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Abstract 

The last two decades have witnessed explosive growth in the field of nanoengineering and nanomedicine. In particu-
lar, engineered nanoparticles have garnered great attention due to their potential to enable new capabilities such as 
controlled and targeted drug delivery for treatment of various diseases. With rapid progress in nanoparticle research, 
increasing efforts are being made to develop new technologies for in vitro modeling and analysis of the efficacy and 
safety of nanotherapeutics in human physiological systems. Organ-on-a-chip technology represents the most recent 
advance in this effort that provides a promising approach to address the limitations of conventional preclinical mod-
els. In this paper, we present a concise review of recent studies demonstrating how this emerging technology can be 
applied to in vitro studies of nanoparticles. The specific focus of this review is to examine the use of organ-on-a-chip 
models for toxicity and efficacy assessment of nanoparticles used in therapeutic applications. We also discuss chal-
lenges and future opportunities for implementing organ-on-a-chip technology for nanoparticle research.
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1 Introduction
Remarkable progress in nanotechnology over the last 
decades has greatly advanced the field of nanomedicine. 
At the center of this active area of research is the develop-
ment of engineered nanoparticles for a wide array of bio-
medical applications ranging from medical imaging [1, 2] 
to biosensing and point-of-care diagnostics [3, 4]. In par-
ticular, building upon major advances in chemistry and 
materials science, researchers have demonstrated various 
types of functionalized nanoparticles that enable highly 
tissue-specific delivery and controlled release of thera-
peutic payloads for treatment of cancer [5–7], respiratory 
diseases [8–10], neurological diseases [11, 12], acquired 
immunodeficiency syndrome (AIDS) [13, 14], cardio-
vascular diseases [15, 16], and ocular diseases [17–19]. 
With the rapid advancement of nanotechnology, engi-
neered nanoparticles provide a basis for the development 

of novel therapeutics that represent the new frontiers of 
nanomedicine [20–23].

While considerable progress has been made in the 
design and production of various types of nanothera-
peutics, clinical translational of these engineered nano-
materials continues to be a challenge. Among the major 
problems underlying this challenge is the limited pre-
dictive capacity of conventional preclinical methods for 
evaluating the safety and therapeutic efficacy of nano-
particles. With increasing evidence pointing to signifi-
cant species-specific differences [24, 25], traditional 
approaches based on animal studies have come under 
increased scrutiny in recent years, questioning their abil-
ity to adequately represent human physiology and make 
accurate predictions of human responses to nanoparti-
cles [26, 27]. On the other hand, the limitations of animal 
models have motivated efforts to improve the capabili-
ties of traditional cell cultures to model the complexity of 
native systems by using three-dimensional (3D) culture 
scaffolds and new in  vitro techniques for co-culture of 
multiple cell types [28].
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Over the last decade, advances in this line of investiga-
tion have led to the development of a unique approach 
that exploits precision and controllability afforded by 
microengineering technologies to construct new types of 
complex in vitro models known as organs-on-a-chip [29, 
30]. By providing a platform to emulate structural and 
functional complexity of human tissues and organ units 
in ways not possible in traditional cell culture, organs-
on-chip offer a promising complementary approach to 
animal experimentation. In this topical review, we sur-
vey recent research efforts directed towards harnessing 
the power of these advanced model systems for the study 
of engineered nanoparticles. For focused discussion, this 
paper examines how organ-on-a-chip models can be 
implemented in preclinical assessment of nanoparticles 
designed specifically for applications in drug delivery.

2  What are organs‑on‑a‑chip?
Organs-on-a-chip, otherwise referred to as organ-chips, 
microphysiological systems (MPS), or tissue-chips, are 
microfabricated cell culture devices that are engineered 
to mimic the characteristics of multicellular tissue units 
or functional elements of organs [29–33]. As microengi-
neered in vitro analogs of in vivo physiological systems, 

organs-on-a-chip are designed using a reductionist 
approach to identify and replicate the salient features 
of the specified organ in its native context [34]. For any 
given target organ, the process of creating its on-chip 
representation starts by reducing the organ to its most 
basic anatomical elements responsible for organ-specific 
physiological function (e.g., alveoli in the lung, nephrons 
in the kidney, osteons in the bone). The functional units 
of the organ are then closely examined to identify their 
key cellular constituents with distinct phenotype, struc-
tural organization of different cell and tissue types, and 
biochemical and/or mechanical cues that are present in 
their local microenvironment. These features are indi-
vidually assessed for inclusion into the organ-chip model, 
which is followed by the design and fabrication of a 
microdevice needed to reproduce the identified features.

For example, this reductionist design approach has 
been applied to constructing a human blinking eye-on-
a-chip to model the ocular surface as one of the struc-
tural and functional units of the human eye (Fig. 1) [35]. 
To mimic the spatial arrangement of the cornea and the 
conjunctiva on the ocular surface (Fig.  1a), this system 
utilizes a dome-shaped convex polymeric scaffold for 
spatially patterned co-culture of primary human corneal 

Fig. 1 Design process of organ-on-chip models. a The blinking eye-on-a-chip mimics the human eye through a reductionist approach by targeting 
the ocular surface and its relevant components, the cornea and conjunctiva, as key functional units b and coculturing these cell types over a 
dome-shaped scaffold. Scale bars, 1 mm (middle), 50 µm (insets). c The underlying stroma is also modelled by embedding keratocytes into the 
scaffold. Scale bar, 100 µm. d The unique blinking property of the eye is recapitulated through electromechanical actuation, e which creates a 
tear film with physiological thickness. f This design principle has been used to model other organs such as the lung, intestine, and placenta in a 
conventional device consisting of overlapping perfusable microchannels separated by a semiporous membrane



Page 3 of 15Kang et al. Nano Convergence            (2021) 8:20  

and conjunctival epithelial cells (Fig.  1b). Three-dimen-
sional microarchitecture of the stroma underlying the 
epithelial surface is also recreated by embedding primary 
human keratocytes in collagen hydrogel injected into the 
scaffold (Fig. 1c). Another unique feature of this system 
is its ability to mimic the dynamic mechanical environ-
ment of the ocular surface due to spontaneous eye blink-
ing. To achieve this capability, a biomimetic eyelid made 
out of hydrogel is electromechanically actuated to slide 
back and forth over the surface of the microengineered 
ocular surface at defined speed and frequency (Fig. 1d). 
This mechanism also makes it possible to spread tears on 
the epithelial surface and form a thin tear film with physi-
ological thickness (Fig. 1e).

