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A B S T R A C T   

Nanomedicine involves the use of engineered nanoscale materials in an extensive range of diagnostic and 
therapeutic applications and can be applied to the treatment of many diseases. Despite the rapid progress and 
tremendous potential of nanomedicine in the past decades, the clinical translational process is still quite slow, 
owing to the difficulty in understanding, evaluating, and predicting nanomaterial behaviors within the complex 
environment of human beings. Microfluidics-based organ-on-a-chip (Organ Chip) techniques offer a promising 
way to resolve these challenges. Sophisticatedly designed Organ Chip enable in vitro simulation of the in vivo 
microenvironments, thus providing robust platforms for evaluating nanomedicine. Herein, we review recent 
developments and achievements in Organ Chip models for nanomedicine evaluations, categorized into seven 
broad sections based on the target organ systems: respiratory, digestive, lymphatic, excretory, nervous, and 
vascular, as well as coverage on applications relating to cancer. We conclude by providing our perspectives on 
the challenges and potential future directions for applications of Organ Chip in nanomedicine.   

1. Introduction 

1.1. Conventional in vitro models for the evaluation of nanomedicine and 
their limitations 

In the past two decades, there has been a surge in what is termed 
‘nanomedicine’ research, which is now culminating in considerable 
commercialization efforts globally [1]. Nanomedicine involves the use 
of nanoscale or nanostructured materials in medical applications, such 
as biosensing/bioimaging, disease diagnosis, and therapeutic delivery 
[2]. Nanomaterials have unique medical effects according to their 
structures, and the continued development of nanomedicine has the 
potential to provide numerous benefits, including improved bioavail-
ability, targeting ability, delivery efficacy, dose-response, and perso-
nalization compared to conventional medicines [3]. However, despite 
these potential benefits, essential data regarding the circulation, inter-
action, and toxicity of many nanomaterials are currently lacking, and 
there are evident challenges in terms of the safety assessment of na-
nomedicine in the human body [4,5]. To evaluate potential nanome-
dicine, animal models have been widely exploited [6]. Although animal 
models are useful for tracking the translocation of nanomedicine in 
vivo, the discrepancy in physiological responses between animals and 

humans may result in serious misunderstanding of their efficacy and 
toxicity [7]. In 2004, the US Food and Drug Administration (FDA) es-
timated that 92% of drugs that pass animal testing fail to proceed to the 
market due to efficacy and safety problems that were not predicted by 
animal tests [8]. More recent analyses suggest that, despite efforts to 
improve the predictability of animal testing, the failure rate has actu-
ally increased and is now closer to 96% [8]. Additionally, the increasing 
awareness of animal welfare has expedited efforts in generating in vitro 
human models that are more predictive of human responses, which may 
eventually replace animal models from both an accuracy as well as an 
ethical perspective [9]. 

In current in vitro studies, nanomedicine is most commonly tested 
in two-dimensional (2D) monolayer cell culture models [10]. Conven-
tional 2D cell culture relies on adherence to a flat surface (e.g., glass or 
polystyrene) to provide mechanical support for single or multiple cell 
types that are either freshly isolated from tissues (primary cells) or are 
already immortalized (cell lines). Since the beginning of last century, 
2D cell cultures have been well-established and became widespread and 
accepted by most researchers and scientists, due to their generally cost- 
effective nature and convenience for cell observation and measure-
ments [11]. Although 2D cell cultures are still used for most research, 
the flat surface is not an accurate representation of how cells grow and 
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keep their functions or how they are affected by diseases and injuries in 
nature, which in turn significantly limits their ability to recapitulate the 
appropriate levels of in vivo cellular responses [12]. For example, pri-
mary human hepatocytes are commonly used for in vitro studies of 
drug-induced liver injury [13]. However, when cultured as 2D mono-
layers, hepatocytes lose key phenotypic and hepatic characteristics 
within 7 days [14,15]. Even when various growth factors and other 
important constituents are provided in the medium in the 2D hepato-
cyte cultures, normal growth and differentiation do not occur due to the 
absence of a physiological matrix-like microenvironment [16,17]. 
Therefore, tests based on in vitro 2D cell culture models do not accu-
rately predict in vivo toxicity and other biological effects of nanome-
dicine due to the absence of crucial physiological processes, such as the 
transport of nanomedicine through cell layers when they are brought in 
contact with the tissues [18]. 

Therefore, tremendous efforts in studying the efficiency and efficacy 
of nanomedicine have shifted from using static 2D models to three-di-
mensional (3D) cell culture models, which aim to mimic in vivo cell-cell 
or cell-ECM interactions, and thus provide better biomimetic platforms 
that are more physiologically relevant and predictive than 2D cultures 
[10,19]. Results from these 3D studies demonstrate that increasing the 
dimensionality of ECM around cells from 2D to 3D can significantly 
impact cell functions, including survival, proliferation, differentiation, 
and responses [20,21]. For example, Hsiao et al. compared the anti- 
cancer effect of different drugs on prostate cancer cells and showed that 
3D-cultured cells were more resistant to 5-fluorouracil, which inhibits 
proliferation, whereas 2D cultures were more resistant to a different 
drug, tirapazamine, which is toxic in hypoxic conditions [22]. Various 
static 3D cell culture techniques have been introduced to establish in 
vivo-like conditions for the testing of nanomedicine, such as cell en-
capsulation in hydrogels [23], organoid/spheroid cultures [24–26], 
natural or customized scaffolds [27–29], and multilayered cell sheets 
[30]. However, despite providing valuable and important information, 
the static 3D method could result in rapid nanoparticle sedimentation 
due to the low rate of diffusion in static culture models, and then sig-
nificantly alter transport kinetics and nanoparticle-cell interactions 
[31,32]. Although recent advances have been achieved in organoids 
and microtissues that are structurally sophisticated and functionally 
relevant compared with native tissues and organs, the dynamic trans-
port of nanomedicine under these static conditions is still neglected 
[33–35]. Fortunately, the emerged microfluidics is an advanced tech-
nology that has been broadly applied to cell biology to develop devices 
and techniques for culturing, maintaining, analyzing, and experi-
menting with cells in dynamic microscale systems, which will be de-
scribed in the following section [36]. 

1.2. Microfluidic organ-on-a-chip (Organ Chip) as a potential solution 

Fluid flow, such as blood or interstitial flow, is crucially important 
for the functions of all tissues, with cells responding to flow through 
mechanisms such as differentiation and metabolic adaptation [37,38]. 
The microfluidic technology, developed in the 1990s, offers a unique 
opportunity for dynamic 3D cell culture, creating a platform for en-
gineering highly complex microenvironments that are controllable, 
reproducible, and optimizable [39,172]. In comparison to the static 
culture models, microfluidics permits continuous nutrient exchange, 
better oxygen perfusion, and physiological shear stress, which provide a 
better emulation of conditions in living organisms, including (1) readily 
mimicking the complex dynamic microscale 3D environments found in 
vivo; (2) ability to control features such as gas exchange, nutritional 
composition, and metabolite and waste removal; and (3) integration of 
multiple steps, such as cell culture, sampling, capture, lysis, imaging, 
and detection within a single device [40,41]. Hence, the combination of 
microfluidic technology with 3D cell culture, such as the emerging 
Organ Chip systems, offers great potential for in vivo-like tissue-based 
applications. 

