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ABSTRACT

A comprehensive understanding of human physiology and disease is crucial for ad-
vancing drug discovery and developing effective therapies. This requires physiologically
relevant in vitro models supported by standardized, robust, and reproducible methods.
Traditional 2D cell cultures and animal models often fail to mimic the dynamic microenvi-
ronments and selective transport functions of human tissue barriers. While microfluidic
barrier models offer better biomimicry, many are limited by technical complexity, lack
of standardization, and insufficient real-time analysis capabilities, especially under non-
equilibrium conditions. Non-equilibrium molecular transport is a critical feature of many
biological barriers, including the renal tubule, blood-brain barrier, intestinal epithelium,
and placental interface. These systems rely on active transport mechanisms, directional
fluid flow, and dynamic concentration gradients that cannot be accurately modeled us-
ing static or oversimplified systems. This work presents a fully automated microfluidic
platform with programmable control and closed-loop feedback for standardized analysis
of molecular transport across biomimetic tissue barriers. It enables dynamic regulation,
precise fluid handling, and high-resolution monitoring, with continuous compensation
for solvent drag and hydrostatic pressure. Proof-of-concept validation demonstrates the
system’s potential to minimize user intervention, improve reproducibility, and support
inter-laboratory standardization. The platform offers scalable, high-fidelity modeling
of barrier function under dynamic conditions, with broad applications in translational

research and preclinical drug development.

Keywords: Microfluidics, Fully Automation, Non-Equilibrium Molecular Transport, Organ-
on-a-chip, Biological Barriers
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Resumo

Uma compreensdo abrangente da fisiologia humana e dos mecanismos das doencas
é fundamental para o avango da descoberta de farmacos e o desenvolvimento de tera-
pias eficazes. Tal requer modelos in vitro fisiologicamente relevantes, sustentados por
metodologias padronizadas, robustas e reprodutiveis. Culturas celulares 2D e modelos
animais, por norma, falham ao replicar os microambientes dindmicos e as fung¢des de
transporte seletivo das barreiras tecidulares humanas. Embora os modelos de barreira
microfluidicos oferecam um biomimetismo melhorado, muitos permanecem limitados
pela complexidade técnica, falta de padronizacédo e capacidades insuficientes para andlise
quantitativa em tempo real, especialmente em condi¢des de ndo-equilibrio. O transporte
molecular em condi¢des de ndo-equilibrio é uma caracteristica critica de varias barreiras
biolégicas, incluindo o tibulo renal, a barreira hematoencefélica, o epitélio intestinal e a
interface placentdria. Estes sistemas dependem de mecanismos de transporte ativo, fluxo
de fluido direcional e gradientes de concentragdo dindmicos, que ndo podem ser modela-
dos com precisdo usando sistemas estaticos ou simplificados. Este trabalho apresenta uma
plataforma microfluidica totalmente automatizada, com controlo programavel e feedback
em circuito fechado, para andlise padrdo do transporte molecular através de barreiras
tecidulares biomiméticas. A plataforma permite a regulagdo dindmica das condig¢ées expe-
rimentais, controlo preciso de fluidos e monitorizagdo de alta resolugdo, com compensagao
continua de forgas como o deslocamento de solvente e a pressao hidrostética. A validagdo
da prova de conceito demonstra o potencial do sistema para minimizar a intervencao
do utilizador, melhorar a reprodutibilidade e apoiar a padronizagao interlaboratorial. A
plataforma oferece um modelo escalavel e de elevada fidelidade da fungdo de barreira
em condic¢des dindmicas, com ampla aplicabilidade na investigacdo translacional e no

desenvolvimento pré-clinico de fdrmacos.

Palavras-chave: Microfluidica, Automatizagdo Integral, Transporte Molecular de Nao-
Equilibrio, Orgao-num-Chip, Barreiras Biol6gicas
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1

INTRODUCTION

1.1 Microfluidic-based Organ-on-a-Chip Technologies

Advancing our mechanistic understanding of human pathophysiology—and, by ex-
tension, enhancing drug development and evaluation—faces a crucial obstacle: effectively
translating encouraging in vitro findings into successful clinical outcomes. The substantial
attrition rate in drug discovery, with average research and development costs per approved
therapy exceeding 2.8 billion dollars and only about 6.7% of candidates advancing from
Phase I trials to regulatory approval, underscores a persistent translational gap [2—4]. This
challenge is largely attributed to the limitations of traditional preclinical models.

1.1.1 Limitations of Traditional in vitro and in vivo Models

Although widely employed in early drug testing, traditional two-dimensional (2D)
static culture systems fail to recreate the complex structural, mechanical, and biochemical
environment inherent to living tissues, as extensively reported in the literature [5-7].
Accurate in vivo drug responses depend strongly on physiologically relevant features such
as extracellular matrix (ECM) interactions, cellular diversity, spatiotemporal biochemical
gradients, mechanical deformation, shear forces, and interstitial fluid dynamics [5, 8-11].
Animal models, designed to mitigate this translational gap, frequently present species-
dependent variations in drug metabolism, transporter activity, immune mechanisms,
and intracellular signaling pathways, thereby constraining their applicability to human
physiology [12, 13]. These discrepancies are especially critical when evaluating molecular
transport across physiological barriers.

Biological barriers—including the blood brain barrier (BBB), intestinal epithelium,
alveolar capillary interface, placental barrier, and glomerular filtration barrier—function
as dynamic and selectively permeable structures that tightly control the movement of ions,
metabolites, and macromolecules between tissues and the systemic circulation [14-18].
Developing physiologically relevant models of these barriers is crucial for deepening our
understanding of pharmacokinetic mechanisms—spanning drug absorption, distribution,

metabolism, and excretion—and for uncovering the underlying processes that drive a
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CHAPTER 1. INTRODUCTION

wide range of pathological conditions, including neurodegenerative disorders, cancer
metastasis, and maternal-fetal diseases, among others [18-21]. Conventional in vitro sys-
tems frequently fall short of reproducing the intricate cellular and structural interactions
that define these dynamic interfaces, resulting in unreliable assessments of drug perme-
ability, therapeutic efficacy, and toxicity. For example, static BBB that omit critical cell—cell
communication—such as interactions between astrocytes and endothelial cells—and lack
physiological shear forces often overpredict drug transport and fail to accurately repre-
sent active efflux mechanisms mediated by specific transporters [19-22]. Furthermore,
many in vivo animal models, including placental models (Fig. 1.1), do not accurately
reproduce critical human physiological and molecular characteristics, thereby limiting
their translational validity [23]. At the same time, ethical and regulatory frameworks,
exemplified by the European Union 3R’s initiative, promote the reduction, refinement,
and eventual replacement of animal experimentation in preclinical research, underscoring

the importance of developing advanced, human-relevant in vitro model systems [24].
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Figure 1.1: Composition of rodent versus human maternal-fetal interfaces. Both humans and ro-
dents share a hemochorial placenta, where maternal blood is in direct contact with fetal trophoblasts.
However, the structural organization and cell types differ: humans feature an intervillous space
formed by villous trees, while rodents possess a labyrinth zone. Humans rely on cytotrophoblasts,
syncytiotrophoblasts, and extravillous trophoblasts, whereas rodents also have unique cell types
such as trophoblast giant cells, spongiotrophoblasts, and glycogen trophoblasts, which contribute
to hormone production and maternal tissue remodeling. Adapted from [23].

1.1.2 Microfluidics

Microfluidics is the science and technology of manipulating small fluid volumes
through channels of tens to hundreds of micrometers in dimension. Besides allowing the
analysis of small sample quantities in a short time, microfluidics also permits to carry out
separations and detections with high resolution and sensitivity at a low cost [25].

The essential idea of microfluidics is to integrate operations that usually require a whole
laboratory in a simple micro-sized system. Therefore, the development of microfluidic

2
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1.1. MICROFLUIDIC-BASED ORGAN-ON-A-CHIP TECHNOLOGIES

systems is of utmost pertinency. A microfluidic chip (MC) is constituted by channels
usually embossed in the surface of a material such as glass, silicon, or most commonly,
poly(dimethylsiloxane) (PDMS). This network of microchannels inside the MC connects
to the macro-world through inlets and outlets present on the chip (Fig. 1.2).

Figure 1.2: Example of a microfluidic chip. Size comparison with a coin. Adapted from [26].

Using this technology, fluids are directed, mixed, separated or manipulated in order
to obtain multiplexing, automation, and high-throughput systems. Some of the desired
teatures of MCs are, for example, detection of pathogens, electrophoresis and lab-on-a-
chip! analyses [26]. However, MCs are not the only approach to performing microfluidic
operations; microtubing and many pressure-driven flow designs can also be employed
in the field of microfluidics. To keep fluids running through a microfluidic device, high-
precision fluid control systems are required, such as a pressure controller, pumps/syringes,
flow and pressure sensors, and valves [27].

1.1.2.1 Pressure-Driven Flow Microfluidics

Microfluidics is an overly broad field of study. This work is focused on pressure-
driven flow microfluidics in recirculating systems using a pressure controller (Annex I1.1),
pressure and flow sensors (Annex 1.2) and valves, emphasizing on a check valve design
forming a ‘recirculating bridge” (Annex 1.3).

Fluid recirculation facilitates the transport of nutrients, drugs, and cell secretions within
a circulating environment that mimics physiological conditions. With this mechanism,
the fluid arriving to an outlet of the MC is reinserted in the circuit. There are different
recirculation system (RS) setups, suitable for specific applications, such as hydrostatic
pressure RS, loop RS, and syringe, peristaltic or pressure pump RS [28].

Concerning the fluid’s direction, the circulation can be unidirectional or bidirectional.
Figure 1.3 represents one way of a bidirectional RS. Adding a valve system to that circuit

Type of microfluidic application able to integrate many medical tests in one chip only, hence leveraging
its importance in biomedical engineering.



CHAPTER 1. INTRODUCTION

enables a unidirectional flow path, which is interesting when reproducing physiological
conditions, given that blood flow is unidirectional in the human vasculature [29].

Pressure
controller Software

Flow Sensor

Reservoir 1
Reservoir 2 b enip

Figure 1.3: Bidirectional recirculating system using a pressure pump. The flow from reservoir 1
(R1) to reservoir 2 (R2) is shown here, but the system can also operate in reverse. From [28]

There are diverse types of valves that can be used in a unidirectional circulation loop.
These are rotatory, check, pinch and 3/2 valves. Using the recirculating bridge assembly
(Annex 1.3), it is possible to design an automated unidirectional RS [28], as represented in
Figure 1.4.

Pressure
controller

Software

—
Flow sensor
Y
/

>

Check valves 14\9

Reservoir 1

Reservoir 2

Pressure

A

Software controller

Y
el | I_l ]

Check valves ‘C{.Q

Reservoir 1

Reservoir 2

Figure 1.4: Automated unidirectional recirculation system using a recirculating bridge. Fluid
goes from R1 to R2 (top) and from R2 to R1 (bottom), but notably the flux direction in the chip
remains unchanged. Adapted from [28].

To regulate the fluid flow rate on the microfluidic system, it is important to bear in
mind some properties that influence the channels” hydraulic resistance [30], in particular
the length and inner diameter of the tubing, and the fluid’s viscosity and density.
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1.1. MICROFLUIDIC-BASED ORGAN-ON-A-CHIP TECHNOLOGIES

The Hagen-Poiseuille law states that

_ APnrt

Q 8L’ (1.1)

where Q is the flow rate, AP is the pressure difference between the inlet and the outlet
of the chip, u is the fluid’s viscosity, r is the inner radius and L is the length of the tubing.
The hydraulic resistance (R,) of a channel is given by

_ 8uL

Ry = (1.2)

nrd
Based on equations 1.1 and 1.2, equation 1.3 is deducted. It is simpler and provides a
good estimate for microchannels whose » << L [30].

== (1.3)

From equation 1.3, one understands that to diminish the flow rate without changing
the fluid properties, either the resistance increases, which is feasible by increasing the
length or reducing the inner radius of the channels, or AP decreases. The opposite thinking
applies when an increased flow rate is desired.

1.1.3 Integration of Microfluidic Barrier Models Into Organ-on-a-Chip
Systems

Microphysiological systems (MPS), encompassing organ-on-a-chip (OC) technologies,
have rapidly evolved into groundbreaking platforms for drug discovery and biomedical
research. They present highly predictive and human-relevant alternatives to both tradi-
tional in vitro culture methods and conventional in vivo animal models [19, 20, 31, 32].
By combining three-dimensional tissue architectures with microfluidic flow, finely tuned
environmental control, and the coordinated growth of multiple cell types, these systems
recreate critical aspects of the native in vivo milieu. This capability enables the investi-
gation of complex physiological processes—including nutrient and metabolite transport,
mechanical stimulation, cellular metabolism, and immune interactions—with a realism
unattainable in static culture or animal testing [32-34].

A typical OC consists of 3D cell cultures embedded in a microfluidic chip, which acts as
both the vascular and structural support of a natural organ, while also allowing real-time
monitoring and experimental manipulation [26]. The chip connects to external systems
through inlets and outlets and can be fabricated in different structural formats—including
microchannels, culture chambers, membrane layers, or modular architectures [35].

Particularly important in drug screening applications are microfluidic barrier models,
which typically consist of two or more channels separated by a semipermeable membrane,
allowing researchers to investigate selective permeability, transport kinetics, and barrier
integrity across physiological interfaces [11, 36]. Advanced designs have increasingly
incorporated co-cultures of relevant cell types (e.g., astrocytes, neurons, and pericytes in

5



CHAPTER 1. INTRODUCTION

BBB models), ECM components (e.g., collagen, laminin, and fibronectin) and microfabri-
cated features (e.g., perfusable microvessels and microchannels), in order to replicate the
structural and functional complexity of human tissues [11, 21, 32]. Moreover, recognizing
that drug toxicity often impacts multiple organs simultaneously has driven the evolu-
tion of OC technology toward multi-organ-on-a-chip systems [35]. These interconnected
models provide a more systemic perspective on drug metabolism and toxicity.

The versatility of microfluidic barrier models is demonstrated across various organ
systems. The following examples illustrate their diverse applications in simulating organ-
specific pathophysiology and evaluating therapeutic interventions.

Kidney-on-a-chip models have been instrumental in studying renal injury and drug-
induced nephrotoxicity. Kim et al. [37] developed a kidney-on-a-chip model to study
glomerular filtration barrier dysfunction. By integrating tunable basement membrane
deposition and a 3D co-culture of glomerular endothelial cells and podocytes, the model
replicated the biphasic response of the barrier, showing how membrane thickness af-
tects permeability. Additionally, nephrotoxic injury experiments revealed that damaged
podocytes overproduce vascular endothelial growth factor A, contributing to barrier im-
pairment. This kind of research studies will prove useful in further investigations into
kidney pathologies and how to prevent/treat them.

OC microfluidic platforms have also been widely applied in respiratory research. Tan
et al. [38] created a PDMS-based lung-on-a-chip to assess EGFR?-targeted drugs for non-
small cell lung cancer. The chip featured two microfluidic channels separated by a porous
membrane, allowing co-culture of lung cancer and endothelial cells under continuous
perfusion to mimic physiological conditions, whose schematic is represented in Figure 1.5.
Compared to 2D well-plates, the 3D lung chip provided more clinically relevant drug
responses, reducing cancer cell viability across all tested compounds.

