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n 3D microvascular networks on
a chip to study the procoagulant effects of ambient
fine particulate matter
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Exposure to ambient fine particulate matter (FPM) has been thought to be associated with cardiovascular

disease. However, the pathogenesis remains largely unknown. Animal models have been widely used in

toxicological research, but species difference makes it impossible to directly translate discoveries from

animals to humans. In this study, we developed a 3D functional human microvascular network in

a microfluidic device. The established model enables endothelial cells to form vessel-like microtissues

and have physiological functions which are closer to cells in human blood vessels. The perfusable

microvasculature allows the delivery of nutrients, and oxygen, as well as flow-induced mechanical

stimuli into the luminal space of the endothelium. The microflow effectively mimic the blood flow in

human vessels. FPMs were introduced into this physiologically human vessel-like microenvironment

following the fluid flow. The vascular toxicity was evaluated based on this organotypic 3D microvessel

model. Our results demonstrated that intravascular accumulation of FPM could enhance ROS generation

which may further cause endothelial dysfunction by oxidative stress. This is expressed in disorder of NO

expression and IL-6 up-regulation. These are expected to enhance endothelial inflammation which

might in turn accelerate coagulation that is associated with thrombosis. Human organotypic 3D

microvessel models provide a possible bridge for how the research outcomes translate to humans.

These models could partly simulate the physiological responses of human vessels to FPM stimulation.

This simple and versatile platform can be used for a wide range of applications in vascular physiology

studies of particulate matter in the context of cardiovascular disease.
1. Introduction

Air pollution is an increasing risk for cardiovascular morbidity
and mortality in humans.1,2 Numerous epidemiological and
clinical studies indicate that ambient particulate matter (PM) in
air pollution is strongly associated with increased
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cardiovascular disease.3,4 And PM induced coagulation abnor-
malities are very likely responsible for many kinds of cardio-
vascular disease.5,6 The precise pathway explaining how PM
disrupts the coagulation function has, however, not yet been
entirely determined. Recent studies have increasingly focused
on ambient ne particulate matter (FPM). Nanoscale ne
particles facilitate their migration across any biological barrier
and thus enter organs.7,8 Once inhaled, FPM can more easily
cross the pulmonary epithelium and the lung–blood barrier
than the micron sized-PM.9 Therefore, FPM is considered to be
a major contributor in the disruption of human vascular
function.

The translocation of FPM to the blood stream has detri-
mental effects on the cardiovascular system. Previous studies
have revealed the potential relationships between FPM and
cardiovascular disease. Once FPM has translocated into the
blood stream, this FPM is expected to exhibit particulate phys-
iological characteristics due to their tiny size and special
structure.10 FPM has a relatively large surface area, and may
therefore exhibit extensive surface activity and absorb protein
rich uids in vivo.11 This kind of biointeraction may affect
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Physicochemical characterization of ambient fine particulate
matter (FPM). (A–C) Atomic force microscopy image of FPM; (D)
chemical element analysis of FPM by energy dispersive X-ray analysis
(EDAX); (E) SEM picture of ambient fine particulate matter and EDAX
analysis of one representative particle.
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protein function12 and cytokine expression,13 which potentially
may further disturb normal vascular function. In addition,
research has also suggested that FPM can aggravate local
oxidative stress and inammation aer FPM is deposited on the
vascular endothelium.14 Based on an animal model, FPM may
induce aberrant expression of reactive oxygen species (ROS),15

endogenous nitric oxide (NO)16 and interleukin 6 (IL-6).17 This
bioresponse could further result in plaque activation, and
nally lead to thrombus formation.18

Animal models have been widely used in toxicological
research, and they continue to aid our understanding of PM
associated cardiovascular disease.19 However, we need to
recognize that there are potential differences between an
animal model and humans. Even animals that are very similar
to humans, such as primates, have failed to predict what will
happen in humans.20 Therefore, it is impossible to directly
translate discoveries from animals to humans. Human orga-
notypic 3D cell cultures provide an attractive alternative to
animal models from an applicability perspective.21,22 As
compared to endothelial cells cultured on a at surface (2D
culture), 3D cultures provide a more physiologically tissue-like
environment for endothelial cells.23 The 3D cultures allow
human endothelial cells in vitro to generate microvascular
networks which are similar to human vessels.24 This organo-
typic cell model can more faithfully provide comprehensive and
relevant biological information than can be obtained from 2D
models.

