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Abstract
Nucleic acid (NA) therapy has gained importance over the past decade due to its high degree of selectivity and minimal 
toxic effects over conventional drugs. Currently, intravenous (IV) or intramuscular (IM) formulations constitute majority 
of the marketed formulations containing nucleic acids. However, oral administration is traditionally preferred due to ease 
of administration as well as higher patient compliance. To leverage the benefits of oral delivery for NA therapy, the NA 
of interest must be delivered to the target site avoiding all degrading and inhibiting factors during its transition through 
the gastrointestinal tract. The oral route presents myriad of challenges to NA delivery, making formulation development 
challenging. Researchers in the last few decades have formulated various delivery systems to overcome such challenges 
and several reviews summarize and discuss these strategies in detail. However, there is a need to differentiate between the 
approaches based on target so that in future, delivery strategies can be developed according to the goal of the study and for 
efficient delivery to the desired site. The goal of this review is to summarize the mechanisms for target specific delivery, list 
and discuss the formulation strategies used for oral delivery of NA therapies and delineate the similarities and differences 
between local and systemic targeting oral delivery systems and current challenges.
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Introduction

Oral route is the most common and convenient route of drug 
administration for the majority of world’s population. Its 
incomparable popularity is mainly because it can be easily 
self-administered and is non-invasive, resulting in increased 
treatment compliance and greater population coverage [1]. 

Oral formulations hold up to 90% of the global pharmaceuti-
cal market share for human use [2]. However, the oral route 
is considered most suitable for delivery of small molecule 
drugs since the absorption of small molecules is not hin-
dered by biological fluids and barriers hence they navigate 
through the complex environment due to the virtue of their 
small size [3]. Hence, 60% of the small molecules, that make 
up to 90% of the total commercial drug products, are admin-
istered orally [3, 4].

Over time, researchers have come to a consensus that 
nearly all diseases and conditions are due to genetic vari-
ations. Some disorders are caused by mutation in a single 
gene (e.g., hemochromatosis) whereas others are caused by 
mutations in multiple genes along with lifestyle factors (e.g., 
type 2 diabetes, cardiovascular diseases). The nucleic acid 
(NA) delivery is used to modulate gene expression by gene 
inhibition, addition, replacement or editing [5]. In compari-
son to small molecules, NA therapy has longer lasting along 
with potentially curative effects [5]. Therefore, NA therapy 
has gained interest over last 20–25 years. NA delivery can be 
used to either enable expression of therapeutically relevant 
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genes or silence or repair defective genes [3]. For instance, 
microRNA (miRNA) and short interfering RNA (siRNA) 
both inhibit sequence-specific gene expression and are used 
as treatment for multiple human diseases including cancer 
[6]. Moreover, NA based therapy shows specific binding at 
the target gene site due to its antisense nucleotide sequence, 
and more recently has been used to therapeutically manip-
ulate the human genome using gene-editing technology 
such as Clustered Regularly Interspaced Short Palindromic 
Repeats CRISPR [7]. The first nucleic acid based therapy, 
fomivirsen (Vitravene), an antisense oligonucleotide (ASO) 
therapy was marketed in 1998 as an intravitreal drug for 
treatment of cytomegalovirus (CMV) retinitis [8].

However, the initial ASO therapy had limited clinical 
success due to inherent challenges associated with nucleic 
acid delivery. Bare NAs are subject to nuclease degradation, 
identification, and destruction by the immune system, all of 
which result in their short half-life in vivo. NAs like siRNA 
and messenger RNA (mRNA) need to be delivered to the 
cytoplasm of the cell, whereas ASOs, DNA and CRISPR 
need to be delivered to its nucleus thus requiring cell inter-
nalization and precise intracellular trafficking [9].

On top of the inherent challenges associated with NA 
delivery, the oral delivery route adds another set of biologi-
cal and physiochemical barriers to the efficient and targeted 
delivery. These challenges call for innovations in the oral 
delivery systems to deliver NAs. Numerous reviews have 
summarized strategies to improve oral bioavailability of bio-
logics including NAs. Formulations that have been devel-
oped to overcome challenges for oral delivery of non-viral 
based NA therapeutics have been summarized by O’Driscoll 
et al. [10]. Attarwala et al. discussed different multicompart-
mental systems formulated for oral delivery of NAs [11]. 
These reviews focus on biomedical applications of the oral 
route for local delivery of NAs to treat diseases of the gas-
trointestinal tract (GIT). However, they omit the discussion 
of the oral delivery of NAs for systemic use. Therefore, in 
this review we aim to discern oral delivery of NAs based on 
their targets and to contrast local GIT therapy and systemic 
therapy. We have summarized and differentiated oral NA 
delivery systems between these two broad targets on various 
levels, including barriers for oral absorption, mechanism of 
absorption, and available formulation strategies.

Mechanism of Oral Absorption of Nucleic 
Acids

Targeted delivery of payloads such as drugs, NAs, or pep-
tides when administered via oral route is challenging if the 
target is beyond the GIT. It turns out to be most effective if 
the target is within GIT – for instance, diseases such as IBD, 
Crohn’s disease, and colorectal cancer (CRC). Since IBD 

and CRC are predominantly related to the gene dysregula-
tion, NA-based therapy is an upcoming approach for preven-
tion, mitigation and treatment of these diseases.

Irrespective of the target location – local or systemic 
– drug delivery system containing NAs should be absorbed 
through the epithelial cells lining the GIT. Translocation 
of any delivery system once it reaches to the site of action 
occurs via multistep process including diffusion through the 
mucous layer, interaction with absorptive intestinal cells, 
and finally absorption via transcellular or the paracellular 
transport [12]. Irrespective of the absorption site in the 
GIT, the delivery system encounters the mucosal layer first. 
As discussed, in Sect. 4.2.2, at this step the surface charge 
plays a crucial role because the net neutral or positive sur-
face charge enhances the muco-adhesion which ultimately 
favors the penetration of delivery system through mucosal 
layer by diffusion, whereas particles with negative surface 
charge may not pass through.

After entering the mucus layer, the delivery system 
encounters the tightly packed cell membrane underneath. 
The carrier can cross this membrane either through pas-
sive diffusion or active transport [13]. Mostly, administered 
drugs are absorbed in the small intestine due to its larger 
surface area and thinner mucus layer [2]. Some representa-
tive absorptive intestinal epithelial cells include, mucin-
secreting goblet cells, endocrine cells, Paneth cells and spe-
cialized microfold cells (M cells) associated with the Peyer’s 
patches [14]. Enterocytes are absorptive in nature and have 
fine apical brush border, also called microvilli, which further 
increases the surface area available for absorption [12]. The 
M cells situated in the Peyer's patches play a role in transcy-
tosis of immunogens through mucus layer to sub epithelium 
of the Peyer’s patch. Therefore, for active transport of deliv-
ery systems, both of these cell types are targeted by func-
tionalizing the carrier’s surface to increase their interaction 
with these cells [12]. The membrane transport of delivery 
systems at intestinal lining is depicted in Fig. 1.

