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Abstract: The advancement of personalized treatments in oncology has garnered increasing attention,
particularly for rare and aggressive cancer with low survival rates like the bone tumors osteosarcoma
and chondrosarcoma. This study introduces a novel PDMS-agarose microfluidic device tailored
for generating patient-derived tumor spheroids and serving as a reliable tool for personalized drug
screening. Using this platform in tandem with a custom imaging index, we evaluated the impact of the
anticancer agent doxorubicin on spheroids from both tumor types. The device produces 20 spheroids,
each around 300 pm in diameter, within a 24 h timeframe, facilitating assessments of characteristics
and reproducibility. Following spheroid generation, we measured patient-derived spheroid diameters
in bright-field images, calcein AM-positive areas/volume, and the binary fraction area, a metric
analyzing fluorescence intensity. By employing a specially developed equation that combines viability
signal extension and intensity, we observed a substantial decrease in spheroid viability of around
75% for both sarcomas at the highest dosage (10 pM). Osteosarcoma spheroids exhibited greater
sensitivity to doxorubicin than chondrosarcoma spheroids within 48 h. This approach provides
a reliable in vitro model for aggressive sarcomas, representing a personalized approach for drug
screening that could lead to more effective cancer treatments tailored to individual patients, despite
some implementation challenges.
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1. Introduction

Personalized medicine aims to revolutionize healthcare by offering treatments tailored
to individual patients based on their specific characteristics [1]. In contrast to conventional
practices that offer standardized care assuming similarities among “average” patients,
personalized medicine customizes treatment to the specific need of each patient. The
premise is that this individualized approach can be more effective than a one-size-fits-all
method, which may work for some patients, but not for others [2].

Oncogenesis is a multifaceted process influenced by a range of interconnected factors.
As cancer advances, genomic alterations result in distinct profiles among patients. Addi-
tionally, spatial heterogeneity within tumors, encompassing diverse cancer cell phenotypes,
complicates the dynamics of cancer. These variations mirror the evolution of cancer and the
impact of therapeutic intervention. Understanding and replicating these crucial aspects is
critical for developing models that accurately reflect tumor response and tackle treatment
challenges [3-5], particularly for aggressive and rare cancer types with poor survival rates,
such as musculoskeletal sarcomas.
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Personalized medicine uses 3D in vitro and in vivo models derived from patients to
predict drug sensitivity for customized therapy [6]. The intricate and adaptable nature of
the human tumor microenvironment is not faithfully replicated in 2D preclinical tumor cell
lines, making them unreliable for predicting clinical responses. While progress has been
made with humanized mouse models, biological disparities between mice and humans
prevent a truly authentic representation of human tumors [7]. Patient-derived spheroids
spontaneously self-assemble from cells isolated from dissociated native tumor tissue into
3D structures that reflect native hierarchy and biology while retaining patient-specific
traits [8]. These spheroids exhibit chemical gradients (oxygen and pH), form a necrotic core,
facilitate cell—cell interactions, and stimulate the secretion of endogenous extracellular
matrix (ECM) to mimic the local tumor microenvironment [9]. This makes them more
predictive of drug response than 2D cultures [10-12]. Recent studies have shown 89%
accuracy for patient-derived spheroids of ovarian cancer in predicting responses to first-
line therapies [9]. Unlike patient-derived xenografts (PDXs), another preclinical model
suggested for personalized strategies, spheroids provide rapid results within days or weeks.
They are also scaffold-free, avoiding complexities of cell harvesting from 3D gel models that
can affect downstream analyses or introduce artifacts. In summary, these stable, scalable,
cost-effective tumor-derived spheroids are useful for compound screening and translational
studies with the potential to improve treatment selection, evaluate alternative therapies,
minimize treatment delays, reduce suffering, and improve patient outcomes [13].

Various techniques can be used to generate spheroids, but few of them are highly re-
producible and manageable with enhanced standardization. Among these, microfluidic de-
vices are highly promising [14-20]. Microfluidic devices are microscale systems that enable
output detection and cell culture at physiologically relevant scales within the same platform.
They minimize reagent use, waste, and processing time. These features make them promis-
ing platforms to study drug toxicity, efficacy, and pharmacokinetics [21]. Microfluidic
devices have emerged as a contemporary approach for cultivating spheroids, employing
diverse techniques such as droplet-based methods [22], in-gel spheroid formation [23],
non-adherent surfaces within microfluidic systems [24], and purposeful designs to facili-
tate cell trapping and aggregation [25,26]. Combining microfluidics and patient-derived
spheroids can create accurate predictive models for chemotherapy responses. Recent ar-
ticles emphasize the significance of the microenvironment in determining tumor growth,
aggressiveness, invasion, and drug response [27-29]. Various elements can be integrated to
mimic the native tumor microenvironment, including specific ECM, inorganic materials
(e.g., hydroxyapatite) [30-36], and gradients of oxygen, pH, and nutrients [37—40]. This
tissue-like microenvironment strongly influences spheroid response to drugs, providing
reliable tumor-on-a-chip models [41]. Integrating aspects of the tumor microenvironment
makes microfluidics valuable for modeling tumor characteristics and screening assays in
accordance with the principles of the three Rs (replacement, reduction, refinement) [42],
reducing the reliance on animal models. Moreover, the capability to utilize limited cell
numbers addresses challenges in screening based on scarce primary tumor cultures [43].

However, few studies have focused on patient-derived spheroids in microfluidics for
personalized medicine. A 2019-2024 PubMed search yielded only 56 results, with 30 articles
reporting on patient-derived spheroid models in microfluidic microenvironments (key-
words “patient derived” AND “spheroid” AND “microfluidic*” AND “cancer” OR “tumor”),
with none focusing on aggressive musculoskeletal cancers like osteosarcoma (OS) or chon-
drosarcoma (CS) [10,44]. Most focused on breast [45-48], gastric [49,50], and pancreatic
cancer [20,51,52], including spheroids in exogenous ECM to study tumor aggressiveness or
angiogenesis. As an example, Jihoon Ko developed a microfluidic gastric cancer model to
study patient-derived tumor spheroid-induced angiogenesis [50]. In other cases, researchers
studied novel drug effects on patient spheroids, comparing them to PDX models, which are
considered standard [53], thereby validating spheroid efficacy for personalized therapy.

Here, we designed a microfluidic device to obtain OS and CS patient-derived spheroids,
enabling personalized drug screens. A micro-patterned non-adherent agarose layer mim-
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icked soft peri-tumoral tissues. Rapid spheroid formation and drug testing enabled a quick
assessment of potential chemotherapy outcomes. We validated the performance of the
developed model using image analysis.

2. Materials and Methods

Consumables, instruments, chemicals, and drugs used in this study are reported in
Table 1.

Table 1. Consumables, instruments, chemicals, and drugs used in this study:.

Category Product Vendor Country
Silicone elastomer Sylgard 184 .
Materials Curing agent Sylgard 184 Dow Coming Corp. Midland, MI, USA
3D-printed master molds Protolabs Feldkirchen, Germany
Plasma bonding pen Elvesys Paris, France
Organoﬂow® agitator Mimetas Leiden, The Netherlands
Instruments ImageXpress PICO Molecular Device San Jose, CA, USA
Stereomicroscope SM Z18
Transmitted light microscope ECLIPSE—TE 2000-S Nikon Tokyo,Japan
Low-melting-point agarose
Erythrosine B
Eagle’s Minimum Essential Medium Sigma St. Louis, MI, US
Reagents Fetal bovine serum
Hoechst 33342
Penicillin-streptomycin solution Euroclone Pero, M, Italy
Calcein AM Thermo Fisher Scientific Waltham, MA, USA
Drug Doxorubicin (DXR) Sigma St. Louis, MI, US