Using the same design principle, researchers have 
demonstrated microengineered biomimetic models of 
various organs, including the lung [36, 37], intestine [38, 
39], liver [40, 41], kidney [42, 43], brain [44, 45], and 
placenta [46, 47], among others. Many of these models 
have been established using a common device design 
that consists of two overlapping perfusable microchan-
nels separated by a semipermeable polymeric membrane, 
which allows for co-culture of two or more cell types in 
fluidically independent chambers to mimic physiologi-
cal tissue compartmentalization in  vivo (Fig.  1f ). When 
it comes to production of microdevices used in these 
models, soft lithography using elastomeric materials 
such as poly(dimethylsiloxane) (PDMS) [48, 49] has been 
the most popular method of choice. This approach has 
greatly facilitated the development of organ-chip systems 
in academic laboratory settings by enabling rapid pro-
totyping of microfabricated devices with various design 
features that also offer optical transparency and gas 
permeability advantageous for imaging and cell culture, 
respectively [50].

From the standpoint of modeling functional complexity 
of in  vivo systems, organs-on-a-chip have proven capa-
ble of reconstituting higher-level physiological functions 
and responses that result from complex biological inter-
actions between multiple cell and tissue types [36, 51]. 
Recent studies have also demonstrated the development 
of various organ-chip-based specialized models that 
can reproduce complex pathophysiological processes 
for applications in mechanistic disease studies [52, 53] 
and drug discovery [31, 54, 55]. Moreover, great strides 
have been made over the last two decades in combining 
multiple organ-chip models to form integrated body-on-
a-chip systems that can simulate physiological interac-
tions between different organs and organ systems [51, 
56, 57]. Most recently, increasing attention is being paid 
to the possibility of synergistically combining induced 
pluripotent stem cells (iPSCs) [58–60] and organoids 
[34, 61, 62] with organ-on-a-chip technology towards 

the development of patient-specific and more predictive 
and realistic preclinical models for biomedical, pharma-
ceutical, and environmental applications. Comprehensive 
review of recent advances in organ-on-a-chip technology 
is provided elsewhere [63, 64].

3  Organ‑on‑a‑chip models for preclinical 
assessment of nanoparticles

Evaluating the performance of engineered nanoparticles 
in an integrated, physiological context represents an area 
of increasing research attention to which organ-on-a-chip 
technology is well-poised to make unique contributions. 
As the main body of our review, this section examines 
novel capabilities and potential of organ-on-a-chip tech-
nology for preclinical assessment of nanoparticles. Our 
discussion focuses on representative studies from the 
recent literature that demonstrate the development of 
organ-chips specifically for the purposes of investigat-
ing (i) targeted delivery, (ii) therapeutic efficacy, and (iii) 
adverse health effects of engineered nanoparticles.

3.1  In vitro modeling of targeted nanoparticle delivery 
in organ‑chips

3.1.1  Investigating the effect of physicochemical properties 
of nanoparticles

Targeted delivery of nanotherapeutics is of utmost 
importance in nanomedicine that has been both a driver 
of research advances and a major challenge in the field. 
Nanoparticles carrying therapeutic payloads are designed 
to accumulate preferentially at disease sites in order to 
minimize unwanted off-target effects [65, 66]. On the 
basis of findings that this target-specific delivery can be 
achieved by engineering the properties of nanoparticles 
[67, 68], significant efforts have been made to develop 
organ-chip systems for in  vitro modeling and analysis 
of how physicochemical characteristics of nanoparticles 
affect their transport, accumulation, and cellular uptake.

For example, Kwak et al. created a tumor-on-a-chip to 
model the trafficking of different sized nanoparticles in 
the complex tumor microenvironment [69]. To replicate 
a tumor tissue situated between lymphatic and blood 
vessels, this model was constructed in a multilayered 
microdevice assembled by bonding two sets of PDMS 
chambers to a semipermeable membrane made out of 
polycarbonates that contained 400 nm pores (Fig. 2a). In 
this 3D configuration, human microvascular endothelial 
cells were grown on the upper side of the membrane to 
model the tumor microvasculature, while MCF-7 human 
breast cancer cells were cultured in type I collagen hydro-
gel formed in the central chamber of the lower layer to 
mimic a tumor mass (Fig.  2a). Two additional chan-
nels were created adjacent to the tumor chamber in the 
lower layer to emulate lymphatic vessels. Importantly, 
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this system provided a platform to measure translation 
and diffusive transport of fluorescently labeled nano-
particles, primarily used for imaging purposes, of vary-
ing diameters (100, 200, and 500 nm) from the vascular 
compartment to the microengineered tumor tissue into 
the lymphatics. For a particle size of 100  nm, relatively 
rapid trans-membrane transport and interstitial diffu-
sion was observed, whereas larger particles with a diam-
eter of 200  nm showed noticeably hindered transport 
(Fig.  2a). 500  nm particles, which were larger than the 
pore size, resulted in no penetration into the tumor chan-
nel. Although somewhat obvious, these results illustrated 
that nanoparticle delivery into complex 3D tissues and 
their drainage into lymphatic vessels are highly depend-
ent upon the size of nanoparticles.

A similar approach has been used by Albanese et  al. 
to investigate the effect of particle size on the accumula-
tion of nanoparticles in tumor spheroids [70]. A tumor-
on-a-chip model developed in this study featured a 3D 
microchannel design that permitted mechanical trapping 
of melanoma tumor spheroids in a multilayered PDMS 
device and their continuous perfusion with nanoparticle-
containing media (Fig.  2b). When fluorescently labeled 
gold nanoparticles of varying diameters (40, 70, 110, 
and 150 nm) were introduced into the culture chamber, 
the model showed deep penetration of the spheroids by 
smaller particles (40 and 70  nm) and their accumula-
tion in the interstitial spaces (Fig. 2b). By contrast, larger 
particles were excluded and not observed within the 
tumor constructs (Fig.  2b). Importantly, these findings 

