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A B S T R A C T

A variety of engineered nanoparticles, including lipid nanoparticles, polymer nanoparticles, gold nanoparticles,
and biomimetic nanoparticles, have been studied as delivery vehicles for biomedical applications. When as-
sessing the efficacy of a nanoparticle-based delivery system, in vitro testing with a model delivery system is
crucial because it allows for real-time, in situ quantitative transport analysis, which is often difficult with in vivo
animal models. The advent of tissue engineering has offered methods to create experimental models that can
closely mimic the 3D microenvironment in the human body.

This review paper overviews the types of nanoparticle vehicles, their application areas, and the design
strategies to improve delivery efficiency, followed by the uses of engineered microtissues and methods of
analysis. In particular, this review highlights studies on multicellular spheroids and other 3D tissue engineering
approaches for cancer drug development. The use of bio-engineered tissues can potentially provide low-cost,
high-throughput, and quantitative experimental platforms for the development of nanoparticle-based delivery
systems.

1. Introduction

Nanoparticles, as a promising tool to transport molecules across
tissues, have been intensively studied in recent decades. They can be
utilized as an advanced delivery system, protecting therapeutic and
imaging agents. The size, shape, surface characteristics, and materials
used for their synthesis can be readily modified to match various ap-
plications. Nanoparticles offer a variety of functions including con-
trolled release of therapeutic agents at a particular site or at the desired
rate, improvement of drug half-life through encapsulation, increased
permeability to biofilm and biological barriers, and stealth property to
evade body's immune system [1–6].

As engineered nanoparticles are becoming highly functional and
more complex, utilization of in vitro bio-engineered microtissues as a
test platform to assess the efficacy of nanoparticle transport has become
a powerful approach. The use of in vitro platforms allows for in-situ,
real-time, high-resolution biomedical monitoring, which is often diffi-
cult with in vivo animal models. This paper provides a comprehensive
review of nanoparticle designs and synthesis, as well as recent attempts
for the evaluation of their functions using in vitro bioengineered mi-
croenvironment.

Fig. 1 illustrates the types of in vitro tissue models and nanoparticles

we review in this paper. We discuss multi-cellular spheroids, hydrogels,
composite tissue models that incorporate live cells and other functional
structures. The use of 3D printing is an emerging technology for the
preparation of tissue models. Nanoparticles tested are made of metals,
metal oxides, polymers, and lipids, and their sizes ranged from a few
nanometers to a few hundred nanometers with various surface func-
tionalization and other physical characteristics such as particle rigidity
[7]. Table 1 summarizes tissue types, target models and materials used,
nanoparticle types and sizes, and the purposes of the studies.

This paper starts with the description of application areas of nano-
particles, which include treatment of diseases, drug release in tissue
engineering, and labeling for biomedical imaging. Various nano-
particles are then described, including polystyrene beads nanoparticles
(polymer nanoparticles), lipid nanoparticles, gold nanoparticles, and
quantum dots. Methods of delivering nanoparticles to targeted sites and
improving penetration through biological barriers will also be de-
scribed.

The other important part of the paper is the review of the in vitro
microtissues as a test platform. For efficient nanoparticle transport,
several factors need to be considered such as medium density, pore
sizes, porosity, concentrations of ions and other molecules. While
controlling such material properties with an in vivo animal model is
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difficult, engineered tissues provide in vitro platforms to study the im-
pacts of these factors in a quantitative manner. This paper describes
tumor spheroids, hydrogels, 3D printed materials, and other engineered
microenvironments to study biological properties that are related to the
transport and release of molecules by nanoparticles. Finally, this paper
will overview future prospects.

2. Application areas

2.1. Cancer treatment

Tumors require an intense supply of oxygen and nutrients during
rapid growth. This strong demand for nutrients causes a larger gap
between newly formed epithelial cells in tumor tissue, which is char-
acterized by high permeability of tumor tissue. At the same time, the
tumor stroma has higher interstitial pressure and lacks a functional
lymphatic network, resulting in the deformation of tumor tissue. The
deformation of tumor tissue provides a convenient condition for na-
noparticles penetration and accumulation, a phenomenon known as
enhanced penetration and retention (EPR) effect [8–11]. Many nano-
particle anticancer drugs trying to take advantage of the EPR effect are
in their clinical trial period or approved by the Food and Drug Ad-
ministration (FDA). For instance, albumin-bound paclitaxel (PTX) en-
capsulated in 130 nm nanoparticles have been approved by the FDA for
breast cancer treatment in 2005 [12]. Albumin is a material suitable for
the fabrication of nanoparticles for drug delivery because it is known to
be nontoxic, non-immunogenic, biocompatible and biodegradable.
Another example is PTX-loaded polymer conjugates that are under in-
vestigation in the clinical trial [13].

2.2. Atherosclerosis treatment

The EPR effect is also a common phenomenon in atherosclerosis due
to chronic inflammation of arterial blood vessels. Unlike tumors, the
main cause for the formation of EPR in atherosclerosis is the long-term
accumulation of cholesterol and cell waste in arterial blood vessels. Due
to this unhealthy accumulation, the supply of oxygen and nutrients
becomes ineffective and the newly-formed vessels are poorly struc-
tured. As a result, the endothelial cells in blood vessels are formed
abnormally, which has a larger gap between each cell and the same
leakage as we discussed in a tumor. Duivenvoorden et al. studied an
injectable reconstituted high-density lipoprotein (rHDL) nanoparticle
loaded with statins, lipid-lowering drugs. They applied statin-rHDL
nanoparticles in vivo in a mouse atherosclerosis model and demon-
strated that they accumulated in lesions to affect plaque macrophages
[14]. In particular for targeted atherosclerosis imaging and therapy, the
functionalization of magnetic nanoparticles for MRI with affinity li-
nands has become an important approach [15]. Winter et al. [16,17]
developed a method to deliver an antimicrobial agent fumagillin.

Winter et al. used paramagnetic perfluorocarbon nanoparticles targeted
to the ανβ3-integrin, an angiogenic biomarker, and demonstrated a total
drug dose reduction of more than 10,000-fold. The paramagnetic na-
noparticles were also used to monitor the antiangiogenic effects
through MRI imaging.

