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olding-assisted fabrication of
a PDMS-based microfluidic concentration-gradient
generator for dynamic anticancer drug testing†

Dhruba Dhar, Jyotirmoy Chatterjee and Soumen Das *

Traditional drug testing via polystyrene or glass-based cell culture platforms exposes cells to static drug

doses and mechanically rigid environments [stiffness in gigapascals (GPa)], which do not accurately

replicate physiological conditions. To address these limitations, we developed a polydimethylsiloxane

(PDMS)-based microfluidic concentration gradient generator (mCGG) with six integrated cell culture

chambers, using a cost-effective and frugal micro-hydrogel molding-assisted technique that eliminates

the need for cleanroom infrastructure, specialized equipment, or advanced expertise. This platform

facilitates dynamic drug exposure to cells cultured in chambers with flexible PDMS bases [stiffness in

kilopascal (kPa) range], providing a scalable and accessible approach for drug dose–response analysis

under physiologically relevant conditions, thereby improving accuracy. mCGG utilized a pressure-driven

flow design that repeatedly split, mixed, and recombined fluid streams owing to the presence of the

mesh-like geometry of the microchannels. This generated a stable and predictable drug concentration

gradient across six outlet chambers, as validated through COMSOL simulations, fluorescence

microscopy, and UV-Vis spectroscopy using 5-fluorouracil (5-Fu) as a model drug. MDA-MB-231 breast

cancer cells were then cultured in the outlet chambers and exposed to six distinct dynamically

generated concentrations of 5-Fu. Cellular viability assessed via live/dead assays yielded an IC50 value of

41 ± 4 mM, closely matching the results from conventional multiwell plates using manually pipetted

gradients under static conditions (IC50: 36 ± 3 mM). Additional validation was carried out using

immunocytochemistry and flow cytometry to assess apoptotic markers and treatment responses.

Overall, our study presents a simple, frugal, and scalable microfluidic platform that addresses the major

limitations of traditional drug testing platforms by incorporating dynamic chemical gradients,

physiologically relevant mechanical environments, and low-barrier fabrication methods, paving its way

for broader adoption in preclinical drug evaluation and dose–response assays.
Introduction

Cells typically reside in microenvironments characterized by
varying concentration gradients of biomolecules. These gradi-
ents play critical roles in regulating biological processes, such
as development, embryonic growth, immune response, cancer
metastasis, and wound healing.1 Understanding the interplay
between biochemical gradients and cellular signaling pathways
is the key to unraveling the mechanisms underlying the human
body functions. Over the years, various in vitro systems, such as
culture asks, Boyden chambers, Dunn slide chambers, multi-
well plates, Zigmond chambers, and Petri dishes, have been
widely used to mimic the in vivo concentration gradients of
biomolecules. These systems have been instrumental in
Indian Institute of Technology Kharagpur,
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examining the impact of such gradients on processes such as
cell migration, cell differentiation, and drug resistance. Addi-
tionally, they have been exploited for drug dose–response
analysis, in vitro expression of proteins, toxicity assessments of
heavy metals, and detection of enzymatic kinetics. However,
they have several limitations that hinder their ability to accu-
rately replicate physiological conditions. Onemajor drawback is
that they expose cultured cells to static drug concentrations,
failing to recreate the dynamic and transient gradients experi-
enced in real biological environments, leading to less predictive
outcomes. Additionally, polystyrene, the most commonly used
material for traditional cell culture platforms, has an elastic
modulus of approximately 3 GPa, making it signicantly stiffer
than most biological tissues, thereby failing to provide physio-
logically relevant mechanical conditions for cells.2 Another
limitation is their larger operational scale (ranging from milli-
meters to centimeters) compared with the relevant length scales
of the cytokine/chemokine gradients produced in living cells
(approximately 250 mm).1,3 These challenges highlight the need
© 2025 The Author(s). Published by the Royal Society of Chemistry
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for advanced in vitro platforms that can better mimic
biochemical gradients, tissue mechanics, and microenviron-
mental factors, offering more realistic and predictive models for
biomedical research and drug development. In this direction,
microuidic concentration gradient generators (mCGG) have
emerged as a viable alternative to conventional drug testing
platforms, facilitating the creation of dynamic concentration
gradients with higher resolution. In addition, these platforms
provide several benets, such as precise control over hydrody-
namic and mass transport conditions, ease of customization,
low reagent consumption, portability, efficient sample utiliza-
tion, high surface-to-volume ratio, and automation.

mCGGs represent a diverse category of devices capable of
generating biochemical concentration gradients using two
approaches: mono-phase methods (such as tree-shape, altered
tree-shape, membrane-based, Y-shaped, and pressure balance-
based methods) and droplet-based methods (including
droplet generation, droplet coalescence, and droplet mixing).4