PDMS layer/ upper layer Microchannel for air
\\\
2 / NCI-H1650
Type | collagen “_ — ( or LCA-1 cells
S 11717111 1 T T
membrane
"/’/ --‘—W\
Type | collagen b \ HUVECs
PDMS layer / bottom layer / Microchannel for medium

+ (EGFR-targeted anti-tumor drugs)

Figure 1.5: Schematic of a lung-on-a-chip composition with a microporous membrane integrated.
Adapted from [38].

In order to study enteric coronavirus infection and drug responses in the gut, Bein

2Epidermal growth factor receptor is a protein involved in cell growth, survival, and proliferation often
overexpressed or mutated in certain cancers.
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et al. [39] developed a human immunocompetent intestine-on-a-chip. The microfluidic
device, represented in Figure 1.6, lined with patient-derived intestinal epithelial cells and
human vascular endothelium, mimics physiological conditions by incorporating fluid
flow and peristalsis-like motions. Upon infection with NL63 coronavirus, the chip exhib-
ited inflammation, cytokine secretion, immune cell recruitment, and barrier disruption,
effectively recapitulating gastrointestinal pathology. Drug testing showed Nafamostat®

4 was ineffective and toxic to the endothelium. This

reduced viral load, while Remdesivir
platform provides a promising preclinical tool for studying viral gut infections and screen-

ing antiviral therapies.
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Figure 1.6: Schematic of a intestine-on-a-chip to study viral infection. Adapted from [39].

Extending the application of OCs to neurodevelopmental research, Wang et al. [40]
introduced a human induced pluripotent stem cells (hiPSC)-derived brain organoid-on-a-
chip to model prenatal nicotine exposure and its effects on early fetal brain development.
As represented in Figure 1.7, the chip had five parallel channels and enabled 3D culture,
neural differentiation, and self-organization of brain organoids under controlled microflu-
idic conditions. Nicotine exposure led to premature neuronal differentiation, disrupted
brain regional organization, abnormal cortical development and neuronal outgrowth,
mimicking neurogenesis defects observed in nicotine-exposed fetal brains.

Concerned by the adverse effects of caffeine on human placental function, Pemathi-
laka et al. [41] investigated caffeine transport across the placental barrier using high-
performance liquid chromatography-mass spectrometry (HPLC-MS). Their microfluidic
model, with trophoblast and endothelial cells on the maternal and fetal sides, respectively,
separated by a porous membrane, confirmed caffeine permeability, as shown in Figure 1.8.
The authors emphasized the need to study how varying caffeine concentrations impact
transfer rates. The same placenta-on-a-chip (PoC) assembly was used by Zhu et al. [42]
to study inflammatory responses to bacterial infections, focusing on Escherichia coli (E.
coli). The bacteria-induced inflammation triggered cell death in both trophoblasts and
endothelial cells and transplacental signaling induced an inflammatory response on the
fetal side, even without direct bacterial transmission. Nevertheless, maternal macrophages
adhered to the trophoblast layer following infection, indicating immune activation against
inflammation.

3Membrane protease inhibitor. Drug approved for clinical use for pancreatitis and disseminated intravas-
cular coagulation [39].
4Intravenous drug with emergency use authorization for COVID-19 [39].
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Figure 1.7: Brain organoid-on-a-chip. The organoid-on-a-chip device (left); schematic of the brain
organoid-on-a-chip configuration (middle); engarged view of the organoid generation process
(right). This system was established for embryoid bodies culture, neural differentiation and
formation of brain organoids by integrating a 3D Matrigel and a constant fluid flow using a syringe
pump, thus creating a controlled microenvironment for brain development. Adapted from [40].
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Figure 1.8: Caffeine concentrations calculated for both fetal (A) and maternal (B) sides from
HPLC-MS data. A 0.25 mg/mL caffeine solution was introduced in the maternal channel and its
diffusion into the fetal channel was monitored for 7.5 hours. A gradual increase in the fetal side’s
caffeine concentration was observed, while the maternal caffeine concentration decreased. Actual
tests have both endothelial and trophoblast cells on the chip and the control tests have solely the
membrane with media perfusing through the channels. Adapted from [41].

1.1.4 Advantages and Limitations of Current Microfluidic Barrier Models

Despite recent advancements in microfluidic technologies, widespread adoption and
functional deployment of barrier-on-chip models are constrained by technical complexity,
manual operation; including lack of automated fluid handling and feedback control,
limited temporal resolution and capture of dynamic gradients, hindering reproducibility.
A critical and unresolved challenge lies in accurately modeling and quantifying non-
equilibrium molecular transport phenomena, which involve a complex interplay of passive
diffusion, active transport, convective flows, and osmotic forces occurring simultaneously
under heterogeneous fluid compositions and dynamic flow conditions. Table 1.1 adresses
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the main advantages and limitations of recent microfluidic technologies.

Table 1.1: Comparison of main advantages and limitations of current microfluidic barrier models.

Advantages

Limitations

Physiological relevance: 3D tissue archi-
tecture, dynamic flow, and co-cultures.

Versatility: Simulates key processes like
nutrient transport, shear stress, metabolic
activity, and immune responses.

Co-culture integration: Supports ECM
components and multiple cell types.

Ethical advantage: Reduces need for ani-
mal testing.

Pharmacological utility: Enables drug
screening with predictive accuracy.

High complexity: Requires multidisci-
plinary expertise and precision setup.

Manual operation: Lacks automation and
real-time feedback.

Inability to fully simulate non-
equilibrium molecular  transport
phenomena.

Low temporal resolution: Difficult to track
time-dependent biological gradients.

Reproducibility issues: Non-standard
protocols across laboratories.

Scalability issues: Not yet optimal for
high-throughput testing.

1.2 Molecular Transport Across Semipermeable Barriers

The simplest and most fundamental semipermeable barrier in biology is the cellular
plasma membrane, which surrounds individual cells and tightly regulates the exchange
of molecules with their environment. As the primary interface between the cell and its
surroundings, the plasma membrane serves as the archetype for understanding molecular
transport across biological barriers. However, in multicellular organisms, additional and
often more complex barriers exist, formed by the coordinated interaction of multiple
cell layers and extracellular structures. In this section, the principles of transport across
the plasma membrane will be outlined before extending the discussion to multicellular
barriers, where transport becomes more specialized and tightly regulated.

Biological membranes are semipermeable—they permit the passage of certain molecules
such as water, while restricting others. Transmembrane transport is governed by intricate
interactions among membrane lipids, proteins, and carbohydrates, and is primarily deter-
mined by the size, charge, and solubility of the molecules attempting to cross (Fig. 1.9). This
selectivity is essential for cellular homeostasis, allowing the plasma membrane to regulate
its internal environment, sense external signals, and facilitate metabolic processes [43].
Importantly, membrane transport can occur via either active or passive mechanisms, with
the fundamental distinction between them being whether or not energy input is required
to move molecules across the membrane.

The movement of solutes across biological membranes is categorized into passive and
active transport mechanisms. Passive transport operates without the need for external

energy, relying solely on the inherent concentration or electrochemical gradients of the
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Figure 1.9: Logarithm of permeability coefficient (in cm/s) across lipid bilayer membranes for
common solutes. Adapted from [43].

solutes. Under passive conditions, solutes distribute themselves until equilibrium is
achieved on both sides of a membrane. Passive diffusion may occur directly, with molecules
traversing the barrier unaided, or it can be facilitated by specific membrane proteins
that selectively enhance the transport of certain solutes. In contrast, active transport
requires an input of metabolic energy, typically provided by adenosine triphosphate
(ATP), allowing solutes to move against their concentration gradients, using membrane
proteins as pumps or carriers. As a result, active transport establishes and maintains
non-equilibrium distributions of molecules, with accumulation of specific solutes on one
side of the membrane [43, 44].

Osmosis, refering to the flow of water across a semipermeable barrier, is a specific type
of diffusion. Water moves down its potential gradient until equilibrium is reached. The
pressure required to inhibit water movement is referred to as the osmotic pressure. Even
though biological barriers are not perfectly selective (that is, with a reflection coefficient

(0) equal to 1), some are highly effective semipermeable barriers with o ~ 0.75 — 1 [43].

1.2.1 Equilibrium Molecular Transport

In equilibrium scenarios, no external driving forces act on the system—the concen-
tration on both sides of the membrane changes until equilibrium is achieved. In static
conditions, the net flow of molecules allways occurs down their concentration gradient, un-
til equilibrium is reached and net movement stops [45]. Dyalisis membranes with a defined
molecular weight cut-off (MWCO) exemplify equilibrium-controlled transport: molecules
smaller than the MWCO can diffuse through, while larger species are retained [46].

Fick’s First Law mathematically expresses the principle of diffusion and serves as a
cornerstone for understanding molecular transport across barriers.

J=-DA (1.4)

El

where ] is the diffusion rate, D is the diffusion coefficient (dependent on solute size
and molecular weight), A is the cross-sectional area for transport, and g—; is the concen-
tration gradient. However, this traditional Fick’s First Law is based on the assumptions
of local equilibrium and linear response. In non-equilibrium situations—particularly
when the medium is heterogeneous or when transport coefficients vary, such as under

applied pressure differentials—these assumptions may no longer hold, necessitating the
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use of corrected formulations or alternative models to accurately describe molecular

transport [47].

1.2.2 Non-equilibrium Molecular Transport

Living organisms are open, non-equilibrium, self-organizing, and dissipative systems
that are sustained through the continuous exchange of matter, energy, and information
with their surroundings. The processes that occur within molecular and cellular biological
systems are inherently stochastic, span multiple spatial and temporal scales, and are
governed by conservation principles, kinetic laws, and thermodynamic constraints—all of
which must be considered in any attempt to model biological systems accurately [48, 49].

Non-equilibrium molecular transportunderpins the function of several critical or-
gans—including the kidney, lung, and BBB—where tightly regulated and dynamic ex-
changes of solutes sustain key physiological processes such as filtration, absorption, and
selective permeability [50, 51]. For instance, the glomerular filtration barrier in the kidney
operates as a passive, charge- and size-selective filter, permitting only small molecules
(approximately 15-30 kDa) to traverse into the urinary space. Accurately modeling or pre-
dicting filtration dynamics, however, remains challenging because large plasma proteins
retained within the bloodstream create substantial osmotic gradients. These gradients
generate solvent drag and may even reverse solute movement through interactions like
hydrogen bonding and electrostatic attraction [52]. The inability to mimic such dynamic
transport behaviors significantly limits the accuracy and translational relevance of in vitro
experimental models [53-56].

Non-equilibrium transport occurs when external forces—such as pressure gradients
or fluid flow—drive movement, creating constantly changing conditions. The fact that a
continuous flow is present evidences that concentration might not reach an equilibrium
on both sides of the membrane. Furthermore, transport is influenced by molecular motion,

solvent-solute interactions, diffusion, solvent drag, among other variables.

1.2.2.1 Molecular Motion

In pure water, solute molecules exhibit Brownian motion, moving relatively freely.
However, within the biological extracellular space—which contains salts, proteins, ECM
components, and cellular debris—the molecular motion of solutes is influenced by random
collisions with these structures. These interactions affect the time required for molecules
to reach biological membranes [57]. Solute molecules exhibit both translational and
rotational motions, which are modulated by temperature and resistance arising from
molecular interactions, ultimately impacting their diffusion rates across membranes [58].

Intracellular environments present even greater complexity, as cells are densely packed
with proteins, nucleic acids, membranes, and other macromolecules. This molecular
crowding, together with the solvent’s viscosity and binding interactions to cellular struc-

tures, significantly hinders solute mobility [59].
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1.2.2.2 Solute-Solvent Intermolecular Forces

The attractive interactions between a solute and the solvent involving it play an
importantrole in determining the diffusion coefficient of the solute across a semipermeable
barrier. When the attractive forces between solvent and solute molecules increase, the
solute’s diffusion coeffient decreases significantly because the solute tends to be “pulled”
by the surrounding solvent molecules, which increases the effective friction experienced
by the solute, thus slowing its movement [60].

In this regard, it’s worth mentioning some types of non-covalent intermolecular
interactions: van der Waals, ionic froces and hydrogen bonding. Van der Waals interactions
are non-directional, weak since they do not result from chemical bonds, and depend
on the distance and polarizability of interacting atoms or molecules—the closer and
more polarizable, the stronger the attraction [57, 61]. In biological systems and aqueous
environments, these forces are always attractive and significantly influence protein—protein
interactions, adsorption to surfaces, and aggregation [62]. During solvation, van der Waals
forces stabilize solute molecules by promoting solvent molecules to surround and interact
with the solute. Notably, they play a key role in hydrophobic interactions, where non-polar
solutes aggregate in water to minimize disruption of water’s hydrogen-bonding network,
an energetically unfavorable process [63]. Ionic bonds form via electron transfer between
atoms, creating charged ions. In solution, ions modify hydrogen-bond dynamics of water
by slowing rearrangement processes [64]. Charged solvent molecules interact specifically
with anions and cations, forming ion pairing—a common occurrence— which affects
solution behavior [65]. Finally, hydrogen bonding is a type of dipole-dipole intermolecular
interaction in which a hydrogen atom covalently bonded to a highly electronegative atom
(such as oxygen) interacts with a lone pair of electrons on another electronegative atom [66].
These interactions enable water molecules to strongly associate with solutes, surrounding

them, and influencing their transport.

1.2.2.3 Solvent Drag and the Mass-Balance Concept

Solvent drag refers to the phenomenon whereby solute molecules experience a force
due to the movement of solvent relative to a membrane. This process occurs not only as
a result of bulk solvent flow, but also in the context of ion transport whose movement
generates a driving force for water transport, which in turn exerts a dragging effect on
solute molecules, facilitating their movement across the membrane. With this in mind
one can understand that in non-equilibrium systems involving semipermeable barriers,
osmotic forces may arise that can reverse the transport of filtered solute molecules. In such
scenarios, the transport of these solutes back across the membrane occurs in conjunction
with water molecules, further illustrating the coupled dynamics of solute and solvent
movement under osmotic gradients [52].

The pressure effects on microfluidic systems introduce an additional variable to account

for in molecular transport. For instance, significant pressure changes can cause a shift
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from diffusion-dominated to convection-dominated solute motion, causing solvent to
wash through the membrane while dragging fewer solute along with it [67].

While assessing this topic, another one arises—the mass-balance concept. It states that
the quantity of mass within a system or compartment is determined by its initial mass, the
rate of mass entering, and the rate of mass exiting. This principle applies broadly across
liquids, gases, solutes, and solids, providing a fundamental framework for quantifying
material flow and accumulation in physiological systems. [68]. In general terms, in steady
state, the amount of mass entering a compartment over a given time equals the amount of
mass leaving it during the same period. Bearing that in mind, the mass-balance concept
inside a compartment (C) can be described by equation 1.5, considering a certain period
in time.

Massc = Massc initial + Massc,in — Massc,out (1.5)

If this equation is not met, it means that what goes inside the compartment isn’t the
same as what comes out in the same period of time, meaning that the system is not in
steady-state, and the amount of mass in the region will change until a new steady-state
is reached. In inherently dynamic systems, such as neural signaling, a steady-state may
never be established, requiring modified forms of the mass-balance framework to capture
transient behaviors [69].

The versatility of this principle is evident across physiology. In respiratory systems,
it underlies calculations of oxygen uptake and carbon dioxide elimination at the alveolar
level. In the cardiovascular system, it connects cardiac output to tissue oxygen delivery
and metabolic gas exchange. Within the renal system, the same framework quantifies

solute filtration, reabsorption, secretion, and clearance [70].