2.3. Osteoarthritis treatment

Osteoarthritis (OA) is caused by the degeneration of the articular
cartilage, resulting in pain and impeding mobility [18]. Currently, there
is no disease-modifying drug available, and the care for the disease is
limited to palliative treatment. Oxidative stress due to the reactive
oxygen species (ROS) such as hydrogen peroxide can lead to in-
flammation and degradation of cartilage. There are two main chal-
lenges for osteoarthritis (OA) treatment [19]. First, joints are inherently
leaky, and therapeutics agents are cleared away rapidly from joints
within days. Second, targeted delivery of nanoparticles to chondrocytes
is difficult because cartilage is avascular, meaning the population of the
cells are sparse throughout the cartilage matrix [20,21].

Many types of nanoparticles have been investigated for intravenous
delivery and preferential targeting/retention at pathological sites.
Small (< 15 nm) cationic nanoparticles can overcome the biological
barriers of the joint by binding and penetrating faster than the con-
ventional carriers. This prevents the small cationic nanoparticles from
being cleared from the joint space [22,23]. Delivery platforms such as
polymeric micelles, liposomes, and dendrimers may be useful nano-
particles for osteoarthritis therapy [24–26]. When targeting the carti-
lage matrix, these nanoparticles can infiltrate the pores within cartilage
because of their small size and highly positive surface charge that binds
to cartilage matrix which is instrinsically negatively charged [27]. In
addition, the functionalization of the nanoparticle surface with tar-
geting ligands allows for increasing their targeting to cartilage matrix
[27]. Also, an increase of circulation time and systemic persistence
effectively promote the probability of active delivery nanoparticle or
passive nanoparticle to accumulate in the inflamed/damaged joints
[28].

2.4. Neuro-degenerative treatment

Brain cancer, Alzheimer's diseases, Parkinson's disease, stroke, and
multiple sclerosis, are among the neuronal diseases that are prevalent,
but poorly treated due to the limitations associated with drug devel-
opment, administration, and the difficulty of targeting the brain [29].
The presence of the blood-brain barrier (BBB) that has a highly selective
permeability system is the main problem when delivering therapeutic
agents to the brain [30]. Nanoparticles can be the possible solution for
delivering drugs across the barrier. The BBB is made up of specific
vascular endothelial cells that bound with neurons, pericytes, and as-
trocytes. Nanoparticle-based drug delivery systems have the potential
to deliver the desired quantity of the drug to the brain. Currently, mi-
celles, dendrimers, liposomes, and carbon nanotubes as nanocarriers
are being investigated to overcome the blood-brain barrier [31]. Size,
charge, and surface ligands of the nanoparticles can potentially be
considered for overcoming the BBB. Nanoparticles with a smaller size
than 200 nm have more chances to cross the BBB via the clathrin-
mediated mechanism [32]. Positively charged nanoparticles pre-
ferentially use the adsorptive transcytosis pathway than the neutral or
negatively charged [33] In addition, coating the nanoparticles with
surface ligands increases the possibilities of crossing the BBB. For ex-
ample, nanoparticles coated with cell-penetrating peptides can avoid
the endocytic pathway and deliver the nanoparticles directly in the cell
cytoplasm [34]. Some researcher group has taken the advantage of
transport-receptor mediated transcytosis (GLUT1 or albumin transpor-
ters, LF receptors, LRP1 (targeted by angiopep-2), or Tf receptors) to
overcome the BBB [35–37]. An interesting example is the use of MRI-
guided focused ultrasound to locally disrupt the BBB [38]. Overall,

Fig. 1. Bio-engineered microtissues for in vitro nanoparticle delivery. The use of
in vitro platforms allows for in-situ, real-time, quantitative monitoring of na-
noparticle delivery.
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nanoparticle conjugation with therapeutic agents may prove to be a
promising tool in brain drug targeting for safer therapies.

2.5. Drug release for tissue engineering

Nanoparticles provide interesting features to advance the field of
regenerative medicine. Because of their size and surface addressability,
nanoparticles can be used as a delivery vehicle of drugs, genes, growth
factors, and imaging markers for tissue engineering [39]. In particular,
the delivery of growth factors has been a topic of interest. For example,
the angiogenic factors such as vascular endothelial growth factor and
basic fibroblast growth factor can specifically enhance angiogenesis in a
controlled release system, which is critical for maintaining sustained
blood supply to developing tissues [40,41]. In the field of bone tissue
regeneration, a tightly controlled supply of growth factors and cyto-
kines is important to stimulate the right biological processes at the right
time [31].

Although active biomolecules can be directly encapsulated in the 3D
scaffold [42], due to the complex microenvironment formed during
tissue growth, the imposition and function of these biomolecules will be
significantly limited [3,43]. Therefore, the use of nanoparticles that
encapsulate active molecular factors has been widely studied to provide
controlled release [44]. Nanoparticles can provide high control over the
pharmacokinetics of bioactive and contrast agents while protecting the
therapeutic drugs from degradation and efficiently carry them to the
target [30]. Richardson et al. reported a new polymeric drug delivery
system that encapsulated two growth factors (vascular endothelial
growth factor (VEGF)-165 and platelet-derived growth factor (PDGF)-
BB), with controlled dose and rate of delivery, which resulted in the
rapid formation of a mature vascular network [45]. Park et al. recently
reported on PLGA biodegradable nanoparticles for co-delivery of the
bone morphogenetic protein 2(BMP-2) and runt-related transcription
factor 2 protein plasmid DNA to human mesenchymal stem cells
(hMSCs). They showed that hMSC has significantly enhanced osteo-
genesis by delivering growth factors gene via the PLGA nanoparticles
[46].

2.6. Probes for biomedical imaging

Good biocompatibility, tunable absorption and emission properties,
and a variety of surface modification technologies of nanoparticles have
made them a promising biomedical probe for disease detection and
molecular imaging [47–49]. Currently, highly water-soluble small or-
ganic iodinated molecules are commonly used as contrast enhancers for
X-ray computed tomography (CT). However, due to the clearance by
the kidneys and vascular permeability, iodinated molecules usually
have short imaging time in blood circulation [50]. Kim et al. recently
reported a new kind of PEG-coated gold nanoparticles that could extend
the blood circulation half-life. The blood circulation time of PEG-coated
nanoparticles injected intravenously into rats was more than 4 h, which
is much longer than that of the commonly used iodine contrast agent
iopromide (less than 10 min) [51].

3. Types of particles

3.1. Polystyrene beads

Latex beads in the colloidal size range can be formed from an
amorphous polymer (typically polystyrene). Latex microspheres are
easy to produce and surface-modify, have good biocompatibility, and
are easy to functionalize with fluorescence molecules. A variety of
products are commercially available and are widely used in the study of
nanoparticle penetration and biomedical imaging [52]. Goodman et al.
used polystyrene nanoparticles with different sizes (20, 40, 100 or
200 nm) and studied the penetration in tumor spheroids (~500 μm
diameter) grown from SiHa cells (human cervical cancer) with and

without collagenase treatment [53].

