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1. Introduction

Nanotechnology has emerged as a promising tool for the early
diagnosis and treatment of cancer.[1–3] During the past decades,
several nanotechnology-based therapies have been approved for
clinical use.[4] However, the success rate of nanomedicines enter-
ing clinical trials is extremely low.[5–7] There is also a great num-
ber of nanomedicines being developed that show high efficacy in
studies in vitro, yet they fail at in vivo tests.[8,9] Thus, new more

advanced preclinical models with improved
predictive value are required to be able to
advance the clinical translation of nanome-
dicines. In this regard, tumor-on-a-chip
(ToC) microfluidic devices are new testing
platforms with greater physiological rele-
vance than the traditional 2D cell cultures.
They are capable of recapitulating key phys-
iological aspects of the tumor microenvi-
ronment, like perfused 3D cellular
microenvironments, allowing for the
dynamic tuning of the physicochemical
parameters.[9–13] As such, these devices
may provide more clinically relevant
models to study the transport process of
nanomedicines across the biological
barriers for a better prediction of their in
vivo performance.[14,15]

During the recent years, several ToC
devices have been developed as in vitro
models to investigate different processes
of the tumor biology. ToCs have been used
to get a better understanding of cancer pro-

gression and metastasis,[16–20] as well as angiogenesis and blood
vessel formation.[21–24] ToC devices have been also developed for
the evaluation of new therapeutic approaches against cancer,
including nanomedicines.[25–28]

However, up-to-date, ToC devices have failed to model some of
the main critical components involved in nanomedicine delivery
to the tumor site. During the tumor delivery process, nanome-
dicines need to leave the bloodstream, penetrate into the inter-
stitial tumor matrix and, ultimately, into the tumor cells. Here,
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The characteristic mechanical forces at play within tumors include the abnormal
solid and fluid stresses. These, together with the increased extracellular matrix
(ECM) stiffness, are the major transport barriers affecting the nanomedicine
delivery to solid tumors. Due to the elevated pressure within the tumor
microenvironment, the transport of nanomedicines through the interstitial space
is limited to diffusion. While this particular scenario is central for nanomedicine
delivery to solid tumors, it has not been modeled in vitro before. To this end,
herein, a tumor-on-a-chip microfluidic device is developed that is capable of
recapitulating the solid stress scenario in tumors. This is achieved by integrating
a pneumatic actuation to apply compression to the enclosed hydrogel ECM filling
medium. Transport studies of model nanoparticles (NPs) across this medium are
performed to determine their diffusion. For these NPs, it is demonstrated that
their transport is drastically reduced by 65% due to the compression of the ECM
gel matrix, reducing its pore size, with only an applied pressure of �4 Pa. The
results obtained show that the actuated tumor-on-a-chip device can be used to
evaluate the diffusive penetration capability of nanomedicines within a
mechanical-constrained microenvironment such that of tumors.
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an effective therapeutic action is achieved depending on whether
the sufficient intratumoral accumulation of nanomedicine is
reached.[29–31]

Currently, evidences indicate that nanomedicines are unable
to efficiently overcome the existing biological and biophysical
barriers for drug delivery.[32] These include the abnormal tumor
vascularization and the mechanical forces that operate within the
tumor, namely, the solid stress and interstitial fluid pressure, as
well as the dense and heterogeneous structure of the extracellular
matrix (ECM) that typically hinders nanoparticle (NP) perme-
ation.[1,33] The increased solid stress is caused by the rapid pro-
liferation of neoplastic cells and the accumulation of structural
components, such as proteins and cancer-associated fibroblasts.
This accumulation produces a substantial stress to the adjacent
tissue, which causes the constriction and even collapse of the
tumor microvasculature, reducing the blood perfusion rates.
At the same time, the lymphatic vessels are also constricted,
reducing the clearance of excess fluids, which in turn increases
the interstitial fluid pressure (iFP). The solid stress causes a com-
pression of the ECM, which produces substantial interstitial hin-
drance to nanomedicine diffusive transport.[29,33–37] In this
situation of elevated interstitial fluid pressure and compressed
ECM, the possibility for convective nanomedicine transport is
prevented. The process of NP extravasation from the blood-
stream is also affected by the elevated pressure within the tumor
microenvironment. This process has been generally ascribed
to the enhanced permeability and retention (EPR) effect that
is, the preferential extravasation of NPs at the tumor site due
to the enhanced permeability of the leaky tumor vascula-
ture.[38,39] Similarly, the EPR effect would rely just on diffusive
transport rather than on the much more efficient convective
transport.

Recently, researchers have begun to use ToC devices to study
in vitro some of these NP transport processes,[9,38] particularly
the process of extravasation from artificial vessels[39,40] and pen-
etration through ECM[41,42] or into tumor spheroids and organo-
ids.[43,44] However, how the abnormal solid and fluid stresses,
together with the compression of the ECM, affect the NPs diffu-
sive transport within the tumor microenvironment remains
unaccounted for, despite that this aspect is critical for nanome-
dicine tumor delivery and therapeutic efficacy.