In recent years, a scaffold-based 3D cell culture has been
generally adopted by researchers. Scaffolds mediate the adhe-
sion, proliferation and differentiation of cells.25 Scaffolds also
represent the 3D space which is available for cells developing
into tissues, and for dening the shape and function of regen-
erative tissue.26 Fibrin based scaffolds are approved to be
biocompatible, while degrading and resorbing at a rate corre-
sponding to tissue growth.27 The combination of brin hydrogel
with a microuidic device has been widely investigated for the
regeneration of human vessel tissue.28 The microuidic chip
can provide micro-scale complex structures and well-controlled
parameters to mimic the in vivo environment of human vessels.
For example, microuid ow is able to supply the necessary
nutrition, moisture and oxygen, as well as being able to remove
degradation products at the same time.29,30 Microuid ow was
shown to generate improvement in the adhesion, migration and
proliferation of human endothelial cells in 3D scaffolds.31,32

Accordingly, the perfusable microvascular networks were
spontaneously formed in this 3D microenvironment.

The generation of functional microvascular networks is
critical for in vitro models to replicate pathophysiological
conditions. In this study, perfusable microvascular networks
were made by co-culturing human umbilical vein endothelial
cells (HUVECs) and human lung broblasts (HLFs) with 3D
brin hydrogels which were loaded in the microuidic devices.
This device offers a physiologically tissue-like in vitro platform
to investigate any human vascular dysfunction resulting from
FPM stimulation. The morphology, components and size of the
FPM were analyzed. Taking into account established exposure
level, we used FPM concentrations of 5, 10 and 20 mg ml�1 for
This journal is © The Royal Society of Chemistry 2017
the functional microvascular networks. We observed and
analyzed the procoagulant effects on the microvascular
networks aer FPM stimulation. These responses include
reactive oxygen species (ROS), endothelial nitric oxide (NO) and
interleukin 6 (IL-6). The objective was to gain a better insight
and understanding of FPM associated human vascular
dysfunction.
2. Results and discussion
2.1 Physicochemical characteristics of FPM

The inhalation of air containing ne particulate matter is
associated with cardiovascular disease in humans. The small
particle size facilitates the passage of FPM through any bio-
logical barrier, and enables these particles to enter the hema-
tological system. Atomic force microscopy (AFM) can identify
nanoscale particles in air pollution samples.33 In this research,
the initial air samples were characterized using an atomic force
microscope. Of all the observed particles, AFM demonstrated
that all of the collected particles had a nanoscale aerodynamic
diameter. The AFM image clearly showed that most of the
particles are in the tens to hundreds nanometer range (Fig. 1A).
The three-dimensional morphology of the airborne nanoscale
particles was also characterized by AFM. The morphology of
RSC Adv., 2017, 7, 56108–56116 | 56109
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every single FPM particle is shown in Fig. 1B. Fig. 1C gives 3D
version of airborne nanoscale particles. The distribution of the
main chemical elements of the particles was analyzed using
energy dispersive X-ray analysis (EDAX) spectrometry. Fig. 1E is
SEM picture of ambient nanoscale particles and EDAX analysis
of one representative particle. One hundred particles were
analyzed by this method. EDAX analysis showed that our
collected FPMs consisted mainly of oxygen (57.14%), carbon
(19.53%) and silicon (15.9%) (Fig. 1D). As compared to micron
size particles, nanoscale particles are believed to exhibit unique
physicochemical properties. Because nanoparticles have a high
surface-specic activity which may lead to greater pro-
inammatory responses.34 Therefore, the existence of airborne
FPM is recognized to be a potential risk to humans because of
the ability of FPM to translocate from the deposition site to the
blood system.
2.2 Human vessel simulation by 3D organotypic HUVEC
culture