Recently, these platforms have been extensively studied and
applied in diverse experiments, facilitating the investigation of
numerous biological phenomena, such as cancer invasion,5

angiogenesis,6,7 drug resistance,8 hypoxia/oxygen gradients,9,10

and shear stress.11 Additionally, these platforms have been
explored for conducting drug dose–response analysis, offering
critical insights into their anti-cancer efficacy.12,13 The precise
analysis of therapeutic dosages of novel or repurposed drugs
using mCGG offers a promising alternative to the sluggish,
laborious, and error-prone multiwell-based drug testing
process, which primarily relies on manual pipetting for
customized gradient generation. Although photolithography
has traditionally been the primary fabrication method for
existing state-of-the-art mCGGs,14 its dependence on cleanroom
environments and labor-intensive manual procedures has led to
a growing interest in stereolithography (SLA) 3D printing as an
alternative.15,16 However, most 3D-printed mCGGs use photo-
polymer resins, which oen fail to accurately replicate the bio-
logical properties of tissues owing to their lack of exibility,
porosity, and mechanical characteristics that are essential for
mimicking tumor behavior in vivo.17 Furthermore, many SLA
resins are not fully biocompatible, impacting cell viability,
adhesion, differentiation, and long-term cell culture within the
printed constructs. Additionally, their restricted optical trans-
parency further complicates sample visualization, limiting their
effectiveness in biological studies.18 This has led researchers to
oen use 3D-printed resin molds to fabricate poly-
dimethylsiloxane (PDMS)-based microuidic devices;19

however, this multi-step process adds complexity, faces scal-
ability limitations, incurs high costs, and necessitates extensive
post-processing requirements, which further hinder accessi-
bility, reproducibility, and commercial viability, making high-
throughput drug dose–response analysis challenging. Conse-
quently, the focus has shied toward fabrication techniques
that are simple and inexpensive and do not require high-end
instrumentation.7

To address these limitations, herein, we design and fabricate
a PDMS-based mCGG using a frugal lithography-free and clean-
room-free micro-hydrogel molding-assisted technique.20,21 The
© 2025 The Author(s). Published by the Royal Society of Chemistry
on-chip device featured a two-inlet-sixteen outlet conguration
with a grid of microchannels intersecting each other, forming
a mesh-like pattern. Six cylindrical hollow chambers, strategi-
cally positioned at six selected outlets, were designed to facili-
tate cell culture under dynamic conditions. To better mimic
physiological stiffness, the base of these chambers was fabri-
cated using 20 : 1 (prepolymer-to-crosslinker ratio) PDMS
instead of conventional polystyrene or glass, providing
mechanical stiffness values in the kPa range similar to those
found in native tissues. mCGG, designed based on pressure-
driven ow systems, repeatedly splits, mixes, and recombines
uid streams owing to the presence of the mesh-like arrange-
ment of the microchannels, generating a stable dynamic
concentration gradient of 5-uorouracil (5-Fu, used as a model
drug). This phenomenon was validated both theoretically using
COMSOL simulations and experimentally via uorescence
microscopy and UV-Vis spectroscopy studies. Subsequently, the
efficacy of the in vitro drug testing device was assessed on MDA-
MB-231 cells using live/dead assays, yielding IC50 values (41 ± 4
mM) similar to those obtained through conventional multiwell
plates (IC50: 36 ± 3 mM). Further, validation was carried out
using immunocytochemistry and ow cytometry to assess
proliferation/apoptotic markers and treatment response. Over-
all, this platform facilitates dynamic drug exposure to cells
cultured on PDMS substrates with mechanical characteristics in
the kPa range, offering a scalable and accessible approach for in
vitro drug testing under physiologically relevant conditions,
thereby enhancing the accuracy of drug efficacy assessments.

Methodology
Theoretical exploration and optimisation of device design
parameters

Prior to device fabrication, we conducted in silico simulations
using COMSOL Multiphysics soware (v5.3) to strategically
reduce iterative trial-and-error during prototyping. These
simulations were instrumental in assessing the performance of
the proposed mCGG design and optimizing key parameters,
such as microchannel geometry, node spacing, and overall
layout, to ensure the efficient generation of chemical gradients.
Detailed descriptions of the simulation methodology are
provided in the ESI† under the section: optimisation of design
parameters and drug concentration gradient generation in
mCGG platform using COMSOL simulations.

Design principle. The on-chip platform design proposed in
this study is based on pressure-driven systems, similar to the
tree-shaped network architecture.22 The fundamental concept
behind creating a concentration gradient using this design
entails designing an intricate mesh-like arrangement of inter-
secting microchannels that allows for the repeated splitting and
recombination of owing streams within them. During each
stage, streams are divided and directed into adjacent branch
channels of the next stage with predetermined ratios at the
point of bifurcation. Aer thorough mixing, neighboring
branch streams combine to form new concentrations, while the
concentrations of the two outermost branch streams remain
constant in the nal stage. The growing number of branches
RSC Adv., 2025, 15, 21026–21035 | 21027
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results in a wider array of concentrations by repeatedly splitting,
combining, and mixing at each step.
Fig. 1 (a) Schematic of the fabrication process of the microfluidic
gradient generator: (i) spin coating of PDMS pre-polymer [at 20 : 1
(polymer : crosslinker)] on the Petri dish at 600 rpm for 20 seconds, (ii)
patterning of the hydrogel wires/chips (composed of 2.5% w/v
agarose, 16% v/v glycerol and 1 mgmL−1 red food color) by tracing the
printed design (solidified wires/chips denoted in red color in the image
for ease of visualization purpose), (iii) second layer of PDMS prepol-
ymer (20 : 1) poured to sandwich the wires/chips inside the PDMS, (iv)
cured PDMS block with the embedded design cut and bonded to
a glass slide, (v) removal of hydrogel wires/chips by gently flushing hot
water, leading to the generation of hollow microchannels and
chambers (blue colored wires/chips signifies their hollow nature), and
(vi) inlets and outlets connected to the channels (denoted by the
yellow colored wires) [inset: snapshot of the final prepared device]. (b)
Schematic of the experimental setup: (i) snapshot of the actual device
in dynamic conditions, where red and yellow dye color solutions (both
at 1 mg mL−1) signify media with two different drug concentrations.
Lithography-free and clean-room-free fabrication of mCGG

To fabricate the nalized mCGG design, a frugal lithography-free
and clean-room-free micro-hydrogel molding-assisted fabrica-
tion technique was employed,20,21 wherein the design consisted
of two parts: a grid of microchannels for media ow and
concentration gradient generation and adjacent cylindrical
hollow chambers for cell culture. The technique for fabricating
the microchannels and adjacent cylindrical hollow chambers
closely follows the approach previously published by our
group.20,21 The fabrication procedure is briey outlined as
follows.