In this work, we present a ToC model that recreates in vitro
the tumor’s solid stress and related matrix compression.
This is achieved by engineering a microfluidic platform that
includes a vascular microchannel and two adjacent compart-
ments at the sides. The microchannel and side compartments
are separated by an array of micropillars closely positioned to
hold within the compartments a hydrogel that acts as the
ECM. A pressure cavity simulating a growing tumor is placed
in each compartment. They are separated by a thin semicircular
flexible membrane where controlled pneumatic pressure is
applied. Using this ToC model, the diffusive transport of two
model NPs is evaluated to determine the influence of solid stress
and related gel matrix compression on the NP permeation
hindrance.

This ToC device serves as an early demonstration of the tumor
microenvironment for nanomedicine screening incorporating a
variable tumor solid stress.

2. Experimental and Theoretical Calculations

2.1. COMSOL Simulation of Matrigel Compression

The ToC was specifically designed to recreate in vitro the tumor
solid stress that is exercised on the surrounding ECM.[45,46] The
device includes a central channel (18mm long and 60 μm wide)
emulating a blood capillary connected by a porous wall to two
adjacent lateral compartments that hold Matrigel as ECM.
In these compartments, pressure is controllably applied by pneu-
matically actuating a 50 μm thick polydimethylsiloxane (PDMS)
semicircular membrane that separates the tumor ECM compart-
ment from the pressure cavity. This pressurized membrane sim-
ulates a growing tumor of approximately 1 mm in diameter. The
membrane is positioned 100 μm apart from the central capillary
and in this area, where the gel is compressed, the nanoparticle
diffusive transport from the capillary and penetration into the
Matrigel is studied.

Prior to the construction of the ToC devices, simulations were
performed to estimate how the externally applied pressure is
transmitted to the Matrigel. Solid mechanics simulations were
performed by COMSOL Multiphysics (v.5.3a) using the fluid-
structure interaction module. The parameters used were:
PDMS Young’s modulus E= 400 kPa, Matrigel concentration
8–11mgmL�1, and E= 440 Pa.[47] For actuation, a pneumatic
pressure of 1.3 kPa was applied onto the PDMS membrane.
This pressure level was chosen arbitrarily in the midrange of
the pressure controller.

To simulate the Matrigel compression, the fluid and matrix
properties node was used to define the porous matrix properties,
using values for permeability K= 1.52� 10�14 m2, dynamic
viscosity μ= 932 cP, and porosity p= 1.2% (see below
Section 2.7).[48] Outlet boundaries were set at the Matrigel bor-
ders, and a hydrostatic pressure of 16.9 Pa was established to
simulate a 5mm height Matrigel column at the chambers’ end.

2.2. Hydrostatic Pressure Estimation

Because PDMS is a gas permeable material, air molecules from
the externally applied pneumatic pressure to actuate the mem-
brane could permeate and generate a hydrostatic pressure at
the boundary between the PDMS membrane and the
Matrigel. Hence, it was considered as a possible extra force com-
pressing the gel matrix and interfering with the observed NP dif-
fusion.[49,50] To evaluate this possible effect, the hydrostatic
pressure arising from gas permeation across the PDMS mem-
brane was estimated (see Supporting Information). The calcula-
tion indicates that the generated hydrostatic pressure at the
Matrigel-PDMS boundary was approximately equal to that
applied at the central capillary for driving the flow. Hence, since
there is no appreciable pressure drop across the Matrigel, no gel
compression or convection is expected from this effect.

2.3. Microfluidic Device Fabrication

A micromachining process, including the steps of laser photoli-
thography and plasma reactive ion etching (RIE), was imple-
mented to fabricate the silicon masters as described before.[51]
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For this, 3 00 silicon wafers (Test grade, University Wafers) were
first cleaned by oxygen plasma (150mLmin�1) for 5min at
400W (Tepla 600, PVA TePla AG). A primer was then applied
by spin coating for 1min at 2000 rpm. The wafers were then baked
for 2min at 120 °C to evaporate the residual solvent. Then, a posi-
tive photoresist (AZ1512, Microchemicals) was spin coated at
1000 rpm to form a 2 μm thick film, followed by a baking step
at 90 °C for 1.5min. After resist rehydration for 10min, light expo-
sure by a maskless laser writer (Heidelberg, DWL 66þ, 405 nm)
was used to write the microchannels onto the positive photoresist.
The exposed substrate was developed (AZ351B, Microchemicals)
for 1min. In this process, the exposed resist was dissolved leaving
openings according to the exposed patterns. Subsequently, silicon
micromachining was carried out by cryogenic inductively coupled
plasma RIE (ICP-RIE) (Oxford) based on fluorine gas. The opti-
mized process parameters include a reactive gas flow of 19 sccm
SF6, 5 sccm O2 with a forward power of 15W, and an ICP power
of 275W at 30mTorr of pressure and at a temperature of�185 °C.
These parameters lead to an etch rate of 5 μmmin�1.

