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Highlights

e The importance of microfluidics devices over other 3D organizations, and conventional
2D monolayers;

e Comparative studies on the efficacy of several therapeutic agents such as free DTXL,
nanoparticles loaded with DTXL (DTXL-SPN), and Fmoc-GIc6P;

o Fmoc-GIc6P has a selective effect on GBM cancer cells vt with no side effects on
healthy cells;

e Microfluidic devices are a useful predictive too! tu- modeling the in situ and systemic

administration of chemotherapy in brain tumors

Abstract

The three-dimensional (3D) organ’.ctiu: of cells affects their mobility, proliferation, and overall
response to treatment. Spheroias, organoids, and microfluidic chips are used in cancer research
to reproduce in vitro the cui>miex and dynamic malignant microenvironment. Herein, single- and
double-channel microfluiic devices are used to mimic the spatial organization of brain tumors
and investigate the therapeutic efficacy of molecular and nano anti-cancer agents. Human
glioblastoma multiforme (U87-MG) cells were cultured into a Matrigel matrix embedded within
the microfluidic devices and exposed to different doses of free docetaxel (DTXL), docetaxel-
loaded spherical polymeric nanoparticles (DTXL-SPN), and the aromatic N-glucoside N-
(fluorenylmethoxycarbonyl)-glucosamine-6-phosphate (Fmoc-Glc6P). We observed that in the

single-channel microfluidic device, brain tumor cells are more susceptible to DTXL treatment as



compared to conventional cell monolayers (50-fold lower ICsy values). In the double-channel
device, the cytotoxicity of free DTXL and DTXL-SPN is comparable, but significantly lowered
as compared to the single-channel configuration. Finally, the administration of 500 uM Fmoc-
GIc6P in the double-channel microfluidic device shows a 50% U87-MG cell survival after only
24 hours, and no deleterious effect on human astrocytes over 72 hours. Concluding, the proposed
microfluidic chips can be used to reproduce the 3D complex spatial arrangement of solid tumors
and to assess the anti-cancer efficacy of therapeutic compounu~ administrated in situ or

systemically.

Keywords: microfluidics, glioblastoma, nanomedicine, < 'ti-cancer therapy

1. Introduction

The preclinical screening of new therap:es still relies on simplified, two dimensional (2D) in
vitro models that cannot replicate *he “iochemical and biophysical complexity of the human
diseases [1, 2]. Three-dimensiural (3D) cell assemblies, such as cancer spheroids, resemble
closer the in vivo tissue rizan.Zation but cannot reproduce some dynamic processes, €.g. mass
transport. These processcs are crucial for different therapies as they regulate the intra-tissue
accumulation of systemically delivered therapeutic agents, the diffusion of nutrients, chemokines
and cytokines, as well as the migration and spatial re-arrangement of malignant and healthy cells
[3-5]. Microfluidic devices emerged as more accurate tool for screening novel therapies in cancer
and other diseases because can replicate both the 3D tissue organization and the
thermodynamic/kinetic mechanisms of therapeutics' delivery [6-11]. As examples, microfluidic

devices have been designed to model different disorders, including cancer [12-15],



cardiovascular [16, 17], and chronic inflammatory diseases[18]; as well as diverse biological
barriers [19-23], such as blood-brain barrier, the intestinal-mucosal barrier, and the alveolar-
capillary barrier.

