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EXECUTIVE SUMMARY

Within the context of cancer nanomedicine development, microfabricated artificial blood vessels on a chip, protein
micropattern arrays and gel chips have been fabricated to be used as tool for in vitro prediction of the bio-distribution
and efficacy of nanoparticle based anticancer drugs.
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The artificial blood vessels were fabricated using microfabrication technologies. A microfabrication process for
polymers was implemented for the construction of the vessel scaffold which corresponds to microchannels that
reproduce artificially the geometry of the tumour capillaries.
The channel scaffold is then covered with a monolayer of endothelial cells forming the endothelial barrier of the
artificial capillary. Fluidic connections are established to perfuse a cell media by means of a flow controller. These
connections allow for the control of the flow pressure and shear stress in conditions close to those physiological.
Initial experiments of nanoparticle transport within the microchannels have been performed.
Gel-chips were also constructed to study the dynamics of nanoparticles in gels, particularly the dispersion by diffusion.
Finally, protein micropatterns were produced by the technique named micro-contact printing. Protein patterns will be
useful to isolate cellular entities for the precise observation of the nanomedicine therapeutic effect.
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D.3.1CONSTRUCTION OF MICROFLUIDIC DEVICES
1 INTRODUCTION
1.1 MICROFLUIDIC MODELLING OF NANOPARTICLE TUMOUR DELIVERY
The field of organ on chip devices is a fast growing area for its huge potential to advance areas ranging from drug
discovery to disease modelling and precision medicine. Within the field of organ on a chip, the specific applications of
microﬂuidics to mimic tumour microenvironments for nanomedicine evaluation can be considered incipient and
1,2
under intense development. These devices are designed to recapitulate as close as possible particular physiological
scenarios of the in vivo tumour microenvironment.
One of the central aspects to consider in malignant tumours when it comes to drug delivery is the microvasculature
since the one of the most important drug transport barrier is vascular endothelium. As such, several attempts have
1-5
been made to mimic tumour vessels using microfluidic devices. Microﬂuidic tumour models generally incorporate
within a platform a tumour related cell culture interconnected through a porous system to a vascular network of
microchannels for nutrient supply and waste removal functions.
Relevant examples of existing devices include the tumour-microenvironment-on-chip (T-MOC) developed by the
group of B. Han where the tumour model was designed to mimic a pair of capillary and lymphatic vessels where
tumour cells and endothelial cells are packed under perfusion of an interstitial fluid by stacking two layers of
3
microchannels with a porous membrane sandwiched between.
A commercial microfluidic vessel on a chip, Synvivo MTM has been utilized to assess how NPs of different sizes and
4
surface chemistries move across an endothelial cell barrier and accumulate inside tumours. Also, a colorectal tumouron a chip device to assess the delivery and efficacy of drug loaded NPs has been recently developed. The chip was
designed with three compartments separated by a pillared walls in a circular fashion to house a perfusable circular
5
endothelial microvessel and a tumour chamber at the centre.
In these devices, some relevant physiological features are lacking which are required to have more realistic models for
accurate prediction of biodistribution and efficacy during nanomedicine development for cancer treatment.
Given that the main driver of NP extravasation to the tumour is achieved by the so called enhanced permeability and
retention (EPR) effect, factors like shear rate, fluid pressure are interstitial tumour pressure are of paramount
importance to model.
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Hence, the main goal of this work is to incorporate greater physiological relevance to the microfluidic tumour on chip
devices to have more realistic models that allow for the study and the improvement of nanomedicine extravasation
process.
At this stage, the experimental procedures to fabricate several scenarios have been set up and microfabricated blood
vessels, gel chips and protein micropattern arrays have been engineered.

1.2 TUMOUR VASCULAR PHYSIOLOGY
For the relevance on the improvement of NP biodistribution, extravasation and tumour accumulation, the essential
2,6
features we will incorporate on to the microfluidic devices are summarized on the table below:
Table 2: Values of the main physiological parameter that influence NP vascular transport.