2.1. Design and Development of the Microfluidic Device

The microfluidic device comprises two layers of polydimethylsiloxane (PDMS): a bot-
tom layer housing two spheroid culture chambers bonded to a glass slide, and an upper
layer with the culture medium reservoir. PDMS was selected for its advantageous properties,
including elasticity, optical transparency, biocompatibility, low autofluorescence, thermal and
chemical stability, patterning technologies like replica molding, and soft lithography [54].
Combined with rapid prototyping, this enables swift, cost-effective development of mi-
crofluidic structures [55]. The bottom layer was fabricated from a 3D printed master mold
(ceramic-like Perform material) by using standard soft lithography. The mold design was
created in Autodesk® Inventor Professional 2024 software and then it was 3D-printed by
stereolithography. Briefly, PDMS and a curing agent were mixed at a 10:1 w/w ratio, degassed,
and poured on the master mold. After 3 h curing at 60 °C, the PDMS layer was detached from
the 3D master mold and bonded to a glass slide by plasma bonding using a plasma bonding
pen. The bottom layer contains the culture chamber and microfluidic channels connecting
the culture chamber to medium reservoirs. The upper layer was obtained by pouring the
PDMS solution onto a flat surface. After 3 h curing at 60°, the PDMS layer was peeled off
from the flat surface, cut with the same dimension of the bottom layer, and punched with
a 4 mm biopsy punch to obtain the culture medium reservoirs. Prior to bonding the two
PDMS layers, an agarose solution (2% w/w in PBS, low-melting-point agarose) was loaded
into the culture chamber of the bottom layer to obtain a micropatterned surface thanks to
another 3D-printed master mold to favor cell aggregation and spheroid formation. We chose
agarose as the hydrogel to use in our system because it facilitates the diffusion of nutrients,
oxygen, and metabolites during cell culture [56] and enables easy inverse gelation modeling
to create conical microwells. When introduced above 50 °C, agarose can be molded and
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cooled, retaining its microstructured pattern, which is essential for spheroid cell culture
incubation. The agarose mold was designed with cone-shaped microwells (10 wells/culture
chamber) in Autodesk Inventor, 3D-printed via stereolithography (Protolabs), and placed
on the bottom layer with wells facing downward. Liquid agarose (2% w/w in PBS) was
dispensed through a hole in the mold, cured at —20 °C for 5 min, and the mold was removed.
Dimensions of 2 mm deep and width per cone were verified by stereomicroscopy (SM Z18,
1x and 2x objectives). The agarose structure was then washed with antibiotic solution
(20 U/mL penicillin, 100 mg/mL streptomycin solution in 5% v/v in PBS). The PDMS layers
were bonded using uncured PDMS as glue, as previously described [19]. The glue (10:1
PDMS—curing agent w/w) was spin-coated on a 50 x 70 mm glass slide at 2000 rpm for 200 s.
Both PDMS layers were brought into contact with the uncured glue and each other. The
assembled chip was left in a humid environment at 37 °C 48 h for glue to cross-link. Pre-use
sterilization occurred under UV light for 1 h.

Fluid Dynamics: Qualitative Evaluation

To qualitatively evaluate the fluid dynamics within the microfluidic device, an ery-
throsine B solution (0.04 g/100 mL of distilled water) was employed. A 200 pL volume
was manually introduced through the inlet, and flow characteristics were monitored under
static and dynamic conditions to detect leaks and ensure adequate channel perfusion. For
the dynamic setup, the device was positioned on a bidirectional agitator (Organoflow®) to
promote passive liquid flow at a 3° incline with a 10 min interval to optimize performance.

2.2. Cell Culture

OS and CS cells were previously isolated from patient biopsies by mechanical and
enzymatic digestions and by culture passages and characterized [57]. Institutional ethics
approval and patient informed consent were obtained before sample collection (Prot.
0033626, 9 November 2011). Cells were cultured in Eagle’s minimum essential medium
supplemented with 10% fetal bovine serum (Sigma), 20 U/mL penicillin, and 100 mg/mL
streptomycin. Cells were maintained at 37 °C in a 5% CO, humidified atmosphere and
used at passage 4. We then obtained the 3D cell culture in the microfluidic device. For
this, OS and CS cells were cultured on a standard 2D plastic support until reaching 90%
confluence. Cells were then trypsinized and assessed for viability (erythrosine B staining),
and 200 uL of cell suspensions were separately loaded into the microfluidic devices through
the inlet (5.000 cell/well). Within 4 h after seeding, cells had settled at the bottom of the
agarose wells. Devices were maintained at 37 °C in a 5% CO, humidified atmosphere, and
after 24 h were placed on the OrganoFlow® for passive perfusion (3 °C inclination with
10 min interval) for 72 h to allow spheroid formation and growth. To proceed with the
drug screening, OS and CS spheroids (5.000 cells/well) were then obtained as previously
described and exposed to increasing doses of DXR (0-5-10 uM), with 20 spheroids per
dosage condition. At 24 h after seeding, the culture medium was replaced with 200 uL of
fresh medium containing DXR and incubated for an additional 48 h.

2.3. Quantification of Spheroid Size Through Transmitted Light Images

To monitor the growth kinetics of OS and CS spheroids over time, daily transmitted
light microscopy images of spheroids were captured (objective 10x). Spheroid diameter
measurements were obtained with Image] software (version 1.8.0, U.S. National Institute of
Health, Bethesda, MD, USA) using maximum and minimum diameters and the calculated
medium diameters at different time points after seeding and in different conditions, with
20 spheroids (5.000 cells/well) for each condition.

2.4. High-Throughput Fluorescent Imaging

To evaluate OS and CS spheroid responsiveness to DXR treatment, spheroids were
stained with fluorescent dyes 48 h post-DXR and imaged using an ImageXpress PICO high-
throughput automatic imaging system (objective 4x). This system enables simultaneous
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imaging of the entire spheroid chamber (n = 10 spheroids) in under 10 min. Spheroids were
stained with a solution of calcein AM (live cells, 5 ung/mL) and Hoechst 33342 (0.125 ug/mL,
nuclear staining, live and dead cells). Spheroids (n = 10 per condition) were incubated with
200 pL of staining solution for 40 min at 37 °C, protected from light.

Measurement of Calcein AM Signal in Spheroid Cultures

To measure spheroid viability, images captured 48 h post-DXR treatment (0-5-10 uM)
were analyzed. Spheroids were rinsed with PBS and imaged in the ImageXpress PICO
system (green channel for calcein AM; blue channel for Hoechst 33342). Exposure of 100 ms
was set for calcein AM and 30 ms for Hoechst 33342. Quantification was performed on
10 spheroids for each condition using different methods: (a) ImageJ analysis considering
only the calcein-positive area, regardless of fluorescent intensity. The green-fluorescent
region was assumed to correspond to live spheroid area. Maximum (Dmax) and minimum
(Dmin) diameters of the green-fluorescent portion were manually measured; and (b) analysis
by NIS Elements AR 5.40.01 (Nikon) considering both area and fluorescence intensity levels,
assuming high intensity denoted regions with more live cells. A region of interest (ROI)
covering the green, fluorescent area was automatically recognized. Within this, a distinct
area with green fluorescence intensity above 100 relative fluorescence units (RFUs) (40% of
maximum) was recognized as the binary area. From the binary area, we then derived the
binary area fraction (BAF) that corresponds to the percentage of the detected binary area in
respect to the ROL Due to discrepancies stemming from inherent differences between the
two methods and cell lines, a combined parameter called the indirect and mediated vitality
index of the spheroid (IMVIS index) was developed and individually calculated for each
spheroid (n = 10):

Dmean = (Dmin + Dmax/2)

V=4/3 X7 X (Dyean/2)?
IMVIS = V X BAF

where Dpin and Dpax are the minimum and maximum diameter of each spheroid and V
is the volume assuming that each is a sphere with diameter corresponding to the mean
diameter (Dmean)-

2.5. Statistical Analysis

For statistical analysis, GraphPad Prism (version 7.05, GraphPad Software, Boston,
MA, USA) was used. Data did not pass the normality test (D’ Agostino—Pearson omnibus
normality test), and thus differences between groups were analyzed by two-tailed unpaired
nonparametric Mann—-Whitney U test. All values are expressed as means + standard error
of the mean (SEM). p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Fabrication of the Microfluidic Device

Recently, polymethyl methacrylate (PMMA) and polyethylene glycol (PEG) have
become popular in microfluidics due to their reduced interactions with hydrophobic drugs,
making them suitable for specific biomedical applications [58]. However, PDMS remains
the most used material because of its flexibility and ease of fabrication.

We designed a PDMS—-agarose microfluidic device for spheroid formation and drug
screening using patient-derived cancer spheroids, particularly for rare and highly malig-
nant musculoskeletal cancers with poor survival, in support of a personalized medicine
approach. The device’s dimensions are compatible with standard imaging slides for live
spheroid imaging and analysis. This device consists of two PDMS layers bonded onto
a glass slide (Figure 1A) to ensure compatibility with the microscope stage. The bottom
layer features two parallel spheroid culture chambers, each containing ten agarose cone-
shaped microwells (Figure 1B). This parallel design allows for assay replication. Although
agarose is commonly utilized for spheroids [59-65], its application in microfluidics to
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generate/grow tumor spheroids is limited. The microwells were specifically designed with
a width and depth of 2 mm, a —20 degree taper angle, and a 0.5 curvature (Figure 1B).
These dimensions were validated by imaging and Image]J software analysis. Each chamber
is connected to the inlet and the outlet reservoir via a meandering microfluidic structure,
which also provides fluidic resistance to reduce shear stress during tilt-induced flow [19]
(Figure 1B,C). When creating the microwells, we considered the significant influence of
well geometry on cell aggregate formation and manipulation [66]. A low diameter-to-depth
ratio and shallow depth facilitate easy spheroid harvesting, whereas a higher ratio is more
suitable for long-term culture. Cubical or cylindrical shapes enhance oxygen and medium
delivery to the cell aggregates. The microwell design and the 4 mm array width were
chosen to ensure that cells seeded are effectively captured within the microwells, prevent-
ing them from dispersing on the agarose surface. This approach minimizes cell loss and
maintains the desired seeding density. Dye loading tests showed no leaks from the PDMS
glue bonding (Figure 1C) and proper fluid flow through microfluidic channels and culture
chambers during tilting, as evidenced by dyed fluid bubbles in reservoirs (Figure 1D).