3.2. Gold nanoparticles

The use of colloidal gold has been widely studied for cancer or ar-
thritis treatment. The optical absorption and scattering characteristics
due to the strong localized surface plasmon resonance make gold na-
noparticles a unique tool for microscopic imaging and thermal thera-
pies [54–56]. Some of the advantages of gold nanoparticles, including
the small size, non-toxicity and non-immunogenicity, and the ease of
functionalization, make them useful candidates of vehicles for targeted
drug delivery systems [57]. As tumor-targeting delivery vehicles be-
come smaller, the ability to by-pass the natural barriers and obstacles of
the body becomes stronger. Size-dependent penetration characteristics
of gold nanoparticles sized 2–15 nm have been studied with in vitro
tumor models (multicellular tumor spheroids) [58]. To increase the
specificity and efficacy of drug delivery, tumor-specific ligands may be
attached to the surface of the particles along with the chemotherapeutic
drug molecules to allow these molecules to circulate throughout the
tumor without being redistributed into the body.

3.3. Lipid nanoparticles, liposome, micelles, and nanodiscs

Lipid nanoparticles, such as liposomes and micelles, have been
utilized for drug delivery and cancer therapy. Research and develop-
ment of engineered lipid-based multifunctional nanoparticles for drug
delivery applications have grown rapidly since the discovery of lipo-
somes by Bangham in 1965 [59]. A number of liposome-based drugs
have been developed and entered the pharmaceutical market [60].
Doxil is the first lipid nanoparticle-based drug approved by the FDA
(1995). It is a polyethylene glycol liposome-encapsulated form of
doxorubicin. Lipid-encapsulated doxorubicin has demonstrated longer
circulation time, stable remote loading, and much lower cardiotoxicity
than unencapsulated doxorubicin [61]. Doxil is also approved by the
FDA for the treatment of ovarian cancer and multiple myeloma [62].
Ambisome® developed by Nexstar is the first liposome-based drug to
treat visceral leishmaniasis approved by FDA in 1997 [63]. It is used to
treat severe deep fungal infections, such as black fever, fungal infec-
tions, and coccidioidomycosis. It can also be used to treat aggressive
systemic infections caused by Aspergillus and Candida [64]. In addi-
tion, lipid nanoparticle can also be used in the formulation and pre-
paration of vaccines. As many as almost 30 companies have sponsored
clinical studies to investigate the efficacy and safety of Inflexal® V,
lipid-based vaccine delivery system incorporating virus-derived pro-
teins [65].

3.4. Quantum dots

Quantum dots (QDs) are semiconductor nanostructures that bind
excitons in three spatial directions and are often called “artificial
atoms.” [66] QDs are typically composed of semiconductor materials
including ZnS, CdS, ZnSe, CdTe and PbSe and are sized between 5 and
50 nm. It has good fluorescence characteristics, such as the size and
shape-dependent tunable emission spectrum, photostability, and rela-
tively long fluorescence lifetime [67]. These features in fluorescence
chromatography make quantum dots a very promising fluorescent
probe in the biomedical field, especially in studying nanoparticle dif-
fusion and penetration in the microenvironment. Xingyong et al. first
demonstrated fluorescence labeling of breast tumor cells by functio-
nalizing QDs with a cancer marker Her2 [68]. Gao et al. encapsulated
QDs with a triblock copolymer and linked it with a cancer-specific
antibody to create multifunctional probes with the functions of optical
labeling and drug-delivery. They conducted an in vivo delivery experi-
ment targeting human prostate cancer in mice and demonstrated en-
hanced permeability and retention [69]. While the toxicity of Cd con-
tained in QDs is a concern, non-toxic QDs based on materials including
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Zn, Ag, and In are also under investigation [70].

3.5. Mesoporous nanoparticle (MSN)

Mesoporous silica nanoparticles have gained great interest as a drug
carrier because of their well-ordered internal mesopores with large pore
volume and surface area, tunable size and morphology, and selective
surface functionality [56,71,72]. Because of these morphological ad-
vantages, MSNs demonstrated high loading capacity for therapeutic
agents and controlled release properties with the stimuli-responsive
groups [73]. Various mesoporous nanoparticles with different struc-
tures and functionality have been developed for targeted delivery [74].
Different methods have been applied to synthesize MSNs with a tunable
particle and pore sizes, including the modified Stӧober method, soft and
hard templating, aerosol-assisted synthesis, and dissolving reconstruc-
tion [75–77]. Manipulating the reaction parameters such as pH of the
reaction, temperature, concentration of surfactant and silica source
resulted in particles with different shapes, sizes and pore volumes [78].
Anchoring MSNs with targeting ligands can deliver site-specific de-
livery of drugs and avoid side effects. Zhang et al. reported an HA
conjugated doxorubicin (DOX)-MSN which can actively deliver DOX
through a receptor-mediated delivery system to colon cancer cells and
release DOX triggered by hyaluronidase enzyme present in the tumor
microenvironment. MSNs can store a high volume of chemother-
apeutics in their pore and accumulate in tumor tissues via EPR [79]. To
enhance the uptake by targeted cells, targeting ligands such as folic
acid, mannose monoclonal antibody, galactose derivatives, hyaluronic
acid, arginine-glycine-aspartate (RGD), transferrin and others, have
been used for functionalization [80–82].

3.6. Biomimetic nanoparticles

3.6.1. DNA based nanoparticles
Based on the base-pairing rules, DNA molecules can function as

building blocks to create programmable and bio-functional nanos-
tructures [83]. The DNA nanostructures have demonstrated unique
properties for drug delivery, such as uniform sizes and shapes, site-
specific surface functionality, programmable nanostructure, and ex-
cellent biocompatibility. In addition, DNA nanostructure can obtain
characteristics such as functional moieties to target tumor recognition,
the capability of stimuli-responsive drug release, which makes them
highly attractive vehicles [84]. A wide range of DNA nanostructures has
been used to create chemotherapeutic drug loading platforms and ap-
tamer-based delivery of DNA nanostructure for the specific uptake of
drugs in vivo [85]. For example, DNA icosahedra nanostructure has
been used as the vehicle of doxorubicin showing an efficient and spe-
cific strategy for epithelial cancer cells [86]. Chen et al. have developed
a mimicking DNA base pairs Nanopiece(NP) based on the concept of
Janus base molecules. The NP is composed of novel biomimetic mole-
cules: 6-amino-fused guanine and cytosine. Self-assembly of the six
Janus bases make a Rosette Nano-Tubes (RNT) via hydrogen bonds and
further stack by π- π interaction and, when sonicated, results in novel
drug delivery vehicles. Due to their unique architecture, NPs can en-
capsulate hydrophobic drugs and nucleotides and efficiently deliver to
cells [87–89].