1.2.3 Passive and Active Transport In Biological Systems

Passive and active transport processes can be observed throughout biological systems,
often adapted to the specific needs of each tissue or organ. A prominent example of
passive diffusion is the glomerular filtration barrier in the kidney. This highly specialized
structure enables the movement of plasma from the bloodstream into the urine without
the direct expenditure of metabolic energy. As shown in Figure 1.10, filtration occurs in
the Bowman’s capsule of a nephron, where solutes and water diffuse across the barrier,
providing an essential step in urine formation.

During nutrient absorption in the intestines, small molecules such as water, oxygen,
and certain nutrients also passively diffuse across the intestinal epithelial cells into the
bloodstream [72, 73]. Even at the BBB, which restricts approximately 98% of therapeutics,
small lipid-soluble molecules below 400 Da can cross via passive diffusion through the
transcellular lipophilic pathway, as illustrated in Figure 1.11 [74]. Moreover, protein- and
vesicle-mediated facilitated diffusion pathways are also present, as well as through the

use of tight junctions.
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Figure 1.10: Schematic drawing of a single nephron and glomerulus, a glomerular capillary
vessel, and the glomerular filtration barrier (GFB). (A) A nephron with its glomerulus. (B)
the glomerular capillary, where glomerular endothelial cells (GEC) line the vessel and podocyte
foot processes surround it. (C) a cross-section of the GFB, highlighting endothelial fenestrae,
the basement membrane (BM), the glycocalyx layer, and podocyte foot processes linked by slit
diaphragm proteins, which restrict albumin and direct plasma filtration into the nephron. Adapted
from [71].
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Figure 1.11: Schematic representation of transport pathways across the BBB. (A) Paracellular
pathway. (B) Passive diffusion of lipid soluble molecules. (C) Carrier mediated transport. (D)
Efflux pumps. (E) Receptor mediated transcytosis. (F) Adsorptive mediated transcytosis. (G) Cell
mediated transcytosis. Adapted from [74].

However, most of the time passive transport in biological systems does not occur in
isolation. It is frequently coupled with metabolic processes that consume energy in the
form of ATP and mantain concentration gradients. Relevant examples include the sodium-
potassium pumps located in the plasma membrane, which maintain the resting membrane
potential and cellular ion balance [75]; hydrogen-ATPase pumps which transport hydrogen
ions to acidify compartments like lysosomes, or create proton gradients used in processes
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such as ATP synthesis; or the calcium pumps which actively transport calcium ions out of
the cytoplasm to maintain low intracellular calcium levels, critical for cell signaling and
muscle function [76]. Moreover, in Figure 1.11, efflux pumps are represented symbolizing
the energy-dependent pathways caracteristic of active transport in the BBB.

A theoretical framework, combining passive diffusion and first-order metabolism in
multi-compartment systems, showed how non-equilibrium conditions dynamically shape
solute distributions over time [77]. This approach bridges physicochemical transport
properties (e.g., lipophilicity, membrane permeability) with bioactivity patterns observed
in complex tissues, offering predictive insights into drug distribution and cellular uptake in
systems operating far from equilibrium. Beyond passive and pressure-driven mechanisms,
in a foundational analysis, Guzmén-Lastra et al. [78] demonstrated that self-propelled
particles organized into “active carpets” generate spontaneous, long-range flow fields,
thereby enhancing non-equilibrium diffusion and significantly boosting molecular flux

across membranes.

1.24 Non-Equilibrium Transport Simulations

To capture the complexity of non-equilibrium transport, non-equilibrium molecular
dynamics (NEMD) simulations have become essential tools. These drive systems away
from equilibrium and measure their response to perturbations, such as electric fields,
thermal gradients, ATP hydrolysis, and the removal of ligands from their binding sites [79,
80]. By imposing controlled pressure and concentration gradients, NEMD simulations
have revealed the molecular basis of transport through confined membranes and bio-
logical barriers. Those allow the computation of viscosity, diffusity, solvent drag, and
coupled transport coefficients under realistic flow conditions [81]. These approaches have
successfully informed reverse-osmosis models, revealing how pore size, free volume, and
polymer chain mobility influence both water and solute flux [82].

Rankin and Huang [83] validated a novel NEMD algorithm to simulate concentration
gradient-driven fluid transport through 2D membranes, where strong fluid-membrane
interactions induced deviations from linear theoretical predictions. Similarly, boundary-
driven NEMD simulations on polyamide and MXene nanochannels revealed that solvent
permeance is more strongly governed by membrane—-solvent friction than by pore size, and
that pressure—flux relationships deviate in confined, high-viscosity environments [84].

Non-equilibrium thermodynamics in electrolytes relates diffusive fluxes to electro-
chemical potential gradients and osmotic pressure differences. Furthermore, advanced
molecular kinetic modeling—including thermal fluctuations and thermoelectric coupling—
has been applied to transport in confined fluids [85].

Collectively, these studies highlight that true non-equilibrium transport is governed
not only by solute and solvent diffusion under gradients, as captured by traditional mod-
els [86, 87], but also by dynamic molecular interactions, fluctuating transport pathway,
and interfacial friction. Realistic modeling demands multi-scale approaches that combine

15



CHAPTER 1. INTRODUCTION

macroscopic models (e.g. solution—diffusion phenomenology), mesoscopic insights (tran-
sient pore connectivity), and NEMD simulations to resolve friction-driven transport and
kinetic coupling. Only through this integrative, dynamically-aware modeling framework
can predictive, physiologically realistic OC and barrier systems be designed—especially

when aiming to emulate organs’ inherently non-equilibrium transport characteristics.

1.3 Overview of the Project

This work introduces a fully automated microfluidic perfusion platform engineered to
enhance physiological relevance, operational stability, and analytical accuracy in investiga-
tions of molecular transport dynamics. The system provides precise, programmatic control
and continuous monitoring of key physicochemical variables—such as pressure-driven
flow, temperature, dissolved oxygen (DO) levels and fluid recirculation—all essential for
recreating the concurrent mechanical and chemical forces that govern non-equilibrium
transport across biological barriers.

The platform’s capabilities were demonstrated through a proof-of-concept passive
transport experiment employing bovine serum albumin (BSA) and fluorescein as tracer
molecules. Under physiologically representative conditions mimicking glomerular fil-
tration, the system enabled controlled, time-resolved quantification of solute flux across
a semipermeable membrane. Notable design features include highly accurate pressure-
based flow regulation, dual recirculation circuits equipped with failsafe volume sensors,
unidirectional perfusion, automated programmable reagent delivery, synchronized multi-
chamber sampling, and integrated sensors for real-time measurement of DO, flow rate,
pressure, and temperature.

Through the integration of automated flow control and comprehensive sensing, the
platform allows active manipulation and observation of the complex, time-dependent
physicochemical environment underlying non-equilibrium molecular transport. This
approach overcomes key limitations of current experimental models, ensuring repro-
ducibility and deeper mechanistic insight. Ultimately, the system provides a powerful
experimental tool for exploring the coupled transport mechanisms that sustain physiolog-
ical homeostasis and drive barrier-associated pathologies.

1.4 Aims of the Project

This study was conducted within the framework of the European-funded initiative
Lifesaver project, which aims to develop a microfluidic system for modeling placental func-
tion and predicting the transplacental transfer of drugs and environmental contaminants.
The core of this system is a microfluidic perfusion platform designed to support OC mod-
els consisting of two independently pressure-driven circulation circuits separated by a
cellular membrane [88]. The overarching goal of Lifesaver is to demonstrate the potential of
advanced in vitro models to replace conventional testing methods, adressing both ethical

16



1.5. RESEARCH TRAINING AND OUTPUTS

and scientific concerns and scientific limitations in drug development and chemical risk

assessment, particularly under conditions of pathological placental dysfunction [89].

The specific objectives of this work included:
¢ Familiarization with handling of the microfluidic system hardware and software;

¢ Validation of platform performance with a proof-of-concept passive transport study
using BSA and fluorescein as molecular tracers to demonstrate controlled, time-
resolved quantification of molecular flux across a semipermeable nitrocellulose
membrane under physiologically relevant conditions;

¢ UV-Vis and fluorescence spectroscopy analysis for molecular tracers detection;

¢ Data analysis and modulation of non-equilibrium molecular transport across the
membrane system.

The work of this dissertation was carried out at the Institute for Research and Innovation
in Health (i3S), in Porto.

1.5 Research Training and Outputs

* Peer-reviewed Manuscript

Olivier Fournier, Miguel A. D. Neves, Théo Gavoille, Alan Morin, Beatriz Pais, Ivana
Brenta, Justine Lereculey-Beaumanoir, Andrea Cruz, Denis Santos, Hugo Oliveira,
Michael Gasik, Lisa D. Muiznieks, Inés Mendes Pinto. “Automated Microfluidic
Platform for Molecular Transport Analysis Across Biomimetic Interfaces”. Advanced
Sensor Research. DOI: 10.1002/adsr.202500166. (In Press)

A substantial part of this dissertation was adapted from the peer-reviewed manuscript
referred above, co-authored by the candidate, which was already accepted for publica-
tion in the Advanced Sensor Research Journal, by Wiley (DOI: 10.1002/adsr.202500166).
The text was adapted and all the work here described was carried out by the can-
didate, except where explicitly mentioned otherwise. In particular, the candidate’s
contribution to the scientific paper included the integration, testing and valida-
tion of the microfluidic platform and software, as well as conduction of molecular
quantitative analysis using spectroscopic methods, mass balance data analysis and
non-equilibrium transport modulation. The candidate also participated in the writ-
ing and editing of the draft and in the design of the figures present in the paper,

whose manuscript can be found in appendix B.

* Microfluidic Training, December 2024, in Paris

A training program at the Microfluidics Innovation Center (MIC), in Paris, was com-
pleted to gain expertise in microfluidic devices. It covered both theoretical principles
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of microfluidics and practical skills for device handling and system operation. The
candidate operated the system described throughout this dissertation prior to the
formal commencement of the activities, acquiring hands-on experience to support
subsequent research activities. This program at MIC was instrumental to train
the candidate for microfluidic platform testing and proof-of-concept experimental
validation described in this dissertation.

¢ Lifesaver Annual Meeting, October 2025, in Brussels

The results described in this dissertation were presented at the last annual meeting
of the Lifesaver Consortium, October 2025, in Brussels.

Declaration of Originality

The research work described in this dissertation was carried out in accordance with
the norms established in the ethics code of Universidade Nova de Lisboa. The work
described and the material presented in this dissertation, with the exceptions clearly
indicated, constitute original work carried out by the author.
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2

MATERIALS AND METHODS

In this chapter are presented the methods for the microfluidic platform’s modules
fabrication, software development, chip fabrication, as well as the methods used in the
integration, testing and validation of the platform and of the molecular transport assay
that was conducted within the framework of the proposed work in this dissertation.

2.1 Microfluidic Hardware Components, Fabrication and

Software

The fabrication and design of the microfluidic hardware components and programming
of the dedicated software were developed by MIC. This section describes the methods
and different materials used in that regard, which the candidate assembled, tested and
used in her work.

The mechanical framework of the platform was modeled using Solidworks software.
Most electronics were commercially sourced, including an OB1 MK4 four-channel pressure-
driven flow controller (0-2000 mbar range; see Anex 1.1), 12/1 MUX distribution unit,
MUX Wire, 3/2-way valves, and MFS4 digital flow sensors (30-1000 pL/min range;
Annex 1.2) obtained from Elveflow (France). Custom level sensors were developed at the
Microfluidics Innovation Center (France) by integrating Zisenisc ZCT-YOF(7 capacitive
elements (Farnell, France), while optical oxygen probes were acquired from Scientific
Bioprocessing (Germany).

The system housing was fabricated using a fused deposition modeling 3D printer,
Ultimaker S5 (Netherlands), employing both generic and tough polylactic acid (PLA).
Fluidic connections between modules consisted of polytetrafluoroethylene (PTFE) tubing
in two dimensions: outer diameter (OD) 1/16” and 1/32”, and corresponding inner
diameter (ID) 1/32” and 300 pm (Darwin Microfluidics, France). The pneumatic lines
were constructed using polyurethane tubing (OD of 4 mm and ID of 2.5 mm; SMC, Japan).
Interconnections between tubing and modules employed a range of fittings, including
polyether ether ketone (PEEK) and perfluoroalkoxy (PFA) %4”-28 male adaptors to 1/16”
OD and 1/32” OD tubing connectors, ethylene tetrafluoroethylene (ETFE) 14”-28 female to
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Luer male connectors, polypropylene %4”-28 swivel to barbed 3/32” ID connectors (Cluzeau
Info Labo, France); as well as mini-Luer to 1/32” OD tubing tuck-in connectors and silicon
sleeve tubing (Microfluidic ChipShop GmbH, Germany). All tubing connectors are
evidenced in Annex 1.4. Additional integrated elements included pressure caps (Elveflow,
France), a heating unit (SADIJPR, China), and recirculation bridge modules (Microfluidics
Innovation Center, France). System operation and user control were managed through

custom software and a graphical interface developed in LabView (2022 Q3 release).

2.2 Microfluidic Chip Fabrication and Assembly

The microfluidic chip fabrication took place at the International Iberian Nanotechnol-
ogy Laboratory, in Braga.

The chip was fabricated using a stereolithography 3D Printer (Form?2 printer, FormLabs,
USA) with BioMed Clear Resin (FormLabs). The design, created in AutoCAD comprised
two identical open square chambers measuring 20 x 20 x 13 mm, corresponding to the top
and bottom halves of the device. Each chamber incorporated a mini-Luer port on opposing
sides, functioning as the respective fluidic inlet and outlet. Gaskets composed of ethylene
propylene diene monomer (EPDM) rubber (1 mm thickness; Solutions Elastomeres, France)
were cut to hold a semipermeable membrane between the two halves of the chip. Two
squares (30 x 30 mm) were prepared to extend beyond the chip edges, and a central aperture
of 15x15 mm was cut into each using an x-acto blade. A piece of nitrocellulose dialysis
tubing membrane (25 x 25 mm; 10 kDa MWCO) was super-glued (Loctite) on both sides
between the gaskets, and the assembly was flattened with a hard roller (Essdee) to ensure
uniform contact. The resulting membrane-gasket composite (Fig. 2.1A) was subsequently
positioned between the chip halves, and secured in place using a clamp (Fig. 2.1B, C).
This assembly was performed by the candidate when conducting experiments using the
microfluidic chip described. The two chambers of the chip were filled with phosphate
buffered saline (PBS) (140 mM NaCl, 10 mM sodium/potassium phosphate, and 3 mM KCl,
pH 7.4) by hand using a 10 mL syringe via tubing (300 pm ID) and mini-Luer connectors
attached to the chip inlet.

2.3 Characterization of Microfluidic Modules

Individual functional tests of the microfluidic modules—including flow rate regulation,
recirculation, injection, and collection—were carried out using two union connectors in
place of the microfluidic chip (Fig. 2.2). System operation during these tests was manually
managed through the Elveflow Smart Interface (ESIL; Elveflow, France). Comprehensive
characterization of the fully integrated platform was subsequently conducted using the
assembled microfluidic chip in combination with custom control software, enabling
automatic operation and synchronization of all components, which was performed in
colaboration with MIC.
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Figure 2.1: Final chip assembly. (A) Nitrocellulose membrane-gasket composite. (B) and (C) Final
microfluidic chip assembly from two different perspectives.

"

Figure 2.2: Union connectors used in place of the microfluidic chip. This configuration allowed

individual testing of the microfluidic modules by applying pressures higher than those tolerable
by a membrane.