Diameter (μm)
Length (μm)
−1
−1
Blood flow (mL.g .min )
Blood Pressure (mBar)
-2
Shear stress (dyn.cm )
IFP mm Hg
Fenestration size range

Healthy capillary

Tumour capillary

5–25
100 - 1000
0.5–1
20
4
0
-

15-50
100 - 1000
0–1 (highly heterogeneous)
20 ± 5
1–10 (highly heterogeneous)
10 – 40 (tumour tissue)
50 to 4,700 nm

2 MICROCHIP FABRICATION
This section describes the microchip design based on the physiology of human vessels, the microfabrication process of
the fluidic channels and the fluidic control and operation of the devices prior to NPs transport study.

2.1 VASCULAR MICROCHIP DESIGN
In order to artificially reproduce the geometry of the tumour capillaries, a microfabrication process was implemented
to produce microchannels with a diameter within 50 µm size range. Taking into consideration the subsequent
7
coverage with HUVECs ( approximate diameter of 15 µm), three microchannels were designed with inner diameters
of 30, 60 and 90 µm (cf. Figure 1).
In the first design, with the aim of fabricating a versatile microfluidic device, the three channels were parallelized in
the same chip in such a way that the three channels can be visualized simultaneously under the microscope. Hence,
the flow transport experiments can be performed concurrently allowing selecting the most suitable diameter for the
NP studies.
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Figure 1: Microchannels design realized with the clewin3 software. The two circles are for the inlet and outlet
connections, then a millimeter channel allows to bring the fluids till the three parallelized and independent
microchannels (30 µm, 60 µm and 90 µm). Scale bar = 1 mm.
Human capillaries are around 1 mm in length. However, longer microchannel (5 mm) were made to increase the
number of exploitable data when studying NPs transport. The length of the microchannels was selected to be 5 mm,
and based on this, the flow parameters were calculated. The flow velocity (1) hence, the hydrostatic resistance
depends on the channel length as follows,

(1)

with

being the pressure drop along the channel, r the channel radius,

the fluid viscosity and L the channel length.
8,9

Thus, for a given pressure, the flow velocity can be adjusted to the physiological velocity (in the range of 1 mm/s)
through the pressure drop on to the chip which is user-controlled through a pressure controller. Then, the shear rate
̇ only depends upon the channel radius r as described in equation (2).

̇

(2)

With the aim of following closely the vascular physiological conditions, the squared shape channels obtained from the
microfabrication process were processed to obtain a circular shape. Taking into account the need for imaging NPs with
high magnification objectives, which means short working distance, a semi-circular microchannel was made instead to
have the center of the channel as closed as possible to the objective (cf. Figure 2).

Figure 2: Channel semicircular design for microscopic visualization at the channel cross section.
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2.2. MICROFABRICATION PROCESS
To make semi-circular channels, a microfabrication procedure involving photolithography, plasma micromachining
and nanoimprinting replication was implemented.

2.2.1 PROTOCOL
Initially, the channels designed above were re-produced on silicon wafers by maskless photolithography on to a
photoresist. The photoresist was then used as a selective layer for the process of plasma ion etching to form the
microchannel trenches onto silicon (cf. Figure 3).
The detailed protocol used is as follows:
i.
ii.
iii.
iv.
v.
vi.
vii.
viii.
ix.

O3 plasma cleaning: 400 W – 5 min
Primer spin coating to enhance resist adhesion: 60 s – 2000 rpm
Resist spin coating AZ1512: 30 s – 1000 rpm
Bake: 90°C – 90 s
Laser writing (Heidelberg, 405 nm)
Resist development
Buffer HF: 60s
Reactive ion etching: 19 sccm SF6, 5 sccm 02, forward power 15 W, inductive coupled plasma 275 W, 30
mTorr, -185˚C (etching velocity ~ 5 µm/min)
Resist removal with acetone

Figure 3: SEM image of the microchannels fabricated on a silicon wafer

The silicon master was then used as a template to nanoimprint the channels on to IPS (Imprint Polymer Substrate);
this is a thermoplastic material optimized for nanoimprinting by Obducat. This process makes use of heat and
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pressure to transfer via polymer deformation, the features of the mold. Controlling finely the imprint temperature, it
is possible to obtain semi-circular channels (cf. Figure 4). The relationship of the channel height with the temperature
as function of the channel width is established in the next section.
During the process at the selected temperature, a 20 bars of pressure is first applied onto the IPS in contact with the
silicon master during 1 minute, and then the pressure is increased to 40 bars during 1 minute. Keeping the pressure to
40 bars, the IPS is finally cooled down to 70˚C before demolding.

