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Chapter 9
Oral Nanotherapeutics for Cancer 
with Innovations in Lipid and Polymeric 
Nanoformulations

Alexander J. Donovan and Ying Liu

9.1  �Oral Chemotherapeutic Drug Formulations: Overview 
of Current Challenges, Issues, and Opportunities 
for Oral Absorption

The guiding principle for formulation scientists, pharmaceutical directors, and cli-
nicians alike is to prioritize pills and tablets over intravenous infusions. Certainly, 
these pronouncements are wholly justified because orally administered medicines 
have robust data to confirm their clinical efficacy: their dosing regimens are uncom-
plicated, not requiring a visit to the hospital or specially trained clinicians for 
administration. They are also minimally invasive and do not cause the patient exces-
sive pain. Taken together, oral administration is the most facile and least invasive 
strategy for drug therapy [1, 2]. However, certain newly discovered antineoplastic 
agents represent a particular formulation challenge because of their physicochemi-
cal sensitivity, poor absorption, and significant side effects, virtually precluding the 
application of current design strategies employed in the pharmaceutical industry 
including stalwart processes like hot-melt extrusion [3].

Biologic therapies, pharmaceuticals that are manufactured in bioreactors using 
recombinant protein engineering, are poised to supersede conventional small 
molecule medicines as the first line of therapy for a number of conditions [4]. 
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These medications present unique formulation challenges and must be given 
intravenously or subcutaneously to be properly absorbed [5].

Notwithstanding, significant capital investment in cancer research and develop-
ment has enabled several oral chemotherapeutic medicines to be approved and mar-
keted in the United States, Europe, and elsewhere for several years [6]. For example, 
imatinib (Gleevec®, Novartis) is an effective therapy against chronic myelogenous 
leukemia (CML) and countless other cancers; it nevertheless manifests a series of 
severe side effects traditionally encountered with other oncolytic medicines [7].

One of the complications in the design of an efficacious oral cancer therapy is the 
mode in which the gastrointestinal tract functions simultaneously as both a chemi-
cal and a physical barrier to drug absorption compared to parenteral administration 
routes (Fig. 9.1). The stomach churns with juices of high acidity that rapidly degrade 
pH-sensitive compounds [8]. A plethora of enzymes hydrolyze proteins and pep-
tides, lipids, polysaccharides, and esters. More importantly, the epithelium acts as a 
semipermeable membrane, allowing the transport of only valuable nutrients, but 
preventing the absorption of large hydrophilic molecules and some hydrophobic 
compounds as well [9]. Moreover, it also secretes a layer of several micron-thick 
viscoelastic fluid filled with a cross-linked network of proteins that readily expels 
foreign particles out of the body [10].

As such, the first-pass metabolism of active pharmaceutical ingredients (APIs) 
given orally is frequently much more significant than after parenteral administra-
tion, which therefore requires oral dosages to be many folds higher to achieve the 
equivalent serum concentrations of the drug. For example, docetaxel’s oral bioavail-
ability is low because it is extensively degraded by gastric and hepatic cytochromes 
and prevented from permeating the intestinal epithelium by a glycoprotein trans-
porter. Docetaxel is therefore intravenously formulated to mitigate this extensive 
first-pass metabolism. However, when dosed orally concomitantly with the antibi-
otic cyclosporine, which competes for cytochrome binding and inhibits the epithe-
lial protein, serum docetaxel concentrations dramatically improve [11].

Additionally, simply reformulating parenteral chemotherapies for oral adminis-
tration at higher dosages in order to attain commensurate blood levels may be 
impractical and raises significant toxicological issues. Upon transit of the gastric 
epithelium, all orally ingested drugs enter the circulation only to be transported 
directly to the liver [12]. Overloading the intestinal mucus barrier with a chemo-
therapeutic in order to trigger drug permeation may thus lead to potentially toxic 
hepatic accumulation, e.g., with oral tamoxifen citrate [13]. Mindful of such sce-
narios, researchers have primarily focused on oral chemotherapies for colon cancer 
(e.g., oral capecitabine) [14], where transmucosal permeability is not crucial for 
treatment efficacy. In addition, oral bioavailability of these drugs can be further 
improved by using small molecule receptor tyrosine kinase (RTK) inhibitors [15].

Despite the formidable obstacles facing oral administration of novel chemother-
apeutic medicines, a number of approaches are currently being investigated to over-
come these formulation challenges beyond the current conventional clinical practice. 
It was demonstrated in small and big animals that polymeric nanoparticles with 
controlled physicochemical properties can dramatically improve hydrophobic drug 
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oral availability [16–21]. O.  M. Farokhzad et  al. at MIT and Harvard Medical 
School have achieved a breakthrough in the oral delivery of biologic medicines by 
focusing on protein transporters distributed on the intestinal epithelium. By conju-
gating an antibody to a biodegradable polymeric nanoparticle containing the bio-
logic medicine, the drug delivery system allows for the therapy to enter the 
bloodstream [22]. Chemical permeation enhancers (CPEs) such as surfactants and 
lipid compounds are another delivery strategy used to modify the morphology of the 