3.6.2. Protein-based nanoparticle
Protein-based nanoparticles have good biocompatibilities, biode-

gradability, and can be readily functionalized through surface mod-
ification. In addition, they show promising properties such as non-an-
tigenicity, metabolizable, and greater stability during in vivo storage. A
variety of protein polymers have been studied for nanoparticle-based
drug delivery. Protein-based polymers can be based on albumin, ge-
latin, whey protein, gliadin, legumins, elastin, zein, soy protein, and
milk protein, which have the ability to attach covalently with drugs and
ligands [90]. Challenges to overcome include the fact that proteins are

inherently unstable and complex molecules [91]. As these protein
materials are improved, there will be more protein-based nanoparticles
treatment.

3.6.3. Exosome based nanoparticle
One of the primary roles of exosomes is to function as chemical

messengers for cellular communication. Many studies have shown that
exosomes can efficiently deliver many different kinds of molecules to
the target cell [92]. Therefore, they are considered to be therapeutic
cargo for treatment. Due to the many similarities between liposomes
and exosomes, liposome engineering technologies can be applied to
engineer exosomes. Both the exosomes and liposomes are small uni-
lamellar vesicles which have one lipid bilayer and formed vesicular
structures with mean diameter ranging from 50 nm to 120 nm [93].
Because of this structure, exosomes can be engineered and modified to
contain specific proteins, genetic lipids, and genetic materials, in-
cluding messenger RNA (mRNA), micro RNA (miRNA), and other small
non-coding RNAs, and genomic DNA (gDNA) from their progenitor cell
[94,95]. The uptake of exosomes is cell-specific, based on the interac-
tion between surface molecules from donor and recipient cells [96].
Compared to other nanoparticles, exosomes have shown many ad-
vantages such as biocompatibility, reduced clearance rates, and low
long-term accumulation in tissue with low systematic toxicity and fa-
cilitated cellular uptake [97].

3.6.4. Polysaccharide based particle
Polysaccharides are based on carbohydrates, which are found

abundantly in nature. Due to their biocompatibility and biodegrad-
ability, polysaccharide based nanoparticles have attracted interest as
vehicles to deliver imaging and therapeutic agents [98]. In addition, the
ease of facile chemical modification on the polysaccharide backbone
has made a diverse group of structures [99]. These characteristics have
met the requirements to be used as an effective platform for drug de-
livery and imaging. A variety of polysaccharides, including dextran,
chitosan, and hyaluronic acid, have been utilized as the polymeric
backbones to form nanoparticles, which can be provided as a valuable
drug delivery vehicle [100–102]. Janes et al. used chitosan-based na-
noparticles to entrap an anticancer drugs doxorubicin (DOX) delivered
into cells in its active form [103]. Li et al. developed reversibly stabi-
lized dextran nanoparticles for a triggered delivery of DOX [104].
Prepared by cross-linking dextran-lipoic acid derivatives, the nano-
particles were stable against dilution, while 90% of the DOX was re-
leased in 11 h in an in vitro environment that mimicked the intracellular
reductive environment with 10 mM dithiothreitol.

3.7. Dendrimers

Dendrimers are made of artificial polymers with three-dimensional,
highly branched, and well-defined architectures, which have been ex-
tensively explored for their applications in drug delivery [105]. Den-
drimers have been regarded as promising vehicles for drug delivery due
to their copious internal cavities and surface functionalities [106,107].
Drugs can be either physically encapsulated into the internal cavities or
chemically conjugated to the terminal functional groups of dendrimers
[108,109]. For example, several dendrimers such as poly (amino
amine) (PAMAM), poly (propylene imine) (PPI) and poly (L-lysine)
(PLL) have reached clinical trials on the drug delivery systems
[110,111].

One of the major limitations of dendrimers as drug delivery carrier
is that dendrimers do not degrade in the physiological environment,
resulting in cytotoxicity [112]. Biodegradable dendrimers have been
recently studied as promising candidates for drug delivery. Several
biodegradable dendrimers demonstrated significant superiority and
great potential for drug delivery [113].
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3.8. Methods of nanoparticle synthesis

Nanoparticles that are often used for in vitro delivery studies include
polystyrene, gold, lipid, silica nanoparticles (see also Table 1). In this
section, we describe major synthesis methods of those commonly-
available nanoparticles and other notable methods.

Most of polystyrene nanoparticles synthesis methods are categor-
ized as emulsion polymerization or dispersion polymerization [114].
One example of emulsion polymerization uses sodium dodecyl sulfate
as an emulsifier, persulfate as an initiator, and styrene as the monomer.
Polystyrene nanoparticles are synthesized under a condition of low
water-oil ratio. Dispersion polymerization method is to control the in-
jection rate and concentration of styrene solution containing an in-
itiator or a capping material to control the size of polystyrene spheres.
For example, the diameter of polystyrene spheres increases when the
initiator concentration or injection rate is increased, while it decreases
with an increased capping material concentration or injection rate
[115].

The synthesis methods of gold nanoparticles are roughly divided
into physical methods and chemical methods. Many chemical synthesis
methods have been actively studied. In Kimling et al. [116], gold na-
noparticles are formed through the reaction of a small amount of hot
HAuCl4 in the presence of a reducing agent such as citrate, amino acid,
or ascorbic acid. The citrate ion works both as a reducing agent and a
blocking agent. The Brust method [117] is used to produce gold na-
noparticles in organic liquids that are not miscible with water, such as
toluene. The seed-mediated method is a widely used method for pro-
ducing gold nanoparticles with different shapes [118]. First, gold salts
are reduced using a strong reducing agent such as NaBH4 to produce
seed particles. Then, in the presence of a weak reducing agent, such as
ascorbic acid, and a structure-directing agent, seed particles are added
to the metal salt solution to prevent further nucleation and promote the
anisotropic growth of nanoparticles. Physical methods include the ul-
traviolet photochemical method, the ultrasonic-assisted method and the
laser ablation method [119].