Figure 4: Semi-circular channel mold obtained by nanoimprinting on IPS using the silicon master mold.
Finally, the IPS substrate is used as a mold or template to cast Polydimethylsiloxane (PDMS) to obtain the working
microchannel devices. Outlet and inlet are made onto the PDMS substrates with a 23G puncher. Finally the devices
are closed by bonding the PDMS casted channels on to a thin glass slide by oxygen plasma activation (50 mL/min O 2,
50 W, 30 s).

2.2.2 NANOIMPRINT MODEL
From the experimental fabrication results, a model has been developed to predict the channel height as a function of
the nanoimprint temperature for the three different channel widths designed for these experiments. This model
allows us to predict and control the microfluidic channel profile as desired.
From the experimental data the following relationship has been found for the channel height h, as a function of the
temperature T and the channel width w,

with T0 = 132.36°C
It is then possible to define the temperature to get a semi-circular channel (h=w/2):
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All round microchannels were also made by using the needle as a mold. This needle, with a diameter of 400 µm, was
placed over a cured PDMS film where is then poured the PDMS precursor mixture. After this it cures the needle which
can be easily taken off. The entrance formed by the needle is closed with fresh PDMS and cured rapidly at 120˚C to
avoid PDMS penetration by capillarity into the channel. Inlet and outlet are then punched thru.

Figure 5: Microchannel height variation with the nanoimprinting temperature (for width 36.1 µm 68.5 µm and 98.8
µm).

Figure 6: Fluidic microchannels made by the needle method (a) and by standard photolithography (b) . The
channels are filled with crystal violet for visualization

2.3 FLUIDIC CONTROL AND OPERATION
The experimental set up required for to handle fluids involve:
1. Fluidic control. The flow velocity and pressure is established through a PC interface by means of a pressure
controller with a precision of 0.006% of the pressure range (0 to 25 mbar or 0 to 1000 mbar). The output pressure of
the controller is connected to a headspace of a Falcon flask with the desired solutions to flow into the chip.
The microfluidic chip is placed onto a fluorescence inverted microscope (Leica Dmi8) coupled to a camera
(Hamamatsu Flash 4.0 V3).
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Figure 7: Fluidic controls and experiment set-up

2. Mini-table rocker. This gadget was constructed to hold a few microfluidic devices for the purpose of renewing the
cell culture medium for the cells seeded on the microchannels to proliferate or maintain while in the incubator. The
principle of operation based on hydrostatic pressure levelling is shown in Figure 8a.
The rocker includes a stepper motor and a support platform to place the microfluidic chips. Because the motor is
controlled by a microcontroller, it is then possible to choose the angle and step time between each inclination cycle.
The device is compatible with the cell incubators and avoids the need for tubing to maintain the culture (cf. Figure 8b).

Figure 8: a) Photograph of the stepper motor connected to a microcontroller and b) schematics of the induced flow
from inlet to outlet within the microfluidic chip.

3 CELL CULTURE ON MICROCHANNEL
3.1 CELL SURFACE ADHESION TESTS
Human Umbilical Vein Endothelial Cells (HUVECs) (Sigma-Aldrich) in passages 4-11 were used to form endothelial
monolayers inside the artificial micro-capillaries. Endothelial cell grow medium ready to use (EGM) (Sigma-Aldrich)
was employed for the culture. Different conditions were tested to determinate the optimal conditions for cell
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adhesion. PDMS has been chosen for the microchannel, and several adhesion proteins coating like gelatine (0.1 and
0.05 %) and PDL (poly-d-lysine, 0.1 mg/ml) were tested. The control surface was a standard treated cell culture
polystyrene dish.
The detailed protocol employed is as follows:
i.
ii.
iii.
iv.

v.
vi.
vii.
viii.
ix.