Fig. 2 Effect of nanoparticle physicochemical properties. a A microengineered breast cancer tumor model mimicking the blood vessels, tumor 
tissue, and lymph vessels through three different types of channels demonstrated the correlation between smaller nanoparticle sizes and increased 
translocation across a porous membrane. b A tumor-on-a-chip model to assess nanoparticle accumulation at a tumor spheroid. Small particles 
were able to accumulate at the spheroids, whereas larger ones could not. Scale bars, 100 µm. c When anti-intracellular adhesion molecule-1 (ICAM) 
and immunoglobulin G antibody (IgG) coated nanorods and spheres were flown across a microfluidic device, nanorods demonstrated enhanced 
targeting and greater attachment to an endothelial monolayer compared to spheres. Scale bars, 1 µm. d A blood brain barrier (BBB) model with two 
overlapping channels separated by a porous membrane showed greater binding of liposomes modified with Angiopep-2 (Ang-2) to endothelial 
cells than non-functionalized ones. Scale bars, 10 µm. e A similar human BBB on-chip with human brain astrocytes and pericytes in the upper, 
central nervous system (CNS) compartment and brain-like microvascular endothelial cells in the lower, brain microvasculature compartment 
indicated an enhanced ability of Ang-2-coated quantum dots (QDs) to move across the CNS channel without affecting the barrier integrity 
compared to non-modified QDs
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illustrating the greater extent of tissue accumulation with 
smaller particle sizes were corroborated by a mice xeno-
graft MDA-MB-435 model.

In addition to size, another important property that 
can be engineered to control nanoparticle delivery is 
shape. Although conventional nanoparticles are typi-
cally designed as spherical structures, recent research 
has demonstrated the development of nanoparticles with 
other shapes, such as nanorods and nano-discs [68, 71]. 
Organ-chips are emerging as useful in  vitro platforms 
for studying how these new shapes affect nanoparticle 
transport and delivery, which represents an active area of 
investigation in nanoparticle research [72]. A good exam-
ple of such systems is provided by a microfluidic model of 
the vascular endothelium established by using rat brain 
endothelial (RBE4) cells to examine cellular adhesion and 
internalization of different nanoparticle shapes [73]. By 
flowing spherical and rod-shaped nanoparticles (Fig. 2c) 
coated with anti-intracellular adhesion molecule-1 
(ICAM-mAb) antibody or immunoglobulin G antibody 
(IgG) over the surface of the RBE4 monolayers, this study 
showed enhanced targeting and stronger attachment of 
nanorods to the endothelium compared to the spherical 
particles, highlighting the potential of unconventional 
nanoparticle shapes for more efficient and target-specific 
drug delivery.

Lastly, based on a growing body of evidence showing 
significant effects of surface chemistry on the behavior of 
nanoparticles [74, 75], microengineers have also begun to 
explore the use of organ-chips for studying how surface 
functionalization can be leveraged as a means to enhance 
nanoparticle delivery. Much of the work in this space has 
focused on looking into the penetration of nanoparticle 
drugs across the blood brain barrier (BBB). In one study, 
Papademetriou et  al. created a BBB model by culturing 
brain microvascular endothelial cells (bEnd.3) in a micro-
device consisting of two overlapping microchannels sep-
arated by a porous membrane (Fig. 2d) [76]. This system 
was used to model transport of liposomal drug nano-
carriers engineered with a peptide ligand Angiopep-2 
(Ang-2). Interestingly, when liposomes were introduced 
into the device maintained in static culture conditions, 
Ang-2-functionalized nanocarriers showed a significantly 
higher degree of binding to the apical surface of the brain 
endothelial cells compared to non-functionalized con-
trol (Fig. 2d). Under flow conditions, Ang-2 conjugation 
enhanced the ability of the nanoparticles to penetrate the 
endothelial monolayer without affecting barrier function. 
These results were consistent with the previously demon-
strated ability of Ang-2 to facilitate delivery of anticancer 
drugs across the BBB [77, 78].

Another study conducted by Park et  al. developed a 
human BBB-on-a-chip using the same device architecture 

[79]. In this system, primary human brain astrocytes 
and pericytes were cocultured on the upper side of the 
membrane to represent tissue compartment of the cen-
tral nervous system (CNS), while human iPSC-derived 
brain-like microvascular endothelial cells (BMVEC) were 
grown on the lower side of the membrane to mimic the 
brain microvasculature (Fig. 2e). This model served as an 
in vitro platform to test how quantum dots (QDs) engi-
neered with surface functional groups interact with the 
BBB. A key finding of this study was that in comparison 
to control particles, Ang-2-coated QDs showed signifi-
cantly enhanced capacity to move across the BBB into the 
CNS channel without altering barrier integrity. Impor-
tantly, the results of these two representative studies 
support ongoing efforts to utilize Ang-2-modified drug 
delivery vehicles for brain disease treatments [80, 81] and 
also demonstrate how organ-on-a-chip technology may 
be leveraged in this line of investigation.

3.1.2  Investigating the effect of microenvironmental cues 
on nanoparticle delivery

One of the major challenges associated with using con-
ventional in  vitro methods for nanoparticle research is 
to model nanoparticle delivery in the integrated context 
of the physiological cellular and tissue microenviron-
ment in  vivo. Evidence suggests that biochemical (e.g., 
spatiotemporal gradients of soluble factors) and physi-
cal (e.g., fluid shear stress, tissue stretch) cues produced 
by the complex native environment can have a profound 
influence on the behavior of nanoparticles [82–84], but 
traditional in vitro models largely fail to account for con-
tributions of these important components [24, 25]. To 
address this problem, attempts have been made to lever-
age the advanced capability of organ-chips to mimic the 
complexity of the physiological microenvironment for 
in vitro modeling and prediction of nanoparticle delivery. 
Specifically, a considerable amount of work has been con-
ducted to utilize organ-chips to study nanoparticle deliv-
ery and uptake under the influence of flow-induced shear 
stresses.

The work by Samuel et al. provides an example of such 
studies motivated by the problem that endothelial lining 
of blood vessels represents a major obstacle to transport 
of intravascularly delivered drug nanocarriers into tar-
get tissues [85]. The researchers utilized a microfluidic 
device to engineer a vascular endothelium using human 
umbilical vein endothelial cells (HUVECs) and investi-
gate endothelial uptake of QDs and  SiO2 nanoparticles 
at various levels of shear stress (0.5, 1, and 5 dyne/cm2). 
Under static conditions, none of the administered par-
ticles entered the endothelium. In the presence of fluid 
flow, however, significant cellular uptake was observed 
in a shear-dependent manner and showed the greatest 
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extent of intracellular absorption at 0.5 dyne/cm2, under-
scoring the importance of replicating physiological fluid 
mechanical forces in nanoparticle studies.

