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Abstract 

Development of new targeted therapies is a challenge in the battle against cancer. 
Although a variety of treatments is currently available, there is no technique for rapidly 
evaluating the response of cancer patients to the drug. In this work, a microfluidic 
platform for the real-time simultaneous analysis of the success rate of different 
nanoparticle based chemotherapeutic drugs is presented. Based on a previous planar 
chamber and a reported sensitivity enhancing strategy, linear and cross shape 
microstructures were integrated into the chamber dome of the microfluidic 
polydimethylsiloxane and glass platform in order to provide a higher fluid mixing and 
treatment-cell interaction. Several methotrexate (MTX) based treatments (free MTX, MTX 
loaded Lecithin-PVA nanoparticles, MTX loaded Lecithin-Tween 80 nanoparticles) as well 
as their respective controls (cell media and both blank nanoparticles) were recirculated 
through the microchamber over an osteosarcoma cell monolayer. These nanovehicles 
reduced cell population to less than 20% (LEC-PVA nanoparticles) and 2.3% (LEC-Tween 
nanoparticles), demonstrating that nanoparticles are a promising target therapy for cancer 
treatment. Moreover, microstructured platforms demonstrated a higher efficacy in the 
drug-screening process: due to the liquid folding a higher amount of nanoparticles was 
internalized by the cells and, therefore, results were observed faster. In fact, the time 
required to reduce cell viability to the half was nearly a 75% faster. Furthermore, this 
microfluidic platform offers the capability to test up to five different drugs simultaneously, 
making it a powerful tool to evaluate the effect of multiple drugs and determine the most 
effective and personalized treatment. 
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1. Introduction 

Cancer is one of the main mortality causes all over the world (World Health Organization, 
2018). More specifically, it is the second main cause of death in the European Union and in 
the United States (Ferlay et al., 2013). It was estimated by the year 2050, 27 million of new 
cancer cases will be diagnosed, among which 17.5 million will die. Many of the first line 
therapies used nowadays against cancer involve surgery, with or without previous 
chemotherapy, followed by chemotherapy and radiation (Yamamoto and Tsuchiya, 2013). 
Nevertheless, these treatments demonstrated having several side effects. 
Chemotherapeutic treatments also take a long time to show progress (Hassan et al., 2010; 
Kuczynski et al., 2013). In addition, cancer can even keep growing due to the development 
of resistance to the chemotherapeutic agents (Yang et al., 2014). Moreover, some 
chemodrugs get disposed indiscriminately increasing the morbidity of the patients and 
causing certain temporary side effects, such as hair loss (Hanahan and Weinberg, 2000). All 
these undesired effects are related to the limited specificity and lack of targeting capability 
over cancer cells. Therefore, there is a need for improvement and personalization of 
cancer therapy. 

In recent years, novel therapies were developed in order to offer an efficient and targeted 
treatment avoiding unnecessary damage to healthy tissue. On the one side, targeted 
therapy takes advantage of the higher vascular permeability of tumors. On the other side, 
it uses different stimuli or substances to identify and attack cancer cells in a more precise 
and effective way, usually causing less damage to healthy tissue (Sanna et al., 2014). This 
principle of action decreases the toxicity associated with the conventional treatments. 
Among all the nanosystems, the use of nanoparticles was reported as a promising strategy 
in cancer treatment (Hu et al., 2010). These vehicles are nanometric size particles with a 
diameter between approximately 50 and 100 nm (Battaglia et al., 2014) and are composed 
of biodegradable and biocompatible lipids. They can carry the drug located in the particle 
core (Soares et al., 2014), in the shell (Rostami et al., 2014) or dispersed within the whole 
lipid matrix (Shi et al., 2014). It was demonstrated that lipid nanoparticles can act as 
therapeutic vehicles for antineoplastic drugs or that they can be orally administered (Das 
and Chaudhury, 2011; Pathak and Raghuvanshi, 2015). Due to their improved 
pharmacokinetic profiles, permeability and retention effect and increased drug 
accumulation at tumor sites, they present less side effects than other therapies (Davis et 
al., 2008; Matsumura and Maeda, 1986; Peer et al., 2007). 

