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Abstract: Nanomaterials have been widely used for applica-
tions in biomedical fields and could become indispensable in
the near future. However, since it is difficult to optimize in vivo
biological behavior in a 3D environment by using a single cell
in vitro, there have been many failures in animal models.
In vitro prediction systems using 3D human-tissue models
reflecting the 3D location of cell types may be useful to better
understand the biological characteristics of nanomaterials for
optimization of their function. Herein we demonstrate the
potential ability of 3D engineered human-arterial models for
in vitro prediction of the in vivo behavior of nanoparticles for
drug delivery. These models enabled optimization of the
composition and size of the nanoparticles for targeting and
treatment efficacy for atherosclerosis. In vivo experiments with
atherosclerotic mice suggested excellent biological character-
istics and potential treatment effects of the nanoparticles
optimized in vitro.

The estimated cost of research and development for a single
new drug compound has been reported to exceed $1.8 bil-
lion,[1] and improvements in research and development
productivity to reduce costs is a key challenge. One potential
solution is the acceleration of the preclinical development and
assessment processes. Although preclinical animal experi-
ments are essential to test pharmacological and pharmacoki-
netic responses, they are usually complex, less repeatable,
time consuming, and produce different results than shown in
humans. These issues have also affected the development of
nanomaterials. Recently, nanomaterials have been more
widely applied in biomedical applications, and they could
become indispensable for use in medical and diagnostic tools
in the near future. However, since it is generally difficult to

optimize their in vivo three-dimensional biological and phys-
icochemical behavior by using in vitro cell assays, there have
been many failures with animal models. Accordingly, if the
in vivo biological properties and behavior of drugs and
nanomaterials (e.g. diffusion, accumulation, and toxicity
inside the target tissues) can be predicted partly in an initial
in vitro assessment during drug discovery, the research and
development process will be improved dramatically.

To this end, we focused on 3D tissues reconstructed
in vitro and consisting of multiple cell types. Three-dimen-
sional spheroids and other engineered tissues have been
studied during toxicity and activity assays of prodrugs during
drug discovery, especially for hepatic tissues.[2, 3] However,
engineered tissues might also be promising for the in vitro
prediction of the in vivo 3D behavior of drugs and drug
carriers, since 3D engineered tissues can partly replicate the
3D properties and environment of in vivo living tissues.
Although physicochemical properties are usually evaluated
by in vitro analysis, biological properties and 3D behavior
inside tissue cannot be evaluated without in vivo animal
experiments.

Herein we demonstrate the in vitro prediction of the
in vivo behavior of drug-delivery nanocarriers. We have
previously demonstrated the 3D diffusion of nitric oxide
(NO) molecules inside 3D arterial-wall models (3D-AWMs)
in response to a hormone peptide. The 3D-AWMs were
composed of endothelial-cell (EC) layers and underlying
multilayered smooth muscle cells (SMCs).[4] This result
encouraged us to apply 3D-AWMs to the in vitro prediction
of the biological properties of nanoparticles (NPs) for drug
delivery. In this study, atherosclerosis and paclitaxel (PTX)
were selected as a target disease and drug, respectively.
Atherosclerosis, which affects the vasculature systemically,
poses a serious risk to the coronary artery because rupture
may lead to myocardial infarction.[5] Migration and over-
growth of SMCs occurs as a cascade of events and results in
a buildup of plaques, which thicken the arterial wall.[6] Three-
dimensional structures consisting of multilayered SMCs and
ECs are suitable for reproducing the coronary arterial
environment. Generally, monolayer cultures of vascular
ECs, or coculture models of vascular ECs and SMCs, which
are cultured on both sides of the substrate membrane, are
used as in vitro models to study the response of cells to drugs
or NPs.[7, 8] For effective treatment, the drug carriers not only
need to target the diseased tissue, but also to penetrate the
tissue and remain long enough before being removed from
the body through the blood clearance system.[9, 10] We describe
the in vitro prediction of the 3D penetration, accumulation,
cytotoxicity, and treatment effect of NPs with 3D-AWMs and
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the results of a proof of concept (POC) with a mouse model of
atherosclerosis (Figure 1).

3D-AWMs consisting of 1L-ECs grown on 4L-SMCs (5L-
AWMs; xL is the number of layers) were used in this study.
We previously reported PTX-loaded l-phenylalanine ethyl
ester grafted poly(g-glutamic acid) NPs (g-PGA-NPs-PTX)
with a diameter of 180 nm and evaluated their antiprolifer-
ative effect on a SMC monolayer.[11] The NPs were able to
lower cell proliferation for at least 6 days in culture after
incubation for only 1 h. Nevertheless, the effect of the drug in
the cell monolayer was different from that in the 3D culture,
and is even more distinct in vivo.[12] Accordingly, it is
necessary to evaluate the effect of the NPs in 3D-AWMs to
obtain more accurate results for the treatment of atheroscle-
rosis.