The obtained silicon master mold was then replicated to pro-
duce the working molds before replicating them to finally obtain
the working devices. Thermal nanoimprint lithography (TNIL)
was used to imprint the master mold into an intermediate poly-
mer stamp (IPS), producing a negative replica of the mold with
semicircular profile. The TNIL was carried out at a temperature
of 150 °C and two pressure steps: 20 bars for 1min and 40 bars
for another minute using a NIL equipment (EITRE, Obducat).
The master mold was coated with an antisticking layer (perfluor-
odecyltrichlorosilane, Strem Chemicals) at 70 °C under vacuum
overnight prior to the thermal imprint process to reduce adhe-
sion. This is an essential step to facilitate the separation and
to avoid breakage of the small structures while demolding.
Finally, the IPS working molds were replicated with PDMS
(Sylgard 184 Silicone Elastomer Kit, Dow) to produce the work-
ing copies. The reagents were mixed with a base-to-curing agent
ratio of 10:1, poured onto the IPS mold, and cured for 60min at
70 °C. After peeling off the cured PDMS from the mold, holes
were drilled using a 1.25mm puncher (Kai Medical) for access
to the central channel and pressure compartments. The ECM
cavities access holes were made using a 3mm puncher (Kai
Medical). To make the final devices, sealing of the PDMS with
a thin microscope cover glass (VWR, ECN 631-1574) was done by
after activating the surfaces with oxygen plasma (O2 rate of
150mLmin�1 during 1min at 50W) (Tepla 600, PVA TePla AG).

The siliconmaster mold, IPS and PDMS copies were imaged by
scanning electron microscopy (SEM) (Zeiss Sigma Vp FE-SEM)
operating at 1.5 keV and an aperture of 7 μm. Silicon master mold,
IPS and PDMS channels geometrical parameters were character-
ized using a Dektak profilometer with a stylus force of 1mg.

2.4. Synthesis of Fluorescent Gold Nanoparticles

HAuCl4·3H2O (100mg, 25� 10�5 mol) (Alfa Aesar, cat no.
12 325) was placed in a 250mL flask and dissolved with methanol
(30mL) (Chempur, cat no. 116 219 904). In another flask,
HSC11EG6OCH2COOH (132mg, 25� 10�5 mol) (Prochimia
Surfaces, cat no. TH 003-m11.n6), water (20mL), and acetic acid
(1mL) (Chempur, cat no. 115 687 607) were mixed. This solution

containing HSC11EG6OCH2COOH was added to the gold salt
solution under stirring. The mixture turned from yellow to
orange. NaBH4 (97.5 mg, 257� 10�5 mole) (Sigma-Aldrich, cat
no. 21 3462) dissolved in water (6.6mL) was added to the Au–
SC11EG6OCH2COOH solution by stirring at room temperature.
The solution color turned to brown. After 1 h of vigorous stirring,
the aqueous hydrochloric acid solution (1 mL, 1 M) (Chempur,
cat no. 115 752 837) was added. After the partial removal of
the solvent under reduced pressure, acetone was added. The
white suspension was separated from the black residue and cen-
trifuged. The precipitate was dried under reduced pressure and
dispersed in an aqueous solution of sodium hydroxide (5mL,
0.01 M NaOH) (POCH S.A., cat no. BA0981118).

EDCI (159mg, 102� 10�5 mol) (Sigma-Aldrich, cat no. E7750)
and sulfo-NHS (65mg, 30� 10�5 mol) (Sigma-Aldrich, cat no.
56 485) in water were added to 5mL of gold nanoparticles func-
tionalized with HSC11EG6OCH2COOH. After 90min of incuba-
tion, the pHwas adjusted to 8.6 prior to the addition of an aqueous
solution of cyanine5 amine (0.85mg, 1.3� 10�6mol) (Lumiprobe,
cat no. 430C0). The mixture was left for 15min under stirring at
room temperature and then at 4 °C overnight.[52] The crude prod-
uct with a targeted 4% content of Cy5 dye on the surface was puri-
fied by dialysis against water pH 5.0 (MWCO: 3.5 kDa) (Serva, cat
no. 44559.01). The dialysis bath was changed three times (after 6,
24, and 48 h). Finally, gold nanoparticles were centrifuged on
Amicon columns (MWCO: 10 kDa) (Merck Millipore, cat no.
UFC801024) and further characterized.

2.5. Nanoparticle Characterization

The synthesized 2.5-Cy5-AuNPs and the commercial 25 nm
Micromer-redF NPs (Micromod Partikeltechnologie GmbH,
30-00-251) were characterized by means of dynamic light scatter-
ing (DLS) (Malvern Zetasizer Nano ZS) and transmission
electron microscopy (TEM) (JEOL JEM 1400) to determine their
ζ-potential, size distribution, and adsorbed protein corona when
immersed in biological media.[53–55]

To determine the NPs size by DLS, measurements were
performed using the backscattered light detection from
the dispersed sample. Nanoparticle concentrations of
1� 1010 NPsmL�1 were prepared in MiliQ grade water, and
the dispersions were stabilized for 60 s prior to the measure-
ments at 25 °C. Three readings were performed per sample with
15 runs per reading.