While lipid nanoparticle delivery provided new hope for cancer treatment, methodological 
issues slowed down their application. Usually, in vitro testing of these vehicles is 
performed using traditional techniques (such as well-plates) that do not fully replicate the 
tumor microenvironment (Pandya et al., 2017). However, these offer a limited potential 
due to fluid stagnation and possible nanoparticle sedimentation, which could hide the real 
effects of the vehicles. These limitations, together with the fact that rapid screening 
techniques to evaluate the efficacy of anti-cancer drugs are needed in the timely 
management of cancer (Morabito et al., 2014), make personalized cancer therapies to 
require new methods for efficient drug screening. 
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The use of microfluidics in the biomedical field demonstrated to be a powerful platform to 
monitor the response of cancer cells to different drugs, to develop alternative technologies 
for dynamic biomedical applications or for cancer research (Bhise et al., 2014; 
Boussommier-Calleja et al., 2016; Mitxelena-Iribarren et al., 2017; Pavesi et al., 2016; Riahi 
et al., 2015; Streets and Huang, 2014). Microfluidic platforms were presented as a 
powerful alternative in vitro system for nanoparticle-cell interaction analysis (Farokhzad et 
al., 2005). Biological systems are characterized for micrometric structures and well-
controlled fluid flows. Both aspects, together with the manipulation of small sample 
volumes and processes, can be controlled in microfluidic platforms, as they have sizes 
similar to the biological length scales. Microfluidic devices offer highly-controlled fluidics, 
channel geometry and microenvironment control and the real-time monitoring of the 
process inside the device (Liu et al., 2017). Microfluidics also provide with other 
advantages in biomedical applications, such as improved sensitivity over other techniques, 
time efficiency or reduced reagent and sample volumes even manipulating individual cells 
(Reece et al., 2016; Song et al., 2018). In addition, they also allow multi-parameter studies 
on cancer cells, providing rapid analysis of small amounts of patient derived cells (Mao and 
Huang, 2012). However, the characteristic pure laminar flow of microfluidic platforms 
prevents from a full interaction between the nanoparticles flowing in the circulating liquid 
and the cells located at the bottom part of the channel. In fact, only the particles in the 
lowest layers interact with the cells, while most of the therapeutic agent contained in the 
fluid does not contact them. 

Several approaches to avert the laminar flow related to microfluidics can be found in the 
literature. One of the most effective strategies was proposed by Stroock et al. in 2002 
(Stroock et al., 2002). This research group embedded microstructures in the bottom of a 
channel to create a 3D folding and mix the fluids at the microscale. Since then, this 
strategy was widely used for several applications such as increasing the target delivery to 
immunosensors (Golden et al., 2007), increasing the binding of proteins to their ligands 
(Foley et al., 2008) or the capture of circulating tumor cells (Stott et al., 2010). In all the 
cases, the use of microstructures enhanced the interaction between the desired particles. 

Considering all the above mentioned facts, a microfluidic platform for the real-time 
simultaneous analysis of the success rate of nanoparticle based chemotherapeutic drugs is 
presented in this work. Based on a previously reported sensitivity enhancing strategy 
(Gomez-Aranzadi et al., 2015), linear and cross shape microstructures were integrated into 
the chamber dome of the microfluidic polydimethylsiloxane platform in order to provide a 
higher fluid mixing and treatment-cell interaction. Furthermore, this microfluidic platform 
offers the capability to test up to five different drugs simultaneously, favoring the rapid 
assessment of multiple drugs. After choosing the best nanoparticle mixing platform 
design, the new microfluidic device was evaluated using an osteosarcoma cell line treated 
under both free and encapsulated methotrexate (MTX), as well as their respective 
controls. Moreover, the cytotoxicity observed in the microstructure containing platform 
was validated by comparing it with a similar planar platform earlier described in the 
literature (Mitxelena-Iribarren et al., 2017). 

The current series of experiments present a rapid, sensitive and effective toxicity platform 
to identify the effect of drugs on cancer. In order to optimize the design of the 
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microstructure used to improve the microfluidic platform, 2D mixing assessment was 
performed by means of color mixing in PDMS-glass platforms. 3D mixing was determined 
using PDMS-silicon platforms. Finally, the cytotoxicity assays performed with the final 
PDMS-glass platforms demonstrated that these new devices provide an accurate, reliable 
and effective screening of new anti-cancer therapeutics, which entails a significant 
development towards personalized medicine. 