GI track

Mucus layer

Antimicrobial peptide

Secretory IgA

Enteroendocrine cell

Microfold cell

Blood circulation

(i) Transcellular
pathway

(ii) Paracellular
pathway

(iii) Transporter-
mediated

(iv) Efflux
pump

Fig. 9.1  Graphical description of the structural components of the mucosal barrier and drug trans-
port mechanism across intestinal cells. The mucus layer acts simultaneously as both a physical and 
a chemical barrier, through the action of secretory immunoglobulins (secretory IgAs) and antimi-
crobial peptides. There are several possible mechanisms of drug transport through the intestinal 
mucosal barrier. The first pathway is the passive transcellular route. Through this pathway, drug 
permeates the cell passively by partitioning to cell membranes at both apical and basolateral sides. 
The second pathway is the paracellular route, where the drug transports through the tight intercel-
lular junctions mediated by protein-protein interaction at different regions. The third pathway is 
the active transport route, where the drug is recognized by transporters and shuttled from the apical 
to the basolateral side. The fourth pathway is the mechanism of inhibiting drug permeation by 
efflux pumps. The efflux pumps expel the drug from cell membranes during the cell membrane 
partition process
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gastrointestinal epithelium to enhance drug bioabsorption by orders of magnitude 
[23]. Perhaps even more promising for the pharmaceutical industry, nanotechnolo-
gies have enabled the invention of intelligent drug delivery vehicles employing 
natural lipid molecules and biocompatible synthetic polymers (e.g., platforms like 
phospholipid vesicles and PLGA nanoparticles, respectively) especially suited to 
transport drug cargoes to the targeting sites, promising enhanced efficacy and sig-
nificantly reduced side effects [24]. Lipid- and polymer-based technology platforms 
for oral delivery of cancer chemotherapeutics will be discussed in the section below, 
with special emphasis placed on tailoring nanoparticle structure to modulate 
therapeutic function and in vitro assessments as a predictor of (and as a means to 
construct) in vivo pharmacological models.

9.2  �The Big Picture: How Do Nanotherapeutic Systems 
Enable Oral Absorption?

Nanoscale drug delivery systems (DDSs) (with at least one dimension in the order 
of hundreds of nanometers or smaller) provide many advantages to current industry 
design strategies with regard to the formulation of orally administered cancer che-
motherapies. Chemotherapeutic nanoparticles may actively or passively accumulate 
at the tumor site [25]. The APIs can be protected by immune assault and premature 
metabolism [26], which enhances the bioavailability of the APIs [27]. With these 
functional design elements, the lipid-based and polymeric nanotherapeutics 
explored throughout this chapter promise to outperform conventional oncolytic 
medicines. However, significant challenges remain in the development of easily 
accessible oral formulations.

Nanoscopic assemblies of lipids and polymers with hydrophobic constituents 
can be used to encapsulate poorly water-soluble drugs in their hydrophobic cores in 
order to minimize free energy. Rational design of these drug delivery systems can 
then ensure that the particles will be well dispersed in aqueous media and the drugs 
are absorbable either in the gastric mucosa or in the circulatory system, using struc-
tures with hydrophilic shells or other materials with amphipathic or surface active 
moieties for kinetic stability [28].

Free from the bulk solvent environment in the particle core, drug compounds are 
shielded from biochemical attack in the form of enzymatic hydrolysis or degrada-
tion, mitigating first-pass metabolism, for example, after oral ingestion. Chemically 
safeguarded in the particle interior, the compound’s pharmacokinetics and pharma-
codynamics are drastically altered, allowing for prolonged or enhanced therapeutic 
effect [29].

Decoration of the particle shell with polymers or biomolecules that favorably 
interact and entangle in the cross-linked mucin hydrogel comprising the intestinal 
mucous layer will promote drug release adjacent to the epithelial tight junctions to 
enhance absorption of poorly bioavailable compounds [30]. In instances where the 
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partitioning of the drug is so unfavorable, e.g., in the case of a very hydrophilic 
therapeutic peptide, then it is in practice and impossible for the compound to be 
transported across the epithelium even with the aid of a mucoadhesive carrier. In 
such scenarios the nanoscale drug delivery system (DDS) can be designed to pene-
trate completely through the GIT into the circulatory system [31]. Functionalization 
with polyethylene glycol (PEG) chains of certain molecular weights and at proper 
surface densities enables the DDS to penetrate certain vulnerable regions of the 
intestinal endothelium without becoming entangled in the mucus’s proteinaceous 
web [32].

Equipped with an array of design strategies and precise control over the physical, 
chemical, and biological function of these nanoscale therapies, researchers and cli-
nicians can successfully innovate efficacious lipid- and polymer-based DDSs for 
oral cancer chemotherapy. A review of the current state of the art and recognition of 
the challenges still remaining are discussed below.

9.3  �Lipid Formulations and Technology Platforms

The application of lipid-based nanoformulations (Fig. 9.1) as drug delivery plat-
forms overcomes several of the contemporary challenges encountered in the oral 
administration of oncolytic medicines: serving as a depot for hydrophobic and 
hydrophilic drugs alike, acting as a barrier to proteolytic and chemical degradation, 
and, perhaps most significantly, as a vehicle across tissues to target cells. 
Simultaneously, these nanotherapies offer a relatively benign and biocompatible 
alternative to other approaches employing synthetic polymers and chemicals as part 
of their formulary. In the following sections, nanoformulations incorporating both 
phospholipids and other related components are delineated.	 The most com-
monly studied type of lipid formulation is liposomes encapsulating hydrophobic or 
hydrophilic drug compounds.

Liposomes are spherical vesicles—hollow spheres consisting of one or more 
phospholipid bilayer shells ranging from tens of nanometers to microns in diameter. 
Resembling cells voided of their organelles, these vesicles naturally emerged as a 
primary drug delivery vehicle platform. With a facile synthetic route, they spontane-
ously self-assemble in aqueous conditions above their critical micelle concentra-
tions (CMC). Due to their biomimetic structure—an aqueous core and selectively 
permeable bilayer membrane—liposomes could potentially encapsulate a diversity 
of drug compounds due to the vesicle’s architecture.