Measurements by TEM were performed by placing an 8 μL
sample of the NP dispersion on a microscope grid, which was
then left at room temperature for 30 s to let the NPs deposit
on the grid. The excess was cleaned by placing the grid on a
MiliQ water droplet for 30 s. The grid was subsequently dried
at room temperature for 1min. This cleaning step was per-
formed twice. Finally, TEM images were acquired (JEOL JEM
1010).

The formation of a protein corona was realized by dispersing a
NPs concentration of �1� 1014 NPsmL�1 in Dulbecco’s
Modified Eagle Medium (DMEM), low glucose (Biowest,
L0060-500) complemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich, F2442-50mL), 1% L-glutamine (Biowest,
X0550-100), and 1% penicillin-streptomycin (Gibco 15 140 122).
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The resulting dispersion was incubated at 37 °C for 24 h prior to
the TEM measurements. For this, 8 μL of the NP dispersion was
deposited on a microscope grid and dried. Afterward, the grid
with the sample was dipped for 1min in uranyl acetate (UA)
at 2% in water to act as a contrast agent.[55] The collected
TEM images were used to measure the NPs sizes using Fiji/
ImageJ (v.1.53c), at least 250 NPs were measured. The image
data collected for the 2.5-Cy5-AuNPs were fitted to a bimodal dis-
tribution, and that of the 25 nmmicromer-redF NPs was fitted to
a monomodal distribution following equations

Monomodal∶y ¼ A ⋅ e�
ðx�μÞ2
2σ2 (1)

Bimodal∶y ¼ A1 ⋅ e
�ðx�μ1Þ2

2σ2
1 þ A2 ⋅ e

�ðx�μ2 Þ2
2σ2

2 (2)

where A is the peak height, μ is the mean value, and σ is the
standard deviation. All fittings were performed using Python
(v.3.8/Spyder IDE v.4.1.5).

The polydispersity index (PDI) for both DLS and TEM
measurements was calculated as

PDI ¼ σ

μ

� �
2

(3)

where σ is the size standard deviation and μ is the mean
diameter.[56]

The diffusion coefficient of the nanoparticles in water was cal-
culated using Stokes–Einstein equation

D ¼ kB · T
6πηðTÞr (4)

Where kB is the Boltzmann constant, T is the temperature, η is
the dynamic viscosity, and r is the nanoparticle radius. To obtain
the dynamic viscosity of water, the iapws.iapws97 Pythonmodule
was used.[57] The Péclet number was used to establish if the dif-
fusion was the predominant driving force and it was calculated
as[58,59]

Pe ¼ vL
D

(5)

where ν is the flow velocity,D is the diffusion coefficient, and L is
the characteristic length, which in this case was taken to be
100 μm since it is the distance from the central capillary to
the PDMS actuated membrane.

2.6. Extracellular Matrix Characterization

To characterize Matrigel’s porosity (8–11mgmL�1, Corning), a
5 μL sample was placed in a cover glass and kept at 37 °C for
30 min. Upon gelation, the sample was fixed with 2% parafor-
maldehyde (PFA) (95%, Sigma-Aldrich) and rinsed with H2O
MiliQ for 10 min at room temperature. Then, the sample
was frozen using liquid N2 and dry-frozen at �80 °C and
�10�6 mbar of pressure for 48 h (LYOQUEST�85 PLUS,
Telstar). Finally, the sample was sputter coated with 5 nm of
gold (Leica EM ACE 600, Leica Microsystems) and images were
taken using SEM (FE-SEM, ZEISS SIGMA VP, Carl Zeiss),
operating at 5 keV with an aperture of 7 μm. The SEM images

were subsequently analyzed using a custom-made Python
script. Three independent images were binarized using a
thresholding method based on the triangle algorithm, imple-
mented in the Python’s filters module.[60,61] Finally, the porosity
was calculated as the area of pores (black pixels) over the total
area.[62]

The rheological properties of the Matrigel were measured
using the Discovery RH-2 Rheometer (TA Instruments). The
shear experiment was made with a conical plate and the software
used was Trios (TA instruments). The relation between the
mechanical properties with the temperature was made with
the ramp protocol: first, the Matrigel sample was heated from
10 to 40 °C, and then, it was cooled from 40 to 10 °C. The control
of temperature was made with a thermostat. The strain was set at
1% and the frequency at 1 Hz. The viscosity obtained was calcu-
lated from the loss modulus as η=G 00/(2π)� 1000 (mPa s).

The heating curve was fitted to a sigmoid function using the
following expression

η ¼ η0 þ
L

1þ e�k·ðT�T0Þ (6)

where η is the viscosity, η0 is the initial viscosity before the heat-
ing process, L is related to the higher asymptote, k is the growth
rate, and T0 is the inflection point. Viscosity at 37 °C was calcu-
lated as the mean value of the cooling and heating ramps.

