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General introduction 

Cells are the most fundamental biological structures present in all living 
forms, being the core of the most simplistic organisms as well as the individual 
and differentiated building units of greater structures in multicellular beings. 
For such reason, understanding and replicating the intricate physiological and 
pathological pathways cells undergo in a lifespan as well as the different ways 
cells interact with their surroundings is of key importance in sight of the 
research in several areas, including cellular, molecular, developmental and 
biomedical biology 1. 

While complex living beings such as mammals present several layers of cell 
distribution and arrangement, including the formation of cellular tissues and 
whole organs, sometimes it is desirable to study a specific cell type on its 
own. As a result, cell culture raised as the most acknowledged and optimal 
methodology to achieve these goals. In brief, this process is based on the 
growth of cells isolated from living tissues on suitable vessels made of 
materials presenting good biocompatibility and cell adherence characteristic 
in controlled conditions of nutrients, growth factors, O2 and CO2 supply. This 
has proven to be an excellent tool to study cell behavior, allowing the analysis 
of cell growth, proliferation and migration as well as biochemical changes 
inside of the cell, with direct applicability on a wide range of research areas 
including but not limited to toxicology, medicine and pharmaceutics 2. 

However, cell culture on its core presents a series of limitations that are 
usually oversighted but carry a big importance in the study of cells. To begin 
with, regular cell cultures do not achieve a great level of control regarding the 
binding or spreading of the cells to the substrate, leading to cell studies where 
the cell shape, size or orientation may not be representative of the state of 
the cell in physiological conditions. More importantly, regular cell cultures lack 
a good control of the specific interactions a cell produces with its 
surroundings, which greatly affect cell behavior. In physiological conditions, 
cells are in constant interaction with the extracellular matrix (ECM) around 
them and with other cells trough both soluble chemical signals and physical 
cell-cell contact. While complementary in vivo studies are carried out to study 
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cell response in physiological conditions and as part of the whole organism, 
there is still potential in the development of novel cell culture platforms and 
methodologies that allow greater control over cell interactions. This could lead 
to an approximation of in vitro cell studies to real, physiological conditions 3. 

In that sense, over the past years several strategies and research areas have 
arisen as possible solutions to the limitations previously listed. One of the 
most important areas in these regards have been the development and 
research on materials and biomaterials alike for the fabrication of cell culture 
systems with improved control over cell deposition and cell interactions. This 
mostly includes the development of novel gel-like materials for the imitation 
of the ECM, primary used for the generation of cell capsules and scaffolds, 
and the biochemical functionalization and modifications of solid materials 
aimed to control cell interactions 4. This has led to the development of several 
platforms with very distinct applications, including the control of growth, 
differentiation and stimulation of cells and the controlled release of drugs and 
factors, among others 5. Another hot area of research includes the patterning 
of cells for the controlled deposition of the cells in the substrate, subsequently 
allowing to control the distance between cells and their interactions, their 
orientation and the isolation of them if desirable. This is usually achieved by 
the patterning of cell adhesion proteins, enabling the control over the cell-
material interactions, although other physical methods have also been widely 
used to generate a cell pattern. Furthermore, the patterning functions as a 
method to generate a high number of isolated cell culture events, making it 
possible to increase the analytical data obtained from a single sample 6. 

While the aforementioned research areas are constantly evolving, the use of 
novel materials and analytical devices is minimal in comparison with the use 
of regular methodologies for cell culture. Furthermore, novel methods usually 
only address specific shortcomings regarding the control of the cell culture 
and still present some degree of complexity, downgrading the benefits for its 
day-to-day use 7. On top of that, most cell and cell secretion monitoring 
methodologies, i.e. immunocytochemistry, ELISA and flow cytometry, are 
end-of-assay techniques and are not truly implemented within the cell culture, 
usually requiring cell fixation, cell detachment or cell medium removal which 
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by definition alter the state of the culture 8. This generates a disjunctive 
between the control aimed for the culture and the active interruption of the 
controlled conditions for the analysis. In this regard, a potential area of 
research arises with the aim to obtain biosensors that can be adapted to 
controlled cell culture (integrated sensors), that reduce the number of 
invasive steps required for the analysis of the cells and their secretion (label-
free sensors) and that enable the continuous monitoring of the outcome 
through the entirety of the assay (real-time sensors) 9. However, there are 
very few examples of fully integrated platforms so far that allow both the 
monitoring of cell processes, especially cell secretion, and the control of cell 
microenvironments. Furthermore, the recent monitoring systems that have 
arisen have focused on very specific cell models, barely considering other 
factors that influence cell behaviors, and are not customizable and adaptable 
to varied cell contexts. For the future, it is desirable to concentrate the efforts 
on the development of multifunctional devices and platforms that will 
overcome the limitations present in conventional cell cultures, giving both 
good control over the state of the cells and their interactions and a well-
integrated and not invasive monitoring and analysis.  
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Background 

Cells interact with a complex microenvironment, as in the case of mammal 
and human cells. This generates an interest in upgrading current 
methodologies for cell culture research and in developing new technologies 
that allow better replication of cell microenvironments, in order to approximate 
in vitro studies to the real physiological conditions 10. The generation of novel, 
versatile cell culture systems designed to provide tight control over cell 
microenvironments is expected to have a huge impact on a wide variety of 
areas. The approximation of the in vitro models to in vivo models would lead 
to a reduction on the animal use for experimentation, a milestone highly 
looked after in near future 11,12. Furthermore, these new technologies are key 
components in the progress of personalized medicine. From applying 
complex cell environments in drug testing to the manipulation of patient 
derived cells for diagnosis and therapy development, the possibilities are 
nearly endless 13,14. 

On one side of this quest, many technologies have arisen that aim to improve 
the control over cell culture microenvironments and the numerous cell 
interactions. Isolation of cells for the single cell analysis of heterogeneous 
samples, patterning of cells for the control of cell-material and cell-cell 
interactions, generation of 3D cultures using novel biomaterials or the 
replication of whole physiological systems on chips are only a glimpse of what 
has been achieved so far and what is to come 5,6,10,15,16. On the other side of 
this, new analytical methodologies and technologies developed for the 
monitoring of cell cultures are also a hot topic. Generating label-free, real-
time cell monitoring techniques is a goal in this area. It is when these two 
sides meet where complexity heavily increases. For the most part, 
conventional methodologies for cell monitoring are highly invasive or end-of-
assay. Incorporating sensors within a platform that do not interfere with the 
microenvironment control is enormously changeling. Furthermore, the 
complexity of the technologies proposed so far prevents its daily use in the 
clinical and research  fields 9,17–19.  
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Not all cell processes offer the same level of challenge in prospect of the 
incorporation of their monitoring into a cell culture platform. Physical changes 
that can be observed in the cell, such as cell morphology, size or motility, 
among others, can be easily implemented as long as the materials selected 
and the design of the device allow the optical observation of the cells 20–23. 
Monitoring of internal cell processes, while more challenging due to the 
requirement of dyes or electrochemical setups, has also been regularly 
accomplished in complex systems in a non-invasive, non-destructive way. 
DNA transcription and replication, protein expression, enzymatic activity, 
organelles and microtubules behavior and even intracellular mobilization of 
cations can all be easily monitored, once again, by the proper adaptation of 
the device 24–29. When it comes to the detection and monitoring of cell 
secreted molecules, technical difficulties rapidly appear. The complexity of 
the sensoring elements required for the capture, recognition and transduction 
of a biomolecule into a signal hinders their implementation inside of a 
multifactorial microenvironment. Furthermore, localizing each sensor on the 
proximity of the desired secretor and achieving the sensitivity required for the 
detection of very low concentrations of each biomolecule is not an easy task. 
All of this generates important barriers on the development of integrated 
monitoring methods and technologies on complex, controlled 
microenvironments.  

Understanding cell secretion of signaling biomolecules 

Cells are in constant interaction with their surroundings and shape them in 
one form or another. One way the cells directly affect their microenvironment 
is through the emission of molecules generated intracellularly into the 
extracellular space. This can function as the removal of waste and other 
metabolic derivative products, process commonly known as excretion. 
However, cells also produce a massive number of biomolecules that 
participate at different levels in the construction, maintenance and regulation 
of the physiological system. This constitutes cell secretion, and is made of a 
wide variety of different chemical compounds with a varied range of functions. 
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Cell secretion can be classified following two principles. The first one depends 
on the distance the secreted biomolecule needs to travel, differentiating 
between autocrine secretion (the same cell will receive the secreted 
molecule), paracrine secretion (short distance outside the cell) or endocrine 
secretion (long distance inside of the organism). The second classification is 
based on the function that the biomolecule will take part off. Some 
biomolecules only serve structural purposes, others serve a regulatory roles 
on the organism, while others serve as signals for cell-cell communication 30.  

This last group include a series of sub-groups of cell-secreted signaling 
biomolecules such as cytokines, growth factors and hormones, which play 
critical roles in controlling the cells’ behaviors and regulating full systems on 
the organisms. The interest in being able to monitor cell secretion under 
controlled environments that replicate physiological conditions is clear, as the 
amount and nature of information that studying and analyzing cell secretion 
can offer is huge. Proper typifying and characterization of cell’s secretion can 
offer a lot of insight on cell’s mechanism, especially when it is subdue to a 
wide variety of stimuli. In practice, the detection, identification and 
quantification of cell secretion in the form of biomarkers is essential for 
diagnosis, prognosis and evaluation of pathological behaviors in cells 31,32. 

The concept of biosensor 

Conventional non-cell-destructive methodologies for monitoring of cell culture 
secreted signaling molecules include, but are not limited to, fluorescence 
immunoassays and mass spectroscopy. In most cases, analysis of cell 
secretion is carried out in completely separated units, removing cell 
supernatant from the culture vessels and analyzing it in the materials and 
equipment required for each methodology. This presents a series of 
limitations, including the incapability to address the secretion dynamics of 
specific cells in complex cell cultures and the large volume in which the 
analyte is diluted. Taking all into account, the core of the current 
investigations lies in the development of biosensors that can be fully 
integrated within a cell culture platform, showcasing high specificity and 
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sensitivity for the target molecule, and that neither interfere nor get affected 
by the complex nature of the cell’s microenvironment  18,33.  

A biosensor is a device that measures biological or chemical reactions by 
generating signals proportional to the concentration of an analyte in the 
reaction. It consist of a formed system that enables the capture of an analyte, 
in this case a cell secreted biomolecule, and the production of an appreciable 
and, quantifiable signal that can be correlated with the presence and the 
quantity of the biomolecule. From the conventional biosensing techniques to 
the most novel analytical devices, biosensors usually requires the use of 
similar modules whether they come as separated components and equipment 
or are integrated on a single unit. For the capture of the biomolecule, a 
bioreceptor is regularly required in some capacity. This part, usually another 
biochemical compound, binds specifically to the target analyte. After capture, 
the production of a signal is required to mark the presence of the successfully 
bound biomolecule. This can be achieved either by the interaction between 
the analyte and the bioreceptor itself or by the addition of secondary labels. 
Once a signal is produced, a transducer component (which converts the 
signal produced into a measurable signal), a display component (which 
presents the user the results of the analysis) and an electronic component 
that binds both are commonly required to complete the biosensor 34.  

The amount and variety of elements used and implemented differ 
considerably between modules. Bioreceptors used in newer detection 
technologies are still very similar to those applied in conventional 
methodologies. When it comes to monitoring of signaling biomolecules, for 
example cytokines and growth factors, antibodies are used in the majority of 
cases.  The easiness in their production, their market availability, and the 
confidence in their specificity makes them the gold standard as bioreceptors 
even today 35. Other types of bioreceptors based on specific protein-protein, 
protein-enzyme and protein-lectin interactions have been thoughtfully 
explored. Their advantages include their reduced molecular weight in 
comparison to antibodies, which allows a higher density of receptors in the 
same place and the reduced cost of their production 34,36,37. However, finding 
bioreceptors with specificity for each secreted signaling biomolecule is not an 
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easy task, and vastly undermines their use. In the recent years, synthetic 
DNA probes such as aptamers have arisen as potential bioreceptors. They 
have proven to be very specific for a wide range of chemical and biochemical 
molecules, comparing their binding capacities to that of the antibodies. They 
also present a series of advantages that no other type of bioreceptor does, 
including their low molecular weight, their low-cost and easy production, the 
easy manipulation of their sequence in order to control their specificity and 
the higher stability they present in comparison to proteins 38–40. 