2. Materials and methods 

2.1 Design of microfluidic platforms 

In this work different microfluidic platform prototypes were designed with CAD software 
(AutoCAD® 2015, Autodesk Inc.). Based on a previous plain microfluidic platform 
(Mitxelena-Iribarren et al., 2017), six different microstructures were embedded at the void 
of the microfluidic chamber. These structures are divided in two main groups according to 
their design: cross shape microstructures (two designs) and linear microstructures (4 
designs). Designs of each group differ in the width of the microstructure (25 or 50 µm) and 
the separation between them (25 or 50 µm, only in the case of linear microstructures). 

Moreover, the number of inlets of the referenced platform was modified, increasing the 
main treatment inlet from one to three or five inlets. This provided the opportunity to 
introduce different treatments simultaneously.  

2.2 Fabrication and characterization of microfluidic platforms 

The six prototypes, together with the plain design, were fabricated in two different ways: 
in polydimethylsiloxane (PDMS, Silastic T4, Dow Corning) and silicon (for the fluorescent 
nanoparticle assay) and in PDMS and glass (for the velocity, color mixing and cytotoxicity 
assays).  

The fabrication of PDMS-glass platforms was performed following previously described 
procedures (Gomez-Aranzadi et al., 2015). In summary, in order to obtain the microfluidic 
platform, PDMS replica-molding techniques were performed, using molds fabricated by 
double layer UV lithography on 4” silicon wafers with SU-8 100 and SU-8 2015 negative 
photoresists (MicroChem Corp., USA). The first layer of the mold delimited the area of the 
microdevice (microchamber and microchannels), while the second layer defined the 
embedded microstructures. Then, once the PDMS was demolded, an oxygen plasma 
treatment was used to make the glass and PDMS surface hydrophilic. The plasma 
treatment provided a strong and irreversible bonding between them. This way the glass 
became the surface were cells were attached in the cytotoxicity assays and leaking was 
avoided in all experiments. 

On the other hand, PDMS-silicon devices were fabricated using 4” oxidized silicon wafers 
(Telecom-STC Co. Ltd., Russia) as the base substrate. The sensing areas were fabricated 
onto the silicon employing standard microsystem processes. The interaction with the 
metallized area was based on the attachment of an amine-sensitive molecular layer that 
could bind amine-coated nanospheres (Gomez-Aranzadi et al., 2015). Therefore, gold was 
chosen as the sensing surface due to its high affinity to the thiol (-SH) head groups of the 
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3-mercaptopropionic acid (MPA) used for the self-assembled monolayer (SAM). For that, a 
150 nm thick gold layer was deposited and patterned through a lift-off process with 
conventional photolithography (using the Microposit S1818 positive photoresist purchased 
from Rohm and Haas Electronic Materials, LLC) and RF sputtering (Edwards ESM-100) 
methods. The sensing area comprised the whole microchamber and microchannel area. 
Once the silicon piece was fabricated and the PDMS was demolded, plasma treatment was 
applied to both parts. In this case, the bonding was reversible, so that after the 
experimental procedures images of both components could be taken. 

Both the molds, the PDMS replicas and the gold layer heights were characterized using a P-
6 profilometer from Tencor-KLA Corporation (U.S.A.). 

2.3 Cell culture and reagents 

Firstly, experimental procedures to choose the best microstructures were carried out. In 
the color mixing experiments, different color dyes were employed. In the fluorescence 
experiments though, a self-assembled monolayer was created 3-mercaptopropionic acid 
(MPA),1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxysuccinimide 
(NHS), purchased from Thermo Scientific. Afterwards, 252 nm amine-coated fluorescent 
polystyrene spheres (Merck Chimie S.A.S., France) were circulated with an IPC Ismatec 
ISM937C peristaltic pump (IDEX Health & Science GmbH, Germany). 

The U-2 OS (ECACC 92022711, ATCC HTB-96) osteosarcoma cell line was used for the 
velocity analysis and, once the microstructure was chosen, as a cancer model. Following 
the experimental procedure described elsewhere (Mitxelena-Iribarren et al., 2017), the 
cells were cultured using RPMI 1640 with Ultraglutamine 1 medium (RPMI 1640 with U1, 
Life Technologies, UK) supplemented with 10% (v/v) fetal bovine serum (FBS, Life 
Technologies, UK) and 1% of PenStrep (Gibco®, UK) at 37°C in a humidified 5% CO2 
atmosphere. For subculturing, cells were washed with PBS, trypsinized with 0.5% trypsin-
EDTA 1X (Gibco®, UK) and, once mixed with supplemented medium, centrifuged at 1500 
rpm for 5 minutes. After this procedure, cells were used either for subculturing (performed 
three times a week using conventional protocols) or for velocity or cytotoxicity assays.  