2.7. Nanoparticle Diffusion in Matrigel

To determine the NP diffusion in the Matrigel filled into the ToC
device under flow and pressure conditions, the following proce-
dure was implemented. Prior to filling, 10mgmL�1 solution of
albumin-fluorescein isothiocyanate conjugate (A-FITC) (Sigma-
Aldrich) was prepared and mixed with Matrigel in a 1:30 ratio
to allow for visual inspection of the gel homogeneity after filling
into the chip. The solution was kept at 4 °C to prevent gelation
and 10 μL was introduced into the gel cavity by application of a
negative pressure, while blocking the rest of the inlets of the
device. Then, the corresponding reservoirs were filled with
30 μL of Matrigel and the device was left on ice for 15min to
allow filling by hydrostatic pressure the ECM compartments.
Afterward, the device was incubated at 37 °C for 20min to allow
for the gelation of the Matrigel. Then, the device was placed at
4 °C in a humid environment for 24 h to prevent the gel dehydra-
tion. Subsequently, the ToC device was placed on a microscope
heating plate at 37 °C (H601-K-frame-metal/glass, Okolab). The
central capillary channel was filled with 1� phosphate-buffered
saline (PBS) (Alfa Aesar) and a constant flow at 23mbar was kept
for 10min using a microfluidic flow controller (MCFS-EZ,
Fluigent) to thoroughly rinse the channel.

The NP penetration experiments were carried out at vascular
flow simulated conditions. For this, a NP dispersion of concen-
tration �1014 NPsmL�1 was prepared in a solution of 1� PBS,
1% bovine serum albumin (BSA) (w/w), and Xantham gum at a
concentration of 0.066 (g L�1) (abcr GmbH) to make a blood ana-
log fluid, as described by van der Broek et al.[63] This NP disper-
sion was injected into the central channel by applying a 23mbar
pressure drop across the channel, which was maintained during
the whole experiment. Diffusion of the NPs into the Matrigel was
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studied under different pressurized conditions by applying an
external pneumatic pressure of 0, 7, or 13mbar through the pres-
sure cavities onto the lateral compartments. The temperature was
maintained constant at 37 °C for the duration of the diffusion
study using a heated plate.

2.8. Image Analysis to Determine Diffusional Permeability

Image acquisition was performed using an epifluorescence
microscope (Leica DMi8, Leica Microsystems) coupled to a cam-
era (Orca Flash 4.0 V3, Hamamatsu). Once a fluorescence signal
of the NPs was detected in the central channel, images were
acquired using ImageJ Micromanager (v.1.4.22) at time intervals
of 10, 30, or 60 s and magnifications of 20 or 40�.[64] Images
were then analyzed using a purposely written Python script.
Regions of interest (ROI) were selected in the Matrigel compart-
ment and in the central channel for analysis. The permeability
coefficient was obtained using the following equation:[39,40]

P ¼ A · ðIf � It¼0Þ
wp · Δt · ðIc � IpÞt¼0

(7)

where A is the ECM ROI’s area, It=0 and If are the ECM ROI’s
total fluorescence intensity at t= 0 and at the end of the experi-
ment, respectively, wp is the pillars ROI’s width across which dif-
fusion takes place,Δt is the total experiment time, Ic is the central
channel ROI’s total fluorescence at t= 0, and Ip is the pillars
ROI’s total fluorescence at t= 0. The diffusion coefficient was
obtained from the permeability using the following relation-
ship[65]

D ¼ P ⋅ l (8)

Where P is the permeability coefficient calculated using
Equation (7), l is the pillars’ length.

3. Results and Discussion

3.1. Microfluidic Device Design and Simulation

The ToC device (Figure 1a) was designed to recreate some of the
structural and biomechanical components of the in vivo tumor
microenvironment as an in vitro model for the evaluation of
nanomedicine transport characteristics. Particularly, the ToC
device was engineered to incorporate a tunable pressure actu-
ation to artificially recreate the solid pressure that a growing
tumor would apply to the surrounding ECM.[33,45] The ToC
design includes a central capillary of 60 μm in width and semi-
circular profile in communication with two lateral compartments
that hold Matrigel, used in this case as ECM.[66] These compart-
ments are connected to the central capillary by a linear array of
10 μm pillars closely positioned, leaving gaps of 10 μm to prevent
the Matrigel from entering the central capillary. To apply pres-
sure to the ECM, two pressure cavities were placed at a distance
of 100 μm from the central capillary. They are separated from the
ECM compartments by flexible PDMS membranes of 50 μm in
width with an external diameter of 1 mm.

Figure 1b shows the 3D COMSOL simulation results for the
PDMS membrane deflection obtained upon the application of

13mbar (1.3 kPa) pneumatic pressure to the cavity. The simula-
tion (Figure 1d) indicates that the pressure applied to the
Matrigel decreases as the distance to the membrane increases,
with the maximum pressure being approximately 4 Pa. This pres-
sure level achieved with the device is in fact�10 times lower than
that reported for in vivo solid tumors.[46] Nonetheless, it serves
the main purpose of this study in demonstrating the impact
of solid pressure on the diffusive transport of NPs through extra-
cellular gel media.

