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Abstract

Novel microfluidic tools allow new ways to manufacture and test drug delivery systems. Organ-

on-a-chip systems – microscale recapitulations of complex organ functions – promise to improve

the drug development pipeline. This review highlights the importance of integrating microfluidic

networks with 3D tissue engineered models to create organ-on-a-chip platforms, able to meet the

demand of creating robust preclinical screening models. Specific examples are cited to

demonstrate the use of these systems for studying the performance of drug delivery vectors and

thereby reduce the discrepancies between their performance at preclinical and clinical trials. We

also highlight the future directions that need to be pursued by the research community for these

proof-of-concept studies to achieve the goal of accelerating clinical translation of drug delivery

nanoparticles.

1. Introduction

The rapidly developing field of nanomedicine can significantly impact human disease

therapy [1, 2]. The research progress accomplished in this field, over the last few decades,
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has led to the development of nanomaterials, useful for designing carriers that deliver

therapeutic payload to diseased cells. An ideal drug delivery system should be easy to

manufacture and scale-up, low cost, biocompatible, biodegradable, possess a high drug

loading capacity and be targeted to the site-of-interest in the body. Nanocarriers, also

routinely referred to as nanoparticles, are a class of drug delivery systems that range in size

from about 50 to 200 nm, allowing them to efficiently translocate across the cell membrane

barrier.

From a therapeutic standpoint, nanocarriers can prolong the systemic circulation time of the

drug and significantly reduce adverse side effects caused by off-target delivery at healthy

tissue sites. This controlled release of drugs reduces the magnitude of overall drug exposure

required for a therapeutic effect, thus avoiding higher drug doses and consequent adverse

effects. A wide variety of drugs, including hydrophobic and hydrophilic small molecules, as

well as biomacromolecules, can be encapsulated within nanoparticles by tailoring the

chemistry of nanomaterials, polymeric or inorganic/metallic, to achieve the desired

encapsulation capability and release kinetics. The first use of nano-scale systems for drug

delivery was reported in the 1970s, when liposomal Trojan horse nanoparticles were used

for treating lysosomal storage disease [3, 4]. Nanoparticles have also been developed as

diagnostic agents to enhance the sensitivity for imaging techniques, including X-ray

computed tomography (CT) and magnetic resonance imaging (MRI). An increase in

available techniques to engineer more precise and sophisticated nanomaterials, and a deeper

understanding of disease biology has catapulted a new generation of nanotherapeutics with

improved properties.

The above-mentioned advantages make nanoscale drug delivery systems appealing to the

pharmaceutical companies and healthcare regulatory agencies. However, in spite of these

rapid bench-side developments, the translation of therapeutic nanoparticles to the

commercial pipeline has been less impressive [5]. Very few systems have been approved by

the Food and Drug Administration (FDA), including Doxil, a liposomal formulation

encapsulating the chemotherapeutic drug Doxorubicin, and Abraxane, based on the

nanoparticle albumin-bound (nab) technology to deliver Paclitaxel, a widely used drug for

breast and pancreatic câncer [6]. This slow pace of bench-to-bedside translation can be

attributed to several challenges, the most critical being the lack of robust preclinical tissue

culture platforms that can mimic in vivo conditions and predict the performance of these

nanoparticles within the human body.

The development of microfluidic platforms for nanoparticle synthesis has shown to

overcome several disadvantages of the traditional bulk synthesis methods such as scalability

and batch-to-batch variability [7–9]. Microfluidic approaches have also been used as a tool

for more sophisticated, faster and highly efficient characterization of the biophysical

properties of nanoparticles [10, 11]. Additionally, the application of microfabrication

techniques to tissue engineering aided in the creation of physiologically relevant disease

models. Establishment of these techniques has paved the way for robust advances in tissue

culture systems integrated with microfluidic networks [12]. More recently, the demand for

high-throughput drug screening platforms with better preclinical predictability has translated

into major developments in organ-on-a-chip systems [13–15]. This review presents recent
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advances in in vitro tissue culture models by primarily emphasizing on organ-on-a-chip

platforms useful for studying the performance of drug delivery nanotherapeutics. The

current challenges in the development of drug delivery systems are highlighted and the use

of organ-on-chips as a potential solution is discussed by presenting specific examples of

relevant proof-of-concept studies.

2. Limitations of Current Culture Platforms used for Developing Drug

Delivery Systems

Several parameters need to be studied for developing nanoparticles for clinical use. These

include studying the fate of the nanoparticles inside the body and its toxicological effects,

the mode of binding and internalization at the cellular level, the stability of the nanoparticles

with respect to various physical and chemical conditions of the body, and, most importantly,

the efficacy when compared to free drugs [5]. Large-batch synthesis, toxicity assessment

and efficacy screening are the major levels at which clinical translation of nanotherapeutics

faces set-back [16]. On the manufacturing front, scaling the small lab synthesis techniques to

the large-scale production of nanoparticles has been challenging for the pharmaceutical

companies [8]. Meanwhile, screening for the toxicity and efficacy suffers from the paucity

of preclinical models that would robustly predict the nanoparticles’ behavior inside the

human body [16]. For simultaneous evaluation of the above-mentioned parameters,

predictive in vitro platforms are essential while developing drug delivery vectors [13, 17].

The current gold standard for preclinical testing of nanotherapeutics is in vivo studies. These

do not accurately predict human responses due to inter-species difference in genetic makeup,

along with being extremely time-consuming, expensive, low-throughput and raising ethical

concerns. The resolution for whole-animal imaging methods is limited, hindering

visualization during transport of the theranostic agents in the target tissue. Being unable to

reproduce its preclinical performance, many drug delivery systems which pass the

preclinical phase fail to address the toxicity and efficacy effects when compared to their free

drugs counterparts in human clinical trials [5]. Strikingly, the main reason cited for this

effect is the use of animal models for optimization during drug carrier design [5], which

brings back the obvious drawback of a certain degree of physiological irrelevance between

human and animal models.