o

Incubation of HUVECs at 37 C in a humidified atmosphere with 5% CO2 during 6-7 days.
Trypsinization and collection when 80-90 % confluence was reach to seed HUVECs into the microchip.
HUVECs were dilution at a concentration of 20 000 cells/mL
Preparation of adhesion surfaces:
a. Gelatine coating: 30 min of incubation at a given concentration and 2h drying at RT prior to cells
seeding.
b. PDL coating: 5 min of incubation and 2h drying at RT prior to cells seeding.
o
Incubation of Petri dishes at 37 C in a humidified atmosphere with 5% CO2 72h.
Immunofluorescence staining for the nucleus (with DAPI) and f-actin (with ActinGreen) to assess the
adhesion and growth to confluence.
o
Fixation with 4% paraformaldehyde (PFA, Sigma-Aldrich) at 4 C and permeabilization with 0.1% Triton-x-100
(Sigma-Aldrich) at RT.
Incubation 20 minutes with the stain reagents DAPI (1:200 concentration) (Molecular Probes) and ActinGreen
(2drops/ml concentration) (Molecular Probes) in darkness at RT.
Visualization of cells by fluorescence microscopy .

Figure 9: Immunofluorescence images of HUVECs cells attached onto different materials
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The fluorescence images of HUVECs shown in Figure 9 indicate that the gelatine coating 0.05-0.1% leads to an
adequate cellular shape and adhesion of the HUVECs on PDMS surfaces, which is equivalent to the polystyrene
treated material used as standard cell culture plates.
The next step was to determine the cell proliferation or growth rate on the surfaces to understand and predict the
long term cell viability and also to determine the time the HUVECs take to form a confluent endothelium monolayer
covering the entire surface of the channels as function of the initial cell concentration per unit area.
The HUVECs proliferation was monitored by the resazurin reduction assay on multi-well dishes. Resazurin is a cell
redox reagent that permeates into cell membrane and is reduced by the cell metabolism into resorufin, a fluorescent
molecule. The fluorescence intensity obtained is thus proportional to the number of living cells. For the test, the
resazurin reagent is incubated 3 h inside an incubator and then the resulting fluorescence signal measured using a
plate reader.
The growth curve of the HUVECs seeded on substrates with different surface adhesion treatments is shown in Figure
10. It can be seen in the graphic that at day 9 the culture reaches maximum growth (this means the cells have
achieved confluence and have covered the surface completely) and by day 10, the culture begins senescence.
It is also clear that the growth on the surfaces treated with gelatine solutions 0.1% and 0.05% show the typical log
profile as the control while the PDMS and PDMS surface treated with PDL show a delayed growth.
Hence, the results indicate that that the gelatine at 0.05-0.1% concentration is well suited for the HUVECs attachment
and proliferation and, consequently, 0.05% gelatine was the surface treatment chosen for subsequent cells seeding
experiments inside the microchannels.
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Figure 10: Cell viability and proliferation growth curve for HUVECs seeded on static conditions with different
surface adhesion treatments.
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3.2 CELL CULTURE ON MICROCHANNELS. CELL ATTACHMENT AND VIABILITY
The formation of an endothelium inside microchannels was studied with the final aim of forming artificial capillaries.
For this, the microchannels were coated with 0.05 % gelatine and subsequently, the microfluidic chips were sterilized
o
with UV light for 20 minutes. After that, they were filled with cell culture medium and placed in the incubator at 37 C
6
in a humidified 5% CO2 atmosphere for 10 min. Subsequently, cells were introduced at a concentration of 10
cells/mL.
The cells were flown in at a rate of 1 µL/min during 1 min. Then, the chip is flipped down and placed inside an
incubator for ten minutes. After this, cells are flown in again for another minute and then, the chips are introduced in
o
the incubator for 3-4h at 37 C in a humidified 5% CO2 atmosphere placed on the mini-table rocker. The rocker was
programmed to change the inclination each 30 min to cause a passive flow to flush the cells attached on the
microchannel walls with fresh media as already explained. This is a critical step since too high flow rates may cause
the cells to detach due to shear stress. Conversely, too low rates are insufficient to remove waste or perfuse sufficient
nutrients needed for cell survival.