Microfluidic devices for disease modeling can have different configurations with one, two or
multiple compartments to mimic the architectural complexity of the native tissue and include
tissue/vascular and tissue/tissue biological barriers. Multi-compartment based microfluidic
devices comprise two or more channels with different architectu.=s to replicate a variety of
biological interfaces [10, 24-27]. Different configurations h=:= >zen efficiently used to model
cancer tissues. The group of Huh described a two-comy rtment device comprising an upper
channel that mimic the ductal lumen with pre-assemblen . “east carcinoma spheroids, and a lower
channel, perfused by cell culture media to renl.~ate the breast microvaculature [28]. A thin
natural membrane with a layer of stroma’ cel's was interposed between the two compartments.
The system was validated by quantify.~q the anti-proliferative effect of paclitaxel on breast
cancer cells. Compartmentalized ~ic.~fiuidic systems were also used to study the vascular
dynamics of circulating cancer < ~lls, therapeutic responses, and their extravasation/intravasation
potential [14, 19, 24, 29-2”1, =~r instance, the metastatic potential of breast cancer cells under
different environmentar conditions, including the use of inflammatory factors as chemo-
attractants was quantified with a two-compartment microfluidic device [31]. Habibovic and Reis
groups described a “tumor-on-a- chip” model for assessment of gemcitabine-loaded
nanoparticles efficacy on colorectal cancer [14]. The viability studies together with live imaging
demonstrated a dose dependent effect of gemcitabine loaded nanoparticles to colorectal cancer

cells (HCT-116) embedded in Matrigel inside the microfluidic chip [14].



We have been using microfluidic chips with one and two channels [19, 31, 33-37]. The single-
compartment configuration can be used to create simple ‘tissue chips’, typically, comprises one
channel that is filled by a natural hydrogel carrying the cells of interest. In this configuration, the
therapeutic agents are administered through one inlet port, directly to the 3D like-tissue, and
slowly diffuse towards the opposite outlet port. Such devices have been extensively used to test
the vascular transport and adhesion of macrophages [38, 39], cancer cells [31, 37, 40], and
nanoparticles [35, 41], under diverse disease conditions. The twu ~ompartment configurations
usually replicates a single biological interface, either a “rascusar/tissue or a tissue/tissue
interface.[14, 22, 42] In this configuration, one channel a’ts as the extravascular compartment
(3D like-tissue), which is filled by a natural hydrogel ¢ rying the cells of interest, while the
second channel acts as the vascular compartmert *lod vessel), which is continuously perfused
by cell culture medium. The therapeutic a_ent, are infused through the vascular compartment to
simulate systemic administrations or ti.-ough the extravascular compartment to model direct
intra-tissue injections. We have demoi <*ated the utility of these chips for analysis of vascular
and extravascular transport, vaccular transport of circulating tumor cells, immunotherapeutic
potential of nanoformulati~~s o~ong others [31, 33, 35, 37].

Herein, we used these microfluidic devices for in vitro testing of model and innovative
therapeutic compounds. In the single-channel device, we have a 3D tumor model and simulate
the direct injection/application of chemotherapy at the tumor site (i.e. in situ). The double-
channel microfluidic chip has two parallel channels connected by micropillars - a design that
mimics the wvascular and parenchymal-cancer compartment to simulate the systemic
administration of chemotherapy. Glioblastoma multiforme (GBM) cancer was selected among

numerous pathologies because it is referred as the most aggressive and lethal brain tumor in



adults [43]. Previously, we have investigated free docetaxel (DTXL) and spherical polymeric
nanocontructs (SPN) loaded with DTXL (DTXL-SPN) for the treatment of cancer cells in
conventional (2D) cultures and in vivo [44-47]. A biodegradable implant (WMESH) with
docetaxel-loaded nanomedicines directly released into a orthotopic brain cancer model avoided
disease recurrence up to eight months after tumor resection [48]. Moreover, since DTXL lacks
specificity towards tumor cells, and severe systemic toxicities that triggers huge side effects on
patients [49, 50] seems an adequate therapeutic agent to be &auministrated in a tumor site.
Notwithstanding, a new promising selective chemotherapeut:> ! (fluorenylmethoxycarbonyl)-
glucosamine-6-phosphate (Fmoc-Glc6P), has demonstrawcd a potent anti-cancer efficacy on
osteosarcoma and breast cancer cells [51-53]. In this v. vk, we tested the efficacy of several
therapeutic agents such as free DTXL, nanopai “cles loaded with DTXL (DTXL-SPN), and
Fmoc-Glc6P for comparative purposes [5 -54 . Finally, we hypothesize that Fmoc-Glc6P could
be selective also to GBM cancer cells bu. with no side effects on normal cells.