Animal models need to be complemented with sophisticated in vitro platforms to fill this

gap. In current in vitro studies, drug delivery carriers are commonly tested in two-

dimensional (2D) monolayer cell culture models. These 2D cultures involve growing on top

of a flat substrate (e.g., glass or polystyrene) a monolayer of single or multiple cell types that

are either freshly isolated from human/animal tissues (primary cells) or are already

established, immortalized cell lines. In these setups, drug delivery systems are usually mixed

with culture media and directly applied on the cell monolayers, after which cellular

responses are recorded. Among several published studies [18–21], the work of Xia and

colleagues on cellular uptake of gold nanoparticles (AuNPs) by SK-BR-3 breast tumor cells

[22], stands out by devising a novel testing method. After culturing the cells on a piece of

glass, the substrate was carefully reversed and placed upside down before AuNPs, with

different shapes and sizes, were added in the culture media. Such an approach successfully
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avoided the issues caused by rapid sedimentation of nanoparticles. Indeed, the amount of

cellular uptake of nanoparticles in upright and inverted cultures was found to significantly

depend on the rate of diffusion/sedimentation of the nanoparticles.

In spite of these novel approaches for 2D cell culture, it is gradually realized that there are

many shortcomings with these “flat” models to mimic the complex three-dimensional (3D)

in vivo microenvironment, wherein the cells and extracellular matrix (ECM) exist in well-

organized architectures. Moreover, the nanoparticle delivery efficacy differs considerably

between 2D and 3D culture platforms [23]. Primary cells usually have a limited lifespan,

undergo rapid phenotypic alterations, and show large variability over different batches of

isolation; on the other hand, although established cell lines are more stable, many times they

do not present genuine tissue-specific functions [24]. In this regard, efforts were shifted

towards developing multiple 3D culture systems that can better recapitulate in vivo tissue

functions. Multicellular spheroids are important 3D models for researchers [25–29]. These

spheroids are formed by spontaneous aggregation of multiple cells held together by ECM

secreted by residing cells. The apoptotic/necrotic core of the spheroids contrasts with the

proliferative cell layers on the periphery, providing a better mimic of in vivo tumor

environment. Due to the importance and long-time usage of multicellular spheroids in both

pharmaceutical studies and regenerative medicine, researchers have developed sophisticated

methods that allow efficient fabrication of uniform spheroids at relatively large scales,

including the use of hanging drops, non-adhesive microwells, rotation cultures, or 3D porous

scaffolds [30–37]. Multicellular tumor cylindroids have been used to study the effect of

charge on the uptake of fluorescein isothiocyanate (FITC) or doxorubicin (DOX)-conjugated

AuNPs loaded with drugs, where diffusion is permitted only from the periphery to the center

[38]. Kotov and co-workers directly utilized tumor spheroids for toxicity testing of CdTe

quantum dots and AuNPs [39]. The toxic effects of these nanoparticles was compared with

conventional 2D cultures, to reveal different responses of cells in terms of morphology,

particle distribution, membrane integrity, mitochondrial activity, and apoptosis (Fig. 1).

Besides multicellular spheroids, hydrogels and porous scaffolds have also been widely

employed for constructing 3D tissue models at larger size scales [40–42]. There are a

number of advantages associated with 3D cultures within a matrix. For example, the

mechanical properties of the gels can be precisely modulated, which have been shown to

determine the phenotypic behaviors of the cells [43–45]; the matrices can be fabricated to

possess various hierarchical structures and any desired shape to accommodate specific target

tissues. As an example, Huang and co-workers demonstrated that cancer cells became more

tumorigenic when cultured in a fibrin gel with a stiffness of approximately 90 Pa, as shown

by in vivo tumor formation in mice even when only very few (10 or 100) tumor cells were

injected, whereas the same number of tumor cells from stiff 2D substrates could not induce

the formation of tumors [46]. Moreover, Mooney et al. cultured OSCC-3 oral squamous

carcinoma cells within porous poly(lactide-co-glycolide) (PLG) scaffolds to create an in

vitro tumor model [47]. They argued that tumor cells cultured in PLG scaffolds could better

recapitulate their in vivo states than in 3D Matrigel or 2D substrates as shown by their

morphological appearances, proliferation rates, distribution of oxygen concentrations, and

secretion patterns of biomolecules.

Bhise et al. Page 4

J Control Release. Author manuscript; available in PMC 2015 September 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Although static culture systems based on multicellular spheroids or 3D matrices can

recapitulate the in vivo functionality of tissues much better than 2D cultures, they fail to

present dynamic flow conditions that the cells usually experience in the body. The absence

of homogenous perfusion results in improper gas and nutrient exchange through the core of

the constructs. Additionally, the gravitational settling of nanoparticles in static conditions

affects the outcome of dosage optimization studies. Evaluating the drug carrier in static in

vitro assays without considering mechanical forces and fluid flow has shown instances of

false positives [13, 17, 22].

Hence, perfusion-based dynamic culture systems in bioreactors have become increasingly

popular. At the same time, owing to the rapid development of microfluidics, the size of these

bioreactors is being constantly reduced while the functionality is improved, enabling the

development of improved systems for drug toxicity and efficacy studies [48–52]. For

example, Lee and co-workers constructed microfluidic chambers containing arrays of

hydrodynamic traps, which was used to immobilize around ten tumor cells per trap (Fig.