Human coagulation abnormalities are reported to be associated
with FPM in blood vessels.35 However, animal models are poorly
extrapolating the results to humans directly.36,37 Human orga-
notypic 3D cell culture is an attractive alternative to traditional
animal models. It provides a bridge for how research outcomes
may translate to humans. In this research, we compared a 2D
cell culture with a 3D cell culture. In the 2D cell culture,
HUVECs were grown on at dishes. The cells were adhered and
spread on this plastic surface and formed unnatural cell
attachments to the synthetic surface (Fig. 2A and B). The
essential cellular functions that are present in tissues are not
found in the presence of this kind of unnatural cell adherent.38
Fig. 2 2D versus 3D cultures of human umbilical vein endothelial cells
(HUVECs). (A) Confocal microscope image of 2D cultured HUVECs; (B)
schematic diagram of 2D culture: HUVECs attached to cell dish
bottom; (C) confocal microscope image of 3Dmicrovascular network;
(D) schematic diagram of 3D HUVECs culture: microvessels generate
in fibrin based scaffold.

56110 | RSC Adv., 2017, 7, 56108–56116
In contrast, HUVEC cultured in a 3D model maintains a phys-
ical structure,39 and can closely mimic the functions of living
tissues present in the human body.40 As shown in Fig. 2C and D,
HUVECs grown in vitro formed capillary-like structures with
lumens. Themicrovascular tissue was regenerated in vitro based
on 3D organotypic HUVEC culture.

It provides a more biologically faithful platform in vitro as
compared to traditional 2D cell modeling. Meanwhile, it also
regenerated a high homologous human vessel-like microtissue
in vitro. In this research, we used brin gel to generate scaffolds
for the 3D organotypic culture of endothelial cells. The advan-
tages of brin gel over synthetic polymeric materials are that
brin gel is nontoxic, and has controllable degradation and
excellent biocompatibility.41
2.3 Microvascular network formation based on microuidic
3D HUVEC culture

We have used a combination of brin hydrogel with a micro-
uidic device in this research to promote microvascular
formation. Cells were mixed with a brin precursor and
thrombin. The mixtures were delivered into a gel lling channel
and cultured for 40 minutes to complete the gelation (Fig. 3A).
Aer gelation, 70 ml of the HUVEC medium was introduced into
Fig. 3 Microvascular network formation based on microfluidic 3D
HUVEC culture. (A) Schematic diagram of a microfluidic device. (B)
Schematic diagram of microvascular network formation based on
microfluidic 3D HUVEC culture. (C) Schematic diagram of loading
microparticles in microvascular networks. (D) Microscope image of
HUVECs seeding in fibrin hydrogel. (E) Confocal microscope image of
fluorescent microvascular networks.

This journal is © The Royal Society of Chemistry 2017
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any two reservoirs connected to the same media channel. 60 ml
of the medium was introduced into the other two reservoirs
later. A difference in liquid levels in the media channels creates
a pressure drop along the gel lling channel (Fig. 3B). The liquid
pressure enables the EGM-2 medium to permeate into the brin
hydrogel. With the aid of uid ow, the microuidic device
offers a dynamic microenvironment for 3D HUVE culture.
Besides that, the uid shear stresses are already approved to
promote endothelial proliferation and microvessels generation.
The human vascular system enables gas exchange in the body42

as well as the transport of nutrients, waste, pathogens and
blood cells.43 In this microuidic system, uid ow ensures
continuous nutrition, oxygen supply, and waste removal
through the medium pressure of media channels. Microuid
ow has been shown to generate improvement in the adhesion,
migration and proliferation of HUVECs in brin hydrogel. As
shown in Fig. 3D and E, HUVECs seeded in brin hydrogel
(Fig. 3D) spontaneously formed microvascular networks
(Fig. 3E) in the microuidic device. In addition, uid ow is also
able to import FPM in the 3D microvascular network (Fig. 3C),
which effectively simulates the bioprogress of the FPM trans-
locating into a human blood vessel.