An Organ Chip is a microfluidic cell culture device created with 
microchip-manufacturing methods, which contains continuously per-
fused chamber(s) inhabited by living cells arranged to simulate tissue- 
level or organ-level physiology [42]. By recapitulating the multicellular 
architectures, tissue-tissue interfaces, physiological microenviron-
ments, and vascular perfusion of the body, these devices produce levels 
of tissue and organ functionality not possible with conventional 2D or 
3D culture systems [43]. Particularly, Organ Chip provides a novel 
platform for better predictive testing of nanotherapeutics by addressing 
issues that limit the pace of clinical translation of nanomedicine 
[44–46]. One of the most distinct advantages of using Organ Chip for 
nanomedicine evaluations is precise assessment of transport and 
translocation of nanomedicine across tissue-tissue interfaces under in 
vivo-relevant shear flow, which makes a considerable difference com-
pared to the conventional methods. Other favorable features, such as 
the ability to explore the biological mechanisms of nanomedicine tar-
geting effects in real time and revealing the adverse effects of nano-
medicine via monitoring the slight changes in various parts of organs/ 
tissues, provide Organ Chip with the potential to meet the demand of 
creating a robust preclinical screening in vitro model for the evalua-
tions of nanomedicine. Due to these outstanding advantages, multiple 
companies have pursued the translation and commercialization of 
Organ Chip technology since the early 2010s, such as Emulate Inc. and 
Tissuse, as summarized in Table 1. Jodat et al. further cataloged the 
main research topics that have been reported by these companies, in-
cluding Organ Chip research and development, molecular biology, 
disease modeling, and drug development [47]. This information sug-
gests that the translation of Organ Chip for medicine evaluation is being 
investigated and further developed. 

2. Modeling physiological functions of tissues/organs by Organ 
Chip platforms 

Organ Chip models focus on the reconstitution of the 3D micro-
structures and tissue-tissue interfaces of human organs, by which they 
can also recapitulate primary physiological functions of the entire or-
gans, including homeostasis and pathophysiological responses 
[43,67,173]. Thus, in recent years, Organ Chip has been expanded ra-
pidly to encompass several organs as well as diseases, including the 
lung [68,69], liver [70,71], blood vessel [72,73], gut [74,75], heart 
[76,77], uterus [78,79], brain [80–82], bone marrow [83,84], and 
tumor/cancer [85,86], as illustrated in Scheme 1. The construction of 
these Organ Chip systems is guided by design principles based on a 
reductionist analysis of their target organs [47]. In general, the first step 
is to understand the anatomy of the target organ and reduce it to the 
basic elements essential for the physiological functions. These func-
tional units are then examined and recapitulated to identify key fea-
tures such as cell patterning, structural and architectural organizations, 
and organ-specific biophysical and biochemical microenvironments. To 
reduce or replace animal experiments and achieve more accurate and 
reliable preclinical data, the application of these Organ Chip models are 
numerous, such as developing personalized medicine, understanding 
disease etiology, and performing drug screening [87]. The final goal of 
the development of Organ Chip is personalized medicine, which helps 
researchers or doctors plan a more efficient treatment of the specimens 
and define appropriate medicines with the optimal doses for individual 
patients. Besides, Organ Chip can provide a more in-depth insight into 
disease etiology, which examines the reasons behind a disease by ap-
plying a situational microenvironment [47]. Moreover, the drugs or 
cosmetics being developed can be tested directly on Organ Chip models, 
which diminishes the development phase, reduces costs, and avoids 
adverse effects on animals and humans during the trials [88]. In par-
ticular, new microphysiological models of human organs have emulated 
physiological functions of the breathing motions in the lung, metabo-
lism and excretion in the liver, blood cleansing functions in the spleen, 
reabsorption and transport in the kidney, blood-brain-barrier (BBB) in 
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Table 1 
A partial list of companies involved in Organ Chip technologies and their selected publication from 2015 to 2020.      

Company Product Image Selected Products References  

3D Cell Culture- on-a-Chip [48] 

Standard/Triple Chamber Neuron Device [49] 

MyrPlate 
MyrScreen 

[50] 

HUMIMIC Chip2 
HUMIMIC Chip4 

[51,52] 

Liver Bio-Kit 
Intestine Bio-Kit 
Kidney Bio-Kit 

[53,54] 

ParVivo™ Microfluidic-on-a-Chip [55] 

OrganoPlate® 3-lane 
OrganoPlate® Caco-2 

[56,57] 

3D InSight™ Liver 
3D InSight™ Islet 3D InSight™ Tumor 

[58–60] 

SynTumor 
SynBBB 
SynTox 

[61] 

Multi-organ-on-a-Chip (2–4 organs) [62,63] 

Nerve-on-a-Chip [64] 

(continued on next page) 
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the brain, as well as microvascular networks and blood perfusion that 
can be used to potentially validate the efficacy, targeted delivery, 
pharmacokinetics and pharmacodynamics, functionality, and cytotoxi-
city of nanomedicine [89]. Hence, in the next section, we will discuss 
recent advancements in the development of the Organ Chip models, 
focusing on their applications for evaluating nanomedicine in a human- 
relevant manner. 

3. Organ Chip platforms for the evaluation of nanomedicine 

While the potential of converging the nanomedicine with Organ 
Chip microsystems is enormous, studying of nanoparticulates in the 
existing Organ Chip are nascent. Table 2 summarizes Organ Chip 
platforms that recapitulate different organs/tissues based on physiolo-
gical systems, and each individual system and their applications in 
nanomedicine evaluation will be introduced in the following contents, 
respectively. 

3.1. Respiratory system 

Limitation of conventional cell culture models for respiratory 
diseases. The respiratory system provides the main access point for 
nanoparticles to enter the human body [106]. In addition, the 

respiratory system is of great interest because various natural and en-
gineered nanoparticles are known to be responsible for lung diseases, 
which represents three of the top five leading causes of death globally 
[107]. Currently, most approaches in studying the pulmonary system 
are highly dependent on animal models and in vitro 2D models [108]. 
However, the results from in vitro assays do not correspond well to in 
vivo results because these simplified 2D cell culture models lack the 
complex cellular architecture (e.g., alveolar-capillary barrier) and the 
dynamic microenvironment (e.g., gas exchange) that are found in the 
living lung, which are required for organ-level functionality and gene 
expressions [109]. Therefore, there is a necessity to develop in vitro 
models that facilitate the development of new nanomedicine for re-
spiratory diseases [110]. 

The emergence of lung-on-a-chip (Lung Chip) and its applica-
tion for nanoparticulates. The seminal paper that first used the term 
of Lung Chip was introduced by Huh et al. in which a biomimetic Lung 
Chip microsystem reconstituted the alveolar-capillary barrier, the 
smallest functional unit in the lung (Fig. 1A and B) [68]. To reproduce 
this air-liquid interface, a two-channel microfluidic device based on 
polydimethylsiloxane (PDMS) was used, with a collagen-coated porous 
membrane separating alveolar epithelial cells in contact with air in the 
top channel from microvascular endothelial cells in contact with per-
fused cell culture medium in the bottom channel. Another feature of 

Scheme 1. Timeline of the development of microfluidics-based Organ Chip technology. Evolution of the field from the early concept of lung-on-a-chip pioneered by 
2010 to the more complex model of multi-organ-on-a-chip reported by 2017. 