A recent study by Kim et al. also demonstrates the util-
ity of organ-chips for modeling how flow affects nano-
particle delivery [86]. This work employed a three-layer 
microfluidic device capable of generating a perfusable 
monolayer of HUVECs to study endothelial nanoparticle 

translocation in the context of atherosclerosis (Fig.  3a). 
To mimic the inflamed and highly permeable endothe-
lium commonly seen in atherosclerotic plaques, the 
model was subjected to shear stress of varying magni-
tude in combination with tumor necrosis factor-α (TNF-
α). Application of 1 and 10  dyne/cm2 shear stresses, 
both under the 15  dyne/cm2 required for endothelial 
cells to remain quiescent, resulted in increased vascular 

Fig. 3 Effect of microenvironmental cues on nanoparticle delivery. a An atherosclerosis model to assess the shear and inflammatory effects on 
membrane permeability. Membrane permeability increases with tumor necrosis factor alpha (TNF-ɑ) treatment and shear stresses, which results 
in increased nanoparticle translocation. Scale bar, 20 µm. b When PEGylated (PEG) and transferrin-functionalized (Tf ) nanoparticles were flowed 
across a tumor-on-a-chip model (Fig. 2b), accumulation in tumor spheroid interstitial spaces doubled at a flow rate of 450 µl/h compared to a 
lower rate of 50 µl/h. c In the breast cancer tumor model (Fig. 2a), higher collagen concentrations did not affect nanoparticle translocation alone, 
but translocation increased under high collagen and cell packing. d A tumor-vasculature-on-a-chip platform was developed to model the effect 
of leaky vasculature near tumor sites. TNF-ɑ treatment increased intercellular gaps between endothelial cells (white arrows), mimicking leaky 
vasculature in vitro. Scale bars, 20 µm
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permeability, which was accentuated by TNF-α stimula-
tion. Importantly, there was a significant linear correla-
tion between an increase in permeability and increase in 
nanoparticle translocation across the endothelium, which 
was corroborated by an atherosclerotic rabbit model.

Organ-chips have also been used to examine the 
impact of fluid shear stress on nanoparticle delivery in 
tumor tissues. In the aforementioned study of Albanese 
et  al. (Fig.  2b), the tumor-on-a-chip model was used to 
quantitatively analyze the accumulation and penetration 
of PEGylated nanoparticles and transferrin-functional-
ized (Tf) gold nanoparticles delivered at rates of 50, 150, 
and 450 μl/h [70]. For both types of nanoparticles, accu-
mulation in the tumor spheroids was greater by more 
than two-fold when flow rate was at 450 μl/h compared 
to 50 μl/h (Fig. 3b). Despite this, there were no significant 
differences in the depth of nanoparticle penetration into 
the tumor tissues among the different flow rates.

In addition to the investigation of fluid shear stress, 
recent studies have explored the use of organ-chip plat-
forms to address the question of how complex 3D micro-
architecture of in vivo tissues influences the performance 
of nanotherapeutics. Many of these studies have focused 
on modeling the tumor microenvironment in which high 
cell packing densities and increased extracellular matrix 
(ECM) content of tumor tissues can pose physical bar-
riers to nanoparticle transport [87–89]. For instance, 
Kwak et  al. used the breast tumor-on-a-chip described 
in the previous section (Fig. 2a) to investigate nanoparti-
cle transport while varying the concentration of collagen 
and the density of cancer cells in the tumor channel [69]. 
The data showed that increased collagen content of the 
tumor constructs had minimal effects on intratumoral 
delivery of nanoparticles (Fig.  3c). When tumor density 
was increased by using larger numbers of breast cancer 
cells to form tumor spheroids, however, nanoparticle 
penetration and accumulation into the interstitial spaces 
decreased by approximately 80% (Fig.  3c). These results 
suggest that physical barriers provided by multicellular 
architecture should be considered as an important factor 
during the development of drug nanocarriers for cancer 
treatment.

Based on the observation of leaky vasculature as one of 
the characteristics of the tumor microenvironment [90, 
91], researchers have also used organ-chip platforms to 
model this key pathophysiological feature and its impli-
cations in nanoparticle transport. Blood vessels with 
compromised endothelial barrier function, which often 
form within and in the vicinity of tumors as a result of 
rapid and disordered tissue growth, have been shown to 
promote nanoparticle extravasation, accumulation, and 
retention at tumor tissues. This phenomenon, known as 
the enhanced permeability and retention (EPR) effect, 

is one of the leading principles for nanocarrier develop-
ment [87, 92, 93], which has also motivated recent organ-
chip studies. In a representative study by Wang et  al., a 
tumor vasculature-on-a-chip (TVOC) was developed in 
a three-layer PDMS device by growing HUVECs in the 
upper channel and 3D tumor spheroids of human ovar-
ian cancer cells (SKOV3) in a central lane of the lower 
channel (Fig. 3d) [94]. To simulate compromised barrier 
function of tumor-associated leaky vasculature, HUVECs 
were treated with TNF-α to induce the formation of 
intercellular gaps. Exposure to TNF-α for 2 h resulted in 
significant reductions in cell–cell contacts compared to 
exposure for 1 h and larger intercellular gap areas similar 
to those previously observed in vivo. Furthermore, in this 
altered environment, transport of PEGylated liposomes 
and poly(lactide-co-glycolic acid) (PLGA) nanoparticles 
across the endothelium increased significantly, highlight-
ing the ability of the TVOC platform to model the leaky 
vasculature characteristic of the EPR effect.

3.2  Organs‑on‑a‑chip for modeling therapeutic efficacy 
of drug‑carrying nanoparticles

Organ-on-a-chip technology makes it possible to mimic 
not only normal physiological functions of human tissues 
and organ units but also disruption of their homeostasis 
that leads to disease states [61, 95]. Specialized in  vitro 
disease models created in organ-chips hold great poten-
tial as new platforms for mechanistic studies of disease 
pathophysiology, as well as for preclinical assessment of 
therapeutics [31, 96]. In this section, we provide a sur-
vey of how organ-chips have been used for modeling the 
therapeutic efficacy of nanoparticle-based drug delivery 
vehicles developed for treatment of cancer and other 
diseases.