When it comes to the production of the signal that indicates the recognition 
and capture of the biomolecule, the focus has drifted into different 
perspectives. Directly coming from conventional cell culture monitoring 
technologies, fluorescence based detection systems have been heavily used 
in cell secretion biosensors. The easiness in differentiating between 
fluorescence presence and intensities related to the different quantities of the 
biomolecules allows their simple detection and quantification 41,42. In the look-
out for label-free biosensors, new methodologies have arisen. Optical label-
free detection has been widely explored, which includes but is not limited to 
Surface Plasmon Resonance and Surface Enhanced Raman Spectroscopy. 
These methods are based on the observation of specific changes of physical 
phenomena such as light scattering or molecular vibration that can be 
correlated with the presence and quantity of an analyte 43,44. Electrochemical 
detection has also been heavily explored for the new age of cell secretion 
biosensing. They are based on the transduction of the biochemical event into 
an electrical signal, which can be a change in current, voltage or impedance, 
among others 33,45. Finally, calorimetric-based and magnetic-based detection 
methods have also been proposed and explored to a lesser degree 46.  

Depending on the most desirable outcome when monitoring complex cell 
cultures, different combinations of the previously presented bioreceptors and 
signals can be applied, as no one of them is ideal. While antibodies are a safe 
choice as bioreceptors, especially in platforms aimed for multiplexed analysis 
of a wide variety of cell secreted biomolecules, synthetic DNA probes, such 
as DNAzymes and Structure Switching Signaling Aptamers 47,48, may 
potentially be a better option as they do not require the addition of a 
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secondary label to produce a quantifiable signal. However, when looking for 
label-free monitoring in general, electrochemical and optical biosensing arise 
as better approaches, as they, by definition, allow the label-free recognition 
of secreted biomolecules just by measuring the physical phenomena that 
occur when the analyte is captured in the sensing component. Yet, these 
methods present their own set of limitations, including the difficulty on 
detecting multiple analytes on a confined space 49,50. This may explain why 
fluorescence and luminescence based detection methods remain the most 
suitable detection strategies to incorporate into a multifactorial cell culture 
platform. In all, a consensus has not been reached on what type of biosensor 
is the most suitable for the wider range of scenarios, and for now, different 
options for biosensing must be ponder for each case. 

Platforms for cell culture secretion monitoring 

In the recent years, the development of systems for the monitoring of cell 
cultures has increased exponentially. For example, more than half of the 
articles in this revision, which covers the most prominent systems that 
integrate sensoring of cell secretion in the last 5 years, were published from 
2019 onwards. This could be attributed to a series of factors.  

On the one hand, the exploration of microfluidics and lab-on-a-chip devices 
has allowed the generation of intricate systems with infinite possible 
configurations of cell culture devices. The capabilities to generate 
independent sections for cell culture and biosensing with their own required 
chemical and biochemical functionalizations, to generate elaborated fluidic 
structures that connect each section with high fluidic control and the reduced 
requirement in reagents and volumes are just a few of the advantages that 
these type of systems presents 50–53.  

On the other hand, the advancement on the research of materials and 
biomaterials has enabled both the development of suitable substrates for the 
generation of complex microenvironments for cell cultures and the fabrication 
of novel biosensors. The surge of smart, functional and biocompatible 
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materials in the recent years has allowed to speed up the development of 
multifunctional platforms for cell culture 54–56.  

However, everything is still on very early stages of development, as most of 
what has been achieved so far is barely more than proof-of-concept of what 
could be achieved in the near future.  

Defining integrated cell culture secretion monitoring platforms 

Ideally, a fully integrated platform should combine the culture of cells with 
high control of the microenvironment and the monitoring of cell secretion 
within the same system, independently of the biosensing method used.  

However, a standard on what classifies as a true integrated cell culture 
secretion monitoring platform or what components should it have does not 
exist, due to the early phase in which this research area currently is. For that 
reason, what have been described as “integrated” so far present different 
degrees of implementation of the cell culture and monitoring within the same 
system. 

Some platforms do not incorporate cell culture themselves but require loading 
the sensor into a conventional cell culture well. Others allow culturing the cells 
in the platform but require to collect the supernatant and to perform the entire 
analysis on an entire independent unit. Finally, others enable both the cell 
culture and the capture of cell secretion but require to do the analysis outside 
in an external unit. 

For the most part, what has been developed so far has followed one of two 
design strategies. The first one takes advantage of microfluidics to generate 
intricate systems composed of independent cell culture and biosensing 
sections, incorporating a fluidic network that allows connecting both of them 
and associate the secretion from each cell culture section to a biosensing 
chamber 57–64. The second one relies on detection of the secreted 
biomolecule in the direct vicinity of the cells, usually through the use of 
functionalized micro-beads or barcodes, in order to capture the secretion 
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directly and, usually, easily adapt the biosensing method to the cells 
microenvironment 60,63,65–79. 

Main biological models explored   

Most platforms developed so far have been limited to the exploration of 
greatly known secretion models in order to test and validate the method and 
technology. The models used in the monitoring of cell excretion and secretion 
of metabolism related products have been quite varied, including the 
detection of inorganic and organic analytes 80–82.  

However, when it comes to models concerning cell secretion, especially of 
signaling molecules and regulatory factors, the variety of biomolecules 
researched is far narrower.  

Cytokines are the most explored analyte model. Interleukins (IL) 2, 4, 6 and 
8, Tumor Necrosis Factor (TNF) and Interferon-γ (IFN) are some of the 
secreted cytokines whose detection and quantification have been 
incorporated in the most recent cell culture platforms 58,60–63,65–67,69,70,73–79,83–

86. There are various reasons for this. Firstly, cytokine secretion models are 
well known and have been thoughtfully studied, presenting a broad window 
of well standardized detection methodologies that can be adapted into the 
desired platform, easing the process of development and validation of the 
biosensing technique. Secondly, cytokines are widely used as biomarkers 
and reporters to address pathological conditions, giving the resulting product 
excellent potential in clinical practice.  Finally, the type of cell cultures used 
to generate these models so far have been mostly based on cells derived 
from the immune system, which are much easier to implement into a platform 
than other cell types. This is because of their non-adherent, transient nature, 
which comes hand-in-hand with the much simpler microenvironment required 
for their proper culture when compared to other cell types coming from more 
complex physiological microenvironments.  

The second model most used is that of the monitoring of growth factors 
secretion, such as the Vascular Endothelial Growth Factor (VEGF) and the 
Hepatocyte Growth Factor (HGF) 57,59,68,71,73,74,79. These are also well 
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established models that present a huge clinical potential because of their 
regulatory actions and relation with pathological conditions. In addition, 
insulin, prostate specific antigen (PSA) and β-2-microglobulin have also been 
used as detection models. 

Multiplexing: monitoring of several secreted biomolecules 

A big part of the research has focused on the development of multiplex cell 
culture secretion biosensors. The advantage of this is clear: cells produce 
from hundreds to thousands of signals, and a full profiling of cell secretion 
can give massive information about cell conditions and behaviors. The vast 
majority of the multiplex cell secretion monitoring platforms developed so far 
focus on the detection of cytokines. Apart from the reasons previously listed, 
when it comes to multiplex detection, the wide variety of well-known cytokines 
a cell can produce is vast, making it the excellent model for the initial testing 
of multiplex analysis. Once more, the second most used model is that of 
growth factors.  

When it comes to the type of bioreceptors and signals used, specific 
antibodies against the different biomolecules and adapted fluorescence 
immunoassays have mostly been used, respectively 60,62,63,65,73,75.  Antibodies 
are the most logical option so far for multiplexing monitoring, as their high 
specificity for all the different biomolecules ensures the precise capture of 
each one. Fluorescence-based adapted immunoassays give both the 
sensitivity required and an easy way to label each biomolecule independently. 
Understandably, this means that most of the multiplex systems that have 
been developed do not allow label-free monitoring of cell secretion. Multiplex 
cell secretion detection based on Surface Plasmon Resonance and 
electrochemical sensors have been developed 76,79,83,86. However, true 
integration of multiplex monitoring on novel cell culture platforms, barring a 
few exceptions 76, is yet to be achieved.  

The work of Abdullah et al. should be remarked 65, where they developed a 
micro-bead based in situ tagging (MIST) array that enabled the capture of 
single, non-adherent cells in thousands of nanowells containing micro-beads 
as sensoring probes for the capture, and later recognition through 
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fluorescence secondary immunolabelling, of a wide variety of secreted 
cytokines including IL1, IL6, IL8, Migration Inhibitory Factor and Monocyte 
Chemoattractant Protein, making it one of the most complete multiplex 
sensoring systems to date. 

Label-free and real-time monitoring of secretion  

Developing label-free methods to monitor and quantify cell culture secretion 
within a platform is one, if not the most, desirable step forward in the current 
search for novel cell culture and cell analysis tools. This is mainly because of 
two reasons. Firstly, not requiring the addition of a secondary label implies a 
reduction on the invasive steps that needs to be done, which results in a less 
intrusive method in general. Secondly, label-free detection opens the door to 
real-time monitoring, making it possible to address secretion profiles 
throughout the entirety of an assay and not at the end-point.  

Optical label-free monitoring methods based on Surface Plasmon Resonance 
rise as the most prominent method explored for this type of platforms 
57,70,72,76,77,79,83. The very specific changes in the resonant conditions that 
occur when biomolecules come closer to metallic plasmonic compounds 
allow to easily detect the presence of a desired analyte without the need of 
secondary labels. For the most part, the proposed platforms have used 
specific antibodies for the capture of the secreted biomolecules, mostly 
cytokines once again, bound to gold nanoparticles or gold layers. However, 
due to the intricacy of the instrumentation and the nature of the materials 
required both for the production of the plasmon phenomena and the detection 
of the plasmonic signal, only very few of the proposed platforms have fully 
implemented cell culture and optical label-free detection. Electrochemical 
detection has also been explored, even though it still showcase the same 
limitations 85,86. Aptamer based detection methods, combined with 
chemiluminiscence, and Structure Switching Aptamer strategies are currently 
arising as promising methods for the detection of cell secretion. Their 
biochemical nature makes them, in principle, more suitable to be successfully 
adapted into a cell culture environment than most of the synthetic materials 
used in other label-free methodologies 59.  



 
State of the art 

43 
 

Monitoring of secretion on complex cell culture microenvironments 

When talking about platforms aimed for the monitoring of cell secretion on 
complex microenvironments, like those composed of highly structured 
extracellular matrices and more than one cell type, true development is 
virtually non-existent. This lack of prominence can be attributed to two 
common themes present in the systems developed so far. Firstly, as 
previously explained, the use of non-adherent cells as models for secretion 
does not represent the most common type of cell microenvironment present 
in complex organism, as in the case of mammal and human models. 
Secondly, the development of single-cell monitoring methodologies has been 
a hot topic in the last decade. The isolation of cells is usually achieved through 
the encapsulation or trapping of single cells in droplets, carved holes or 
microfluidic chambers 62,65–70,75,77,79. While it offers immense potential in a 
wide variety of areas, including the development of high-throughput analysis 
and the study of cells heterogeneity, cells are not commonly found in a 
isolated state in their physiological microenvironments, and, therefore, cell 
microenvironment has not been taken into account when developing novel 
platforms aimed for single cell analysis. 