2.4 Molecular Transport Assay

Transport experiments were carried out using fluorescein (Sigma Aldrich) as a low-
molecular-weight tracer and BSA (Sigma Aldrich) as a model macromolecule, representa-

tive of abundant plasma albumin. The platform proof-of-concept assays were performed
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with nitrocellulose dialysis tubing membranes with a 10 kDa MWCO (ThermoFisher Sci-
entific), stored under humid conditions prior to use. The membrane was assembled in the
microfluidic chip, and both chambers were filled with a 1xPBS bulffer, as described above.
Before chip integration, the entire fluidic system was filled with PBS. For each circuit, 70
mL of PBS were allocated between the two reservoirs (45 mL in R1, 25 mL in R2). During
experiments, the chip was positioned vertically to align the membrane along the direction
of transport. An aliquot for injection into circuit 1 (fluorescein and BSA; total volume
of 1 mL) was prepared to result in a starting concentration after injection of 20 pg/mL
fluorescein and 1 mg/mL BSA. The assembled chip was connected to the microfluidic
platform and enclosed in a temperature-controlled chamber. Flow rates were set to 400
pL/min in circuit 1 and 200 pL./min in circuit 2 (400:200 ratio); or 400 pL./min in each
circuit (400:400 ratio). Automated transport experiments were conducted in which one
baseline and 19 subsequent samples (210 pL each) were collected from both circuits at 10-
minute intervals. Fluorescein concentrations in the collected samples were quantified via
fluorescence spectroscopy (excitation/emission: 485/528 nm), whereas BSA transport was
determined by ultraviolet (UV) absorbance at 280 nm using a Synergy 2 HTX multi-mode
microplate reader (Biolek). Transport analysis was performed according to integral-mass
balance principles based on mass and flow conservation [90], under the assumption that
neither the carrier medium (PBS) nor the tracer compounds (BSA and fluorescein) were
subject to external sources or sinks. Under continuous-flow conditions with fixed tracer
concentrations in the reservoirs of circuit 1, a system of differential equations [90] was
established to balance the sum of inlet and outlet flows and the corresponding tracer
mass fluxes. At steady state, net solute accumulation within the membrane and circuit
compartments was assumed to be negligible, such that the time derivatives of tracer
concentrations approached zero. Computational fluid dynamics (CFD) simulations were
conducted in COMSOL Multiphysics to model the fluid pathways within the chip and
assess the distribution of fluorescein, in case flux currents did not effectively reach the en-
tire chamber volume, thus hindering the transport of fluorescein across the nitrocellulose
membrane. Mass balance and CFD simulation analyses were performed in partnership

with Seqvera (Finland).

2.4.1 UV-Vis Spectroscopy

Spectroscopy is a technique used to analyze how matter absorbs, emits, or interacts
with electromagnetic radiation. The method varies depending on the specific range
of wavelengths being examined. UV-Vis spectroscopy focuses on the UV and visible
portions of the electromagnetic spectrum (from 190 to 800 nm). When electromagnetic
radiation interacts with matter, various phenomena can take place, such as reflection,
scattering, absorption, fluorescence or phosphorescence (where energy is absorbed and
then re-emitted), and photochemical reactions involving absorption followed by bond
breaking. This technique is particularly useful for qualitative and quantitative analysis,
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allowing for identification and confirmation of molecules in a sample, determination of
compound concentrations in solution, and monitoring of reaction kinetics and molecular

interactions [91].

2.4.1.1 UV Absorbance

In a typical UV analysis, which spans from 190 to 400 nm, a spectrophotometer
directs ultraviolet light through a sample and measures the amount of light absorbed at
a given wavelength. The absorbance corresponds to the difference between the incident
radiation (Ip) and the transmitted radiation (I) passing through the sample [91]. Therefore,
absorbance is calculated as shown in equation 2.1.

A =—log(T), (2.1)
where T is the transmittance, defined in equation 2.2 as the ratio of transmitted to
incident light.
r=1 (2.2)
Ip

2.4.1.2 Fluorescence Spectroscopy

In fluorescence spectroscopy, a sample is exposed to monochromatic light with an
energy that can be absorbed by the sample’s molecules. This absorption excites the
molecules from their ground state to a higher electronic state. As the molecules return to
the ground state, they release excess energy in the form of emitted photons, producing
fluorescence [92].

One of the most important applications of absorbance and fluorescence spectroscopy is
the determination of the concentration of an unknown sample. To do so, the relationship
between the concentration of a sample and its absorbance/fluorescence signal intensity
as to be assessed.

2.4.1.3 Synergy™ 2 Multi-Mode Microplate Reader (BioTek)

The BioTek Synergy 2, showed in Figure 2.3, is a flexible multi-mode microplate reader
used in research and diagnostics, supporting detection modes such as UV-Vis absorbance,
fluorescence, fluorescence polarization, time-resolved fluorescence, and luminescence [93].

For absorbance readings, Synergy 2 uses a super-quiet xenon flash lamp as light
source. The light passes through a monochromator, which selects a specific wavelength
between 200 and 999 nm (in 1-nm increments). The selected light then travels through the
sample in the microplate well. A photodiode detector measures the intensity of light that
passes through the sample [93]. The system calculates absorbance based on the difference
between the incident and transmitted light, typically following the Beer-Lambert law,
represented in equation 2.3, which depicts the same rationale of equation 2.1.

A=¢lC=-log (Ii) , (2.3)
0
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where ¢ is the molar absorption coefficient, I is the path lenght, and C is the concentration
of the compound in solution.

In fluorescence mode, Synergy 2 uses either a tungsten-halogen lamp or a xenon flash
lamp (depending on the fluorescence module in use). The system employs excitation and
emission filters along with dichroic mirrors to direct and select specific wavelengths of
light. A photomultiplier tube (PMT) detects the emitted fluorescence from the sample [93].

[ -

Figure 2.3: Synergy™ 2 Multi-Mode Microplate Reader (BioTek) used for experimental assays,
with the microplate carrier open.

2.4.2 Calibration Curves Development

In order to quantify the concentrations of BSA and fluorescein from their respec-
tive absorbance and fluorescence measurements, two separate calibration curves were
developed to identify the linear detection range of the Synergy 2 microplate reader. Per-
forming quantification within this linear range ensures accurate determination of sample
concentrations.

For the fluorescence calibration curve, the linear range was established from 0.00033 to
3 ug/mL. A series of fluorescein dilutions were prepared at the following concentrations:
0.00033, 0.0033, 0.0166, 0.08, 0.25, 0.5, 1 and 3 pg/mL in PBS. Fluorescence readings
were performed using a black 384-Well Flat-Bottom Microplate (Corning), with each
concentration aliquoted in triplicate at 25 uL per well.

For the absorbance calibration curve, BSA standard solutions were prepared at con-
centrations of 0.01, 0.1, 0.5, 1, 10 and 25 mg/mL in PBS. Absorbance measurements were
carried out using a clear 96-well F-bottom Microplate (Greiner), with each concentration
aliquoted in triplicate at 70 uL per well.

Fluorescence and absorbance measurements from the unknown samples were then

interpreted using the respective calibration curves. Fluorescence intensity values were

24
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plotted against known fluorescein concentrations, and absorbance values were plotted
against BSA concentrations, as shown in Figure 2.4.

Each dataset was fit with a linear regression model within the validated linear range
of Synergy 2. The resulting calibration equations are presented in equations 2.4 and 2.5,

along with the respective standard errors.

Fluorescence = (5664 + 74) - [Fluorescein] (ng mL ™) + (94 + 93) (2.4)

Absorbance = (0.078 + 0.002) - [BSA] (mg mL™!) + (0.01 + 0.02) (2.5)

Using these equations, the concentrations of fluorescein and BSA in the experimental
samples were calculated by inputting the measured fluorescence or absorbance values
and solving for the unknown concentration.

When the compound’s concentration used for an experiment was higher than the
maximum concentration value in its calibration curve, a dilution step was performed in

order to fit that concentration within the linear range of the calibration.

Fluorescence Calibration Curve for Fluorescein
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Figure 2.4: Mean fluorescence (top) and absorbance (bottom) measurements for spiked con-
centrations of fluorescein and BSA. Data presented as mean + SD (n = 3) with 95% confidence
intervals included. Ciop respects to the Concentration Limit of Detection.
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2.5 Statistical Analysis

GraphPad Prism 8 (GraphPad Software) was used for graphic development and sta-
tistical analysis. Statistical significance was determined using an unpaired Student’s
two-sample t-test for equal means, with p-values indicated accordingly. Differences be-
tween groups were considered statistically significant when p < 0.05. This test evaluates
whether the means of two unrelated samples differ sufficiently to reject the null hypothesis
of equality. The degree of difference is quantified by the p-value, with smaller p-values

indicating stronger evidence of a true difference between groups [94].

26



3

REsuLTs

3.1 Design of an Automated Microfluidic Platform for
Molecular Transport Assays

In this section, the candidate contributed for the testing and validation of the integrated
microfluidic platform and for the testing of the dedicated software, in collaboration with
MIC.

This study reports the design, development, and proof-of-concept validation of a
modular microfluidic perfusion platform capable of automating transport assays—that is,
experiments assessing compound translocation across a semipermeable membrane mim-
icking a biological barrier. The platform was conceived to promote both methodological
and technological standardization while enabling automation, all without compromising
versatility. Its architecture supports broad compatibility with diverse microfluidic chip
geometries, membrane compositions, and cellular models, ensuring adaptability across
multiple research and application contexts.

The central architecture of the platform consisted of two distinct fluidic pathways (cir-
cuit 1 and circuit 2) independently regulated by a primary fluidic control unit (Figs. 3.14,
B). These circuits were interfaced on opposite sides of a biomimetic barrier-integrated
microfluidic chip positioned within a temperature-controlled chamber. This configuration
fulfills the essential criteria for evaluating both the impact of tracer compounds on a
biomimetic membrane and their transmembrane transport behavior. The platform incor-
porated a suite of modular components that enabled independent liquid recirculation in
each circuit, automated compound injection and mixing within circuit 1, and time-resolved
sample collection from both circuits1 and 2 (Figs. 3.1C-E). Instruments were color-coded
to distinguish between the two fluidic pathways, thereby simplifying assembly, calibra-
tion, and operation. Continuous in-flow measurement of DO was implemented in each
circuit. A thermal chamber was constructed to regulate the temperature of the molecular
transport zone ranging from ambient temperature to 50°C, thus providing the option for
co-culture of cells on a membrane in the microfluidic chip, thereby expanding the system’s

functionality for biologically integrated transport studies.
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Figure 3.1: Microfluidic platform for automated molecular transport assays. (A) Complete view
of the microfluidic platform, comprising different integrated modules (dark red: circuit 1, dark
green: circuit 2, light blue: main fluidic unit). (B) Fluidic pathway schematic for both circuits
(orange: circuit 1; blue: circuit 2). (C) Sensorized recirculation modules featuring flask holders
with integrated volume-level sensors and unidirectional recirculation bridges. Detailed operating
principle shown in Figure 3.3. (D) Injection module equipped with four Eppendorf tube holders
and a multiplexed rotary distribution valve. Operating principle detailed in Figure 3.4. (E)
Automated sample collection module supporting up to 20 sequential samples. (F) Schematic of
one half of the chip.

Fluid flow was regulated using a pressure-driven flow controller (OB1 MK4, Elveflow)
and two inline thermal flow sensors coupled to separate Proportional-Integral-Derivative
(PID)® feedback loops for automated real-time regulation of flow rate. To ensure op-
erational flexibility and independence from specific flow rates or perfusion durations,
each circuit incorporated a dual-reservoir recirculation system (100 mL Schott bottles).
During operation, one reservoir was actively pressurized to drive the flow, while the
second served as the collection reservoir; their functions alternated automatically before
the active reservoir was depleted. The recirculating fluid pathway of each circuit was
directed through an array of 3/2-way valves configured to enable automated and inde-
pendent switching between reservoirs (Fig. 3.1B). Custom ‘failsafe’ volume-level sensors
were embedded within the system to signal the control unit when the active reservoir
approached minimal volume, triggering automatic valve actuation to pressurize the re-
plenished reservoir (Figs. 3.1B, C). To maintain unidirectional flow across the microfluidic
chip, each circuit employed a recirculation bridge composed of four check valves and four
T-junctions arranged in a square configuration.

A distribution valve was integrated into the system to enable automated, sequential

5Feedback-based control loop mechanism that automatically adjusts processes. It compares the target
value with the actual value of the system and applies corrective actions to minimize the error between them.
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TRANSPORT ASSAYS

injection of up to four distinct test compounds into reservoir 1 of circuit 1 (Figs. 3.1B, D).
The injection rack was designed to accommodate standard Eppendorf tubes, allowing for
flexible dosing volumes between 10 and 1500 pL. To support automated, time-resolved
sampling, two dedicated sample modules were developed and installed inline, immedi-
ately downstream of the microfluidic chip. Each sample collector was equiped with two
distribution valves, and contained a removable rack for up to 20 Eppendorf-sized tubes
aligned under a snap-shut lid fitted with fluidic tubing connection ports for secure and
sterile operation (Fig. 3.1E).

The platform architecture was engineered for broad compatibility with a variety of
commercial and custom-fabricated membrane-integrated microfluidic chips, all housed
within a temperature-controlled chamber. In the present study, the chip consisted of
two identical rectangular chambers equipped with mini-Luer ports to facilitate fluidic
connection to the microfluidic tubing (Fig. 3.1F).

Regarding the software system, which runs fully automatically, it responds according to

the fluxogram in Figure 3.2B. An image of the user interface is represented in Figure 3.2A.
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Figure 3.2: Control software interface and operational workflow. (A) Overview of user-
configurable parameters within the “Definition of the experiment” interface tab. (B) Flowchart
of the automated transport assay workflow. User inputs (blue shapes) and system outputs (red
shapes) are indicated. The diagram illustrates the four principal experimental phases: system
initialization, baseline data acquisition, compound injection and monitoring, and experiment
termination. Software development was performed by MIC.
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3.2 Characterization of Module Stability and Accuracy

In this section, the candidate contributed for the validation of each module’s stability
and accuracy by conducting data treatment and analysis of the different tests that were
conducted in the microfluidic platform. The results in this section were accomplished in
collaboration with MIC.

To maintain unidirectional flow through the microfluidic chip while employing
pressure-driven control, a recirculation bridge was engineered and integrated inline
upstream of the chip in each circuit. The flow direction within this bridge was determined
by the orientation of two parallel pairs of check valves, which permitted fluid movement
in only one direction (Fig. 3.3A). Opposite corners of the bridge were connected to the two
liquid reservoirs, while the remaining corners were linked to the inlet and outlet of the
microfluidic chip (Fig. 3.1B). At each Tjunction allowing two potential flow routes, liquid
preferentially passed through the check valve offering the lowest back pressure. This ar-
rangement yielded two possible recirculation pathways within the bridge, corresponding
to which reservoir (R1 or R2) was actively pressurized. Importantly, liquid flow from the
bridge towards the chip was independent of reservoir origin, meaning that liquid exited
the bridge from a single corner, regardless of which reservoir was pressurized (top left
outlet in Figure 3.3A). Similarly, flow returning from the chip always re-entered the bridge
at a single entrance (bottom right inlet in Figure 3.3A).