Among many of lipid nanoparticle synthesis methods, commonly
used are the thin film method, the reverse-phase evaporation method,
the solvent injection method, and the double emulsion method. The
thin-film method is primitive but the most basic and widely-used li-
posome preparation method to date [120]. Lipid-soluble drugs such as
phospholipids and cholesterol are dissolved in organic solvents, and the
solution will be moved into a round-bottom flask and spun to be dried
under reduced pressure, resulting in the formation of a phospholipid
thin film on the inner wall. The film is then added with a buffer solu-
tion, and mixed to make the lipid membrane hydrate off the wall. The
reverse-phase evaporation method [121] uses phospholipid cholesterol
dissolved in organic solvents, such as ether, added to an aqueous phase
with a certain oil to water ratio. Using a rotary evaporator, organic
solvents are removed to obtain reverse micelles. Liposomes are then
formed through ultrasound sonication. The solvent injection method
[122] is to inject an oil phase solution into a water phase solution at a
uniform rate. The mixture is stirred and sonicated to evaporate the
organic solvent and obtain liposomes. Double emulsion method [123] is
based on multiple steps. The solution of the drug is first emulsified to
form a W/O colostrum, which is then added with water for another step
of emulsification for a W/O/W emulsion. Liposomes can be obtained by
removing organic solvents at a certain temperature.

The manufacturing methods of quantum dots include solution-based
methods and epitaxial growth methods [124]. In 1993, Bawendi et al.
synthesized quantum dots of uniform size in an organic solution for the
first time [125]. They used the three oxygen group elements (sulfur,
selenium, tellurium) in tri-n-octylphosphine oxide, which reacted with
dimethyl cadmium in an organic solution at 200 to 300 °C to synthesize
the quantum dots of corresponding materials. The epitaxial growth
method refers to the growth of new crystals on a substrate [126].

The hydrothermal synthesis method uses the chemical reaction to

crystallize the substance in a sealed and heated solution. Generally,
reactions occur in a high-temperature aqueous solution at a high vapor
pressure level. For example, a hydrothermal method has been used to
fabricate Fe3O4 nanoparticles with a well-controlled size
(31.1 ± 6.1 nm) and shape distribution [127]. Water-dispersible CdS
quantum dots were made through hydrothermal synthesis using the
starting materials of cadmium chloride, thiourea, and 3-mercaptopro-
pionic acid [128].

The sol-gel process is a popular fabrication method for silica na-
noparticle preparation because it is simple, inexpensive, and suitable to
fine-tune nanoparticle properties. The size, morphology, and distribu-
tion of the particles can be modified based on the reaction parameters.
The first stage of synthesis is to prepare a sol, which is a colloidal
suspension of particles in a liquid. Then the particles react with each
other to form a cross-linked 3D polymeric chain, resulting in the for-
mation of a three-dimensionally interconnected network (gel). The gel
is dried, sintered, or solidified to extract liquids to obtain porous par-
ticles [129,130].

Microfluidic systems provide a powerful platform to fabricate and
optimize the characteristics of various nanoparticles, including organic
nanoparticles, metal nanoparticles, and oxide nanoparticles. The pro-
cess of nanoparticle formation can be tailored through the manipula-
tion of liquids, gases, droplets, and particles within the micro-channel
geometries. The flexibility to design an application-specific device can
separate the nucleation and growth stages in nanoparticle formation,
modulate the nanoparticles with higher uniformity, and a lower poly-
dispersity index. Thus, microfluidic systems can be suitable used to
fabricate the nanoparticles in an optimized, high-throughput manner
[131].

4. Surface modification/functionalization for targeted delivery
and improved penetration

Surface functionalization provides nanoparticles important proper-
ties to function as a delivery system. It allows for a targeted drug de-
livery that improves drug utilization efficiency and reduces adverse
drug reactions. Functionalized nanoparticles can also change the me-
chanism of membrane transport. It can promote the penetration of
drugs to biofilm and biological barriers in vivo. Here is described the
methods of surface modification/functionalization for targeted delivery
and improved penetration.

Targeted delivery is especially an important aspect of using nano-
particles for a drug delivery system. There are two kinds of delivery
methods to target particular sites; passive and active [132]. In passive
targeting, the designed nanoparticle circulates through the bloodstream
and binds to the target site by affinity or is influenced by the en-
vironment such as pH, temperature, molecular size and shape [1]. For
instance, passive targeting works through the increased permeability
and retention effect, promoting the probability for tumor cells to absorb
the carrier nanoparticles [133,134]. On the other hand, active targeting
has moieties like antibodies and peptides on the surface of nano-
particles to anchor them to the receptor structures expressed at the
target site. Ligand-attached nanoparticles have been used to target
specific cancer cell lines and deliver anti-cancer agents [135]. For ex-
ample, hyaluronic acid has been used as a ligand conjugated in several
nanocarriers, demonstrated to increase antitumor action against mela-
noma stem-like cells [136].

Also to be considered to promote the efficacy of drug delivery are a
number of physiological barriers that limit the delivery of nanoparticles
to the desired location. These biological barriers are innately designed
to act on the body's defense system, which limits the penetration of
foreign materials. The first barrier is the reticuloendothelial system
comprised of the liver and spleen that clear particles from the circula-
tion when the nanoparticles are intravenously administrated [137]. The
endothelium of the blood vessels into target tissues is another barrier
that larger nanoparticles cannot cross under normal healthy conditions.
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However, in certain pathological conditions such as inflammation or
cancer, the gap between the endothelial cells is increased, and nano-
particles can extravasate from the vascular system to the diseased site
[138]. After escaping from the blood capillaries, nanoparticles confront
the third level of the barrier, which is the extracellular matrix (ECM)
that surrounds the target cells. In some conditions, excessive rigidity of
the ECM will make the nanoparticles hard to transport from capillaries
to the target cells [139,140]. Finally, the nanoparticles should be in-
ternalized by the endocytic process including pinocytosis, phagocytosis
or endocytosis. If the nanoparticles can escape the endosome or lyso-
some, they diffuse in the cell cytosol and deliver the therapeutical
agents [141].

4.1. Poly (lactic acid)(PLA) and poly (ethylene glycol) PEG block polymer

Poly (lactic acid)(PLA) and poly (lactic-co-glycolic acid) micro-
spheres are not advantageous for the release of insoluble drugs because
they are highly hydrophobic, and the acidic microenvironment pro-
duced by the degradation of polymer microspheres will affect the sta-
bility of proteins and peptides [142]. The presence of PEG can dra-
matically improve the hydrophilicity of this copolymer, reducing the
concentration of lactic acid produced after PEG-PLA degradation. In
addition, the in vivo long-term stability and drug-loading efficiency of
the protein and polypeptide drugs are enhanced [143]. Farokhzad et al.
used poly (D,L-lactic-co-glycolic acid)-block-poly(ethylene glycol)
(PLGA-b-PEG) copolymer to formulate an anti-cancer drug docetaxel
(Dtxl)-encapsulated nanoparticles and surface functionalized them with
the A10 2′-fluoropyrimidine RNA aptamers to target prostate-specific
membrane antigen (PSMA). These drug-encapsulated nanoparticle-ap-
tamer bioconjugates resulted in significantly enhanced in vitro cellular
toxicity as compared with non-targeted nanoparticles that lack the
PSMA aptamer [144].