2A). The entrapped tumor cells aggregated in the traps to form small spheroids (<50 µm)

within several hours (Fig. 2B,C) [53]. Similarly, Cheung and co-workers developed a type

of cell culture chip with arrays of microsieves for efficient trapping of larger cell aggregates

[54]. Treating the multicellular spheroids of LCC6/Her2 breast tumor cells in the

microsieves with increasing concentrations of DOX, resulted in a reduction of the size of

spheroid and viability of the cells. In addition a microfluidic platform to study the

interaction of nanoparticle-aptamer conjugates with prostate cancer cells that expressed

(LNCaP) or did not express (PC3) prostate specific surface antigen (PSMA) was developed

[11]. For LNCaP cells, the binding of nanoparticles was higher in presence of aptamer and

decreased with increasing flow rate, whereas in the case of PC3 the nanoparticles did not

bind with or without aptamers (Fig. 3). Such advanced microfluidic culture models, where

essentially any form of cell/tissue constructs (e.g., spheroids, hydrogels, and porous

scaffolds) can be directly utilized on-chip for testing, can potentially be used for cytotoxicity

and efficacy assessment of drug delivery systems.

3. Organ-on-a-Chip Platforms as a Potential Solution

Recent innovations in microfluidic technologies can provide novel synthesis and screening

methods to address issues of scalability, batch-to-batch variability, and poor predictability

that limit the pace of clinical translation of nanotherapeutics [16]. The integration of

advanced 3D tissue engineered constructs with microfluidic network systems, termed

‘organ-on-a-chip’, provides a novel platform for better preclinical testing of drug delivery

systems. Easy manipulation of micro-liter volume of liquids has made these models a

platform where scaling and dynamic crosstalk between cells can be achieved [15]. The

system geometry and structures recreate physiological length scales, concentration gradients,

and the fluid flow generates mechanical forces that recapitulate the in vivo

microenvironment experienced by cells [13, 55]. Thus, these highly biomimetic platforms

overcome the drawbacks with conventional tissue culture models as highlighted in the

previous section [16]. By better mimicking the physiological conditions and more accurately

predicting the effect of drug carriers, these sophisticated in vitro screening models can fill

the gap between the outcomes of animal studies and human clinical trials [16].
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Since lung-on-a-chip [13, 56], the field of biomimetic organs-on-a-chip has expanded

rapidly to encompass several organs including liver, kidney, heart, gut, breast, and blood

vessels [55, 57–59]. These studies have already shown that organ-on-a-chip platforms can

generate responses similar to those observed in vivo towards nanoparticles [13, 17].

Furthermore, multiple organ modules can be interconnected in a physiologically relevant

scale and organized to form a human-on-a-chip platform [60]. These systems can be used to

study the fate of nanoparticles. The information obtained from such studies would allow

rapid testing of new therapeutic designs. Thus, the use of physiologically relevant organ-on-

a-chip models as a studying tool for drug delivery systems can accelerate the clinical

translation of nanoparticles. The following sections of this review, ordered by organ-type,

will discuss the progress, advantages and challenges of existing organ-on-a-chip platforms,

in the context of testing of drug delivery systems.

3.1 Vascular platforms

Nanoparticles introduced intravenously have to traverse through the vascular endothelial

barrier to reach the target tissue. It is thus important to study the interactions of these carriers

with the vasculature with regards to their vascular transport and toxicity. Some studies have

already reproduced geometric features of vasculature, including straight channels [61–64],

bifurcations [65, 66], and a mixture of more complex features [67]. By mapping and

replicating a microvascular network from a hamster muscle, a small microfluidic platform

was created, reproducing several geometric features including bifurcations and tortuosities,

as well as accounting for different shear stresses along the branches [67]. Another important

parameter to be considered is particle size. A microfluidic vascular model was developed to

study the differences in accumulation of micro-and nanosized spheres inside microchannels.

It was reported that microspheres tend to locate more to the margins when compared to

nanospheres [68]. This effect of size on accumulation, as well as hemodynamics and

hemorheology, should be taken into account when designing drug delivery carriers targeted

for vascular diseases and cancer. Additionally, these carriers also interact with blood

components. A study using high concentrations of mesoporous silica nanoparticles showed

that despite having no effects on platelet viability, it greatly increased platelet aggregation

and adhesion to endothelium [62]. This emphasizes the evaluation of other parameters apart

from viability when studying particle interaction with blood components.

Another key aspect that vascular models are able to mimic is the influence of shear stress

[63, 65, 69]. This is particularly important for nanoparticle delivery as it affects the

endocytic uptake of nanoparticles by endothelial cells [69]. Narrowing in particular regions

of the vascular system exhibits increased shear stress, which is an important factor in the

development of thrombosis. A microfluidic model was developed to study the potential of

shear responsive nanoparticles for targeting and treating embolic occlusions. The tissue

plasminogen activator (tPA) loaded nanoparticles were able to dissolve preformed fibrin

clots inside this microfluidic channel. This in vitro observation was then validated in an ex-

vivo mouse pulmonary embolism model, a shear-sensitive particle system allowed the use of

a 100-fold lower dose of tPA to obtain the same lysing effect as achieved by free tPA (Fig.

4A) [63]. Such smart particles, which respond to biophysical cues, can target drugs more

efficiently, reduce dosage and concomitantly lessen undesired secondary effects [63].

Bhise et al. Page 6

J Control Release. Author manuscript; available in PMC 2015 September 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Vascular microfluidic models also take into account other aspects, such as particle

functionalization [61, 65]. Platforms can model the influence of particle functionalization

combined with either shear stress [61] or geometric features as straight versus bifurcating

channels [65]. Some studies have highlighted the effect of particle shape on adhesion to the

channel walls (Fig. 4B) [66, 70]. In case of an endothelialized channel, rod-shaped

nanoparticles showed high specific targeting and lower non-specific accumulation as

compared to sphere-shaped nanoparticles [70]. When engineering and designing novel

carriers, one should take these shape effects into consideration.

Microfluidic technologies have the potential for scalability and high-throughput analysis,

and can characterize populations of nanoparticles in a quick and low cost manner [10], or

even evaluate endothelial permeability [64]. Moreover, inherent characteristics of

microfluidics, such as laminar flow, can be exploited to build superior models. For instance,

hydrodynamic focusing [71] could be used for precisely targeting drug carriers to specific

regions in microfluidic chips, and possibly study their subsequent transport to neighboring

cells from a non-exposed region. Several of the above discussed models have the potential to

leverage drug delivery by probing the efficacy and mode of action of drug carriers. A future

challenge that still remains to be elucidated is the prioritization of parameters, and, perhaps,

how to combine multiple features in a single, high-throughput capable, device. On-chip

vasculature models are thus a relevant tool when considering the targeting of vascular

diseases, tumor angiogenesis and usage of injectable drug delivery systems.