A —|— PDMS upper layer

I

Agarose 2% Glass slide

—ou I p—

Upper view with red dye solution

Figure 1. Development and characterization of the spheroid-containing microfluidic platform.
(A) Schematic of the microfluidic device, comprising a PDMS bottom layer bonded to a glass slide, a
microstructured agarose compartment with cone-shaped wells on the surface, and an upper PDMS
layer. (B) Image of the assembled microfluidic device. On the bottom, enlarged images acquired by
stereomicroscopy of the cone-shaped wells (transversal view, 2x, Upper view 1x). (C) A red dye
loaded in the microfluidic device proves absence of leakages at the macroscopic level. (D) Images
of the microfluidic device on the OrganoFlow® showcase the correct fluid flow and the absence of
leakages during the tilting process at a macroscopic level.

In conclusion, we developed a device that includes microfluidic components mi-
cropatterned from PDMS, with agarose providing a low-adhesion surface that supports
scaffold-free cell aggregation.

3.2. Formation of Patient-Derived Spheroids in the Microfluidic Device

After device fabrication, we used it for the drug screening of patient-derived spheroids
of OS and CS. Currently, there is a lack of reports on obtaining spheroids from patient-
derived musculoskeletal cancers, likely due to the rarity of these tumors. OS is the most
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prevalent primary malignant bone tumor, while CS ranks as the second-most common,
distinguished by its abundant production of cartilage-resembling ECM. Survival rates for
metastatic patients are extremely low, with less than 20% for OS [67] and under 40% for
CS [68]. The complexity of these cancers has resulted in a lack of precise preclinical models
for predictive drug screening, hindering therapeutic advancements over the last decade.
Consequently, 3D models that more accurately mimic tumors are critically required.

Suspensions of patient-derived OS and CS cells were separately introduced into the
device. Due to the cell-repellent properties of agarose, cells aggregated in the cone-shaped
wells, forming compact, spherical spheroids within 24 h (Figure 2A). OS and CS spheroids
remained visible throughout the three-day culture period. At 48 h, some CS cells detached
from spheroids, leading to small aggregates in the agarose wells—a phenomenon absent
in the OS spheroids. The diameter of spheroids was quantified by ImageJ, measuring
and averaging the minimum and maximum diameters (Figure 2B). For both types of
spheroids, there was a decreasing trend in diameter over time. The progressive reduction
in diameter was likely due to the secretion of ECM, enhancing compactness. The literature
indicates that CS produces significant ECM deposition, abundant in glycosaminoglycans
and type II collagen [69,70]. In contrast, OS ECM production is influenced by the absence
of mesenchymal components [10]. Hence, the higher inherent secretion of ECM may lead
to increased CS spheroid compaction. The presence of ECM in patient-derived spheroids
is crucial for drug screening assessments as it serves as a barrier to drug penetration,
closely resembling the in vivo setting where tumors are enveloped by intricate extracellular
surroundings. This attribute enhances the predictive precision of drug responses, providing
a better comprehension of how therapies will perform under actual patient conditions.

A 24h 48h 72h

400
-
+H++
g' 300: o000 i+
* o000
o
2 200
(0]
£ - CS
S
5101 = os
04 .
0 20 40 60 80
Time [h]

Figure 2. Formation, growth, and characterization of OS and CS spheroids. (A) Representative images
of spheroids (transmitted light microscopy) at 24-48-72 h post seeding in the microfluidic device
(magnification 10 x, scale bar 200 um). (B) Representative image of spheroid size measurement, where
the maximum diameter (green line) and minimum diameter (red line) were manually traced and
calculated using Image] software. (C) Graph of the diameters of the spheroids, obtained by manual
quantification (Image] software). Means £+ SEM (Mann-Whitney U test, * p < 0.5, *** p < 0.0001, OS
vs. CS at the respective time points, and **** p < 0.0001 for CS vs. 24 h, °°°° p < 0.0001 for OS vs.
24 h).

Lastly, CS spheroids exhibited significantly larger diameters of 327 um compared to
285 um for OS (Figure 2C, p < 0.0001 at 24 h). However, spheroid sizes tended to converge
over time (Figure 2C).
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3.3. Drug Screening: Spheroid Diameter on Bright-Field Imaging

After demonstrating the formation of spheroids, screening assays were conducted
using the standard chemotherapeutic drug DXR. To facilitate patient-specific drug selection,
these assays must rapidly assess chemotherapy responses within a short timeframe, com-
patible with hospital laboratory settings. Consequently, we identified imaging as a method
to assess the effects of chemotherapy on spheroids. The drug screening experiments were
conducted by dispensing increasing doses of DXR into the microfluidic device 24 h after
cell seeding once the spheroids had developed. Spheroid dimensions were imaged and
analyzed at 24 and 48 h post-DXR administration to assess the drug’s effects. At 24 h, the
spherical appearance of both cell lines remained largely unaffected by DXR, irrespective
of the dose administered, possibly due to insufficient time for duplication or limited drug
penetration within the 3D spheroid structure (Figure 3). Minimal cell detachment was
observed solely in CS spheroids, aligning with the quantified diameter measurements. By
48 h post-DXR treatment, a decrease in compactness and less defined boundaries were
observable in both spheroid types (Figure 3). This visually looser structure translated
quantitatively into significant diameter increases for both cell lines across all DXR doses
(p < 0.0001). Therefore, DXR may reduce spheroid compactness, resulting in an enlargement
of cellular aggregates. Nevertheless, accurately distinguishing between live and dead cells
within these aggregates poses a challenge, and bright-field diameters may not consistently
evaluate the effects of chemotherapy.

A Chondrosarcoma

0 uM 5uM 10 uM

— Em DXRO pM
o
st DXR 5 uM
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2 == DXR 10 uM
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S 100
- =
o -~
§ 50
|
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8 o 3
[a) Da ®
Time [h]
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3 g 7
: > Ao s
" . EN DXRO uM
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Figure 3. Drug screening assay based on transmitted light images of treated OS (A) and CS (B)
spheroids. On the left, representative images of spheroids before DXR treatment (0 h) and after
treatment (24 h and 48 h) at different doses (0-5-10 uM). Magnification 10, scale bar 200 um. On
the right, graphs of the percentage of DXR-treated spheroid size in respect to untreated spheroids
(treated vs. untreated, **** p < 0.0001).
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3.4. Drug Screening: Calcein AM Staining and Live Spheroid Diameters

The effect of DXR on spheroid size was further assessed by measuring the diameter of
the calcein AM-positive region, representing the viable cell aggregate (Figure 4A). Diame-
ters were calculated by averaging the maximum and minimum measurements (Figure 4B).
In the case of CS spheroids, green fluorescence marked the entire spheroid, indicating viabil-
ity throughout, albeit with a visually less intense and heterogeneous staining compared to
controls. Treated CS spheroids appeared less densely packed. In DXR-treated OS spheroids,
green fluorescence was predominantly concentrated in the center, with the outer layer of
cells staining blue, indicative of cell death. When quantifying diameter, this outer layer
of dead cells was excluded. Notably, the diameter of CS spheroids significantly increased
in treated spheroids compared to controls, with no variance between doses (Figure 4C).
Since calcein stained the whole spheroid, the diameters derived from fluorescent images
corresponded to those from bright-field images. Adversely, for OS spheroids, a 5 uM
DXR concentration showed no impact, whereas a 10 uM DXR concentration significantly
reduced spheroid diameter (Figure 4C). Furthermore, the comparison between bright-field
and calcein-based diameters revealed a significance difference in measurement methods
for both doses (p < 0.0001).

uM 10 uM

A 0 uM 5
Dead portion Calcein-AM - green

C . Calcein_CS

CcS TLCs

Diameter [um]
Diameter [um]

DXR [uM] DXR [uM]