Translation of liposomal formulations to clinical applications has achieved the 
most material progress to date in cancer chemotherapy [33]. Y Barenholz intro-
duced Doxil® (nanoformulated doxorubicin), the first liposomal medication to gain 
regulatory approval by the Food and Drug Administration (FDA) in 1995 for 
Kaposi’s sarcoma, a cancer manifested most frequently with AIDS patients [34]. 
The liposome shell consists of a very high melting temperature (Tm) of phosphocho-
line (HSPC) and a small amount of PEGylated phosphoethanolamine (DSPE-PEG2000) 
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to mitigate premature leakage of the drug and to confer it with “stealth” properties 
[26]. Despite the preconceived benefits of the liposomal formulation over the free 
compound, Doxil® has not been more universally adopted for treatment because of 
dose-dependent hypersensitivity reactions (HSRs) and other unforeseen side effects 
since its introduction more than two decades ago [35].

A myriad of other liposomal nanomedicines are in clinical development or have 
gained regulatory approval in North America and Europe (Table  9.1) [40, 45]. 
Amphotericin B, a potent antifungal agent which is poorly bioavailable and displays 
a severe number of side effects when administered intravenously, has been formu-
lated into AmBisome® by Gilead, where the anti-infective compound is interca-
lated into the bilayer [36]. Epaxal is a liposomal vaccine, or “virosome,” for hepatitis 
A. Inflexal V is a virosomal medication for influenza vaccination [40]. Myocet®, 
developed by Elan Pharmaceuticals and marketed by Cephalon in the European 
Union and Canada, is a non-pegylated formulation of doxorubicin for breast cancer 
treatment [43]. In addition, several other chemotherapeutic compounds have been 
successfully encapsulated as vesicle medicines. LipoCurc is a liposomal formula-
tion of the poorly bioavailable anticancer compound curcumin and is currently in 
phase II trials for glioblastoma [40]. Daunorubicin (DaunoXome®, Galen Pharma) 
was approved for intravenous administration for Kaposi’s sarcoma like its counter-
part Doxil® [37]. The FDA approved a liposomal nanoformulation of vincristine 
(Marqibo®, CASI Pharmaceuticals) in 2012 for blood cancers [42]. Liposomal 
cytarabine (DepoCyt®, Pacira Pharmaceuticals) recently gained approval in 2010 
for meningitis related to breast metastases [38]. PEGylated (“stealth”) nanoformu-
lations gaining entry to the market include nanoformulated cisplatin (Lipoplatin®, 
Regulon) for lung cancers [41], and a formulation of the topoisomerase I inhibitor 
Belotecan (S-CKD 602®, Chong Kun Dang) is in late-stage clinical trials [44]. 
However, none of the current liposome formulations is available for oral 
administration.

Beyond the inclusion of lipopolymers such as PEGylated lipids for prolonging 
circulation half-life, efforts to develop third-generation liposomal nanoformulations 
are focusing on platforms to develop therapies with additional or ancillary biochem-
ical functionalities to home in on target histologies. Rather than relying on conven-
tional passive methods such as enhanced permeation and retention (EPR) effects 
[25, 46], these next-generation smart medicines aim to exploit nonlinear, stimuli-
driven, or threshold-switchable biochemical networks by responding to unique bio-
chemical or environmental signals at their target organs. “Immunoliposomes” are 
phospholipid vesicles that have been chemically functionalized or physically deco-
rated with immunoglobulins [47]. Chemically modified phospholipid head groups 
can easily be covalently linked to generic polypeptides via maleimide coupling 
chemistry under aqueous conditions if sulfhydryl groups are present [48]. Once 
decorated with antibodies, immunoliposomes can then home in on host cells that 
overexpress their target antigens [49]. However, developing oral available liposome-
based therapy has to overcome the problem that liposomes are not stable under large 
fold dilution [51].

A. J. Donovan and Y. Liu



213

Ta
bl

e 
9.

1 
R

ep
re

se
nt

at
iv

e 
lip

os
om

al
 m

ed
ic

in
es

 a
t t

he
 c

lin
ic

al
 s

ta
ge

 o
r 

on
 th

e 
m

ar
ke

t

T
ra

de
 n

am
e

A
PI

a
V

eh
ic

le
In

di
ca

tio
n

C
om

pa
ny

C
lin

ic
al

 s
ta

ge
 

(y
ea

r 
ap

pr
ov

ed
)

A
pp

ro
ve

d 
co

un
tr

y 
or

 r
eg

io
n

R
ef

er
en

ce
s

A
m

B
is

om
e

A
m

ph
ot

er
ic

in
 B

N
on

-p
eg

yl
at

ed
 

lip
os

om
e

A
nt

if
un

ga
l

G
ile

ad
 S

ci
en

ce
s,

A
st

el
la

s 
Ph

ar
m

ac
eu

tic
al

s

19
97

A
us

tr
al

ia
, C

an
ad

a,
 

E
ur

op
e,

 U
SA

[3
6]

D
au

no
X

om
e

D
au

no
ru

bi
ci

n
N

on
-p

eg
yl

at
ed

 
lip

os
om

e
K

ap
os

i’s
 s

ar
co

m
a

G
al

en
 P

ha
rm

a
19

96
B

ra
zi

l, 
E

ur
op

e,
 

U
SA

[3
7]