This lack of development for secretion monitoring is especially clear when 
looking at the platforms that replicate full physiological conditions, such as 
organ-on-chip 87–89. The integration of sensors to monitor cells’ physical, 
electrical and metabolic processes has been more developed than sensors 
for cell secretion, especially when it comes to signaling molecules. The 
monitoring of secreted signaling biomolecules in complex microenvironments 
has been limited, so far, to adipose tissue and pancreatic isles models 
combined with Surface Plasmon Resonance sensoring probes/barcodes 64,76. 

Considering all this, there is a clear gap in exploring new platforms that truly 
integrate complex microenvironments and cell secretion monitoring. 

Table 1 summarizes the most prominent integrated platforms for monitoring 
of cell culture secretion developed in the last 5 years, used for the critical 
revision of the state of the art.  
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Table 1. Platforms for cell culture secretion monitoring developed in the last 5 years. 

 

Biomolecule Measurement type Bioreceptor Author and year 

PSA, β-2-microglobulin SPR Antibody Berthuy et al. 2016 72 

TNF-β, INF-γ, IL-1, IL-8 Fluorescence Antibody Kongsuphol et al. 2016 73 

IL-6, TNF-α SPR Antibody Lau et al. 2016 83 

VEGF Nanoplasmonics Antibody Li et al. 2017 57 

TNF Fluorescence Antibody Kaestly et al. 2017 58 

VEGF Chemiluminiscence Aptamer Shan et al. 2017 59 

HGF, TGF Fluorescence Antibody Son et al. 2017 74 

IL-6, IL-8, TNF-α Fluorescence Antibody Cui et al. 2018 60 

IL-6, IL-8, MCP-1 Fluorescence Antibody Hsu et al. 2018 75 

IL-6, IL-10, TNF-α SPR Antibody Zhu et al. 2018 76 

IL-2 Nanoplasmonics Antibody Li et al. 2018 77 

IL-8 Fluorescence Antibody Zhang et al. 2018 61 

IL-6 Fluorescence Antibody Liu et al. 2019 78 

IL-8, VEGF SPR Antibody Wei et al. 2019 79 

TNF, CCL2, CCL3, CCL5 Fluorescence Antibody Ramji et al. 2019 62 

TNF-α Calorimetry Antibody Bari et al. 2019 84 

IFN-γ Electrochemical SSA Liu et al. 2019 85 

IL-1, 6, 8, MIF, MCP-1, TNF Fluorescence Antibody Abdullah et al. 2019 65 

IFN-γ Fluorescence Antibody Antona et al. 2020 66 

IFN-γ Fluorescence Antibody Zhou et al. 2020 67 

G-CSF Fluorescence Antibody Ambrecht et al. 2020 68 

IFN-γ Fluorescence Antibody Yuan et al. 2020 69 

IL-6 SPR Antibody Zhu et al. 2020 70 

IL-8, TNF-α Fluorescence Antibody R-Moncayo et al. 2020 63 

HGF Fluorescence Antibody Neel et al. 2020 71 

IL-2, IL-4 Electrochemical Antibody Rani et al. 2020 86 

Insulin SPR Antibody Ortega et al. 2021 64 
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Future perspectives 

As every year the quantity and complexity of the platforms aimed for the 
monitoring of cell secretion increase over what came before, a big progress 
will be made in the foreseeable future. As no consensus has been reached 
on what the best approach to develop said technologies is, the individual 
advancements being made in biosensing, materials, microfluidics and 
biological sciences will all add something important in what there is to come. 
Standardizing what truly makes a cell culture platform integrated, and what 
individual components are realistically expected to be included in one is 
essential for future research.  

Last decade, the predominating platforms for cell secretion monitoring were 
focused on single cell analysis. However, it is expected that the focus will now 
shift into true replication of complex microenvironments based on 
physiological and pathological conditions. While microfluidics itself has 
allowed huge progress in the development of these technologies, combining 
novel microfabrication techniques, smart biomaterials and microfluidics 
systems is, most probably, the best move forward for achieving complex 
controlled cell microenvironments with secretion biosensing.  

Finally, most platforms developed so far have not presented a true advance 
on easing the monitoring to the users when compared to conventional 
methods, as they usually require laborious fluidic and analytical setups. It is 
more than probable that creating easy to use, versatile platforms adaptable 
to the users’ requirements will become the key milestone to achieve in the 
near future.  
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Hypothesis 

This thesis is aligned with the growing interest in the development of new 
technologies for cell culture that enable the monitoring of the cell behavior 
subjected to complex microenvironments. The general goal in this research 
area is to develop systems that can provide different degrees of control in the 
interaction of cells with their microenvironment and that can integrate 
biosensors to monitor cell behavior in the most dynamic and precise way 
possible, including the detection and quantification of cell secretion.  

Microfabrication, combined with molecular and biological sciences, would 
allow the creation of novel platforms to reach the aforementioned goal. In 
particular, fabrication of complex micropatterns of cells and microbeads on 
transparent substrates would enable:  

1. To control cell distribution on a substrate, cell-cell contact and cell-
substrate interaction, as well as to achieve efficient presentation of signaling 
molecules to the cells resembling physiological conditions. 

2.  To optical monitor cell proliferation, migration, viability, intracellular and 
membrane protein expression, as well as efficiently detect cell secreted 
molecules from a small number of cells.  

Objectives 

The main objective of this thesis is the development of an analytical platform 
that allows analyzing the behavior of cells under controlled interactions with 
their microenvironment. For this, the creation of complex patterns that serve 
as models to evaluate the effect of the cell microenvironment and the 
development of new biosensors that can be integrated into these patterns will 
be studied. Substrates will be patterned with proteins, cells and microbeads. 
The protein patterns will enable the controlled distribution of the cells over the 
substrate in order to achieve control over cell-cell contact. The nanoparticles 
will act as carriers of molecules in adjacent positions to the cells. These 
molecules can be signaling molecules for localized stimulation of cells or 
sensing probes for the detection and monitoring of cell secretion. 
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To achieve the main objective, the following sub-objectives have been 
established in order to address the development of biosensors, cell patterns 
and complex patterns that will be finally integrated into a single platform: 

1. To review the state of the art on the different cell interactions that can affect 
cell behavior as well as the methodologies and microtechnologies that have 
been developed in the quest to control and study cell cultures in complex 
microenvironments (Appendix 1). 

2. To develop biosensors based on DNA probes for the direct detection of 
biomolecules on solid supports. The design, manufacture and evaluation of a 
DNAzyme for the colorimetric detection of single-stranded DNA (Appendix 2) 
and a Structure Switching Signaling Aptamer (SSSA) for the fluorescence-
based detection of Vascular Endothelial Growth Factor (VEGF) will be carried 
out (Appendix 3). Likewise, the probes will be immobilized, both in paper 
devices and in microbeads, to evaluate their usefulness when immobilized on 
solid supports and the possibility of integrating them into cell analysis 
platforms. 

3. To manufacture adherent cell patterns made up of multiple (dozens to 
thousands) cell colonies replicates, containing one or more cells each. The 
patterns will provide control over cell-cell and cell-material interactions. The 
impact of cell-cell contact in gene transfection efficiency on mesenchymal 
stromal cells (MSCs) will be studied (Appendix 4). The suitability of different 
substrates for cell patterning will be evaluated, and a methodology to convert 
cytophobic polymers like PMMA into a cytophilic substrate will be developed 
(Appendix 5).  

4. To create complex patterns composed of small MSC-colonies surrounded 
by microbeads and to monitor cell behavior under specific conditions provided 
by the properties of the micropattern. The microbeads will serve as molecular 
carriers for cell signaling molecules or sensing probes. On the one hand, 
microbeads functionalized with Fibroblast Growth Factor type 2 (FGF-2) will 
be used for the solid-phase presentation of the growth factor to the cells, and 
the cell proliferation and expression of membrane receptors in the MSC-
colonies will be evaluated (Appendix 6). On the other hand, the microbeads 
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will be functionalized with anti-VEGF antibodies or an SSSA probe for 
localized monitoring of VEGF secretion from each MSC-colony on the 
substrate with micropatterns (Appendix 7). 

These objectives are graphically summarized in Figure 1.  
 

 

Figure 1. Strategy followed in the thesis. 1. To develop DNA-based biosensors for 
the label-free analysis of biomolecules. 2. To generate cell patterns with controlled 
cell confluence (from single cell to small cell colonies). 3. To control different types of 
cell interactions (cell-material, cell-cell and cell-carriers depicted in yellow, green and 
blue, respectively, as well as cell-soluble factors) and to directly monitor cell secretion 
through integrated sensor probes. 
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Here, a summary of the main methods used throughout the thesis are briefly 
explained. Any possible variation required of a general method as explained 
here, as well as any methodology required exclusively in a single 
experimental procedure, are thoughtfully explained in their respective 
Annexes.  

Fabrication methods 

Wax printing of paper substrates 

Wax printing of different features, including microfluidic channels, was 
performed by a Xerox ColorQube 8570 on Whatman filter paper 1 (Sigma 
Aldrich, Spain) and Hi-Flow Plus HFC 12004 nitrocellulose (EMD Millipore, 
Ireland). After printing, wax was melted on an oven at 125 ºC for 5 min to let 
the wax pass-through both sides of the substrates and generate the 
hydrophobic barriers. 

Photolithography 

All designs were done in CleWin. Polyester PET photomask were purchased 
from JD Photodata, UK. SU-8 20005 and 2025 were purchased from 
ChimieTech, France. Master silicon wafers were fabricated on a SU-8 mold 
fabrication station (BlackHole-Lab, France), consisting of a spinner for 
homogeneous and controlled deposition of SU-8 on the silicon wafers, a UV 
irradiator for photopolymerization of the resin, and a hot plate for the 
controlled evaporation of the solvents and continuation of the polymerization 
of the resin.  

Fabrication of PDMS stamps/slabs 

Polydimethylsiloxane (PDMS) SYLGARD 184, with a ratio 10:1 of silicone 
elastomer and curing agent (Ellsworth adhesives, Spain) was poured on top 
of silicon wafers. The mix was degassed for 30 min under vacuum and was 
polymerized inside of an oven at 80º for 90 min afterwards. Finally, the PDMS 
was detached from the silicon wafer and each individual PDMS stamp/slab 
was cut. 
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Fabrication of multilayered PMMA wells and microfluidic device 

Polymethyl methacrylate (PMMA) homemade wells and microfluidic device 
were fabricated through multilayered fabrication. Layers consisted of either 
PMMA slides Plexiglas 4mm (Evonik Industries AG, Germany), glass covers 
24 x 60 mm (Fisher Scientific, Spain) or PDMS. Layers were joint together by 
pressure sensitive adhesive (PSA) ARcare 8939 (Adhesive Research, 
Ireland). PMMA wells and slides were cut with a CO2 VERSA VLS2.30 
Desktop Universal Laser System (USA). PSA layers were cut with a Graphtec 
cutting Plotter CE6000-40 (CPS Cutter Printer Systems, Spain). 

Protein and cell patterning 

Microcontact printing of fibronectin 

PDMS stamps, containing different carved features, were wetted with 50 µL 
of a 50 µg mL-1 fibronectin solution in phosphate buffer solution (PBS) for 30 
min. Subsequently, the ink was removed and the PDMS stamps were rinsed 
with distilled water and dried with compressed air. The carved side of the 
PDMS stamp was put in contact with either the bottom plate of the well in a 
12-well microtiter plate (Fisher Scientific, Spain), PMMA or glass cover for 
another 30 min, in order to transfer the protein from the PDMS stamp 
replicating the features carved in the PDMS surface. Finally, PDMS stamps 
were removed and the wells were blocked with 1 mL of BSA solution 1% (w/v) 
in PBS. 