SMCs are known to become a proliferative phenotype
when cultured in vitro in the presence of serum protein.[8] We
therefore used 5L-AWMs as a model of early-stage athero-
sclerosis owing to their growth during culture (see Figures S1
and S2 in the Supporting Information). The growth of 5L-
AWMs during these 2 weeks was effectively suppressed when
the NPs were applied for 24 h on day 1. A dose-dependent
effect of the NPs on growth suppression was observed when
the concentration of PTX was lower than 50 mgmL¢1. On the
other hand, free PTX did not suppress growth more than g-
PGA-NPs-PTX. A single application of the NPs for 24 h was
able to effectively suppress the growth of the 5L-AWMs, for
at least 2 weeks, thus suggesting the accumulation of sufficient
amounts of the NPs in the tissue even after washing.
However, most of the free PTX was removed during washing,
therefore resulting in a lower suppressive effect. In our
previous study, the NPs still remained in the SMCs after
incubation for 1 h and culturing for 6 days, thus suggesting
rapid cellular uptake and long-term intracellular stability.[11]

PTX was spontaneously released by desorption from the NPs
in the physiological environment, thus suppressing cell
growth. PTX is known to have high cytotoxicity to SMCs in
a monolayer culture even at a concentration of 10 ng mL¢1.[13]

In this study, the 5L-AWMs were incubated with free PTX at
a concentration of 100 mgmL¢1, the concentration showing
the highest suppressive effect (data not shown). However, the
surviving cells proliferated, which led to thicker 5L-AWMs
over the 2 weeks of culture. This result demonstrated
tolerance to the drug in 3D culture. The 3D-AWMs should

give more accurate results on the dose-dependent effect of the
drug for the treatment of atherosclerosis.

Histological sections of the 3D-AWMs stained with anti-
CD31 antibody showed the ECs inside the SMC layers after
2 weeks (see Figure S1), owing to the overgrowth of SMCs as
occurs in atherosclerosis. The stable presence of ECs on the
top surface was only found in the 5L-AWMs treated with NPs.
We also applied the NPs to examine the treatment effect on
the overgrown 4L-SMCs. The 4L-SMCs had been cultured for
5 days before the application of the NPs to enable overgrowth
of the SMCs as occurs in atherosclerosis (see Figure S3).
When g-PGA-NPs-PTX (5 mg mL¢1) was applied, the growth
of the structure was effectively suppressed, and the situation
at day 19 seemed similar to that observed at day 11 without
treatment. The therapeutic effect of the drug carriers could be
estimated in vitro by use of the 3D-AWMs.

To understand the effect of the properties of the substance
on cytocompatibility, we evaluated the permeability of the
NPs and the barrier functions of the EC layers after applying
various NPs with a similar size of approximately 50 nm, as
used in our previous permeability assays (Figure 2A,B).[14]

Fluorescein-labeled g-PGA-NPs, fluorescein isothiocyanate
(FITC)-labeled polystyrene (PS) NPs, and FITC-labeled
silica (Si) NPs, which are examples of biodegradable NPs,
non-biodegradable NPs, and inorganic NPs, respectively, were
used. All NPs exhibited a negative surface charge (the
z potential of g-PGA-NPs, PS-NPs, and Si-NPs was ¢30.6,
¢50.2, and ¢18.7 mV, respectively). Interestingly, even
though all NPs were larger than the tight junctions of the
EC layers (< 2 nm),[15] they showed high permeability greater
than 40%. In particular, the PS-NPs exhibited the highest
permeability and the lowest tendency to accumulate (see
Figure S4). Kim et al. reported higher permeability of EC
monolayers when treated with tumor necrosis factor-a (TNF-
a), which induces the disruption of intercellular junctions (e.g.
adherens junctions): the same conditions as inflammation
(atherosclerosis).[16] Cellular uptake of g-PGA-NPs and PS-
NPs could be observed after incubation for 24 h. Si-NPs did
not show significant cellular uptake, but became a cluster
(< 30 mm in size) owing to their slight lower dispersibility in
the culture medium. Damaged 5L-AWMs were found by
confocal laser scanning microscopy (CLSM), which showed
detachment, collapse, and reduced thickness of the AWMs
after treatment with Si-NPs (Figure 2B and see Figure S5 for