2. Experimental section

All reagents were purchased froni Sigma-Aldrich-Merck unless otherwise specified. All

experiments were perform2d . #iplicate.

2.1. Fabrication and Characterization of the Microfluidic Chips

In this study, we used two different microfluidic chips: a single- (Figure 1A) and double-channel
chip (Figure 1B), described in detail by Manneschi et al. [33] Briefly, a single-channel silicon
master template was obtained from a negative template of SU8-50 photoresist. The silicon
template was replicated using a mixture of polydimethylsiloxane (PDMS) and sealed with a glass

slide. This chip has a length of 27 mm, a height of 42 um and a width of 210 um (Figure 1A).



For the fabrication of the double-channel chips (Figure 1B), we used an optical mask of glass
together with photolithography to pattern the double-channels into the silicon master chip. The
obtained silicon master template was then replicated via soft lithography with PDMS. The final
PDMS template is composed by two microfluidic channels with a length of 27 mm,
interconnected in the middle part by an array of micropillars with 500 pm in length with a gap
size of 3 pm. The two-channels have a height of 50 pum and a width of 200 pm. In these chips the
top channel corresponds to the vascular part where the treaument solutions (e.g. drugs,
nanoparticles, and bioactive compounds) were added; and the >2..2:n channel corresponds to the
extravascular part: it contains an hydrogel with embeddeu cells to mimic the 3D structure of a
tumor. This interface between the channels is a permeav'= micropillar membrane (Figure 1B).
Each channel has one inlet and one outlet.

Firure 1.

2.2. Scanning Electron Microscor:’ ((FM)

SEM images of microfluidic ci. ns were obtained using the equipment JSM-6490LV, JEOL and
Helios Nanolab 650, FEI ~ni1..»any. These images were acquired after cutting the chip, bonded
on the glass slide, with a ~lade. The PDMS was sputter-coated with gold. Low-magnification and
high-magnification SEM images were obtained with accelerating voltage of 15 and 5 kV,

respectively.

2.3. Culture of Human Glioblastoma Multiforme (U87-MG) Cell Lines and Primary

Human Astrocytes



The cancer cells were previously transfected with GFP to easily visualize them in situ
longitudinally with time. U87-MG GFP+ cells were cultured in Minimum Essential Medium Eagle
(EMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin/streptomyocin  (P/S). Human cortical astrocytes (#1800, ScienCell Research
Laboratories, US) were cultured with astrocytes medium (ScienCell Research Laboratories) with
1% P/S. U87-MG GFP+ and human astrocytes were cultured in T150 flasks until confluence. After
the trypsinization, human astrocytes were stained with Vybr.nt™ Dil Cell-Labeling
Solution (#Vv22885, ThermoFisher Scientific), according to the ~anufacture’s protocol. Then,
the astrocytes were washed three times with PBS (1X) to re move the excess dye. A concentration
of 50:50 Matrigel/cells in EMEM medium were prepai >4 to a final number of 100,000 cells
embedded in Matrigel matrix (Corning) per chio. Sinyle- (Figure 1A) or double-channel (Figure
1B) chips were used to culture U87-MG GF -+ rells or astrocytes with Matrigel for 24 hours to form
a confluent 3D cell network (Figure 1~ - bottom) and then different treatments were applied for

24, 48 and 72 hours. After each time =nir.* ‘he cell viability was analyzed by confocal microscopy.