The fluid control modules exhibited consistent performance across all tested conditions,
demonstrating stable flow regulation, reliable recirculation, and operational flexibility.
The integrated pressure-driven flow controller, thermal flow sensors, volume-level sensors,
and recirculation bridge were jointly employed to regulate two independent flow circuits
over a continuous 4.5-hour operation (Figs. 3.3B-D). In both circuits, the flow remained
steady and tightly maintained at the specified target rates. Normalized histograms of
the recorded flow rates (1 Hz acquisition frequency) were generated for two flow rate
configurations: 400:400 ratio (400 pL/min in both circuits; Fig. 3.3B) and 400:200 ratio
(400 pL/min and 200 pL/min in circuits 1 and 2 respectively; Fig. 3.3C). Stabilized flow
rates were measured at 400.0 = 0.5 pL/min and 200.0 + 0.4 uL/min (for 400:200 ratio),
and 400.0 + 1.1 pL/min and 400.0 + 1.3 pL/min (for 400:400 ratio). The integrated level
sensors successfully enabled alternating pressurization between the two reservoirs in
each circuit. When a minimal liquid level was detected in the active reservoir, the control
software automatically triggered the valve system to pressurize the replenished reservoir
(Fig. 3.3D). Each reservoir switch produced a brief, expected drop in flow to near zero,
followed by a transient overshoot corresponding to the PID feedback mechanism restoring
the flow to its target rate. The intervals between successive switching events remained
consistent—approximately 105 min at 200 pL/min and 50 min at 400 pL/min—verifying
proper level-sensor function (Fig. 3.3D). Slight variations in the duration of the initial
pressurization cycle relative to subsequent ones were attributed to the initial manual

partitioning of liquid between the two reservoirs.
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Figure 3.3: Flow control and monitoring system performance. (A) Recirculation bridge configura-
tion enabling two flow pathways. Liquid flows from R1 or R2 depending on active pressurization,
maintaining unidirectional flow to the circuit (top-left exit) and return from the circuit (bottom-
right entrance). (B) Normalized flow rate histograms using ESI software at 400 pL/min in both
circuits (circuit 1, orange; circuit 2, blue). (C) Normalized flow rate histograms using ESI software
at 400 pL/min in circuit 1 and 200 pL/min in circuit 2. (D) Temporal flow rate profile using ESI
software (400 pL/min in circuit 1 and 200 pL/min in circuit 2). Alternating reservoir pressurization
events are indicated: R1 (W) or R2 (®). (E) Temporal oxygen partial pressure profile using ESI
software (400 pL/min in circuit 1 and 200 pL./min in circuit 2).

The evolution of the oxygen partial pressure (pO;) was monitored in both circuits
throughout the 4.5-hour experiment (Fig. 3.3E), in synchronization with the recorded flow
rates (Fig. 3.3D). Oxygen levels remained steady within the range of 180 to 220 mbar for
the entire duration of the experiment. Minor, gradual fluctuations in pO, were observed
in both circuits, corresponding to the alternating pressurization of reservoirs R1 and R2,
indicated by the symbols W and @, respectively (Fig. 3.3D).

An essential parameterization step in automating a microfluidic transport assay in-
volves the controlled introduction of a test compound into one of the flow circuits. The
microfluidic platform was configured to enable up to four automated compound injections
per experiment. The injection sequence was programmed to deliver the compound into
R1 of circuit 1, initiate mixing between the two reservoirs off-line from the main flow path,
and subsequently reconnect the mixture to the complete circuit and the microfluidic chip
(Figs. 3.1B, 3.4A). Prior to each injection, the liquid contained in R1 was first transfered
to R2. The compound was then injected into R1 (Fig. 3.4A, i), after which the contents of
R1 and R2 were circulated bidirectionally at a high flow rate (2000 pL/min) to achieve
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complete homogenization (Fig. 3.4A, ii).
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Figure 3.4: Performance of injection and collection modules. (A) working principle of injection
module: i) The compound is injected into R1 of circuit 1. ii) The medium and the compound are
circulated between R1 and R2 until homogenized. (B) Mixing efficiency of injected compound
in R1 (grey squares) and R2 (blue circles) as a function of the number of back-and-forth cycles.
(O) Platform versatility for sequential injections: absorbance (mean + SD, n=3-5) in R1 for four
successive fluorescein injections via manual injection and shaking (grey squares), automated injec-
tion with subsequent manual shaking (blue circles), or automated injection and three automated
mixing cycles (red triangles). (D) Accuracy of automated sample-collection volumes for three
independent targeted sample sizes (155 uL, 185 uL, 220 puL; n=40 per condition).

A series of validation tests were conducted to evaluate the efficiency of compound
homogenization following successive cycles of automated back-and-forth mixing, using
fluorescein dissolved in PBS as the model tracer. Rapid and uniform mixing of fluorescein
with buffer was achieved in reservoirs R1 and R2 of circuit 1 after a single mixing cycle, as
evidenced by equivalent absorbance values in both reservoirs (Fig. 3.4B). The performance
of the automated injection and mixing procedures was further compared with manual
injection followed by manual shaking. Four sequential injections of fluorescein were
performed under identical conditions, and absorbance values in R1 were recorded after
each injection (Fig. 3.4C). The results demonstrated comparable absorbance responses
between automated and manual methods, with signal intensity increasing linearly across
successive injections. These findings confirm the precision and reproducibility of the

automated injection and mixing functions implemented within the platform.
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3.3. PROOEF-OF-CONCEPT: AUTOMATED MICROFLUIDIC SYSTEM FOR ANALYZING
TRANSPORT DYNAMICS ACROSS A SEMIPERMEABLE BARRIER

Two automated sample modules were integrated into the platform, allowing operator-
defined control of sampling intervals and collection volumes from both flow circuits. The
precision and flexibility of the collection system were evaluated through fully automated
experiments targeting three different sample volumes. Prior to and following each collec-
tion event, tubes were weighed, and the corresponding sample volume was calculated
from the measured mass using the density of PBS at 20°C (1.005584 g/mL; [95]). cross
all tests, the measured sample volumes deviated by less than 1.5% from their respective
target values (157 + 10 pL, target 155 pL; 185 + 12 pL, target 185 uL; 231 + 9 pL, target 230
nL; mean + SD, n=40 in each condition) confirming the high precision of the automated

collection process (Fig. 3.4D).

3.3 Proof-of-Concept: Automated Microfluidic System for
Analyzing Transport Dynamics Across a Semipermeable

Barrier

All results reported in this section derive exclusively from the candidate’s own work.

A proof-of-concept transport assay was conducted to validate platform’s capacity
to monitor tracer movement across a semipermeable barrier. The experiments were
designed to simulate passive diffusion processes occurring across physiological interfaces
such as the GFB, employing a nitrocellulose dialysis membrane with a 10 kDa MWCO. In
addition, the assay served to assess the synchronization of compound injection and sample
collection with integrated flow rate and fluid recirculation control (Fig. 3.6). Two flow-rate
configurations were investigated: 400:400 pL/min and 400:200 pL/min for circuit 1 and
circuit 2, respectively. The injected solution consisted of a mixture containing BSA (66
kDa) and fluorescein (0.33 kDa). Based on their molecular sizes, fluorescein was expected
to permeate the membrane from circuit 1 to circuit 2 (Fig. 3.5), while BSA was anticipated
to remain retained, thereby establishing an osmotic gradient in the reverse direction, from

circuit 2 toward circuit 1.
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Figure 3.5: Schematic of flow directionality inside the chip. BSA is unable to cross the nitrocel-
lulose membrane, but fluorescein is a much smaller molecule, therefore being permeable to the
barrier.
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The recorded flow rates (Figs. 3.6A, E), reservoir pressures (Figs. 3.6B, F), and event
sequence (compound injection and sample collection; Figs. 3.6C, G) were synchronized
throughout a 4.5-hour experiment comprising a single compound injection into circuit 1
and 20 sample collections from each circuit. Following a 10-minute recirculation period, a
baseline sample was collected from both circuits. Immediately thereafter (t = 11 min), the
test solution containing fluorescein and BSA (final concentrations: 20 ng/mL fluorescein
and 1 mg/mL BSA) was injected into circuit 1, after which the system resumed recirculation
with the loaded medium. The 38 subsequent samples (19 per circuit) were collected at
10-minute intervals. During each collection event, flow in both circuits was independently
regulated to prime the collection lines, withdraw the designated sample volume, and purge
residual fluid. These operations produced transient fluctuations in pressure and flow rate,
detectable as rapid oscillations. Following each sampling event, the PID algorithm quickly
restored the target flow rates in both circuits, maintaining stable operation until the next
collection. It is worth noting that sampling events momentarily disturbed flow stability,
generating brief decaying pressure oscillations (Figs. 3.6A, B and E, F). However, given the
relatively long intervals between samples, these perturbations did not meaningfully alter
the shear rate along the membrane surface—as corroborated by CFD modelling (data not
shown)—nor did they significantly influence the cumulative transport kinetics of either

compound.
( :400) pL/min Flow Rate ( :200) pL/min Flow Rate
A Circuit1 == Circuit 2 E Circuit1 = Circuit 2
3= 100 2 — 1000
33 [ 171 k TN l | | | 3E | | { L |
2 ; 0o d b g 2F wod ) bbb g dod O
I-‘u-g sw.'_.t_: ,'_J_:'_{_ \\_l| I ’_'_“_{| ;Ll__ = s \\r*‘JPr—u\ nr\r«mr*ﬂ;rﬂﬂ‘u*M\f"m“’m‘llr\\\k Rl e
s d. o H —— — 53 i ‘ EEER
‘a';’ 500 ‘ | ' ‘a'j? 500 ‘ |1 ‘ | |
b § 1000 s E 1000
E T T T T T T T T T
0 50 100 150 200 250 = 0 50 100 150 200 250
B = F =
'031500- 'Dg -
SE 1 ] E 1500
§ goood ‘ | ‘ ‘ v T | \ z 2 1000 | b | | 1 \ { ‘ ‘ ‘ /
Q0 9 ﬁ I I
LR i RO RNARAN
£ L[H\ HrH Al 1N £ H HHHH rw‘ﬁr«)mrJ\hhrN/\HmLHW\Hw‘\w
0 50 100 150 200 250 0 50 100 150 200 250
Cc . -
AT T TR ¢
m
“ 0 o 5f0 100 150 200 250
o Sono Firescon + A o
D £|[H H
25§ 8§
2 020 _ 5 s s — 5
15 : N y e 0.155% » . §s NE%
. ] . 4 3T
1: . . s ! ¢ :;:Eg 10 . o * _u.zf_‘%
] ]
Y o
* 0 ) 5'0 1\lm 15’)0 2!')0 2;0 o g‘ ’ 0 50 100 1;0 200 250 0 .%
Time (min) Time (min)

Figure 3.6: Analysis of molecular transport in a non-equilibrium system under different flow
rates. Demonstration of full platform performance and proof-of-concept of its automation for
molecular transport dynamics across a semipermeable barrier at (A-D) (400:400) pL/min and
(E-H) (400:200) pL/min flow rate ratios. Synchronized measured flow rate, pressure, timing of
injection and sample collection, and measured fluorescein concentration in circuit 1 and circuit 2
at different flow rates.
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3.3. PROOEF-OF-CONCEPT: AUTOMATED MICROFLUIDIC SYSTEM FOR ANALYZING
TRANSPORT DYNAMICS ACROSS A SEMIPERMEABLE BARRIER

The concentration of BSA and fluorescein in each of the 20 collected samples were
quantified by UV-Vis and fluorescence spectroscopy, respectively (Figs. 3.6D, H). For
both tested flow rate configurations, fluorescein concentrations in circuit 1 gradually
decreased over time, while those in circuit 2 increased, reflecting directional transmem-
brane transport. However, the measured values suggest that fluorescein concentration
decreased more rapidly in circuit 1 than it increased in circuit 2. This behavior aligns
with the fundamental principles of non-equilibrium passive transport, wherein solute
movement across a semipermeable barrier is governed by a combination of factors—such
as osmotic pressure, solvent drag, and electrostatic interactions—rather than solely by

concentration-driven diffusion (Fig. 3.7).
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Figure 3.7: Diagram depicting the different forces affecting the passive transport of fluorescein
from circuit 1 to circuit 2. Passive diffusion, molecular motion, solvent-solute intermolecular forces
and osmosis causing solvent drag.

This behavior is consistent with thermodynamic principles, whereby differences in
chemical potential between the two fluid compartments drive both the transmembrane
transport of the permeable tracer and an opposing osmotic solvent flow. The latter
effect is further influenced by fluctuations in pressure and flow rate within the system.
Consequently, an accurate determination of the overall transport rate across the membrane
requires accounting for the net mass transfer in both directions.

Since CFD evidenced full turn-over of molecules going in and out of the microfluidic
chip, the principle of integral mass balance [90] was possible to be employed, in order to
precisely characterize the kinetics of fluorescein transport (Fig. 3.8). Analysis of transport
kinetics demonstrated that fluorescein accumulation in circuit 2 was significantly higher
at a flow rate ratio of 400:200 pL/min compared to 400:400 pL/min, suggesting that the
reduced flow rate in circuit 2 relative to circuit 1 increased residence time and favorable
transport forces, thereby promoting more efficient transport. Additional data on the rate
of changing fluorescein concentration in time in circuit 2 are available in Appendix A,
further supporting the consistency of the transport kinetics observed in Figure 3.8.

It is worth noting that no BSA was detected in circuit 2, suggesting that, as expected,
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CHAPTER 3. RESULTS

BSA did not cross the membrane (Fig. 3.9).
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Figure 3.8: Fluorescein transport rates from circuit 1 to circuit 2 (C2) calculated from the flow
rate and fluorescein concentration data in Figure 3.6. Total fluorescein transport from circuit 1
into circuit 2 over time at the different flow rates evaluated. 95% confidence intervals are indicated.

The observed selective passage of small solutes demonstrates that the microfluidic
platform supports controlled, size-dependent, and flow-sensitive molecular transport,
validating its utility for modeling barrier functions and solute exchange in tissue-mimetic

systems.
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Figure 3.9: BSA measured concentrations in circuit 1 (C1) and in circuit 2 (C2). Mean + SD
concentrations of BSA (n = 3-6) in circuits 1 and 2 at various flow rates, measured at the beginning
(sample 3) and end (sample 20) of the experiments.
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4

DiscussioN

This work reported the development of a fully automated microfluidic platform in-
tegrating high-precision, pressure-driven flow control with dual recirculation loops fea-
turing failsafe volume monitoring, programmable multi-reagent injection (10-1500 uL),
synchronized multi-chamber sample collection, real-time DO monitoring, and temper-
ature regulation. This integrated design addresses critical limitations of existing OC
and microfluidic barrier models, including complex operation, operator-induced vari-
ability, and limited temporal resolution in transport studies. Pressure-driven flow was
selected for its superior stability, responsiveness, and programmability, enabling gener-
ation of both steady and pulsatile flow regimes that emulate physiological microenvi-
ronments. Automated actuation and programmable sequence scheduling substantially
reduces manual handling, thereby enhancing experimental reproducibility and facilitating
inter-laboratory standardization. The thermal chamber accommodates both commercial
and custom-fabricated chips with standard microscope-slide dimensions, while the main
control module is designed to fit within standard biosafety cabinets—ensuring sterile
operation for future live-cell applications. Flow rate distributions exhibited non-normal
characteristics, attributed primarily to transient overshoot and undershoot events occur-
ring during system initialization and stabilization. Occasional deviations were further
linked to thermal flow-sensor sensitivity, mechanical perturbations, or the presence of
air bubbles. Nevertheless, the platform maintained stable and reproducible flow profiles
under steady-state conditions. The integrated DO enabled real-time monitoring of oxy-
genation levels, closely reflecting the pO, and the absolute pressure (pabs) in the working
fluid, as described by the relation DO (%) = 100 x pO2/pabs- The slow pO, fluctuations
observed during continuous operation were thus attributed to gradual variations in paps

as the reservoirs emptied [96].