3.2 Cardiac platforms

The need for targeting drugs for cardiovascular disease has become very critical [72].

Several drugs used for cardiovascular diseases have been subjected to FDA withdrawals

[73]. Also a few commercial drugs used to treat other organ disorders have been identified

to have adverse side effects on the cardiac tissue [74]. Inadequate screening models have

become one of the major accountable factors for these failures [74, 75]. With multitude of

features to be researched for a drug and its carrier to successfully translate to clinics, testing

them in the appropriate in vitro conditions has turned out to be the key aspect [16].

However, persisting difficulties in mimicking the physiology of the heart in vitro have

hampered this process. Nevertheless, there are several reports on cardiac tissue engineering

[76] and heart-on-a-chip [75] that promise to potentially emerge as physiologically relevant

models for in vitro drug testing. Most of the developed platforms use primary cells derived

from rats, however, more focus on integration of human cells with these models is required

for mimicking human physiological response. Among the human cell sources,

cardiomyocytes generated from human induced pluripotent stem cells have enormous

potential to be pathophysiologically relevant [77]. They also facilitate creation of platforms

for mimicking genetic disorder in patient-specific cases, thereby paving the way for

individualized therapy [77].

The culture of functional cardiomyocytes can benefit from stimulation with electrical and

mechanical forces [78], which cannot be reproduced in a simple cell culture setting.

Additionally, to recreate a functional cardiac tissue, scaffolds can be used to recreate 3D

tissue architecture [79]. The use of cardiomyocyte cell sheets has offered a possible platform
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for drug testing that exhibits an important physiological parameter of heart: a uniform

contractile function. Stevens et al. [80] developed a scaffold free cardiac patch derived from

human embryonic stem cells (hESCs) that showed electromechanical coupling with each

beat. Shimizu et al. [81] fabricated these sheets with primary rat myocytes. When two of

these sheets were overlaid, they exhibited a simultaneous and spontaneous beating after a

week. Other attempts to record electrical stimulation have involved the use of cardiac tissue

slices. Bussek et al. [82] implemented the use of guinea pig cardiac tissue slices to evaluate

the performance of a potassium channel blocker. Even though different potentials were

recorded when the slice was exposed to the drug, the experiment does not completely

reproduce the effects in the human patient. Naturally, these reconstructions do not perform

as the organ itself and fail to reproduce in vivo conditions but they can offer an advantage

for further improvements by means of microfluidic platforms.

Classically, most of the microfluidic platforms are fabricated using poly(dimethylsiloxane)

(PDMS). To tune the stiffness of the PDMS surface for cardiomyocyte culture the

microfluidic channels can be coated with a hydrogel of controllable matrix stiffness [14]. In

a study by Annabi et al. two types of hydrogels, methacrylated gelatin (GelMA) and

methacrylated tropoelastin (MeTro) were compared [14]. The cell attachment and alignment

was dependent on the type of hydrogel used, whereas the beating was dependent on the

stiffness of the matrix. In another report, cardiomyocytes were seeded on thin PDMS films

patterned with fibronectin and cultured within a bioreactor [83]. The high-throughput format

enabled testing of different geometric patterns of fibronectin and monitoring up to forty thin

films in real-time in a single bioreactor. As the calcium dynamics of the cardiomyocytes are

directly affected by disease conditions, Martewicz et al., developed a microfluidic platform

where the calcium dynamics of the cardiomyocytes can be observed in real-time [84]. This

platform could also control the oxygen concentration experienced by the cells, thus allowing

induction of hypoxia. Concurrently, the differential response of calcium dynamics was

monitored with varying oxygen concentration. These in vitro microfluidic platforms, with

high-throughput capability, can accelerate the translation of a drug carrier to the clinic by

recreating cardiovascular environment that better mimics human physiological conditions

[75].

3.3 Liver platforms

Drug hepatotoxicity is one of the main concerns in identifying new drugs [85], thus studying

hepatoxicity of nanoparticles is very important for developing novel drug delivery

platforms. Also with animal models failing to better predict outcomes of drug intake in

humans [85], there is an extensive body of research focused towards developing in vitro

models for evaluating hepatotoxity [86–89]. In vitro hepatic models aim at emulating

functionality and mimicking the normal as well as pathophysiological architecture of liver.

These models include 2D/3D mono- and co-cultures, hydrogel based engineered models,

and organ-on-a-chip platforms of normal and diseased cells. Since most of the drug delivery

and nanotoxicity studies are restricted to 2D cell culture plates [90–92], some important

studies that describe the testing of nanoparticles in these platforms that more accurately

predict in vivo behavior are highlighted.
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A recent study using lipid nanoparticles for siRNA delivery demonstrated the importance of

using primary hepatocytes instead of immortalized cell lines for better translation of

screening results to in vivo outcomes [93]. Assessment of nanoparticles should be evaluated

within such clinically relevant models that can maintain the functionality of primary

hepatocytes for long-term culture [86, 94]. One such model used micropatterned collagen

substrate for culturing primary hepatocytes in a high-throughput 24-well plate format [86].

In this model, primary hepatocytes were co-cultured with fibroblasts to augment homotypic

interactions with heterotypic interactions for maintaining the functionality of hepatocytes for

a long period. This model represents a potentially useful platform for long-term analysis of

liver nanotoxicity. In a study by Dragoni et al., the uptake and toxicity of AuNPs was

investigated using precision cut rat liver slices [95]. The tissue slice model was used to

evaluate the uptake of AuNPs by hepatocytes, Kupffer and endothelial cells present in the

liver slice. However, tissue biopsies or slices cannot be used for high-throughput studies and

show rapid loss of functionality within days during in vitro culturing, thus limiting their

application for long-term studies [96].