For cytotoxicity assays, both free and encapsulated methotrexate (MTX) was employed. 
Free MTX (kindly provided by Dr. A. Aldaz, from the Department of Pharmacy of Clínica 
Universidad de Navarra, Spain) was used as reference treatment to assess the 
effectiveness of the encapsulated MTX in two different concentrations: 15 µM and 150 
µM. Two different lipid nanoparticles (kindly provided by Dr. MJ. Blanco, from the Faculty 
of Pharmacy of the University of Navarra) were analyzed in this study, named LEC-PVA and 
LEC-Tween. For both of them blank and MTX-loaded particles were used. Their fabrication 
was previously described by González-Fernández et al. (González-Fernández et al., 2015) 
and their manipulation was also reported earlier by this group (Mitxelena-Iribarren et al., 
2017). The average size of the nanoparticles after resuspension in media was 281.7 ± 31.3 
nm for the LEC-PVA and 158.9 ± 5.1 nm for the LEC-Tween. Corresponding PDI values were 
0.257 and 0.365, respectively. 
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2.4 Experimental procedures 

As mentioned before, three different experiments were performed to determine the effect 
that the microstructures had in the fluid flow inside the microchamber. For the final 
validation of the platform cytotoxicity assays was carried out afterwards. 

In the first experimental procedure, cell velocity profiles inside the six different prototypes 
were measured, following the procedure described elsewhere (Mitxelena-Iribarren et al., 
2017). Briefly, cells were inserted and circulated through the device using polymeric tubes 
of Tygon MHSL2001 with an internal diameter of 0.38 mm (Ismatec, Germany) and an 
Ismatec ISM597D peristaltic pump (IDEX Health & Science GmbH, Germany). The 
experiments were recorded with a Nikon D90 camera hitched to a Nikon Eclipse TS100 
microscope and velocities of the cells were quantified with the “Cell Tracker” program 
extension of Matlab (The Mathworks, Inc). The maximum and non-zero minimum velocity 
values were obtained and then the velocity reduction factor was calculated for each 
microstructure configuration. 

Secondly, the experiment named as the 2D color mixing assay was performed. With it, the 
diffusion at the color interphase was used to determine the in-plane mixing capacity of the 
different microstructures. In this case, multiple inlet platforms were used, in order to 
introduce 3 or 5 different colors at the same time. Once more, the flow was provided by 
the Ismatec ISM597D peristaltic pump and recorded with a Nikon D90 camera hitched to a 
Nikon Eclipse TS100 microscope. A sequencing of the image was then performed with 
Matlab, to determine the width of the interphases between the different colors. Briefly, a 
consecutive lecture of the pixel columns of the image covering all the color interphases 
was performed. These data were processed, obtaining the RGB code of each of the pixels 
contained in the columns to distinguish the interphases between the different colors 
(identified as the slopes) and the areas with “pure” colors (identified as the straight 
horizontal areas). After identifying the interphases, the width of each of them was 
quantified. In order to obtain a common term to compare the mixing ability of the 
different microstructures, the agitation factor was defined. The agitation factor is defined 
in this work as the percentage of the increase of the interphase between two colors in a 
platform containing microstructures in respect to the plain microfluidic platform. This 
agitation factor was calculated for each of the microstructures and a statistical analysis was 
performed to determine the effect of the microstructures in the color mixing. 

The last experiment performed to analyze the 3D mixing effect of the microstructures was 
the fluorescence assay, the only experiment performed with the PDMS-silicon devices. In 
this case, the first step was to immobilize the SAM onto the patterned gold areas inside the 
finished devices. The composition and formation were prepared and characterized 
following previously described techniques (Gomez-Aranzadi et al., 2015; Zuzuarregui et al., 
2014). During the process MPA diluted in ethanol was introduced into the microchannels, 
followed by an incubation period of 2 hours. Afterwards, both EDC and NHS (diluted in 
deionized) water were sequentially circulated into the microdevices and let inside for an 
incubation period of 1 hour each respectively. After the SAM formation, the amine-coated 
nanospheres (0.1 mg/mL concentration in deionized water) were circulated for two hours 
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over the sensing area with a continuous flow rate of 100 µl/min. This procedure was key to 
evaluate the effectiveness of the microstructures at increasing the surface-sample 
interaction by enhancing out-of-plane mixing. This interaction was evaluated comparing 
the fluorescence of the different sensing areas, as the nanoparticles emitted fluorescence 
in the FITC range (495-519nm). Fluorescence images of the silicon part of the device were 
taken at the end of the nanoparticle circulation step with the Nikon Eclipse Ti microscope. 
Image analysis was performed with the NIS-Elements software and ImageJ, calculating the 
amount of fluorescent pixels in each case. Results are presented as the percentage of 
relative amount of nanosphere binding detected in the sensing areas. 