4.2. Transferrin receptor, TfR-targeted polymer nanoparticles

Since the demand for iron from tumor cells is much higher than that
from the normal cells, the surface of the tumor cells usually over-
expresses transferrin receptors (TfR). Transferrin (Tf) can specifically
bind to the transferrin receptor on the surface of tumor cells, transfer-
ring the iron bound to transferrin into cells by endocytosis [145].
Therefore, transferrin can be used to modify drug-loaded nanoparticles
and provide tumor cell targeting function. Mishra et al. attached
transferrin on the surface of the PEGylated nanoparticles as a ligand for
brain targeting. The enhanced uptake compared with unmodified na-
noparticles was observed by fluorescence imaging analysis [146].

4.3. Charge

Many experimental studies have shown that due to the presence of
molecule interaction and van der Waals forces, the charges carried by
the surface of the nanoparticles entering the ECM and being taken up by
the cells affect the penetration efficiency and the cellular uptake effi-
ciency [147,148]. Therefore, changing the surface charge potential of
nanoparticles has been a promising modification method to improve
nanoparticles diffusion and uptake efficiency in vivo or in vitro [149].
Peulen et al. reported that the charge of the nanoparticles appeared to
be important in biofilm diffusion; in dense bacterial biofilms, negatively
charged Ag nanoparticles showed a lower self-diffusion coefficient than
positively charged and neutral nanoparticles [150].

4.4. Folic acid receptor

Folic acid is an essential component of cells for the biosynthesis of
nucleotides and metabolic pathways. Cells express folic acid receptors
(FR), which have a high affinity for folic acid (FA). Folic acid has been
an appropriate choice when targeting cancer cells since its receptor is

significantly over-expressed on cancer cells of the breast, lung, kidney,
ovary, colon, brain, and myelogenous leukemias [151]. On the other
hand, it is expressed in low or non-detectable levels in most normal
cells. For this reason, FA has been conjugated to anticancer drugs, gene
therapy vectors, immunotherapeutic agents, liposomes, dendrimers,
polymeric micelles, and therapeutic siRNAs/miRNAs [152–155]. Since
folic acid binds to its receptor with high affinity in nanomolar affinity
(Kd ~ 10−9 M) folate-linked nanoparticles are recognized by the folate
receptor and subsequently internalized via receptor-mediated en-
docytosis, resulting in delivering its cargoes into the cytosol [156].
Folate-targeted nanoparticles may provide drug delivery vehicles for a
variety of applications.

4.5. Arginine-glycine-aspartate (RGD)

Arginine-Glycine-Aspartate (RGD) peptides are known to bind pre-
ferentially to the ανβ3-integrin. This integrin receptor is expressed on
the surface of tumor vessels and various types of cancer cells, which
through activation functions as tumor growth promotion, metastasis,
and angiogenesis [157,158]. Therefore, applying RGD-based strategies
to target tumor cells or tumor vasculature is promising for delivering
anticancer drugs for cancer therapy [79]. RGD peptide has been used as
targeting ligand to functionalize the nanoparticle surface to target ανβ3-
integrin [159]. Many types of RGD-conjugated nanoparticles designed
to deliver therapeutic drugs have been proven to promote the efficacy
of delivery to cancer cells. For example, liposomes, nanoparticles, mi-
celles can be grafted at their surface with RGD based sequence as a
targeting ligand [160,161]. RGD-conjugated nanoparticles bind to the
cells overexpressing ανβ3-integrin cells and release drugs to fulfill active
targeting of the tumors.

5. In vitro platform

The use of in vitro tissue models offers analyses that are difficult to
conduct either with conventional 2D monolayer cultures or in vivo an-
imal models. The penetration of nanoparticles and the release of drugs
depend on many factors including particle size, shape, surface mod-
ification, temperature, pH, matrix porosity, and pore sizes. By using
engineered tissue models, the impact of each of these factors can be
quantitatively studied. In this section, we review in vitro tissue models
designed for the study of nanoparticle transport.

Consideration of the functions of extracellular matrix (ECM) is
especially important. It plays an essential role in tissue differentiation
and progression. For instance, the tumor microenvironment is com-
posed of malignant and nonmalignant cells, collagen, fiber, and blood
vessels that surrounded and assisted the growth of the tumor [2]. The
microenvironment of the tumor is significantly different from that of
healthy tissues in morphological, physical, and chemical properties.
Since the increased body fluid pressure reduces the efficiency of the
mass transport through convection, diffusion is the primary mechanism
of delivery into tumors. Within the tumor, the dense fiber matrix, which
consists of collagen and interacting molecules, hinders the process of
diffusion [162].

5.1. Multicellular spheroids

Compared to the traditional 2D cell culture method, bioengineered
3D cell culture models provide a better perspective for studying cell-
cell, cell-matrix interaction, and complex process of molecule transport
[58,163,164]. Multicellular cancer spheroids have emerged to be an
effective 3D research model for studying solid tumor properties in vitro
[165,166]. First of all, multicellular spheroids have several important
features that are similar to solid tumors in terms of complex hetero-
geneous multicellular environments and physical or mechanical prop-
erties. In addition, they provide a cost-effective and time-efficient tool
for screening new anti-cancer drugs and determining essential
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parameters in nanoparticle penetration. Kim et al. used multicellular
spheroids and studied the penetration of a drug molecule doxorubicin
(DOX) loaded in micelle [167]. Fig. 2 shows DOX fluorescence images
of criosectioned multicellular spheroids incubated with free DOX, DOX
loaded in micelles, and DOX mixed with empty micelles. DOX delivered
in micelle showed an efficient delivery to the spheroid core within
30 min. Huang et al. studied the penetration of gold nanoparticles of
2–15 nm with identical surface coating [58]. Fig. 3 shows HE-stained
sections of breast tumor spheroids incubated with gold nanoparticles
after incubation of 3 and 24 h. Ma et al. generated HeLa-derived
spheroids to study the penetration of doxorubicin, quantum dots, and
polymeric micelle versus traditional 2D cell culture method. Several
unique characteristics in the solid tumor can only be observed in 3D
spheroid models, such as resistance to chemotherapy [168]. In another
study, Hongxu Lu et al. compared the anti-cancer effect of albumin-
based nanoparticles in 2D cultured AsPC-1 cells and 3D multicellular
tumor spheroids. They also found that secreted protein acidic and rich
in cysteine (SPARC) protein facilitated the penetration and drug de-
livery of albumin nanoparticle [169].