Substrate preparation. First, PDMS was prepared by mixing
the base elastomer and curing agent (Sylgard 184, Dow Corning
Chemicals, Kevin Electrochem, India) at a 20 : 1 ratio (to repli-
cate the physiological stiffness; kPa),20 followed by degassing
(until bubbles disappeared) the mixture using a vacuum pump.
The replication of physiologically relevant stiffness using this
20 : 1 polymer-to-crosslinker ratio was further validated through
atomic force microscopy (AFM) analysis. Detailed results of this
mechanical characterization are provided in the ESI† under the
section: mechanical characterization of PDMS using AFM.

The prepared PDMSmixture was then spin-coated on a clean
60 mm polystyrene Petri dish at 600 rpm for 20 seconds using
a spin coater [Fig. 1a(i)]. Further, the coated Petri dishes were
cured at 60 °C for 6 h in an oven. The as-prepared PDMS-coated
Petri dishes were used as the base substrate/mold for device
fabrication.

Preparation of agarose solution, gel wires, and gel chips. To
prepare the hydrogel molds, a solution of 16% v/v glycerol and
1 mg mL−1 food color dye (red) dissolved in Milli-Q deionized
(DI) water was rst prepared. 2.5% w/v of agarose powder was
poured into this solution, and the nal volume was adjusted to
20 mL. The prepared colored hydrogel mixture was poured into
a conical ask and heated in a microwave oven for 30–45
seconds until the contents were completely dissolved. A part of
the hydrogel mixture was then lled in the Tygon tubing with an
inner diameter of 500 mm using a syringe to prepare the
hydrogel wires, and from the remaining mixture, 0.47 mL
solution was poured into a 35 mm × 15 mm Petri dish to
prepare at gel chips of ∼500 mm thickness. The Petri dish and
the tubing were then kept at 4 °C for 10 minutes for gelation.

Patterning. A precise design layout with accurate dimensions
was rst printed on paper to serve as a stencil or reference and
was placed beneath the Petri dish to guide the placement
process. Subsequently, one end of the hydrogel-lled tubing
was connected to a syringe and pneumatically pushed to eject
the hydrogel wires onto the PDMS-coated Petri dishes fabri-
cated earlier. The ejected hydrogel wires were then manually
arranged into the desired pattern by tracing the printed layout
to ensure the accuracy and reproducibility of the design
parameters. Aer this, the PDMS-coated Petri dish with the
patterned hydrogel wires was placed on a hotplate at 80 °C for
30 seconds for the hydrogel wires (which are arranged
21028 | RSC Adv., 2025, 15, 21026–21035
perpendicular to one another) initially present on top of one
another on different planes to merge and form a single unit in
a single plane. This was followed by cutting the gel chips using
a 2.5 mm diameter biopsy puncture and arranging them on the
glass slides to obtain the nal design [Fig. 1a(ii)]. Subsequently,
the entire design was covered with additional PDMS prepolymer
(1.5 g) and kept undisturbed on a at surface for 5 minutes for
the uniform spreading of the added PDMS layer [Fig. 1a(iii)].
This was followed by curing the Petri dishes at 45 °C on a hot
plate for 12 hours.

Device preparation. Once the second PDMS layer was fully
cured, the PDMS block containing the embedded design was
meticulously cut and separated from the mold. In the next step,
the PDMS block was permanently bonded to a glass slide
[Fig. 1a(iv)]. Before bonding, the glass slide's top surface and the
PDMS block's bottom surface were treated with oxygen plasma
at 40 W RF power (FEMTO version, Diener Electronics,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Germany) for 30 seconds. The additional step of transferring the
microuidic device from the Petri dish to a glass slide was
performed to facilitate a convenient connection of the inlets
and outlets to the microuidic channels, enabling easier uid
handling and interfacing. Additionally, the transparent glass
slide provided an optimal substrate for capturing high-quality
microscopy images of the microuidic device and the experi-
ments being conducted within it. This was followed by the
removal of the hydrogel wires and chips sandwiched within the
PDMS layers by gently ushing hot water, leading to the
generation of hollow microchannels and adjacent hollow PDMS
chambers [Fig. 1a(v)]. Subsequently, in-house developed inlets
and outlets were inserted into the device, and connections were
sealed with PDMS prepolymer [Fig. 1a(vi)].

Characterization of the fabricated on-chip platform

Micro-CT analysis. To characterize the depth and 3D struc-
ture of the device, micro-computed tomography (micro-CT, GE
Phoenix vjtomejx, Germany) was performed to obtain a 3D scan
(at 1000 scan slices) of the device without the attached inlets
and outlets. The instrument was operated at 90 kV, current: 40
mA, and 3.8 mm of voxel size (resolution).