Printing and vacuum lithography 

PDMS slabs containing channel-like structures with pillars inside were 
punched twice in order to generate a 2 mm diameter inlet and a 1 mm outlet. 
Pillars inside of the channels were wetted with a solution of fibronectin 50 µg 
mL-1 for 30 minutes. Afterwards, PDMS slabs were rinsed with distilled water, 
dried with compressed air and attached to the glass bottom PMMA wells. The 
resulted assembly PDMS slabs on glass were put under vacuum inside of a 
desiccator for 30 minutes. Afterwards, the outlets were closed with tape and 
2 µL of micro-beads suspension were loaded on the inlets. Suspension was 
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let flow until it started filling the outlet. Tape was removed after 5 minutes and 
PDMS slabs-glass covers were left overnight for solvent evaporation at 4 ºC. 
Finally, PDMS slabs were removed afterwards. 

Adhesion of cells on fibronectin patterns 

Human hair follicle-derived mesenchymal stromal cells (hHF-MSCs) were 
obtained from human follicles. Prostate cancer cells (PC3) and colorectal 
cancer cells (HCT116) were purchased from ATCC, USA. Cells were 
suspended on serum-free conditions at a concentration of 105 cells per mL. 
Cell suspensions were added to the fibronectin patterns and were left on 
constant oscillation in a Vari-Mix steep angle rocker (Thermo Fisher, Spain) 
inside an incubator at 37 ºC and 5 % CO2 air atmosphere. The time required 
to achieve full adhesion depended on the assay and the cell type. Afterwards, 
the remaining suspension was removed and the patterns were rinsed 3 times 
with PBS. 

Cell and biochemical analysis 

Solution assays 

Assays for the detection of biomolecules in solution were performed in either 
transparent (for colorimetric detection) or black (for fluorescence detection) 
96-microtirer plates (Fisher Scientific, Spain) on a Beckman Coulter DTX 880 
Multimode Detector (USA) or a Promega Globax Multi Detection fluorometer 
(USA). 

Microscopy imaging 

Brightfield and fluorescence images of paper substrates, cell cultures, cell 
patterns and micro-beads patterns were taken using a modified Nikon Eclipse 
TE2000-S inverted microscope (USA), with and adapted Andor Zyla sCMOS 
black and white camera (Oxford Instruments, UK). Lumencor laser 640 nm 
was used as light source for excitation and Quad EM filter: 446/523/600/677 
with 4 TM bands: 446/34 + 523/42 + 600/36 + 677/28.  
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Images, data and statistical analysis 

Microscopy images were processed and analyzed either in FiJi/ImageJ 
software, NIS elements analysis software or in a combination of both. Data 
analysis, including curve fitting and statistical analysis, were performed either 
in Excel software, Origin Pro 2018 software or in a combination of both. 
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Experimental results and discussions 

Biosensors based on DNA probes for the direct detection of biomolecules on 
solid supports 

A DNAzyme biosensor was developed for the colorimetric detection of single 
strand DNA (ssDNA) and immobilized on a paper support (Appendix 2). 

The sensor in question followed a DNAzyme strategy. DNAzymes are three-
dimensional DNA structures with catalytic abilities akin to that of enzymes 90. 
The DNAzyme was designed for the specific detection of a synthetic 
sequence based on the human Y amelogenin gene (Yf), highly used for sex 
identification in medical and forensic fields 91. Two Specific DNA probes were 
designed with the ability to bind specifically to the Yf sequence. Only when all 
three sequences bind together, the three-dimensional conformation gains the 
capability to bind a hemin group and gain a peroxidase ability. This 
peroxidase ability was used to oxidate the uncolored ABTS [2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)]  into the green-colored oxidized ABTS+, 
enabling to correlate the presence of color to the presence of the Yf and the 
intensity of the color to the quantity of the analyte. 

The detection of Yf was firstly tested and optimized in solution, allowing not 
only to discern specificly Yf from its X counterpart (Xf) but also to quantify 
different concentrations of the analyte, detecting as low as 655 ng. The 
reaction was then transported into a paper support, testing both cellulose 
paper and nitrocellulose paper. To localize the reaction, wax-circles were 
printed through wax printing. Cellulose paper was chosen out of the two. The 
reaction once again allowed to specifically detect different concentrations of 
Yf both qualitatively through naked eye observation (Figure 2 A) and 
quantitatively through mobile phone camera pictures analysis (Figure 2 B). 
For all concentrations studied, a clear coffee-ring effect was observed in the 
samples where Yf, was loaded, where as low as 143 ng of the analyte could 
be detected. Through quantitative analysis of mobile phone camera images, 
as low as 45.7 ng of the analyte could be detected. Finally, the reaction was 
transported into a simple, proof-of-concept cellulose paper analytical 
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microfluidic device (µPAD), allowing to analyze Yf and Xf in a single device. 
Once again, Yf was specifically detected (Figure 2 C). 

In summary, a DNAzyme for the colorimetric detection of ssDNA was 
developed, tested and optimized. The sensor was successfully integrated into 
a paper microfluidic device made of cellulose, which not only improved the 
analysis sensitivity compared to the solution assay, but allowed the 
generation of a proof-of-concept, low-cost device with potential medical and 
forensic use.  

Continuing in the line of developing DNA-based biosensors, a self-reporting 
synthetic DNA probe for the fluorescence-based detection of cell secreted 
proteins that could directly be applied for the monitoring of cell cultures was 
developed. Once more, the biosensor was transported into a paper 
microfluidic device (Appendix 3). 

The strategy followed was that of Structure Switching Signaling Aptamer 
(SSSA). SSSAs are double-stranded DNAs composed of an aptamer 
sequence specific for the desired analyte, a fluorophore and a quencher 47. 
In its native state, the proximity between the fluorophore and the quencher 
suppresses the fluorophore’s emission. In the presence of the target analyte, 
the interaction between the aptamer and the analyte induces a 
conformational change on the SSSA and a displacement of the quenchers, 
enabling the production of a fluorescence signal that can be correlated with 
the presence and quantity of the analyte. In this case, the SSSA was 
developed for the detection of cell secreted Vascular Endothelial Growth 
Factor (VEGF), a regulatory biomolecule for which altered levels can be 
associated with several pathological conditions 92.   

The VEGF-SSSA was initially tested on solution, being it an inadequate 
matrix for the detection of VEGF due to the formation of protein-aptamers 
agglomerates. The reaction was then transported into cellulose paper, using 
wax printing for the generation of wax-circles. The reaction on a solid support 
allowed the specific detection of VEGF with high sensitivity, enabling the 
quantification of VEGF concentration through fluorescence microscopy 



 
Results and discussion 

63 
 

imaging and analysis of the paper substrates (Figure 3 A and B). As low as 
0.57 ng of VEGF could be detected with this biosensor. 

 
 

Figure 2. Development of DNAzyme for naked eye, colorimetric detection of Y 
amelogenin fragment in a paper microfluidic device. A) Picture of the 2 by 5 array 
of wax-circles printed in paper after 5 min DNAzyme reaction. C1, C2, C3 and C4 refers 
to the different concentrations of Yf or Xf solutions added to the paper substrate [25 
(143 ng), 50 (286 ng), 100 (572 ng) and 200 (1144 ng) µM, respectively] and NC is 
the negative control. B) Plot of the color intensity obtained from the picture taken by 
the mobile camera 5 min after reaction. Error bars mean ± SD (n = 3 samples per 
experimental condition). C). Pictures of the µPAD taken 5 min after the H2O2 solution 
reached the analysis zones. Detection circles correspond to sample loading of Yf (left) 
and Xf (right). Increased green intensity relates to increasing presence of ABTS+. 
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The reaction was then transported into simple, proof-of-concept microfluidic 
device that incorporated a detection zone for VEGF and a fluorescence 
control zone in the same device. Finally, the device was validated for real 
samples, being able to detect the VEGF secreted from a human Hair Follicle-
derived Mesenchymal Stromal Cells (hHF-MSCs) culture, Figure 3 C and D. 

Following a SSSA strategy allowed the development of a label-free biosensor 
for VEGF directly applicable to real cell culture scenarios with good specificity 
and sensitivity.  

Once again, the incorporation of the sensing into a µPAD not only greatly 
improved the performance of the biosensor, but also allowed the production 
of an easy-to-use and user-friendly device for detection of cell culture 
secretion. 

Manufacture of adherent cell patterns 

Patterning of adherent cells was studied for the generation of discrete cell-
colonies with high control over cell interactions. In this case, cell patterning 
was used in order to control cell-cell contact (presence or absence) and 
explore its effect on gene transfection efficiency of patterned hHF-MSCs 
(Appendix 4). 

Gene transfection is a common procedure in which exogenous genetic 
material is incorporated into a cell for its expression using the cell’s own gene 
expression process 93. To evaluate the efficiency of the procedure, 
transfection of plasmids encoding Green Fluorescence Protein (GFP) are 
usually used.  

The patterning of cells was obtained through microcontact printing (µCP), 
where fibronectin was printed on the surface of cell culture well plates. 
Polydimethylsiloxane (PDMS) stamps were fabricated containing array of 
pillars with a 100 or a 20 µm diameter, in order to generate arrays of 
fibronectin dots of 100 µm (D100) and 20 µm (D20), respectively. This enabled 
controlling cell-cell contact, generating scenarios of small cell-colonies or 
single cells, with or without cell-cell contact respectively.  
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Figure 3. Development of a SSSA for the label-free detection of cell secreted 
VEGF in a paper microfluidic device.  A) Plot of the fluorescence intensity obtained 
by the incubation with different concentrations of VEGF (0.01, 0.1, 0.5, 1, 2.5, 5 and 
10 µg mL-1), normalized to the fluorescence control intensity. Error bars correspond 
to mean values ± SD (n = 4). B) Microscope images of the fluorescence obtained in 
paper samples treated with different concentrations of VEGF. C) Plot of the 
normalized fluorescence intensity obtained in the fluorescence control (FApt), 
negative control (FAptQ) and in cell’s secreted VEGF (FApt-VEGF), normalized to the 
fluorescence control (FApt) intensity. Error bars correspond to mean values ± SD 
(n = 3). D) Brightfield microscopy image of hHF-MSCs in high confluence (top left) 
and fluorescence microscope images of fluorescence control, negative control, and 
secreted VEGF incubated samples. 
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Both scenarios were transfected with GFP through lipofection, and GFP 
expression was monitored through fluorescence microscopy imaging. While 
small cell-colonies presented a similar transfection efficiency to that of 
conventional cultures (20% after 24 h), single cells presented a slight 
increase in the transfection efficiency and a displacement on the peak of 
maximum expression of GFP (from 24 h to 18 h), confirming that cell-cell 
contact affects gene transfection and expression of the transfected product, 
Figure 4 A. 

Each individual cell of the single cell arrays was monitored over the course of 
30 h, enabling to quantify the absolute transfection efficiency and to monitor 
each cell event more thoroughly, Figure 4 B.  

This methodology allowed, for the first time, to address the effect of cell-cell 
contact on transfection efficiency, something conventional methodologies are 
not able to achieve due to the lack of control over cell-cell interactions. 
Furthermore, the generation of thousands of individual and localized cell 
events that can be continuously monitored is possible because of the use of 
patterns.  

Manufacture and commercialization of microsystems often require the 
development of manufacturing protocols using off-the-shelf materials. For this 
reason, the possibility to create cell patterns on commonly used polymers 
such as polymethyl methacrylate (PMMA) was explored (Appendix 5). 

PMMA is a polymer widely used in the generation of microfluidic devices due 
to its malleability and adaptability. However, it is a relatively hydrophobic and 
highly cytophobic material, which distances its use for cell culture 94,95. 