With extensive research on developing 3D hepatic spheroids for drug testing [87, 88, 97, 98]

and also with availability of high-throughput commercial platforms for formation of

spheroids, liver spheroids represent a promising 3D construct for rapid clinically relevant

evaluation of nanoparticles. Spheroids formed from primary human hepatocytes have been

used for long-term drug studies [97]. In a work by Lee et al., the toxicity of gold

nanoparticles and CdTe nanoparticles in 2D cell cultures and 3D spheroids were compared

(Fig. 1) [39]. Results showed considerably reduced toxicity in spheroids when compared to

2D cultures and the reduction in toxicity was attributed to change in phenotype and complex

cell-cell interaction that altered the transport of nanoparticles. Spheroids of cancerous

hepatocytes have also been used as a model for mimicking in vivo tumor microenvironments

as shown by England et al. [99]. They studied nanoparticle delivery to avascular regions in

the spheroid core and used surface modification strategy to enhance nanoparticle penetration

within the tumor core.

Nanoparticles exhibit differential behavior in static and flow conditions [13, 17], thus

necessitating the development of dynamic microfluidic platforms for toxicity evaluation.

Multiple biomimetic liver-on-a-chip platforms have been long established for drug toxicity

testing [15, 89, 96, 100]. Since liver is the major organ for drug metabolism, it is important

to integrate a liver module with other organ modules to assess the cytotoxicity of prodrugs.

In such models, the prodrugs are first metabolized by the liver module before reaching the

target organ of drug action. For example, Shuler and Sung developed a micro cell culture

analog (µCCA) with 3D cultures of HepG2/C3A cells (as the liver module) and HCT-116

cells (as the tumor module), both in Matrigel, and Kasumi-1 myeloblasts (as the bone

marrow module) in stiffer alginate gel (Fig. 5) [101]. The cytotoxic effect of Tegafur, an

oral prodrug of 5-fluorouracil (5-FU), on each organ analogue was then tested using such a

three organs-on-a-chip platform, where they found that the µCCA was capable of

reproducing the metabolism of Tegafur to 5-FU in the liver module, whereas the metabolic

conversion of Tegafur could not be accomplished with 2D cultures in 96-well plates.
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In a work by Wagner et al., a multi organ-on-a-chip model was developed for long-term

culture by combining liver microtissues made of spheroids of HepaRG and hepatic stellate

cells with skin biopsies [15]. Their microfluidic system integrated an inbuilt peristaltic pump

with a total media volume of 300 µL, thus enabling cross-talk between skin and liver

compartments proven by the dynamic level of albumin in mono- and co-culture systems.

Such models could be channeled towards evaluating the toxicity of nanoparticles used in the

cosmetic industry. Infectious disease models that recreate the hepatic stage of infections,

such as hepatitis C viral infection, will also prove significantly important for clinical

translation of nanotherapeutics [102, 86,103].

3.4 Lung platforms

The respiratory tract is one of the most significant ports of entry in the human body. This

can result in a number of infectious diseases as well as occupational pathology, but it also

offers an appealing route of drug administration. The alveoli itself offers a thin mucosal

barrier (200–800 nm) with low enzymatic action, vast absorptive surface area (100 m2) and

rapid access to the bloodstream while avoiding invasive procedures [104]. Aerosol

nanocomplexes for gene therapy have proven to diffuse through the alveoli-capillary barrier

in an efficient manner compared to other particles due to their small size [105]. Other drug

delivery systems like zinc oxide nanoparticles (ZnONP) [106], silver nanoparticles (AgNP)

[107] and doxorubicin micelles [108] have been used with 2D culture platforms to study the

effect on cell function and apoptotic response. Multi-well plate cultures of MCF-7 and A549

lung cancer cell lines have been used to evaluate nanoparticles [109]. But these systems fail

to reproduce a physiological environment for drug testing. To recreate the complexity of the

human lung’s structure, the use of 3D microfluidic systems that can introduce fluid and solid

mechanical forces [110] are essential to imitate the human alveoli environment.

In an effort to develop biomimetic ‘lung-like’ microsystems, Huh et al. reproduced the

alveolar-capillary interface in vitro by creating a layer of alveolar epithelial cells and

endothelial cells both seeded on opposite sides of a porous ECM-coated membrane (Fig.

6A) [13]. The inflammatory and toxic effect of silica nanoparticles was evaluated by particle

absorption through a vacuum strain model that mimics the physiological breathing motion.

This cyclic mechanical force augmented the nanoparticle translocation across the alveolar-

capillary barrier, enhancing the toxic and inflammatory response as indicated by increased

reactive oxygen species (ROS) generation and intercellular adhesion molecule-1 (ICAM-1)

expression. The nanoparticle translocation behavior was also evaluated in a whole mouse

lung ventilation-perfusion model to demonstrate the significance of using lung-on-a-chip

systems to better predict physiological response. Yu et al. fabricated a ‘lung-like-

compartment’ in one of the four multichannel 3D microfluidic cell culture platform that also

incorporated kidney, liver and adipose cells [111]. They evaluated gelatin microspheres as a

controlled-release system for TGF-β1 encapsulated within the microspheres, and used A549

cells to recreate a human lung microenvironment for drug testing. In the device, common

media goes through this first chamber of A549 cells and TGF-β1 encapsulated microspheres

to continue to the other ‘organs’. The ‘lung’ compartment revealed an enhanced cellular

function compared to the other uncompromised ‘organs’ showing a compartmental
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separation between the chambers and imitating the partial cross-talk between organs that

occurs in the human body.

Future endeavors must be oriented to combine the multiple cell types in the alveoli and the

mechanical forces involved in ventilation. The reconstruction of a reliable alveolar-capillary

barrier without a complex culturing process [112] as well as developing novel particles with

effective transport properties are also upcoming challenges. A system that combines all of

the above would be a reliable model that represents the inner organ conditions in the human

body.