The flow profile at the central capillary of the ToC was simu-
lated (Figure S1a, Supporting Information) indicating that, for
the pressure applied, a laminar flow was obtained in the central
capillary with the characteristic parabolic profile (Figure S1b,
Supporting Information), presenting an average and maximum
fluid flow velocity of v= 0.59m s�1 and vmax= 0.95m s�1,
respectively. These values were not significantly affected by
the pneumatic pressure applied onto the gel compartment.
The possible impact of a convective flow within the Matrigel
fibers derived from pressure drop across the gel was also
assessed. The estimated flow velocity values obtained from the
simulations, as shown in Figure 1e, are in the range of tenths
of nm s�1. These values are seven orders of magnitude lower
than those in the central capillary and, as such, it is estimated
that the convective transport will not be significant compared
to the diffusive transport of the NPs. For a point situated at
the center of the gel compartment and close to the PDMS
membrane, the calculated interstitial flow velocity revealed an
insignificant increase from 35.2 to 36.1 nm s�1 when a pressure
of 13mbar was applied.

3.2. Microfluidic Tumor-On-a-Chip Device Fabrication

The microfluidic device fabrication process is shown in
Figure 2a. The silicon master mold structure was first obtained
after the lithography and ICP-RIE process (Figure S2a,
Supporting Information). The master was imprinted into an
IPS material obtaining the negative relief of the required struc-
ture (Figure S2b, Supporting Information). This intermediate
substrate was replicated into PDMS via soft lithography.
In the PDMS copy (Figure 2b), these pillars presented a
10� 20 μm rectangular shape with � 30 μm in height. The cen-
tral capillary showed a 30 μm radius semicircular structure,
which is in the range of tumor vessels.[67,68] The PDMS mem-
branes, where pneumatic pressure is applied, were � 50 μm
in width and � 38 μm in height. They are placed 100 μm apart
from the central capillary to follow similar distances as those
found between the tumor cells and the blood microvessels.[69,70]

Profilometry measurements (Figure 2c) were performed at
the different steps of the process to verify the fidelity of the
replication.

3.3. Nanoparticle Synthesis and Characterization

Two different types of NPs with very different characteristics
were used as model particles for diffusion measurements on
the ToC device: 2.5 nm gold NP (2.5-Cy5-AuNPs) and
25 nm polymeric NPs (Micromer-redF-25 nm). The gold NPs
(AuNPs) were synthesized with a small gold core to limit the
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fluorescence signal quenching as it is required for tracking the
NP diffusion. To stabilize the AuNPs dispersion and improve
water compatibility, the AuNPs were first functionalized with
undecanethiol-terminated hexaethylene glycol carboxylic acid
(HSC11EG6OCH2COOH). This ligand was also selected to act
as a chemically suitable moiety to bind the Cy5 (sulfo-cyanine5)
fluorescent dye by in situ coupling. The structure of an ultrasmall
gold core with fluorescent dye on the surface is shown in
Figure S3, Supporting Information.

TEM measurements of 2.5-Cy5-AuNPs dispersed in water
(Figure 3a) indicated that the Au-NPs synthesis produced two
NP populations with sizes centered at 2.05� 0.19 and
8.26� 2.63 nm, with relative concentrations of 92.3% and
7.7%, respectively. DLSmeasurements of the NPs hydrodynamic

diameter (Figure S4a) showed only one peak corresponding to a
NP size distribution of 15� 3 nm (PDI= 0.04), suggesting that
the smallest NP population was the predominant in the sample.

Since the diffusion of NPs will be measured in biological flu-
ids such as cell culture media, the surface adsorption of proteins
forming the so-called protein corona (PC) is an essential charac-
terization to perform. The PC alters the size, charge, and aggre-
gation state of the NPs in solution and, as such, it highly
influences their transport properties.[55,71] To estimate the size
increase due to protein binding to the Au-NPs, TEM imaging
using UA as contrast stain was performed. Figure 3c shows a
TEM image where the two distributions of Au-NPs can be seen
(colored green and orange for the 2.1 and 8.3 nm, respectively).
Quantification of the distribution of the NPs size populations is

Figure 1. Design and simulation of the microfluidic device. a) Schematic of the microfluidic device. Pneumatic channels are shown in blue, ECM cavities
in green, and the artificial blood capillary in orange. A scaled 3D drawing of the microfluidic structure is also shown in gray. b) Top view of the COMSOL
Multiphysics simulation of 13mbar of pressure applied to the PDMS membrane and pressure drop across the ECM. c) Lateral view of the simulation
results. d) Pressure drop in the Matrigel obtained from the simulation due to the applied pressure to the PDMS membrane. e) Fluid velocity in the
Matrigel as a function of the applied pressure to the membrane.
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displayed in the insert. Measurements of the NPs size prior
acquiring the PC, that is the NP core and organic ligands, offered
sizes of 11.9� 2.5 and 25.8� 4.3 nm for each of the sample pop-
ulations (Figure S5a), being the smallest NPs the predominant
population. After adsorption of the PC, the size of the NP pop-
ulations increased to 31.6� 7.2 nm (PDI= 0.05) and
48.2� 6.6 nm (PDI= 0.02), respectively. This implies an incre-
ment of � 20 nm for both populations. Measurements of the
relative NP concentrations by TEM could not be performed
reliably due to the background noise of the media. This made the
identification of NPs difficult by image processing. Hence, the
distribution was assumed to be similar to what was obtained
before from the measurements in water.