Table 1 (continued)     

Company Product Image Selected Products References  

AXLung-on-a-Chip [65,66]    
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this Lung Chip that is not available in traditional cell culture systems 
was the inclusion of a vacuum channel alongside the fluidic channels to 
generate cyclic strains of the alveolar-capillary interface to mimic the 
physiological breathing movements. This bioinspired microdevice re-
capitulated multiple complex and physiological organ-level responses, 
including pulmonary inflammation in response to bacteria and in-
flammatory cytokines introduced into the alveolar space. In addition, 
they also mimicked airborne exposure to toxic nanomaterials by ex-
posing the epithelial cells of the Lung Chip to silica nanoparticles 
(diameter = 12 nm) for 5 h under the cyclic strains (Fig. 1C). The 
results showed that artificial respiration induced higher transport of 
nanoparticles from the epithelial to the endothelial channel and con-
sequently higher uptake by the endothelial cells (Fig. 1D). This further 
led to significantly increased intercellular adhesion molecule-1 (ICAM- 
1) expression (Fig. 1E) and augmented production of reactive oxygen 
species (ROS) (Fig. 1F), suggesting that respiration enhances the pro- 
inflammatory behavior of nanoparticles and exacerbates the develop-
ment of acute lung inflammation. The translocation behavior of the 
nanoparticles was then evaluated in a whole-mouse lung ventilation- 
perfusion model. The mouse studies confirmed that nanoparticles were 
transported across the alveolar-capillary barrier, with higher transport 
rates observed with cyclic breathing versus without, demonstrating the 
significance of using the in vitro Lung Chip model to predict physio-
logical response in vivo. These results indicated that previous evalua-
tions of nanoparticle toxicity using traditional cell culture systems 
likely underestimated the effect of the nanoparticles, especially in the 
context of lung damage after nanoparticle inhalation. This is not a 
general rule however, as the nanomaterial under consideration influ-
ences the differences in response observed. 

In a recent study, Zhang et al. compared the effects of 25-nm TiO2 

and 40-nm ZnO nanoparticles on a Lung Chip containing co-cultured 
human lung primary epithelial cells with vascular endothelial cells 
[90]. While no significant cytotoxicity was observed with TiO2 nano-
particles up to 200 μg mL−1, at the same concentration, ZnO nano-
particles caused approximately 50% apoptosis in the epithelial cells 
compared to about 5% in endothelial cells. Since the nanoparticles were 
initially in contact with the epithelial cells, it is reasonable that the 
epithelial cells experienced more severe damage, including ROS gen-
eration and apoptotic cell death, than the endothelial cells. Further-
more, it was shown that the co-culture actually inhibited nanoparticle- 
induced apoptosis, as around 90% of monocultured epithelial cells 
underwent apoptosis when treated with the ZnO nanoparticles. 

Outlook of using Lung Chip in the study of nanomedicine. In 
these pioneering Lung Chip models, nanoparticle-induced injuries on 
epithelial and endothelial cells were evaluated simultaneously under 
physiologically relevant microenvironments and stimuli within the 
context of the layered structure. It has been demonstrated that features 
such as mimicking cyclic breathing motions and cell-cell interactions 
are influential for determining nanoparticle-cell interactions. There is a 
great opportunity here beyond just toxicity testing to evaluate nano-
diagnostics and nanotherapeutics within the Lung Chip. Future en-
deavors could also focus on integrating more cell types found in the 
alveoli, such as fibroblasts and alveolar macrophages, as well as in-
cluding oxygen gradients to represent the microenvironment of the 
human lung to an even greater extent. 

3.2. Digestive system 

The digestive system, including the gastrointestinal (GI) tract, re-
presents a likely route of entry for many nanomedicine, either directly 
through intentional ingestion or indirectly by secondary ingestion of 
inhaled particles [111]. The hollow organs that make up the GI tract are 
the mouth, esophagus, stomach, small intestine, large intestine, and 
anus, while the solid organs constituting the rest of the digestive system 
are the liver, pancreas, and gallbladder. Although several of these di-
gestive organs have been recapitulated with Organ Chip, including Ta

bl
e 

2 
O

rg
an

 C
hi

p 
sy

st
em

s 
ap

pl
ie

d 
fo

r 
th

e 
ev

al
ua

tio
ns

 o
f n

an
om

ed
ic

in
e.

   
   

 

Ph
ys

io
lo

gi
ca

l S
ys

te
m

 
Re

ca
pi

tu
la

te
d 

O
rg

an
/T

is
su

e 
N

an
om

ed
ic

in
e 

(N
an

op
ar

tic
ul

at
e)

 
Ev

al
ua

tio
n 

Re
fe

re
nc

es
  

R
es

pi
ra

ti
on

 S
ys

te
m

 
Lu

ng
-o

n-
a-

ch
ip

 
Si

O
2,

 Z
nO

, T
iO

2 
St

ud
yi

ng
 o

f t
ra

ns
lo

ca
tio

n 
an

d 
in

fla
m

m
at

or
y 

eff
ec

t o
f n

an
op

ar
tic

le
s.

 
[6

8,
90

] 
D

ig
es

ti
ve

 S
ys

te
m

 
Li

ve
r-

on
-a

-c
hi

p 
(i

nt
eg

ra
te

d 
w

ith
 

in
te

st
in

e-
on

-a
-c

hi
p)

 
Ca

rb
ox

yl
at

ed
 p

ol
ys

ty
re

ne
 (

PS
) 

Si
m

ul
at

io
n 

of
 li

ve
ry

 in
ju

ry
 fr

om
 in

ge
st

ed
 n

an
op

ar
tic

le
s 

ca
us

ed
 b

y 
ga

st
ro

in
te

st
in

al
 t

ra
ct

 a
nd

 li
ve

r 
tis

su
e 

cr
os

st
al

k.
 

[9
1]

 

Ly
m

ph
at

ic
 S

ys
te

m
 

Sp
le

en
- o

n-
a-

ch
ip

 (
a 

bi
os

pl
ee

n 
de

vi
ce

) 
M

ag
ne

tic
 n

an
ob

ea
ds

 
Cl

ea
ni

ng
 p

at
ho

ge
ns

 fr
om

 t
he

 b
lo

od
 o

f s
ep

si
s 

pa
tie

nt
s 

by
 u

si
ng

 o
ps

on
in

- 
co

at
ed

 n
an

ob
ea

ds
. 

[9
2]

 

Ex
cr

et
or

y 
Sy

st
em

 
Ki

dn
ey

-o
n-

a-
ch

ip
 

PS
 

M
on

ito
ri

ng
 o

f i
n 

si
tu

 k
id

ne
y 

in
ju

ry
 v

ia
 in

co
rp

or
at

ed
 n

an
op

ar
tic

le
s 

th
at

 
in

tr
od

uc
ed

 a
s 

an
 im

ag
in

g 
ad

ju
va

nt
. 

[9
3]

 

N
er

vo
us

 S
ys

te
m

 
Bl

oo
d–

br
ai

n 
ba

rr
ie

r 
(B

BB
)-

on
-a

-c
hi

p 
A

ng
io

pe
p-

2 
lip

os
om

es
, g

H
62

5-
fu

nc
tio

na
liz

ed
 P

S 
Ev

al
ua

tio
n 

of
 th

e 
effi

ci
en

cy
 o

f n
an

op
ar

tic
le

s 
pe

ne
tr

at
io

n 
by

 B
BB

. 
[9

4–
96

] 
V

as
cu

la
r 

Sy
st

em
 

Va
sc

ul
ar

-o
n-

a-
ch

ip
 &

 V
as

cu
la

r-
Tu

m
or

- 
on

-a
-c

hi
p 

Po
ly

 (
la

ct
ic

-c
o-

gl
yc

ol
ic

 a
ci

d)
 (

PL
G

A
), 

tis
su

e 
pl

as
m

in
og

en
 a

ct
iv

at
or

 (
tP

A
)-

co
at

ed
 

PL
G

A
, a

nt
ib

od
y-

co
at

ed
 P

S,
 fu

nc
tio

na
liz

ed
 li

po
so

m
es

. 
Va

lid
at

io
n 

of
 e

xt
ra

va
sa

tio
n,

 ta
rg

et
in

g 
sp

ec
ifi

ci
ty

, a
nd

 a
cc

um
ul

at
in

g 
of

 
na

no
pa

rt
ic

le
s.