D
ep

oC
yt

C
yt

ar
ab

in
e

N
on

-p
eg

yl
at

ed
 

lip
os

om
e

M
en

in
gi

tis
 a

ss
oc

ia
te

d 
w

ith
 b

re
as

t c
an

ce
r 

 
m

et
as

ta
si

s

Pa
ci

ra
 P

ha
rm

ac
eu

tic
al

s
20

10
C

an
ad

a,
 E

ur
op

e,
 

U
SA

[3
8]

D
ox

il
D

ox
or

ub
ic

in
PE

G
yl

at
ed

 li
po

so
m

e
K

ap
os

i’s
 s

ar
co

m
a

Ja
ns

se
n 

Ph
ar

m
ac

eu
tic

al
s

19
95

U
SA

[3
4,

 3
5,

 
39

]
E

pa
xa

l
In

ac
tiv

at
ed

 
he

pa
tit

is
 A

V
ir

os
om

e
H

ep
at

iti
s 

A
C

ru
ce

ll
19

94
A

si
a,

 E
ur

op
e,

 
So

ut
h 

A
m

er
ic

a
[4

0]

In
fle

xa
l V

In
ac

tiv
at

ed
 

in
flu

en
za

 v
ir

us
 

A
/B

V
ir

os
om

e
In

flu
en

za
 A

/B
C

ru
ce

ll
19

99
E

ur
op

e
[4

0]

L
ip

oC
ur

c
C

ur
cu

m
in

N
on

-p
eg

yl
at

ed
 

lip
os

om
e

G
lio

bl
as

to
m

a/
ca

nc
er

Si
gn

Pa
th

 P
ha

rm
a

Ph
as

e 
II

N
ot

 y
et

 a
pp

ro
ve

d
[4

0]

L
ip

op
la

tin
C

is
pl

at
in

PE
G

yl
at

ed
 li

po
so

m
e

L
un

g 
ca

nc
er

s
R

eg
ul

on
Pa

ss
ed

 P
ha

se
 

II
I

N
ot

 y
et

 a
pp

ro
ve

d
[4

1]

M
ar

qi
bo

V
in

cr
is

tin
e

Sp
hi

ng
om

ye
lin

/
ch

ol
es

te
ro

l l
ip

os
om

e
B

lo
od

 c
an

ce
rs

C
A

SI
 P

ha
rm

ac
eu

tic
al

s
20

12
E

ur
op

e,
 U

SA
[4

2]

M
yo

ce
t

D
ox

or
ub

ic
in

N
on

-p
eg

yl
at

ed
 

lip
os

om
e

B
re

as
t c

an
ce

r
E

la
n 

Ph
ar

m
ac

eu
tic

al
s

20
00

C
an

ad
a,

 E
ur

op
e

[4
3]

O
ni

vy
de

Ir
in

ot
ec

an
N

on
-p

eg
yl

at
ed

 
lip

os
om

e
Pa

nc
re

at
ic

 c
an

ce
r, 

br
ea

st
 

ca
nc

er
, p

ed
ia

tr
ic

 
sa

rc
om

a

M
er

ri
m

ac
k 

Ph
ar

m
ac

eu
tic

al
s,

 
B

ax
al

ta

20
15

U
SA

[4
0]

S-
C

K
D

 6
02

B
el

ot
ec

an
PE

G
yl

at
ed

 li
po

so
m

e
To

po
 I

 in
hi

bi
to

r
C

ho
ng

 K
un

 D
an

g
Ph

as
e 

I
N

ot
 y

et
 a

pp
ro

ve
d

[4
4]

a A
ct

iv
e 

ph
ar

m
ac

eu
tic

al
 in

gr
ed

ie
nt

9  Oral Nanotherapeutics for Cancer with Innovations in Lipid and Polymeric…



214

9.4  �Polymeric Nanoparticle Formulations  
and Technology Platforms

Exceptional advances in the manipulation, design, and synthesis of biocompatible 
and biodegradable soft matter materials to nanometer length scales including func-
tional block copolymers such as polyethylene glycol (PEG), poly(lactic-co-glycolic 
acid) (PLGA), polylactic acid (PLA), and polycaprolactone (PCL) have heralded a 
sea change in pharmaceutical research and development efforts, with significant 
financial and intellectual capital directed toward the invention and implementation 
of drug delivery platforms employing these materials [50]. Although >700 articles 
have been published on “polymeric nanoparticle cancer chemotherapy” according 
to the Web of Science to date, no platform has entered the US or European market 
(even though several are in early-stage human clinical trials) due to lingering ques-
tions about their possible presentation in humans [45]. Polymeric nanoparticles 
(Fig.  9.1) are advantageous for oral administration because they are structurally 
resilient [51] and kinetically stable (even under high dilution) [52], due to the super 
low CMC of the polymers. These nanoplatforms have the potential to be mucopen-
etrative [31] or actively transported [22] and can be made to be anti-immunogenic, 
biodegradable, and biocompatible [50].

9.5  �Surface Design: Mucoadhesion and Mucopenetration

Although the encapsulation of therapeutic molecules in nanoscale lipid-based and 
polymeric drug delivery vehicles resolves many of the challenges encountered in 
the oral administration of chemotherapeutic drugs, including limited solubility, 
chemical degradation or proteolysis, pH sensitivity, etc., significant obstacles 
remain in transiting through the gastrointestinal barrier, so that the drug can be 
incorporated into the circulation and reach its target tissue. The viscous, gel-like 
secretions from the endothelium in the gastrointestinal tract consist of complex dis-
persions of biomolecules including lipids and glycoproteins (proteins posttransla-
tionally modified with carbohydrates) which guard the human body against intrusion 
by malicious foreign actors like bacteria and virions while simultaneously allowing 
for the transit of valuable nutrients from food [9].