The 25 nm micromer-redF NPs are made of a polymethyl
methacrylate (PMMA) matrix with encapsulated rhodamine-B
fluorophore molecules. Both TEM (Figure 3a, right) and DLS
measurements (Figure S4b, Supporting Information) of water

dispersions showed a single population of NPs, with sizes of
28.2� 4.7 nm (PDI= 0.03) and 34.2� 10.7 nm (PDI= 0.1),
respectively. The addition of UA (Figure S5b, Supporting
Information) confirmed that no molecules were attached to
the surface, since the TEM measurements furnished a similar
size (31.3� 5.5 nm) as the measurements in plain water afore-
mentioned. Measurements of the PC showed that the NP size
increased to 50.2� 6.9 nm (Figure 3b, right), a similar increment
as that was seen for the 2.5-Cy5-AuNPs. This substantial size
increment in both types of NPs highlights the need to account
for the PC for NPs transport studies in biological media,
since both size and surface composition are significantly
altered.[53,72,73] Table 1 summarizes the physicochemical proper-
ties of the NPs used in this study.

The size characterization data obtained were used to estimate
the diffusion coefficient of the NPs in water using Equation (4),
obtaining 20.7� 4.7 and 13.1� 1.8 μm2·s�1 for the 2.5-Cy5-AuNPs

Figure 2. Fabrication of the PDMS ToCmicrofluidic device. a) Scheme of the fabrication process. The silicon master mold is obtained from a silicon wafer
by optical lithography and ICP-RIE. Afterward, the intermediate polymer stamp (IPS) is obtained via NIL. Finally, the PDMS device is obtained by soft
lithography and it is sealed with a microscope cover slide. b) Scanning electron microscope image of the PDMS device where the ToC’s structure is
shown. c) Profilometry measurements of the channels in the silicon master mold (red), IPS (blue), and PDMS (green).
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and 25 nm micromer-redF NPs, respectively. These
results indicate that diffusion would be a main driving
force for these NPs transport, since the Péclet number
(Equation (5)), calculated using the velocity values obtained
from the COMSOL Multiphysics simulation, is lower than
0.3 for both nanoparticles.[58,59]

The ζ-potential of both types of NPs dispersed in water was
also measured using DLS obtaining values of �33� 2 and
�28� 1mV for 2.5-Cy5-AuNPs and 25 nm micromer-redF
NPs, respectively. Since both NPs showed similar ζ-potential
values, no differences in transport behavior among both types
of NPs were expected due to charge.[35,36,74]

Figure 3. Characterization of the nanoparticles and extracellular matrix materials employed in this study. a) Transmission electron microscopy (TEM)
images and measured size distributions of the 2.5-Cy5-AuNPs (scale bar: 20 nm). b) TEM images and measured size distributions of the 25 nm
Micromer-redF dispersed in water (scale bar: 200 nm). c) TEM images and measured size distributions of the 2.5-Cy5-AuNPs dispersed in DMEM
and marked with UA (scale bar: 100 nm). d) TEM images and measured size distributions of the 25 nm Micromer-redF dispersed in DMEM and marked
with uranyl acetate (scale bar: 100 nm). e) Scanning electron microscopy (SEM) image of Matrigel deposited in a cover glass (scale bar: 3 μm). f ) Matrigel
rheometry measurements during heating and cooling ramps.
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3.4. Extracellular Matrix Characterization

Since the NPs diffusion is influenced by the porosity and
dynamic viscosity of the Matrigel, these parameters were initially
measured by SEM and rheometry. For this, a thin film of
Matrigel was gelled over a glass cover. SEM images were taken
to investigate the size of the pores formed. Figure 3e shows the
dense gel layer formed with hardly visible, very small
pores. Analysis of the images provided porosity values of
p= 1.2� 0.3%, which are in the same order of magnitude as
previous studies have reported, and within the expected batch-
to-batch variability.[40,75,76]

Measurements of the dynamic viscosity of the Matrigel as a
function of the temperature were performed within the range
of 10–40 °C during the heating and cooling ramps.[65] To the best
of our knowledge, Matrigel’s dynamic viscosity has only been
reported for temperatures below 12 °C.[77] The rheometry meas-
urements performed are shown in Figure 3f and indicate that
below 20 °C, the Matrigel viscosity is low, corresponding to nong-
elled state. As the temperature increases, its viscosity rapidly
increases following a sigmoidal function. Fitting this ramp
to Equation (6), returns a gel crosslinking rate constant
k= 0.54� 0.01 °C�1, an initial viscosity η0= 173� 6 cP, with
an inflection point temperature T0= 22.77� 0.01 °C, which is

Table 1. Physicochemical properties of the nanoparticles used in this study.