Figure 11: a) Schematics of viewing direction on a semicircular channel. b) HUVECs nucleus stained with DAPI on a
circular channel and c) on semicircular channels. On the left is the bottom view, in the middle a top view, and on the
right a cross section view. Scale bar= 100 µm.
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To visualize the HUVECs coverage of the microchannel walls, inmunostaining was performed to label the cells’ nucleus
(DAPI-blue), f-actin (ActinGreen-green) and Ve-cadherine (magenta).
o

The protocol is as follows: the HUVECs were first fixed with 4 % PFA (Sigma-Aldrich) at 4 C, and then permeabilized
with 0.1% triton-x-100 (Sigma-Aldrich) at RT and blocked with BSA 2% (Sigma-Aldrich) for 45 minutes at RT. Then the
samples were incubated for 20 minutes with DAPI (Molecular Probes) and Actin Green (Molecular Probes) in the dark
at RT, and with mouse IgG Anti-VE-cadherin (Santa Cruz antibodies) 2h in the dark at RT and then with anti-mouse
Alexa Fluor 647 one hour in the dark at RT.
Figs. 11 and 12 show that HUVECs covered the entire channels lumen, from top to bottom and reached confluence
covering the entire surface in 24 hours.
In order to visualize the morphology of the HUVECs on the surface of the microchannels, the cells were also observed
by SEM (Scanning Electron Microscope). The images displayed in Fig. 13 indeed show the HUVECs forming a compact
endothelium with the typical endothelial flatten morphology with a nucleus protruding lightly. A cell thickness of 1 µm
can be estimated from the images.

Figure 12: Investigation of the endothelial wall coverage of a microfluidic channel. (a,d) Brightfield image of
HUVEC cells inside a microchannel, (b,c,g,h) fluorescence images of HUVECs in inlet channel from a top view (b,g)
and a bottom view (c,h). (e,f) fluorescence images of HUVECs in microchannel from a top view (e) and a bottom

Page | 16

view (f). HUVECs initial concentration 10x106 cells/ml. Nucleus (blue), f-actin (green) and VE-cadherine (magenta).
Scale bar= 100 µm.

Figure 13: SEM images of HUVECs seeded inside a microchannel. a) HUVECs (cytoplasm in green and nucleus in
orange) showing good adhesion to the PDMS channel wall (in purple) and b) uniform cell layer formed onto the
channel bottom.

3.4 PREPARATION OF AN ARTIFICIAL BLOOD ANALOGUE
To mimic the physiological conditions of human blood an artificial blood medium was prepared where the cell
medium viscosity was adjusted by adding Xanthan gum according to the literature. The concentration employed was
3
10
0.066 g/l to obtain a viscosity of 4.10− Pa.s at a shear rate of 200 s−1.

4 DYNAMICS OF NANOPARTICLES IN MICROFLUIDIC CHANNELS
The behaviour of NPs on the artificial capillaries was initially assessed. For this, fluorospheres NPs were employed.
These wwere200 nm polystyrene nanospheres labelled with rhodamine for practical tracking.
The NPs dynamics were studied in H2O after dilution at a typical (v/v) ratio of 1:5000 to neglect the interparticle
hydrodynamic interactions and to ensure single NP tracking.
Z-stacks into the capillary of the fluorescent NP signal obtained with a 63x objective and an exposure time of 10 ms
show that NP seems to interact with the walls and some of them attached to the channel wall (cf. Figure 14a). Single
NP tracking was also performed as shown in Figure 14b.
Preliminary experiments on the interaction of these NPs and the endothelial monolayer of HUVECs inside the
microchannels were carried out. In this case a great deal of adhesion of the NP on to the walls and the cells was seen
(see Fig 15).
Next, the stability and viability of the endothelial monolayer at the physiological flow conditions will be investigated
before controlled NP transport characterization experiments are performed.
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Figure 14: a) Z-stacks along the height of the microfluidic channel showing nanoparticles. Some nanoparticles are
seen attached to the walls, b) Nanoparticle tracking (aprox 1 mBar pressure).
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Figure 15: Investigation of nanoparticle interaction with the artificial HUVEC coated micro-vessels: (a)
Superimposed image of nanoparticles(red) and HUVECs with nucleus stained with DAPI (blue), (b) Superimposed
images of HUVECs with f-actin (green) and nucleus DAPI (blue) stained and (red)fluorescent nanoparticles. Scale
bar= 100 µm.