 
[9

7–
10

1]
 

Tu
m

or
/C

an
ce

r 
Tu

m
or

/C
an

ce
r-

on
-a

-c
hi

p 
G

ol
d 

na
no

pa
rt

ic
le

s 
(A

u)
, P

EG
yl

at
ed

 A
u,

 c
ad

m
iu

m
 t

el
lu

ri
de

 (
Cd

Te
)/

A
u,

 
fu

nc
tio

na
liz

ed
 li

po
so

m
es

. 
Ev

al
ua

tio
n 

of
 th

e 
effi

ci
en

cy
 o

f t
ar

ge
tin

g,
 tr

an
sp

or
t, 

an
d 

ac
cu

m
ul

at
io

n 
of

 
na

no
pa

rt
ic

le
s.

 
[1

02
–1

05
] 

 

X. Chen, et al.   Bioactive Materials 6 (2021) 1012–1027

1016



stomach-on-a-chip (Stomach Chip) [112], small-intestine-on-a-chip 
(Intestine Chip) [113] or gut-on-a-chip (Gut Chip) [74,114], and pan-
creas-on-a-chip (Pancreas Chip) [115], only the liver-on-a-chip (Liver 
Chip) integrated with Intestine Chip has been specifically used for the 
study of nanomedicine so far [91]. 

Limitation of conventional cell culture models for liver dis-
eases. The liver is the largest internal organ and gland in the human 
body and maintains a broad spectrum of vital functions, including drug 
metabolism and excretion [116]. Hepatocytes are the predominant cell 
type in the liver, which are epithelial cells that perform essential roles 
in metabolic, endocrine, and secretory functions of the body [117,118]. 
While the liver is important for performing these vital functions, it is 
also highly vulnerable to drug-induced damages [119]. Consequently, 
drug hepatotoxicity is one of the main concerns in identifying new 
medicines, making the ability to model hepatotoxicity highly crucial for 
the development of novel drug delivery systems [120]. Many studies 
have used hepatocytes as an in vitro model to investigate various liver 

functions [120,121]; however, isolated hepatocytes generally dediffer-
entiate when cultured in traditional 2D monolayers, resulting in the loss 
of phenotype and function [122]. This loss of morphology and function 
often causes failure to detect metabolism-mediated hepatotoxicity of 
medicine in vitro [123]. 

The emergence of Liver Chip and its application for nano-
particulates. The first Liver Chip model can be traced back to the last 
decade, with a microfluidic 3D Liver Chip designed primarily for drug 
toxicity screening [124,125]. For example, while not a pure “Organ 
Chip” model in the sense that the model only contained hepatocytes 
and no cell-cell interactions, Toh et al. demonstrated that a 3D micro-
fluidic primary hepatocyte model was able to successfully maintain 
functional hepatocytes over a period of 72 h and also yield half-max-
imal inhibitory concentration (IC50) values that correlated well with in 
vivo median lethal concentration (LC50) toxicity data for different he-
patotoxic drugs [126]. More recently, Du et al. developed a co-culture 
Liver Chip system integrating four major types of liver cells, including 

Fig. 1. An example of Lung Chip application in nanomedicine: the study of nanoparticle translocation and inflammatory effects. (A) Schematic of the Lung Chip 
integrated with mechanical stretching and an air-liquid interface. (B) Confocal image of the tissue-tissue interface consisting of a single layer of the alveolar 
epithelium (green) closely opposed to a monolayer of the microvascular endothelium (red), which express intercellular junctional structures that are visualized with 
antibodies to occludin or VE-cadherin. (C) Illustration of nanoparticle translocation across the alveolar-capillary interface of the lung. (D) Application of mechanical 
strain increased the rate of nanoparticle translocation across the alveolar-capillary interface compared with static controls or a transwell culture system. (E) 
Physiological mechanical strain and silica nanoparticles synergistically upregulate ICAM-1 expression. (F) Alveolar epithelial cells increased ROS production when 
exposed to silica nanoparticles in conjunction with cyclic strain, whereas nanoparticles or strain alone did not affect intracellular ROS levels. Reproduced from Ref. 
[68]. Copyright 2010 ©American Association for the Advancement of Science. 

Fig. 2. An example of Liver Chip and Intestine Chip 
application in nanomedicine: simulation of enhanced 
livery injury from ingested nanoparticles caused by 
GI tract and liver tissue cross-talk. Schematic of the 
(A) silicon chip with liver chamber and (C) GI tract 
module of the Body Chip system, and (B) the corre-
sponding physiologically based pharmacokinetic 
modeling of the entire system. Cell culture medium 
was recirculated through both an apical circuit 
(green arrows) and a basolateral (systemic) circuit 
(black arrows). (D) Carboxylated polystyrene nano-
particles were added to the apical circuit at varying 

concentrations, and mean concentrations of AST released into systemic circulation were measured. Reproduced from Ref. [91]. Copyright 2014©Royal Society of 
Chemistry. 
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sinusoidal endothelial cells, Kupffer cells, hepatic stellate cells, and 
hepatocytes, into two adjacent channels separated by a permeable 
membrane, resulting in a microsystem recapitulating the key structures, 
configurations, and functions of the liver sinusoid [127]. As further 
consideration for nanoparticle toxicity evaluations in the digestive 
system, Esch et al. applied the Liver Chip in combination with an In-
testine Chip (Fig. 2B) [91]. The liver compartment was represented 
using HepG2/C3A (hepatocellular carcinoma) cells cultured in a silicon 
chip between plexiglass layers (Fig. 2A), while the intestine was re-
capitulated using a co-culture of Caco-2 (colon carcinoma) and HT29- 
MTX (mucus-secreting colon epithelia) cells (Fig. 2C). The results 
showed that when only the liver compartment was exposed to 50 nm of 
carboxylated polystyrene nanoparticles, the HepG2/C3A cells released 
aspartate aminotransferase (AST), an indicator of sublethal cellular 
injury to the liver tissue (Fig. 2D). Interestingly, this phenomenon was 
exacerbated when the intestine compartment was linked upstream to 
the liver compartment via microfluidic channels to simulate first-pass 
metabolism, even though they also demonstrated that the Intestine 
Chip reduced nanoparticle exposure in the Liver Chip. 

Outlook of using Liver Chip and liver-integrated multi-organ- 
on-a-chip (Multi-Organ Chip) in the study of nanomedicine. The 
above demonstrated that multi-organ in vitro devices are essential 
platforms for assessing nanomedicine toxicity, allowing the identifica-
tion of feedback mechanisms where nanomedicine metabolism in the 
liver can affect the toxicity and/or efficacy of nanomedicine in other 
organ systems and vice versa. Therefore, Multi-Organ Chip and body- 
on-a-chip (Body Chip) platforms combining different organs are needed 
to investigate the interactions between multiple tissues following na-
nomedicine exposure. Although some investigations have shown proof- 
of-concept applications using Multi-Organ Chip systems consisting of 
immortalized cell lines [128,129], future endeavors must transition to 
primary cells, which can provide a more realistic physiological micro-
environment for understanding nanomedicine delivery and effects. 