Mucin is the most abundant glycosylated protein produced by mucus-secreting 
cells and is primarily responsible for mucus’s ability to modulate gastrointestinal 
transit of ingested matter, conferring mucus with rheological properties akin to a 
sticky and flexible spider’s web. The mucin proteins act as monomers to assemble a 
cross-linked network of glycoproteins. Other constituents in the secreted hydrogel 
such as phospholipids, electrolytes, and other carbohydrates and proteins are relied 
upon to act in concert with the mucin web to adhere a wide diversity of molecular 
entities by exerting van der Waals, electrostatic, hydrophobic, steric, hydrodynamic, 
and mechanical forces [10]. Polymeric nanoparticles, for instance, which typically 
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have long polymer chains extending from their corona, can easily become entangled 
in the mucin mesh [53].

Once entrapped in the polymeric network, peristaltic forces act to expeditiously 
expel adhered foreign bodies [54]. Even if a nanoscale particle can release its drug 
payload once it is entangled, a sufficiently large burst release must occur to reach 
therapeutic concentrations in the blood stream [55]. However, this requires that the 
pharmaceutical compound possesses high permeability. Peptides and other small 
molecules which bear the biopharmaceutics classification class of II or IV will 
never reach the circulation at therapeutic concentrations after a robust burst release 
from mucoadherent nanoparticles [56]. Indeed, a large proportion of newly identi-
fied leads with oncolytic therapeutic potential are proteins such as immunoglobu-
lins, hydrophilic peptides, and small molecules with extremely low bioavailability 
and permeability. In order to deliver these drugs as an oral formulation, mucopen-
etrating nanotechnologies are currently being sought and under development in the 
early preclinical stages [57].

Learning from nature’s successes in circumventing this barrier will lead to a 
rationally designed drug delivery platform with mucus-penetrating properties. PEG 
is a hydrophilic polymer frequently utilized in parenteral drug delivery for its anti-
immunogenic and biocompatible attributes. However, there was a lack of consensus 
in the scientific community regarding the interaction between mucus membranes 
and PEGylated micro- and nanoparticles. Justin Hanes and colleagues at Johns 
Hopkins University systematically investigated the effects of PEG on particle transit 
through the GIT using PEG molecular weight and surface density as variables. 
Using robust and sophisticated tracking instrumentation and analysis to calculate 
the effective diffusivity of the particles, it was concluded that low molecular weight 
(2000 Da) polymers decorated on particle surfaces at maximum numbers possess 
the ability to transit the mucus layer quite effectively. However, longer PEG chains 
(~10,000 Da) may become entrapped in the mucin network, whereas nanoparticles 
of lower PEG surface coverage interact electrostatically with the mucus layer, pro-
moting elimination [32, 58].

9.6  �In Vitro and In Vivo Assessments of the Orally 
Administrated Nanotherapeutics

9.6.1  �Assessment of Release of Therapeutics and Transport 
of Nanocarriers Using In Vitro Models

Development of experimental platforms that predict quantitatively the in vivo drug 
release and response behaviors of nanoparticle drug delivery systems from in vitro 
measurements is a formidable task, but it is paramount in implementing and charac-
terizing nanotherapies that will be efficacious in the clinical setting [59]. Numerous 
techniques have already been devised to quantify release rates including dialysis, 
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two-phase systems with artificial membranes, and more exotic analytical tools such 
as artificial organs employing microfluidic architectures. These in vitro methods for 
characterizing nanoparticle drug delivery systems for oral administration will be 
discussed more in detail below after an introduction to two important processes 
involved in these assessments—transport and transmucosal permeability.

Mass transport of therapeutic compounds from the particle interior into the 
circulation involves manifold steps (Fig. 9.2). For a nanoparticle that is not mucous 
penetrating (Fig. 9.2a), the drug first must diffuse out from the nanoparticle. The 
magnitude of this transport can vary wildly as well depending on the hydrophilicity 
or ionizability of its functional groups. Having arrived in the bulk medium, the 
therapy must now cross the intestinal epithelium to reach the blood circulation 

Fig. 9.2  (a) Mucoadhesive polymeric nanoparticles are entangled in the mucin mesh near the 
intestinal epithelium. The active pharmaceutical ingredient (API) is released in a burst and transits 
the gastrointestinal barrier into the circulation. (b) Mucus-penetrating nanoparticles are able to 
gain entry into the circulation and may provide efficacious vectors for peptides such as insulin and 
biologics for oral administration
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and ultimately its target [60]. In this case, the main goal is to maintain the sustained 
release of the drug from the nanoparticle and drug delivery across the intestinal 
epithelium without a reduction in the drug concentration originally encapsulated in 
the nanoparticle.

Frequently, the most significant bottleneck in drug compound transport material-
izes when the molecule is transiting the mucus layers lining the epithelium. In 
instances of oral administration of nanomedicines, drug compounds must be deliv-
ered through the intestinal epithelium via the thick mucus lining to gain entry to the 
vasculature. Transmucosal permeability describes the propensity of a chemical 
compound to transit through the protective mucus layers surrounding epithelial tis-
sue. The fraction of therapeutic medicine able to permeate the mucus lining can 
vary by several orders of magnitude depending on the drug’s physicochemical prop-
erties and biological metabolism [61]. Both transport and transmucosal permeabil-
ity are therefore aspects of the intestinal epithelium that are modeled to gain a 
greater understanding of how these processes can be manipulated to improve oral 
administration and delivery of nanotherapeutics.