Figure 1. Overview of this study. A) Evaluation of the transport of NPs with various characteristics across the 5L-AWM (1L-EC/4L-SMC) in vitro,
and the effect of the NPs on the EC barrier. B) NPs with properties optimized for their use as drug carriers were loaded with PTX and evaluated in
vivo with a mouse model of atherosclerosis.
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larger images). The cytotoxicity of the Si-NPs might be due to
the generation of reactive oxygen species (ROS), which
induce cell death and could be a potential causative factor in
cardiovascular diseases.[17] Although transendothelial electri-
cal resistance (TEER) of the 5L-AWMs also significantly
decreased after treatment with Si-NPs owing to damage to the
tight junctions of the EC layer, g-PGA-NPs and PS-NPs did
not produce any change (Figure 2C). Because of the greater
accumulation and biodegradability of g-PGA-NPs, they were
employed for further study.

g-PGA-NPs with different sizes of 50, 90 (ca. 100), and
170 nm (ca. 200 nm) were used to study the size effect at the
nanoscale on permeability and accumulation as observed in
dextrans.[14] The concentration of NPs remaining in the upper
chamber decreased gradually (see Figure S6), but there was

no obvious size effect on permeability (Figure 2D). To
investigate the mechanisms responsible for permeability,
a permeability experiment was performed at 4 88C to reduce
the effect of energy-dependent endocytosis.[18] As expected,
higher NP concentrations were found to remain in the upper
chamber (see Figure S6), and the permeability of all NPs at
4 88C was lower than that at 37 88C (Figure 2 D), thus possibly
suggesting endocytosis. However, since the morphology of the
EC layer was also affected by this temperature, some of the
NPs might have permeated across it.

Since the accumulation of NPs into atherosclerotic
plaques is important for the sustainable release of PTX, the
amount of NPs remaining in the 3D-AWMs was evaluated.
Interestingly, at 37 88C, there were more 50 nm NPs remaining
(accumulating) in the 5L-AWMs than larger NPs (Figure 2E).

Figure 2. In vitro optimization of NPs by the use of 5L-AWMs. A) Method for evaluating the concentration of NPs accumulating in the 3D-AWMs.
This concentration was determined from the concentration of NPs remaining in the upper chamber and the concentration of NPs permeated
below the chamber. B) Z-stack CLSM images of 5L-AWMs after incubation for 24 h with FITC-labeled NPs. The ECs were stained with CD31 (red).
Scale bars are 50 mm. Size distributions of each NP were measured by DLS. C) TEER of the 5L-AWMs after 24 h permeability experiments with
each NP. The control is a 5L-AWM before the permeability test. D) Permeability of g-PGA-NPs across the 5L-AWMs at 37 and 4 88C. E) Size effect
of g-PGA-NPs on accumulation in the 5L-AWMs after 24 h permeability experiments at 37 and 4 88C. F) Illustration showing the size effects on
accumulation in the 3D-AWMs. Error bars are the standard deviation from n = 4 (C) or n =3 (D and E), **p<0.01 and *p<0.05 denote
a statistically significant difference.
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A slightly lower amount of 50 nm NPs was found to permeate
into the lower chamber because some of them remained
inside the 5L-AWMs (Figure 2D). The smaller NPs might
become more easily trapped in the nano-meshwork structures
of the extracellular matrix (ECM) inside the 5L-AWMs.
Experiments performed at 4 88C showed that the temperature
also affected the accumulation of 50 nm NPs, thus suggesting
that many of the accumulated NPs might have been taken up
by the cells at 37 88C (Figure 2E,F). The remaining NPs in the
5L-AWMs were observed by CLSM even after the washing
and staining processes (see Figure S7), thus indicating stable
accumulation in the tissue.

To confirm this in vitro finding of the size effect on the
accumulation of g-PGA-NPs in 3D-AWMs, we investigated
the in vivo accumulation of g-PGA-NPs by using a mouse
model of atherosclerosis. We examined the aorta with an
in vivo imaging system (IVIS) 24 h after the injection of three
different sizes of g-PGA-NPs chemically conjugated to the
dye Alexa633[19] (Figure 3A). Interestingly, as expected from
the in vitro results, the strongest fluorescence intensity was
found in the smallest (60 nm) NPs (the particle sizes were
changed slightly by Alexa633 conjugation), with results for
the highest in vivo accumulation of plaques that matched the
in vitro results for the 3D-AWMs (Figure 3B). The location of