In the three cases, results were always compared to the velocity, mixing rate and 
fluorescence signal obtained in the plain platforms. 

Finally, once the optimum microstructure was chosen, cytotoxicity studies were performed 
to validate the platform. These assays were carried out recirculating different anti-cancer 
treatments over osteosarcoma cells in a set-up including a transmission Nikon Eclipse Ti 
microscope, following the procedure described earlier in the literature (Mitxelena-
Iribarren et al., 2017). Both free and encapsulated MTX (LEC-PVA and LEC-Tween lipid 
nanoparticles) in two different concentrations (15 µM and 150 µM) were tested inside the 
microfluidic platforms. Cell media and blank lipid nanoparticles of the two types were also 
recirculated over the cells in order to determine their normal proliferation under a 
dynamic flow condition and to obtain a nanoparticle control.  

2.5 Statistical analysis 

The velocity reduction values obtained in the cell velocity assays were statistically analyzed 
using Matlab. Results are shown as mean value ± standard deviation from corresponding 
replicates per category, with n = 3, n ≥ 3 or n ≥ 4 depending on the assay (as indicated in 
the Results section). Data analysis was done performing independent student’s t-test when 
comparing the different heights or its equivalent non-parametric test when the 
requirements were not fulfilled. Following the same procedure, statistical analysis was also 
performed to analyze the color mixing and the fluorescent nanoparticle binding.  

In addition, the cytotoxicity effect was determined using Matlab. In this case, when 
comparing only two groups, independent student’s t-test (or Mann-Whitney-U tests) was 
performed. One-way analysis of variance (ANOVA) followed by post-hoc Bonferroni’s test 
or its non-parametric equivalent test (Kruskall-Wallis test) was performed when comparing 
more than two groups.  

The statistical significance criterion was the same for the four analyses. Statistical 
difference was determined as not significant (p-value > 0.05), significant (0.01 < p-value < 
0.05), very significant (0.001 < p-value < 0.01) or extremely significant (p-value < 0.001). 
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3. RESULTS AND DISCUSSION 

3.1 Fabrication and characterization of microfluidic platforms 

Fabricated PDMS pieces were characterized after demolding them and before bonding 
them to the silicon or glass surfaces. As an average, microchannels had a height of 107.22± 
5.00 µm, while microstructures as a whole showed a height of 30.92 ± 2.95 µm. Therefore, 
due to the embedded microstructures, the chamber had some areas of around 75 µm 
height. Examples of the different microstructures embedded in the PDMS microchambers 
can be observed in Figure 1. 

3.2 Velocity reduction assay  

Experiments performed with the six platforms containing microstructures allowed for the 
estimation of the velocity of the cells while entering the microchambers. In previous 
studies, it was determined important to have the lowest nanoparticle velocity possible in 
the chamber to maximize the contact time between the circulating treatments and the 
adhered cells. However, it had to be ensured also that, in the case of nanovehicle based 
anti-cancer therapy, there was no nanoparticle sedimentation throughout the treatment. 
Therefore, as analyzed in previously published works (Mitxelena-Iribarren et al., 2017), the 
reduction from the maximum to the non-zero minimum velocity values were used to 
compare the influence of the integration of the microstructures to the top of the chamber. 

The data analyzed with the Cell Tracker software allowed the calculation of the velocity 
reduction for each of the microstructure containing platforms. The data for the optimized 
plain platform was previously published (Mitxelena-Iribarren et al., 2017). In this work, this 
reduction of the velocity was considered as a reference to determine the effect of the 
microstructures could have in the nanoparticle velocity. The mean velocity reduction 
remained around the 810-870 µm/s in all the cases, which represents reduction of a 15-
20%. The device with the linear microstructures of a width and separation of 25 µm 
(S25W25) was the one presenting the highest velocity reduction (Figure 2). However, no 
statistically significant difference was observed when comparing the reduction of the 
velocities between all the microstructure-containing platforms and the plain one or 
between them. 