2.4, Treatment Condit:~n. wusing Single- and Double-Channel Microfluidic Chips
Microfluidic chips were terilized in an autoclave at 120 °C. Then, the channels were aspirated
within the biohood and the chips were left inside the incubator overnight to dry the remaining
water from the channels. U87-MG GFP+ cells or human astrocytes embedded in Matrigel were
injected into microfluidic chips and were cultured for 24 hours to form a 3D tumor-like structure.
2.4.1. Single-Channel Microfluidic Chip. We used the single-channel microfluidics chips to
screen several concentrations of DTXL. A stock solution of DTXL (42 mM) was prepared in

dimethyl sulfoxide (DMSO). This solution was diluted with EMEM to 0.01, 0.5, 0.1, 1 and 10



MM solutions. To assess the cytotoxicity of the anti-cancer drug DTXL, EMEM with different
drug concentrations (0.01, 0.5, 0.1, 1 and 10 pM) was added to the channel inlet and left to
diffuse across the 3D tumor-like structure. The therapeutic solution was added every single day
to the chip, for up to 72 hours. EMEM was used as a control in this experimental set.

2.4.2. Double-Channel Microfluidic Chip. Three different treatments were investigated: (1) free
DTXL (0.01, 0.1, and 10 uM); (2) spherical nanoconstructs (SPNs) loaded with DTXL (10 pM)
(DTXL-SPN); and (3) 500 puM free N-(fluorenylmethoxycarboi,)-glucosamine-6-phosphate
(Fmoc-Glc6P). All solutions were prepared in EMEM. Thz LTAL-SPN were fabricated as
previously described by us [47]. To assess the drug relea.» kinetics from SPNs, samples were
poured in a Slide-A-Lyzer MINI dialysis microtubes witi, = molecular cut off of 10 kDa (Thermo
Scientific) and then dialyzed over PBS buffer ~t ~d /.4, 37 °C. For each time point, triplicate
samples were collected and analyzed tv F.PLC. Fmoc-Glc6P compound was synthesized
following the procedure described by rves et al. [51] The therapeutics were injected into the
vascular channels (on the top) everv ('ay. EMEM was used as a control. After 24, 48 and 72
hours, we observed the bottum cnannel with U87-MG GFP+ cells or human astrocytes

embedded in Matrigel, on ~2n;~~.al microscope.

2.5. Confocal Microscopy Analysis

Confocal fluorescent microscopy (Nikon A1R+/Al+; objectives Nikon, 10X or 20X) was used to
evaluate the cell viability over time. Images were recorded using automated acquisition for Z-
stack and multicolor channel. Each experiment involved at least five chips per condition and was
repeated three times. The same region of interest (ROI) was analyzed at different time points.

High-resolution Z-stack images were processed for 3D reconstruction and fluorescence intensity



measurements were performed using NIS-Elements AR (Nikon) software. Cell viability, with
EMEM only (control) and after different treatment conditions, was determined measuring the
mean fluorescence intensity exhibited by green fluorescent protein (GFP+) cells. Cell viability is
presented as percentage, calculated from the fluorescence intensity after 0, 24, 48 and 72 hours.
The half-maximal (50%) inhibitory concentration (ICs) was estimated as 50% of cell viability
relative to the control (EMEM alone). A logarithmic curve (nonlinear regression) was estimated

as the best fitting, and the 1Cso for each time point of both experime .*s was estimated.

2.6. Statistical Analysis

Data are expressed as mean = standard deviation. Sincue 7actor analysis of variance (ANOVA)
was used to determine statistical significance with"( a data set. If ANOVA detected a significant
difference within the data set, Tukey's Fonestly significantly different (HSD) multiple

comparison test was used to determine si>nificant differences between groups and conditions.

3. Results and Discussion

Conventional cell culture mc~ulayers poorly recapitulate the native physiology of diseased
tissues: they do not repioduce the complex 3D cell organization and the dynamic arrangement
under multiple, different physiological clues. On the other hand, microfluidic chips allow to
simulate complex cell-culture microenvironments, including the vascular/tissue and tissue/tissue
interfaces, spatiotemporal chemical gradients, and mechanical clues of living tissues. Such chips
enable the development of new in vitro disease models, and might potentially contribute for the
replacement, or at least, decrease the number of animal experiments used in drug development

and testing [11, 12]. The use of microfluidic devices can overcome several challenges associated

10



with the animal models, namely cost, labor time, reproducibility, differences with the human
physiology, undesired immune responses, and ethical issues. Studies have also suggested that the
use of microfluidic devices might accelerate the design of drug-administration regimens for
phase | clinical trials [9].