9.6.1.1  �In Vitro Intestinal Co-culture Models

Anne des Rieux and colleagues devised a paradigm to study nanoparticle release 
and transport through specialized areas of the intestinal epithelium into regions par-
ticularly vulnerable to transit of foreign bodies such as Peyer’s patches. The epithe-
lium protecting these tissues is more permeable to nanoparticulate entry and is 
called the follicle-associated epithelium (FAE). Co-culturing of two different cell 
lines, Caco-2 and Raji, precipitated a transformation of some Caco-2 into M cells, a 
histology resembling the FAE, as confirmed by differential expression of β1-integrin 
measured via immunofluorescence. Flow cytometry was then employed to interro-
gate the rate of transport of nanoparticles decorated with various moieties. It was 
determined that negatively charged particles (such as carboxylated particles) more 
facilely crossed the epithelial barrier compared to positively charged particles with 
amine functionalizations [62]. Sizeable improvements can be realized after upturn-
ing the Caco-2 culture before introducing Raji cells. This single modification sig-
nificantly increases the conversion of Caco-2 into M cells and leads to more robust 
and reproducible NP transport results [63]. Other researchers have attempted to 
construct more advanced analogues of the intestinal mucous layer by including 
other cell types. Filipa Antunes and colleagues developed a co-culture with Caco-2, 
Raji, and mucous-secreting cells and investigated the transport of peptide drug 
delivery systems [64].

9.6.1.2  �Semipermeable Artificial Membranes

Measuring in vitro drug release kinetics using semipermeable membranes is a well-
established and robust technique for nanoparticulate drug delivery platforms, which 
can be either a diffusion-controlled one-phase system (dialysis) or a two-phase 
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setup with sink conditions. In dialysis, a colloidal nanotherapy suspension is 
separated by a semipermeable membrane from another chamber containing only 
solvent. A concentration gradient is utilized to transport the drug compound from 
the particle core to the bulk solvent and across the semipermeable membrane into 
the second compartment. Drug release kinetics are characterized by measuring the 
drug concentration in the second compartment as a function of time [65]. Dialysis 
methods have been employed extensively for nanoparticle chemotherapies in par-
ticular. P.K. Gupta et al. in 1987 employed dynamic dialysis to measure the rates of 
doxorubicin release from protein microparticles synthesized from bovine serum 
albumin (BSA) [66]. Eliana Leo and coworkers investigated doxorubicin release 
from gelatin nanoparticles utilizing the same technique in the presence of an intes-
tinal protease trypsin which helps to hydrolyze proteins in the human digestive 
system [67]. However, release kinetics measurement by using these dialysis methods 
is often limited by drug solubility.

Quantification of drug release kinetics from nanoparticles encapsulating hydro-
phobic compounds can be interrogated by exploiting both diffusive transport and 
the molecule’s partition coefficient simultaneously. In two-phase sink conditions, 
the nanocarrier is dispersed in an aqueous suspension which is segregated by a 
semipermeable, artificial membrane from an organic phase miscible with the drug. 
The compound’s low water solubility acts as a driving force for it to partition into 
the sink compartment containing the organic phase [21]. Drug release kinetics are 
subsequently determined in a manner equivalent to conventional single-phase dialysis 
techniques [68].

9.6.1.3  �Microfluidic Artificial Organs

Dialysis and two-phase sink systems crudely simulate the permeation of pharma-
ceutical ingredients through the gastrointestinal mucosa and their release kinetics in 
the body. However, even the most complex intestinal co-culture models fail to 
closely approximate the in vivo pharmacokinetics and pharmacodynamics because 
the cellular surroundings are so foreign to its physiological environment. In these 
experimental systems, epithelial and immune cell histologies such as Caco-2 and 
Raji cells are grown in culture dishes as single layers lacking the three-dimensional 
architecture and morphological complexity of the intestinal villi from which they 
are derived.

In the past decade, scientists and researchers have initiated an effort to construct 
environments which more closely mimic human physiology using novel fabrication 
and machining techniques such as microfluidic technology to construct miniature 
artificial organs to study the feasibility of newly invented drug delivery platforms 
before they enter the marketplace or begin human clinical trials (Fig. 9.3) [69]. 
A successful example has been realized in the HuMiX platform, a cellular co-culture 
system exploiting a modular microfluidic technology (Fig. 9.3) [69]. Some research 
groups have even fabricated devices with multiple major organ mimetics such as the 
liver, spleen, brain, and lungs in an effort to create a micro-human in silico [70].
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9.6.2  �In Vivo Assessments of Efficacy

Once lipid-based and polymeric nanotherapeutic platforms have been systemati-
cally evaluated using robust and predictive in vitro drug release and permeability 
models like dialysis and the intestinal co-culture model, research may progress into 
the succeeding preclinical stages with animal models of cancer. Below, an outline 
of the current endeavors and the accompanying analytical methods to assess oral 
bioavailability, pharmacokinetics/pharmacokinetics (PK/PD), and drug toxicity is 
discussed.