Finally for the last step of translocation, the most common 
method for the delivery systems to cross the cellular bar-
rier is endocytosis and can be classified into four types: 1) 
caveolae-dependent endocytosis; 2) receptor-mediated endo-
cytosis; 3) micropinocytosis; and 4) phagocytosis. Caveolae 
are non-clathrin coated endosomes located on the plasma 
membrane. These serve as the “collection sites” since they 
gather specific molecules. The next three pathways employ 
a protein that gathers on the inside of the plasma membrane 
upon initiation of endocytosis [14]. These pathways are 
depicted in Fig. 2. Delivery systems are conjugated with 
the nutrients or nutrient-like compound that increase uptake 
in the non-lymphoid areas. For example, tomato lectins con-
jugated to polystyrene beads increase the absorption of the 
nanoparticles in the non-lymphoid area as compared to the 
lymphoid area. Similarly, the adherence of the endotoxins 
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with the surface of the nanoparticles tends to enhance the 
pro-inflammatory pathways [15].

After translocation, local delivery systems must undergo 
suitable intracellular transport to circumvent the endo-lyso-
somal degradation and aid the cytosolic release and incorpo-
ration of nucleic acid payload in the target intracellular path-
ways for exhibiting desired pharmacological effects (Fig. 3).

To achieve systemic delivery after translocation, the 
delivery system has to maintain its integrity through first 
pass metabolism in the liver, as naked nucleic acids are 
degraded, with purines forming uric acid and pyrimidines 
forming malonyl-CoA [19]. Studies have also shown that 
untranslated region (UTR) for some mRNA contain regula-
tory elements responsible for their rapid degradation in the 
liver [20]. Moreover, they should remain stable until they are 
bioavailable at their target site (extracellular-barriers) and 
should have targeting moieties attached to ensure targeted 
delivery (Fig. 3). Gennemark et al., have used an oral ASO 
for the inhibition of Proprotein Convertase Subtilisin/Kexin 
Type 9 (PCSK9) by chemically modifying PCSK9 antisense 
oligonucleotide (ASO) [21]. The authors co-formulated 
PCSK9 with sodium caprate as permeation enhancer. Liver 
targeting enabled by adding N-acetylgalactosamine makes 
the ASO highly potent. Daily oral dosing in dogs showed 
a bioavailability of 7% in the liver. Aouadi and associates 
reported the first oral based delivery of siRNA using β 1,3 
D-glycan siRNA particles. The authors used a layer-by-layer 
approach to make the β 1,3 D-glycan core and encapsulate 

siRNA crowded with negatively charged tRNA and posi-
tively charged polyethylenimine. The oral delivery of the 
siRNA migrated throughout the lymphatic tissue and away 
from the gut [22]. Liaw et al., demonstrated the use of oli-
godendrocyte specific myelin basic protein gene promoter 
driven antiapoptotic DNA with cyclo (D-Trp-Tyr) peptide 
nanotubes (PNTs). This approach of oral delivery showed 
an increased DNA distribution in various organs including 
the heart, brain, ileum, kidneys, spleen, lungs, testes, and 
spinal cord [23].

Now, to limit the delivery of nucleic acids to local tar-
gets i.e., to target the various sites in the GIT, the methods 
employed are similar to those for local delivery of any medi-
cation. It includes approaches such as increasing the resi-
dence time of delivery systems at the target site, modulating 
the degradation of delivery systems, delaying release of the 
payload from the delivery systems and facilitating interac-
tions between delivery systems and the target site [24]. To 
increase the retention time of nanoparticles at the local GIT 
site, the nanoparticles must withstand the peristaltic activity 
of the GIT. This can be achieved by using mucoadhesives as 
discussed in Sect. 4.2.4. Tahara and colleagues developed 
chitosan modified nanospheres to orally deliver a transcrip-
tion factor specifically to colon using poly(lactic-co-glycolic 
acid) (PLGA) and complexed siRNA dissolved in organic 
phase and 2% polyvinyl alcohol (PVA) dissolved in aqueous 
phase. The addition of an enteric coating to the nanospheres 
decreased degradation and improved absorption of the 

Fig. 1  Transport of deliv-
ery systems across intestinal 
membrane. The illustration was 
created with BioRender.com.
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oligonucleotide. There was higher adhesion and penetration 
in the inflamed tissue compared to the non-inflamed tissues 
[25]. Wilson et al. developed a thioketal nanoparticle system 
that prevented the degradation of siRNA in the GIT while 
releasing the siRNA at the inflammation sites only. They 
utilized poly(1,4 phenyleneacetone dimethylene thioketal) 
complexed with siRNA that withstood GIT degradation 
except in higher concentration of reactive oxygen species 
(ROS) typical to the site of inflammation. In vivo studies 
demonstrated a tenfold decrease in the mRNA concentration 
of the target gene at the sites of inflammation after 5 days of 
oral gavage administration [26].

Prospects of the Oral Delivery of Nucleic 
Acids

Local Delivery of Nucleic Acids for the Treatment 
of Gastrointestinal Diseases

As discussed above, oral delivery of therapeutic nucleic 
acids has many advantages over systemic delivery especially 
for local delivery to the GIT. Increased compliance by the 
patients due to the ease of administration opens new avenues 
for treatment of gastric diseases including the IBD and gas-
trointestinal cancers among others. Similarly, oral delivery 

Fig. 2  “Mechanisms of translocation of delivery systems (A) Phagocytosis; (B) Macropinocytosis; (C) Clathrin-dependent endocytosis; (D) 
Clathrin-independent endocytosis; (E) Caveolae-mediated endocytosis; (F) Direct translocation. Other conventions: IgG, Immunoglobulin G; 
Fcγ Rec, Fcγ receptor; TfR, Transferrin receptor; Folate-Rec, Folate receptor; LDL-Rec, low-density lipoprotein receptor; EGF-Rec, Epidermal 
growth factor receptor; ER, Endoplasmatic reticulum.” This figure based on Yameen et al. and Hillaireau et al. was created by Torres-Vanegas et 
al. [16–18]. Copyright 2021, open access, MDPI.
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avoids challenges that exist in the blood including non-spe-
cific uptake by the mononuclear phagocytic system (MPS), 
interactions with plasma proteins, and difficulties to achieve 
local therapeutic effect [10]. Moreover, constraints over ste-
rility and size and charge of formulations can be avoided. 
However, oral delivery of NAs has its own set of challenges 
as described in the Sect. 4 and to date, clinical translation 
of oral nucleic acid delivery has not been achieved. As a 
result, there are only a limited number of preclinical studies 
for oral delivery of NAs reported. They generally involve 
administration of the nucleic acids in the form of a liquid 
suspension of nanoparticles. However, these formulations 
are not stable for long term storage, thereby restrict their 
use in the clinical setting. To overcome this, Busignies et 
al. explored the tabletability of an optimized lipid-based 
siRNA formulation. The liquid suspension of the lipoplexes 
was freeze-dried and then compressed to form tablets. They 
found that after compression, formulated siRNA retained 
up to 60% of its gene-silencing ability. The capability to 
formulate siRNA vectors as tablets opens new avenues for 
oral administration of nucleic acids [27]. The same group 
further explored the fate of these tableted lipoplexes under 
simulated conditions of the GIT and found that the tableted 
lipoplexes inhibited degradation of siRNA in simulated gas-
tric fluid (SGF), and preserved their gene silencing efficacy, 

whereas a marked release of siRNA was observed on their 
incubation in simulated intestinal fluid (SIF) and reduced 
gene silencing efficacy [28]. A similar study was done by 
Ball et al. in 2018, which explored the fate of orally deliv-
ered siRNA lipid nanoparticles in the GIT [29].