AFM analysis. The surface roughness of the individual
microchannels, nodes (microchannel intersections), and cell
culture chambers was investigated using AFM [Oxford Asylum
MFP 3D]. For this, the on-chip platform was fabricated directly
on a clean Petri dish [skipping the PDMS spin-coating of the
Petri dish step shown in Fig. 1a(i) to avoid embedding of the
hydrogel wires/chips within PDMS], followed by peeling off the
cured PDMS layer, exposing the inner surface of the
microchannels/nodes/cell culture chambers, thus guaranteeing
the accessibility of these surfaces for analysis. The topography
of the different regions of the fabricated platform was imaged in
contact mode using a silicon nitride cantilever tip.

Experimental validation of drug concentration gradient
generation

Evaluation of gradient generation using uorescence
microscopy. The gradient generation phenomenon was experi-
mentally validated using uorescencemicroscopy. This was done
by perfusing (at ow rate: I1= I2= 10 mLmin−1) a uorescent dye
CellTracker™ Blue CMAC (Catalogue number: C2110, Invi-
trogen) at 100 mM concentration from I1 and 0 mM from I2 for 48
hours and subsequently measuring the uorescence intensities
generated at the different cell culture chambers using a Nikon
Eclipse TS2R epiuorescence microscope. This dye was chosen
because of its similarity in molecular weight to 5-Fu (5-Fu Mw:
130.078 g mol−1, CMAC Mw: 209.6 g mol−1). The experimental
ow setup is depicted in Fig. 1b, where the two different color
solutions [red and yellow, Fig. 1b(i)] denote the different drug
concentrations of the perfused media.

Evaluation of 5-Fu concentration gradient generation using
UV-vis spectroscopy

Initially, a 500 mM stock solution of 5-Fu was prepared by dis-
solving it in cell culture media. This stock solution was
© 2025 The Author(s). Published by the Royal Society of Chemistry
subsequently diluted to generate various concentrations (0–120
mM) of 5-Fu, followed by calculating the absorbance values for
each of the prepared 5-Fu concentrations using a UV-vis spec-
trophotometer (UV-1800, Make: Shimadzu) at 266 nm. Subse-
quently, a standard curve was prepared, with the concentration
of 5-Fu plotted on the x-axis and the absorbance values on the y-
axis. The unknown concentrations of 5-Fu were determined
from the samples collected from the different outlets (under the
conditions: I1 = I2 = 10 mL min−1; 5-Fu concentration at I1: 100
mM and I2: 0 mM) by measuring the UV absorbance values at
266 nm and using the standard curve.
Cell culture and on-chip assessment of dynamic drug
gradients for drug dose–response analysis

Cell culture.MDA-MB-231 cells purchased from the National
Centre for Cell Science (NCCS), Pune were cultured inside
hollow PDMS chambers of mechanical stiffness in the kPa
range to assess the device's capacity to expose the cells to a drug
gradient for precise drug dose–response analysis under
dynamic conditions. The rst step involved priming the PDMS
surface within the hollow chambers for cell attachment. This
was done by treating the fabricated device with O2 plasma for 3
minutes at 70 W RF power using a plasma cleaner (FEMTO
version, Diener Electronics, Germany) to convert the hydro-
phobic PDMS surface to hydrophilic.20 Subsequently, a mixture
of rat tail collagen I (100 mg mL−1; ThermoFisher Scientic) and
bronectin (30 mg mL−1; ThermoFisher Scientic) was injected
into the device, followed by incubation at 37 °C for 2 hours.23

MDA-MB-231 cells in their logarithmic growth phase were then
introduced into hollow chambers at 2000 cells per chamber.
The cell-seeded device was then incubated at 37 °C under
a humidied (5% CO2) atmosphere for 1 hour to facilitate cell
attachment. Following this, the cells were grown in DMEM
medium, added with 10% FBS and 1% penicillin–streptomycin
antibiotic, and perfused at a 10 mL per minute ow rate using
a syringe pump (Cole-Parmer, India) for 24 hours at 37 °C under
a humidied atmosphere. For the cell culture studies under
ow conditions, we restricted the ow rate to 10 mL per minute
to protect the cells from hydrodynamic shear.24

Cell viability analysis. Briey, MDA-MB-231 cells initially
cultured for 24 hours under ow conditions (10 mL per minute)
were exposed to a 5-Fu gradient by perfusing media containing
100 mM of 5-Fu through one inlet, while media without any drug
was perfused through another inlet for 48 hours. The impact of
the drug gradient on cell viability was assessed using a differ-
ential nuclear staining (DNS) assay.25 This involved incubating
the cells (under static conditions) for 30minutes with 1 mgmL−1

Hoechst-33342 stain and 2 mg mL−1 propidium iodide (PI) by
gently perfusing the dye-containing medium inside the device.
This was followed by capturing the uorescence images using
a Nikon Eclipse TS2R microscope.

Further, the total number of live cells (NLive) was determined
by subtracting the number of nuclei stained with Hoechst-
33342 and the number of PI-stained dead nuclei. The
measurements were performed using ImageJ soware.
RSC Adv., 2025, 15, 21026–21035 | 21029
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Cell viability ð%Þ

¼ Nlive in the drug-treated samples

number of cells in control
� 100 (1)