3.5 Other organ platforms

Other organs that are important for studying nanocarrier mediated drug delivery are the

kidney, spleen and gut [113–115]. Kidney and spleen play an important role in clearance of

systemically delivered nanoparticles. The kidney is one of the major excretion pathways in

the human body, playing a key role in blood filtration and water metabolism [116]. A study

indicated that the glomerular filtration barrier contributed towards the dissociation of siRNA

from its cationic cyclodextrin carrier. Thus it is important to study the behavior of

nanoparticles in the renal system especially when administered intravenously [113]. To

replicate renal conditions, such as fluid flow and shear stress [117], Jang et al. created a

microfluidic device that mimics the in vivo renal tubular environment [118]. The device

consists of a PDMS platform designed to contain both ‘luminal’ and ‘tubular’ chambers

separated by a porous membrane. Human primary kidney proximal tubular epithelial cells

were grown on the ‘tubular’ side of the membrane while media was perfused into the

‘luminal’ side (Fig. 6B) [118]. The device demonstrated differential cell histologic

arrangement and protein expression when using static and dynamic flow conditions. The

dynamic condition revealed an augmentation in the reabsorption function of the kidney. In

the work by Shintu et al., a microfluidic device was used to measure the ‘metabolomic’

fingerprint of the kidney using high-throughput screening approach [119]. This method

provides for rapid screening of a compound target library that can be of further use in the

drug delivery and discovery research.

Spleen plays an important role in filtering the bloodstream and is a vital part of the body’s

immunological response [120]. It forms a fundamental defense component against certain

bacteria such as Streptococcus pneumoniae. Yung et al. [121] created a blood cleansing

platform that uses magnetic opsonins to target Candida albicans [121]. The pathogen is then

removed by a micromagnetic–microfluidic separator and cleared from the blood. Such

models are yet to be exploited for drug studies and can be of great use for optimizing drug

delivery systems.

Among other organs that could be used for drug testing is the gut-on-a-chip created by Kim

et al. [55] This device recreates intestinal human environment and could be used to test oral

drugs absorption. The device consists of two chambers divided by a porous membrane (Fig.

6C). The membrane separates a columnar epithelium of Caco-2 cells from another chamber

that lies below the porous structure. In addition, Lactobacillus rhamnosus GG bacteria was

cultured together with the epithelial cells to enhance the barrier function of cells during this

period. The inclusion of a Lactobacillus that resembles the intestinal flora offers a step
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forward towards simulating the intestinal lumen. Future design strategies ought to consider

the development of an organ-like platform that can mimic the in vivo complexity of the gut

environment in a simple and efficient way.

3.6 Tumor platforms

The complex in vivo microenvironment of a tumor presents a unique challenge for the

efficient delivery of nanotherapeutics to the tumor site. The key features of this complex

microenvironment include heterogenous vascularization, increased interstitial pressure and

inadequate lymphatic drainage [122]. Significant advances have been made in the chemical

discovery, design and synthesis of chemotherapeutic drugs and diagnostic agents. However,

their adverse side effects in healthy tissues greatly limit the maximum tolerated dose and

thereby reduce their therapeutic efficacy [123–125]. Researchers and pharmaceutical

companies are pursuing the use of nanoparticles for encapsulating anti-cancer drugs and

delivering them specifically to the tumor site as a potential solution to reduce the side effects

[126]. Nanoparticles with surface targeting moieties have shown efficacy in in vitro

screening studies, but fail to show the same performance during in vivo trials. Several

delivery barriers make nanotherapeutics ineffective within the human body and hinder

successful clinical translation of these anti-cancer drug carriers. To solve this delivery

problem, it is important to gain an understanding of the nanoparticle transport through the

bloodstream, distribution at the target tissue and subsequent uptake by the cells. Preclinical

models that mimic the in vivo 3D tumor architecture and dynamic flow conditions are

important for studying these delivery parameters and for toxicology assessment.

The integration of microfluidic networks with 3D tissue engineered cultures offers a unique

opportunity to probe nanoparticle transport barriers in a controlled manner. Additionally,

these tumor-on-a-chip platforms can be used for studies to optimize nanoparticle dosage, to

generate gradient drug concentrations and to develop personalized drug screening and

treatment strategies [127]. For example, in a recent report by Albanese et al., a tumor-on-a-

chip model was developed to investigate the transport behavior of AuNPs through 3D

tumor-like spheroids of human melanoma cells immobilized in a PDMS chamber (Fig. 7A)

[128]. Their microfluidic device allowed precise control of the media flow conditions and

the spheroids were coated with a laminin layer that acted as a barrier to AuNPs transport,

thus mimicking conditions found in vivo at the tumor site. The tissue penetration and

accumulation of fluorescent NPs under physiological flow conditions was monitored in real-

time. The nanoparticle diameter, surface functionalization and the flow conditions in the

microenvironment were shown to affect the accumulation of AuNPs near the tumor tissue

