
29 directly down-regulated glutamine synthetase, CLDN1 and NKRF, then
expression of NF-kB obviously increase. Finally, relative combined action devoted
to increase intestinal permeability. Copied with permission [159]. Copyright 2015,
Elsevier.
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which was proved to be associated with various proteins between
small intestinal epithelial cells. In addition, it was demonstrated
that both CLDN1 and nuclear factor-kB–repressing factor (NKRF)
were both the key regulators for intestinal permeability [160]. In
general, miR-29a/b can obviously improve intestinal permeability
by the un-regulated CLDN1 and NKRF. Moreover, bioactive
microRNA could also facilitate intestinal absorption by opening
the tight junction. For instance, due to the binding between miR-
122A and 30-untranslated region of occludin mRNA for induced
degradation, the expression of occludin was significantly reduced
and the intestinal permeability was increased [161]. In this work,
Papp of insulin increased to�10-fold than that in the control group.
Zhang et al. [162] delved into the performance of TNF-α caused by
miR-21 in Caco-2 monolayers. The results showed that the
overexpressed TNF-α could decrease the level of transepithelial
electrical resistance by [45_TD$DIFF]20% compared with the control group. The
downstream proteins such as IL-6, IL-8 and PGE2 level was down-
regulated, and then the amount of occludin and CLDN1 were also
decreased to unlock the tight junctions. In addition, many other
RNAs, such as miR-122a [163], miR-223 [164], miR-155 [165], also
have similar biological activities to increase the intestinal
permeability [166].

6. Conclusion and future directions

In recent years, an increasing interest of biomacromolecule
based oral delivery has been developed due to its excellent
biocompatibility, tunable degradability, and tunable biofunctions.
In addition, the diverse bioactivities of biomacromolecules could
be applied to increase intestinal permeability, which is the key
factor for efficient drug delivery and bioavailability. In this review,
we summarized the mechanism and applications of relevant
biomacromolecules in enhancing intestinal permeability.

Briefly, biomacromolecules could enhance the intestinal
permeability via variousmechanisms, such as directly penetration,
promoting intestinal adhesion, accelerating intestinal cell uptake,
slowing efflux, and even physically or biologically regulating tight
junctions. For example, some biomacromolecule-based vehicles
could penetrate intestine via naturally absorption ([33_TD$DIFF]Schemes 1e–g)
or physical bonding (Scheme 1a), which could be contributed to
the absorbability and electropositivity of biomacromolecules, such
as chitosan and e-polylysine. Moreover, the specific reporters and
transport protein on the cell member could also be used to
accelerate capturing and transporting drug carriers ([33_TD$DIFF]Schemes 1b
and h), such as increased intestinal permeability by lipopolysac-
charides in targeting toll-like receptor 4. In addition, the high efflux
active of P-glycoprotein on small intestinal epithelial cell
membrane is one of the major biological delivery barriers, which
could be interfered by certain biomacromolecules, such as
arginine-grafted chitosan, dextran sodium sulfate and cyclospor-
ine A (Scheme 1c). Besides, the tight junctions could be opened by
the negative chitosan (such as carboxymethyl chitosan) via
coordination with Ca2+ on the surface of intestinal epithelial cells.
Meanwhile, microRNA could biologically down-regulate the
proteins associated with tight junctions to improve intestinal
penetrability (Scheme 1d).

The approach for increasing intestinal permeability could be
applied for a series of clinical oral administration, such as
improving insulin absorption, increasing the bioavailability of oral
cargos, facilitating direct intestinal penetration of large-sized drug
carriers and even changing non-oral drugs to oral dosage forms.
These biomacromolecules for oral drug delivery could reduce
administered dose, and increase bioavailability and versatility to
accommodate various types of drugs. Although tremendous
progress has been made in oral drug administration, there are
still certain directions worthy of exploration: (1) The combined
effects of different biomacromolecules in oral administration need
to be studied. For example, the unsatisfied stability of microRNA
could be improved by the introducing chitosan and its derivatives.
Meanwhile the polysaccharide could also be implemented with
microRNA for additional protein regulation function; (2) The
intersecting sections of the mechanism of biomacromolecules and
drug should be further studied. For example, the therapeutic
biomacromolecules (peptide or miRNA) and chemotherapeutic
drug might share similar action pathway, which could help to
design multi-component delivery platform; (3) Current targeting
efficiency of oral delivered drug is still low, which could be
improved with the help of external fields. For instance, magnetic,
electrical, and gravitational fields could actively guide the drug
delivery and release. Overall, biomacromolecules capable of
enhancing intestinal permeability could advance the oral drug
administration and will be of great value to scientists and clinician
in a wide range of sectors.
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