However, it is remarkable that in all the platforms containing microstructures, the 
minimum velocity acquired was lower than the one obtained in the plain platforms, being 
between 77 ± 25 µm/s and 221 ± 33 µm/s for the microstructured platforms, and 290 ± 21 
µm/s for the plain ones. This fact happens to be very convenient in this new anti-cancer 
drug testing platform, as more time for the nanoparticle-cell interaction would be allowed. 
Although statistical significance was not observed, the design with the lowest velocity 
(even lower than the one observed in the plain platform) was the S25W25 design.  
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3.3 Mixing efficiency of the microfluidic platforms 

Once a proper velocity reduction was ensured with the microstructures, the mixing 
effectivity had to be quantified. This was performed with two different analyses: firstly, by 
quantifying the mixture of different color solutions inside the microfluidic PDMS-glass 
platform and then with fluorescence assays, analyzing the amount of amino-coated 
nanoparticles bond to the sensing area of the PDMS-silicon devices. 

As mentioned earlier, different color solutions were circulated simultaneously inside the 
PDMS-glass platforms. According to the results obtained with the color image analysis 
(Figure 3), all the platforms containing microstructures showed an agitation factor higher 
than 40%, demonstrating that any of the designs increases the two dimensional mixing of 
the flow. Although not significantly different from the others, the microstructures 
presenting the highest average values for the agitation factor were the linear 
microstructures of a width and separation of 25 µm (S25W25) and the linear 
microstructures of a width and separation of 50 µm (S50W50).  A statistical analysis was 
performed to verify the significance of the two dimensional mixing. The analysis 
demonstrated a statistically significant difference with respect to the agitation obtained in 
the plain platforms (p-value<0.05). Nevertheless, when comparing the effect of the 
different microstructures among them, only the comparison between the cross shaped 
microstructures of a 25 µm width (C25) and the S25W25 microstructures was statistically 
very significantly (p-value=0.002).  

Finally, fluorescence measurements were performed to analyze the mixing efficiency of 
the microfluidic platforms containing microstructures. After the SAM formation and the 
amino-coated nanoparticle circulation during two hours, images of the sensing area of the 
PDMS-silicon devices were taken with the Nikon Eclipse Ti microscope. An example of the 
images acquired is shown in Figure 4. The image analysis performed with the silicon 
substrate of the different platforms provided the percentage of the chamber area covered 
by fluorescence, represented in the Figure 4. Although there are small areas of 
fluorescence on the sensing areas of the plain microfluidic platforms, they are very 
dispersed and do not even reach the 1% of occupation, reflecting the low amount of 
nanoparticles reaching the SAM. Regions outside of the sensing areas do not display any 
nanoparticle attachment as expected, as no flow or SAM attachment with gold was in 
those areas. As observed in the graph, all the microstructures significantly enhanced the 
amino-coated nanoparticle binding to the surface. This enhancement tripled the binding 
achieved with the plain platforms. In fact, the difference in the fluorescence coverage was 
extremely significant for the G50 design (p-values=0.0004) and significant for the rest of 
the designs (p-value<0.04), with the exception of S50W50, which demonstrated no 
statistical difference with the plain platform. Specially, the S25W25 microstructures 
demonstrated a substantial increase, nearly 15 times more than the plain fluorescence 
signal, supporting the goal of increasing the sensitivity through the use of 3D flow within 
the microfluidic device. Therefore, these experiments demonstrated that the integration of 
microstructures to the previously optimized microfluidic platform enhanced the vertical 
distribution of nanoparticles circulating along a microdevice, increasing the interaction of 
the flowing nanoparticles with the bottom of the device. As far as we know, this is the first 
time that this folding capacity is demonstrated in a chamber shape microspace, as all the 
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related experiments were earlier performed in microchannels and not wider spaces with 
non-rectangular shapes. 

Considering all the above mentioned results, the S25W25 microstructures were considered 
the best for the purpose of this work. Therefore, this platform was the one chosen to 
perform the cytotoxicity assay. 

3.5 Cytotoxicity assay 

As mentioned earlier, several methotrexate (MTX) based treatments (free MTX, MTX 
loaded Lecithin-PVA nanoparticles, MTX loaded Lecithin-Tween 80 nanoparticles) as well as 
their respective controls (cell media, blank Lecithin-PVA nanoparticles, blank Lecithin-
Tween 80 nanoparticles) were recirculated through the microchamber over an 
osteosarcoma cell monolayer.  