3.3. Lymphatic system 

The lymphatic system consists of vessels, lymph nodes, and organs 
like the spleen, tonsils, and thymus gland. Delivery of medicine via the 
lymphatic system has several advantages, such as circumventing the 
first-pass metabolism in the liver and targeting drugs to diseases that 
spread through the lymphatic system [130]. Although lymph-node-on- 
a-chip is an established model and small molecule delivery to lymph 
nodes for improved immunotherapeutic treatments has attracted great 
attention [130,131], it has not yet been used as a platform for the study 
of nanomedicine. Alternatively, microfluidic devices recapitulating 
spleen functions, spleen-on-a-chip (Spleen Chip), have been applied in 
the field of nanomedicine. 

The emergence of Spleen Chip and its application for nano-
particulates. Some initial work in designing a Spleen Chip was per-
formed by Rigat-Brugarolas et al. [132]. In their design, they created a 
microengineered device to mimic the hydrodynamic forces and the 
physical properties of the splenon, the minimal functional unit of the 
red pulp, whose primary function is blood filtration. Although no spleen 
cells were cultured within the device, blood filtration was achieved 
purely based on fluid dynamics. They were able to distinguish human 
red blood cells (RBCs) and malaria-infected cells by demonstrating that 
infected RBCs were significantly more deformable than non-infected 
RBCs in their device, therefore providing the capacity for diagnostics 
directly through reproducing physiological conditions and observing 
the mechanical properties of cells within their chip. 

The spleen is sometimes not enough to be able to completely remove 
pathogens on its own, especially when people are critically ill or have 
received traumatic injuries, which could result in potentially fatal sepsis 
[133]. To avert such an outcome in those situations, a microfluidic 
artificial spleen device has been invented to cleanse pathogens from the 
blood of sepsis patients, as shown in Fig. 3 [92]. In the device, to 

remove pathogens from blood, magnetic nanoparticles were employed 
and functionalized with mannose-binding lectin (MBL), a human blood 
opsonin that binds a wide variety of pathogens, such as bacteria, 
viruses, parasites, fungi, and toxins. Fig. 3A illustrates the designing of 
antibody fragments (FcMBL) through genetic engineering that retains 
the generic opsonin MBL's carbohydrate-recognition domain (CRD) and 
functionalizing magnetic nanobeads (diameter = 128 nm) with them 
through biotin-streptavidin interactions to produce magnetic opsonins. 
These opsonin-coated magnetic beads could capsulate various patho-
gens, such as bacteria Staphylococcus aureus (S. aureus) and Escherichia 
coli (E. coli) (Fig. 3B). On the other hand, the microfluidic device con-
tains the architectural ingenuity of the spleen by incorporating a high- 
flow vascular arterial channel perfused with contaminated whole blood, 
a parallel low- or intermittent-flow venous sinusoid channel, and open 
slits interconnecting the two, which mimics the arterial red-pulp cord 
and venous systems that are separated by sinusoid slits (Fig. 3C). After 
mixing the magnetic nanobeads with contaminated blood and flowing 
the nanobead/blood mixture through the microchannels embedded in 
the chip, magnetic separation resulted in the removal of the pathogens 
through the venous sinusoid channel, leaving cleansed blood in the 
arterial channel. It was demonstrated that this artificial device could 
efficiently remove multiple Gram-negative and Gram-positive bacteria, 
fungi and endotoxins from whole human blood flowing through a single 
biospleen unit at up to 1.25 L per h in vitro. 

Outlook of using Spleen Chip in the study of nanomedicine. In 
the future, it would be interesting to examine the role of the biological 
cell components of the spleen in homeostatic and pathological filtration 
processes. Additionally, since the inter-endothelial slits in the human 
spleen are approximately 200 nm, nanoparticles larger than 200 nm are 
expected to accumulate in the spleen [134,135]. There is, therefore, an 
opportunity to investigate the behavior of deformable nanoparticles 
and also to achieve a more comprehensive understanding of the inter-
actions of accumulated nanoparticles with the spleen using dynamic 
chip models. 

3.4. Excretory system 

The human kidney is the main excretory organ that is exposed to 
drugs, and it is comprised of multiple cell types, including glomerular 
vascular endothelial cells and podocytes, performs many vital func-
tions, including endocrine functions and cellular metabolism, and 
possesses a variety of critical structural components, including precisely 
arranged renal tubular segments and transcellular electrochemical and 
osmotic pressure gradients [136,137]. In particular, the epithelial cells 
of the proximal renal tubules in the kidney are the most susceptible 
targets for nanomedicine due to their capacity for drug metabolism 
[138]. 

The emergence of Kidney-on-a-chip (Kidney Chip). The Ingber 
Lab has created a Kidney Chip that mimics the in vivo renal tubular 
environment using human proximal tubular cells [139]. Under dynamic 
flow conditions mimicking living kidney tubules, superior primary cilia 
formation, epithelial cell polarization, albumin transport, glucose re-
absorption, and brush border alkaline phosphatase activity were ob-
served compared to cells cultured under static conditions. Additionally, 
the dynamic conditions revealed that exposure to apical fluid shear 
stress is important for facilitating cell recovery from cisplatin-induced 
damage and enhances P-glycoprotein (Pgp) efflux transporter activity, 
two features observed in vivo that are not reflected in conventional cell 
culture models. Hence, the human Kidney Chip is a platform that can 
meet the demand for mimicking human drug clearance and metabolism 
through precise control of drug concentrations and fluid flow rates 
[140]. 

Tracking nephrotoxicity using nanoparticulates upon Kidney 
Chip. To date, investigations of nanotherapeutic applications using the 
Kidney Chip have yet to be reported. Nevertheless, there has been one 
study in which nanoparticles were introduced as an imaging adjuvant 
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Fig. 3. An example of Spleen Chip application in 
nanomedicine: a biospleen device for blood 
cleansing. (A) Scheme for designing of magnetic 
nanobeads for pathogen capture. (B) Pseudocolored 
scanning electron micrographs showing multiple 
magnetic beads bound to the bacteria S. aureus and 
E. coli. (C) Schematic of a venous sinus in the red 
pulp of the spleen (left), longitudinal view of the 
biospleen (right), and a photograph of the en-
gineered device (top right). Reproduced from 
Reference [92]. Copyright 2014©Nature Publishing 
Group. 

Fig. 4. The incorporation of nanoparticles into 
Kidney Chip enables in situ monitoring of ne-
phrotoxicity. (A) Schematic illustration of ne-
phrotoxicity detection using nanoparticle-based 
strategy. (B) In situ monitoring Kidney Chip by a 
smartphone-based fluorescence microscope. 
Reproduced from Reference [93]. Copyright 
2016©Elsevier B·V. 
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for kidney injury [93]. γ-Glutamyl transpeptidase (GGT) is a protein 
presented on the apical membrane of proximal tubular cells (786-O) 
that is released upon cytotoxic insult. Therefore, introducing 500-nm 
fluorescent polystyrene nanoparticles conjugated with anti-GGT anti-
bodies within the apical channel provided tracking capabilities of drug- 
induced nephrotoxicity due to agglutination of the nanoparticles upon 
immunocapture of released GGT, corresponding to increased fluores-
cence measured in the outflow (Fig. 4A). Interestingly, A smartphone- 
based fluorescence microscope was integrated as a handheld mon-
itoring device attached to the chip (Fig. 4B), which provided a novel 
groundbreaking tool to enable the internal and external monitoring of 
the Kidney Chip. As such, this nanoparticle-based strategy overcomes 
the challenge of assessing cellular responses during chip experiments in 
a quick, real-time, non-disruptive, and in situ manner. 