3.2.1  Simulating the efficacy of nanotherapeutics for cancer 
treatment

Despite significant progress in our understanding of can-
cer pathophysiology, much remains to be accomplished 
to develop more efficacious and safer cancer therapies 
[97, 98]. In an attempt to create new in vitro technologies 
towards this goal, researchers have used approved anti-
cancer nanotherapeutics in current clinical use to dem-
onstrate the potential of cancer-on-a-chip technology for 
preclinical screening of drug efficacy.

For example, Ran et  al. utilized a tumor-on-a-chip 
(TOC) to evaluate four liposomes loaded with Paclitaxel 
(PTX), a drug commonly used for treatment of breast, 
lung, and ovarian cancer [99]. In this system, liposomes 
modified with PEG, folic acid (FA), cell penetrating pep-
tide TAT, or both FA and TAT were loaded with 0.1, 0.5, 
and 1  μg/ml of PTX and administered into a chamber 
containing an array of human ovarian, SKOV3 tumor 
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spheroids in hemispherical wells at a flow rate of 1  μl/
min (Fig. 4a). Drug treatment at low PTX levels of 0.1 μg/
ml in this flow system did not produce notable cyto-
toxic effects, nor did it induce any changes in the size of 
tumors for any of the modified liposomes. This result was 
in contrast to significantly decreased cancer cell viability 
and tumor size observed in static culture of the same type 
of spheroids at the same PTX concentration, which may 
be because static cultures can over-amplify cytotoxic-
ity results from their inability to clear nanoparticle sedi-
mentation. However, a higher PTX level of 1 μg/ml in the 
TOC model demonstrated a significantly lower tumor 
viability in the TAT and FA-TAT modified liposomes 
compared to the PEG and FA modified liposomes, 
which had no difference from the untreated group. The 
researchers were also able to leverage their platform 
to study the effects of fluid flow rates (0.25, 1, and 4 μl/
min) on tumor tissue inhibition at a constant PTX con-
centration of 1 μg/ml. At a higher flow rate of 4 μl/min, 
the tumor spheroid suppression was significantly weaker 

than at lower flow rates of 0.25 and 1 μl/min, indicating 
that lower flow rates result in an enhanced treatment 
efficacy.

Another study demonstrated the capability of a micro-
engineered cancer model to mimic the tumor micro-
environment for the study of nanoparticle-mediated 
anticancer therapy. Shin et al. cultured two human breast 
cancer lines, MCF-7 and MDA-MB-231, in the cancer-
on-a-chip shown in Fig. 2a in order to assess their drug 
response to doxorubicin (Dox) encapsulated in hyalu-
ronic acid (HA) nanoparticles (Fig. 4b) [100]. In compari-
son to monolayer culture, cancer cell survival rates were 
overall greater in the cancer-on-a-chip model, which was 
attributed most likely to the presence of barriers to nano-
particle transport such as the endothelium and fluid flow 
that are not present in traditional static culture. Interest-
ingly, the Dox-encapsulating nanoparticles accumulated 
in MCF-7 cells to a much greater extent than in MDA-
MB-231 cells (Fig.  4b), consistent with previous dem-
onstrations of the ability of HA nanoparticles to target 

Fig. 4 Assessing therapeutic efficacy of nanoparticles. a A tumor-on-a-chip model to flow paclitaxel (PTX)-loaded nanoparticles across tumor 
spheroids held in hemispheric wells. Under flow conditions, the platform demonstrated increased treatment efficacy for high doses and lower 
flow rates. b A tumor-microenvironment-on-a-chip was used to assess the effect of doxorubicin-loaded hyaluronic acid nanoparticles (Dox-HANP). 
Nanoparticles accumulated more near MCF-7 cells breast cancer cells than MDA-MB-231 breast cancer cells. Scale bar, 50 µm. c A human colorectal 
tumor model was used to culture colon cancer cells in a circular central chamber and endothelial cells in the side channels. Introduction of 
gemcitabine (GEM)-loaded dendrimer nanoparticles showed a gradient dependent decay of cancer cell viability. Scale bars, 100 µm. d Novel 
shear-activated nanotherapeutics (SA-NTs) were flowed through a microfluidic device modelling a constricted vessel in the study of stenosis. High 
shear forces resulted in the SA-NTs breaking into individual nanoparticles, resulting in 10 times more nanoparticles after stenotic flow compared to 
normal flow. Greater accumulation was observed at endothelial cells post-stenosis than pre-stenosis. When SA-NTs were coated with a thrombolytic 
drug, the individual nanoparticles were able to accumulate at fibrin clots and dissolve them. Scale bars, 2 µm (top), 2 µm (middle left), 20 µm 
(middle right), 100 µm (bottom)
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cancer cells with the overexpression of CD44 like MCF-7 
[101]. It was also noted that there was greater pericel-
lular accumulation of Dox-encapsulating nanoparticles 
compared to free Dox administered without nanoparticle 
encapsulation, but the killing of cancer cells was found to 
be more pronounced with free Dox presumably due to 
inefficient release of Dox from the nanoparticles.

Lastly, to develop an organ-chip platform for efficacy 
assessment of anti-colorectal cancer drugs, Carvalho 
et  al. created a compartmentalized microfluidic device 
consisting of a circular chamber containing Matrigel 
flanked by two perfusable microchannels (Fig. 4c) [102]. 
Human colon cancer cells (HCT-116) were embedded 
in the Matrigel scaffold and co-cultured with human 
colonic microvascular endothelial cells (HCoMECs) 
grown into the two side channels. This microengineered 
cancer construct was used to test the efficacy of gemcit-
abine (2ʹ,2ʹ-difluoro-2ʹ-deoxycytidine) (GEM), which is a 
potential treatment option for advanced colorectal can-
cer currently undergoing clinical trials, loaded into den-
drimer nanoparticles. The results of drug testing showed 
tumor killing effects of GEM-containing nanotherapeu-
tics administered into the vascular channels, which was 
demonstrated by a significant decrease in the viability of 
the HCT-116 cells (Fig.  4c). Efficacy of GEM, however, 
was observed in a spatially graded manner in which the 
number of dead cancer cells in the hydrogel decreased 
gradually with increasing distance from the vascular 
compartment (Fig. 4c), suggesting a gradient of drug-car-
rying nanoparticles due to their diffusive transport into 
the ECM scaffold.