Most of the efforts for local oral delivery of NAs have 
been focused on the treatment of IBD and colon cancer. 
Table I summarizes the approaches utilized over the past 
decade. Moving beyond the traditionally used polymeric and 
lipid nanoparticles, recently, bovine milk derived exosomes 
have emerged as a non-immunogenic, non-inflammatory, and 
biocompatible delivery system for encapsulation and deliv-
ery of biotherapeutics. Warren et al. employed these modu-
lar surface tunable exosomes (mExo) for the oral delivery 
of siRNA. The exosomes were further PEGylated to mask 
them with a hydrophilic surface, which enhanced its mucus 
permeability. In vitro experiments demonstrated that the sys-
tem was efficiently uptaken by the intestinal epithelial cells 
with successful transfection of the siRNA as demonstrated 
by suppression of the target green fluorescent protein (GFP) 
gene by about 70% [30]. Gan et al. employed microfluidics to 
fabricate colon-targeted microparticles for the oral delivery 
of ASOs against tumor necrosis factor alpha (TNF-α). The 
cationic Konjac glucomannan developed and gelatin meth-
acryloyl microparticles loaded with ASO nanocomplex were 

Fig. 3  Local vs systemic action 
pathway for oral delivery of 
nucleic acids. The illustration 
was created with BioRender.com.



 Pharmaceutical Research

1 3

Ta
bl

e 
I 

 S
um

m
ar

y 
of

 th
e 

Ph
ys

ic
oc

he
m

ic
al

 P
ro

pe
rti

es
 o

f N
an

o/
M

ic
ro

 F
or

m
ul

at
io

ns
 a

nd
 th

ei
r P

ro
fic

ie
nc

y 
in

 th
e 

Lo
ca

l a
nd

 S
ys

te
m

ic
 N

uc
le

ic
 A

ci
d 

D
el

iv
er

y

Fo
rm

ul
at

io
n

N
uc

le
ic

 a
ci

d
Si

ze
 &

 C
ha

rg
e

Lo
ad

in
g 

effi
ci

en
cy

St
ab

ili
ty

D
is

ea
se

Re
su

lts
Re

f

Sy
ste

m
ic

 D
el

iv
er

y
N

on
in

va
si

ve
 E

. c
ol

i, 
a 

ca
rr

ie
r c

on
ta

in
in

g 
TN

F-
α 

pl
as

m
id

 a
nd

 g
ol

d 
na

no
-

pa
rti

cl
es

TN
F-

α 
pl

as
m

id
2 

μm
N

A
St

ab
le

 in
 si

m
ul

at
ed

 g
as

tri
c 

an
d 

in
te

sti
na

l p
H

 u
p 

to
 1

 h

B
re

as
t T

um
or

U
p-

re
gu

la
tio

n 
of

 T
N

F-
α 

fo
llo

w
ed

 b
y 

de
at

h 
of

 
tu

m
or

 c
el

ls

[4
1]

Li
ne

ar
 P

EI
 a

nd
 p

la
sm

id
 

D
N

A
 c

om
pl

ex
 e

nc
od

in
g 

gl
uc

ag
on

-li
ke

 p
ep

tid
e 

1(
G

LP
-1

), 
fu

rth
er

 m
od

i-
fic

at
io

n 
w

ith
 n

eu
tra

l l
ip

id
 

an
d 

D
M

G
-P

EG

G
LP

-1
 P

la
sm

id
 D

N
A

80
–1

00
 n

m
 &

 -1
.5

 m
V

N
A

St
ab

le
 u

p 
to

 4
 h

 in
 si

m
u-

la
te

d 
ga

str
ic

 fl
ui

d
Tr

ea
tin

g 
ty

pe
 II

 d
ia

be
te

s
B

lo
od

 g
lu

co
se

 le
ve

l 
re

du
ce

d 
to

 th
e 

no
rm

al
 

ra
ng

e 
in

 6
 h

 a
nd

 m
ai

n-
ta

in
ed

 fo
r a

t l
ea

st 
18

 h

[4
2]

M
an

no
se

-m
od

ifi
ed

 tr
im

e-
th

yl
 c

hi
to

sa
n-

cy
ste

in
e 

an
d 

TN
F-

α
si

R
N

A
 p

ol
yp

le
x

TN
F-

α
si

R
N

A
14

7 
nm

 &
 +

 26
 m

V
N

A
A

 sh
or

t-t
er

m
 S

ta
bi

lit
y 

in
 

si
m

ul
at

ed
 g

as
tri

c 
flu

id
A

cu
te

 h
ep

at
ic

 in
ju

ry
Po

ly
pl

ex
 re

pr
es

en
tin

g 
a 

20
0 

tim
es

 im
pr

ov
em

en
t 

of
 T

N
F-

α 
si

le
nc

in
g 

effi
ci

en
cy

 o
ve

r t
ha

t o
f 

Li
po

fe
ct

am
in

e 
20

00

[3
4]

N
an

op
ar

tic
le

s c
on

str
uc

te
d 

by
 e

le
ct

ro
st

at
ic

 a
nd

 
hy

dr
op

ho
bi

c 
in

te
ra

c-
tio

n 
of

 o
le

yl
 tr

im
et

hy
l 

ch
ito

sa
n-

TN
F-

α 
si

R
N

A
 

an
d 

po
ly

(g
-(

4-
((

(2
-

(p
ip

er
id

in
-1

-y
l)e

th
yl

)-
am

in
o)

m
et

hy
l)b

en
zy

l-
l-g

lu
ta

m
at

e)
 a

ss
oc

ia
te

d 
co

m
po

ne
nt

s

TN
F-

α
si

R
N

A
12

8 
nm

 &
 +

 34
 m

V
N

A
St

ab
le

 in
 si

m
ul

at
ed

 g
as

tri
c 

an
d 

in
te

sti
na

l p
H

Sy
ste

m
ic

 In
fla

m
m

at
io

n
Si

ng
le

 g
av

ag
e 

of
 N

an
op

ar
-

tic
le

 ( 
20

0 
m

g 
TN

F-
 α

 
si

R
N

A
/ k

g 
re

du
ce

d 
m

ou
se

 se
ru

m
 T

N
F-

a 
le

ve
ls

 b
y 

80
%

[4
3]

Pl
as

m
id

 D
N

A
 N

an
o-

pa
rti

cl
es

 c
on

ta
in

in
g 

pr
ot

am
in

e 
su

lfa
te

-c
on

-
ju

ga
te

d 
ta

ur
oc

ho
lic

 a
ci

d 
co

ns
tru

ct
 su

pp
le

m
en

te
d 

w
ith

 C
aP

Pl
as

m
id

 D
N

A
55

 n
m

 &
 6

 m
V

N
A

St
ab

le
 in

 g
as

tri
c 

ju
ic

e 
up

 
to

 6
 h

C
om

ba
t a

 v
ar

ie
ty

 o
f d

ia
-

be
tic

 c
om

pl
ic

at
io

ns
Si

ng
le

 o
ra

l a
dm

in
ist

ra
-

tio
n 

of
 n

an
op

ar
tic

le
 c

an
 

dr
am

at
ic

al
ly

 re
du

ce
 th

e 
no

nf
as

t b
lo

od
 g

lu
co

se
 

le
ve

ls
 to

 th
e 

no
rm

al
 

ra
ng

e 
w

ith
in

 2
4 

h

[4
4]