In order to assess the S25W25 microfluidic platform to quantify the cytotoxic effect of 
drug-loaded nanoparticles, cells were first subjected to regular cell media circulation 
assays. As demonstrated in earlier studies, cells proliferated and withstood damage caused 
by the continuous flow rate during the 72-hour period. However, in this case, the rubbing 
induced by folding generated by the microstructures under the circulation rate of 2.15 
µL/min did not let the cells grow as much as in the planar microfluidic platforms (up to 
240% compared to 288%). This indicates a higher mechanical stress exerted on the cells 
due to a lower chamber height and the fluid mixing. Nevertheless, no cytostatic effect was 
observed since cells still continue growing under that flow. 

Next, assays were performed to verify that inside the microdevices the increasing amount 
of MTX had an increasing cytotoxic effect. The two mentioned concentrations of the free 
drug (15 and 150 μM) were recirculated within the microstructure-containing platform. In 
this case, it can be inferred from the free MTX data that under the same drug 
concentration, cell population was slightly lower with the introduction of the 
microstructures than in the plain platforms. However, this difference was statistically not 
significant (p-values > 0.13), for any of the concentrations.  

In the following step, lipid nanoparticles were recirculated over osteosarcoma cells. As 
described before, cells were subjected to blank lipid nanoparticles to assess the effect of 
adding a vehicle alone as a treatment, i.e. nanoparticle control. In this case, it was 
observed that cells did not grow as much as under cell media recirculation, confirming the 
same tendency observed in plain platforms. After checking that blank nanoparticles 
neither presented a cytotoxic effect in the microstructured platforms, drug-loaded 
nanoparticle assay was carried out. It was demonstrated once more that cell growth was 
significantly reduced under the recirculation of both types of drug-loaded nanoparticles 
compared to that with the free drug. Indeed, it was demonstrated that the efficiency of 
encapsulated methotrexate was much higher than that of the free methotrexate as the 
methotrexate containing nanoparticles had a higher cytotoxic effect. After 72 hours of 
recirculation, these nanovehicles reduced cell population to less than 20% in the case of 
LEC-PVA nanoparticles and to a 2.3% in the case of LEC-Tween nanoparticles with a 
concentration of 15 μM inside the S25W25 microstructure containing platform. In the 
same period of time, cell viability was reduced to 0% when the concentration of both 
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nanoparticles was increased to 150 μM, though. According to statistical analysis, the 
higher effect of the loaded lipid nanoparticles against osteosarcoma cells was statistically 
very significant compared to the free drug already after 12 hours under MTX containing 
LEC-PVA and LEC-Tween nanoparticles (p-values= 0.03 and p-value=0.006 respectively). 
This significance was observed even earlier in both cases when the concentration was 
increased to 150 μM.  

In fact, the main advantage presented by these microstructure containing platforms was 
the quickness with which treatment effects were observed. Taking a look into the cell 
viability trend followed by both nanoparticle treatments in plain and S25W25 microfluidic 
platforms (Figure 5), an extremely significant (p-value=0.0007) and very significant 
difference (p-value=0.003) was observed for MTX loaded LEC-PVA and LEC-Tween 
nanoparticles respectively just after 12 hours of treatment recirculation. In both cases, 
when using the microstructure containing platforms, the effects of the nanoparticles are 
observed earlier than with the plain platforms. For example, when recirculation of LEC-
Tween nanoparticles was performed, 48 hours were required to see a cell viability of 60% 
in plain platforms, while this reduction was observed after a bit more than 12 hours with 
the microstructures. This demonstrates a reduction of the 75% of the time required to 
perform the study for these nanoparticles. Similarly, for LEC-PVA nanoparticles, the time 
required to see the same cytotoxic effect was also reduced, but not that abruptly. In this 
case, a cell viability a bit lower than the 50% was observed after 72 hours in the plain 
platform, while in the microstructured one only 48 hours had to pass (time reduction of 
67%).  This rapid effect of the nanoparticles observed in the new platforms is due to the 
liquid folding or mixing generated by the microstructures, which increases the amount of 
nanoparticles that reach the cell monolayer, and, therefore, increases the internalization 
and cytotoxicity. Thus, the effect of the nanoparticles is earlier observed with the use of 
microstructures in the analysis chamber area. This, together with the fact that the new 
microfluidic platforms offer the possibility to test up to 5 treatments at the same time, 
reduces the characterization and effectivity test of anti-cancer drugs from days to hours 
and, therefore, accelerates the choice of treatment for each patient improving the 
development of personalized medicine. 