Different therapeutic agents (Figure 2), namely free DTXL, DTXL-SPN, and the aromatic N-
glucoside Fmoc-GIc6P, were infused in the microfluidic devices and their cytotoxic potential
was assessed on cancer cells under different conditions. The potein anti-cancer drug DTXL was
considered as a model drug.

In the single-channel configuration, the therapeutic agents ‘vere slowly infused through an inlet
port and diffused across the whole tumor matrix to reac, e outlet port. In the double-channel
configuration, the therapeutic agents were slow!y *(fi'sed in the vascular channel and perfuse in
the extravascular compartments by crossir. t th~ micropillar membrane.

Figure 2.

3.1. Assessing the cytotoxiciv,” ot therapeutic agents in the single-channel microfluidic
device In the single-chan~~l c~ufiguration (Figure 1A), 3D tumor-like structure was obtained
using U87-MG GFP+ ei~bedded in a Matrigel matrix and then the different therapeutics were
injected directly throughout the 3D structure. The viability of the tumor cells was estimated by
analyzing the variation of the green fluorescent intensity over time: an increase in fluorescent
intensity was associated with a higher cell density, thus indicating cell viability; whereas a
decrease in fluorescent intensity was associated with a lower cell density, thus indicating cell
death. The fluorescent images in Figure 3A-E show variation in cancer cell density within a

representative section of the channel (2.9 mm) over time (from 0 to 72 hours) and for different
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DTXL concentrations. As expected, the cell viability decreased upon DTXL administration in a
time- and concentration-dependent manner. At the lowest concentration of DTXL (0.01 uM), the
cell density decreased significantly only after 72 hours (Figure 3A). On the other hand,
significantly low cell density was observed after 24 hours at the highest tested concentrations of
1 and 10 uM (Figure 3D, E). Quantitative data for cell viability at the different treatment
conditions is presented in Figure 3F and evidence a progressive decrease in cell survival with
time and drug concentration. I1Cs values were estimated for each ta.>2 point: we obtained 0.0830
+ 0.0043, 0.0268 £ 0.0013 and 0.00204 + 0.0005 uM at 24, 22 «~u 72 hours, respectively. The
cytotoxicity of free DTXL was also tested on US87-.1G cell monolayers cultured in a
conventional 96 well-plates system. In this case, the ce.’ viability was assessed via a standard
MTT assay (Supplementary Figure 1). When *h. dn g solution was changed daily, the measured
ICso values were 1.1822 + 0.0025 at 48 hot <s a'1d 0.1083 + 0.0008 uM at 72 hours. 24 hours after
the DTXL supplementation, cell viabi'ty was close to 100% for all tested concentrations.
Prolongation of the treatment resv'*ed ir. cell viability of about 50% or higher. A similar trend
was observed at all time points \ ‘hen the DTXL solution was not changed during the experiment.
These results show that DTX. *as a higher cytotoxic effect on 3D organized cells, in the single-
channel microfluidic de\‘ce, as compared to 2D cell monolayers, (50-fold lower ICs, values).
This trend of high chemosensitivity exhibited in 3D models was previously described in a study
using bevacizumab when added to standard chemoradiation in phase III clinical trials exhibited
marked radiosensitizing activity in the developed 3D model of GBM but no effect on 2D
cells.[55] Moreover, a study investigating different cell lines from patients with head and neck
squamous cell carcinoma revealed that LK0902 cells were more sensitive to cetuximab treatment

in 3D conditions than cells grown in 2D.[56] Finally, this finding is also corroborated by Brito et
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al.[53] where they observed that the efficiency of the treatment with Fmoc-GIc6P was higher in
spheroids as compared to the conventional 2D cultures due to higher expression of glucose

transporter 1 (GLUT1) by the cancer cells.

Figure 3.