3.2.2  Modeling the treatment of other diseases
In addition to cancer, microengineered cell culture sys-
tems have been used to model other complex diseases 
for the purposes of assessing the therapeutic potential 
of nanoparticle drugs. As a representative example, a 
study by Korin et al. demonstrated the feasibility of using 
a simple microfluidic culture device to mimic stenotic 
blood vessels for in  vitro testing of novel nanoparticles 
that can be used for treating acute thrombosis [103]. A 
PDMS device with varying cross-sectional area was con-
structed to simulate 90% obstruction of a vessel lumen, 
which was then seeded with endothelial cells to form a 
vascular endothelium (Fig.  4d). This study focused on 
testing microaggregates coated with a thrombolytic 
drug, tissue plasminogen activator (tPA), that can break 
up into nanoparticles when exposed to high shear stress. 
The shear-activated nanotherapeutics (SA-NTs) were 
found to release 10 times as many nanoparticles when 
flowing through the constricted region of the device due 
to increased fluid shear stress, which also led to greater 
nanoparticle accumulation on the endothelial cells in the 

downstream of the constriction (Fig.  4d). Importantly, 
when fibrin clots were generated in the constriction of 
the device, the SA-NTs introduced into the model dis-
persed into individual tPA-coated nanoparticles and 
adhered to the surface of the fibrin emboli to dissolve the 
clots (Fig. 4d), verifying their therapeutic efficacy.

4  Organ‑chip models to assess adverse effects 
of nanotherapeutics

Another critically important goal of preclinical assess-
ment of nanoparticles is to understand their capacity to 
induce off-target toxicities in humans. To examine the 
potential of organ-on-a-chip technology for these types 
of studies, here we highlight a representative body of 
work that demonstrates the development and applica-
tion of organ-chips for in  vitro modeling and analysis 
of nanoparticle toxicity. The focus of our discussion is 
on modeling adverse biological effects of metal oxide 
nanoparticles, gold nanoparticles, and non-metal 
nanoparticles.

4.1  Toxicity of metal oxide nanoparticles
Metal oxide nanoparticles such as ZnO and  TiO2 are 
used in a wide array of applications ranging from con-
sumer products (e.g., paint, sunscreen) to medical 
imaging to drug delivery [104, 105]. Although these nan-
oparticles have been studied extensively, there have been 
many conflicting results regarding their cytotoxic poten-
tial [106–109], making our toxicological understanding 
of the materials incomplete. To address this problem, 
researchers are exploring the possibility of using human 
cell-based organ-chips for more reliable and accurate 
in  vitro prediction of toxic responses to metal oxide 
nanoparticles.

For example, Zhang et al. developed a human lung-on-
a-chip device to assess the effects of ZnO and  TiO2 nano-
particles on the alveolar-capillary barrier of the lung by 
measuring disruption of the barrier, generation of reac-
tive oxygen species (ROS), and cell apoptosis [110]. The 
device contained three interconnected parallel lanes rep-
resenting the alveolar and vascular compartments sepa-
rated by a thin ECM barrier (Fig. 5a). Human tissues in 
this model were produced by culturing HUVECs and 
human alveolar epithelial cells  (HPAEpiC) in the vessel 
and lung chambers, respectively, while the ECM com-
partment in the middle was filled with Matrigel. When 
 TiO2 nanoparticles were introduced to the epithelial 
side of the device to simulate respiratory nanoparticle 
exposure, the microengineered alveolar-capillary bar-
rier did not exhibit any structural changes but exposure 
to ZnO nanoparticles resulted in noticeable disruption 
of barrier integrity (Fig. 5b). In the analysis of ROS,  TiO2 
nanoparticles were found to induce epithelial production 
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of ROS in a dose-dependent manner, whereas oxidative 
stress was observed in both the epithelial and endothe-
lial populations when the model was treated with ZnO 
nanoparticles (Fig.  5c). Measurement also revealed that 
 TiO2 particles had no significant impact on the apopto-
sis of the exposed cells, which was in contrast to a dose-
dependent increase in epithelial apoptosis as a result of 
ZnO nanoparticle exposure (Fig. 5d). These results indi-
cating greater overall toxicity of ZnO nanoparticles were 
in good agreement with previous findings [111, 112], 
supporting the potential of the lung-on-a-chip system for 
nanoparticle toxicity screening.

In another study conducted by Yin et  al., the toxic-
ity of  TiO2 nanoparticles was investigated in the con-
text of pregnancy using a microengineered 3D placental 
barrier-on-a-chip model [113]. Similar to the design of 
the lung-on-a-chip system described above, a three-lane 
microdevice was utilized in this model for co-culture of 
BeWo human trophoblast cells and HUVECs on either 

side of a Matrigel barrier to mimic the structural organi-
zation of the placental barrier in  vivo (Fig.  5e).  TiO2 
nanoparticles introduced into the BeWo cell-containing 
maternal chamber compromised the integrity of the 
placental barrier as evidenced by reduced expression of 
cell–cell junctions in both the trophoblast and HUVEC 
monolayers (Fig.  5f ). Furthermore, high concentrations 
(200 μg/ml) of nanoparticles induced oxidative stress and 
increased cell death in the BeWo cells (Fig. 5g), illustrat-
ing potentially detrimental effects of  TiO2 nanoparticles 
on the human placental barrier.

4.2  Toxicity of gold nanoparticles
The ease of synthesis and chemical modification makes 
gold nanoparticles highly attractive for a wide variety of 
biomedical applications [114]. While gold nanoparticles 
are generally considered safe, studies have reported con-
flicting outcomes, some of which suggest their potential 
to induce oxidative stress and other deleterious responses 