A combined physicochemical and biochemical treatment was optimized to 
generate controlled adhesion of cell patterns on PMMA. Localized oxygen 
plasma treatment oxidized the surface of PMMA, improving its hydrophilicity 
96. µCP of different fibronectin features enabled the generation of discrete and 
controlled spots for cell adhesion on the hydrophilic zones generated. 
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Figure 4. Continuous monitoring of gene transfection efficiency with controlled 
cell-cell contact. A) Top: plots of transfection efficiency (bar chart) and patterned cell 
viability (dotted line) versus time of D20 (left) and D100 (right). Error bars mean  ±  SD 
(n = 3 patterns, with ~700 cells and ~4000 cells monitored for D20 and D100 respectively 
per sample and per time). Bottom: brightfield and fluorescence microscopy images of 
single cell (left) and small cell-colony (right) 18 and 24 h, respectively after 
transfection of GFP. B) Fluorescence microscopy images representing the time of 
apparition of the fluorescence on D20 patterns. 
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patterns. Monitoring of protein expression of both intracellular proteins and 
cell membrane expressed receptors could be carried out through the 
fluorescence microscopy observation of the fluorescence labelled products. 
Finally, the microbeads could also serve as sensing probes for the detection 
and quantification of cell secreted signaling molecules in the surroundings of 
the cells, both through the adaptation of a conventional immunoassay and 
the incorporation of a novel self-reporting DNA probe biosensor. 

The platform offers significant improvements for in vitro cell studies when 
compared with conventional cell culture methods. The enhanced control over 
cell interactions that can be achieved and the capability to monitor several 
cell processes in situ greatly differ from the uncontrollable batch cultures on 
well plates and the invasive, end-of-assay monitoring methods usually carried 
out. The platform presented in this thesis also demonstrated some 
advantages when compared to the most novel methodologies and systems 
for cell secretion monitoring developed so far. All of the studies were carried 
out and optimized using adherent cells, which differs from the common 
practice of using non-adherent cells, thus opening the door for the adaptation 
of the substrate to a much broader variety of cell microenvironments. This 
allows the combination of both control over cell interactions and monitoring of 
cell secretion, not only in the same platform but also by using the same 
functional element (microbeads as molecular carriers). The fact that the 
platform is based on simple and interchangeable components would give the 
methodology the capability to be easily adapted to any desired cell study. 
Furthermore, the localization of the sensing probes near the cells enabled the 
detection of cell secretion coming from a small number of cells without the 
need of complex microfluidics setups.  

It should be noted that most of the capabilities demonstrated by the platform 
have been tested and optimized individually and that integration of full control 
over cell interactions and monitoring of all the different cell processes is yet 
to be achieved in a single assay. Furthermore, exploring the inclusion of 
biomaterials, as in example, the combination of gel-structures with the 
microbeads, would definitely improve the capabilities of the platform to better 
adapt cell contexts. Finally, while conventional culture and analysis methods 
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were carried out in all cases as a way to compare the outcomes of each 
experimental procedure, further experiments are required in order to address 
all the possible benefits and limitations this platform can offer, as in example, 
the maximum duration in which cells can be maintained in patterned 
conditions.  

In general, this thesis presents the initial results and prospects into what can 
be achieved with these methodologies and the platform developed. While the 
assays have narrowed to the patterning of arrays of cell-colonies, the 
generation of more complex structures could certainly allow the formation of 
cellular scenarios more analogous to physiological conditions. Similarly, even 
though the different experimental procedures presented in this thesis are 
based on highly standardized models, the versatility of the platforms implies 
that they can be easily adapted to the requirements of each scenario. The 
microbeads can be easily functionalized to incorporate other signaling 
molecules or sensing probes, as in example the ssDNA sensor developed in 
this thesis. Furthermore, the material chosen as substrate, the arrays 
geometry, the protein printed, the cell type and the type of microbead could 
be modified depending on the necessity.  

Therefore, after the results obtained during this thesis, the use of this 
methodology is envisioned to be able to recreate complex microenvironments 
in devices that allow real-time monitoring of cell behaviors. The methodology 
proposed for the fabrication of cell analysis platforms is readily accessible to 
any research laboratory. This can lead up to its extensive use and impact on 
the generation of novel knowledge on cellular biology, biomedicine, 
regenerative therapies and drug discovery, among others.
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Conclusions from this thesis 

In view of the results obtained in this work, the following conclusions are 
drawn: 

1. A colorimetric assay using a DNAzyme was developed for the specific, 
qualitative and quantitative detection of a fragment of the Y amelogenin gene. 
In solution, the limit of detection (LOD) of the assay was 655 ng. When the 
assay was integrated into cellulose paper, the LOD of the assay was 45.7 ng. 
In addition, the reaction was successfully carried out inside of a proof-of-
concept paper microfluidic analytical device (µPAD). 

2. A fluorescence-based assay using a Structure Switching Signaling 
Aptamer (SSSA) was developed for the specific and quantitative detection of 
cell secreted Vascular Endothelial Growth Factor (VEGF). When adapted to 
cellulose paper, the LOD of the assay was 0.57 ng. The reaction was 
successfully carried out inside of a proof-of-concept µPAD. The device was 
validated for its use on cell culture scenarios through the detection of human 
Hair Follicle-derived Mesenchymal Stromal Cells (hHF-MSCs) secreted 
VEGF. 

3. Direct monitoring and quantification of the gene transfection efficiency on 
hHF-MSCs arrays was achieved with high control over cell-cell interactions 
through surface patterning. Single hHF-MSCs arrays presented an earlier 
peak of maximum expression of transfected green fluorescence protein 
(GFP, from 24 h to 18 h), and a slight increment on the maximum transfection 
efficiency (from 22 % to 28 %) when compared with hHF-MSCs 
conventionally cultured or patterned in small cell-colonies. The single cell 
arrays also enabled the continuous monitoring of GFP expression, allowing 
the quantification of the absolute transfection efficiency. 

4. Polymethyl methacrylate (PMMA) surface was successfully converted from 
cytophobic to cytophilic through combined physicochemical and biochemical 
treatments. Patterns of hHF-MSCs, colorectal and prostate cancer cells were 
fabricated on cytophilic PMMA controlling cell-cell contact and cell 
confluence. The patterns were greatly stable due to the high contrast between 
the treated and the untreated zones of the PMMA surface. The cell patterns 



Combined micropatterning of cells, biosensors and nanomaterials: towards integrated microsystems 
for cell monitoring 

92 
 

could be directly integrated into a simple polydimethylsiloxane microfluidic 
device.  

5. Combined patterns of small hHF-MSC-colonies and microbeads were 
obtained through Printing and Vacuum Lithography. The localization of the 
functionalized microbeads neighboring the cell-colonies enabled the solid-
phase presentation of the Fibroblast Growth Factor type 2 (FGF-2) to the cells 
with controlled cell-cell contact and controlled dosage of FGF-2. The 
enhanced effect of the growth factor on cell survival and cell proliferation 
could be observed in all the arrays containing FGF-2. Furthermore, the effect 
on the expression of membrane receptors could also be quantified through 
the fluorescent labelling of Fibroblast Growth Factor Receptor 1 and 
fluorescence microscopy imaging of the arrays.  

6. Direct detection of VEGF in the surroundings of small cell-colonies was 
carried out on combined patterns of hHF-MSCs and microbeads. The 
microbeads were functionalized either with a conventional sandwich 
immunoassay or with the SSSA previously developed, presenting a LOD of 
0.75 ng mL-1 and 8 ng mL-1 for the immunoassay and the SSSA assay, 
respectively. The system enabled the detection of cell secreted VEGF coming 
from a small number of adherent cells (4 to 5 cells) in both scenarios.  

Final remarks 

In view of these conclusions, the following statements can be determined: 

1. Advances in microfabrication, microfluidics and material sciences has 
allowed the foundation of a new generation of microtechnologies for in vitro 
cell studies with high control over cell interaction and the possibility of high-
throughput analysis of cell processes. These technologies in combination 
with data-analysis strategies for image-based cell profiling are expected to 
facilitate novel biological discoveries. 

2. DNA probes form a highly versatile toolbox with which a large number of 
biosensors can be designed for the direct detection of analytes. 
Immobilization of DNA probes on solid substrates such as paper or 
microbeads does not interfere with their efficiency in detecting target 
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analytes, but rather improves their performance. These paper-immobilized 
probes can provide low-cost, easy-to-use devices (µPADs) for rapid analysis 
of samples, such as cell culture supernatant or forensic traces. Furthermore, 
the combination of DNA probes with microbeads, which act as molecular 
carriers and can form patterns on cell culture substrates, allows real-time 
detection of analytes secreted by a small number of adherent cells. 

3. The fabrication of protein micropatterns on flat transparent substrates is a 
very powerful technique in the development of cell analysis platforms. It not 
only enables optical analysis of proliferation, migration, viability, intracellular 
and membrane protein expression of adherent cells but also allows the 
simultaneous creation of thousands of replicates on the same substrate, 
which permits a robust statistical analysis of whole cell populations or even 
the identification of subpopulations. In addition, it serves to control the contact 
of a cell with other cells, as well as the interaction between the cells and the 
substrate. It can be performed on a wide variety of substrates, including glass, 
culture dishes, and other common polymers like PMMA, what will facilitate in 
the future the manufacturing of commercial devices based on this technology. 

4. The formation of complex patterns composed of cell-colonies and 
microbeads constitutes in itself a modular toolbox for the fabrication of cell 
analysis platforms, increasing the degree of control over cell interactions. 
Functionalized microbeads precisely placed in the cellular environment can 
be used as solid supports for efficient presentation of molecules, such as 
growth factors, to cells, or as supports for sensing probes for the highly 
sensitive detection of proteins secreted by a small number of cells. 

5. This thesis presents a versatile methodology that can be used to introduce 
different signals into the system and monitor various aspects of cell behavior 
with high sensitivity, temporal and spatial resolution, allowing many different 
models of cell colonies or even tissue to be recreated and studied. In 
summary, a modular methodology based on the use of micropatterning 
techniques and nanomaterials is proposed that would enable the production 
of novel platforms for multiparametric high throughput analysis of cellular 
systems, presenting high control over the cell microenvironment and 
integrated biosensors for the monitoring of cellular processes. 
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Abstract 

A great breadth of questions remains in cellular biology. Some questions 
cannot be answered using traditional analytical techniques and so demand 
the development of new tools for research. In the near future, the 
development of highly integrated microfluidic analytical platforms will enable 
the acquisition of unknown biological data. These microfluidic systems must 
allow cell culture under controlled microenvironment and high throughput 
analysis. For this purpose, the integration of a variable number of newly 
developed micro- and nano-technologies, which enable control of topography 
and surface chemistry, soluble factors, mechanical forces and cell–cell 
contacts, as well as technology for monitoring cell phenotype and genotype 
with high spatial and temporal resolution will be necessary. These 
multifunctional devices must be accompanied by appropriate data analysis 
and management of the expected large datasets generated. The knowledge 
gained with these platforms has the potential to improve predictive models of 
the behavior of cells, impacting directly in better therapies for disease 
treatment. In this review, we give an overview of the microtechnology toolbox 
available for the design of high throughput microfluidic platforms for cell 
analysis. We discuss current microtechnologies for cell microenvironment 
control, different methodologies to create large arrays of cellular systems and 
finally techniques for monitoring cells in microfluidic devices.  

Keywords: Cell analysis; High-throughput; Microfluidics; Microtechnology 
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1. Introduction 

Native cells are in a dynamic multifactorial environment, their own 
microenvironment. The cell microenvironment is constituted by: their 
extracellular matrix (ECM), the topography and physical properties of the 
ECM and by soluble factors on their fluidic environment. All of them strongly 
affect cell fate and cell behavior. Changes in the cell microenvironment are 
transduced into intracellular signaling pathways, which regulate cell fate and 
cell behavior. Conventional cell culture systems often rely on batch 
experiments with limited control of cell microenvironments. In order to obtain 
a comprehensive knowledge of cell function and behavior, it would be 
desirable to develop experimental methods that could explain the contribution 
of each of those environmental factors, as well as their synergetic effects on 
cell behavior, Figure 1.  

 

Figure 1. Input signals from cell microenvironment induce internal signaling of cells 
and modulate their outputs, affecting cell behavior. 