Immunocytochemistry analysis of drug effect. To demon-
strate a post-drug exposure immunocytochemistry study in the
device, we examined the impact of the drug gradient on the
proliferation potential of MDA-MB-231 cells by evaluating the
expression prole of Ki-67, a well-known nuclear protein
present in proliferating cancer cells.26 This was accomplished by
xing the MDA-MB-231 cells using a 3.5% paraformaldehyde
solution for 15 minutes at room temperature aer they had
been exposed to a 5-Fu gradient for 48 hours under ow
conditions (10 mL per minute). Following xation, the cells were
washed three times with 0.1 M glycine/1× phosphate-buffered
saline (PBS). The samples were then permeabilized with 0.2%
Triton X-100 prepared in 1× PBS for 20 minutes. Subsequently,
blocking was performed to inhibit non-specic binding using
2% bovine serum albumin/0.2% Triton X-100 for 30 minutes,
followed by treating the cells overnight at 4 °C with a primary
antibody against Ki-67 (Catalogue no.-A11390, Abclonal) at a 1 :
200 dilution. The cells were then incubated with goat anti-rabbit
Alexa Fluor 488 (Invitrogen, A27034) secondary antibody at a 1 :
1000 dilution for 1 hour at room temperature. Following this,
the cells were washed with 1× PBS and then subjected to nuclei
staining using 40,6-diamidino-2-phenylindole (DAPI) for 10
minutes, followed by again washing them with 1× PBS. The
steps performed, from xing to staining, were performed in the
absence of any ow. Subsequently, uorescence images were
taken using an Olympus FV3000 confocal microscope.

Analysis of apoptosis via ow cytometry. As per the available
literature, only a limited number of on-chip models currently
exist that enable the study of cells isolated from the device aer
drug gradients have been applied. Consequently, we performed
ow cytometry studies to showcase the platform's potential for
analyzing the device-isolated cells in response to drug exposure.
In a subset of corresponding experiments, we tested the extent
of apoptosis induction in the cell post-exposure to 5-Fu at
a concentration lower than the IC50 value. The study was per-
formed at a single concentration exposure per device by
perfusing 5-Fu at a 35 mm concentration through both inlets
rather than as a gradient. This allowed for the pooling of cells
from all six chambers to obtain a suitable cell concentration for
ow cytometry analysis. Briey, MDA-MB-231 cells cultured
inside hollow chambers were treated with 5-Fu (at 35 mm) for 48
hours under ow conditions. Our control group involved
culturing the cells for 48 hours aer perfusing the media
without any drug from both inlets. This was followed by cutting
the device along the dark blue dashed line marked in Fig. 1b
(inset). The cells were then trypsinized and isolated from the
individual hollow chambers by gently perfusing 0.25% trypsin–
EDTA solution and incubating for 3 minutes. Subsequently, the
cells isolated from the chambers/outlets were transferred to
a 1.5 mL Eppendorf tube and centrifuged at 2000 rpm for 3
minutes to pellet down the cells. The pelleted cells were then
stained with Annexin V-FITC and PI by following the
21030 | RSC Adv., 2025, 15, 21026–21035
manufacturer's protocol [Annexin V-FITC/PI apoptosis kit
(Catalogue no.: BMS500FI-100), Invitrogen] and kept on ice in
the darkness until ow cytometry analysis.

Scalability of the device

The frugal micro-hydrogel assembling-assisted fabrication
technique employed for generating the mesh pattern is both
spontaneous and scalable. Tygon tubings of different diameters
can be used to generate hydrogel wires, which in turn can be
used to fabricate microchannels of different cross-sectional
diameters and nodes of various sizes. To illustrate the poten-
tial of the fabrication technique in upscaling or downscaling
channel layouts, we fabricated devices of varying sizes and
designs or inlet/outlet congurations using Tygon tubings of
800 mm and 250 mm inner diameters.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 8.0.2. For comparisons involving single variables across
multiple groups, a two-way analysis of variance (ANOVA) was
employed, followed by Tukey's post hoc test for multiple
comparisons with a 95% condence interval. The results are
expressed as themean± standard error of themean (SEM), with
signicance thresholds set as follows: ***P # 0.001, **P < 0.05,
and *P < 0.02. A P value > 0.05 was considered statistically non-
signicant (ns).

Results
Theoretical validation of design parameters and drug
concentration gradient generation

Initially, we focused on optimizing the mCGG device geometry
using in silico studies to ensure effective drug gradient genera-
tion, using 5-Fu as a model drug, while ensuring the design
remained feasible for fabrication using the frugal micro-
hydrogel molding-assisted technique. This theoretical explora-
tion enabled us to nalize a robust design prior to fabrication,
thereby conserving time, resources, and effort during subse-
quent experimental validation.