Fig. 5 Toxicity of ZnO and  TiO2 nanoparticles. a A lung-on-a-chip model was created by culturing human pulmonary alveolar epithelial cells 
(HPAEpiC) and human umbilical vein endothelial cells (HUVEC), separated by a Matrigel ECM. b Introduction of  TiO2 nanoparticles did not affect 
epithelial or endothelial barrers, but ZnO nanoparticles created a noticeable disturbance in the epithelial barrier (red arrow). Scale bars, 100 µm. 
c The reactive oxygen species (ROS) generation and d the cellular apoptosis of both nanoparticles was assessed to determine their cytotoxic 
effects.  TiO2 nanoparticles induced ROS production in epithelial cells but had no effect on apoptosis. ZnO nanoparticles induced both epithelial 
and endothelial ROS production and resulted in a dose-dependent increase in epithelial apoptosis. Scale bars, 50 µm. e A similar placental 
barrier-on-a-chip was created using BeWo human trophoblast cells and HUVECs. f When  TiO2 nanoparticles were flown across the device, the 
placental barrier integrity was compromised. Scale bars, 100 µm. g High  TiO2 concentrations resulted in significant ROS generation and BeWo cell 
apoptosis. Scale bars, 50 µm (left), 100 µm (middle, right)
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[115, 116]. Similar results have been described in a recent 
study by Fede et al. that used HUVECs grown in a sim-
ple microfluidic channel to study how fluid flow affects 
endothelial responses to gold nanoparticles [117]. The 
key finding of this study was that toxic responses of 
HUVECs, which was analyzed by cell viability, was signif-
icantly reduced under flow conditions compared to static 
culture. The data also showed that this protective effect 
occurred in a dose-dependent manner and was observed 
at higher nanoparticle concentrations (5 ×  1011 nano-
particles/ml). This trend was again seen in a later study 
conducted by the same research group [118], highlight-
ing the importance of recapitulating physiologically rel-
evant microenvironmental cues for in vitro toxicological 
assessment of gold nanoparticles.

4.3  Toxicity of nonmetal nanoparticles
Nonmetal nanoparticles such as those composed of 
silica have gained great attention due to their desirable 
properties, such as easily adjustable surface chemis-
try and porosity, which also make them appealing for 
therapeutic applications [104]. Although these parti-
cles were originally thought to be highly biocompatible, 
recent studies have revealed that they have the poten-
tial to induce ROS generation [119]. Other nonmetal 
nanoparticles such as polymeric nanoparticles are also 
of great interest for the development of nanotherapeu-
tics [120], but work is required to better understand 

their capacity to exert adverse biological and physiolog-
ical effects. As is the case with other types of nanopar-
ticles, organ-chips have proven instrumental for these 
types of studies.

For example, Huh et  al. used a biomimetic human 
breathing lung on-a-chip model of the alveolar-capillary 
interface to study adverse respiratory effects of silica nan-
oparticles [36]. This system was constructed by growing 
human alveolar epithelial cells and pulmonary microvas-
cular endothelial cells on the opposite sides of a porous 
flexible membrane (Fig.  6a). A unique design feature of 
this system was that vacuum was applied to two hollow 
chambers adjacent to the cell culture channels to induce 
cyclic stretching of the microengineered bi-layer tissue 
akin to the deformation of the alveolar-capillary barrier 
during breathing (Fig.  6a). Importantly, this study dem-
onstrated significant oxidative stress responses of the 
alveolar epithelium to silica nanoparticles in the presence 
of physiological breathing-induced mechanical forces 
(Fig. 6b). Deleterious effects of silica nanoparticles were 
also shown by the activation of the vascular endothelium, 
which was accentuated by the application of breathing-
induce forces (Fig.  6c). Moreover, mechanical strain 
significantly increased the rate of silica nanoparticle 
translocation from the alveolar compartment to the vas-
culature (Fig. 6d), which was corroborated by increased 
extrapulmonary absorption in an ex  vivo mouse lung 
ventilation–perfusion model. Together, these results 

Fig. 6 Toxicity of nonmetal nanoparticles. a A human breathing lung-on-a-chip was created by culturing human alveolar epithelial cells and 
pulmonary microvascular endothelial cells on opposite sides of a porous membrane. Vacuum chambers allowed for physiological mechanical 
breathing stresses to be applied. b Introduction of silica nanoparticles in the presence of mechanical cues resulted in significant oxidative stress 
responses. c Mechanical strain also significantly increased the expression of ICAM-1 and neutrophil adhesion to the endothelial side of the device, 
Scale bar, 50 µm, d and increased the translocation of nanoparticles from the alveolar to vascular compartments. e A microfluidic device coated 
with endothelial cells was used to assess the toxicity of silica particles. Mechanical stimulation through shear stresses resulted in lower cell viabilities. 
f A liver and gastrointestinal system body-on-a-chip was created to study the liver injury potential of carboxylated polystyrene nanoparticles. 
Introduction of the nanoparticles to the apical side of the gastrointestinal (GI) component resulted in a dose-dependent increase in enzymes 
indicating liver injury
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showed that breathing motions may exacerbate the toxic 
effects of respiratory exposure to silica nanoparticles.

The significance of physiological biomechanical forces 
for in vitro toxicity assessment of silica nanoparticles was 
also demonstrated in a study conducted by Kim et  al. 
[121]. The authors cultured human endothelial cells in a 
simple flow-through microfluidic system to investigate 
the effect of fluid shear stress on endothelial responses to 
the silica particles (Fig.  6e). Similar to the work of Huh 
et  al., mechanical stimulation of the endothelium with 
fluid flow in this model resulted in significantly decreased 
cell viability compared to static control.

Lastly, researchers have recently investigated the safety 
of other nonmetal nanoparticles, such as carboxylated 
polystyrene nanoparticles, in organ-chip models. To 
determine the potential of these nanoparticles to induce 
liver injury, Esch et  al. developed a body-on-a-chip 
device consisting of intestinal and liver models that were 
fluidically linked together [56]. Specifically, Caco-2 intes-
tinal epithelial cells and mucin-producing TH29-MTX 
cells were cocultured in a microfluidic chamber repre-
senting the intestine, which was connected to another 
microfabricated chamber containing HepG2/C3A liver 
cells (Fig. 6f ). When carboxylated polystyrene nanoparti-
cles were introduced into the apical side of the intestinal 
model, the HepG2/C3A cells showed a dose-dependent 
increase in the production of tissue-specific enzymes 
indicative of liver injury. Importantly, this integrated 
multi-organ model showed a greater extent of nano-
particle-induced livery injury as a result of interactions 
between the liver and the intestinal epithelium.

5  Key challenges and future opportunities
In the past few decades, the potential of engineered 
nanoparticles for therapeutic applications has become 
increasingly apparent. There is growing recognition that 
the limitations of existing in vitro and animal models are 
among the roadblocks to translating preclinical findings 
in nanoparticle research into efficacious and safe thera-
peutics for practical clinical use. Despite its infancy, the 
idea of harnessing the power of organs-on-a chip to over-
come these limitations have gained much traction in 
recent years. To advance the potential of this disruptive 
technology for nanomedicine, efforts should be made in 
future studies to address the following challenges.