C
yc

lo
-(

D
-T

rp
-T

yr
) p

ep
tid

e 
na

no
tu

be
s c

on
ta

in
in

g 
pl

as
m

id
 D

N
A

Pl
as

m
id

 D
N

A
 e

nc
od

-
in

g 
Re

ni
lla

 re
ni

fo
rm

is
 

lu
ci

fe
ra

se

19
 μ

m
 &

 -5
6 

m
V

N
A

St
ab

le
 u

p 
to

 1
 h

 in
 d

ig
es

-
tiv

e 
en

vi
ro

nm
en

t
To

 d
em

on
str

at
e 

th
e 

or
al

 
nu

cl
ei

c 
ac

id
 d

el
iv

er
y

β-
G

al
 a

ct
iv

ity
 a

nd
 R

en
ill

a 
lu

ci
fe

ra
se

 w
er

e 
si

gn
ifi

-
ca

nt
ly

 in
cr

ea
se

d 
af

te
r t

he
 

fir
st 

do
se

 o
f a

dm
in

ist
ra

-
tio

n

[4
5]

Lo
ca

l D
el

iv
er

y
O

lig
on

uc
le

ot
id

e 
na

no
pa

r-
tic

le
 p

at
te

rn
ed

 c
hi

to
sa

n/
ph

yt
ic

 a
ci

d

O
lig

on
uc

le
ot

id
es

10
0–

23
0 

nm
 &

 3
0 

m
V

EE
 =

 10
0%

LC
 ˃ 

1%
St

ab
le

 u
p 

to
 4

 h
 in

 d
ig

es
-

tiv
e 

en
vi

ro
nm

en
t

C
ol

on
 c

an
ce

r
95

%
 o

f e
nc

ap
su

la
te

d 
ol

i-
go

nu
cl

eo
tid

es
 p

ro
te

ct
ed

 
fro

m
 n

uc
le

as
e 

di
ge

sti
on

[4
6]

M
et

ha
cr

yl
am

id
e 

an
d 

PE
G

 a
cr

yl
am

id
e-

ba
se

d 
di

su
lfi

de
 c

on
str

uc
te

d 
m

ul
tis

ta
ge

-r
es

po
ns

iv
e 

na
no

co
m

pl
ex

es

m
iR

-3
20

30
0–

90
0 

nm
 &

 -2
.1

5 
m

V
N

A
U

lc
er

at
iv

e 
co

lit
is

m
iR

-3
20

 e
ffi

ci
en

tly
 d

el
iv

er
 

to
 th

e 
su

bm
uc

os
al

 la
ye

r 
an

d 
ev

en
 th

e 
m

us
cu

la
r 

la
ye

r

[3
3]

G
al

ac
to

se
-f

un
ct

io
na

liz
ed

 
TN

F-
α 

si
R

N
A

-lo
ad

ed
 

po
ly

(la
ct

ic
-c

o-
gl

yc
ol

ic
 

ac
id

) N
Ps

TN
F-

α 
si

R
N

A
 &

 in
te

rle
u-

ki
n-

22
26

1 
nm

 &
 -6

 m
V

EE
 =

 57
%

LC
 ˃ 

1%
U

lc
er

at
iv

e 
co

lit
is

G
al

ac
to

se
-f

un
ct

io
na

liz
at

io
n 

pr
ov

id
e 

be
tte

r t
ar

ge
tin

g 
an

d 
TN

F-
α 

si
R

N
A

 &
 

in
te

rle
uk

in
-2

2 
ex

hi
bi

ts
 a

 
m

uc
h 

be
tte

r t
he

ra
pe

ut
ic

 
eff

ec
t c

om
pa

re
d 

to
 si

ng
le

 
dr

ug

[4
7]



Pharmaceutical Research 

1 3

Ta
bl

e 
I 

 (c
on

tin
ue

d)

Fo
rm

ul
at

io
n

N
uc

le
ic

 a
ci

d
Si

ze
 &

 C
ha

rg
e

Lo
ad

in
g 

effi
ci

en
cy

St
ab

ili
ty

D
is

ea
se

Re
su

lts
Re

f

C
D

98
 si

R
N

A
/P

EI
 p

ol
yp

le
x 

en
ca

ps
ul

at
ed

 P
LA

 n
an

o-
pa

rti
cl

es

C
D

98
 si

R
N

A
48

0 
nm

 &
 -5

.2
 m

V
N

A
In

te
sti

na
l I

nfl
am

m
at

io
n

C
D

98
 si

R
N

A
 w

el
l p

ro
-

te
ct

ed
 b

y 
N

Ps
 a

nd
 d

el
iv

er
 

eff
ec

tiv
e 

do
se

s o
f s

iR
N

A
 

to
 re

du
ce

 in
fla

m
m

at
io

n

[4
8]

H
A

-f
un

ct
io

na
liz

ed
 C

D
98

 
si

R
N

A
 / 

cu
rc

um
in

-lo
ad

ed
 

po
ly

m
er

ic
 N

Ps
 (H

A
-

si
C

D
98

/C
U

R-
N

Ps

C
D

98
 si

R
N

A
24

6 
nm

 &
 -1

4 
m

V
EE

 =
 56

LC
 ˃ 

1%
U

lc
er

at
iv

e 
co

lit
is

H
A

-s
iC

D
98

/C
U

R-
N

Ps
 

ex
hi

bi
t a

 b
et

te
r t

he
ra

-
pe

ut
ic

 e
ffe

ct
 o

ve
r s

in
gl

e 
dr

ug
-b

as
ed

 fo
rm

ul
at

io
ns

[4
9]

Si
ng

le
 c

ha
in

 o
f t

rip
le

 
he

lic
al

 β
-g

lu
ca

n 
w

ith
 

po
ly

de
ox

ya
de

ny
lic

 a
ci

d 
en

ca
ps

ul
at

ed
 in

 a
 c

ol
on

-
sp

ec
ifi

c 
ch

ito
sa

n-
al

gi
na

te
 

(C
A

) h
yd

ro
ge

l

TN
F-

α 
si

R
N

A
H

ig
ht

 0
.8

 n
m

, l
en

gt
h 

in
 μ

m
 

&
 -1

1 
m

V
LC

 =
 85

%
St

ab
le

 u
p 

to
 2

4 
h 

in
 g

as
tri

c 
ac

id
 m

im
ic

ki
ng

 fl
ui

d
In

te
sti

na
l I

nfl
am

m
at

io
n

Re
du

ce
 T

N
F-

α 
pr

od
uc

tio
n 

by
 3

6.
4%

[5
0]

1,
3-

D
-g

lu
ca

n-
en

ca
ps

ul
at

ed
 

PE
I-

si
R

N
A

 p
ar

tic
le

s
M

ap
4k

4 
si

R
N

A
2–

4 
µm

N
A

In
fla

m
m

at
or

y 
re

sp
on

se
s i

n 
hu

m
an

 d
is

ea
se

50
%

, 8
0%

 a
nd

 4
0%

 d
ep

le
-

tio
ns

 o
f M

ap
4k

4 
m

R
N

A
 

le
ve

ls
 o

bs
er

ve
d 

in
 sp

le
en

, 
liv

er
 a

nd
 lu

ng
 ti

ss
ue

s, 
re

sp
ec

tiv
el

y

[2
2]

TN
F-

α–
D

O
TA

P 
co

m
pl

ex
es

 
en

ca
ps

ul
at

ed
 p

ol
y-

(1
,4

-
he

ny
le

ne
ac

et
on

e 
di

m
et

h-
yl

en
e 

th
io

ke
ta

l)-
ba

se
d 

th
io

ke
ta

l n
an

op
ar

tic
le

s

TN
F-

α 
si

R
N

A
60

0 
nm

 &
 5

.8
4 

m
V

N
A

St
ab

le
 u

p 
to

 4
 h

 in
 

si
m

ul
at

ed
 g

as
tri

c 
an

d 
in

te
sti

na
l fl

ui
ds

In
te

sti
na

l i
nfl

am
m

at
io

n
si

R
N

A
 sa

fe
ly

 re
le

as
e 

at
 

hi
gh

 le
ve

ls
 o

f R
O

S 
sp

ec
ifi

c 
si

te
s o

f i
nfl

am
-

m
at

io
n 

an
d 

si
gn

ifi
ca

nt
ly

 
re

du
ce

 T
N

F-
α 

ex
pr

es
si

on

[2
6]

Po
ly

(c
ap

ro
la

ct
on

e)
-b

as
ed

 
bi

od
eg

ra
da

bl
e 

m
ic

ro
-

sp
he

re
s

TG
2 

an
d 

IL
-1

5 
si

le
nc

in
g 

si
R

N
A

s
2.