Typical approaches to evaluating in vivo efficacy entail grafting tumors on model 
animals such as nude mice, orally administering a nanoparticle suspension by 
gavage and sacrificing the animals at various time intervals. Overall efficacy is eval-
uated by the reduction in tumor volume versus a suitable control [75–77]. The blood 
and major organs (e.g., liver, lungs, spleen) are harvested, and the drug and its key 
metabolites are measured to determine crucial pharmacokinetic and pharmacody-
namic parameters, including those to verify that the drug is within the therapeutic 

Fig. 9.3  The HuMiX platform, a modular microfluidics-based co-culture device [69]. (a) 
Schematic illustration of the key features of the HuMiX platform; (b) expanded view of the 
HuMiX device; (c) image of the assembled HuMiX device with the scale bar equivalent to 1 cm; 
(d) diagram of the experimental setup
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concentration, and determine where the nanoparticles/drugs accumulate (Fig. 9.4). 
Chromatographic methods, such as high-performance liquid chromatography 
(HPLC) and mass spectrum protocols, are often relied upon heavily for these PK/
PD and toxicological assessments. Although a majority of the market-available anti-
cancer drugs are delivered via intravenous administration, several nanotechnologies 
have shown promising results from oral administration. The Liu group at the 
University of Illinois at Chicago used a scalable process to generate high-drug-
loaded PLGA nanoparticles to orally deliver SR13668, a cancer-preventive com-
pound. Compared with Labrasol®, the nanoformulations helped to achieve two 
orders of higher oral bioavailability of SR13668 in mice and one order of higher 
bioavailability in beagle dogs [20, 21](Fig. 9.5). S. Bisht et al. demonstrated satis-
factory efficacy of rapamycin-loaded polymeric nanoparticles using a mouse model 
of pancreatic cancer. In vivo pharmacokinetic studies demonstrate that their nanora-
pamycin formulation had superior or equivalent serum rapamycin levels over a 24-h 

Fig. 9.4  In vivo evaluation of multicomponent microemulsions administered orally for tumor 
targeting and anti-multidrug-resistant (anti-MDR) breast cancer treatment [75]. The potent chemo-
therapeutic etoposide was co-formulated in the microemulsions with coix seed oil and ginsenoside 
Rh2 to promote synergic antineoplastic activity against aggressive, drug-resistant breast cancer. 
The emulsion system successfully targeted anti-MDR breast cancer in a nude mouse model

Fig. 9.5  SR13668 mean levels in beagle dog (a) plasma and (b) blood. Dogs were orally dosed at 
drug level of 2.8 mg/kg. Comparisons were between PLGA nanoformulation, Labrasol®, and drug 
in 0.5% methylcellulose (as the unformulated neat compound) [20]
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period compared with conventional oral rapamycin [74]. Golla et al. encapsulated 
doxorubicin into lactoferrin (polypeptide) nanoparticles and evaluated the preclini-
cal outcomes in rats grafted with a hepatic tumor. The measured outcomes were 
greatly improved in comparison to conventional doxorubicin therapy, as the cancer 
was specifically targeted by the nanoparticles [71]. O.M. Farokhzad of MIT and 
Harvard Medical School is a leader in oral delivery of nanoparticle-encapsulated 
biologic medicines, employing active transmucosal transport. Nanoparticles encap-
sulating insulin transported across the intestinal epithelium by the FcRn receptor 
had permeations in an order of magnitude greater than passively loaded nanoparti-
cles [22]. Vong and colleagues disregard transmucosal permeability and target colon 
cancer with their redox nanoparticles. Of course, colon cancer is a less formidable 
target for oral chemotherapy than other malignant neoplasms, as the drug does not 
need to exit the gastrointestinal tract to reach the tumor location. However, the drug 
must still retain its integrity in the low pH conditions of the stomach and sustained 
released in the colon. The RNPOs effectively neutralized oxygen radicals in neoplas-
tic tissue in the large intestine, leading to positive outcomes in mice. Endoscopy was 
used to evaluate experimental outcomes [73]. Recently, the clever design of nano-
capsules by Benita and colleagues, that were administered orally and used the lym-
phatic system to improve systemic circulation, led to a significant increase in 
docetaxel oral bioavailability in rats and an increase lung cancer treatment efficacy 
[78]. A similar strategy is to activate the immune response by using bacteria [79]. 
Several notable oral nanotechnologies in preclinical development for cancer and 
other indications are listed in Table 9.2.

9.7  �Decision Crossroads and Best Practices

Exponential advances in information technology and automation have engendered 
a new paradigm in drug discovery efforts, enabling high-throughput analysis of 
hundreds of thousands of compounds per day to identify leads [80]. This increase in 
productivity in the initial screening stages however does not entirely translate into 
an increased rate of efficacious drug products entering the marketplace [81]. The 
subsequent phase requires modification of the lead compound’s physicochemical 
properties in an effort to balance its solubility, bioavailability, and toxicity, without 
comprising its pharmacological activity, and often remains a formidable challenge 
to medicinal chemists, especially in the case of highly hydrophobic drugs. Further 
formulation of these poorly soluble molecules into oral dosage forms is thus pro-
hibitive with current industrial processing technologies [82]. A number of currently 
available antineoplastic agents, as well as many of the next cohorts of leads identi-
fied in screening efforts, fall into this category and thus are not economical to for-
mulate for oral administration with current industry practices [83]. Moreover, safety 
concerns relating to hepatotoxicity of orally administered chemotherapeutics have 
yet to be addressed with these conventional oral dosage formulations.
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Lipid-based and polymeric drug delivery systems are arguably the next tools in 
the oral cancer chemotherapy arsenal, with the capability to circumvent the current 
obstacles in drug formulation and development [24]. These nanotechnologies facili-
tate oral absorption by functioning as a depot for highly hydrophobic drugs, effec-
tively enhancing their solubility, delaying their metabolism, and altering their 
release kinetics. Oral nanoformulations would therefore mitigate toxicological 
issues, as smaller dosages would be required to achieve equivalent serum concentra-
tions and minimize impact on the liver. Passive and active targeting to the tumor 
location mitigates cytotoxicity without initiating undesired responses in other 
organs throughout the body. Finally, enhanced efficacy is gained through controlled 
release characteristics accomplished by intelligently tailored particle design.