Outlook of using Kidney Chip in the study of nanomedicine. In 
recent years, highly sophisticated Kidney Chip platforms have been 
further developed using strategies such as 3D (bio)printing and induced 
pluripotent stem cells (iPSC)-derived podocytes [136,141]. As novel 
developments in Kidney Chip technology arise to integrate additional 
cell types and functions, there is an opportunity for more comprehen-
sive research regarding the clearance of nanoparticles, particularly 
those smaller than 10 nm in diameter that will experience rapid 
clearance by the kidney [142], as well as the metabolism of drugs and 
nanomedicine, such that renal excretion and metabolism are not 
overlooked [143]. 

3.5. Nervous system 

The development of new delivery strategies to penetrate the BBB 
has become a crucial goal of nanomedicine in treating the brain par-
enchyma [144,145]. The BBB is composed of tight junctions formed by 
brain endothelial cells lining the cerebral microvasculature, and it plays 
a vital role in maintaining homeostasis and protecting the brain from 
foreign substances; however, it also limits the accessibility of beneficial 
compounds [146]. A major issue that hinders the development of na-
notherapeutics specifically targeted to the brain is the lack of reliable in 
vitro BBB models that mimic in vivo conditions and provide accurate 
predictions of nanomedicine transport and efficacy [147]. 

The emergence of BBB Chip and its application for nanoparti-
culates. The initial work in designing a BBB Chip was reported by Griep 
et al., using the human brain endothelial cell line hCMEC/D3 [81]. In 
their design, the BBB function was modulated straightforwardly by 
stimulation with shear stress, followed by exposure to the inflammation 
cytokine Tumor necrosis factor alpha (TNF-α). The results showed that 
the immortalized hCMEC/D3 cells could be cultured for up to 7 days in 
the BBB chip, and expressed BBB characteristics over time. Recently, 
Papademetriou et al. constructed a microfluidic BBB model (Fig. 5E) to 
evaluate binding and internalization by brain endothelial cells, as well 
as subsequent BBB penetration, of angiopep-2-coupled liposome nano-
carriers (Ang2-Liposomes) [94]. Angiopep-2 is a peptide ligand of low- 
density lipoprotein receptor-related protein 1 (LRP1), and as such, 
confers the ability for the liposomes to shuttle across the BBB by uti-
lizing LRP1 receptors on the luminal surface of the brain endothelial 
cells (Fig. 5A). Intriguingly, angiopep-2 conjugation not only sig-
nificantly improved their binding compared to unconjugated liposomes, 
the efficiency of internalization and penetration was also regulated by 
the rate of flow. Ang2-Liposomes were internalized efficiently by brain 
endothelial cells under conditions of static flow or a lower fluid shear 
stress at 1 dyne cm−2 (Fig. 5B), while binding was reduced at a higher 
fluid shear stress, 6 dyne cm−2 (Fig. 5C). On the other hand, penetra-
tion of the BBB by Ang2-Liposomes was much more effective with ap-
plied shear stress, either at 1 dyne cm−2 or 6 dyne cm−2, rather than 
with static incubation (Fig. 5D). Their work highlights the relevance of 
dynamic flow for nanoparticle behavior within BBB in vitro models. 
Likewise, Falanga et al. developed a microfluidic BBB model to study 
the interaction of polystyrene nanoparticles coated with gH625, a virus- 
derived shuttling peptide, with brain endothelial cells in the dynamic 
flow conditions [95]. Their results demonstrated that these gH625- 
functionalized nanoparticles are an efficient platform for delivery to the 
brain, paving the way for future applications of peptide-mediated na-
nomedicine delivery to the BBB. However, it is crucial to consider that 
the two previous examples only utilized the mouse cerebral endothelial 
cell line bEnd.3, to model the BBB. Therefore, they are not human- 
specific models and likely do not reconstitute in vivo barrier strength. 

Recently, Park et al. published a method to use hypoxic conditions 
to enhance the barrier function of human iPSC-derived brain 

Fig. 5. An example of BBB Chip application in nanomedicine: evaluation of binding, internalization, and penetration of Ang2-Liposomes. (A) Left: schematic of the 
microfluidic BBB model and experimental design. Brain endothelial cells (bEnd.3) were grown in the upper channel of the device to enable barrier formation. Ang2- 
Liposomes were then added to the upper channel and incubated under static conditions or in the presence of flow, while the lower channel was kept static. Right: 
cartoon of the Ang2-Liposomes. Angiopep-2 was conjugated to the end of polyethylene glycol (PEG) chains. (B) Total binding of Ang2-Liposomes or non-functio-
nalized liposomes in static fluid was visualized (upper row). Ang2-Liposomes binding to brain endothelial cells after incubation in static fluid or in the presence of 
flow (lower row). Cell nuclei were labeled in blue, while liposomes were labeled in red. (C) Internalization of Ang2-Liposomes in the presence of flow (D) Penetration 
of Ang2-Liposomes incubated in static fluid or the presence of flow. (E) Reproduced from Ref. [94]. Copyright 2018©Public Library of Science. 
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microvascular endothelial cells, a method in which trans-endothelial 
electrical resistance (TEER) values two orders of magnitude higher than 
previously reported could be achieved for up to a week [96]. Ad-
ditionally, the endothelial cells were interfaced with primary human 
pericytes and astrocytes, which has been shown to be necessary for 
neurovascular function and inflammation, and the cells expressed high 
levels of functional efflux pumps, which allowed selective transcytosis 
of peptides and antibodies in a manner corresponding to previous in 
vivo observations [148]. The promise of this model for nanomedicine 
was demonstrated with a proof-of-concept experiment that 20-nm 
quantum dots conjugated with angiopep-2 were successfully shuttled 
across the BBB on the chip. 

Outlook of using BBB Chip in the study of nanomedicine. As we 
achieve more advanced biomimetic models, future studies could inform 
the design of nanoparticle-based therapies with proper physicochemical 
properties that enable efficient binding and internalization by brain 
endothelial cells in the presence of dynamic flow, while maximizing 
BBB penetration [94]. Concurrently, we can investigate the behavior of 
the nanoparticles, how they interact with the constituents of the BBB, 
whether they have any inflammatory or toxic effects, and whether they 
influence neurovascular functions. 

3.6. Vascular system 

Intravenous injection is a common drug administration route be-
cause it is the most reliable method for systemic drug delivery, allows 
for 100% bioavailability, and bypasses efflux pumps and first-pass 
metabolism. Furthermore, no matter the route of administration, drugs 
and nanoparticles generally enter systemic circulation during distribu-
tion and clearance. It is, therefore, important to study the interactions 
of nanomedicine with the vasculature and consider vascular transport 
and toxicity [149]. 

The emergence of Vascular Chip and its application for nano-
particulates. One of the initial Vascular Chip was reported by Zheng 
et al., which was termed as a microfluidic flow stretch chip [150]. Their 
model chip could deliver fluid shear stress and cyclic stretch 

simultaneously or independently to vascular cells to mimic the hemo-
dynamic microenvironment of the blood vessel in vivo. Hence, a key 
aspect of in vitro vascular models that use microfluidic systems is their 
ability to mimic the influence of shear stress, which is a primary factor 
in many aspects of vascular interactions and formation [151]. Shear 
stress is particularly crucial for nanoparticle delivery as it affects en-
docytic uptake of nanoparticles by endothelial cells [152]. Volkov et al. 
demonstrated that this shear stress effect was in fact even more critical 
than other factors that govern nanoparticle uptake, including treatment 
with mild detergents to increase permeability and treatment with TNF- 
α to increase endothelial cell activation, and the maximal uptake was 
registered at a relatively low shear stress of 0.05 Pa [153]. 