During the last two decades, we have witnessed a number of key 
developments in the area of the microtechnologies, which allows introducing 
control and complexity over a full range of environmental factor at the 
microscale level. For example, technologies for the accurate structuration of 
surfaces for subsequent cell culture, microfluidic architectures, synthesis of 
novel biomaterials and nanomaterials with sensing and actuating capabilities 
have been developed and their potential for cell culture, stimulation and 
analysis has been proven. In particular, the miniaturized scale of 
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microchannels in microfluidic devices offers advantages such as low 
contamination risk, fast transfer of nutrients and heat, short equilibration 
times, parallelization of processes and automation, low reagent and power 
consumption, portability, etc. Moreover, since the dimensional environment 
is analogous to in vivo conditions, the small sizes of the channels permit 
medium and nutrients to diffuse to nutrient-poor areas. Currently, there is little 
development of microtechnologies that can successfully mimic the in vivo 
microenvironments, since any change in material, surface chemistry, cell 
number or flow conditions can affect the results of the assays 2. Nowadays, 
there is an increasing use of microfluidic techniques on cell culture that have 
opened a broad range of possibilities for studying cells in a variety of contexts, 
allowing to understand the specific contribution of each different parameter to 
cellular behavior, such as shear forces, nutrient gradients, etc. 3. An extra 
advantage of the use of microtechnologies is the scalability and the possibility 
of parallelization of cellular samples which allow high-throughput (HTP) 
measurements, essential for the statistical analysis of multi-parameter 
environments, and for the construction of predictive models.  

The current trend is to develop HTP and multiplexed technologies, essentially 
those who also allow a real time or near-real time analysis for both single cell 
and multi cell platforms. The properties that can be quantified from analysis 
includes the study of the cells mechanics (deformation, migration and 
growth), the proteome, genome and secretome, and both their extracellular 
and intracellular interactions and their stimuli 4. 

Integration of several microtechnologies to create controlled multi-parametric 
environments and monitoring is still a challenge. Microfluidics has emerged 
as a new way to fabricate large cellular arrays in defined patterns which 
allows the study of a large number of cells in a specific microenvironment as 
well as the observation and quantification of several outcomes from a single 
study. Looking for the best way to design novel platforms for cell analysis, in 
this manuscript, we review examples on how different parameters of cell 
microenvironment may be controlled through microtechnologies, as well as 
the techniques available for monitoring cells in microfluidic devices, centering 
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on the analysis of chemicals outcomes. Additionally, we give an overview of 
current microfluidic platforms already available for cell analysis. 

2. Microtechnologies for cell microenvironment control 

The term “cell microenvironment” involves those factors that directly or 
indirectly affect cell behavior, by biophysical, biochemical or other pathways. 
As previously stated, those factors can be classified in: ECM, cells 
surrounding a single cell, soluble factors, topography or physical properties 
of the ECM, and fluidic cues. All of them strongly affect cell proliferation and 
differentiation. However, despite this distinction, each factor cannot be 
considered independently, as all affect cell behavior in an orchestrated 
manner. During the past few years, the development of microfluidic platforms 
has been focused on the production of an optimal microenvironment that 
replicates cells natural conditions and allows their manipulation, Figure 2. 
The use of microfluidics brings many advantages in regulating cellular 
microenvironment, since microscale technologies make possible the control 
of soluble factors, cell adhesion to the surface, and also cell–cell contact 5. 

To study cellular behavior in similar conditions to the in vivo responses, two 
approaches can be taken: study the interaction of each cell with their 
respective microenvironment or study the general interaction between the cell 
microenvironment and a cluster of cells. The isolation of cells as single cells 
allows the study of cell population heterogeneity, which enables analyzing the 
responses and behavior of a large number of individual cells and therefore 
distinguishing between cell subpopulation 6. On the contrary, microfluidic 
multi-cell studies offer information about the entire cell population. These 
types of cultures have been largely used to try to understand the general 
responses of an entire cellular population to a specific reagent 7,8.  

By housing a small number of cells in microwells or spots, both the cell–cell 
interactions and microenvironment changes can be observed and quantified, 
opposite to the single cell studies. In general, to carry out either of these 
studies, it is necessary to have under control the specific microenvironmental 
parameters. 
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Figure 2. An example of a microfluidic co-culture device with semi-permeable PEG 
barrier to control soluble factors in small volumes. (A) Schematic of a device with two 
1.8 mm-wide cell culture chambers in pink separated by a 100 μm PEG gel channel 
in green. (B) Cross-sectional view of two types of melanoma cells cultured in close 
proximity. (C) Brightfield image of A-375 cells cultured at Day 1. Scale bar represents 
100 μm. (D) A-375 cells were labeled with either green or blue cell-tracker dyers 
before being seeded in alternate chambers. Migration was assessed after a 48 h 
culture period. Reproduced from 9 with permission of The Royal Society of Chemistry.  

2.1. Topography 

Cells are capable of sensing and responding to different signals, including 
those provided by the ECM. In vivo, ECM has a specific physical structure 
and molecular composition; it presents a variety of geometrically-defined 
three-dimensional (3D) physical cues on the order of micron and sub-micron 
scale known as topographies. The interaction between cells and topography 
is driven by a phenomenon named “contact guide”, and it is related to cell 
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adhesion, morphology and differentiation 10. Therefore, being capable of 
modifying surfaces at nano- and micro-scale emerges as crucial to study cell–
surface interactions, as shown in Figure 3, where mesenchymal stem cells 
(MSCs) differentiation to bone tissue is affected by the topography of the 
substrate.  

 

Figure 3. Topographical manipulation by electron-beam lithography. Osteoinduction 
(Generation of bone tissue) of MSCs was not obtained neither in square (SQ) nor 
random (RAND) patterns, while appearing on the controlled disorder patterns (NSQ20 
and NSQ50 same as SQ but with ±20 nm and ±50 nm offset from the 300 nm center–
center position) Adapted from 11 with the permission of Nature Publishing Group. 

One of the main interests in topography in the last years lies on its effect on 
Mesenchymal Stem Cells (MSC), where changes on surface properties, 
proliferation and differentiation can be caused by cell–ECM or cell–surface 
interactions. Recently, it has been confirmed that, when mouse Embryonic 
Stem Cells (mESC) are cultured on poly(2-hydroxyethyl methacrylate-co-
ethylene dimethacrylate) (HEMA-EDMA) surfaces with hierarchical micro to 
nano roughness, their long-term self renewal is promoted, while, when 
culturing them in contact with smooth or nanorough polymer surfaces, 
differentiation is induced 12. As reported by Jaggy et al., when cells were 
cultured on controlled topographies, hierarchical micro-nanoscale surface 
roughness favored the pluripotent character of mESCs when compared to a 
chemically identical nano rough or smooth surface. Because of the previous 
experiments, roughness was identified to maintain stem cell self-renewal 
capabilities, as long as the surface chemistry remained hydrophilic.  
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There is a wide spectrum of biocompatible techniques available to perform 
topographical features at microscale. It is worth mentioning that 
biocompatibility of the fabrication techniques and the materials used is a 
crucial factor in ensuring cell viability on those rough surfaces incorporating 
micro/nanofabricated structures 13,14.  

Until now, photolithography is the most extended technique to make micro- 
and nanostructures in flat surfaces, while other biocompatible 
microfabrication techniques based on 3D printing, electrospinning and self-
assembly are currently emerging 15. Currently, soft lithography is the most 
used technique. However, other lithography methods are being developed in 
order to overcome the drawbacks this methodology presents, such as the 
need of knowledge on Microcontact Printing process (µCP) and its limitations 
on creating patterns of multiple proteins.  

Actually, various researches focused on the studying of migration in different 
topographical microenvironments 16,17. As an example, a promising method 
was developed by Kon and co-workers, based on a protein-friendly 
photoresist, combining Capillary Force Lithography (CFL) and Microscope 
Projection Photolithography (MPP), to study cellular dynamics under 
topographical microenvironments 18. This lithography method was adequate 
to create multiscale multiple protein patterns, even though it did not reach 
good precision in the creation of submicrometer features. Nevertheless, this 
technique was meaningful to study the effect of topography on human colon 
cancer cells, demonstrating that hierarchically organized structures on the 
surface, modulates processes such as cell migration and adherence.  

In contrast, when it comes to high precision, Nanoimprint Lithography (NIL) 
emerges as a technique capable of creating nanostructures with molecular 
resolution 19. NIL and surface functionalization have been used to create RGD 
peptide functionalized nanodots on silicon surfaces. As cells tend to adhere 
to RGD peptide, the combination of these two techniques has been 
successfully used to study of the effect of surface nanostructures on MSC 
behavior. 
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Furthermore, a method based on “multiphoton ablation lithography” has been 
developed to create patterns of different pitches and constant nanocrater 
dimensions on a surface. Topographical structures were produced by 
“multiphoton ablation lithography”. It has been demonstrated that modifying 
surfaces with topographical structures at the nano-scale, cell behavior without 
any chemical treatment of the substrate can be modulated, showing a clear 
trend of the cells to certain features 17.  

Nanoparticles have also been employed to modify the topography of cell 
culture substrates. Recently, a method called Printing and Vacuum 
Lithography (PnV lithography) has emerged from our laboratories, enabling 
multi-patterning of biomolecules and gold nanoparticles (GNPs) by 
combination of vacuum soft-lithography and microcontact printing. Control of 
the surface coatings of the nanoparticles enabled controlled NP assembly 
and therefore substrate topographies. This technique allowed the controlled 
assembly of cells in adjacent positions to multiple topographies 20. 

Furthermore, a method for dynamic cell micropatterning on nanostructured 
surfaces was developed with a cell-friendly photoresist 21. A device with 
different topographies was fabricated, and it showed how cells respond to 
distinct topographies during spreading. Moreover, with this device, it was 
possible to observe the dynamic behavior of ~30 cells simultaneously and, 
thus, systematically compare the influence of topography in their spreading. 
This technique looks promising due to its dynamic working, which proposes 
information read out in real time, giving a more realistic point of view of cell 
behavior.  

2.2. Biochemical factors: surface chemistry and soluble factors 

Cells not only interact with their bottom substrate, as they create 3D 
interactions with all surrounding elements. As previously stated, the cell 
microenvironment and its ECM composition heavily influence the cells 
growth, proliferation, orientation, organelles distribution and signal 
transduction. Thus, understanding the chemical composition of the 
microenvironment and the mechanism that affects the cell behavior both 
physically and chemically is essential to develop an artificial ECM for efficient 
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cell studies 22. ECMs are made of different types of macromolecules, mainly 
collagens, elastin, fibronectin, glycoproteins, proteoglycans and 
glycosaminoglycans, whose composition and structure varies from tissue to 
tissue. These compounds reorder, forming three-dimensional matrices; 
interstitial matrices surrounding cells; and pericellular matrices in direct 
contact with the cells 23,24 (Figure 4).  

 

Figure 4. This figure shows the intimate contact between cellular membrane and the 
extracellular matrix (ECM, protein fibers embedded into a polysaccharide gel). 
Understanding the interaction between cells and ECM is essential for understanding 
cellular behavior. Adapted from 25 with permission from PLOS computational biology. 

The formation and dynamics of cell adhesion mostly rely on the direct 
interactions made by focal adhesions (FAs). In the eukaryotic cells, integrin 
and integrin-like substances form transmembrane heterodimers in the cell 
membrane that join to the ECM, providing links between the ECM and both 
cytoplasmatic proteins and the actin cytoskeleton. This connection not only 
serves as a mechanical link, but also acts as a mechanoreceptor, regulating 
the cell phenotype 26–28. 

Apart from direct interactions between the cells and the ECM, surrounding 
fluids play an important role in cell behavior. It is necessary for the 
surrounding fluids to have fluidic mechanics, which could provide a suitable 
chemical surrounding of nutrients and oxygen for cell growth. Soluble factor 
signaling is involved in regulating many biological events such as embryonic 
stem cell pluripotency, mammalian embryogenesis, tumor formation and 
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metastasis. They are especially important in Stem Cell cultures, since Stem 
cell fate in these niches is regulated by chemical and biological 
microenvironments 29,30.  