Figure 4. Drug screening assay based on quantification of the fluorescent images of OS and CS
spheroids treated for 48 h with DXR (0-5-10 Mm) and positive for calcein AM staining. Hoechst
33342/ calcein AM staining distinguished dead cells (Hoechst+ only, blue) from live cells (Hoechst
33342+ and calcein AM+, green). (A) Representative images of treated CS and OS spheroids. Im-
ages were acquired with ImageXpress PICO machine (magnification 4 x, scale bar 200 pm); (B) a
representative image of spheroid size measurement: maximum diameter (purple line) and minimum
diameter (yellow line) manually traced and processed with Image] software; (C) graph of the average
diameter obtained on the calcein AM-positive portion of the fluorescence images (black bars) and on
transmitted light images (gray bars) (treated vs. untreated, **** p < 0.0001, and diameters measured
on bright-field vs. calcein AM signals at the respective DXR dosage, °°°° p < 0.0001).
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In summary, we observed contrasting behaviors: CS spheroids appeared entirely
viable, while OS spheroids exhibited central viability surrounded by areas of cell death.
This discrepancy could potentially stem from varying levels of endogenous ECM secretion.
The ECM produced by CS might impede drug penetration, leading to resistance [10],
whereas the peripheral cell death in OS spheroids could facilitate better diffusion without
encountering matrix barriers. This is supported by the significant difference in diameter
measurements of treated spheroids, which was observed only in the case of OS. However,
it is worth noting that the fluorescence intensity of DXR-treated spheroids varied across
different areas of the spheroids, potentially reflecting differences in live cell distribution or
levels of viability.

3.5. Drug Screening: Calcein AM Staining and Live Spheroid Diameters and Fluorescence
Intensity Parameters

Therefore, we also examined the calcein AM fluorescence intensity of spheroids treated
with increasing doses of DXR for 48 h. We set up identical excitation/emission parameters
for the examined spheroids at different DXR doses and for the two sarcoma isotypes and
established a threshold for the green (live) signal. Specifically, we calculated the BAF ratio
by determining the spheroid area with the highest intensity values, assumed to contain
the most live cells, over total fluorescent area (Figure 5A). In the case of OS spheroids, the
BAF remained constant regardless of the DXR dose applied (Figure 5B). However, for CS
spheroids, the BAF drastically decreased at the highest 10 uM dosage (Figure 5B). Similar
trends were observed for the maximum detected fluorescence intensity, with a significant
effect only in CS spheroids at the 10 uM DXR dose (Figure 5B). These findings suggest
that some green-marked CS cells may not be entirely viable, possibly entrapped within the
dense ECM.

Given the divergent responses to DXR treatment between the two types of sarcoma,
depending on their specific characteristics, we propose the IMVIS. This integrates two
parameters—the calculated calcein AM-positive spheroid volume and the BAF—to assess
the effects of chemotherapeutics. This innovative method combines the calcein-positive
spheroid volume with the BAF value, encompassing both fluorescence positive signals
and intensity. The IMVIS significantly increased only for CS at the 5 uM dose compared
to controls, likely reflecting reduced compactness and cell-cell contact. Conversely, at the
higher 10 uM dose, a decrease in IMVIS was observed for both OS and CS (Figure 5C). As
a result, the use of the microfluidic device for generating patient-derived spheroids and
the IMVIS allowed for the rapid assessment of chemotherapy effects without the need for
additional time-consuming metabolic assays relying on spheroid lysates or supernatants.
As a result of the use of the IMVIS, we were able to assume that CS spheroids were also
sensitive to DXR, even in the presence of endogenous ECM, although cell death may have
been less rapid compared to OS cells, possibly due to slower permeation of DXR through
the spheroids.

In this study, we utilized previously isolated patient-derived 2D cancer cell cultures
selected based on their proliferation and adhesion capabilities, as well as culture passages.
However, to comprehensively validate and enhance the clinical applicability of this system,
future research should include larger samples, comparison with standard viability methods
(such as alamar blue or MTT), and integration with a well-defined rapid system for isolating
tumor cells or mixed cell populations sourced from tumor biopsies within hospital labora-
tories. This integration would aim to increase the real-world applicability of the device,
making it more scalable and efficient. For instance, combining the device with a sorting sys-
tem, such as dielectrophoresis and flow cytometry [71,72], could directly extract tumor cells
from biopsies. Recent advancements have enabled the implementation of these techniques
at the microscale through microfluidic devices, a field known as multiphysics microfluidics,
characterized by high precision, sensitivity, real-time tunability, and multi-target sorting
capabilities [73]. Thus, microfluidics holds promise in the realm of personalized medicine,
serving not only for drug screening but also for tumor detection [74,75]. Advanced devices
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now incorporate optical biosensors, like surface plasmon resonance, to enhance detection
accuracy and automation [76,77].

Conversely, a progressive step forward may be represented by creating spheroids
that closely mimic the in vivo tumor heterogeneity and multicellularity of the patient,
starting with a pure mixed cell population isolated directly from the tumor [7,9]. This
type of spheroid is named a patient-derived organoid (PDO) [78]. By retaining both tumor
cells and microenvironmental cells in the in vitro tumor model, these models replicate the
complexities of real tumor tissue, as extensively discussed by previous authors [79,80]. In
both cases, it will be crucial to assess the device’s scalability for a broader range of tumor
types and regulatory aspects [81-83].
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Figure 5. Drug screening assay based on quantification of the BAF of highest intensity range for
calcein AM staining of OS and CS spheroids, treated for 48 h with DXR. (A) Schematic of method
to calculate the BAF and maximum intensity: (1). load fluorescence image for NIS Elements AR
5.40.01 software analysis; (2). select green fluorescence channel: (3). select ROI, corresponding
to the green-stained spheroid area; (4). define area within ROI where green channel fluorescence
exceeds selected threshold. (B) Graphs showing BAF and the maximum intensity for DXR treated vs.
untreated spheroids (*** p < 0.001, **** p < 0.0001). (C) Graph of IMVIS of DXR-treated spheroids,
calculated by multiplying calcein AM-positive assumed volume and BFA (treated vs. untreated,
*p <0.05, ***p<0.001, ° p <0.05).

4. Conclusions

We presented a novel PDMS-agarose microfluidic device that effectively facilitates the
rapid formation and growth of tumor spheroids starting from patient-derived tumor cell
population for personalized drug screenings. In our model, bright-field spheroid diameter
calculations failed to predict DXR cytotoxicity in OS and CS spheroids. As a result, we
propose a new spheroid viability index integrated with the device, incorporating: (1) signals
exclusively from live cells; (2) volume occupied by live cells; and (3) fluorescence intensity.
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We validated this index on patient-derived OS and CS spheroids exhibiting varying DXR
sensitivity. This method offers a personalized tool tailored to each patient’s tumor for drug
screening, following a systematic process from the patient’s bedside to the resultant out-
come on potential personalized anticancer treatments (Figure 6). Although implementation
challenges exist, we envision integrating this device into treatment planning in order to
enable effective, personalized anticancer care.

4. Tumor spheroid 5. Proposed 6. Calcein AM/
formation and drugs Hoechst 33342
growth administration staining

tissue isolation

o L —
soze 0%° G

Size analysis

. Greenchannel
. Blue channel

Dead portion

/

8. Image processing 7. Fluorescence
microscope analysis

9. IMVIS index calculation

Figure 6. The step-by-step process envisioned for the personalized therapeutic approach, founded on
our microfluidic device for generating patient-derived spheroids and their image analysis, progressing
from patient’s bedside to tailored outcomes on individualized anticancer therapies. First, a biopsy is
taken from the patient (1), it is mechanically and enzymatically degraded (2) and only tumor cells
are isolated (3). The tumor cells are then seeded in the platform (4) to obtain spheroids from patient
cells and, once the spheroids are formed, a chemotherapeutic drug is administered (5). After the
treatment, a live staining is performed (6), and images are subsequently acquired using a fluorescence
microscope (7), processed (8), and analyzed with IMVIS index (9) to evaluate the proportion of live
and dead cells within the spheroid.
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Abbreviations
3D tridimensional
2D bidimensional
ECM extracellular matrix
OS osteosarcoma
CS chondrosarcoma
PDMS polydimethylsiloxane
DXR doxorubicin
Dimax maximum diameter
Dmin minimum diameter
Dmean mean diameter
ROI region of interest
RFU relative fluorescence unit
BAF binary area fraction
IMVISindex indirect and mediated vitality index of the spheroid
\Y volume
SEM standard error of the mean
h hours
PDXs patient-derived xenografts
PMMA polymethyl methacrylate
PEG polyethylene glycol
References
1.  Lin, F; Lin, E.Z,; Anekoji, M.; Ichim, T.E.; Hu, J.; Marincola, EM.; Jones, L.D.; Kesari, S.; Ashili, S. Advancing personalized

10.

11.

12.

13.