A key feature of the system lies in its incorporation of capacitive level sensors, which
maintain fluid volumes remain above a defined threshold within each reservoir and thereby
prevent air ingress and interruptions in flow. These sensors enable real-time adjustment of
reservoir-switching intervals based on measured, rather than theoretical, liquid volumes.

This adaptive control compensates for small deviations caused by factors such as sensor
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CHAPTER 4. DISCUSSION

drift, entrained air bubbles, minor leakage, or gradual biofouling. The measured switching
intervals scaled proportionally with flow rate, confirming the accuracy and reliability of
the implemented volume-tracking logic. For example, a 50% reduction in flow rate
led to an approximately twofold increase in the switching interval, consistent with the
expected linear relationship. In addition to their volume-monitoring function, the sensors
also contribute to the automated injection subsystem, which performed comparably to
manual injection and mixing while offering significant advantages in reproducibility and
user safety. The absence of vigorous mixing or agitation prevented foam formation, a
particularly beneficial characteristic when handling viscous fluids or protein-rich media,
such as cell culture medium supplemented with fetal bovine serum (FBS). The modular
sampling architecture of the platform further enables precise, time-resolved analyses
of molecular transport and retention within and across barrier compartments. This
configuration allows for quantitative assessment of solute transfer, compound retention,
and material losses arising from membrane adsorption or tubing interactions. The ability
to capture such high-resolution kinetic data represents an essential advancement for
characterizing pharmacokinetics and barrier functionality in vitro.

The results and mass balance analysis confirm that molecular transport across a
semipermeable barrier depends on multiple interacting forces, not solely on concentration
gradients (Fig. 3.7). This underscores the need for synchronized, dual-point concentration
measurements to distinguish advective and osmotic effects. The platform is particularly
suited for studying non-equilibrium systems, such as the human kidney, where dynamic
flow conditions prevail. Solvent drag, arising from osmotic forces and solute-solvent
interactions, can significantly afect transport behavior in OC and MPS models. Neglecting
this phenomenon risks misinterpreting the physiological relevance of in vitro data. Thus,
accurate quantification of transport dynamics under non-equilibrium conditions requires
tightly controlled flow and synchronized sampling from both sides of the biomimetic
barrier.
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5

CONCLUSIONS

This work introduces a fully automated microfluidic platform designed for time-
resolved and physiologically relevant analysis of molecular transport across barrier mem-
brane models. The system overcomes major limitations of current microfluidic and OC
technologies, including the reliance on manual fluid handling, limited reproducibility,
and insufficient temporal resolution. Through the integration of pressure-driven flow
regulation, dual recirculation loops with level-based volume sensing, programmable
multi-reagent injection, synchronized multi-chamber sampling, real-time DO monitoring,
and temperature stabilization, the platform enables long-term, precisely controlled per-
fusion experiments with minimal user intervention. The automated operation enhances
experimental consistency and facilitates methodological standardization across labora-
tories. The work developed emphasizes the importance of implementing automated,
high-precision flow control with real-time monitoring to ensure reliable and repeatable
measurements. Comprehensive characterization of molecular transport—including the
contribution of concurrent forces, such as solvent drag—is essential for translating mi-
crofluidic data to physiological contexts. The proof-of-concept validation, performed using
a semipermeable biomimetic membrane model simulating processes akin to glomerular
filtration, confirmed the platform’s ability to capture dynamic molecular transport behav-
ior. The system reliably captured dynamic transport kinetics and distinguished molecular
permeability as a function of solute size. This technology marks a significant advance-
ment in the field of MPS, effectively bridging the gap between benchtop microfluidics
and physiologically representative in vitro models. With its high degree of automation,
real-time sensing, and modular design, the platform provides a robust and versatile tool
for preclinical drug screening, toxicological assessment, and mechanistic studies of barrier

transport under controlled and reproducible conditions.

5.1 Future Work

Following the validation of system’s automation and its suitability for dynamic molec-

ular transport assays, future work will focus on biologically relevant cell models seeded
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CHAPTER 5. CONCLUSIONS

onto a bioprinted placental membrane to further evaluate system performance. Once
membrane fabrication and cell seeding are successfully established, the permeability of
two representative compounds—bisphenol A (a synthetic chemical associated with en-
docrine disruption) and doxycycline (a widely used antibiotic)—will be systematically
investigated. Assessing their diffusion across the engineered membrane will provide
valuable insights into placental barrier function and the potential risks these compounds
pose during pregnancy, as exposure among pregnant women is common while their
effects remain insufficiently understood. This model will enable evaluation of whether
such exposures compromise placental integrity in ways that may contribute to maternal
complications or adverse fetal development. Ultimately, the system is envisioned as a
physiologically relevant in vitro platform for studying placental chemical transfer and its
implications in maternal-fetal health.
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A

FLUORESCEIN TRANSPORT RATE

This appendix presents additional graphs (Fig. A.1) detailing fluorescein mass trans-
port from circuit 1 into circuit 2, providing further support for the results presented in
Section 3.3. The data shown correspond to successful experiments. Notably, only one
graph is provided for the 400:400 uL/min flow rate condition due to the limited detection
of accumulated fluorescein in circuit 2 across multiple trials. As previously discussed,
the extended residence time in the 400:200 uL/min flow rate experiments facilitated ob-
servable fluorescein transport across the membrane, leading to its consistent measurable

accumulation in circuit 2.
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APPENDIX A. FLUORESCEIN TRANSPORT RATE
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Figure A.1: Different outcomes of fluorescein transport rates from circuit 1 to circuit 2 (C2) at
the different flow rates studied. 95% confidence intervals are indicated.
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Abstract

Advancing drug development and disease modeling requires physiologically relevant in vitro
systems capable of accurately reproducing the dynamic and selective transport functions of
human tissue barriers. In line with ongoing regulatory initiatives (e.g., those by the European
Union) aimed at reducing reliance on animal models, there is a growing need for standardized,
scalable, and sensor-integrated microphysiological systems. Although microfluidic
technologies—such as organ-on-chip platforms—have significantly improved in vitro
biomimicry, many existing systems remain limited by technical complexity and a lack of
integrated sensing for real-time, quantitative analysis, particularly under non-equilibrium
conditions. Non-equilibrium molecular transport is a defining feature of several transport-active
biological barriers (e.g., renal tubule, intestinal epithelium, blood—brain barrier, and placenta),
which rely on coordinated active and passive transport mechanisms, directional fluid flow, and
dynamic concentration gradients—features that are poorly captured by static or overly
simplified models. In this manuscript, we present a fully automated microfluidic platform that
integrates oxygen and flow sensors to enable dynamic, quantitative characterization of
molecular transport across biomimetic interfaces. The system is designed to emulate critical
biophysical features of physiological barriers—including flow directionality, controlled
gradient formation, and tunable shear stress—using synthetic, cell-free architectures. Integrated
oxygen sensors ensure the maintenance of physiologically relevant oxygen levels, a key
determinant of metabolic activity and transport function. Complementary flow sensors enable
closed-loop control of fluid dynamics, allowing precise modulation of solute delivery and
hydrodynamic stress. Together, these sensing capabilities provide dynamic experimental
control and support time-resolved analysis of molecular transport under non-equilibrium
conditions. Although the current system is validated using acellular, biomimetic models, it is
engineered for future integration with living cells. Furthermore, the platform establishes a
foundation for real-time molecular sensorization within the microfluidic environment, offering
potential for multiplexed molecular monitoring and high-resolution analysis of transport
phenomena in organ-on-chip systems. Proof-of-concept studies demonstrate the platform’s
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ability to replicate key transport dynamics, underscoring its potential as a robust and scalable
tool for pharmacokinetic modeling, organ-on-chip research, and preclinical drug development.

Introduction

Our mechanistic understanding of human pathophysiology, and consequently advancements in
drug development and testing, faces a critical challenge: translating promising in vitro results
into successful clinical outcomes. The high attrition rate in drug development, with an average
R&D cost per approved drug estimated at least $2.8 billion with a success rate of only ~6.7%
of candidates progressing from Phase I to regulatory approval, highlights a significant transla-
tional gap.'” This challenge is largely attributed to the limitations of traditional preclinical
models. Conventional 2D static cell cultures, while ubiquitous in initial drug screening, lack
the intricate structural, mechanical, and biochemical cues of native tissues, as demonstrated in
numerous studies.*® Physiologically relevant extracellular matrix (ECM) interactions, cellular
heterogeneity, dynamic biochemical gradients, mechanical strain, shear stress, and dynamic
interstitial transport are crucial determinants of accurate in vivo drug responses.®'’ Animal
models, intended to bridge this gap, often introduce species-specific differences in drug
metabolism (e.g., cytochrome P450 enzyme variations), transporter expression (e.g., P-gly-
coprotein), immune responses, and signaling pathways, limiting the translational relevance of
animal testing to human physiology.'"!? These limitations become particularly pronounced
when assessing molecular transport across biological barriers.

Biological barriers—such as the blood-brain barrier (BBB), intestinal epithelium, alveolar
capillary interface, placental barrier, and glomerular filtration barrier—are dynamic, selectively
permeable interfaces that precisely regulate the bidirectional transport of ions, small molecules,
and biomacromolecules between tissue compartments and the systemic circulation.!*!
Physiologically relevant models of these barriers are essential for advancing our understanding
of pharmacokinetic processes, including drug absorption, distribution, metabolism, and
excretion, as well as for elucidating the mechanistic basis of broad spectrum of pathological
conditions such as neurodegenerative diseases, cancer metastasis, and maternal-foetal
disorders, among others.!”° Traditional in vitro models often fail to replicate the complex
interplay of cellular and structural components of these dynamic interfaces, leading to
inaccurate predictions of drug permeability, efficacy, and potential toxicities. For instance,
static BBB models lacking relevant cell-cell interactions (e.g., astrocyte-endothelial cell
interactions) and physiological shear stress can overestimate drug penetration and fail to capture
the active efflux mechanisms mediated by transporters.!® ! Furthermore, several in vivo animal
models, including placental models, fail to emulate key human physiological and molecular
features due to species-specific differences, limiting translational relevance. Simultaneously,
ethical and regulatory guidelines—such as the European Union’s ‘Three Rs’ initiative—
advocate reduction, refinement and replacement of animal use in preclinical research,
highlighting the need for advanced human-relevant in vitro platforms.

Microphysiological systems (MPS) including organ-on-a-chip (OoC) have emerged as a trans-
formative technology in drug development and biomedical research, providing more accurate
and physiologically relevant alternatives to conventional in vitro cultures and even in vivo
animal models.'®**2* These models recreate in vivo-like microenvironments by incorporating
3D tissue architectures, dynamic fluid flow, controlled microenvironments, and the integration
of multiple cell types, allowing for the simulation of key physiological processes, such as
nutrient transport, shear stress, metabolic activity, and immune cell interactions.?**>?
Specifically, microfluidic barrier models typically consist of two or more channels separated



by a semipermeable membrane, allowing researchers to investigate selective permeability,
transport kinetics, and barrier integrity across physiological interfaces.!®?” Advanced designs
have increasingly incorporated co-cultures of relevant cell types (e.g., astrocytes, neurons, and
pericytes in BBB models), ECM components (e.g., collagen, laminin, and fibronectin) and
microfabricated features (e.g., perfusable microvessels and microchannels), in order to replicate
the structural and functional complexity of human tissues.'%->%->

Recent efforts have begun to integrate automation and sensing into OoC platforms, including
electrochemical sensors for transepithelial electrical resistance, oxygen, and metabolite
monitoring, as well as optical sensors for fluorescence-based tracking of molecular transport
and dissolved gases.?®?° While these approaches represent important advances, most systems
remain limited by partial automation, single-parameter sensing, manual fluid handling, and the
absence of closed-loop feedback control. Moreover, sensing and sampling are often restricted
to one side of the barrier, limiting time-resolved analysis of transport under dynamic, non-
equilibrium conditions.

Despite recent advancements in microfluidic technologies, widespread adoption and functional
deployment of barrier-on-chip models are constrained by technical complexity, manual
operation; including lack of automated fluid handling and feedback control, limited temporal
resolution and capture of dynamic gradients, hindering reproducibility. A critical and
unresolved challenge lies in accurately modeling and quantifying non-equilibrium molecular
transport phenomena, which involves a complex interplay of passive diffusion, active transport,
convective flows, and osmotic forces occurring simultaneously under heterogeneous fluid
compositions and dynamic flow conditions. Importantly, non-equilibrium transport is a
fundamental characteristic of several vital organs—such as the kidney, lung, and blood-brain
barrie—where precisely regulated, dynamic molecular exchange governs essential
physiological functions including filtration, absorption, and selective permeability. For
example, the kidney’s glomerular filtration barrier acts as a size- and charge-selective passive
filter, permitting molecules smaller than ~15-30 kDa to pass into the urine. Although the
effective cutoff of the native glomerular barrier is dynamic and context-dependent, this size
range provides a useful physiological reference for in vitro filtration models. Accurately
predicting filtration rates remains challenging due to strong osmotic forces generated by
retained plasma proteins, which induce solvent drag and can reverse solute transport through
molecular interactions such as hydrogen bonding and ionic forces.*°

Generally, barrier-on-chip models are built within specifically designed microfluidic devices
and lack sensing and sampling capabilities on both sides of the barrier. Without these sensing
capabilities, it is almost impossible to predict and quantify non-equilibrium molecular transport
across the barrier, thereby failing to replicate dynamic transport phenomena and compromising
the predictive power and translational relevance of these models.?!-34

To address these challenges, we present a fully automated microfluidic perfusion platform
designed to improve physiological fidelity, operational robustness, and analytical precision in
molecular transport studies. The system enables precise, automated regulation and time-
resolved monitoring of key physicochemical parameters-including pressure-controlled flow
rate, temperature, dissolved oxygen (DO) concentration and liquid recirculation-that are critical
to reproducing the simultaneous interplay of different forces governing non-equilibrium
molecular transport across barrier interfaces.

We validate platform performance with a proof-of-concept passive transport study using bovine
serum albumin (BSA) and fluorescein as molecular tracers, demonstrating controlled, time-
resolved quantification of molecular flux across a semipermeable membrane under
physiologically relevant conditions that mimic glomerular filtration. Key features include high-
precision pressure-driven flow control; dual recirculation loops with failsafe volume sensors;
unidirectional perfusion; automated, programmable multi-reagent injection; synchronized



sample collection on both sides of the barrier; and integrated sensors for continuous monitoring
of dissolved oxygen, flow rate, pressure, and temperature.

By integrating automation with multimodal sensing, this platform enables reproducible, closed-
loop control of complex physicochemical environments and advances sensor-enabled
microphysiological models for studying non-equilibrium transport and barrier dysfunction.