In this research, HUVECs and HLFs were co-cultured with
brin hydrogel in a microuidic device. Fibroblasts are proven
to secrete growth factors that support endothelial cell form
lumen in three-dimensional co-cultures.44,45 In the presence of
broblasts, HUVEC spreading is robust and forms intracellular
lumen within four to ve days. As shown in Fig. 4, 3D-cultured
HUVEC development was monitored using a camera in
Fig. 4 Development progress of microvascular networks were
monitored by a camera in a confocal microscope. (A) Camera image of
fluorescent HUVECs developed on day 1; (B) camera image of fluo-
rescent HUVECs developed on day 2; (C) camera image of fluorescent
HUVECs developed on day 3; (D) camera image of fluorescent
HUVECs developed on day 4.

This journal is © The Royal Society of Chemistry 2017
a confocal microscope. In the initial stage, HUVECs migrated to
form cell–cell adhesions and alignments (Fig. 4A and B). Aer
that, HUVECs gradually formed lumens along with cell prolif-
eration (Fig. 4C). Finally, HUVEC lumens formed microvascular
networks (Fig. 4D). In contrast, some research has indicated
that HUVECs do not form vessels if broblasts are not present,
and most HUVECs would be dead aer being cultured in
hydrogel for four to ve days.46

2.4 Perfusion measurement of 3D human microvascular
networks

In a living body, perfusion refers to the ow of blood through
the vessels of the body. It ensures the blood ows through the
circulatory system or lymphatic system to an organ or tissue.47

Adequate perfusion of the microvasculature has important
physiological signicance.48 It ensures the transport of dis-
solved gases, nutrients and regulatory molecules throughout
the human microvasculature as well as the prompt removal of
metabolic waste products.49 Perfusion of 3D cultured micro-
vascular networks is almost exclusively reserved for microuidic
techniques.50 In this research, apart from replicating vessel-like
structure, the perfusion capability has been measured for the
microvascular networks in microuidic device. Fluorescent
microparticles (FM) were initially loaded into any two reservoirs
connected to the same media channel. The liquid pressure
enabled the FM to permeate into the microvascular network
(Fig. 5A). As shown in Fig. 5A, it is schematic diagram to show
Fig. 5 Perfusion measurement of a 3D-cultured human microvascular
network. (A) Schematic diagram of loading microparticles in
microvascular networks. (B–C) Confocal images of fluorescent micro-
particles perfused in the microvascular network from the upstream
direction. (D–E) Confocal images of fluorescent microparticles dis-
charged downstream. (F–G) Confocal microscope image of fluorescent
microparticles moving through the microvascular networks.

RSC Adv., 2017, 7, 56108–56116 | 56111
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how the loadingmicroparticles move inmicrovascular networks
and migrate through vessels following with uid ow. Fig. 5A
illustrates the running track of microparticles in microvessels.
With the aid of uid ow, the microuidic device provides the
dynamic power that enables the FM to go through the articial
human vessels. FMs perfused in the microvascular network
from the upstream direction (Fig. 5B and C). FMs were dis-
charged downstream along with uid ow (Fig. 5D and E).
Panorama images further conrmed that FMs were moving
through the microvascular networks (Fig. 5F and G). By tracking
FM movement, the microvascular network exhibited great
perfusion ability. Perfusion is one of the crucial aspects in
vasculature, as it provides shear stress, which affects cellular
morphology and gene expression.51 Benets associated with
perfusion ow include a stable nutrient supply, waste metabo-
lites removal and control of oxygen tension. In this research, the
constant perfusion of media throughout the thick hydrogel
signicantly improved the viability of HUVECs forming
capillary-like microvascular networks.