Lipid nanocarriers such as liposomes, liquid crystalline nanoparticles, and solid 
lipid nanoparticles (SLNs) are at the forefront in cancer chemotherapy, predating 
other next-generation delivery systems with entrance to the market [84]. Lipid-
based delivery platforms offer several advantages over other systems requiring 
synthetic materials with their inherent biocompatibility, facile synthetic schemes, 
and potential stealth properties [33]. Nonetheless, lipid-based nanocarriers often 
lack structural integrity and stability after high dilution in the bloodstream to 
deliver therapeutic concentrations of oncolytic medicines to their targets effec-
tively [51]. Further, the majority of lipid-based nanotherapeutics approved by the 
FDA are approved for parenteral administration (Table 9.1) due to their hydropho-
bicity, with only solid lipid nanoparticles (SLNs) having the potential to be orally 
formulated [85].

Table 9.2  Some notable oral nanotechnologies in preclinical development for cancer and other 
indications

APIa Vehicle Vehicle type Indication Research group Reference

Curcumin PLGA [2] NP [3] Polymeric Opioid 
tolerance

Y. Liu et al. [18, 19]

Doxorubicin Lactoferrin NPs Proteinaceous Liver cancer A.K. Kondapi 
et al.

[71]

Insulin Fc-conjugated 
PEG-PLA [4] 
NPs

Immunopolymeric Diabetes 
mellitus

O.M. Farokhzad 
et al.

[22]

Paclitaxel Polyelectrolyte-
stabilized MLVs 
[5]

Polymer-lipid 
hybrid

Breast 
cancer

K. Thanki et al. [6, 72, 
73]

Rapamycin NMA622 NPs Polymeric Pancreatic 
cancer

A. Maitra et al. [74]

RNPO RNPO6 NPs Polymeric Colorectal 
cancer 
associated 
with colitis

Y. Nagasaki 
et al.

[73]

aActive pharmaceutical ingredient [2];poly(lactic-co-glycolic) acid [3];nanoparticle 
[4];poly(ethylene glycol)-poly(lactic acid) [5];multilamellar vesicles [6];redox nanoparticle
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Polymer-based nanovehicles have garnered considerable attention as a feasible 
alternative to lipid-based systems, enabled by the design of polymers and copoly-
mers that have received generally recognized as safe (GRAS) status from major 
regulatory bodies [86] and the development of sustainable processes that do not 
require the use of toxic organic solvents. Polymer drug delivery platforms such as 
micelles, polymersomes, and nanoparticles are kinetically and structurally stable, 
even under high shear or strain and extreme concentration dilution below their 
critical micelle concentration, therefore being more naturally suited for oral admin-
istration [52]. However, considerable uncertainty about the clinical manifestations 
that may present in human patients is hindering the approval of these platforms, 
with no such treatment approved to date. Promisingly, however, several polymeric 
nanoparticulate therapies are undergoing human clinical trials at the time of this 
writing [45].

Lipid-based and polymeric nanoparticle delivery platforms may appear transfor-
mative in their ability to treat human disease, yet questions still remain about 
whether these newly engineered technology platforms could feasibly supersede 
conventional oral chemotherapies in the future. Human clinical trials may only be 
successful for parentally administered nanoparticle formulations, as gastrointestinal 
transit may prove an insurmountable challenge. Further, the unique biology of can-
cer compared to other chronic diseases states may limit the usefulness of nanopar-
ticulate drug delivery platforms as simply alternative prophylactic regimens. 
Moreover, reproducibility and scalability of nanoparticle synthesis are essential to 
ensure the translation of fundamental research to clinical applications. However, the 
discussion in this chapter provides substantial evidence to the contrary that research-
ers have reached a tipping point in the development of a portfolio of oral nanoparticle-
based medicines. The tools currently exist to effectively transit the gastrointestinal 
tract, identify and target neoplastic tissue, and characterize its pharmacokinetics and 
pharmacodynamics. The conditions that must be fulfilled to realize adoption of oral 
nanotherapeutics for widespread clinical use are becoming more apparent every 
day: (1) scale-up and manufacturing of platforms with appropriate economies of 
scale and quality expectations are coming more into view; and (2) additional evalu-
ations relating to the safety of nanotherapeutics and the ramifications of the use of 
nanotechnologies, more broadly speaking, must still be addressed by appropriate 
regulatory bodies.

With the virtues of an abundance of nanotechnologies currently being reported 
in the literature, the path to choose the most suitable platform for specific oral 
cancer chemotherapies may seem challenging at first pass. Nonetheless, lipid-
based and polymeric drug delivery technology platforms have evolved past the 
proof-of-principle stage into clinical practice in recent years, with complementary 
attributes available to the formulation of scientist and clinician alike to ensure both 
proper medication design and effective clinical outcomes for a diverse array of 
antineoplastic compounds with varying physicochemical properties and pharma-
cological activity. Antiangiogenic peptides could be encapsulated in the hydropho-
bic core of a mucous-penetrating block copolymer nanoparticle to directly transit 
into the blood stream. Amphipathic small molecules could be incorporated into the 
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transmembrane compartment of a solid lipid nanoparticle or the phospholipid 
bilayer of a stealth liposome. These laboratory techniques function together as the 
next toolkit in fighting cancer.
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