14.

medicine in brain cancer: Exploring the role of mRNA vaccines. ]. Transl. Med. 2023, 21, 830. [CrossRef] [PubMed]

Strianese, O.; Rizzo, F,; Ciccarelli, M.; Galasso, G.; D’Agostino, Y.; Salvati, A.; Del Giudice, C.; Tesorio, P.; Rusciano, M.R. Precision
and Personalized Medicine: How Genomic Approach Improves the Management of Cardiovascular and Neurodegenerative
Disease. Genes 2020, 11, 747. [CrossRef]

Liu, Y,; Wu, W,; Cai, C.; Zhang, H.; Shen, H.; Han, Y. Patient-derived xenograft models in cancer therapy: Technologies and
applications. Signal Transduct. Target. Ther. 2023, 8, 160. [CrossRef] [PubMed]

Abdolahi, S.; Ghazvinian, Z.; Muhammadnejad, S.; Saleh, M.; Asadzadeh Aghdaei, H.; Baghaei, K. Patient-derived xenograft
(PDX) models, applications and challenges in cancer research. J. Transl. Med. 2022, 20, 206. [CrossRef] [PubMed]

Zhang, S.; Bamakan, SM.H.; Qu, Q.; Li, S. Learning for Personalized Medicine: A Comprehensive Review From a Deep Learning
Perspective. IEEE Rev. Biomed. Eng. 2019, 12, 194-208. [CrossRef] [PubMed]

Zanella, E.R,; Grassi, E.; Trusolino, L. Towards precision oncology with patient-derived xenografts. Nat. Rev. Clin. Oncol. 2022, 19,
719-732. [CrossRef] [PubMed]

Cameron, A.P; Gao, S.; Liu, Y.; Zhao, C.X. Impact of hydrogel biophysical properties on tumor spheroid growth and drug
response. Biomater. Adv. 2023, 149, 213421. [CrossRef]

Cox, C.R; Lynch, S.; Goldring, C.; Sharma, P. Current Perspective: 3D Spheroid Models Utilizing Human-Based Cells for
Investigating Metabolism-Dependent Drug-Induced Liver Injury. Front. Med. Technol. 2020, 2, 611913. [CrossRef]

Hofmann, S.; Cohen-Harazi, R.; Maizels, Y.; Koman, I. Patient-derived tumor spheroid cultures as a promising tool to assist
personalized therapeutic decisions in breast cancer. Transl. Cancer Res. 2022, 11, 134-147. [CrossRef] [PubMed]

Cortini, M.; Macchi, F; Reggiani, F; Vitale, E.; Lipreri, M.V.; Perut, F; Ciarrocchi, A.; Baldini, N.; Avnet, S. Endogenous
Extracellular Matrix Regulates the Response of Osteosarcoma 3D Spheroids to Doxorubicin. Cancers 2023, 15, 1221. [CrossRef]
[PubMed]

Perut, F; Sbrana, FEV.; Avnet, S.; De Milito, A.; Baldini, N. Spheroid-based 3D cell cultures identify salinomycin as a promising
drug for the treatment of chondrosarcoma. J. Orthop. Res. 2018, 36, 2305-2312. [CrossRef]

Maenhoudt, N.; Defraye, C.; Boretto, M; Jan, Z.; Heremans, R.; Boeckx, B.; Hermans, F,; Arijs, L.; Cox, B.; Van Nieuwenhuysen,
E.; et al. Developing Organoids from Ovarian Cancer as Experimental and Preclinical Models. Stem Cell Rep. 2020, 14, 717-729.
[CrossRef]

Gao, J; Lan, J.; Liao, H.; Yang, E; Qiu, P; Jin, E; Wang, S.; Shen, L.; Chao, T.; Zhang, C.; et al. Promising preclinical patient-derived
organoid (PDO) and xenograft (PDX) models in upper gastrointestinal cancers: Progress and challenges. BMC Cancer 2023, 23,
1205. [CrossRef]

Quintard, C.; Tubbs, E.; Jonsson, G.; Jiao, J.; Wang, J.; Werschler, N.; Laporte, C.; Pitaval, A.; Bah, T.S.; Pomeranz, G.; etal. A
microfluidic platform integrating functional vascularized organoids-on-chip. Nat. Commun. 2024, 15, 1452. [CrossRef] [PubMed]


https://doi.org/10.1186/s12967-023-04724-0
https://www.ncbi.nlm.nih.gov/pubmed/37978542
https://doi.org/10.3390/genes11070747
https://doi.org/10.1038/s41392-023-01419-2
https://www.ncbi.nlm.nih.gov/pubmed/37045827
https://doi.org/10.1186/s12967-022-03405-8
https://www.ncbi.nlm.nih.gov/pubmed/35538576
https://doi.org/10.1109/RBME.2018.2864254
https://www.ncbi.nlm.nih.gov/pubmed/30106692
https://doi.org/10.1038/s41571-022-00682-6
https://www.ncbi.nlm.nih.gov/pubmed/36151307
https://doi.org/10.1016/j.bioadv.2023.213421
https://doi.org/10.3389/fmedt.2020.611913
https://doi.org/10.21037/tcr-21-1577
https://www.ncbi.nlm.nih.gov/pubmed/35261891
https://doi.org/10.3390/cancers15041221
https://www.ncbi.nlm.nih.gov/pubmed/36831562
https://doi.org/10.1002/jor.23880
https://doi.org/10.1016/j.stemcr.2020.03.004
https://doi.org/10.1186/s12885-023-11434-9
https://doi.org/10.1038/s41467-024-45710-4
https://www.ncbi.nlm.nih.gov/pubmed/38365780

Micromachines 2024, 15, 1521 14 of 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Eilenberger, C.; Rothbauer, M.; Selinger, F.; Gerhartl, A.; Jordan, C.; Harasek, M.; Schadl, B.; Grillari, J.; Weghuber, J.; Neuhaus,
W.; et al. A Microfluidic Multisize Spheroid Array for Multiparametric Screening of Anticancer Drugs and Blood-Brain Barrier
Transport Properties. Adv. Sci. 2021, 8, e2004856. [CrossRef] [PubMed]

Shimazawa, Y.; Kusamori, K.; Tsujimura, M.; Shimomura, A.; Takasaki, R.; Takayama, Y.; Shimizu, K.; Konishi, S.; Nishikawa,
M. Intravenous injection of mesenchymal stem cell spheroids improves the pulmonary delivery and prolongs in vivo survival.
Biotechnol. J. 2022, 17, €2100137. [CrossRef] [PubMed]

Olofsson, K.; Carannante, V.; Ohlin, M.; Frisk, T.; Kushiro, K.; Takai, M.; Lundqvist, A.; Onfelt, B.; Wiklund, M. Acoustic formation
of multicellular tumor spheroids enabling on-chip functional and structural imaging. Lab Chip 2018, 18, 2466-2476. [CrossRef]
Zuchowska, A.; Jastrzebska, E.; Chudy, M.; Dybko, A.; Brzozka, Z. 3D lung spheroid cultures for evaluation of photodynamic
therapy (PDT) procedures in microfluidic Lab-on-a-Chip system. Anal. Chim. Acta 2017, 990, 110-120. [CrossRef]

Boos, J.A.; Misun, PM.; Brunoldi, G.; Furer, L.A.; Aengenheister, L.; Modena, M.; Rousset, N.; Buerki-Thurnherr, T.; Hierlemann,
A. Microfluidic Co-Culture Platform to Recapitulate the Maternal-Placental-Embryonic Axis. Adv. Biol. 2021, 5, €2100609.
[CrossRef]

Choi, D.; Gonzalez-Suarez, A.M.; Dumbrava, M.G.; Medlyn, M.; de Hoyos-Vega, ].M.; Cichocki, F; Miller, ].S.; Ding, L.; Zhu,
M.; Stybayeva, G.; et al. Microfluidic Organoid Cultures Derived from Pancreatic Cancer Biopsies for Personalized Testing of
Chemotherapy and Immunotherapy. Adv. Sci. 2024, 11, €2303088. [CrossRef] [PubMed]

Bregenzer, M.E.; Davis, C.; Horst, EN.; Mehta, P.; Novak, C.M.; Raghavan, S.; Snyder, C.S.; Mehta, G. Physiologic Patient Derived
3D Spheroids for Anti-neoplastic Drug Screening to Target Cancer Stem Cells. J. Vis. Exp. 2019, 149, e59696. [CrossRef]

Lee, ].M.; Choi, ].W.; Ahrberg, C.D.; Choi, HW.; Ha, ].H.; Mun, S.G.; Mo, S.J.; Chung, B.G. Generation of tumor spheroids using a
droplet-based microfluidic device for photothermal therapy. Microsyst. Nanoeng. 2020, 6, 52. [CrossRef] [PubMed]