2.5 A dynamic study of intravascular particle accumulation

Previous evidences suggest that inhaled insoluble nanoparticles
may be capable of translocation into the vascular system.52

Based on animal models, exogenous substance could be
removed by the cells of the reticuloendothelial system/
mononuclear phagocyte system.53,54 However, due to the
primary size and degree of particle aggregation, nanoscale may
lead to the FPM clearance more or less effective. In this
research, we generated perfusable microvascular networks
based on 3D HUVEC cultures in microuidic systems. The
Fig. 6 A dynamic study of intravascular particle accumulation. (A–C)
Confocal images of fluorescent microvascular networks. (D–F)
Confocal images of fluorescent microparticle accumulation. (G–I)
Combined confocal images of fluorescentmicroparticle accumulation
within microvascular networks.

56112 | RSC Adv., 2017, 7, 56108–56116
microscale dimensions of the 3D vessels match the vascular
structures inside the human body (Fig. 6A–C). The replicated
human vessels can be created to mimic the complex and
dynamic 3D network present in real human blood systems. We
used uorescent microparticles loaded into the microvascular
networks. Following the uid ow, this platform makes it
possible to simulate the dynamics of FPM movement in
a human blood vessel. As uorescent microparticles perfuse
into the microvascular network with the uid ow, some
microparticles aggregated and blocked local parts of the capil-
laries (Fig. 6D–F). The confocal microscope images clearly
demonstrated an intravascular accumulation of uorescent
microparticles (Fig. 6G–I). This observed phenomenon revealed
one possible pathological mechanism behind FPM's procoa-
gulant ability. This ability is due to great surface energy, FPMs
are constantly gathering and form local intravascular accumu-
lation.55 It is potentially the result of a blood pressure increase
due to the vessel lumen narrowing. As blood pressure increases,
the shear forces within the vascular lumens of large vessels
increase, creating more friction, which increases inammation
to these vessels.56 Inammation plays an important role in the
pathophysiology of thrombosis. Systemic inammation is
generally accepted as a potent prothrombotic stimulus.57 It
upregulates the procoagulant factors, downregulates natural
anticoagulants and inhibits brinolytic activity.58 In addition to
modulating plasma coagulation mechanisms, inammatory
mediators also appear to increase platelet reactivity, which
might somehow activate the coagulation.59
2.6 Measurement of FPM induced endothelial dysfunction
based on a 3D human microvascular model

Previous inammation-induced thrombosis is a well-known
entity based on animal models.60 In the pathogenesis prog-
ress, inammation and coagulation play a pivotal role. In this
research, a dynamic study of microparticle movement has been
conducted using 3D-human microvascular networks. Within
the vascular compartment, particles encounter vessels, and this
encounter is expected to induce oxidative stress in endothelial
cells.61 The vascular endothelium, which regulates the passage
of macromolecules and circulating cells from blood to tissues,
is a major target of oxidative stress, and plays a critical role in
the pathophysiology of vascular dysfunction.62 Based on the 3D
human microvascular model, HUVECs were exposed to FPMs in
a physiologically human blood vessel-like environment. The
intravascular ROS increased in a dose dependent manner with
FPM concentrations (Fig. 7A). Administration of an antioxidant
(vitamin C) is seen to effectively repress ROS generation
(Fig. 7B). ROS are key signaling molecules that play an impor-
tant role in the progression of oxidative stress and inammatory
disorders.63 Our results demonstrated that intravascular accu-
mulation of FPM could enhance ROS generation which may
further cause endothelial dysfunction.