Figure 3. In vivo size effect of in vitro optimized Alexa633-conjugated g-PGA-NPs. A) Illustration of the experimental procedure (IV = intravenous).
B) IVIS images of aortas 24 h after the IV injection of each NP. The control was PBS injection (PBS= phosphate-buffered saline). C) Oil Red O
stained aorta of the mouse before NP injection. D) Normalized intensity of the total radiant efficiency per plaque area for each NP size 24 h after
injection (n =5–7/group). *p<0.05 and **p<0.01 denote statistically significant differences from one-way analysis of variance according to the
Newman–Keuls method; n.s. is not statistically significant. E) Accumulation of 60 nm NPs in the atherosclerotic plaques 48 and 72 h after
injection. F) Frozen sections of atherosclerotic plaques 24 h after the injection of NPs. The top part of each section is the vascular lumen. Scale
bars are 5 mm (B, D, and E) and 100 mm (F).
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the NPs matched well with the positions of the plaques, as
deduced from Oil Red O staining, thus showing lipid accu-
mulation (Figure 3C). The intensity in the plaques was
significantly higher for 60 nm NPs than for the other two
larger sizes (Figure 3D). More importantly, whereas the 130
and 210 nm NPs could no longer be observed in the plaques
after 48 h, the 60 nm NPs were still found to be in the plaques
after 72 h, even though the intensity had become slightly
weaker (Figure 3E). This result showed that 60 nm NPs have
good stability in vivo, as opposed to liposomes, which
accumulated in the plaques but rapidly disappeared within
8 h.[20] It has been reported that the destabilization of
liposomes occurs immediately after their injection into the
body owing to the fatty exchange of phospholipids in the cell
membrane.[21] The 60 nm NPs were found near the plaques
and medial layer, in much larger amounts as compared to the
130 and 210 nm NPs, similar to the findings by IVIS (Fig-
ure 3F). Elastica Masson trichrome (E-MT) staining of the
frozen sections also indicated that the NPs were located both
in lipid-rich plaque areas and in the elastic fibers (see
Figure S8). As a result, the NPs remained in the plaques
and were not easily removed over 72 h, thus suggesting that g-
PGA-NPs with a size of about 50 nm could be a potential
drug-delivery carrier for the treatment of atherosclerosis.

Since the smallest NPs showed the highest accumulation,
60 nm NPs were used in in vivo treatment experiments. Early-
stage atherogenic mice were treated weekly with g-PGA-
NPs-PTX at a PTX dose of 2.5 mg kg¢1 for a total of 6 weeks
(see Figure S9). There was no difference in the body weight of
the treated and control mice; hence, the NPs-PTX did not
seem to give rise to severe toxicity at the given dose. The NPs
were found to have accumulated in the atherosclerotic lesions
even though it had been 1 week since the final NP injection
(see Figure S9), thus suggesting their long-term accumulation
and stability in the plaques. Cross-sections of the plaques
showed that the NPs were still located in the plaques 6 weeks
after treatment (see Figure S10), which was similar to the
results in Figure 3F. The treated aortae showed a reduction in
the total area of the plaques. Although this difference was not
statistically significant, the 60 nm g-PGA-NPs-PTX demon-
strated a potential suppressive effect on the development of
atherosclerosis in vivo (see Table S1 in the Supporting
Information). The treated aortae showed distinct staining
that appeared denser in the presence of elastic fibers and
smooth muscle layers, thus indicating less damage to the
aortic wall. Images of Oil Red O stained samples showed an
abundance of lipids in the plaques of the nontreated mice,
whereas fewer lipids were observed in the treated mice.
Furthermore, decreased thickness of the plaques was also
observed in treated mice, thus suggesting that g-PGA-NPs-
PTX is an effective treatment. The results of biodistribution
of the NPs showed a typical distribution, with those larger
than 50 nm usually detected mostly in the liver (see Fig-
ure S11).[19, 22]

In summary, we were able to predict the biological
behavior of the NPs in a 3D environment by using 3D-
AWMs in vitro. From our experiments with in vitro 3D-
AWMs, we discovered that the size of the drug carrier plays an
important role in tissue accumulation. Notably, the size effect

on accumulation in the 3D-AWMs agreed with the in vivo
results. We successfully conducted a POC by using 3D
engineered tissues for the prediction of the in vivo 3D
biological behavior of the drug carriers. Since the 3D-
AWMs showed heterogeneous aggregation in response to
macrophages,[23] the system has great potential as a model for
mid- or late-stage atherosclerosis.
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