Nowadays, the aim is to recreate and engineer nanoscaled ECMs for the 
design of cell culture platforms. In order to control cell cultures and regulate 
their signaling pathways, synthetic platforms made by either natural or 
artificial biomaterials that mimic the ECM are being developed. In the past 
few years, this has been mostly achieved by the use of micro- and 
nanopatterning, in which a desired pattern of 2D or 3D motifs with the ECM 
compounds is reproduced in a two-dimensional or three-dimensional 
substrate. Microscale technologies, in the form of microfluidic platforms 
appear as efficient techniques to achieve a precise control of soluble factors 
in small volumes, and so, modulation of signals between cells would be 
possible 9. 

Two different approaches may be taken in order to recreate ECMs, a top 
down one in which the ECM are reproduced first from a macroscopic level to 
be later applied in its entirety on the substrate, and a bottom up approach in 
which the ECM is created by the assembly and gathering of smaller parts 
over the substrate 31,32. 

Three major methods have been described for the patterning of ECM 
compounds. The first one was a direct method in which the final composition 
of the matrix is directly added to the substrate 33. The second consists of a 
self-assembly method, in which small components interact with each other 
forming a larger structure with high hierarchy 34. Deeg et al. obtained a 
simultaneous control of the ligand spacing and ligand density on a 2D cell 
culture by a self-assembly micropatterning 35. The third is a replication 
method, in which a master, previously made by lithography methods such as 
nanoimprint lithography or soft lithography, is used several times in order to 
reproduce a specific pattern 19, enabling serial repetition of experiments using 
a previously designed and well organized patterns. Tan et al. used this 
replication method for the printing of a monolayer of initiator molecules to 
control the polymerization process, enabling controlled cell adhesion to the 
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designed pattern 36. As opposed to the direct method, the self-assembly 
method and the replication method allows a proper reconstruction of the ECM 
by a nano- and micro-scaled fabrication of the ECM. The replication method 
also gives the opportunity of serialization of cell arrays as the master can be 
used multiple times. 

2.3. Cell–cell contact 

Direct cell–cell contact is a type of communication between cells that relies 
on the interaction between cells themselves and their surrounding 
environment that acts as both physical anchor that constrain cells and plays 
as signaling interchange between cells. Together with cell shape, cell–cell 
contact is described as an influential factor affecting cell fate decisions, and, 
therefore, modulating cell behavior. Moreover it is an essential parameter to 
be regulated in order to achieve a successful cell culture. There is a huge 
range of methods which enable the precise control of the contact between 
cells. They can be divided into two main types: techniques involving cell 
adhesion to the surface, and techniques based on the confinement of cells in 
a definite space.  

Microtechnologies are considered powerful tools to control cell–cell 
interactions, leading to a certain control of cell behavior could be possible. 
Direct contact between cells is known to induce cell differentiation in 
conventional cell cultures 37. Tang et al. confirmed that the differentiation of 
mesenchymal stem cells to osteogenic and adipogenic cells was regulated 
by cell–cell contact by using a polyethylene glycol micropatterns for controlled 
cell adhesion 38 (Figure 5).  

In contrast, methods lacking cell adhesion have also been proven to be useful 
to control cell–cell contact. Interactions between cells play an essential role 
in creating immunologic functional cells, and therefore, in immunological 
response. Juxtacrine interactions or interactions that require close contact are 
the most important ones mediating in immunological responses. Therefore, 
the study of the interactions between immune cells is a good proof of principle 
of the capability of the microtechnologies to control cell–cell interactions. In 
this regard, a method based on surface acoustic valves was reported, which 
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was capable to locate individual cells with micrometer precision, and thus 
enabling the control of cell–cell interactions in T-cell cultures 39. In this work, 
Guo et al. demonstrated that the use of an acoustic well is useful for 
intercellular communication studies since the technique enables the control 
of the intercellular distance, the engineering of homotypic or heterotypic cell 
assemblies and monitoring the transformation of cellular aggregates from 
suspended to adherent states and the subsequent investigation of the 
assembly and the communication in those adherent cells. 

 

Figure 5. Cell–cell contacts enhance osteogenic differentiations of mesenchymal 
stem cells confirmed by the increased expression of alkaline phosphatase (ALP). (a) 
A brightfield images of MSCs on adhesive microdomains after six days in osteogenic 
differentiation medium. ALP was stained in blue by Fast Blue. Scale bar, 50 μm. (b) 
ALP activity per cell on indicated microdomains. Adapted from 38 with the permission 
of Elsevier. 

Further, in terms of real time and high throughput analysis, a method based 
on ultrasonic waves was developed for time-controlled induction of cell–cell 
contact 40. This method allowed simultaneous trapping and aggregation of 
cells using ultrasonic standing waves, without affecting cell viability. 
Ultrasound forces were proven useful for generating cell–cell contacts, 
inducing synchronized contacts between Natural Killer (NK) immunological 
cells and giving real time information of NK cell heterogeneity.  

Going to 3D, direct contact between cells is also being studied. 
Microfabrication techniques such as bottom-up and directed assembly of 
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microscale hydrogels are becoming very popular, as they are considered 
powerful tools that enable the fabrication of 3D structures, replicating in vitro 
the microenvironment found in vivo. The engineering of tissues and organs, 
requires a scaffold which mimic cell ECM and enables cell adhesion to the 
surface and cell–cell contact, while it also allows the necessary soluble 
factors diffusion in order to get a functional organ or tissue. To mimic ECM, 
first, hydrogel stiffness can be controlled, in order to get the desired transport 
of solutes and gases through the scaffold. Moreover, hydrogel surface can 
be functionalized to promote cell adhesion. Finally, microtechnologies applied 
to produce microengineered hydrogels, allow the creation of 3D structures 
(scaffolds), where it is possible to precisely control the size of cell aggregates, 
and so, the interactions between cells 41, being capable to create a biomimetic 
microenvironment for cell growth. Due to the mimicking that can be achieved 
with microengineered hydrogels, multiple researches will be doing at this field 
in the near future, bringing us closer to personalized therapies.  

As an example of hydrogel microfabrication, a laser printing of three-
dimensional multicellular arrays method was developed to study of complex 
and dynamic relationships between cells and their local environment. The 
scaffold structure was built layer by layer, and thanks to the precise control of 
cell amount per spot, ratios between different cell types and the spot-to-spot 
spacing were evaluated by Gruene et al. 42. This technology would provide 
the possibility to create precisely designed microenvironments for cell culture, 
and therefore, due to the mimicking reached with this technique, a more 
realistic study of cell behavior could be performed.  

Cell–ECM interactions, chemical signaling between cells, and direct cell–cell 
interactions are cell stimuli sources that cannot be understood as 
independent factors. It is known that cell–ECM interactions affects cell–cell 
tension, and therefore, cell–cell contact, resulting in an interdependence of 
cell–cell and cell–ECM interactions 43. Recently, a microdevice of capable 
identifying the optimal combination of topographical (physical) and 
biochemical cues has been developed 44. It was found that cells respond to 
topography and physical cues and that different biochemical signals alter cell 
response to topography. 
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Furthermore, a microtechnology based on polyacrilamide gels, capable of 
describing the effects of the combination of topographical, mechanical, 
chemical and intracellular electrical stimuli on a co-culture of fibroblasts and 
skeletal muscle cells, was described by Ricotti and co-workers 45. The work 
demonstrated that muscle cell differentiation was synergistically enhanced 
with the combination of intracellular stimulation produced by piezoelectric 
nanostructures activated by ultrasounds. Cytokines were over-expressed by 
fibroblasts in the co-culture in correspondence to surface microtopography 
stimuli.  

2.4. Fluidic microenvironment 

Fluidics and flow factors are vital for controlling the cellular microenvironment 
and cell behavior, as not only the diffusion and uptake of soluble factors 
depend on it, but it also affects physically the cells. Different microfluidic 
scenarios can be found in literature for cell analysis, that vary in 
configurations depending on the type of the studied cell or the application of 
the integrated assays. Moreover, specific shear and flow profiles are required 
in order to imitate in vivo conditions of cells, e.g., in blood vessels 46, and to 
be able to control those in microfluidics is very important. In certain cases, 
when properties of drugs are tested, the flows are driven by peristaltic pumps 
that work at back pressures and generate pulses inside the microfluidic 
bioreactors 47. This could be a drawback in applications such as cell 
proliferation that require highly stable and continuous flow rates to generate 
constant shear stress on cells 48. On the other hand, microfluidic devices can 
be used to manipulate the characteristics of cell matrixes. While some 
systems have been designed to simulate the mass transfer by convective 
transport of nutrients in capillary vessels in order to mimic the in vivo tissue 
environment, others use cell chambers that are isolated from the main fluid 
channel so that cells receive the nutrient via diffusive transfer 49. 

Stefano et al. analyzed the effect of different flow conditions, from continuous 
to periodic perfusion, on long-term cell culture using microfluidic platforms for 
cell medium delivery 50. The different perfusion conditions employed for 
C2C12 cell culture and the results obtained for each flow profiles are shown 
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in Figure 6. On the one hand, the experiments demonstrated that a periodic 
medium delivery with fast pulses (P2) resulted in a homogeneous cell culture 
in terms of cell viability, colony morphology and maintenance of pluripotency 
markers. On the contrary, a continuous flow (C1) resulted in cell 
heterogeneity, with abnormal morphology and vesiculation. 

 

Figure 6. Study of different medium delivery strategies on long-term cell culture, 
varying the flow rate and the perfusion interval. (a) The same amount of medium was 
delivered using different perfusion conditions, assuming 6-h cycles. (b) The results 
for microfluidic C2C12 cell culture after four days show that a continuous perfusion 
with a stable flow condition leads to a heterogeneous growth (C1), while a fast pulse 
perfusion with periodic flow condition renders a uniform cell growth along the channel. 
White bars are 250 µm. Adapted from 50 with permission of The Royal Society of 
Chemistry. 

Overall, continuous or pulsed medium delivery was used to maintain the cell 
microenvironments, but the optimal strategy for medium delivery is still an 
open issue. In this line, computational fluid dynamics is becoming a useful 
tool to try to understand the implications of fluid flow and nutrient transport on 
cell function and responses 49.  
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As mentioned above, flow control in microfluidics usually requires the use of 
external pumps or pneumatic fluid handling systems to generate continuous 
and stable or periodic and pulsed flows. Therefore, many investigations are 
being carried out to adequate fluid manipulation to the requirements of these 
novel microfluidic platforms. It is important to mention that many of these flow 
control components generate flow pneumatically by using air to pressurize 
the medium, therefore in case where the media which contains bicarbonate 
buffers, special attention must be paid to in the composition of the air used 
with correct percentage of CO2 and O2, to avoid pH changes in the medium. 
Therefore, it is recommendable to consider from the very beginning an 
adequate flow method 2. 

Microfluidics also offers potential for tight medium composition control and 
devices that implement chemical gradients and droplet-based microfluidics 
are examples of widely used microfluidic systems that improve the sensitivity 
and complexity of experiments for studying cellular responses. Microfluidic 
devices involving gradient of soluble factors have been used to obtain a good 
differentiation of Stem Cells 51. In order to avoid the exposure of cells to shear 
stress, a membrane-based microfluidic device has been developed by 
Kawada et al. to maintain, long term, an adequate delivery of soluble factors 
52. Chemical gradient devices can be driven under perfusion or statically: in 
continuous perfusion, the mixing of chemical species between two streams 
of fluid in laminar flow occurs due to diffusion, generating gradients of species 
at stream interfaces, and exposing the cells to these gradients across the 
microchannels. The perfusion also allows continuous nutrient supply and 
waste of removal, agreeing the in vivo microenvironment quality of most 
mammalian cell types. Limitations of perfusion include requirement of highly 
stable fluid flow and therefore fluid handling setups, relatively large volumes 
of reagents to maintain continuous and stable flowing gradients, and in 
situations where cell–cell communication is important perfusion is unsuitable 
for probing cellular responses. Instead, for the last case, static methods can 
be used, since static fluid preserves paracrine signaling. Static chemical 
gradients are formed between a source and a sink along a thin channel, and 
the gradient profile can be controlled by adjusting the input concentration, 
distance from source sink, or by changing the geometry of the channel. 