To achieve this, we conducted a series of simulations using
“laminar ow” and “transport of diluted species” physics
domains, focusing on adjusting the spacing between the hori-
zontally and vertically arranged microchannels within the grid.
A minimum separation distance of 1000 mm was maintained
between these channels to allow sufficient spacing for proper
placement during fabrication. Based on these simulations, we
nalized the design parameters [Fig. S1†], which provided
a well-dened concentration gradient and ensured sufficient
room for the precise manual placement of individual hydrogel
wires during fabrication. Using these optimized parameters, we
numerically simulated the 5-Fu concentration prole at a ow
rate of I1= I2= 10 mLmin−1, with 5-Fu concentrations xed at I1
= 100 mM and I2 = 0 mM for all cases. Analysis of the concen-
trations at different outlets revealed a uniformly declining
concentration gradient pattern at outlet 1–6 (Fig. 2a), with four
distinct intermediate concentrations between the highest and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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lowest drug levels. In contrast, the concentration proles at
outlet a–e and f–j displayed gradients of 96.9–100 mM and 0–4.8
mM, respectively, closely matching the media perfused through
I1 and I2 (Fig. 2b). Consequently, outlet 1–6 were selected to
integrate the cell culture chambers for further in vitro drug
dose–response studies, while outlet a–j were deemed unsuitable
for this purpose. Additionally, we examined the impact of
varying ow rates (I1 = I2 = 10 mL min−1; I1 = 20 mL min−1, I2 =
10 mL min−1; I1 = 10 mL min−1, I2 = 20 mL min−1; I1 = I2 = 50
mL min−1; I1 = I2 = 100 mL min−1) on gradient formation
(Fig. 2c). The results conrmed that equal ow rates at both
inlets were essential for generating a stable and well-dened
concentration gradient. Finally, we conducted simulations
using the nalized design with incorporated cell culture
chambers at I1 = I2 = 10 mL min−1 for up to 48 hours (Fig. 2d)
and measured the simulated concentration proles along
a central line spanning through the cell culture chambers, as
depicted in Fig. 2e.
Fig. 2 Theoretical validation of 5-Fu gradient generation using
COMSOL multiphysics software. (a) Simulated 5-Fu concentrations at
outlets 1–6 within the optimized 2D geometry at a flow rate of I1= I2=
10 mL min−1. (b) Simulated 5-Fu concentrations at outlets a–j at a flow
rate of I1 = I2 = 10 mL min−1. (c) Comparison of 5-Fu concentrations at
outlets 1–6 under different flow conditions: I1 = 10 mL min−1, I2 = 20
mLmin−1; I1= 20 mLmin−1, I2= 10 mLmin−1; I1= I2= 10 mLmin−1; I1= I2
= 50 mL min−1; and I1 = I2 = 100 mL min−1. (d) Snapshot of the simu-
lated 5-Fu concentration profile generated within the cell culture
chamber-integrated design at I1= I2= 10 mLmin−1 [red and blue colors
indicate 5-Fu concentrations of 100 mM and 0 mM, respectively]. (e)
Theoretical 5-Fu concentration distribution along a central line
spanning the cell culture chambers, as indicated by white dashed lines
in Fig. 2d: the concentrations are presented as the average values
obtained along the central line of individual chambers (1–6).

© 2025 The Author(s). Published by the Royal Society of Chemistry
Fabrication and characterization of the gradient-on-chip
platform

Based on the optimized design parameters, mCGG was then
fabricated using a lithography-free and cleanroom-free process,
enabling the precise and cost-effective prototyping of the device
(Fig. 1b). The fabrication process involved arranging hydrogel
wires and chips according to the desired design by carefully
tracing a printed layout to ensure precise placement. This led to
the formation of a grid of microchannels for media ow/
concentration gradient generation and adjacent cylindrical
hollow chambers (six in number) possessing exible PDMS
bases of 9 ± 0.5 kPa (Fig. S2, ESI†) mechanical stiffness for test
cell culture experiments. The fabricated platform with two
inlets and sixteen connected outlets is depicted in Fig. 3a.

The developed mCGG was further characterized using AFM
and micro-CT. AFM was used to measure local surface rough-
ness across different regions of the platform over a 10 mm × 10
mm area, yielding an average roughness value of 2± 0.11 nm for
the connecting microchannels [Fig. 3a(i)], 3 ± 0.14 nm for the
channel intersections/nodes [Fig. 3a(ii)], and 2 ± 0.28 nm
[Fig. 3a(iii)] for the cell culture chambers. Further, micro-CT
analysis was performed, and the generated 3D images were
analyzed using VGStudio MAX (Volume Graphics, Germany)
soware. The 3D reconstruction, along with cross-sectional
views of the highlighted segments, is depicted in Fig. 3b.
Analysis of the obtained images revealed that the fabricated
Fig. 3 Characterization of the fabricated mCGG platform. (a) Final
gradient-on-chip platform with the inlets and outlets, (i–iii) analysis of
surface roughness using AFM across various segments of the gradient-
on-chip platform: measurement of local surface roughness was per-
formed over a 10 mm × 10 mm area, yielding an average roughness
value of (i) 2 ± 0.11 nm at the connecting microchannels, (ii) 3 ±

0.14 nm at channel intersections/nodes, and (iii) 2± 0.28 nm at the cell
culture chambers. (b) Micro-CT generated 3D scan of the fabricated
gradient-on-chip platform; inset: cross-sectional view of the high-
lighted segments.
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microchannels had a diameter of approximately 370 mm, while
the nodes formed at the channel intersections had a height of
∼670 mm. Additionally, the adjacent hollow chambers
measured 2.5 mm in diameter and ∼480 mm in height.

Experimental validation of drug concentration gradient
generation and comparison with in silico results

Aer fabricating mCGG, we validated the gradient generation
capability of the platform by performing uorescence micros-
copy of the cylindrical chambers connected at outlet 1–6. This
involved perfusing 100 mM of CellTracker™ Blue CMAC dye
(chosen because of its molecular weight's similarity with 5-Fu)
through I1 and 0 mM through I2 (Fig. 4a). The obtained uo-
rescence images were analyzed using ImageJ soware to extract
the corresponding concentration proles. This was done by
converting the uorescence images into 8-bit images and
measuring the mean gray values using the command prompt
Analyse >> Measure, followed by converting the mean gray
values into concentrations (mM). The experimentally deter-
mined concentration proles were then compared to those
obtained through simulations, as presented in Fig. 4b. From the
plots, it was observed that the experimentally determined
gradients showed a similar trend to that observed using
simulations.