Ro, J.; Kim, J.; Cho, Y.K. Recent advances in spheroid-based microfluidic models to mimic the tumour microenvironment. Analyst
2022, 147,2023-2034. [CrossRef] [PubMed]

Chen, Y.C; Lou, X.; Zhang, Z.; Ingram, P.; Yoon, E. High-Throughput Cancer Cell Sphere Formation for Characterizing the
Efficacy of Photo Dynamic Therapy in 3D Cell Cultures. Sci. Rep. 2015, 5, 12175. [CrossRef] [PubMed]

Patra, B.; Peng, C.C.; Liao, W.H.; Lee, C.H.; Tung, Y.C. Drug testing and flow cytometry analysis on a large number of uniform
sized tumor spheroids using a microfluidic device. Sci. Rep. 2016, 6, 21061. [CrossRef]

Collins, T.; Pyne, E.; Christensen, M.; Iles, A.; Pamme, N.; Pires, . M. Spheroid-on-chip microfluidic technology for the evaluation
of the impact of continuous flow on metastatic potential in cancer models in vitro. Biomicrofluidics 2021, 15, 044103. [CrossRef]
Yang, Z.; Yu, J.; Wong, C.C. Gastrointestinal Cancer Patient Derived Organoids at the Frontier of Personalized Medicine and Drug
Screening. Cells 2024, 13, 1312. [CrossRef] [PubMed]

Ozer, L.Y,; Fayed, H.S.; Ericsson, J.; Al Haj Zen, A. Development of a cancer metastasis-on-chip assay for high throughput drug
screening. Front. Oncol. 2023, 13, 1269376. [CrossRef] [PubMed]

Mehta, V.; Vilikkathala Sudhakaran, S.; Nellore, V.; Madduri, S.; Rath, S.N. 3D stem-like spheroids-on-a-chip for personalized
combinatorial drug testing in oral cancer. J. Nanobiotechnology 2024, 22, 344. [CrossRef] [PubMed]

Di Pompo, G.; Cortini, M.; Baldini, N.; Avnet, S. Acid Microenvironment in Bone Sarcomas. Cancers 2021, 13, 3848. [CrossRef]
Lipreri, M.V.; Di Pompo, G.; Boanini, E.; Graziani, G.; Sassoni, E.; Baldini, N.; Avnet, S. Bone on-a-chip: A 3D dendritic network in
a screening platform for osteocyte-targeted drugs. Biofabrication 2023, 15, 045019. [CrossRef]

Uwamori, H.; Higuchi, T.; Arai, K.; Sudo, R. Integration of neurogenesis and angiogenesis models for constructing a neurovascular
tissue. Sci. Rep. 2017, 7, 17349. [CrossRef]

Kwak, T.J.; Lee, E. In vitro modeling of solid tumor interactions with perfused blood vessels. Sci. Rep. 2020, 10, 20142. [CrossRef]
[PubMed]

Hospodiuk-Karwowski, M.; Chi, K.; Pritchard, J.; Catchmark, ].M. Vascularized pancreas-on-a-chip device produced using a
printable simulated extracellular matrix. Biomed. Mater. 2022, 17, 065006. [CrossRef] [PubMed]

Menon, N.V.; Tay, HM.; Wee, S.N.; Li, KH.H.; Hou, H.W. Micro-engineered perfusable 3D vasculatures for cardiovascular
diseases. Lab Chip 2017, 17, 2960-2968. [CrossRef] [PubMed]

Gu, Y,; Zhang, W.; Sun, Q.; Hao, Y.; Zilberberg, J.; Lee, W.Y. Microbeads-Guided Reconstruction of 3D Osteocyte Network during
Microfluidic Perfusion Culture. J. Mater. Chem. B 2015, 3, 3625-3633. [CrossRef]

Ghafoory, S.; Stengl, C.; Kopany, S.; Mayadag, M.; Mechtel, N.; Murphy, B.; Schattschneider, S.; Wilhelmi, N.; Wolfl, S. Oxygen
Gradient Induced in Microfluidic Chips Can Be Used as a Model for Liver Zonation. Cells 2022, 11, 3734. [CrossRef]

Liu, P; Fu, L; Li, B.; Man, M.; Ji, Y;; Kang, Q.; Sun, X.; Shen, D.; Chen, L. Dissolved oxygen gradient on three dimensionally
printed microfluidic platform for studying its effect on fish at three levels: Cell, embryo, and larva. Environ. Sci. Pollut. Res. Int.
2023, 30, 21978-21989. [CrossRef]

Ding, L.; Sun, D.; Wang, Z.; Gao, T.; Wei, J.; Li, X.; Chen, L.; Liu, B.; Li, J.; Liu, C. Microfluidic Device with an Oxygen Gradient
Generator for Investigating Effects of Specific Hypoxia Conditions on Responses of Tumor Cells. Langmuir 2024, 40, 19316-19323.
[CrossRef] [PubMed]

Liu, P; Fu, L.; Song, Z.; Man, M.; Yuan, H.; Zheng, X.; Kang, Q.; Shen, D.; Song, J.; Li, B.; et al. Three dimensionally printed
nitrocellulose-based microfluidic platform for investigating the effect of oxygen gradient on cells. Analyst 2021, 146, 5255-5263.
[CrossRef]


https://doi.org/10.1002/advs.202004856
https://www.ncbi.nlm.nih.gov/pubmed/34105271
https://doi.org/10.1002/biot.202100137
https://www.ncbi.nlm.nih.gov/pubmed/34581003
https://doi.org/10.1039/C8LC00537K
https://doi.org/10.1016/j.aca.2017.07.009
https://doi.org/10.1002/adbi.202100609
https://doi.org/10.1002/advs.202303088
https://www.ncbi.nlm.nih.gov/pubmed/38018486
https://doi.org/10.3791/59696-v
https://doi.org/10.1038/s41378-020-0167-x
https://www.ncbi.nlm.nih.gov/pubmed/34567663
https://doi.org/10.1039/D2AN00172A
https://www.ncbi.nlm.nih.gov/pubmed/35485712
https://doi.org/10.1038/srep12175
https://www.ncbi.nlm.nih.gov/pubmed/26153550
https://doi.org/10.1038/srep21061
https://doi.org/10.1063/5.0061373
https://doi.org/10.3390/cells13161312
https://www.ncbi.nlm.nih.gov/pubmed/39195202
https://doi.org/10.3389/fonc.2023.1269376
https://www.ncbi.nlm.nih.gov/pubmed/38239643
https://doi.org/10.1186/s12951-024-02625-y
https://www.ncbi.nlm.nih.gov/pubmed/38890730
https://doi.org/10.3390/cancers13153848
https://doi.org/10.1088/1758-5090/acee23
https://doi.org/10.1038/s41598-017-17411-0
https://doi.org/10.1038/s41598-020-77180-1
https://www.ncbi.nlm.nih.gov/pubmed/33214583
https://doi.org/10.1088/1748-605X/ac8c74
https://www.ncbi.nlm.nih.gov/pubmed/36001993
https://doi.org/10.1039/C7LC00607A
https://www.ncbi.nlm.nih.gov/pubmed/28740980
https://doi.org/10.1039/C5TB00421G
https://doi.org/10.3390/cells11233734
https://doi.org/10.1007/s11356-022-23688-0
https://doi.org/10.1021/acs.langmuir.4c00714
https://www.ncbi.nlm.nih.gov/pubmed/39217623
https://doi.org/10.1039/D1AN00927C

Micromachines 2024, 15, 1521 15 of 16

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Wan, L.; Neumann, C.A.; LeDuc, PR. Tumor-on-a-chip for integrating a 3D tumor microenvironment: Chemical and mechanical
factors. Lab Chip 2020, 20, 873-888. [CrossRef] [PubMed]

Zhu, L.; Cheng, C.; Liu, S.; Yang, L.; Han, P; Cui, T.; Zhang, Y. Advancements and application prospects of three-dimensional
models for primary liver cancer: A comprehensive review. Front. Bioeng. Biotechnol. 2023, 11, 1343177. [CrossRef]

Zhai, ].; Liu, Y,; Ji, W,; Huang, X.; Wang, P; Li, Y;; Li, H.; Wong, A.H.; Zhou, X.; Chen, P; et al. Drug screening on digital
microfluidics for cancer precision medicine. Nat. Commun. 2024, 15, 4363. [CrossRef]

Avnet, S.; Lemma, S.; Cortini, M.; Di Pompo, G.; Perut, F.; Lipreri, M.V.,; Roncuzzi, L.; Columbaro, M.; Errani, C.; Longhi, A.; et al.
The Release of Inflammatory Mediators from Acid-Stimulated Mesenchymal Stromal Cells Favours Tumour Invasiveness and
Metastasis in Osteosarcoma. Cancers 2021, 13, 5855. [CrossRef]