Aside from nanoparticle-endothelial cell interactions, another ben-
efit of utilizing microfluidic models is their ability to validate the po-
tential of shear-responsive nanoparticles for targeting and treating ob-
structed blood vessels (Fig. 6A) [97]. In this example, microscale 
aggregates of nanoparticles were created as thrombolytic delivery sys-
tems that were selectively delivered to regions of obstructed flow and 
then broken up into nanoscale components when exposed to abnor-
mally high fluid shear stress, consequently concentrating and releasing 
drug specifically at the sites of thrombosis (Fig. 6B). These nano-
particles coated with tissue plasminogen activator (tPA) were able to 
rapidly dissolve preformed fibrin clots inside the microfluidic channel. 
This in vitro observation was then validated in an ex vivo mouse pul-
monary embolism model, where a 100-fold lower dose of the shear- 
sensitive nanoparticle system was able to achieve the same lysing effect 
as free tPA. This microfluidic vascular stenosis model illustrates how 
nanoengineering approaches inspired by pathophysiological mechan-
isms can be used to develop safer and more effective therapeutic stra-
tegies. 

As demonstrated above, on-chip vascular models are relevant when 
considering targeting vascular diseases using nanomedicine. They 
could, in turn, also contribute to the rational design of the ideal phy-
sicochemical properties of nanomedicine [154]. For example, Namdee 
et al. studied the differences in the accumulation of micro- and nano- 
sized spheres inside microchannels and observed that microspheres 

Fig. 6. An example of Vascular Chip application in 
nanomedicine: validation of the potential of shear- 
responsive nanoparticles for targeting and treating 
obstructed blood vessels. (A) Scanning electron mi-
crographs of the microscale (~2–5 mm) shear-acti-
vated nanotherapeutics (SA-NTs) (left) and the poly 
(lactic-co-glycolic acid) (PLGA) nanoparticles 
(~180 nm) used to produce them (right). (B) 
Pathological shear-induced dissociation of SA-NTs 
and nanoparticle targeting under hemodynamic 
conditions in the microfluidic device. (1) A micro-
fluidic vascular stenosis model showing how SA-NTs 
(large spheres) remain intact in the pre-stenotic re-
gion but then break up into individual nanoparticles 
(small spheres) when they flow through a constric-
tion (90% lumen occlusion), which then accumulate 
in the endothelial cells lining the bottom of the 
channel. (2) A photograph of the PDMS-based mi-
crodevice that mimics vascular stenosis. (3) 
Computational fluid dynamics simulations of the 
microfluidic device shown in (2) demonstrating that 
a physiological level of inlet shear rate from the 
constriction increases to a pathological level in the 
post-stenotic region. Reproduced from Refs. [97]. 
Copyright 2012©American Association for the Ad-
vancement of Science. 
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tended to localize more to the margins when compared to nanospheres 
[98]. This effect of size on accumulation, as well as hemodynamics and 
hemorheology, should be taken into account when designing nanome-
dicine targeted for vascular diseases and cancer. Moreover, some stu-
dies have highlighted the effect of particle shape on adhesion to mi-
crofluidic channel walls. In the case of an endothelialized channel, rod- 
shaped nanoparticles generally have higher targeting specificity and 
lower non-specific accumulation compared to sphere-shaped nano-
particles in these microfluidic models [99]. These observations were 
additionally corroborated by mouse experiments, which confirmed the 
shape-induced enhancement of vascular targeting in the lungs and 
brain under in vivo physiological conditions. 

Outlook of using Vascular Chip in the study of nanomedicine. 
In summary, blood vessels are important to model due to their role in 
connecting the various other organs in the body and their contribution 
to the transport dynamics and kinetics of nutrients, oxygen, hormones, 
and nanomedicine. In this regard, future studies should incorporate the 
vasculature into other Organ Chip microfluidic models to mimic phy-
siologically appropriate responses. Indeed, some studies have already 
pioneered the vascular-integrated Cancer Chip for nanomedicine eva-
luation [100,101]. For example, to mimic the tumor microenvironment 
and study nanoparticle extravasation through leaky tumor vasculature, 
Wang et al. linked a Vascular Chip in combination with a Cancer Chip 
[101]. The vascular structure with selective permeability was re-
presented using human umbilical vein endothelial cells (HUVECs) cul-
tured in the top channel of a PDMS chip, while the cancer was re-
capitulated using 3D tumor spheroids composed of SKOV3 (human 
ovarian cancer) cells in the bottom channel. The results showed that the 
vascular-tumor-on-a-chip model is capable of monitoring nanoparticle's 
extravasation and then tumor accumulation for hours up to days, sug-
gesting that this combined model enable a more in-depth understanding 
about how nanoparticles take advantage of the enhanced permeability 
and retention effect and facilitate better prediction of the transport 
efficacy of nanoparticle formulations. 

3.7. Tumor microenvironment 

The tumor microenvironment (TME) is the environment around a 
tumor, and it is a hierarchical assembly of blood vessels, multiple cell 
types, signaling molecules, and ECM [155]. Such complexity can be 
partially recapitulated using the concept of Organ Chip platforms by 
replacing healthy cells and associated ECM with those of tumor or 
cancer origins; thus, tumor/cancer-on-a-chip (T/C Chip) models have 
been developed, including cancer cell intravasation/extravasation chip 
and orthotopic/metastatic cancer chip [68,156–158]. Besides, as a 
preclinical model, T/C Chips mimic the in vivo tumor architecture and 
dynamic flow conditions, which are essential factors for studying the 
interaction between nanomedicine and tumor cells [46,100,105]. 

The T/C Chip and its application for nanoparticulates. Various 
prototype T/C Chip platforms have been developed for nanoparticle 
testing [159]. Yang et al. developed a breast T/C Chip using MCF-7 
breast cancer cells and primary adipose-derived stromal cells for the 
evaluation of the efficiency of photodynamic therapy (PDT) with 
therapeutic agents, gold nanoparticles, under various irradiation con-
ditions [102]. The results indicated that breast cancer cells in a 3D 
microfluidic culture environment exhibited more resistance to nano-
particle-based PDT than those in monolayer culture, demonstrating the 
suitability of the T/C Chip model for greater outcome reliability and 
physiological accuracy. In another study, Albanese et al. also custo-
mized a breast T/C Chip platform to investigate the transport behavior 
of PEGylated gold nanoparticles through tumor-like spheroids of the 
human melanoma cell line, MDA-MB-435, that have been immobilized 
in a PDMS-based chip (Fig. 7A) [103]. As have been observed in other 
studies [160,161], nanoparticle diameter (Fig. 7B) and surface func-
tionalization (Fig. 7C and D) significantly affect their accumulation 
around the tumor site. In addition, the flow conditions in the TME also 

had a dramatic influence on nanoparticle accumulation. At a lower 
interstitial flow rate of 50 μL per h, the nanoparticles only accumulated 
in the periphery and failed to reach the tissue interface, while at a 
higher flow rate of 450 μL per h, the nanoparticles were able to accu-
mulate to a greater extent both at the outer layer as well as within the 
tissue. However, Ran et al. showed an opposite trend for nanoparticle 
accumulation using a human ovarian T/C chip model, where lower flow 
rate of 0.25 μL per min resulted in improved anticancer efficacy of 
functioned liposomes [105]. Interestingly, they also demonstrated that 
the tumor spheroid size could influence the treatment outcome, in 
which smaller sized (200 μm) tumor spheroids showed a higher treat-
ment efficacy compared to larger ones (250 and 300 μm). 