Subsequently, the generation of a stable 5-Fu concentration
gradient at outlet 1–6 was further validated using UV-visible
spectroscopy (under the following conditions: I1 = I2 = 10
mL min−1; 5-Fu concentration at I1: 100 mM and I2: 0 mM) by
collecting (from the outlet 1–6) and measuring the absorbance
values of the different samples at 266 nm. The concentrations of
Fig. 4 Experimental validation of gradient generation using fluores-
cence microscopy and UV-visible spectroscopy. (a) Fluorescence
image showing gradient formation at the cylindrical chambers along
outlets 1–6 (highlighted with yellow dashed circles), generated by
perfusing CellTracker™ Blue CMAC dye through inlet 1 and dye-free
media through inlet 2 (not visible owing to the absence of fluores-
cence). (b) Comparison between the concentration profiles of the
fluorescent dye obtained experimentally and those estimated theo-
retically across various chambers located along the outlets 1–6. (c)
Linear standard curve of 5-fluorouracil, determined using UV-visible
spectroscopy at a wavelength of 266 nm. (d) Comparison between the
5-Fu concentrations estimated from the 5-Fu standard curve and via
simulation (n = 3).

21032 | RSC Adv., 2025, 15, 21026–21035
5-Fu generated at the different outlets were then calculated
from the linear regression equation of 5-Fu: y = 0.006740x +
0.008272 (R2 = 0.9994; x = concentration of 5-Fu in mM, y =

absorbance of 5-Fu at 266 nm) obtained from the 5-Fu standard
curve (Fig. 4c). A comparison between the 5-Fu concentrations
generated at the outlets (1–6), calculated experimentally using
UV-visible spectroscopy and via simulations, is illustrated in
Fig. 4d. The close proximity between the concentration values
calculated experimentally and via simulation indicates the
capability of our COMSOL model to predict the concentrations
at the different outlets if the diffusion coefficients of the
diffusing molecules are known.
Evaluation of the drug testing efficiency of the on-chip
platform

To evaluate the functional performance of the device, we
assessed its drug testing efficiency using the DNS assay, which
involved staining cells with Hoechst-33342 and PI. Hoechst-
33342 selectively stained the nuclei of live cells, producing
blue uorescence, while PI marked the nuclei of dead cells,
resulting in red uorescence. As the concentration of 5-Fu
increased across the six cell culture chambers, with outlet 6
receiving the lowest 5-Fu concentration and outlet 1 the highest,
we observed a progressive decrease in the number of Hoechst-
stained (blue) nuclei and a corresponding increase in PI-
stained (red) nuclei (from outlet 6 to outlet 1), conrming
a dose-dependent cytotoxic effect (Fig. 5a). In the composite
panel, the merged images of Hoechst-33342 and PI exhibit
magenta-colored nuclei, indicating the co-localization of both
uorescence signals in the dead cells. Additionally, the cell
viability (%) (Fig. 5b) resulting from exposure to the generated
5-Fu concentration gradient (0–100 mM) at the different outlets
was estimated using eqn (1). Subsequently, an IC50 value of 41±
4 mM was determined from the cell viability (%) plot (Fig. 5b)
using the GraphPad Prism soware. For comparison, IC50

values were also calculated using conventional multiwell plates
with manually pipetted drug gradients under static conditions,
yielding a value of 36 ± 3 mM. This close agreement between the
values obtained from our microuidic device and the tradi-
tional methods validates the accuracy of our platform. More-
over, these results are consistent with the IC50 trends reported
in previous studies.27

The effect of the drug gradient on the proliferation potential
of MDA-MB-231 cells was then assessed using confocal uo-
rescence microscopy (Fig. 5c). This was done by analyzing the
obtained uorescent images using ImageJ soware (open-
source) to perform a qualitative assessment of the changes in
Ki-67 expression proles in response to the drug gradient. The
process involved splitting the confocal images into different
channels using the “split-channel” command to isolate the
green channel, which is specic to Ki-67. The mean gray values
were then extracted from 20 individual cells using the following
command prompt: “analyse > measure.” These values were
averaged and subtracted from the mean gray value of a blank
sample for baseline correction. This process was repeated three
times across all datasets (i.e., control and outlet 1–6), providing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Evaluation of drug testing efficiency of the on-chip platform
using live-dead assay, where the nuclei of the cells with intact plasma
membranes were stained solely with Hoechst-33342 (blue color),
while the nuclei of the cells with compromised cell membranes
(magenta color) were stained with both Hoechst-33342 and propi-
dium iodide stains. (b) Cell viability (%) of MDA-MB-231 cells at
different 5-Fu concentrations generated in the cell culture chambers.
(c) Immunocytochemistry analysis of Ki-67 expression in MDA-MB-
231 cells exposed to a 5-Fu gradient for 48 hours: panels display DAPI-
stained nuclei (blue), Ki-67 staining (green), and the compositemerged
image, highlighting cellular proliferation across different outlets
(representative regions with comparable cell density were selected
across all the outlets to enable consistent quantification of Ki-67
expression). (d) Analysis of Ki-67 fluorescence intensity profile in the
MDA-MB-231 cells exposed to the 5-Fu gradient for 48 hours across
different outlets. (e and f) Analysis of apoptosis induction using flow
cytometry in MDA-MB-231 cells: (e) untreated control and (f) treated
with 5-Fu drug (at 35 mm concentration) [Q1: necrotic cells, Q2: late
apoptotic cells, Q3: early apoptotic cells, and Q4: viable cells]. (g)
Quantitative comparison of early and late apoptotic cell populations
between 5-Fu treated and untreated (control) MDA-MB-231 cells after
48 hours of exposure, as estimated using flow cytometry [data are
presented as mean± SEM; ***P# 0.001, **P < 0.05, *P < 0.02 A and ns

P value > 0.05].