(Fig. 7B,C). The nanoparticles functionalized with targeting groups accumulated in the

periphery and failed to penetrate deep inside the core. Such studies provide critical insights

to help design better nanoparticles for improved in vivo targeting. Pellegrino et al. have also

designed a microfludic platform to evaluate magnetic thermoresponsive polymers for

controlled release of chemotherapeuitc drugs. This preliminary study was conducted without

cells in PBS, but this system can be further developed for studying drug delivery to cells

using thermoresponsive carriers [129].
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Several other tumor-on-a-chip platforms have been reported to study the complex tumor

microenvironment and to screen drugs [127, 130–135]. In a recent study by Kim et al., a

fully automated microfluidic system was developed for high-throughput screening of

different concentrations and combinations of anti-cancer drugs on a parallel culture of PC3

prostate cancer cells. Their platform could capture the synergy between different sensitizer

drugs (DOX or mitoxantrone in this case) and TRAIL (TNF-alpha Related Apoptosis

Inducing Ligand). Such high-throughput systems can be used for screening and optimizing

combinatorial delivery strategies using nanocarriers for cancer therapeutics before testing in

humans [135, 136]. Further, microfluidic systems that allow for testing anti-cancer drug

sensitivity to a specific patient are promising for developing clinically relevant

nanotherapeutics for personalized treatments [137]. The study by Zhao et al. addressed a key

aspect of anticancer drug assessment, namely the integration of quantitative data acquisition

methods with the on-chip platform for analyzing the cell apoptosis induced by the

chemotherapeutic drug. This was achieved by using Annexin V conjugated quantum dots

and Calcein AM as dual apoptotic probes [138]. Such real-time optical probing methods will

be useful for monitoring the behavior of nanotherapeutics in the tumor-on-a-chip platforms.

New delivery systems have been proposed in recent years to meet the demand for

developing safer chemotherapeutic strategies for breast cancer, one of the commonest type

of tumor in women [139]. These include liposomal nanoparticles used to deliver DOX [140]

and albumin-bound Paclitaxel delivery system [141]. The anatomy of the mammary gland

presents a number of challenges when it comes to clinical translation of these theranostics.

Two of the major barriers are: the presence of a system of ducts in a branched manner with

different sizes [142] and high pressure buildup during a diagnostic liquid procedure like the

fluid nipple aspiration or ductal lavage. Due to the increased pressure in the smaller ducts,

the delivered theranostics fail to reach their target and in 20% of the patients these methods

provide an inadequate number of cells to determine a diagnosis [143]. In their effort to

reproduce the ductal system in a mammary gland and address the difficulties mentioned

above, Grafton et al. developed a microfluidic breast-on-a-chip system. This system

consisted of laminin coated microfluidic channels with decreasing ductal size to culture a

polarized monolayer of human mammary epithelial cells. In this model, they proposed the

use of iron oxide superparamagnetic sub-micron particles (SMPs) with an external magnetic

field guidance for theranostic purposes of mammary gland neoplasias [144]. To further

investigate breast neoplasia models, the same group attempted the reconstruction of tumor

growth in the mammary gland.

Knowing that most of the human mammary lesions ascend from the terminal lobular ductal

units [145], they used a platform to reproduce the disease on a chip. Human breast epithelial

cells and nodules (3–5 cells) of tumorigenic human mammary carcinoma cells were seeded

in an acrylic hemichannel system leading to a model that mimics the tumor’s organization in

human biopsies [146]. Using patient biopsies in future studies, the tumor-on-a-chip models

described above could serve as a personalized medicine platform to optimize an

individualized chemotherapy regimen.
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4. Future Directions & Conclusion

Pharmaceutical companies involved in drug discovery continuously aim to both reduce the

cost of their research and speed up the development of new drugs. In this process, pre-

clinical animal studies are the most expensive and time-consuming part, while not assuring

human in vivo significance. In vitro organ-on-a-chip platforms can revolutionize this process

by making it less expensive, while representing a reliable way for drug discovery. However,

further advances in the field are needed to overcome engineering and biological challenges

before entirely assessing their value as an efficient and robust platform for screening

nanotherapeutics.

The final goal is to develop a body-on-a-chip platform for systemic evaluation of drug

delivery vectors. But current efforts are directed towards the development of individual

organ platforms limiting their range of applications to a specific organ’s functions. For

example, liver being the most relevant organ for drug toxicity and metabolism, the

development of a functional liver-on-a-chip system is the most important challenge currently

faced by researchers. As mentioned in section 3.3, several attempts have been developed in

this direction, but the available platforms are yet unable to fully capture the complexities of

in vivo drug metabolism in a robust manner. For developing a universal platform, the

flexibility and modularity of this technology, based on extremely versatile microfabrication

techniques, should be exploited. The possibility of culturing different cell types employing

the identical standard setups could lead to the development of several organ models on

demand. The results obtained with such systems could be easily compared, and relevant

drug-specific cell responses can be quickly noticed. In this context, the simplicity of the

setup and the implementation of several parallel experiments will be a key aspect (e.g., for

testing drug-dose responses as well as different target organs). Indeed, in many cases the

platforms proposed so far have been optimized for one or two main parameters and the

comparison between them is highly complicated. A crucial challenge is to build platforms

that deliver comparable results, both to other systems and among different research groups.

Furthermore, the inherent modularity of these systems allows for the development of several

on-chip modules by only changing cell type. Interconnection of such modules would mimic

the communication between different organs, making the search for potential new drugs a

more effective and comprehensive process. However, high-throughput and automation,

which are intrinsic capabilities of these systems, yet remain a challenge. Developments and

efforts on the field of biosensors should be coupled to organs-on-a-chip, so that evaluation

of outcomes could be done in a quantitative and real-time manner. An ideal platform should

include these sensors to monitor, in situ, various physical/chemical parameters, such as O2,

pH or even proteins. A robust system has to show stable experimental conditions in order to

correlate any significant change in those parameters to the direct effect of the candidate

drug. Commercially available sensors, and microfabricated ones, that allow a quick

integration in a microfluidic system, will be combined to previously developed organ-on-a-

chip platforms.

Future platforms should integrate parenchymal and non-parenchymal cells, and allow long-

term experiments without experiencing irreversible changes in cell function and behavior.
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Parameters such as cell proliferation and viability are quite immediate to assess, but changes

in proteomic, genomic and epigenomic levels, that can dramatically affect drug metabolism,

can be more difficult to monitor. A stable and robust system to address these issues is a

mandatory challenge that will be faced in the next generation organ-on-a-chip systems.

New organ-on-a-chip platforms for drug discovery should also consider any problems

arising from the interaction between a candidate drug vector and the microfluidic systems.