63
 μ

m
EE

 =
 54

%
C

el
ia

c 
di

se
as

e
IL

-1
5 +

 T
G

2 
sh

ow
ed

 st
at

is
-

tic
al

ly
 si

gn
ifi

ca
nt

 re
du

c-
tio

n 
in

 p
ro

in
fla

m
m

at
or

y 
cy

to
ki

ne
s a

ss
oc

ia
te

d 
w

ith
 

C
el

ia
c 

di
se

as
e

[5
1]

Po
ly

(e
ps

ilo
n-

ca
pr

ol
ac

to
ne

)
m

ic
ro

sp
he

re
s t

o 
fo

rm
 a

 
na

no
pa

rti
cl

es
-in

-m
ic

ro
-

sp
he

re
 o

ra
l s

ys
te

m

TN
F-

α 
si

R
N

A
2.

4-
3 

μm
EE

 =
 90

%
In

fla
m

m
at

or
y 

bo
w

el
 

di
se

as
e

TN
F-

α 
si

R
N

A
 tr

ea
te

d 
gr

ou
p 

sh
ow

ed
 lo

w
er

 le
ve

l 
of

 T
N

F-
α 

co
m

pa
ra

bl
e 

to
 

he
al

th
y 

gr
ou

p

[5
2]

N
an

op
ar

tic
le

s-
in

 m
ic

ro
-

sp
he

re
 o

ra
l s

ys
te

m
IL

-1
0-

ex
pr

es
si

ng
 p

la
sm

id
 

D
N

A
2–

5 
μm

LE
 =

 46
%

In
fla

m
m

at
or

y 
bo

w
el

 
di

se
as

e
lo

ca
lly

 e
xp

re
ss

ed
 IL

-1
0 

ab
le

 to
 su

pp
re

ss
 th

e 
le

v-
el

s o
f p

ro
in

fla
m

m
at

or
y 

cy
to

ki
ne

s

[5
3]

EE
 : e

nc
ap

su
la

tio
n 

effi
ci

en
cy

, L
C

: l
oa

di
ng

 c
on

te
nt

, L
E:

 lo
ad

in
g 

effi
ci

en
cy



 Pharmaceutical Research

1 3

coated by the acid resistant Eudragit FS30D shells which can 
prevent release of the encapsulated drugs in the stomach or 
small intestine and enhancing their accumulation in colon 
selectively [31]. The glucomannan provided specific man-
nose ligands for targeting the macrophages and oral deliv-
ery of the ASOs resulted in reduced TNF-α expression in 
the colonic macrophages, thus reducing the inflammatory 
responses. The overexpression of the mannose receptors on 
colon cancer cells was also leveraged by Poudel et al. who 
employed polyethylenimine (PEI) conjugated with mannose 
as a transfection agent and further encapsulated the resultant 
complexes with polyethylene glycol (PEG) and polycapro-
lactone (PCL) to protect the nanoparticles from the harsh 
gastric environment. PCL remains stable in the acidic gastric 
environment but degrades in the neutral to basic pH of the 
intestinal area due to presence of lipase enzymes. Successful 
delivery to the intestinal tissue in vivo was confirmed by a 
high expression of the GFP protein following oral delivery of 
the nanoparticles encapsulating a model GFP plasmid [32].

Orally delivered NAs should not only be efficiently trans-
ported to the colon to transfect the mucous epithelial cells 
but also effectively permeate the submucosa to facilitate 
transfection of deep cells. Li et al. achieved this by formulat-
ing polymeric nanocapsules and alginate based multistage-
responsive nanocomplexes to deliver miR-320, known to 
regulate both epithelial cells and submucosal macrophages 
in the colon [33]. Firstly, miR-320 was encapsulated in the 
nanocapsules by in-situ free radical polymerization fol-
lowed by complexation with alginate through electrostatic 
interactions. The nanocomplexes were further compressed 
by cross-linking of alginate and calcium ions. Submucosal 
penetration of the nanoparticles was assessed by confocal 
imaging of the colon sections following oral administration 
of the fluorescently labelled nanoparticles.

Systemic Delivery of NAs

In recent years, there has been growing focus on develop-
ing delivery systems to achieve systemic delivery of NAs. 
However, due to the challenges mentioned in above sec-
tions, success has been limited. As discussed later, stability, 
absorption, and targetability constitute the key aspects to 
consider when developing such delivery systems. Below, a 
few examples of successful systemic delivery of NAs in vitro 
and in vivo are discussed and Table I summarizes approaches 
utilized for systemic delivery of NAs over the past few years.

He et al. described a mannose modified trimethyl chitosan 
cysteine (MTC) conjugated nanoparticle system to orally 
deliver siRNA. The delivery system is composed of TNF-α 
siRNA encapsulated in MTC nanoparticles. In vivo biodistri-
bution studies in mice showed significantly higher uptake in 
organs like liver, spleen, lungs, kidney, and intestines when 
compared with control siRNA as shown in Fig. 4. Plasma 

concentrations for the MTC conjugates was also found to 
be higher. A low dose of TNF-α siRNA (3.75 nmol/kg) was 
reported to protect mice with acute hepatic injury from liver 
damage caused by inflammation [34]. These results suggest 
that systemic delivery of NAs with effective biodistribution, 
cellular uptake and stability can be achieved using MTC 
nanoparticles, thus creating a novel prospect for treatment 
of systemic inflammation. The same lab later showed the 
potential of ternary polymeric nanoparticles prepared by 
ionic gelation of chitosan and various modified forms of chi-
tosan with either tripolyphosphate (TPP) or hyaluronic acid 
(HA) for siRNA encapsulation. Six hours post oral admin-
istration, the highest plasma concentration was observed for 
thiolated trimethyl chitosan nanoparticles, which was up to 
13% of the original dose of siRNA [35]. A follow up paper 
two years later described optimized process for making of 
multifunctional chitosan nanoparticles which effectively 
inhibited systemic TNF-α production in mice [36].

Oral mRNA delivery using capsule mediated gastrointes-
tinal tissue injection in mice and swine model was demon-
strated by Abramson et al. [1]. The self-orienting millimeter-
scale applicator (SOMA) capsule injects the drug directly 
into the gastric tissue; specifically, the capsule can orient to 
face the stomach wall and the drug is released using hydra-
tion-based trigger, rather than relying on the passive diffu-
sion. The mRNA was encapsulated in branched-hybrid poly 
(β-amino ester) nanoparticles followed by lyophilization to 
achieve higher dose loading. Using this delivery system, Cre 
recombinase enzyme (CRE) was dosed to stomach submu-
cosa of genetically modified mice that produced tdTomato 
fluorescence in presence of CRE and the transfection effi-
ciency was compared to IV dosing of the same. The tdTo-
mato expression in stomach was higher using the SOMA 
system compared to IV tail injection; moreover, transfection 
was also observed in the liver cells as confirmed by flow 
cytometry shown in Fig. 5, thus indicating systemic uptake 
of CRE delivered via SOMA delivery system. Although the 
formulation requires in vivo testing in more complex animal 
models and humans, the initial results from this study are 
promising, thus providing a potential avenue for systemic 
delivery of NAs.