Fig. 6 (a) Fabricated 2-inlet–25-outlet mesh design (microchannel
diameter: 370 mm). (b) Fabricated device featuring a tree-shaped
design (microchannel diameter: ∼180 mm). (c) Fabricated device with
a microchannel diameter of ∼700 mm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the uorescence intensity prole for Ki-67 expression. Conse-
quently, as illustrated in Fig. 5d, the intensity of Ki-67 uores-
cence decreased signicantly across the various cell culture
chambers compared to the control, demonstrating the detri-
mental effect of the drug gradient on the proliferation potential
of cancer cells.

Further, the effects of the 5-Fu gradient on apoptosis
induction within MDA-MB-231 cells were examined using ow
cytometry by detecting Annexin V binding. The distribution (%)
of the four cell populations, Q1: necrotic cells, Q2: late apoptotic
cells, Q3: early apoptotic cells, and Q4: viable cells, is depicted
in Fig. 4e and f. The ndings revealed a notable presence of
both early and late apoptotic cell populations (28.6%) following
treatment (Fig. 4f) of the cells with 5-Fu (at a single concentra-
tion: 35 mm).

Scalability of mCGG

Finally, to demonstrate the high scalability and customization
potential of the micro-hydrogel molding-based fabrication
approach, enabling future adaptability in terms of the size and
number of microchannels and nodes based on user require-
ments, we fabricated an on-chip mesh design featuring a 2-
inlet, 25-outlet conguration (Fig. 6a) using Tygon tubing with
an inner diameter of 400 mm. In addition to the mesh design,
a tree-shaped design was also developed (Fig. 6b), incorporating
microchannels with a diameter of ∼180 mm, fabricated using
Tygon tubing with an inner diameter of 250 mm. Furthermore,
to highlight the versatility of this approach, larger micro-
channels (∼700 mm in diameter) were fabricated using Tygon
tubing with an inner diameter of 800 mm (Fig. 6c), underscoring
the exceptional scalability of the fabrication process.

Conclusions and perspectives

In conclusion, we designed and developed a PDMS-based mCGG
using an inexpensive and frugal lithography-free and clean
room-free micro-hydrogel molding-assisted fabrication tech-
nique. This prototyping approach not only simplies the
fabrication of the mCGG device but also signicantly reduces
RSC Adv., 2025, 15, 21026–21035 | 21033
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reliance on expensive lithographic equipment and cleanroom
facilities. Eliminating these technical and economic barriers
enhances the accessibility and scalability of microuidic device
fabrication, particularly for laboratories with limited resources.
Moreover, in contrast to other conventional approaches, such as
using 3D printing,19 which involves extensive and multi-step
post-processing, along with high costs and scalability chal-
lenges, the hydrogel-based method presented herein offers
a more straightforward and cost-effective alternative. This
streamlined approach improves reproducibility and supports
broader implementation, thereby ultimately advancing the goal
of democratizing high-throughput drug dose response analysis
and other advanced biomedical applications.

The fabricated device featured a two-inlet-sixteen outlet
conguration and a grid of microchannels adjacent to cylin-
drical hollow chambers and employed a split/recombine
strategy to generate the concentration gradients. The genera-
tion of a concentration (using 5-Fu as a model drug) gradient
was theoretically validated using COMSOL simulation and
experimentally via uorescence microscopy and UV-Vis spec-
troscopy studies. Subsequently, the device was utilized to
establish dynamic 5-Fu drug gradients, enabling dose–response
studies on MDA-MB-231 cells cultured within cylindrical
chambers made of PDMS substrates engineered to mimic
physiological stiffness (9 ± 0.5 kPa). Subsequently, the cellular
responses to the drug gradients were systematically analysed
through live/dead staining, immunocytochemistry, and ow
cytometry studies. The live/dead assays yielded an IC50 value of
41 ± 4 mM, which closely matched the IC50 value obtained from
conventional multiwell plate-based static cultures (IC50: 36 ± 3
mM). Unlike traditional static systems, mCGGs offer a more
physiologically relevant microenvironment by mimicking the
dynamic chemical concentration gradients present in vivo.
Furthermore, the platform allows ne-tuning of gradient
proles to suit specic experimental needs by simply adjusting
the ow rates and inlet concentrations.

Moreover, based on the outcomes achieved in this study,
future investigations could explore the integration of cancer
cells embedded in tissue-mimicking extracellular matrices or
patient-derived organoids into cylindrical chambers. This
would allow for the assessment of mono- or combinatorial-drug
gradients in a more physiologically relevant context, enabling
better recapitulation of drug delivery dynamics in deep tumor
regions and more accurate evaluation of dose–response
parameters.28 Additionally, incorporating transepithelial elec-
trical resistance (TEER) measurements could provide a quanti-
tative metric of drug-induced toxicity under both mono- and co-
culture-conditions or in patient-specic cultures, further
enhancing the platform's potential for high-throughput drug
screening applications.29

Furthermore, the simplicity and scalability of the fabrication
procedure were evaluated, leading to the production of different
designs, inlet–outlet congurations, and microchannels of
different diameters and sizes. Thus, future investigations could
explore expanding the design by incorporating additional
horizontal and vertical microchannels, thereby enhancing the
resolution of the concentration gradient. This modication
21034 | RSC Adv., 2025, 15, 21026–21035
would enable the generation of ner, more gradual concentra-
tion reductions, making the platform suitable for high-
throughput and precise drug testing applications. Addition-
ally, automating the arrangement of hydrogel wires, rather than
relying on manual placement, could further improve the
reproducibility and scalability of the fabrication process.
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