3.2. Assessing the cytotoxicity of therapeutic agents in a double-channel microfluidic device
In the double-channel, the therapeutic solutions were ad-zq - the top channel (vascular
compartment). The solutions reached the 3D tumor-like su.'cture (bottom compartment — cancer
tissue compartment) by diffusion through the array o. «nicropillar separating both channels
(Figure 1B). The series of micropillars resemblsc ‘ne vascular/tissue interface that confines the
Matrigel matrix on the extravascular ¢ mrartment while supporting the extravasation of
nutrients, molecules, and nanoparticles. .* is noteworthy to mention that the compartments in the
present microfluidic device lay hor*7o.'tzlly on the same focal plane thus facilitating the image
analysis.[31, 33] The biologica: hariiers in the majority of microfluidic devices are realized by
placing pre-fabricated por~''s >:mbranes in between two adjacent channels or compartments to
reproduce a Boyden chai ~ber. Consequently, the two compartments lay on different focal planes
and cannot be imaged simultaneously under a microscope.

Based on the data obtained for single-channel device, the cytotoxic effect of DTXL was
examined only at the higher concentrations of 0.01, 0.1 and 10 puM. In this double-channel
configuration, we have also tested, DXTL-SPN (10 uM of equivalent DTXL), and Fmoc-Glc6P
(500 pM). The viability of the U87-MG GFP+ cells was assessed at 24, 48 and 72 hours,

following the variation in green fluorescence intensity as described above.
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We did not observe cytotoxic effect of DXTL at concentration of 0.01 uM for all tested time
points (Figure 4A). At 0.1 uM DXTL caused a significant decrease in cell viability after 72
hours (Figure 4B and 4D). At the highest tested concentration of 10 uM, free DXTL induced an
expressive decrease in cell viability in a time dependent manner (Figures 4C and 4D). In the
double-channel microfluidic device, the cell viability is generally higher than 50% for the tested
drug concentrations, except for 10 uM DTXL at 72 hours. As such, 1Cs, values cannot be
estimated within the considered range. Reconstructed 3D images ~f the U87-MG GFP+ cells
treated with 10 pM free DXTL are presented in Figure 47 <24 demonstrate a progressive
reduction in fluorescence intensity with prolongation of ‘e treatment. Of note, the cytotoxic
effect of DTXL at this concentration is significantly reav-ed in the double-channel microfluidic
device as compared to the single-channel conficu.~de.a. This difference could be ascribed to the
lower concentration of DTXL reaching <he tumor compartment in the double-channel chip

because part of the infused drug is washe Y away via the vascular compartment.

Figure 4.

For assessing the cytotox city of DTXL-SPN, only the highest DTXL dose was considered (10
uM). The confocal microscopy images in Figure 5A show a decreasing cell survival over time.
At all time points, the cell viability for the DTXL-SPN (Figure 5B) is comparable to that
quantified with free DTXL (Figure 4D). Specifically, at 24 hours, the cell viability is 69 + 30%
for DTXL-SPN vs 80 + 7% for free DTXL. This reduces to 64 + 12% vs 57 + 1% at 48 hours
and to 56 + 17% vs 40 + 1% at 72 hours for DTXL-SPN and free DTXL, respectively. Using

SPN stained with the red fluorescent dye Rhodamine-B (RhB-SPN), it was demonstrated that the
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infused nanoparticles were able to permeate across the micropillar membrane and diffuse

throughout the tumor-like matrix (Figure 5).

Figure 5.