Prince, E.; Kheiri, S.; Wang, Y.; Xu, E; Cruickshank, J.; Topolskaia, V.; Tao, H.; Young, EW.K,; McGuigan, A.P.; Cescon, D.W,; et al.
Microfluidic Arrays of Breast Tumor Spheroids for Drug Screening and Personalized Cancer Therapies. Adv. Healthc. Mater. 2022,
11, €2101085. [CrossRef] [PubMed]

Jeibouei, S.; Monfared, A K.; Hojat, A.; Aref, A.R.; Shams, F,; Dolati, M.; Moradi, A.; Hosseini, M.; Javadi, S.M.; Ajoudanian, M.;
et al. Human-derived Tumor-On-Chip model to study the heterogeneity of breast cancer tissue. Biomater. Adv. 2024, 162, 213915.
[CrossRef] [PubMed]

Gadek, J.E. Diagnosing pulmonary disease in the immunocompromised patient. Mayo Clin. Proc. 1987, 62, 632-633. [CrossRef]
Hojat, A.; Jeibouei, S.; Aref, AR.; Kalbasi, A.; Moghaddam, M.; Mohammadi, F; Javadi, S.M.; Ajoudanian, M.; Sharifi, K.; Zali, H,;
et al. Effects of Wound Fluid on Breast Cancer-derived Spheroids in a 3D Culture System: A Case Series Study. Iran |. Pharm. Res.
2022, 21, €123828. [CrossRef]

Hyung, S.; Ko, J.; Heo, Y.J.; Blum, SM.; Kim, S.T.; Park, S.H.; Park, J.O.; Kang, WK.; Lim, H.Y.; Klempner, S.J.; et al. Patient-derived
exosomes facilitate therapeutic targeting of oncogenic MET in advanced gastric cancer. Sci. Adv. 2023, 9, eadk1098. [CrossRef]
Ko, J.; Hyung, S.; Heo, Y.J.; Jung, S.; Kim, S.T; Park, S.H.; Hong, J.Y.; Lim, S.H.; Kim, K.M.; Yoo, S.; et al. Patient-derived tumor
spheroid-induced angiogenesis preclinical platform for exploring therapeutic vulnerabilities in cancer. Biomaterials 2024, 306,
122504. [CrossRef] [PubMed]

Song, T.; Zhang, H.; Luo, Z.; Shang, L.; Zhao, Y. Primary Human Pancreatic Cancer Cells Cultivation in Microfluidic Hydrogel
Microcapsules for Drug Evaluation. Adv. Sci. 2023, 10, €2206004. [CrossRef] [PubMed]

Shah, V.M.; Dorrell, C.; Al-Fatease, A.; Allen-Petersen, B.L.; Woo, Y.; Bortnyak, Y.; Gheewala, R.; Sheppard, B.C.; Sears, R.C.; Alani,
A.W. Microfluidics Formulated Liposomes of Hypoxia Activated Prodrug for Treatment of Pancreatic Cancer. Pharmaceutics 2022,
14, 713. [CrossRef]

Parent, C.; Raj Melayil, K.; Zhou, Y.; Aubert, V,; Surdez, D.; Delattre, O.; Wilhelm, C.; Viovy, J.L. Simple droplet microfluidics
platform for drug screening on cancer spheroids. Lab Chip 2023, 23, 5139-5150. [CrossRef] [PubMed]

Borok, A.; Laboda, K.; Bonyar, A. PDMS Bonding Technologies for Microfluidic Applications: A Review. Biosensors 2021, 11, 292.
[CrossRef] [PubMed]

Morbioli, G.G.; Speller, N.C.; Stockton, A.M. A practical guide to rapid-prototyping of PDMS-based microfluidic devices: A
tutorial. Anal. Chim. Acta 2020, 1135, 150-174. [CrossRef] [PubMed]

Mirab, E; Kang, Y.J.; Majd, S. Preparation and characterization of size-controlled glioma spheroids using agarose hydrogel
microwells. PLoS ONE 2019, 14, €0211078. [CrossRef] [PubMed]

Perut, F; Avnet, S.; Fotia, C.; Baglio, S.R.; Salerno, M.; Hosogi, S.; Kusuzaki, K.; Baldini, N. V-ATPase as an effective therapeutic
target for sarcomas. Exp. Cell Res. 2014, 320, 21-32. [CrossRef]

Pattanayak, P; Singh, S.K.; Gulati, M.; Vishwas, S.; Kapoor, B.; Chellappan, D.K.; Anand, K.; Gupta, G.; Jha, N.K,; Gupta, PK.; et al.
Microfluidic chips: Recent advances, critical strategies in design, applications and future perspectives. Microfluid. Nanofluidics
2021, 25, 99. [CrossRef]

Li, M,; Fu, T; Yang, S.; Pan, L.; Tang, J.; Chen, M,; Liang, P.; Gao, Z.; Guo, L. Agarose-based spheroid culture enhanced stemness
and promoted odontogenic differentiation potential of human dental follicle cells in vitro. In Vitro Cell. Dev. Biol. Anim. 2021, 57,
620-630. [CrossRef]

Luan, Q.; Becker, ].H.; Macaraniag, C.; Massad, M.G.; Zhou, ]J.; Shimamura, T.; Papautsky, I. Non-small cell lung carcinoma
spheroid models in agarose microwells for drug response studies. Lab Chip 2022, 22, 2364-2375. [CrossRef]

Pan, R.; Yang, X.; Ning, K.; Xie, Y.; Chen, F,; Yu, L. Recapitulating the Drifting and Fusion of Two-Generation Spheroids on
Concave Agarose Microwells. Int. . Mol. Sci. 2023, 24, 11967. [CrossRef]

Lin, Y.N.; Nasir, A.; Camacho, S.; Berry, D.L.; Schmidt, M.O.; Pearson, G.W.; Riegel, A.T.; Wellstein, A. Monitoring Cancer Cell
Invasion and T-Cell Cytotoxicity in 3D Culture. J. Vis. Exp. 2020, 160, 61392. [CrossRef]

Chao, C.; Ngo Le, P; Engelward, B.P. SpheroidChip: Patterned Agarose Microwell Compartments Harboring HepG2 Spheroids
are Compatible with Genotoxicity Testing. ACS Biomater. Sci. Eng. 2020, 6, 2427-2439. [CrossRef] [PubMed]

Goodarzi, S.; Lux, E; Riviere, C. Evaluating Nanoparticles Penetration by a New Microfluidic Hydrogel-Based Approach. Methods
Mol. Biol. 2024, 2804, 223-235. [CrossRef] [PubMed]

Goodarzi, S.; Prunet, A.; Rossetti, F; Bort, G.; Tillement, O.; Porcel, E.; Lacombe, S.; Wu, T.D.; Guerquin-Kern, ].L.; Delanoe-Ayari,
H.; et al. Quantifying nanotherapeutic penetration using a hydrogel-based microsystem as a new 3D in vitro platform. Lab Chip
2021, 21, 2495-2510. [CrossRef] [PubMed]


https://doi.org/10.1039/C9LC00550A
https://www.ncbi.nlm.nih.gov/pubmed/32025687
https://doi.org/10.3389/fbioe.2023.1343177
https://doi.org/10.1038/s41467-024-48616-3
https://doi.org/10.3390/cancers13225855
https://doi.org/10.1002/adhm.202101085
https://www.ncbi.nlm.nih.gov/pubmed/34636180
https://doi.org/10.1016/j.bioadv.2024.213915
https://www.ncbi.nlm.nih.gov/pubmed/38878646
https://doi.org/10.1016/S0025-6196(12)62307-6
https://doi.org/10.5812/ijpr.123828
https://doi.org/10.1126/sciadv.adk1098
https://doi.org/10.1016/j.biomaterials.2024.122504
https://www.ncbi.nlm.nih.gov/pubmed/38377848
https://doi.org/10.1002/advs.202206004
https://www.ncbi.nlm.nih.gov/pubmed/36808707
https://doi.org/10.3390/pharmaceutics14040713
https://doi.org/10.1039/D3LC00417A
https://www.ncbi.nlm.nih.gov/pubmed/37942508
https://doi.org/10.3390/bios11080292
https://www.ncbi.nlm.nih.gov/pubmed/34436094
https://doi.org/10.1016/j.aca.2020.09.013
https://www.ncbi.nlm.nih.gov/pubmed/33070852
https://doi.org/10.1371/journal.pone.0211078
https://www.ncbi.nlm.nih.gov/pubmed/30677075
https://doi.org/10.1016/j.yexcr.2013.10.011
https://doi.org/10.1007/s10404-021-02502-2
https://doi.org/10.1007/s11626-021-00591-5
https://doi.org/10.1039/D2LC00244B
https://doi.org/10.3390/ijms241511967
https://doi.org/10.3791/61392-v
https://doi.org/10.1021/acsbiomaterials.9b01951
https://www.ncbi.nlm.nih.gov/pubmed/33145399
https://doi.org/10.1007/978-1-0716-3850-7_14
https://www.ncbi.nlm.nih.gov/pubmed/38753151
https://doi.org/10.1039/D1LC00192B
https://www.ncbi.nlm.nih.gov/pubmed/34110341