Due to the challenges described above, systemic delivery 
of NAs has seen a paltry success rate. Additionally, in vivo 
performance (safety, efficacy, and toxicity) of these formula-
tions would have to be tested. However, the examples men-
tioned in this section demonstrate that systemic delivery is 
possible, and more research is required in this area.

Oral DNA/mRNA Vaccines for Pandemic Situations

During the recent COVID-19 pandemic, the Food and Drugs 
Administration (FDA) granted an emergency approval for 
novel mRNA vaccines by Pfizer-BioNTech and Moderna 



Pharmaceutical Research 

1 3

Therapeutics for protection against COVID-19. Although 
neither vaccine is administered orally, their approval within 
a short period of time demonstrates that NA-based vaccines 
have the ability to become the first line of treatment during 
pandemic situations.

Infections caused by E. coli, Salmonella, or Vibrio 
Cholera are very common in underdeveloped and devel-
oping countries due to greater prevalence of unhygienic 
conditions amongst the population. These bacteria are 
known to infect the host by crossing the mucosal barri-
ers of the GIT. Currently available vaccines are delivered 
intravenously or through intramuscular route and can pro-
vide cellular immunity, but not directly at the mucosal 
interface [37]. The risk of infection can be significantly 
reduced by decreasing bacterial load in the GIT before 
entering systemic circulation. mRNA vaccine if delivered 
orally, can potentially elicit the response at the mucosal 

Fig. 4  Biodistribution of siRNA 
in various mouse organs and 
plasma after oral gavage of 
TAMRA labeledsiRNA loaded 
MTC nanoparticles. Repro-
duced with permission from ref. 
[34] Copyright 2013, Elsevier.

Fig. 5  tdTomato expression in mice after a direct injection into the 
stomach submucosa, an IV injection into the tail vein, and no injec-
tion of mRNA in mice using flow cytometry Reproduced with per-
mission from ref. [1] Copyright 2013, Elsevier.
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surface, thus providing strong immunity by preventing 
the entry of the bacteria through mucosal layer. In this 
case, oral vaccine would be beneficial as the bacterial 
infection can be potentially mitigated before entering the 
systemic circulation.

One approach for delivering NA in a recently pub-
lished article describes the use of a viral replicon for 
gene amplification combined with a bacterial vehicle 
for delivering the gene of interest [38]. Specifically, the 
Semliki Forest virus replicon was used for the mRNA 
amplification. Vector backbone (pSFV3) was modified to 
preserve the plasmid inside the bacteria and enable tran-
scription in the host cell. aspartate semialdehyde dehy-
drogenase (ASD) marker was used instead of ampicillin 
selection marker, thus enabling delivery of the antibiotic-
free plasmid. Moreover, replacing SP6 promoter with 
CMV promoter facilitated mammalian RNA polymerase 
mediated transcription. This oral replicon-based mRNA 
vaccine was tested in a simplified SARS-CoV-2 mouse 
model which showed protection against SARS-CoV-2 
caused changes in lung pathology and weight loss [39]. 
Although more research and testing in different animal 
models is required, this study shows the potential of bac-
teria-mediated oral mRNA delivery.

One major advantage of oral vaccine delivery over 
intravenous or intramuscular injection is the self-admin-
istration, making it a suitable mode of drug delivery for 
a pandemic situation. As mentioned in the earlier sec-
tion, the challenges to deliver NAs orally are immense. 
Additionally, pandemics cause a rise in the demand of 
vaccines and can easily lead to the shortage of supply. 
Thus, it remains essential that the raw materials and 
the manufacturing process be simple and rapid. There 
are no known FDA-approved oral mRNA or DNA vac-
cines to this date. Existing drug delivery systems such as 
microparticles, nanoparticles, liposomes, bacterial/viral 
vectors, mucosal adjuvants, and physical devices like 
microneedle arrays can be potentially utilized for explor-
ing delivery through the oral route [40]. To conclude, 
these novel platforms can be potentially used to facili-
tate oral delivery of mRNA and DNA during a global 
pandemic. However, there is an urgent need for more 
research involving their development, in-vivo efficacy, 
safety, and toxicity through oral route.

Summary Table

The oral route of NA delivery using nano/micro formu-
lation has been explored for either systemic and local 
delivery. A summary of the physicochemical properties 

of nano/micro formulations and their proficiency in the 
local and systemic NA delivery are presented in Table I.

Challenges to Oral Delivery of NAs

Oral delivery of NAs is difficult due to a variety of chal-
lenges, which can be broadly categorized as NA-related 
and physiological. Effective oral delivery of NAs requires 
overcoming several barriers posed by the physiochemical 
and physiological features of the GIT. These challenges 
include digestive enzymes, the protective mucosal barri-
ers, gastric emptying, intestinal motility and tightly packed 
epithelia at the target site among many others [40]. The 
kind of hurdles and opportunities are governed by the 
target site within the diverse conditions of the GIT and 
the inherent characteristics of NAs [40]. The major issues 
associated with oral delivery of NA affecting their stability 
and efficacy are discussed below.

Inherent Characteristics of NAs

NAs including plasmid DNA, miRNA, siRNA, mRNA, and 
short hairpin RNA (shRNA) are increasingly being consid-
ered for therapeutic purposes. However, there are practi-
cal hurdles that need to be dealt with for their successful 
translation to clinics. In comparison to small molecule 
drugs, NA structures are significantly different and hence 
have a unique set of intrinsic physiochemical characteris-
tics impeding their effective oral delivery. Firstly, the NAs 
have much larger molecular weights compared to the small 
molecule drugs and are usually hydrophilic and negatively 
charged due to their phosphate backbone. These physico-
chemical traits cause low membrane permeability. Further-
more, the size of the molecule and the charge might also 
affect the diffusion process through mucus lining the gut 
[41]. Secondly, these relatively large molecules are rapidly 
degraded by enzymes like nucleases, not to mention plasma 
half-life of even < 3 min has been previously reported for 
the NAs [42]. Moreover, it has also been reported that when 
a cyclodextrin/DNA complex is incubated in SIF with pan-
creatin (a combination of digestive enzymes produced in 
the pancreas), the transfection efficacy in Caco-2 cells is 
significantly reduced [43]. Some of these physiochemical 
challenges have been addressed by using structural modi-
fications including attaching bioactive entities and hydro-
phobic groups to siRNA [41]. It is also worth mentioning 
that even after taking into consideration the previously men-
tioned successful strategies, there still exists huge potential 
for identifying novel strategies to overcome intrinsic physi-
ochemical challenges for effective oral delivery of NAs.
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Physiochemical Barriers

Several biological barriers present themselves when NAs 
are administered for therapeutic responses. The following 
describes a few key barriers such as enzyme, mucus bar-
rier, epithelial membrane, and constant peristaltic motion 
that pose challenge to the efficacy of the therapy. These 
physiochemical barriers have been depicted in Fig. 6.

pH and Enzymatic Load of GIT

The degradation NAs begins in the stomach and it is attrib-
uted to both the low pH of the stomach and the enzymatic 

load of the stomach specifically due to presence of pepsin 
[44]. The low pH of stomach causes depurination of DNA. 
Under high acidic conditions pH < 2.5 the purines are 
monoprotonated at N7 position. This causes redistribution 
of positive charge and reaction with water which leads to 
cleavage of the glycosidic bond leaving an apurinic site in 
DNA [45]. An et al. showed that strong acidic pH of stom-
ach of about < 2.5 leads to depurination of 60–100% of 30 
nucleotide sequences. In similar set of experiments, Liu et 
al. showed that presence of pepsin at pH > 3.8 lead to diges-
tion of several DNA samples to shorter DNA fragments [44].