Endothelial dysfunction is commonly associated with
decreased bioavailability of endothelial NO, which is a result of
impaired NO production by the endothelium and/or increased
inactivation of NO by ROS.64,65 In this research, endothelial NO
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 FPM stimulates endothelial inflammation based on a 3D human
microvascular model: FPMs (5, 10 and 20 mg ml�1) stimulate intra-
vascular ROS (A), endothelial NO (C) and IL-6 (E); stimulation of
intravascular ROS (B), endothelial NO (D) and IL-6 (F) by FPM/VC
(vitamin C-0.1 mg ml�1, FPM-20 mg ml�1), FPM (20 mg ml�1) and TNF-
a (2 ng ml�1) (*P < 0.05, **P < 0.01, compared with the control).
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decreased following FPM exposure (Fig. 7C). And FPM (20 mg
ml�1) signicantly affected the normal expression of NO (p <
0.05) as compared to the control group (Fig. 7C). However, an
antioxidant (vitamin C) effectively suppressed the decrease in
NO resulting from FPM stimulation. All these results indicate
that FPM may stimulate intravascular oxidative stress, which
further disrupts the normal expression of endothelial NO.
Endothelial NO is a strong inhibitor of platelet adhesion, acti-
vation and aggregation.66 A deciency of bioactive NO contrib-
utes to platelet over-activation which is associated with
thrombosis.67

Tumor Necrosis Factor-a (TNF-a) is a major pro-
inammatory cytokine involved in early inammatory
events.68 Based on a 3D-human microvascular model, we saw
that TNF-a triggered a series of inammatory responses, which
included the upregulation of ROS, endothelial NO and IL-6
(Fig. 7B, D and F). These results indicated that the pro-
inammatory cytokine plays a major role in human endothe-
lial dysfunction. In this study, we investigated the procoagulant
mechanisms and assumed that particulate matter might
accelerate inammation-induced thrombosis, since we found
that a 3D-microvascular network treated with a dose of FPM
exhibited an increase in IL-6 levels (Fig. 7E). FPM (20 mg ml�1)
signicantly increased IL-6 expression (p < 0.05) as compared to
This journal is © The Royal Society of Chemistry 2017
the control group (Fig. 7E). And an antioxidant (vitamin C)
effectively suppressed the increase in IL-6 resulting from FPM
stimulation (Fig. 7F). IL-6 is a cytokine expressed in response to
a wide variety of inammatory stimuli, and is capable of acti-
vating the coagulation system and down-regulating important
physiological anticoagulant pathways.69 Our results suggest that
FPM are expected to enhance endothelial inammation which
might in turn accelerate coagulation that is associated with
thrombosis.

In the past decade, researchers have already developed
a series of epidemiologic evidence showing correlation with
cardiovascular and particulate air pollution. Based on animal
model, research further indicated that oxidant stress induced
endothelial dysfunction plays an important role in pollution
particle involved cardiovascular diseases. However, animal
results are unable to fully embody human's response to pollu-
tion particles. A human organotypic 3D microvessel model is an
attractive alternative to traditional animal models. Based on
microuidic chip, this model is always used to study vascular
diseases. The advantage is that the pathogenesis can be
observed visually in vitro platform. In this study, we are rst to
use this model to evaluate vascular toxicity of ambient ne
particles. Our results suggest that FPM are capable form intra-
vascular accumulation, they are expected to enhance endothe-
lial inammation which might in turn accelerate coagulation
that is associated with thrombosis. It reveals one possible way to
explain particulate matter involving cardiovascular disease.
3. Methods
3.1 FPM collection and characterization

The airborne particles were collected on quartz lters using
a high-volume PM2.5 sampler (Anderson, USA). The sampling
site was located in Wuhan City, the largest industrial city in
Central China. Each quartz lter was cut into smaller pieces of
about 2 cm2. These pieces were put into a sterilized beaker with
90 ml sterilized pure water. A 20 min sonication was carried
out below 20 �C. Samples were then ltered using a sterilized
lter (<1 mm) to remove larger particles as well as any bers
from the quartz. Filtration could removemost part of Si element
which may come from quartz bers. It could avoid any quartz
bers attached on ambient ne particulate matters. So as to
ensure the detected Si elements are very likely just from
ambient ne particulate matters. The collected FPM suspen-
sions were freeze dried in a vacuum for 24 h and stored at
�20 �C. The morphology and size of FPMs were observed using
atomic force microscopy (SPM 3100, Veeco Instruments, Inc.,
USA). Elements of FPM were analyzed by using SEM-EDS
(energy dispersive spectroscopy) analysis.
3.2 Cell culture and solution preparation of brinogen and
thrombin