Outlook of using T/C Chip in the study of nanomedicine. Aside 
from testing the behavior and effect of nanoparticles on T/C models, it 
is important to consider toxicity effects on healthy tissues as well [162]. 
For example, Kotov et al. tested the effect of cadmium telluride/gold 
nanoparticles on a liver T/C model assembled with HepG2 hepatocel-
lular carcinoma cells and demonstrated their toxicity to these tumor 
cells, but the toxicity to healthy liver tissue was not assessed [104]. 
Therefore, to unveil potential adverse effects of a nanomedicine while 
assessing its therapeutic efficacy, such as potential instigation of me-
tastasis, future studies could connect T/C Chip containing cells from 
tumorous/cancerous tissues with healthy Organ Chip that are physio-
logically downstream [101]. Another consideration is the effect of other 
TME factors on the behavior of tumor cells. For example, it has been 
demonstrated that breathing motions suppress lung cancer growth and 
response to therapy in an orthotopic lung T/C Chip model in which 
H1975 human non-small-cell lung cancer cells were co-cultured with 
primary alveolar epithelial and endothelial cells [163]. These results 
matched the unique growth patterns and clinical responses to therapy 
observed in human patients. Cell-cell interactions were also shown to 
be critical determinants of tumor growth, as co-culture of H1975 with 
alveolar epithelial cells alone enhanced cancer cell growth, while co- 
culture with lung microvascular endothelial cells alone suppressed cell 
growth. Therefore, tumor activity and growth are highly dependent on 
both the mechanical and biological microenvironment, and evaluation 
of nanomedicine in T/C Chip models should take into account factors 
such as cyclic strain and cellular interactions, in both orthotopic as well 
as metastatic environments. 

4. Challenges and conclusions of Organ Chip for the evaluation of 
nanomedicine 

As an emerging candidate for in vitro screening of nanomedicine, 
Organ Chip is being developed with increasing complexity that allows 
direct control of biomechanical, biochemical, and biophysiological 
microenvironmental cues, which have already demonstrated their va-
lues and potentials for recapitulating key physiological conditions and 
characteristics that are not present in other in vitro systems. In the case 
of nanomedicine evaluations, we have seen several such examples. As 
introduced, in previous sections, the Lung Chip model demonstrated 
that damage from nanoparticles is strongly influenced by breathing 
motions and as a result, traditional cell culture systems likely have 
underestimated their effects. Similarly, the flow rate built in the BBB 
Chip model is found to be an essential regulator of the penetration of 
nanomedicine. Therefore, it is believed that there is a great opportunity 
to obtain more undiscovered information and immense value of nano-
medicine by applying the Organ Chip technology. 

However, despite the great promise, creating Organ Chip systems 
for nanomedicine evaluations is not a simple process, with a number of 
challenges to overcome. (1) While 3D Organ Chip systems represent 
higher levels of tissue organization, they still only embody some aspects 
of the real tissues, with some other tissue functions not being re-
presented [164]. It is critical to consider what minimum functioning 
units are required to address specific applications for nanomedicine 
evaluations. (2) Using individual Organ Chip platforms limits the range 

X. Chen, et al.   Bioactive Materials 6 (2021) 1012–1027

1022



of applications to a specific organ's functions. For systemic investigating 
of nanomedicine, reproducing the architectural complexity of human 
tissues and organs in a miniaturized fashion and interconnecting them 
in the right arrangement is a representative challenge. There have been 
recent advancements in constructing Body Chip or Multi-Organ Chip 
platforms, but more characterizations are still needed before they can 
be widely and accurately applied [91,128,129]. Similarly, building 
multiple experimental units arrayed on a single chip to achieve large(r)- 
scale, high (er)-throughput screening and analysis is also a challenge 
[165]. (3) While efforts are already underway to integrate biosensors 
within Organ Chip, this technique is facing many challenges [114,166]. 
One of the major challenges is to achieve real-time and continuous 
(e.g., more than a week) sensing and monitoring of the biological ef-
fects of nanomedicine. Although the current optical- and electro-
chemical-based methods can be used for real-time monitoring, sensor 
saturation and regeneration are still a remained problem [167]. Be-
sides, it would be highly beneficial to be able to monitor multiple 
physicochemical parameters simultaneously in situ, such as oxygen 
level, pH, and even potential biomarkers, in order to track the effect of 
nanomedicine in a quantitative and real-time manner [168]. (4) 
Though PDMS and polystyrene are the most popular materials for chip 
fabrication due to several advantages, such as optical transparency and 
biocompatibility, other plastic materials have been used and a detailed 
comparison of their advantages and disadvantages in drug screening is 
missing [166,169]. Therefore, utilizing Organ Chip for nanomedicine 
studies should include consideration of any possible interactions be-
tween nanomedicine and the microfluidics systems. (5) Compared with 
animal experiments, Organ Chip constructed with primary human cells 
is closer to the real physiological and pathological conditions of the 
human body [170]. However, the challenge of cell sources and the 
difficulty of culturing primary cells in vitro are also current factors 
restricting the development of Organ Chip, which subsequently affects 
the reliability of testing nanomedicine on Organ Chip platforms. (6) 
Last but not least, Organ Chip platforms need to be standardized before 
their applications in the field of nanomedicine, with the hope that they 
could effectively address the core criteria of drug absorption, metabo-
lism, and excretion [171]. Once standardized, we will certainly be able 

to eliminate numerous limitations and problems of nanomedicine eva-
luations; thus, more effective nanomedicine could be practiced using 
these advanced human-based in vitro models. 

In conclusion, the process of nanomedicine evaluations is a long and 
costly procedure which is often practiced through animal models or 
other simplified in vitro models. However, these models always fail to 
accurately recapitulate the complexities of human physiology, resulting 
in probable failures of nanomedicine for human patients. There is 
realistic optimism that sophisticated in vitro human models will reduce 
or replace animal models in terms of accuracy and become more pre-
dictive of human responses. Therefore, as the potential candidate of in 
vitro model based on microfluidic technology, Organ Chip offers a 
novel platform to replace or complement the current nanomedicine 
study methods and expedite the nanomedicine assessment procedures 
by providing a more accurate replication of the microenvironments of 
native tissues and various tissue-tissue interactions. The present paper 
suggests that Organ Chip is improving at a rapid pace and becoming 
increasingly recognized among academic researchers, industry re-
presentatives, and regulatory agencies, which could be a powerful tool 
for elucidating the effect of nanomedicine on the human physiological 
systems and revealing additional insight for breakthroughs in the de-
velopment of nanomedicine. 
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Fig. 7. An example of T/C Chip application in nanomedicine: investigation of transport behavior of gold nanoparticles with different sizes and functionalization 
through tumor spheroids under dynamic conditions. (A) Top: schematic of the microfluidic device on a microscope stage, with tumor spheroid immobilized at the end 
of the imaging chamber (B) The effect of nanoparticle size on accumulation in the spheroid measured. Left: tissue accumulation over time. Right: tissue accumulation 
after 1 h. (C) and (D) The effect of functionalization and flow rate on nanoparticle accumulation. Nanoparticles were functionalized with (C) PEG or (D) transferrin 
(Tf). (1) Intensity map (top) of fluorescence after 1 h. Image (bottom) of fluorescence in the interstitial spaces (arrows) and punctate fluorescence co-localizing with 
cell membranes (circles). (2) Mean fluorescence intensities of surrounding ECM and the tumor spheroids (sphr). (3) Mean spheroid fluorescence, (4) fluorescence 
distribution, and (5) penetration depth at various flow rates. Reproduced from Ref. [102]. Copyright 2013©Nature Publishing Group. 
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