Goodman et al. treated SiHa (human cervical cancer cell) spheroids
with collagenase and studied the penetration of polystyrene nano-
particles with different sizes [166]. Fig. 4 shows fluorescence images of
criosections of collagenase untreated and treated spheroids. Treated
spheroids show deeper penetration for all sizes of nanoparticles. Hos-
hino et al. [170] used force sensitive micromechanical tweezers and
compared the stiffness of spheroids treated/untreated with collagenase
(Fig. 5). The average Young's moduli of treated and untreated samples
were 130 ± 30 Pa and 230 ± 60 Pa, respectively. This result is very
interesting for the nanoparticle delivery study because it has experi-
mentally demonstrated the correlation between mechanical stiffness
and nanoparticle penetration as suggested by the concept of the en-
hanced penetration and retention (EPR) effect.

5.2. Hydrogels

As a biologically adaptable biomaterial, hydrogels have been widely
used in biomedical engineering in recent years. Hydrogels can be
roughly classified into two categories according to their physical
properties: homogeneous and heterogeneous [171].

Several factors could affect the diffusion process of nanoparticles in
the hydrogel, such as the pore size that should be compared to the size
of nanoparticles, polymer chain mobility, and the charge group on the
polymer chain [172]. Walta et al. studied nanoparticle penetration in
crowded polymer-network hydrogels [173]. They found the penetration
depends on the polymer density rather than the gel-matrix cross-linking
density, and showed a correlation between nanoparticle diffusion
coefficient and polymer concentrations. Zhang et al. studied experi-
mental and theoretical studies to examine the impact of electrostatic

Fig. 2. Penetration of doxorubicin (DOX) to multicellular spheroids. DOX
loaded on micelles reached the core of the spheroid within 30 min. Reprinted
from Ref. [167] with permission from Elsevier.

Fig. 3. Penetration of gold nanoparticles with different sizes into spheroids
after incubation of 3 and 24 h. Reprinted with permission from Ref. [58]
Copyright 2012 American Chemical Society. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4. Fluorescence images of collagenase-untreated and treated spheroids incubated with fluorescent nanoparticles with various sizes. Scale bar 200 μm. Reprinted
from [166].
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force on the diffusion of charged molecules within polymer networks.
They found that particle transport was slowed down more by electro-
static attraction than by repulsion [174]. Hydrogels are often used as an
in vitro model for extracellular matrix. Kim et al. developed a system
where tumor spheroids are embedded in a matrigel to assess the uptake
and release of fluorescent dye(FITC)-loaded gold nanoparticles [175].
They used a one-dimensional microchannel module to measure the
diffusion coefficients of cationic and anionic gold nanoparticles. Xu
et al. [176] used an engineered 3D tumor model based on hyaluronic
acid (HA) hydrogel and LNCaP (prostate cancer cell line) cells to
evaluate the resistance to free and nanoparticle-loaded doxorubicin.
LNCaP cells cultured in the HA matrices formed ~50 μm distinct
multicellular aggregates. Nanoparticles were prepared from amphi-
philic block copolymers, and the average diameter was 54 nm. The 3D
models prepared in HA hydrogel were more resistant to drug treatments
that the 2D models.

5.3. 3D printed tissues

Three-dimensional bioprinting (3D bioprinting) is a promising
technology that is developing rapidly. It has found a wide range of
applications in tissue engineering and regenerative medicine
[177–179]. In particular for drug discovery studies, 3D bioprinting
techniques including inkjet, extrusion, and laser-based printing has
provide a versatile means to fabricate and test in vitro engineered tissues
designed for different types of tissues [180,181]. LaBonia et al. devel-
oped a 3D printed fluidic device to conduct dynamic dosing tests with
colon cancer spheroids and tested the penetration of a cancer drug ir-
inotecan [182].

The use of 3D printing for the fabrication in vitro tissues is an im-
portant application. Zhao et al. [183]. reported on a method of 3D
printing to construct an in vitro cervical tumor models containing Hela
cells and gelatin/alginate/fibrinogen hydrogels. They compared cell
proliferation, matrix metalloproteinase protein (MMP) expression, and
the resistance to the treatment of anti-tumor drug paclitaxel. It was
found that the cells in the 3D printed models showed higher MMP

protein expression and higher drug resistance than those in the 2D
models. Xiaochun et al. used a bioprinting method to rebuild a 3D layer-
by-layer artificial skin model [184]. They studied the penetration of
silica nanoparticles with different surface charges and showed deeper
penetration with positively charged particles, which is consistent with
studies based on living skin tissue. The 3D bioprinting technology is
especially vital because it can recreate the microenvironment to study
the structural characteristics that are closely related to drug sensitivity.
Zhu et al. used a stereolithography-based 3D bioprinter to create a
hydrogel-based nanocomposite in vitro tissue model for the study of
breast cancer bone metastasis [185] Their model mimicked bone-spe-
cific environment to evaluate the bone invasion by breast cancer cells.
The 3D matrix showed higher drug resistance of breast cancercells than
2D culture.

6. In Vitro imaging methods

Biomedical imaging is an essential step to have a better under-
standing of nanoparticle penetration and diffusion process [186].
Fluorescent microscopy can provide the most intuitive and convenient
way to observe fluorescence-labeled nanoparticle distribution and pe-
netration in vitro [187]; confocal microscopy is able to improve the
optical resolution and contrast through rebuilding 3D structure within
objective [188,189]. Fluorescence correlation spectroscopy (FCS) ana-
lyzes the fluorescence intensity fluctuation caused by nanoparticle
Brownian motion to calculate the diffusion coefficient of the nano-
particles in fluid liquid [190]. On the other hand, electron microscope,
such as Transmission Electron Microscope (TEM) and Scanning Electron
Microscope (SEM), are advantageous when characterizing the size and
shape of nanoparticles at nano-size level [191]. The use of magnetic
resonance imaging (MRI) is not restricted by material thickness and is
suitable for relatively large tissue samples. Time-resolved MicroMRI has
been conducted to evaluate the penetration of with Gold nanoparticles
in a hydrogel-based in vitro systems [192].