GFP-HUVECs (Neuromics, USA) or non GFP-HUVECs (Lonza,
USA) were cultured up to passage 6 in endothelial growth
medium (EGM-2, Lonza). HLFs were cultured up to passage 10
in broblast growth medium (FGM-2, Lonza). Cell cultures were
RSC Adv., 2017, 7, 56108–56116 | 56113
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grown to 80% conuence prior to passage and use in experi-
ments. DPBS (Gibco, USA) was preheated at 37 �C for 2 h. The
brinogen solution (15 mg ml�1) was prepared by dissolving
15 mg bovine brinogen (Sigma, USA) in the preheated DPBS.
Thrombin (100 U, Sigma, USA) solution was dissolved in 1 ml
DPBS which contained 0.1% BSA.

3.3 Microvascular network formation

PBS, Trypsin–EDTA and endothelial cell growth medium were
preheated in the 37 �C water bath. The media was removed and
discarded from the cell ask and the cells then rinsed with PBS.
1 ml of Trypsin–EDTA was added to the ask, mixed briey, and
incubated at 37 �C for a few minutes to release the cells.
HUVECs were resuspended at a concentration of 12million cells
per ml. HLFs were resuspended at a concentration of 6 million
cells per ml. 1 ml thrombin solution (100 U ml�1) was mixed
with 20 ml brinogen solution (15 mg ml�1, Sigma, USA), 79 ml
HUVECs (12 � 106 cell per ml) and 20 ml HLFs (6 � 106 cell
per ml). 10 ml of this mixture was immediately injected into the
central gel channel of the microuidic device. Devices were
placed in a humidied incubator at 37 �C, and the cell mixture
was allowed to gel for 40 minutes. The EGM-2 media were then
loading in the media channels, and the media were replaced
every 24 h. The microuidic device was cultured in a humidied
incubator for 4 days at 37 �C and 5% CO2. During the progress
of microvascular development, images of the 3D HUVEC
networks were captured by a camera linked to a confocal
microscope (Olympus IX81, USA). Images of the uorescent
micro-vessels were captured by a confocal microscope (Olympus
IX81, USA).

3.4 Perfusion measurement of microvasular networks

Perfusion of 3D cultured microvessels is almost exclusively the
domain of microuidic techniques. In this research, perfusion
capability has been measured for the microvascular networks in
the microuidic device. Perfusion of the microvasculature was
measured via uorescent microparticle (Invitrogen, USA) ow
through the microvascular network consisting of continuous
and perfusable lumens. Briey, the uorescent microparticle
solution was diluted 100-fold with EGM-2 medium. Fill 20 ml of
this medium into any two syringe barrels that are connected to
the same media channel. Fluid ow in a media channel creates
a pressure drop along the channel. The movement of the uo-
rescent microparticles within the generated perfusable lumens
was captured using a confocal microscope (Olympus IX81, USA).
Microparticle movement was monitored by a microuid device
from the upstream, downstream and panorama views.