5 DYNAMICS OF NANOPARTICLES IN GELS
In order to investigate the transport of NPs through a 3D cell culture environment, a customized well plate was
devised by 3D printing a master mould that can then be cast with PDMS. The wells can be filled with hydrogels used
in 3D cell culture as supportive environments, and by using a separating wall structure; NP solution can be added
after gelation at 37°C for 1 h. These wells are open to air and thus are amenable to incubator conditions for when
cancer cells are included.
Currently, a proof-of-concept test has been run using ProChimia Surfaces’ zwitterionic neutral gold NPs suspended in
water, which are fluorescently labelled with fluorescein (green). These were run against three different gel types;
alginate bioink (provided by University of Bristol colleagues), collagen I at pH 7.4, and Corning Matrigel™. The test
showed a significant difference between the three environments whereby alginate did not take up the AuNPs over 2
h, and the other gels took up the AuNPs almost instantaneously.
The intention of the next round of testing is to include multiple different NPs with different sizes and fluorescent
labels. In this way, we can test the effect of size on the transport of particles through the gels. To this end, a new chip
design will be made with nine channels, so that triplicate results can be gathered on three gels in parallel; and a
special plug will be devised for the NP well area so that it is as repeatable as possible.
Eventually, we intend to move to culturing colorectal cancer cell lines (HCT116) within the best candidate of these
gels to create the most accurate in vitro model for uptake of NPs through a biological system. It would also be of
interest if a membranous wall could be included as part of the NP well area, to limit convection mixing and move
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towards a model of pure diffusion, which may more accurately mimic how NPs interact with the high-pressure
tumour micro-environment.

Figure 16: Gel chip proof-of-concept test at t=0 min, where 15 μL of AuNP solution was added at the top well. Uptake
is instantaneous through collagen and Matrigel, and hindered in alginate bioink. Width of channels is 2 mm, length
is 30 mm.

Figure 17: Schematic of proposed 9-channel design master mould, and customized ‘comb’ for creating accurate
walls for the nanoparticle wells when casting gels
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6 CELL MICROARRAY CHIP
Protein micro patterns arrays have been develop as tool to isolate individual cellular entities on precise locations for
independent observation of the nanomedicine therapeutic effect.
To produce arrays of protein micro patterns the method of micro-contact printing (μCP) has been implemented. This
is soft-lithography technique and uses stamps made of PDMS.
The PDMS stamps are initially fabricated in the clean room by microfabricación technologies involving
photolithography end silicon plasma reactive etching. Sub sequentially, the master mold obtained is surface treated
with an anti-sticking silane (1H,1H,2H,2H-Perfluorodecyl-trichlorosilane - FDTS) . PDMS (Sylgard 184, base and curing
o
agent mixed at 1: 10 ratio) is casted on the mold and cured (typically 65 C for 2 hours). The cured PDMS is then
peeled off from the mold and cured at 100 °C overnight.
The protein solution is diluted to a concentration of approximately 50 μg/mL with PBS 1X and then adsorbed over a
prepared PDMS stamp (100 - 200 μL) for 40 min. The stamp was subsequently rinsed thoroughly with PBS 1X , MilliQ
water and then air dried. Then glass cover slips were cleaned and treated with ozone using an ozone cleaner for 30
minutes. Immediately after, they were stamped with the protein coated stamps. The stamping was carried out for 5 10 minutes at room temperature applying a slight pressure.
To develop the protocol, bovine serum albumin (BSA) fluorescently labelled with FITC was employed as model
protein. The well defined protein gratings obtained with this protocol are shown in Figure 18.

20 µm

100 µm

Figure 18: Protein (BSA-FITC labelled) microarray gratins of 10 µm in width produced by micro-contact printing on
glass plates.
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