4. CONCLUSIONS 

As a conclusion, based on a planar chamber and on a previously reported sensitivity 
enhancing strategy, linear and cross shape microstructures were integrated into the 
chamber-dome of the microfluidic PDMS and glass platform in order to provide a higher 
fluid mixing and treatment-cell interaction. Firstly, it was demonstrated that 
microstructures had the capacity to increase the mixing of the liquids, without disturbing 
the cell velocity reduction rates of the plain platforms. In fact, in the color mixing and 
fluorescence assays, the linear microstructures of a width and separation of 25 µm 
(S25W25) were considered the best ones. They presented an agitation factor over 70% 
and their fluorescence coverage was 15 fold higher than the one in plain platforms. Once 
the microstructured platform was optimized, cytotoxicity studies were performed. The 
results obtained with the microstructured platforms confirmed that nanoparticles are a 
promising target therapy for cancer treatment, as MTX-loaded LEC-PVA nanoparticles 
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reduced cell population to less than the 20% and MTX-loaded LEC-Tween nanoparticles to 
a 2.3% after 72 hours of treatment recirculation. In both cases, it was demonstrated that 
the use of these nanovehicles was statistically significant in comparison to the treatment 
with the free drug. Moreover, microstructured platforms demonstrated this effectivity in a 
shorter time than the plain platforms, as the time required to reduce cell viability to the 
half was from 67% to 75% faster. In addition, this microfluidic platform offers the 
capability to test up to five different drugs simultaneously, making it a powerful tool to 
personally evaluate the effect of multiple drugs and determine the most effective 
treatment. Therefore, this platform could be used to rapidly test several drugs to choose 
the best treatment for each patient, improving their quality of life. 
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Figure captions 

Figure 1. A) Microstructured microfluidic platform in the center having the 1 inlet 
configuration as a base, with the six different designs of microstructures around it: a) cross 
shape microstructures of a width of 25 µm (C25); b) cross shape microstructures of a width 
of 50 µm (C50); c) linear microstructures of a width and separation of 25 µm (S25W25); d) 
linear microstructures of a width of 50 µm and separation of 25 µm (S50W25); e) linear 
microstructures of a width of 25 µm and separation of 50 µm (S25W50) and f) linear 
microstructures of a width and separation of 50 µm (S50W50). Schemes of the multiple-
inlet microfluidic platforms with three (B) and five (C) inlets. 

Figure 2. Velocity reduction for each design (n ≥ 4). The obtained p-values for each 
comparison were all higher than 0.05, which show no significant difference between the 
microstructure containing and plain platforms. 

Figure 3. a) Image of the color flows obtained with the Nikon D90 camera hitched to a 
Nikon Eclipse TS100 microscope, remarking the selection of a five-color pixel column as an 
example. b) Filtered RGB intensity graph of a column of pixels of a five color experiment. c) 
Percentage of the color interphase increase (agitation factor) of the microstructure 
containing platforms (n=3). No significant difference was observed between the 
microstructure containing and the plain platforms (p-values>0.05). Only the comparison 
C25 and S25W25 microstructures was statistically very significant (p-value=0.002, **). 

Figure 4. a) Microstructured microfluidic platform fabricated in PDMS-silicon for the 
fluorescence assay. b) Quantification of the fluorescence of each device indicating the 
coverage percentage and the statistical significance in their comparison to the plain 
microfluidic platform (* is for 0.01< p-value < 0.05 and ** for 0.01 < p-value < 0.001). 

Figure 5. a) Cell viability under 15 μM MTX- loaded LEC-PVA nanoparticle recirculation in 
plain and S25W25 microstructures containing microfluidic platforms (n ≥ 3); b) cell viability 
under 15 μM MTX- loaded LEC-Tween nanoparticle recirculation in plain and S25W25 
microstructures containing microfluidic platforms (n ≥ 3). For both treatments, statistical 
significance (p-value < 0.003) was observed between the plain and S25W25 
microstructured platforms already after 12 hours. 
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Highlights 

 Microstructures embedded in the void of microfluidic devices enhance sample 
mixing. 

 25µm linear structures increase 70% the agitation and 15-fold the surface 
coverage. 

 Time for effective nanoparticle treatment is reduced in 67% to 75% with 
microstructures. 

 Simultaneous multidrug testing is allowed for up to 5 different chemicals each time. 