When therapeutic NAs reach the intestinal fluid, they 
encounter yet another enzymatic barrier i.e., the nucleases. 

Fig. 6  Physiochemical chal-
lenges to oral drug delivery of 
NAs. A) Enzymatic and pH bar-
rier. B) Mucus, peristalsis, and 
epithelial barrier. The figure was 
designed using BioRender.com.
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Nucleases break down the NA phosphodiester bond. This 
encounter is problematic since little information is known 
about these nucleases in the GI tract. Previous studies have 
shown that NAs are rapidly digested by these nucleases. On 
the contrary, for most other GI enzymes (e.g., proteases), their 
effect and cleavage sites on peptides and proteins are known 
[46]. A study from the 1970s has shown that when very small 
amount of rat intestinal content is added, plasmid DNA is rap-
idly degraded [47]. The obvious conclusion that the researchers 
made from this phenomena was that transmission of recombi-
nant DNA in the GIT is unlikely [47]. A 2006 study performed 
by Loretz et al. showed that plasmid DNA withdrawn from and 
diluted in porcine gastric fluid was degraded within an hour of 
extraction, further confirming the results of the earlier study 
[48]. In another study performed by Ferreiro et al., the diges-
tion of ASO by enzymes in a fasted rat small intestines was 
evaluated. The subjected ASO degraded entirely within 30 min 
[49]. From this we can conclude that both pH and enzymatic 
load of GIT are responsible for instability of naked NAs in the 
GIT. At pH > 3.8 the degradation is < 40% but combined with 
the effect of degradative enzymes it increases up to 100%. The 
enzymatic and pH barriers have been summarized in Fig. 6.

Mucus

Mucus is a viscoelastic fluid secreted by the goblet cells and 
mucosal cells present in the luminal surface lining specific 
organs [50]. Mucus consists of a three-dimensional network of 
biopolymers and possesses non-Newtonian rheological proper-
ties. Biochemically the major constituent of mucus is mucin 
which is a family of heavily glycosylated proteins in addition 
to lipids, ions and cellular debris [51]. The principal function 
of mucus is protecting against the pathogen, digestive juices 
and toxins as well as exchange of nutrients [52]. Mucus also 
acts as a lubricant in the GIT assisting in movement of chyme 
during the peristaltic process [53]. For efficiently carrying out 
the above functions, mucus is continuously shed and replen-
ished usually with a turn-over time which is between 1 and 5 h 
for the intestinal mucus however exhibits significant variations 
across the GI tract [54, 55]. This dynamic nature of the mucus 
brings strong hindrance for the drug delivery as it creates an 
outward moving barrier for any formulation aiming to reach 
the underlying epithelial layer and subsequent absorption [41]. 
Another factor impeding drug diffusion is the steric hindrance 
mounted by the mucus barrier. Cysteine rich subdomains of 
mucins are crosslinked via disulfide bonds resulting in a 3-D 
network forming a mesh size in the range of 10-200 nm [10]. 
This mucin network acts like a gel permeation filter, reduc-
ing the motility of large molecular size drug delivery systems 
[41]. The viscosity of the mucus for a healthy human ranges 
between 1000–10,000 times greater than the density of water 
and also contributes to the steric hindrance properties [51]. 
However, relevant to the drug delivery is the fact that the width 

of the mucus layer is not uniform across the GIT. The stomach 
and colon have the thickest layer to provide protection against 
stomach acid and bacteria while Peyer’s patches present in 
the small intestine have the thinnest layer. The variation is 
likely associated with maintaining a balance between the rate 
of nutrient absorption and protective capabilities [10, 41, 56]. 
However, even the leakiness of mucus in Peyer’s patches is 
insufficient for effective delivery of the drug delivery systems. 
Understanding the mucosal turnover rate as well as mucosal 
thickness at various locations in the GIT can pave way for the 
development of better oral drug delivery system. Multiple low 
affinity interactions between mucus and drugs and drug deliv-
ery systems at the mucosal surface further creates an inter-
active barrier for drug delivery systems. The naked protein 
present in mucin as well as lipids of mucus can form hydro-
phobic interactions with the drug delivery systems. This ubiq-
uitous presence of hydrophobic domain significantly hinders 
mucosal diffusion of hydrophobic molecules in comparison to 
water [57]. Moreover, the carbohydrates present in the mucin 
serves as a potential source of several hydrogen bond donors 
and acceptors along with ionic interactions which contributes 
to this interactive barrier [41].

Taking into consideration the dynamic nature of mucus 
as well steric hindrance and its function as an interactive 
barrier, it is almost impermeable to the plasmid DNA based 
therapeutics and poses significant hindrance to small NA-
based therapeutics. In general, a majority of the orally 
taken medication directly transit through the GIT rather 
than adhering or getting transported through the GI mucus 
layer, thus adversely affecting bioavailability and subsequent 
efficacy of the therapeutic agent [58, 59]. The mucopen-
etrative approach has been advocated for designing drug 
delivery systems for increasing their diffusion through the 
mucus barrier. Most common agents used in mucopenetra-
tive approach are mucolytic enzymes for example Papain, 
Trypsin, Bromelain [60]. Muller et al. showed that viscosity 
of mucus was reduced up to fivefold when nano particles 
were complexed with poly acrylic acid (PAA) and papain 
[61]. Neutralizing the surface charge on the nanoparticle by 
coating them with polyethylene glycol (PEG) has also been 
used to enhance mucopenetration [62]. However, more work 
needs to be done for the effective oral delivery of NAs.

Epithelial Lining

The closely packed monolayer of epithelial cells lining the GIT 
is a formidable barrier to the orally administered NA therapeu-
tics. Charged amino acid side chains and polar carbohydrates 
provide a dense negative charge to the brush border microvilli 
hindering the diffusion of negatively charged NAs to the plasma 
membrane [63]. Additionally, the lipophilic nature of the lipid 
bilayer of the enterocytes further hinders the diffusion of NA 
therapeutics which are predominantly hydrophilic by nature [10] 
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Endocytosis serves as one of the major routes for oral delivery. 
There are numerous reports demonstrating receptor mediated 
endocytosis in the GIT for efficient oral drug delivery capable of 
delaying intestinal transit time [64], targeting drug to intestinal 
epithelial cells [65] as well as to systemic targets [66]. Gener-
ally NA therapeutics present in the endocytic cargo follow one 
of the three pathways 1) undergo lysosomal degradations [67] 
2) Golgi network processing [68] 3) gets recycled back to the 
membrane [69]. For pDNA-based therapeutics, nucleus is the 
target site and hence the above mentioned pathways could affect 
the therapeutic potency [70]. In general, the delivery systems are 
coated with permeation enhancers that help in overcoming the 
membrane barrier and these are classified into following three 
groups 1) lipophilic 2) cationic 3) and cell penetrating peptides 
(CPP). Lipofection makes use of lipoplex formulations formed 
by the ionic complexation between negatively charged NA and 
cationic lipid, and is the most commonly used approach to sur-
pass the membrane barrier [10]. However, the limiting steps of 
this approach is the inefficient trafficking of the genetic cargo 
from the cytoplasm to nucleus as well as poor solubility of lipo-
plex in the GI fluid [71]. On the other hand, cationic permea-
tion enhancers induce endocytosis by interacting with negatively 
charged proteoglycans present in the cell membrane [72]. How-
ever, the major disadvantage of the system is the neutralization 
of their cationic charge by the anionic mucus barrier. Recently 
however, the issue has been tackled by employing zeta poten-
tial reversing carrier systems [73, 74]. Cell membrane bound 
enzymes like alkaline phosphatase cleave the phosphate groups 
on the carrier systems resulting in reversing of the zeta potential 
of the carrier system [75].