Experimental

Microfluidic hardware components, fabrication and software

The mechanical design of the platform was constructed using Solidworks. Electronics were
commercially sourced (OBl MK4 pressure-driven flow controller with 4 channels 0-2000
mbar, 12/1 MUX Distribution, MUX Wire, 3/2-way valves, MFS4 digital flow sensors range
30-1000 pL/min; Elveflow, France), except for the level sensors that were designed in house
by integrating Zisenisc ZCT-YOFO07 capacitive sensors (Farnell, France), and optical oxygen
(O2) sensors that were commercialized by Scientific Bioprocessing (Germany). The casing of
the platform was printed using a FDM Printer (fused deposition modeling) Ultimaker S5
(Netherlands) with generic and tough polylactic acid (PLA). The fluidic path between the
modules was made of polytetrafluoroethylene (PTFE) tubing, outer diameter (OD) 1/16"” and
1/32", and inner diameter (ID) 1/32"” and 300 pm respectively (Darwin Microfluidics, France).
The pneumatic path was made of polyurethane tubing, 4 mm OD, 2.5 mm ID (SMC, Japan).
Tubing and modules were connected using polyether ether ketone (PEEK) and perfluoroalkoxy
(PFA) "4"-28 male to 1/16” OD and 1/32” OD tubing connectors, ethylene tetrafluoroethylene
(ETFE) "4"-28 female to Luer male connectors, polypropylene '4"-28 swivel to barbed 3/32"
ID connectors (Cluzeau Info Labo, France), mini-Luer to 1/32” OD tubing tuck-in connectors
and silicon sleeve tubing (Microfluidic ChipShop GmbH, Germany). To complete the platform,
pressure caps (Elveflow, France), heating unit (SADIJPR, China), and recirculation bridge units
(Microfluidics Innovation Center, France) were used. The integrated platform control software
and user interface were developed using LabVIEW (2022 Q3 release).

Microfluidic chip fabrication and assembly

The microfluidic chip was fabricated using a Stereolithography 3D Printer (Form2 printer,
FormLabs, USA) with BioMed Clear Resin (FormLabs). The resin-based chip was designed in
AutoCAD as two individual open square chambers of 20 x 20 x 13 mm, i.e. identical top and
bottom halves. The chambers included a mini-Luer port on either side to serve as fluidic inlets/
outlets. Gaskets of ethylene propylene diene monomer (EPDM) rubber (1 mm thick; Solutions
Elastomeres, France) were cut to secure a membrane between the two halves of the chip. Two
squares (30 x 30 mm) were cut to overhang the edges of the chip. A smaller square (15 x 15
mm) was cut from the center of both gaskets with an X-acto cutter. A piece of nitrocellulose
membrane (25 x 25 mm; 10 kDa molecular weight cut-off, MWCO) was super-glued (Loctite)
on both sides between the gaskets, and a hard roller (Essdee) was used to firmly press the
assembly flat. The membrane-gasket sandwich was then positioned between the two halves of
the chip, and the whole assembly was secured with a clamp. The two chambers of the chip were
filled with phosphate buffered saline (PBS, 140 mM NaCl, 10 mM sodium/potassium phos-
phate, and 3 mM KCIl, pH 7.4) by hand using a 10 mL syringe via tubing (300 um inner dia-
meter) and mini-Luer connectors attached to the chip inlet.

Characterization of microfluidic modules
The individual tests of the microfluidic modules (flow rate control, recirculation, oxygen sen-
sing, injection, collection) were performed using two union connectors instead of the chip,
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and the Elveflow Smart Interface software (ESI, Elveflow, France) to control the system. The
characterization of the complete platform with the integrated modules was performed using
the microfluidic chip and the dedicated software to control and synchronize the system.

Molecular transport assay

Transport assays were performed using fluorescein (Sigma Aldrich) as a small-molecule tracer
and bovine serum albumin (BSA; Sigma Aldrich) as a representative macromolecule, given its
high abundance in blood. The platform proof-of-concept experiments were conducted using
nitrocellulose dialysis tubing with a 10 kDa MWCO (ThermoFisher Scientific), stored under
humid conditions. The membrane was assembled in the resin chip and the chambers were filled
with a 1xPBS buffer, as described above. Prior to connecting the chip, the entire fluidic system
was filled with PBS and for each circuit, 70 mL of PBS was split between the two reservoirs
(45 mL in reservoir 1, 25 mL in reservoir 2). The chip was positioned with the membrane in a
vertical orientation for transport assays. An aliquot for injection into circuit 1 (fluorescein and
BSA; 1 mL) was prepared to result in a starting concentration (i.e. after injection) of 20 pg/mL
fluorescein and 1 mg/mL BSA. The assembled chip was connected to the microfluidic platform
and placed in a thermalized enclosure. Flow rates were set to 400 uL/min, circuit 1 and 200
pL/min, circuit 2 (400:200 ratio) or 400 puL/min in each circuit (400:400 ratio). An automated
transport assay was initiated, during which 1 baseline sample and 19 transport samples were
collected from both circuits (120 pL; 10-min intervals). Fluorescein concentrations in each
collected sample were quantified via fluorescence spectroscopy (excitation/emission: 485/528
nm), while BSA transport was monitored by UV absorbance at 280 nm using a Synergy 2 HTX
plate reader (BioTek).

The analysis of transport was based on integral-mass balance principles® (mass and flow
conservation), assuming no additional sources or sinks for either the carrier fluid (PBS) or tracer
compounds (BSA and fluorescein). Under continuous flow, with fixed tracer concentrations in
the reservoirs of circuit 1, a system of differential equations®> was established to balance the
sum of inlet and outlet flows and the corresponding tracer mass fluxes. At steady state, it was
assumed that no net accumulation of the tracer occurs within the membrane or circuits;
therefore, the time derivatives of the tracer concentrations within the microfluidic chip
compartments are approximately zero.

Statistical analysis
Statistical significance was determined using a Student’s two-sample t-test for equal means; p-
values are indicated accordingly.




Results

Design of an automated microfluidic platform for molecular transport assays

This work describes the development and proof of concept testing of a microfluidic perfusion
platform from modular components to automate a transport assay, i.e. to enable the testing of
compound transport across a semipermeable membrane resembling a biomimetic barrier. The
platform was designed to address the need for protocol and technology standardization and
automation, while maintaining general usability and adaptability for a range of applications,
1.e., being independent of microfluidic chip geometry, membrane properties and specific cell
model.

The core of the platform was designed as two fluidic pathways (circuit 1 and circuit 2) inde-
pendently controlled by a main fluidic unit (Figs. 1A, B). These circuits were connected to each
side of a biomimetic barrier-containing microfluidic chip that was housed within an integrated
thermal chamber (Figs. 1A, B). This configuration meets the key requirements for monitoring
the effect of a tracer compound on the biomimetic membrane and/or its transport across the
membrane. The microfluidic platform featured an integrated set of functional modules to
control independent liquid recirculation in each circuit, compound injection and mixing into
circuit 1, and time-resolved sample collection from circuits 1 and 2 (Figs. 1C-E). Instrument
modules were color-coded to indicate the two fluidic pathways and to aid assembly and
operation. Dissolved oxygen was continuously monitored in-flow in each circuit. A thermal
chamber was constructed to control the temperature of the molecular transport zone (between
ambient temperature and 50 °C), e.g. providing the option for concurrent culture of cells on a
membrane in the microfluidic chip, if desired.

Fluid flow was controlled by a pressure-driven flow controller (OB1 MK4, Elveflow) and two
inline thermal flow sensors coupled to separate proportional-integral-derivative (PID) feedback
loops for automated flow rate control. To maximize platform versatility and remain independent
of flow rate and length of perfusion time, liquid handling pathways were integrated to recircu-
late between two reservoirs per circuit (here, 100 mL Schott bottles). One reservoir was pressu-
rized (flowing) while the other was unpressurized (collecting) at any one time, alternating
before the active reservoir ran dry (i.e. the reservoir from which liquid was being pushed). The
recirculating flow path of each circuit was directed by a series of 3/2-way valves compatible
with automated independent switching between the two reservoirs (Fig. 1B). Volume ‘failsafe’
level sensors were designed to signal the main control unit when a minimal volume of liquid
remained in the active reservoir. This actuated an automated switch of active reservoir by
switching the position of the valves to start pressurizing the now full reservoir (Figs. 1B, C).
Fluidic routing used a recirculation bridge made from four check valves and four T-junctions
in a square configuration that ensured liquid flow was always unidirectional through the micro-
fluidic chip.

A distribution valve was used to enable the programmed sequential injection of up to four sepa-
rate test compounds into reservoir 1 of circuit 1 (Figs. 1B, D). The test compound rack was
compatible with Eppendorf tubes and thus, with injection volumes ranging from 10-1500 pL.
Two automated sample collection units were developed to enable the time-resolved collection
of up to 40 samples, positioned inline just after the microfluidic chip. Each sample collector
was fitted with two integrated distribution valves and contained a removable rack for up to 20
Eppendorf-sized tubes aligned under a snap-shut lid fitted with fluidic tubing connection ports.
The platform was designed to be compatible with a range of different commercial or home-
made membrane chips, housed inside a thermal chamber. The microfluidic chip used here was
composed of two identical rectangular chambers with mini-Luer ports for fluidic connection to
microfluidic tubing (Fig. 1F).




Software design and function

Dedicated software was developed in LabVIEW to enable sequence scheduling and
programming of the flow profile for full experiment automation (Fig. 2A). The user interface
divided the required user inputs of experiment parameters (user parameters and saved
configuration) and system parameters into separate tabs and fields. The software synchronized
communication with all instruments controlling the flow (pressure controller, rotary valves and
3/2-way valve controller) to automate integrated functions, i.e., unidirectional circulation of
medium in two circuits (through two separate chambers of the chip), injection and mixing of
compounds into circuit 1, and timed collection of samples from both circuits 1 and 2.

The software controlled the instruments following a decision tree (Fig. 2B). A run initialization
step was designed to identify and not accept nonsensical experiment parameters and instead
alert the operator, e.g. incoherent timing of steps and lack of information on the compounds
used. Upon launch of an experiment the sequence was programmed to commence a baseline
phase. This was defined as perfusion of the microfluidic chip according to the input flow
parameters of both fluidic circuits without a test compound, and the collection of a user-defined
number of samples, e.g. one or more from each circuit to serve as baseline references. After
baseline sample collection, the system was programmed to stop the flow, automatically inject
the first compound and homogenize the contents of the two fluid reservoirs of circuit 1. Circu-
lation was then reactivated and the software programmed to collect samples at time intervals
set by the user. After taking the last sample for a given injected compound, the system was
programmed to proceed with injection of the next compound, if relevant, or close all communi-
cation with the instruments and generate a data file and log file.

Characterization of module stability and accuracy

In order to preserve unidirectional flow through the microfluidic chip while using pressure-
driven flow control, a recirculation bridge was designed and connected inline before the chip
in each circuit. The flow pathway was directed by the specific orientation of two parallel pairs
of check valves, based on the one-way passage of liquid through the valves (Fig. 3A). Opposite
corners of the bridge were connected to the two liquid reservoirs, and the remaining corners
were connected to and from the microfluidic chip (Fig. 1B). In cases where one T-junction
offered two possible flow directions, flow circulated through the check valve with the lowest
counter-pressure. This configuration allowed two different flow pathways inside the bridge,
depending on which of the two reservoirs (R1 or R2) was being pressurized. Specifically, liquid
flow from the bridge towards the chip was independent of reservoir origin, i.e., liquid exited
the bridge from a single corner, regardless of which reservoir was pressurized (i.e. top left
corner in orientation shown; Fig. 3A). Similarly, flow returning from the chip always re-entered
the bridge at a single corner (bottom right; Fig. 3A).

The fluid control modules demonstrated stable and accurate flow regulation, consistent recir-
culation performance, and operational adaptability across diverse system conditions. The
pressure-driven flow controller, flow sensors, volume level sensors and recirculation bridge
modules were integrated to control the flow rates of the two independent circuits for 4.5 h (Fig.
3 B-D). For both circuits, the flow rate was stable and maintained at the target value. Nor-
malized histograms of recorded flow rates (1 Hz acquisition frequency) were computed for
experiments performed at different flow rate ratios: 400:400 ratio (400 pL/min in both circuits;
Fig. 3B) and a 400:200 ratio (400 pL/min and 200 pL/min in circuits 1 and 2 respectively; Fig.
3C). Stabilized flow rates were measured at 400.0 = 0.5 pL/min, 200.0 + 0.4 pL/min (in circuit
1 and circuit 2 for 400:200 ratio), and 400.0 + 1.1 uL/min, 400.0 £+ 1.3 pL/min (in circuit 1 and
circuit 2 for 400:400 ratio). As described, integrated reservoir volume level sensors were
designed to enable the alternate pressurization of one reservoir per fluid circuit at a time, auto-
matically triggering the pneumatic system to switch when a minimum liquid level was sensed,




and their function was demonstrated (Fig. 3D). Switches in reservoir pressurization were
observed as a momentary drop in flow rate to near zero in the flow profiles of both circuits, as
expected. A small peak was associated with every switch, indicating the feedback loop acting
to stabilize the flow rate at the target value, consistent with a PID-controlled system. Intervals
between successive switches were constant (105 min at 200 pL/min, 50 min at 400 pL/min),
illustrating the working function of the level sensors (Fig. 3D). For both fluidic circuits, the
length of the first reservoir pressurization was slightly different from the subsequent cycles,
corresponding to the initial partition of liquid between the two reservoirs by the operator.

The evolution of the partial pressure of Oz (po2) was measured in both circuits during the same
4.5 h-long experiment (Fig. 3E), synchronized with the flow rates (Fig. 3D) and remained stable
over the course of the experiment (between 180 and 220 mbar). In both circuits, slow and small
changes in poz> were observed in synchrony with the alternating switch between reservoir 1 and
reservoir 2, denoted by symbols ¥ and @, respectively (Fig. 3D).

A key parametrization step for an automated microfluidic transport assay is the addition of a
compound into one circuit. The platform described here was designed to automate up to four
separate injections of compound. Specifically, the injection sequence was programmed to add
the compound into one of the two reservoirs of circuit 1, then to mix the contents of both reser-
voirs out of line with the main circuit, and finally to direct the liquid in line with the full circuit
and microfluidic chip (Figs. 1B, 4A). Immediately before each injection, the contents of reser-
voir 1 (R1) were emptied into reservoir 2 (R2), after which, the compound was injected into R1
(step 1, Fig. 4A). The liquid was then circulated back and forth at high flow rate (> 100 mL/min)
between R1 and R2, homogenizing the contents (step 2, Fig. 4A).

A series of tests were performed to assess the effectiveness of compound homogenization after
successive cycles of back-forth mixing using fluorescein in water as the injected compound.
Fluorescein was rapidly homogenized with the buffer in R1 and R2 of circuit 1 after one back-
forth cycle, as demonstrated by comparable absorbances in both reservoirs (Fig. 4B). Efficiency
of automated injection and mixing as compared to manual injection and shaking was tested for
four identical sequential injections of fluorescein and reported for reservoir 1 (Fig. 4C).
Absorbances were comparable for both automated and manual injection and mixing methods,
and increased linearly with successive injections, indicating the effectiveness of the automated
injection and mixing functions.

Two sample collection modules were integrated into the platform to enable automated
collection at intervals and sample volumes as defined by the operator from both circuits. Per-
formance and versatility were tested by the collection of three different target volumes in sepa-
rate fully automated experiments. Collection tubes were weighed before and after sample col-
lection and sample mass was expressed as volume after density correction (1.005584 g/mL for
PBS at 20°C %¢). The average sample volumes collected were all within 1.5% of the target value
(157 £ 10 pL, target 155 pL; 185 + 12 uL, target 185 pL; 231 + 9 pL, target 230 uL; mean +
SD, n=40 in each case; Fig. 4D).