Mathematical and computational fluid dynamics (CFD) studies can help in this direction,

providing a mechanistic understanding of drug carrier attachment in organ-on-a-chip

systems. The known differential behavior of nanoparticle shape in terms of cell adhesion

and distribution can be assessed by CFD, and potentially aid in the generation of better and

more comprehensive models. For instance, in a computational study nanorods were shown

to contact and adhere to the wall much better than spherical counterparts [147]. Moreover, a

CFD model of a branched blood vessel showed that bifurcating sections had higher

nanoparticle accumulation when compared to straight ones. In the same study, authors were

able to model the trajectory and adhesive forces of nanoparticles under shear flow [148].

Together, these and other works [149], set the stage for future CFD studies on particle-

particle, particle-cell and particle-microfluidic device interaction (accumulation and

adhesion). More complex CFD studies on these phenomena, especially within organ-on-a-

chip, can help building next generation drug delivery systems, by better understanding their

underlying biophysical aspects.

From a materials point of view, the devices developed in this field show important

differences that can determine different cell responses as well as affect drug concentration

into the system, due to drug nonspecific adsorption to the channel walls. Though PDMS and

polystyrene are the most popular materials due to several advantages [150], such as optical

transparency and cell compatibility, other plastic materials have been used and a detailed

comparison of their advantages/drawbacks in drug screening tests is missing. If an ideal

material will be not found, research groups could decide to cover the microchannels with a

cell layer for preventing drug adsorption, as successfully reported by Schimek et al. [151].

In the long run, organ-on-a-chip systems will be used also for personalized drug screening.

As these systems will show strong standardization and reliability, the possibility to use

patient-derived iPSCs, produced in vitro and then terminally differentiated, can solve one of

the most important problems in disease treatment – patient-to-patient drug response

variability – avoiding long and ineffective drug treatments and minimizing drug toxicity. In

summary, organ-on-a-chip platforms for studying drug delivery systems hold great promise

and some aspects of them have been investigated, but their full applicability and potential

have yet to be realized.
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Fig. 1.
The application of 3D scaffold-based multicellular tumor spheroids in drug testing. A–D)

Confocal micrographs of live/dead staining showing (A) 2D culture and (C) 3D spheroid

culture. B) 2D culture revealed significant cell death after CdTe NP exposure. D) Spheroids

showed much lower cell damage (especially in the central area) than the cells in 2D culture.

E, F) SEM images of (E) 2D culture and (F) 3D spheroid culture at 24 h post CdTe

treatment. E) In 2D culture most cells were dead with a large amount of cells detached. F)

Cells in spheroids experienced much lower cellular damage than those in 2D culture.

Reproduced with permission from Ref. [39].
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Fig. 2.
The application of microfluidic bioreactors for drug testing. A) Schematic showing the

tumor spheroid formation and culture in a microfluidic flow chamber. B) Optical

micrograph showing that MCF-7 cells could uniformly fill all the traps. C) Optical

micrographs showing the structure of the tumor spheroids: (left to right) phase contrast

image and fluorescence images showing cell membrane and nuclei. Reproduced with

permission from Ref. [53].
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Fig. 3.
The application of microfluidic system for studying nanoparticles and cells interactions. A)

Fluorescence images showing binding of rhodamine-labeled nanoparticles, without or with

PSMA aptamer, to PSMA-positive LNCaP cell and PSMA-negative PC3 cells under static

conditions. The left column shows phase contrast images of the cells and corresponding

fluorescence images of the nanoparticles are indicated in the right column. B) Fluorescence

images showing binding of rhodamine-labeled nanoparticle-aptamer conjugates (red) to

LNCaP cells under fluid flow conditions at flow rates of 0.25, 1, and 4 µL/min. The cells

were stained with Calcein AM (green) and DAPI (blue) to quantify cell viability. C)

Quantification of the number of nanoparticles bound to PC3 cells under static condition and

to LNCaP cells under both static and fluid flow conditions. Reproduced with permission

from Ref. [11].
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Fig. 4.
Microfluidic platforms provide insights on flow dynamics and shape influence for carrier

attachment. A) Stenotic regions have higher shear rate (top) and accumulate more

nanoparticles (NP; bottom). B) Influence of particle shape (top) on attachment and

accumulation in a 45° bifurcation, showing that discshaped particles attach more than

spherical particles (bottom). Reproduced with permission from Ref. [63] & [66].
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Fig. 5.
The multi-chamber µCCA device. A) A PDMS µCCA device consisting of three chambers,

which represented uterus, liver, and mammary tissues, respectively. B) Measurement of cell

viability after treatment with 0.02% Triton. Triton treatment led to full mortality for all cell

types. Reproduced with permission from Ref. [101].
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Fig. 6.
A) Schematic of the lung-on-a-chip platform developed to study nanoparticle transport. The

transport of nanoparticles across the alveolar-capillary interface is augmented significantly

when vacuum is applied to the side channels of the lung platform. Adapted from Ref. [13].

B) Schematic of the Kidney-on-chip platform with two chambers divided by a porous

membrane that separates the ‘luminal’ from the ‘tubular’ space recreating the in vivo

conditions in the kidney. Adapted from Ref. [118]. C) The gut-on-a-chip platform includes

two compartments divided by a porous membrane separating Caco-2 cells from the bottom

chamber. A vacuum regulator is attached to the side chambers to assess the behavior of the

cells under the effect of strain. Adapted from Ref. [55].
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Fig. 7.
Studying the nanoparticle (NP) tissue transport behavior using tumor-on-chip platform. A)

The schematic of the microfluidic chip assembled on top of a microscope stage. B) The

schematic (left), image (center) and graph (right) showing the effect of NP size on tissue

accumulation. Four different sizes, 40 (red), 70 (blue), 110 (green) and 150 (orange) of

PEGylated NPs were investigated. C–D) The effect of NP functionalization on tissue

accumulation: C) PEGylated NPs and D) iron-transporting transferring (Tf) protein

functionalized NP. Reproduced with permission from Ref. [128].
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