While considerable progress has been made in the 
organ-on-a-chip field, work remains to be done to 
enhance our ability to emulate the complexity of how 
human physiological systems respond to nanoparticles. 
One of the key challenges has been to recapitulate the 
interaction of engineered nanoparticles with the immune 
system, which is believed to have a profound influence on 
virtually every aspect of nanoparticle delivery, efficacy, 

and toxicity [122]. As illustrated by recent development 
of lymph nodes-on-a-chip [123, 124], mimicking immune 
organs is emerging as an area of active research inves-
tigation in the organ-chip field. Future studies should 
explore the integration of these new systems with target 
organ models, which may enable more accurate and reli-
able predictions of transport and biological function of 
nanotherapeutics.

As is the case with other applications of organ-on-a-
chip technology, it remains a great challenge to validate 
the physiological and clinical relevance of in vitro findings 
made by organ-chip models for nanoparticle research. 
Ironically, the most common approach to model vali-
dation has been to conduct in  vitro-in vivo correlations 
using data generated by animal models whose limitations 
have motivated the development of human cell-based 
organ-chip systems to begin with [70, 86]. Addressing 
this problem will likely require the formation of new alli-
ances and partnerships between organ-chip developers, 
clinical toxicologists, and pharmaceutical companies to 
maximize the availability of human clinical data that can 
be used for comparative analysis during model validation. 
Such data will also inform the process of designing organ 
chip models, as well as their biological and physiological 
endpoints that need to be analyzed.

In typical research settings, most organ-chip systems 
are constructed using PDMS due to its low cost, optical 
transparency, biocompatibility, gas permeability, and ease 
of fabrication. However, a major drawback of PDMS is its 
absorption of small hydrophobic molecules [125, 126], 
which can be particularly problematic for drug testing 
applications. While the use of nanocarriers is presumed 
to be advantageous for preventing this issue, questions 
remain whether and how nanotherapeutics containing 
hydrophobic payloads or surface groups interact with 
PDMS, especially given a wide variety of surface engi-
neering techniques exploited for developing functional 
nanoparticles. Future studies should treat this as an 
important issue and systematically investigate the effect 
of PDMS and other synthetic materials used in organ-
chips (e.g., semipermeable membranes) on the delivery 
and performance of nanoparticles. As another mitigation 
strategy, attention should also be paid to ongoing efforts 
to develop alternative materials to PDMS [127].

With these challenges also come new opportuni-
ties. With rapid advancement of organoid technology 
[128–130], new efforts are being made to incorporate 
organoids and other self-organizing biological structures 
into the precisely controlled microenvironment of organ-
chips [131, 132]. It is clear that nanoparticle research 
will benefit from these types of systems that offer more 
sophisticated, realistic, and predictive platforms for pre-
clinical studies. On a related note, future studies should 
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also take advantage of considerable progress in the devel-
opment of self-assembled, perfusable 3D human blood 
vessels in microdevices [133–135]. Integrating the engi-
neered perfusable vasculature into microphysiological 
systems will make it possible to emulate delivery and 
bioactivity of nanotherapeutics in a more physiologically 
relevant manner, allowing for accurate analysis and pre-
diction of their performance in vivo.

Recent studies have also met with great success in dem-
onstrating the feasibility of creating microengineered 
in vitro models using iPSCs as a sustainable source of pri-
mary human cells [58, 59]. iPSC-based organ-chips have 
attracted great attention because they enable the produc-
tion of preclinical models that can replicate disease phe-
notypes in a patient-specific manner [136, 137]. These 
kinds of systems may provide a potentially powerful plat-
form to develop personalized nanotherapeutics and drug 
delivery technologies tailored specifically to the condi-
tions and needs of patients.

Another promising research direction is to advance 
analytical capabilities of existing organ-chips by integrat-
ing sensing components into microfluidic cell culture. 
While the development of such integrated models may 
present non-trivial design and engineering challenges, 
this approach may expand our ability to interrogate how 
microengineered tissue and organ units respond to nano-
therapeutics. In particular, electrochemical and optical 
sensors capable of real-time measurement of morpho-
logical and biochemical changes will be instrumental for 
spatiotemporal analysis of biological responses occurring 
over short time scales that may not be easily resolved 
using conventional techniques. In a similar vein, efforts 
should also be made to explore how advances in single 
cell sequencing and bioinformatics technologies can be 
leveraged to gain in-depth, mechanistic understanding of 
biological responses to nanoparticles in the physiological 
context of organ-chip models.

Finally, creating body-on-a-chip models of nanopar-
ticle efficacy and toxicity represents an exciting oppor-
tunity for future research of nanomedicine. Improving 
our incomplete understanding of the behavior of 
nanoparticles in the body will involve addressing the 
question of how nanoparticles administered into the 
systemic circulation interact with multiple physiologi-
cal systems that are structurally and functionally asso-
ciated with target organs. Filling this knowledge gap 
in the current body of work will require the develop-
ment of integrated model systems that combine multi-
ple interacting cell culture units representing different 
organs, as well as in vitro techniques and culture pro-
tocols optimized to meet complex media conditions 
of multiple cell and tissue types. Given that body-
on-a-chip systems have been used with great success 

for in  vitro assessment of drug toxicities [138], future 
work should explore the possibility of extending similar 
approaches to the study of therapeutic nanoparticles.

6  Conclusion
With the advancement of organ-on-a-chip technol-
ogy, new opportunities are emerging to harness its 
novel capabilities and potential to disrupt the process 
of developing nanomedicine. Microengineered biomi-
metic models of human tissues and functional organ 
units can provide more physiologically relevant and 
predictive in  vitro platforms to examine responses of 
human physiological systems to nanomaterials in ways 
that have not been possible using traditional cell cul-
ture techniques. As highlighted in this review, the con-
vergence of this technology with nanomedicine offers 
the promise of more accurate and reliable preclinical 
assessment of engineered nanoparticles for therapeu-
tic applications. Work directed towards fulfilling this 
promise is in its infancy, and significant advances have 
yet to be made in tailoring the design and capabilities 
of organs-on-a-chip to the specific needs in the field of 
nanomedicine. With rapidly increasing research inter-
ests in this area, however, it is not difficult to foresee 
that organ-on-a-chip technology will play an instru-
mental role in the development of nanotherapeutics in 
the future. As enabling in vitro platforms with unprec-
edented predictive capacity, organs-on-a-chip are well-
poised to make great contributions to advancing the 
frontier of nanomedicine.
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