3.5 Measurement of FPM associated oxidative stress and
inammation responses

FPM was dissolved in the EGM-2 medium with concentrations
of 5, 10 and 20 mg ml�1. Exposure solutions of tumor necrosis
factor-a (TNF-a) (Sigma, USA) and FPM-vitamin C were also
prepared. The nal exposure concentrations were 2 ng ml�1

(TNF-a), 0.1 mg ml�1 (vitamin C) and 20 mg ml�1 (FPM),
respectively. Each kind of exposure solution was loaded into the
56114 | RSC Adv., 2017, 7, 56108–56116
microvascular networks for 24 hours at 37 �C and 5% CO2. The
measurement of ROS, endothelial NO and IL-6 were performed
as described here. Devices were washed three times with the
EGM-2 medium, and the washing medium collected for
assessment of endothelial NO and IL-6. The concentrations of
endothelial NO and IL-6 were measured using ELISA kits
according to the manufacturer's instructions (Nanjing Jian-
cheng, China). ROS were measured using oxidation-sensitive
uorescent DCFH-DA (Merck KGaA, Germany), which is
a non-uorescent compound that is freely taken up by cells and
hydrolyzed by esterases to 20,70-dichlorodihydrouorescein
(DCFH). Non GFP-HUVECS was co-cultured with HLFs, brin-
ogen and thrombin, and the mixtures then loaded into micro-
uidic devices. The formed microvasculature was used in ROS
assessment. Devices were washed once with PBS, and the uo-
rescent agent was loaded into the microvascular networks for
20 min at 37 �C and 5% CO2. Devices were washed twice with
PBS, and loading EGM-2 medium. The uorescent images were
captured by confocal microscope (Olympus IX81, USA). The
uorescence intensity of ROS expression was analyzed using
ImageJ soware.
3.6 Statistical analysis

GraphPad Prism soware was used for statistical analysis of the
experimental data, and for graphing the results. All data are
presented as the mean & standard deviation (S.D.). The pres-
ence of statistical differences between groups was determined
by ANOVA. The method of least signicant difference (LSD) was
used to compare the effects between each exposure group and
the control. p < 0.05 and p < 0.01 were considered signicant.
4. Conclusions

In summary, we developed a 3D functional human microvas-
cular network in a microuidic device. The microvessels effec-
tively mimic the characteristic morphological and partly
simulate some physiological functions of human blood vessels.
The perfusable microvasculature allows for the delivery of
nutrients, oxygen, as well as ow-induced mechanical stimuli
into the luminal space of the endothelium. Following with uid
ow, FPM was exposed to microvessel by 3D culture of HUVEC.
Our results demonstrated that intravascular accumulation of
FPM could enhance ROS generation, disrupt NO expression and
activate endothelial inammation. However, administering an
antioxidant effectively suppressed any FPM induced intravas-
cular inammation. Based on the obtained data, we concluded
that FPM induced oxidative stress might generate NO deciency
and accelerate intravascular inammation. All of these are
considered to accelerate coagulation which is associated with
thrombosis. A human organotypic 3D microvessel model is an
attractive alternative to traditional animal models. It could
partly simulate the physiological responses of human vessels to
FPM stimulation. 3D organotypic cell culture provides a bridge
for how research outcomes can map to humans. This simple
and versatile platform provides for a wide range of applications
This journal is © The Royal Society of Chemistry 2017
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for vascular physiology studies of PM involving cardiovascular
disease.
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M. L. Garćıa-Mart́ın, RSC Adv., 2015, 5, 76883–76889.

53 S. W. Jones, R. A. Roberts, G. R. Robbins, J. L. Perry,
M. P. Kai, K. Chen, T. Bo, M. E. Napier, J. P. Y. Ting,
J. M. DeSimone and J. E. Bear, J. Clin. Invest., 2013, 123,
3061–3073.

54 I. B. Magaña, R. B. Yendluri, P. Adhikari, G. P. Goodrich,
J. A. Schwartz, E. A. Sherer and D. P. O'Neal, Ther. Delivery,
2015, 6, 777–783.

55 R. A. D. Arancon, S. H. T. Lin, G. Chen, C. S. K. Lin, J. Lai,
G. Xud and R. Luque, RSC Adv., 2014, 4, 17114–17119.

56 D. Lu and G. S. Kassab, J. R. Soc., Interface, 2011, 8, 1379–1385.
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