The cell penetrating peptides (CPPs) like HIV-1 Tat, Pen-
etratin and oligo-arginine overcome membrane barrier by 
interacting with the glycosaminoglycans (GAGs) present on 
the cell membrane and get up taken by the endocytic pathway 
[76–78]. The efficiency of CPPs is attributed due to the com-
bination of their cationic charge as most of them are arginine 
and lysine rich as well as their intrinsic cell penetrating proper-
ties. However, CPPs degradation by proteases and peptidases 
present in the GIT is the main disadvantage of the system [10]. 
Epithelial barrier is one of the most significant barriers to oral 
drug delivery and has been combated by using variety of lipo-
plex formulations and permeation enhancers.

Peristalsis

Even if the delivery system manages to encounter the epithe-
lial membrane at the target site in GIT, the constant peristalsis 
of the GIT affects the ability of the delivery system to reach 
epithelial cells. Fluid movement due to peristaltic motion of 
GIT decreases the duration of the interactions between the 
delivery system and the epithelial lining, thus hindering their 
absorption. Moreover, peristalsis leads to mixing of the vari-
ous secretions throughout the digestion process with the food, 

together which might react with the delivery system and affect 
the absorption of delivery system [79]. Mucoadhesive approach 
is predominantly used in the designing of drug delivery systems 
for increasing their transit time through GIT. In the mucoad-
hesive approach, the sticky and protective property of mucus 
is exploited to design drug delivery systems which adhere to 
the mucus using various forces, resulting in modified GI transit 
time as well as protection from harsh GI environment [80]. 
One of the most commonly used mucoadhesive agents is chi-
tosan [80] and have been employed to make siRNA nanoparti-
cle delivery system [81]. Also, thiolation of chitosan has been 
shown to improve the mucoadhesive ability via the formation 
of disulfide linkages [81, 82]. Peristalsis poses challenge to oral 
drug delivery by increasing fluid movement and melding of 
food and secretions with the therapeutics which impedes or 
interferes with their absorption and further action.

Challenges in Clinical Translation

To this day, there have been no articles on clinical trials of orally 
delivered siRNA or miRNA. Some reports of clinical trials test-
ing gene therapeutics, which are administered IV or by surgical 
implantation, are available but none focus on the oral delivery of 
NAs. There are several factors affecting the clinical translation 
of the oral delivery of genes. To begin with, the in vitro models 
and preclinical models cannot accurately imitate human physi-
ological environment in which the drug will ultimately be used. 
The next barrier to clinical translation is the pharmacokinetics, 
pharmacodynamics, toxicology and biocompatibility of gene 
therapeutics. NA-based therapeutics have intrinsic poor pharma-
cokinetic and pharmacodynamic properties (low half life, poor 
permeation, non-specific activation of the immune system) and 
need to be transported orally with an effective targeted drug 
delivery system (TDDS) to avoid undesired effects [83]. The 
most critical challenge lies in the delivery of the NAs to certain 
tissues and cells. Being negatively charged, hydrophilic and 
bulky in nature, NAs cannot easily go into the cells. Some of 
the formulations used in pre-clinical and clinical trials are largely 
reliant on local administration that can circumvent the problems 
associated with the accumulation in the kidneys and liver after 
IV injections [84–86]. Taken together, a robust drug delivery 
system is required for NAs-based therapy.

Conclusions and Future Perspectives

The oral route is one of the most attractive routes of drug/ther-
apy delivery because of several advantages: like non-invasive 
technique, self-administration, long-term stability, flexibility of 
adjustment of dosage, low toxicity, ease of manufacturing, cost-
effective, non-sterile processing and higher patient compliance 
[87, 88]. Moreover, NAs are better drug candidates compared 
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to small molecules for treatment of cancer and rare diseases due 
to their high degree of selectivity and minimal toxic effects to 
other tissues. Despite the advantages, delivering NAs orally has 
numerous challenges discussed at length in this review [89]. The 
inherent nature of NAs such as large molecular weight and nega-
tive charge combined with physiological aspects like extreme pH 
in GIT, enzymatic degradation, mucosal layer barrier and peri-
stalsis pose additional challenges for their successful oral deliv-
ery [90]. Therefore, oral delivery of NA requires extra caution 
to protect its structural integrity along with its chemical stability 
from various factors responsible for degradation [91]. Despite of 
all these obstacles, several researchers have formulated delivery 
systems to overcome these challenges and have shown success-
ful oral gene delivery in vivo in mice and swine [1, 34].

For local delivery, the drug should remain in the GIT for 
longer period since target is within GIT. Thus, mucoadhesives 
are helpful since they can tackle challenges posed by peri-
stalsis and increase gastric retention time whereas polymeric 
nanoparticles can retard drug release and increase duration of 
action [33, 81, 92]. In many cases, thioketal based crosslinked 
particles are employed for specific release of payload at local 
target site [26]. For systemic delivery, the drug should be 
absorbed from the GIT, undergo first pass metabolism in liver 
and then make it to the target. Thus, permeation enhancers 
that improve systemic uptake of drug combined with poly-
meric drug delivery systems and targeting moieties can be 
helpful [34, 62, 90]. Overall, prior understanding of target site 
and disease pathophysiology will help immensely for selection 
of the efficient drug delivery platforms.

Delivery systems discussed in this paper have shown success-
ful oral delivery of NAs in preclinical animal models. However, 
there are no FDA-approved products that deliver NAs orally at 
the time of writing this review. Considering the results seen from 
the preclinical studies, oral route for the delivery of NAs seems 
more promising for targeting GIT related diseases including IBD 
and intestinal cancer. This means hereafter the focus should be 
on finding the potential target genes for treatment of IBD and 
other gastrointestinal diseases and further on developing delivery 
systems to deliver these genes at the local GIT targets. Moreover, 
rigorous research to determine the safety, efficacy and toxicity 
of these drug delivery platforms using more complex animal 
models, eventually leading to human clinical trials is to be done. 
On the other hand, the bioavailability of NAs through the oral 
delivery remains very low in the preclinical models which calls 
for innovations in making more robust drug delivery systems 
to increase their bioavailability to therapeutic levels. This also 
opens the floor for research in finding biological mechanisms 
involved in transport of these systems before they reach their 
target. To conclude, there are several stones to be unturned before 
we see an oral gene therapy for systemic action make it to clinical 
trials. Nevertheless, with more advancement and growing inter-
est, we can perhaps hope for an oral gene medication for GIT 
related diseases in clinical trials in near future.
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