Fig. 5. Mechanical characterization of spheroids. They showed collagenase treated spheroids to be significantly softer than untreated spheroids. Reprinted from
[170].
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6.1. Optical microscopy

The optical properties of nanoparticles highly rely on the nano-
particle size, shape, and composition [193]. Confocal microscopy is one
of the most common methods of 3D fluorescence imaging. However, as
we have already seen in a few examples, physically-sectioned tissue
samples are often preferred because they provide more accurate as-
sessment of nanoparticle penetration than optically-sliced images of
confocal microscopy. Examples of the use of confocal microscopy in-
clude Grainger et al., where they used a confocal microscope to observe
the penetration of fluorescein isothiocyanate (FITC)-loaded polystyrene
particles in MCF-7 spheroids with or without an application of ultra-
sound. With ultrasound treatment, 20 nm nanoparticles showed a 6–20
fold higher penetration to the spheroid core compared to the untreated
test [194]. In another work, Walta et al. employed confocal dual-focus
fluorescence correlation spectroscopy (2fFCS) to study the probe tracer
diffusion in heterogeneous hydrogels [173].

6.2. Electron microscopy: TEM, SEM

The resolution limit of optical microscopy is defined by the wave-
lengths of light used for imaging. Since the wavelength of high-speed
electrons is much shorter than the wavelengths of visible lights, the
resolution of the electron microscope (about 0.2 nm) is much higher
than that of the optical microscope [195]. Zheng et al. observed the
motion of inorganic nanoparticles during fluid evaporation using TEM
[196]. Mu et al. employed SEM to examine the morphological proper-
ties of a PLGA nanoparticle delivery system that enables the transport of
a cancer drug paclitaxel into the tumor site in vivo [197]. Fig. 6 shows
SEM images taken to study the efficacy of cyclic RGD peptide-functio-
nalized PEGylated poly(trimethylenecarbonate) nanoparticles (c
(RGDyK)-nanoparticle) [187]. Spheroids were treated with conven-
tional nanoparticles-based Paclitaxel (NP/PTX), Taxol, c(RGDyK)-NP/
PTX, demonstrating the strongest penetration with c(RGDyK)-NP. Fig. 7
shows TEM images showing gold nanoparticle penetration in Huang
et al. [58].

6.3. MRI

MRI is another imaging modality that is used in addition to fluor-
escence chromatography for the study of penetration and diffusion of
Gold nanoparticles. In the work of Xiaoling et al., microMRI was used to
monitor polymer nanoparticle diffusion in biological gel in real-time
and compared the result to that obtained using established fluorescence
microscopy and found that the two results corresponded to each other
[192]. The MRI technology is advantageous because it can monitor
nanoparticle diffusion in thick samples which cannot be imaged using
fluorescent microscopy.

7. Conclusion and perspective

We have reviewed studies of nanoparticle-based drug delivery with
the emphasis on the use of in vitro engineered microtissues. Currently,
one of the most commonly used in vitro models is the multi-cellular
spheroid, which can be easily prepared from different types of cells.
Since spheroids are already widely used in the pharmaceutical industry
for drug development and screening, they serve as an excellent re-
ference model to assess the efficacy of new delivery systems employing
novel nanoparticles. They are compatible with standard cell culture
protocols and model many key cellular parameters such as cell-cell
attachment, proliferation, mechanical rigidity, and, most importantly,
the transport of molecules and nanoparticles. However, the formation
of spheroids highly relies on the biological characteristics of the cells
used, and it is still a complex problem to regulate quantitative para-
meters such as porosity and matrix cross-linking. Gene modification or
an application of enzymes such as collagenase followed by quantitative

imaging or mechanical characterizations will be the future direction to
provide quantitative measures for the evaluation of nanoparticle

Fig. 6. SEM images of spheroids at day 3 after treatment of (A) Control (B)
Taxol (C) NP/PTX and (D) c(RGDyK)-NP/PTX (D). Reprinted from Refs. [187]
with permission from Elsevier.

Fig. 7. TEM images of spheroids treated with gold nanoparticles for 24 h.
Reprinted with permission from Ref. [58] Copyright 2012 American Chemical
Society. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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delivery. For simplification, the use of hydrogel is advantageous be-
cause it allows for easy modification of polymer density, cross-linking,
and porosity. For the cases where more detailed functional structures of
organs or tumors are of concern, testing with bio-engineered tissues,
including 3D printed materials, will be beneficial. For example, simple
spheroids do not model vasculature, or the formation of blood vessels,
which are key aspects that characterize tumors. More complexed en-
gineered 3D tissue models are emerging as a new trend as the tech-
nology of 3D bioprinting has gained popularity. It has been demon-
strated that in vitro models can be effectively used as a tool for studying
disease mechanisms and assessing drug sensitivity. To understand the
roles of specific tissue characteristics, such as biological barriers, in
nanoparticle delivery, the use of microfluidic channels to mimic tissue
miroenvironment is also an important direction [198,199].

While nanoparticle penetration has been studied through a number
of imaging modalities, not many studies have focused on mechanical
characteristics of tissues. As we discussed, the structural composition is
one of the crucial factors defining tissue characteristicssuch as drug
resistance. Methods to correlate mechanical characteristics and nano-
particle transport properties are yet to be fully investigated. In parti-
cular, the measurement of the elastic modulus allows for a simple,
straight forward means for quantitative tissue analysis. Since the first
successful report of the Young's moduli of multi-cellular spheroids by
Jaiswal et al., a few studies have reported on the mechanical char-
acteristics of spheroids [200,201]. Measurements of elastic moduli or
more detailed structural analysis of tissues will be a new direction for
the study of nanoparticle penetration and transport.

As more complex bio-engineered tissues being proposed, under-
standing and characterization of tissue heterogeneity are becoming a
more important subject. For example, it is known that the interaction
between tumor cells and tumor-associated fibroblast cells is one of the
factors that define the cancer drug resistance. Fibroblast cells promote
ECM remodeling and stiffening which may reduce the penetration of
nanoparticles and induce drug resistance. Jaiswal et al. studied a
method of imaging the elasticity map of a tumor cell-fibroblast co-
culture spheroid [202]. Another example as we discussed earlier is the
presence of the blood-brain barrier (BBB) that affects the delivery of
therapeutic agents to the brain. Ho et al. studied nanoparticle delivery
in a brain tumor spheroid coated with endothelial cells to study the role
of a blood vessel as a barrier [203]. In vitro assays that can investigate
structural heterogeneity in 3D tumor models will be a useful tool to
study the interaction between different types of cells.
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