Proof-of-concept: automated microfluidic system for analyzing transport dynamics across a
semi-permeable barrier

A proof-of-concept assay was performed to demonstrate the system’s capacity to monitor tracer
transport across a semipermeable barrier. The assay was designed to mimic passive transport
across barriers such as the glomerular filtration barrier, using a semipermeable nitrocellulose
dialysis membrane with a nominal 10 kDa molecular weight cut-off (MWCO) as a proof-of-
concept barrier. Nitrocellulose membranes offer well-defined porosity, low thickness, and
reproducible transport characteristics, making them suitable for studying size-selective
filtration and osmotic transport under pressure-driven perfusion. The selected MWCO provides
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a conservative approximation of glomerular size selectivity while enabling systematic
investigation of passive transport and solvent drag effects. Importantly, the platform
architecture is membrane-agnostic, allowing future adaptation to alternative MWCOs and
barrier configurations relevant to different organ systems.

The experiment also tested the synchronization of compound injection and sample collection
with integrated flow rate and fluid recirculation control (Fig. 5). Two flow-rate combinations
were evaluated: 400:400 uL/min and 400:200 pL/min (circuit 1: circuit 2). The compounds
injected were a mixture of BSA (66 kDa) and fluorescein (0.33 kDa). Fluorescein is expected
to diffuse across the membrane (circuit 1 to circuit 2; Fig. 5A), whereas BSA should not,
thereby creating an osmotic gradient in the opposite direction (circuit 2 to circuit 1).

The recorded flow rates (Fig. 5B and F), working reservoir pressures (Fig. 5C and G), and event
sequence (injection, collections; Fig. 5D and H) were synchronized over the span of a 4.5 h-
long experiment that included one compound injection into circuit 1 and 20 collections of
samples from each circuit. One sample was collected from both circuits as a baseline after 10
min of recirculation. Right after (t =11 min), the compounds of interest were injected and mixed
into circuit 1 (20 pg/mL fluorescein and 1 mg/mL BSA final reservoir concentrations) and the
system was put to recirculation with the loaded medium. The 38 subsequent samples (19 per
circuit) were collected at 10-min intervals. During a collection event, the flow was monitored
separately in each circuit to prime the collection line, draw out the sample volume and clean
the lines, characterized by the fast variations in pressure and flow rate. After each collection
event, the PID algorithm drove the pressure to reach fast stabilization of the target flow rate in
either circuit until the next collection event. It is noteworthy that at the moment of sampling the
flow is instantly disturbed resulting in decayed oscillatory pressure changes (Fig. 3D and Fig.
5B-C and F-G). As the time interval between sampling is much larger than these perturbated
events, this does not have a significant effect on shear rate along the membrane as observed in
computational fluid dynamics (CFD) modelling (data not shown) as well as on the cumulative
compounds transfer kinetics.

The concentrations of BSA and fluorescein in each of the 20 collected samples were determined
using UV-Vis and fluorescence spectroscopy, respectively (Fig. SE and I). For both flow rate
ratios, fluorescein levels in circuit 1 progressively decreased while concentrations in circuit 2
increased, indicating directional transmembrane transport. However, the measured values
suggest that fluorescein concentration decreased more rapidly in circuit 1 than it increased in
circuit 2. These results are consistent with principles of non-equilibrium passive transport
across the semipermeable barrier, driven by multiple forces beyond a simple diffusion
concentration gradient of the permeable compound (Fig. 6A). This behavior is expected from
thermodynamic principles: differences in chemical potentials between fluids drive not only the
permeable tracer across the membrane but also counteracting osmotic and pressure-difference
driven solvent flow (carry-over) — an effect exacerbated by fluctuations in pressure and flow
rate. Therefore, to calculate an accurate transport rate across the membrane, the transported
mass in both directions must be taken into account. The principle of integral mass balance>>®
was employed to precisely characterize the kinetics of fluorescein transport (Fig. 6B and C).
Analysis of transport kinetics showed that fluorescein accumulation in circuit 2 was
significantly higher at a flow rate ratio of 400:200 pL/min than at 400:400 pL/min. This
difference is consistent with the increased residence time in circuit 2 at the lower flow rate;
however, under the present conditions it is not possible to distinguish whether the enhanced
accumulation reflects flow-limited transport or simply the effect of prolonged residence time.
These results indicate that transport efficiency is sensitive to flow asymmetry and residence
time, but further studies are required to decouple these contributions. It is worth noting that no
BSA was detected in circuit 2, suggesting that, as expected, BSA did not cross the membrane
(Supplementary Figure 2).



The observed selective passage of small solutes demonstrates that the microfluidic platform
supports controlled, size-dependent, and flow-sensitive molecular transport, validating its
utility for modeling barrier functions and solute exchange in tissue-mimetic systems.

Discussion

We developed a fully automated microfluidic platform that integrates high-precision pressure-
driven flow control, dual recirculation loops with failsafe volume monitoring, programmable
multi-reagent injection (10-1500 pL), synchronized multi-chamber sample collection, real-
time DO monitoring, and a temperature-controlled chamber. This integrated system addresses
key limitations of current OoCs and microfluidic barrier models, including technical
complexity, operator-induced variability, and restricted time-resolved analysis of transport.
Pressure-driven flow was selected for its high stability, responsiveness, and programmability,
enabling generation of both steady and pulsatile flow profiles to mimic physiological micro-
environments. The implementation of automated actuation and programmable sequence sche-
duling minimizes manual intervention, improving reproducibility and supporting inter-labo-
ratory standardization. The thermal chamber is compatible with both commercial and custom
chips (standard microscope slide dimensions) and the main control module is designed to fit
inside standard biosafety cabinets, enabling sterile operation in future live-cell applications.
Flow rate distributions exhibited non-normal characteristics, which are attributed to inclusion
of the system's initialization and stabilization phases. During these transitions, overshoot and
undershoot events contributed to the skewness of the distribution. Isolated transient deviations
were attributed to thermal flow sensor sensitivity to mechanical shocks or gas bubbles. Despite
these perturbations, the system maintained stable flow profiles during steady-state operation.
DO sensors were successfully integrated and allowed for real-time monitoring thereof. Since
DO is related to po2 and to the absolute pressure in the working fluid (pabs) using the relation
DO (%) = 100 x po2/pabs, the observed slow po2 fluctuations under continuous operation were
ascribed to slow variation of pabs as the reservoirs were emptying.*’

A critical feature of the system is its use of capacitive level sensors to ensure fluid volumes
remain above a defined threshold in each reservoir, preventing air ingress and flow disruption.
These sensors allow real-time correction of reservoir switch timing based on measured rather
than theoretical fluid volumes. This compensates for minor flow deviations arising from sensor
drift, bubbles, leaks, or gradual biofouling. The measured switch intervals scaled appropriately
with flow rate, confirming the accuracy of volume-tracking logic. For instance, halving the flow
rate approximately doubled the interval between switching events, consistent with the expected
linear relationship. They also contribute to the integrated injection system which proved as
efficient as manual injection and homogenization of compound, with the added benefits of
improving reproducibility and preventing the formation of foam (no bubbling or aggressive
stirring involved). This is a valuable asset when working with viscous liquids and protein-rich
solutions such as cell culture medium supplemented with fetal bovine serum (FBS). The
modular sampling architecture supports time resolved analysis of molecular distribution and
retention within and across barrier compartments. This design facilitates quantification of
transport, compound retention, and potential losses due to membrane adsorption or tubing
interaction. Such high-resolution kinetic data are essential for evaluating pharmacokinetics and
barrier function in vitro.

The results and mass balance analysis are consistent with well-known physiological principles
that molecular transport across a semipermeable barrier is not solely governed by concentration
gradients but by a complex interplay of forces (Fig 6A). This highlights the critical importance
of synchronized, dual-point concentration measurements on both sides of the membrane to
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resolve advective and osmotic contributions. This platform is highly relevant for modeling non-
equilibrium biological systems, such as the human kidney, where dynamic and heterogeneous
flow conditions prevail—unlike static models, where fluid volume and solute mass are fixed.
Solvent drag, arising from osmotic forces and solute-solvent interactions, can significantly
influence transport behavior in OoC and MPS models. Neglecting this phenomenon risks
misinterpreting the physiological relevance of in vitro data. Thus, accurate quantification of
transport dynamics under non-equilibrium conditions requires tightly controlled flow and
synchronized sampling from both sides of the biomimetic barrier. Importantly, while the current
platform uses acellular membranes, the architecture is fully compatible with future integration
of living cells, which will allow investigation of active transport, cellular barrier function, and
mechanosensitive responses. Flow perturbations during sampling are expected to be minimal;
however, their potential impact on shear-sensitive cell layers should be considered in future
biological validation studies.

Conclusions

This study presents a fully automated microfluidic platform for time-resolved and
physiologically relevant analysis of molecular transport across barrier membrane models. The
system overcomes key limitations of existing microfluidic and organ-on-chip technologies,
including manual fluid handling, low reproducibility, and limited temporal resolution. By
integrating pressure-driven flow control, dual recirculation loops with level-based volume
sensing, programmable multi-reagent injection, synchronized multi-chamber sampling, real-
time dissolved oxygen monitoring, and thermal stabilization, the platform enables tightly
controlled, long-term perfusion experiments with minimal user intervention. The automated
operation enhances experimental consistency, supporting standardization across laboratories.
Accurate characterization of molecular transport taking into account all the different forces
involved, such as solvent drag, are essential for translating microfluidic data to physiological
contexts. Proof-of-concept validation using a semipermeable biomimetic membrane model that
mimics biological transport processes, such as glomerular filtration, demonstrated the system’s
suitability for dynamic molecular transport assays. Through the advanced and robust sampling
capability on both sides of the barrier, the platform reliably captured dynamic transport kinetics
and enabled quantitative discrimination of passive molecular transport. Future versions of the
platform aim to include real-time inline sensors, such as aptamer-based electrochemical
sensors, to further increase the resolution of quantitative molecular transport. This technology
represents a significant advance in the field of MPS by bridging the gap between benchtop
microfluidics and physiologically relevant in vitro models. Its robust automation, real-time mo-
nitoring capabilities, and modular architecture make it a powerful tool for preclinical drug
screening, toxicology, and mechanistic studies of barrier function under controlled and
reproducible conditions.
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Figure 1. Microfluidic platform for automated molecular transport assays. (A) View of
the whole microfluidic platform, composed of several modules (dark red: circuit 1, dark green:
circuit 2, light green: main fluidic circuit module). (B) Scheme of the fluidic path in the two
circuits (orange, blue). (C) Sensorized recirculation modules consist of flask holders with
integrated volume level sensors and unidirectional recirculation bridge. The working principle
of these modules is detailed in Figure 3. (D) Injection module composed of four Eppendorf
holders and a MUX distribution rotary valve. The working principle of this module is further
detailed in Figure 4. (E) Sample collection module adapted to up to 20 samples. (F) Schematic

of the chip.
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Figure 3. Performance of flow control and monitoring modules. (A) Two flow paths are
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alternating pressurization of reservoir 1 (¥) or 2 (¢) is indicated. (E) O partial pressure
measurement profile over time using pressure controller software (400 pL/min circuit 1,
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homogenized. (B) Mixing efficiency of injected compound in reservoir 1 (black squares) and
reservoir 2 (blue circles) as a function of the number of back-forth cycles. (C) Platform
versatility for sequential injections: absorbance (mean + SD, n=3-5) in reservoir 1 for four
sequential injections of fluorescein in the case of manual injection and shaking (black squares),
automated injection with the microfluidic platform and manual shaking (blue circles) or
automated injection and three automated back-forth mixing cycles (red triangles). (D) Volume
consistency during sample collection for three independent target sample volumes, 155 pL, 185
uL, 220 uLL (n=40 for each case). p values were calculated using an unpaired t-test.

18



A Nitrocellulose Membrane
10 kDa cut-off . "
#
. %} ' .
Bovine Serum Albumin R |
66 kDa !g" [ ] .
. |
Fluorescein J 1
0.33 kDa v L]
' L
- |
Circuit 2
(400:400) yL/min Flow Rate (400:200) pL/min Flow Rate
A . Circuit1 = Circuit 2 E ; Circuit1 == Circuit 2
é‘g 1233 | ‘ t‘ I Il ~ l | l ;l J % ‘l 1‘ .Ia i h | i 5‘5‘ 1222- | | LA ‘ \‘ l “ L i p
1 4 T (- ! o - ! [
T3 o L—-’—L—_ll_l_l—,——,'_r_,_‘___L - g§ NEAESSIEE - *h“ lwr Irfr e e ‘\' Ll ‘F |
52 | £2 RER
H] 500 5= 5004
o2 | ]
ST 100 S % 100
£ T T =% 5w T T T T T
0 50 100 150 0 2 0 50 100 150 200 250
B g F gow
2 k-]
§g1ﬁuu- l ggﬁuo-
E @ 1000 | 2 £ 10004 ‘
2 H i - 23
® s00- ‘ L_r \ﬂ r f & s '
; 2 ) H | AHHHH
& L g, MAMJ“I* ,M“‘.ﬂ‘ “’H”n
200 250 0 100 150 0
c G t
@
>
w
50 0 50 100 150 200 250
Injection of Sampl Injection of
Sample( |Fjuorescein + BSA AP [Fluorescein + BSA
Collection Collection|
D =|(|H =
025 30 0 3
£
204 s w5 20, 0t Lis — o
154 . 8 . o e 0.15_;,_;: x H e it ME_;
10 (] ‘ Lo 2 = e 0 El
. i Cs 10 .. w28
Ey " 005 g ! e
- T T T T T 000 2 01— T T T T T LU -3
50 100 150 200 250 5 ] 50 100 150 200 250 =
Time (min) Time (min)

Figure 5. Automated microfluidic platform analysis of molecular transport in a non-
equilibrium system under different flow rates. (A) Schematic of flow directionality inside
the chip. (B-I) Demonstration of full platform performance and proof of concept of its
automation for molecular transport dynamics across a semipermeable barrier at (400:400)
puL/min (B-E) and (400:200) uL/min (F-I) flow rate ratios. Synchronized measured flow rate,
pressure, timing of injection and sample collection and, measured fluorescein concentration in
circuit 1 and circuit 2 at different flow rates.
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ANNEX

In this Annex, pictures of the instruments used to compose the microfluidic system
are available.

ELVE}
FLOW

! 0BT MKG

¥

O

Figure I1.1: Elveflow® OB1 MK4 pressure and vaccum controller. As input, an external pressure
(air compressor, local pressure network or gas cyclinder) or vaccum source needs to be connected.
It features a USB entry allowing pressure monitoring and sequence automation using a dedicated
software. It pressurizes up to four reservoirs and can also connect to up to four flow sensors at the
same time. It uses piezoelectric technology which gives more precise and faster flow control than
other technologies available in the market. Mainly, its advantages are that it has a fast settling time
(around 40 ms) and a highly stable and pulseless flow. Adapted from [97].
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ANNEXI. ANNEX

Figure L.2: Elveflow® standard flow rate sensor. It makes use of a feedback loop control on the
software, so that flow rates” monitoring is precise. Adapted from [98].

1

To chip inlet 4
|§A?
= ' ‘ Return from
chip outlet
3
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Figure 1.3: Recirculating bridge composed of T-junctions and check valves. The direction of the
flow is indicated by the red arrows and the check valves prevent fluid from going backwards.
Adapted from [28].

e w
I

Figure 1.4: Different tubing connectors used in the microfluidic system. (A) %4”-28 male to 1/32”
OD tubing connectors. (B) %4”-28 male to 1/16” OD tubing connectors. (C) %4”-28 female to Luer
male connectors. (D) %4”-28 swivel to barbed 3/32” ID connectors. (E) Mini-Luer to 1/32” OD
tubing tuck-in connectors. (F) Silicon sleeve tubing connected to a Luer male adaptor.
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