Finally, the double-channel chip was also used to assess the therapeutic efficacy of a novel
molecular compound — Fmoc-Glc6P for this type of cancer cells. 1> efficacy of this compound
was originally demonstrated on osteosarcoma (SaOs-2) and Lre«ct cancer (MDA-MB-468) cell
lines [52]. It acts as an efficient cancer antimetabolite > concomitant blocking the glucose
transporter 1 (GLUT1) via specific interactions and form.*ion of a nanonet serving as a physical
barrier between the cancer cells and their environr.>:nt [52-54]. The treatment is more efficient in
spheroids as compared with 2D due 0 ‘ne higher GLUT1 expression in 3D cultures
(Supplementary Figure 5) [51-54]. Or note, GLUT1 is significantly upregulated both in vitro
and in vivo GBM and thus, we hyrnth~<.zed that this therapeutic will be also efficient in GBM
[57, 58]. Indeed, Fmoc-GIc6P 'monstrated a strong anti-proliferative and cytotoxic effect on
U87-MG cells cultured ir 7L -s well as in double-channel microfluidic chips. We selected a
concentration of 500 uM. for our experiments based on the previous studies with Fmoc-GIlc6P
[51]. As for the other therapeutic agents, Fmoc-Glc6P was infused into the vascular
compartment. A significant drop in cell survival was observed over time (Figure 6A). After 72
hours only a few sparsely U87-MG GFP+ cells were visible in the channel. The quantitative
results presented in Figure 6B show cell viability of 47 + 29%, 36 = 9%, and 19 + 13%, at 24, 48
and 72 hours, respectively. Similar trend was observed for 2D monolayers (Supplementary

Figure 2). Furthermore, the effect of Fmoc-Glc6P compound on healthy brain cells — human
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astrocytes — was assessed within the same double-channel microfluidic device (Figures 6C). The
astrocytes were stained with the red fluorescein molecule Dil and their viability was assessed.
We did not observe any toxic effect of Fmoc-GIc6P on human astrocytes (Figures 6C and
Figure 6D) over time. This result indicates the high selectivity of Fmoc-GIc6P towards cancer

cells.

Figure 6.

Free DTXL showed greater toxicity for U87-MG cells cui.tred into single-channel microfluidic
devices compared to those cultured in conventional 2D 1.><nolayers. This confirms the potential
of free DTXL to be injected in situ at the tumor s.*2. /additionally, free DXTL and DTXL-SPNs
are not efficient as Fmoc-Glc6P to induce J8 -MG cell cytotoxicity when cultured into double-
channel microfluidic device. Moreover, “moc-GIc6P targets specifically U87-MG cells without
any deleterious effect in human as*~oc_t<s. These findings demonstrate that double-channel can
replicate better the vascular w-nsport of systemically administered therapeutic agents and
recreates closer the in vi*~-1.'"_ environment than 2D or single-channel configuration. Also,
Fmoc-Glc6P demonstraw.s great potential to be applied systemically because acts specifically
against cancer cells without causing adverse effects on healthy cells, combining a greater

therapeutic efficacy with minor side effects.

4. Conclusions
Several chemotherapeutics , namely free DTXL, DTXL-SPN and Fmoc-Glc6P, were

investigated using microfluidic chips. To elucidate the behavior and assess their anti-cancer
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therapeutic efficacy in a more realistic scenario, we used single- and double-channel microfluidic
devices simulating in situ and systemic administration, respectively. Importantly, the U87-MG
cells cultured in 2D conditions are clearly more resistant to DTXL treatment, presenting 1Csy 50-fold
greater, as compared to those cultured into single-channel microfluidic chips. This study also clearly
demonstrates the outstanding behavior of Fmoc-Glc6P, showing a selective effect on cells:
inducing the death of GBM cancer cells, without eliciting deleterious effect on healthy/normal
cells. Also, the effect of Fmoc-GIc6P, specifically on cancer cells cultured into double-channel
microfluidic chips, show the potential of this model to art~cozie more closely the in vivo
outcomes.

Overall, this study demonstrates the importance of mic-ufluidic devices as a great predictive
tool for modeling the in situ and systemic adminis.-4tin of chemotherapy in GBM tumor and for

developing new effective anti-cancer there ries.
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Figure Captions

Figure 1. Single- and double-channel microfluidic devices. A. Schematic representation of the
single-channel device, including a scanning electron microscopy (SEM) micrograph of the
channel and a confocal image of U87-MG GFP+ cells cultured in Matrigel matrix. B. Schematic
representation of a double-channel device, including a SEM micrograph of the two-channels
(extravascular and vascular compartments). The bottom-right inset gives a SEM image of the
micropillars realizing the permeable membrane between the two-cumpartments. (Scale bar: 100

pm, except for the micropillar image - bottom right - 10 pm).