Nanoparticle DLS [nm] TEM [nm] ζ-potential [mV] Diffusion coefficient (in water) [μm2·s�1]

– Without UA With UA [NP] With UA [NPþ PC] – –

2.5-Cy5-AuNPs 15� 3 2.1� 0.2 12.0� 2.5 31.6� 7.2 �33� 2 20.7� 4.7

Micromer-redF-25 nm 34� 11 28.2� 4.7 31.3� 5.5 50.2� 6.9 �28� 1 13.1� 1.8

Figure 4. Study of nanoparticles diffusion into Matrigel. a) Compound image including a bright-field image of the ToC structure (gray), the FITC-marked
fluorescence Matrigel (green), and the fluid of nanoparticles (orange) (scale bar: 100 μm). b) Time-lapse images of 2.5-Cy5-AuNPs diffusion into the
Matrigel (scale bar: 100 μm). c) Diffusion coefficients of both types of NPs at different applied pressures. Values are presented as mean� standard
deviation (n≥ 3). All results are statistically significant with p< 0.05.
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within the temperatures range at which Matrigel gels.[78]

Measurements during the cooling process showed a slight
decrease in viscosity. However, when cooled below the tempera-
ture inflection point, the Matrigel still showed a higher viscosity
than that measured during the heating ramp, suggesting that the
gelled cross-linked structure is preserved even if the gel is cooled
down. At 37 °C, the cross-linked Matrigel presented a viscosity
(η= 932� 19 cP).

3.5. Nanoparticle Interstitial Diffusive Penetration into Matrigel

An optical image of a ToC device is shown in Figure 4a. This
image shows that the Matrigel (Figure 4a, colored in green) is
in contact with the central capillary where a constant NPs flow
(Figure 4a, colored in red) is maintained. These cavities are sep-
arated by a linear micropillar array (Figure 4a in purple), which
acts as a capillary barrier for the Matrigel due to the small size
gap within the micropillars.

Representative time-lapse images of the NPs diffusion into the
Matrigel are seen in Figure 4b, which displays the NPs fluores-
cence intensity differences as they diffuse out of the central cap-
illary. ROI areas were selected to measure the NP fluorescent
signal intensity in the Matrigel at the ECM compartment (ROI
in red) or at the central channel (ROI in blue) or within the micro-
pillars (ROI in yellow). By analyzing these images, the NP per-
meability was calculated as described in Section 2.8. The
diffusion coefficient was then calculated from these data
(Table S1, Supporting Information) using Equation (8), obtaining
values of 0.63� 0.13 and 0.40� 0.08 μm2 s�1 for the 2.5-Cy5-
AuNPs and 25 nm micromer-redF, respectively, without pres-
sure actuation. These values were reduced to 0.22� 0.08 and
0.14� 0.02 μm2 s�1 when the pneumatic pressure of 13mbar
was applied to the PDMSmembrane (Figure 4c). This represents
a 65% reduction in the diffusive transport for the NPs under
study. When the pressure of 7 mbar was applied, the reduction
was �30%.

The results obtained without the pressure actuation are in
accordance with those reported in the literature for NPs with sim-
ilar properties.[79] The values are much lower than those calcu-
lated theoretically in water using the Stokes–Einstein relation
(Equation (4)). As expected, the diffusive motion of the NPs
in the cross-linked Matrigel is very much delayed compared to
their free diffusion in water due to the geometrical constraints
imposed by the hydrogel mesh, and any possible electrostatic
or hydrophobic interactions or specific binding events that
may be taking place between the NPs and the Matrigel
components.[42]

The decrease in the measured diffusion coefficient due to the
externally applied pneumatic pressure indicates that convective
flows are not generated but instead, a fraction of the applied pres-
sure is transmitted to the gel matrix. This pressure compresses
the Matrigel causing a reduction on the pores formed by the
hydrated network of protein fibers, which in turn causes an
increased transport hindrance to the NPs diffusion.[35,80]

Hence, the findings in this study provide experimental evi-
dence on how the interstitial matrix compression reduces the
NPs penetration. Starting from this, more advanced models
can be created by more accurately recreating the tumor solid

stress level and or by including a more complex matrix compo-
nents such as collagen and tumor-associated cells.

4. Conclusion and Outlook

A ToC device that can be actuated to recreate the tumor solid
stress was developed as an in vitro model to examine and predict
the diffusive transport of drug nanocarriers through the ECM.
The device incorporates a central capillary, mimicking a tumor
microvessel, with two adjacent extracellular tumor matrix com-
partments at the sides. The tumor solid stress is recreated by
compressing the ECM compartment through a pneumatically
actuated membrane.

The diffusive transport of two well-characterized NPs in bio-
logical media was studied to validate the ToC in vitro model. The
device allowed to systematically investigate the diffusive trans-
port hindering effect caused by the solid stress. A sharp decrease
in diffusion of up to 65%was observed when 13mbar of pressure
was pneumatically applied.

The actuated ToC device proved to be a useful in vitro model of
the tumor microenvironment, particularly interesting to recreate
and study the influence of the tumor solid stress on the penetra-
tion of nanomedicines. Furthermore, the device supports the
evidence that ECM compression is a major contributor of the
diffusive hindrance for effective nanomedicine tumor
delivery.[33]

The ToC device can be incorporated with additional tumor
microenvironment features such as endothelial barriers and
tumor cells to have a more faithful scenario of the tumor micro-
environment. These devices will provide for a more realistic
model to obtain optimized design parameters for improved
nanomedicine delivery.
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the author.
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