Micromachines 2024, 15, 1521 16 of 16

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Thomsen, A.R.; Aldrian, C.; Bronsert, P.; Thomann, Y.; Nanko, N.; Melin, N.; Rucker, G.; Follo, M.; Grosu, A.L.; Niedermann, G.;
et al. A deep conical agarose microwell array for adhesion independent three-dimensional cell culture and dynamic volume
measurement. Lab Chip 2017, 18, 179-189. [CrossRef] [PubMed]

Odri, G.A.; Tchicaya-Bouanga, J.; Yoon, D.J.Y.; Modrowski, D. Metastatic Progression of Osteosarcomas: A Review of Current
Knowledge of Environmental versus Oncogenic Drivers. Cancers 2022, 14, 360. [CrossRef] [PubMed]

Coskun, H.S.; Erdogan, F; Buyukceran, I.; Dabak, N. Evaluation of prognostic factors affecting survival in chondrosarcoma
treatment and comparison with literature. Jt. Dis. Relat. Surg. 2022, 33, 440-448. [CrossRef]

Palubeckaite, I.; Venneker, S.; Briaire-de Bruijn, .H.; van den Akker, B.E.; Krol, A.D.; Gelderblom, H.; Bovee, J. Selection of
Effective Therapies Using Three-Dimensional in vitro Modeling of Chondrosarcoma. Front. Mol. Biosci. 2020, 7, 566291. [CrossRef]
[PubMed]

Soderstrom, M.; Bohling, T.; Ekfors, T.; Nelimarkka, L.; Aro, H.T.; Vuorio, E. Molecular profiling of human chondrosarcomas for
matrix production and cancer markers. Int. J. Cancer 2002, 100, 144-151. [CrossRef]

di Toma, A.; Brunetti, G.; Chiriaco, M.S.; Ferrara, F.; Ciminelli, C. A Novel Hybrid Platform for Live/Dead Bacteria Accurate
Sorting by On-Chip DEP Device. Int. J. Mol. Sci. 2023, 24, 7077. [CrossRef] [PubMed]

Piyasena, M.E.; Graves, S.W. The intersection of flow cytometry with microfluidics and microfabrication. Lab Chip 2014, 14,
1044-1059. [CrossRef] [PubMed]

Cha, H.; Fallahi, H.; Dai, Y.; Yuan, D.; An, H.; Nguyen, N.T.; Zhang, J. Multiphysics microfluidics for cell manipulation and
separation: A review. Lab Chip 2022, 22, 423-444. [CrossRef] [PubMed]

Tang, H.; Yu, D.; Zhang, J.; Wang, M.; Fu, M,; Qian, Y.; Zhang, X.; Ji, R.; Gu, J.; Zhang, X. The new advance of exosome-based
liquid biopsy for cancer diagnosis. . Nanobiotechnology 2024, 22, 610. [CrossRef] [PubMed]

Lin, H.; Li, B.; Guo, J.; Mai, X;; Yu, H.; Pan, W.; Wu, B.; Liu, W.; Zhong, M,; Liao, T.; et al. Simultaneous detection of membrane
protein and mRNA at single extracellular vesicle level by droplet microfluidics for cancer diagnosis. J. Adv. Res. 2024, in press.
[CrossRef]

Kulkarni, M.B.; Ayachit, N.-H.; Aminabhavi, T.M. Biosensors and Microfluidic Biosensors: From Fabrication to Application.
Biosensors 2022, 12, 543. [CrossRef] [PubMed]

Moorthy, D.N.; Dhinasekaran, D.; Rebecca, PN.B.; Rajendran, A.R. Optical Biosensors for Detection of Cancer Biomarkers:
Current and Future Perspectives. ]. Biophotonics 2024, 17, €202400243. [CrossRef] [PubMed]

Bhattacharya, A.; Alam, K.; Roy, N.S.; Kaur, K.; Kaity, S.; Ravichandiran, V.; Roy, S. Exploring the interaction between extracellular
matrix components in a 3D organoid disease model to replicate the pathophysiology of breast cancer. J. Exp. Clin. Cancer Res.
2023, 42, 343. [CrossRef] [PubMed]

Kaur, G.; Evans, D.M.; Teicher, B.A.; Coussens, N.P. Complex Tumor Spheroids, a Tissue-Mimicking Tumor Model, for Drug
Discovery and Precision Medicine. SLAS Discov. 2021, 26, 1298-1314. [CrossRef]

Campaner, E.; Zannini, A.; Santorsola, M.; Bonazza, D.; Bottin, C.; Cancila, V.; Tripodo, C.; Bortul, M.; Zanconati, F.; Schoeftner, S.;
et al. Breast Cancer Organoids Model Patient-Specific Response to Drug Treatment. Cancers 2020, 12, 3869. [CrossRef] [PubMed]
Mastrangeli, M.; Millet, S.; Mummery, C.; Loskill, P.; Braeken, D.; Eberle, W.; Cipriano, M.; Fernandez, L.; Graef, M.; Gidrol, X,;
et al. Building blocks for a European Organ-on-Chip roadmap. ALTEX 2019, 36, 481-492. [CrossRef] [PubMed]

Franzen, N.; van Harten, W.H.; Retel, V.P; Loskill, P.; van den Eijnden-van Raaij, J.; IJzerman, M. Impact of organ-on-a-chip
technology on pharmaceutical R&D costs. Drug Discov. Today 2019, 24, 1720-1724. [CrossRef]

Teixeira, S.G.; Houeto, P.; Gattacceca, F; Petitcollot, N.; Debruyne, D.; Guerbet, M.; Guillemain, J.; Fabre, I.; Louin, G.; Salomon, V.
National reflection on organs-on-chip for drug development: New regulatory challenges. Toxicol. Lett. 2023, 388, 1-12. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/C7LC00832E
https://www.ncbi.nlm.nih.gov/pubmed/29211089
https://doi.org/10.3390/cancers14020360
https://www.ncbi.nlm.nih.gov/pubmed/35053522
https://doi.org/10.52312/jdrs.2022.526
https://doi.org/10.3389/fmolb.2020.566291
https://www.ncbi.nlm.nih.gov/pubmed/33425984
https://doi.org/10.1002/ijc.10457
https://doi.org/10.3390/ijms24087077
https://www.ncbi.nlm.nih.gov/pubmed/37108235
https://doi.org/10.1039/C3LC51152A
https://www.ncbi.nlm.nih.gov/pubmed/24488050
https://doi.org/10.1039/D1LC00869B
https://www.ncbi.nlm.nih.gov/pubmed/35048916
https://doi.org/10.1186/s12951-024-02863-0
https://www.ncbi.nlm.nih.gov/pubmed/39380060
https://doi.org/10.1016/j.jare.2024.08.026
https://doi.org/10.3390/bios12070543
https://www.ncbi.nlm.nih.gov/pubmed/35884346
https://doi.org/10.1002/jbio.202400243
https://www.ncbi.nlm.nih.gov/pubmed/39442779
https://doi.org/10.1186/s13046-023-02926-4
https://www.ncbi.nlm.nih.gov/pubmed/38102637
https://doi.org/10.1177/24725552211038362
https://doi.org/10.3390/cancers12123869
https://www.ncbi.nlm.nih.gov/pubmed/33371412
https://doi.org/10.14573/altex.1905221
https://www.ncbi.nlm.nih.gov/pubmed/31329263
https://doi.org/10.1016/j.drudis.2019.06.003
https://doi.org/10.1016/j.toxlet.2023.09.011
https://www.ncbi.nlm.nih.gov/pubmed/37776962

	Introduction 
	Materials and Methods 
	Design and Development of the Microfluidic Device 
	Cell Culture 
	Quantification of Spheroid Size Through Transmitted Light Images 
	High-Throughput Fluorescent Imaging 
	Statistical Analysis 

	Results and Discussion 
	Fabrication of the Microfluidic Device 
	Formation of Patient-Derived Spheroids in the Microfluidic Device 
	Drug Screening: Spheroid Diameter on Bright-Field Imaging 
	Drug Screening: Calcein AM Staining and Live Spheroid Diameters 
	Drug Screening: Calcein AM Staining and Live Spheroid Diameters and Fluorescence Intensity Parameters 

	Conclusions 
	References