Figure 2. Therapeutic agents. A. Chemical structure of docetaxel (DTXL). B. Schematic
representation of the spherical polymeric nanooer.ac'es (SPN) loaded with docetaxel (DTXL-
SPN); diameter and Z-Potential, size distr out’on measured by Dynamic Light scattering (DLS),
the release profile at 37 °C in physiological solution (PBS, pH 7.4); and (C) 500 uM Fmoc-
Glc6P for 24, 48 and 72 hours C Chemical structure of the aromatic N-glucoside N-

(fluorenylmethoxycarbonyl)-glu *osainine-6-phosphate (Fmoc-GIc6P).

Figure 3. Human brain umor cell viability analysis in single-channel microfluidic device—
free DTXL. A-E. Representative confocal fluorescent microscopy images of U87-MG GFP+
cells cultured in Matrigel and exposed to different doses of free DTXL (0.01, 0.05, 0.1, 1 and 10
pMM) at different time points (24, 48 and 72 hours). The scale bar is 50 um and applies to all
images. F. Cell viability analyses and ICs, values determined for the different time points.
Results are expressed as mean = SD (n = 5 per time point). All concentrations presented a

significant difference over time compared to control (no treatment) except at 0.01 uM after 24
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and 48h hours. *: p < 0.01 and ** p < 0.05 between different concentrations in the same time

point; ##: p < 0.05 for the same concentration of DTXL at different time points).

Figure 4. Human brain tumor cell viability analysis in double-channel microfluidic device
— free DTXL. A-C. Representative confocal fluorescent microscopy images of U87-MG cells
cultured in Matrigel and exposed to different doses of free DTXL (0.1, 1 and 10 uM) at different
time points (24, 48 and 72 hours). D. Cell viability analyses deteimined for the different time
points. Results are expressed as mean = SD (n = 4 per tir:> voiat) E. 3D-Reconstruction of
confocal fluorescent images showing the U87-MG GFF - cells at different time points post

exposure to 10 uM DTXL. (Scale bar: 100 pm. *: p <0 L over time).

Figure 5. Human brain tumor cell viak titv analysis in double-channel microfluidic device
— DTXL-SPN. A. Representative contc-al fluorescent microscopy images of U87-MG GFP+
cells cultured in Matrigel and ex~nsed (0 SPN loaded with 10 uM DTXL (DTXL-SPN), at
different time points (24, 48 anu 72 nours). B. Cell viability analyses determined for the different
culturing conditions. Resr!*s .~ expressed as mean = SD (n = 4 per time point). *: p < 0.01
compared with the cont ~l (no treatment). C. Representative confocal fluorescent microscopy
images at 72 hours showing U87-MG GFP+ (green dots) and RhB-SPN (red dots) next to the

micropillars. (Scale bar: 100 pm).

Figure 6. Human brain tumor cell and astrocytes viability analysis in double-channel
microfluidic device — Fmoc-GIc6P. A. Representative confocal fluorescent microscopy images

of U87-MG GFP+ cells cultured in Matrigel and exposed to 500 uM of Fmoc-GIc6P, at different
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time points (24, 48 and 72 hours). B. Representative confocal fluorescent microscopy images of
astrocytes stained with Dil, cultured in Matrigel and exposed to 500 uM of Fmoc-GIc6P, at
different time points (24, 48 and 72 hours). C,D. Cell viability analyses determined for the
different culturing conditions of the U87-MG cells GFP+ and human astrocytes stained with Dil.
Results are expressed as mean + SD (n = 4 per time point). *: p < 0.01 compared with the control

(only EMEM). (Scale bar: 100 puM).
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