 
Microtechnologies for cell microenvironment control and monitoring 
 

116 
  

However, for this kind of device, special attention must be taken to avoid 
evaporation of the liquids, which could impair appropriate performance of the 
device increasing the concentrations, and the time required to set up the 
gradients is often rather long 53.  

3. Large arrays of individually addressable cellular systems under 
controlled microenvironment 

To understand what is happening inside cells, it is necessary to perform 
biochemical analysis of cell components, and detect substances released by 
the cells. In general, for these type of analyses, it is necessary to create 
homogeneous populations of cells from a tissue, and to culture them to obtain 
enough material to be analyzed. Techniques like Fluorescently Activated Cell 
Sorting (FACS) enable the preparation of uniform populations of cells which 
can then be expanded in culture plates to produce large amounts of material 
to analyze.  

Ideally, researchers would have some type of tool that would extract reliable 
information from small amount of cells, thus avoiding the need of cell culture. 
Such a tool could simultaneously also provide information about the nature of 
cells, avoiding in this case the need to separate different cell types within the 
tissue. The development of several microtechnologies enable the discrete 
manipulation and observation of small cellular systems, where each system 
may be comprised of a small number of cells, ranging from a single cell to 
several cells. Hence it is possible to observe and analyze a heterogeneous 
population of cells simultaneously, without the need of previous cell sorting 
or cell culture for expansion.  

Currently, the most used cell culture methodologies rely on general protocols 
and large culture plates, only exceptionally taking into consideration substrate 
characteristic. As new discoveries have been made in how cells interact with 
their extracellular matrix and with each other, it has arisen the need to explore 
and study new ways to perfectly control and adapt the medium and the 
substrate to each type of cell 54. For example, interesting cells such as stem 
cells or iPSCs usually requires specific characteristic for their culture, growth 
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and differentiation that can not always be achieved by conventional methods, 
thus requiring new techniques for cell culture 55. In addition, creation of 
complex cultures such as body-on-a-chip requires new technologies that 
enable the recreation of physiological functions 56. All this denotes the 
advantages and the need to control the cell microenvironment as much as 
possible to perform meaningful analytical measurements of the biology of 
cells.  

Rapid screening methods and large samples have the potential to impact the 
development of predicting models for both conventional cell studies and the 
new models previously cited. The combination of high throughput 
methodologies with cell microenvironment control will pave the way to obtain 
high resolution information on dynamic cell behavior. Several methodological 
approaches and platforms have been developed to achieve large and dense 
arrays of individually addressable cellular systems to facilitate their study in a 
HTP manner. Those cellular systems, which can be fabricated in order to 
replicate the desired microenvironment, may vary in size ranging from 
individual single cells to groups of specific number of cells. The use of HTP 
methods enables parallelization and automation in both the creation of 
different microenvironments and the rapid screening of cellular outputs.  

Microfluidic large-scale integration (mLSI) systems refer to microfluidic chips 
with large arrays of thousands of interconnected individually addressable 
microchambers 57, where individual cells can be independently isolated, 
assayed and recovered. mLSI, shown in Figure 7, are based on the 
integration of micromechanical elastomeric valves into multilayer polymeric 
microfluidic networks 58,59. Recent applications of these type of platforms 
include single cell genome sequencing 60, single cell microRNA expression 
profiling 61, RT-qPCR, on more than 3000 cells 62, and HTP mammalian cell 
transfection and culturing 63.  

Droplet microfluidics is a type of microfluidic platform amenable for HTP 
analysis. Unlike continuous flow systems, droplet-based systems focus on 
creating discrete volumes with the use of immiscible phases. Droplets are 
usually generated by pressure-driven flow and are surrounded by an 
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immiscible oil phase such that each droplet behaves as an individual 
microreactor or cell container 64 (Figure 8). Pressurized immiscible fluids are 
mixed at an orthogonal junction of two or more microchannels, combining 
cross-flow and viscous shear to generate monodisperse water-oil droplets 
with picolitre-scale volumes.  

 

Figure 7. Schematic overview of a microfluidic large integration system where a great 
amount of single cells or cluster of cells can get entrapped simultaneously controlled 
by a valve system, adapted from 63 with the permission of Nature Publishing Group. 

Cells can be entrapped inside the droplets and reagents can be administered 
using very low volumes, even 1000 times smaller than the ones used in 
conventional microplate assays 65,66, enabling the creation of thousands of 
microenvironments within the same assay. Biocompatible surfactants for the 
development of the droplets and storage systems made of polymers are 
needed for the maintenance of cells in a liquid microenvironment in which 
they can proliferate and be controlled and manipulated. An application of this 
technology is the compartmentalization of single cells in droplets to enable 
the analysis of molecules that have been secreted by cells, such as 
antibodies secreted from single mouse hybridoma cells 67. This process 
overcomes one of the major limitations of traditional flow cytometry and 
fluorescence-activated cell sorting techniques: the detection of secreted 
molecules. Full droplet microfluidics systems based on continuous workflow 
have also been used for manipulating and monitor continuous growth of 
bacteria populations. Bacteria populations are encapsulated on hundreds of 
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microdroplets acting each as independent chemostats, microdroplets with 
specific chemical composition for continuous culture of microorganisms. The 
system allows studying the dynamics of bacterial populations in microdroplet 
chemostats as well as cellular responses to a range of stable or changing 
antibiotic concentrations 67,68. DropSeq, is a recently developed HTP 
technology for single cell DNA sequencing based on droplet microfluidics. 
Individual cells are co-encapsulated with coded DNA-functionalized 
polymeric beads. It has been used for highly parallel genome-wide 
expression profiling of individual cells using nanoliter droplets 69. Other 
droplet based methods have been developed, combining droplet microfluidics 
and reconfigurable flow-routing capabilities of integrated microvalve 
technology. It has been applied to multi-parameter analysis of single 
microbes and microbial communities 70.  

 

Figure 8. Three principle microfluidic geometries available for hydrogel droplet 
generation: (a) T-junction, (b) flow focusing, and (c) microcapillary. Reproduced from 
71 with the permission of The Royal Society of Chemistry. 

Droplet-based techniques can be used to encapsulate the cells with different 
mediums at different concentrations and an enhanced mixing can be 
achieved due to internal recirculation. Furthermore, it allows highly 
parallelized experiments for HTP as described above 72. This has also gained 
importance in the co-culture of cells since utilizing a microfluidic device in 
which co-encapsulation of cells was performed resulted in a technology 
capable of modulating signaling of microenvironment 73. It is important to 
assure a correct performance of the droplet-microfluidics device to generate 
highly stable flows, and thus the control and stability of the flow rate. This is 
extremely important in order to avoid oscillations of pressure inside the 
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system that could break its steady state and impede obtaining homogeneous 
and reproducible droplet size. 

Other strategies for the fabrication of highly dense cell arrays for HTP analysis 
include the fabrication of three-dimensional cell microarrays (Figure 9), for 
example on glass slides using robotic spotters, capable of dispensing and 
immobilizing nanolitters of material 74–78. Suspensions of cells in different 
solutions containing proteins and other biomaterials are spotted on top of 
solid glass slides to create arrays of thousands of spatially addressable spots, 
each spot containing tens of cells.  

 

Figure 9. Fabrication of 3D cultures: (a) The suspension of cell in a hanging drop and 
the later formation of a spheroid containing all cells, adapted from 79 with permission 
of The Royal Society of Chemistry; and (b) the fabrication of a 3D cellular array by 
the filling of a hydrogel background with a solution of cells in a hydrogel precursor 
followed by a UV irradiation, adapted from 80 with permission of Elsevier. 

These types of arrays have been used for example for HTP toxicology assays 
81, containing array spots of an average of 60 cells in each spot. A limitation 
of the most extended spotting robots is that the minimum spot size or drop 
volume is much larger than a single cell. Additionally, Popova et al. described 
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a droplet-array (DA) sandwiching technology, a miniaturized platform for cell-
based HTP assays, based on superhydrophobic–superhydrophilic 
micropatterns on nanoporous polymer films 76. HTP 3D spheroid culture and 
drug testing using 384 hanging drops have also been reported 78,79. 

When 3D culture is not required, other techniques enable cell adhesion to a 
substrate in a controlled manner (Figure 10). Those strategies include the 
fabrication of patterned substrates with thousands of individually addressable 
adhesive areas where individual cells or groups of cells may be immobilized. 
Adhesive patterned substrates may be done using low volume spotters such 
as Nanoenabler® 82 and Nanoink® (based on spotting and dip-pen 
nanolithography, respectively), or by microcontact printing 83.  

 

Figure 10. Non 3D cell patterning platforms: (a) The fabrication of cellular arrays in 
protein patterned substrate, where single cell or cluster of cells from different types 
can be isolated on top of the substrate specifically depending on their affinity to the 
patterned proteins, adapted from 84 with permission of Elsevier; and (b) the fabrication 
of cell arrays using craved microwells in a polymeric substrate where single cell or 
cluster of cells can be isolated in each well, adapted from 85 with permission of 
Elsevier. 

Microcontact printing is a faster process for the creation of thousand of 
adhesive areas, because it only requires placing the substrate to pattern in 
contact with an inked stamp, for several minutes. Spotting instruments such 
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as Nanoenabler or Nanoink, have the advantage of offering the possibility of 
creating multicomponent patterns. However, the time required for creating 
large arrays of adhesive areas is much higher than by microcontact printing 
because they rely on spotting on each of the areas to functionalize. Lin et al. 
reported the fabrication of printed arrays using spotting of multiple specific 
peptide ligands. They used a DNA microarrayers to demonstrate their utility 
in monitoring the induction of epithelial to mesenchymal transition (EMT) in 
murine mammary epithelial cells 84. Recently, recombinant antibodies have 
been used as specific ligands for the formation of cell microarrays 86.Finally, 
photolithography, and the fabrication of arrays of microwells or microsieves 
by die-cast molding of microstructures also enable the creation of highly 
dense cell arrays containing thousands of cellular systems, each of them 
trapped in microsieves or microwells 87. Cellular systems created with these 
methods are comprised of one or several cells 18,88. Techniques to create 
large density arrays of cellular systems are summarized in Table 1. 

4. Monitoring 

Besides high parallelization and microenvironment control, the other essential 
tool to progress on HTP cell studies is data acquisition and analysis. 
Important aspects related to different methods for data acquisition are: (1) 
provide real time measurements; (2) the need of stopping the cell culture 
media flow before measuring; (3) the use of label free method; or (4) the need 
to add extra reagents to obtain the data. All those aspects will influence the 
quality and frequency of data acquired. Higher frequency data production 
means more complex data analysis, but, at the same time, also provides a 
more accurate picture of the real situation. 

Conventional methods such as immunofluorescence and 
immunohistochemistry using commercial fluorescence kits and microscopy 
observation are the leading technique for cell monitoring. While these 
techniques have been extremely useful for data acquisition from cellular 
behavior, most methods rely on costly-labeled substances that in some cases 
do not offer the required sensibility for cellular study. Apart from that, most of 



 

 
 

Table 1. Comparison of the different novel techniques for creation of cellular cultures. 

Technique Definition Cell Isolation 
Capacity 

2D/3D Culture Other 
Characteristics 

Microfluidic large-scale 
integration systems (mLSI) 

Interconnected addressable 
microchambers for isolation and 
recovering of cells 

Multiple and single 
cell 

Two-dimensional 
cultures 

Thousands of 
addressable events 

Droplet microfluidic platforms Droplet-based systems for cell 
entrapping in discrete volumes of 
immiscible phases 

Multiple and single 
cell 

Two- and three-
dimensional 
cultures 

Thousands of 
addressable events  
Low volume 
requirement 

3D microfluidic platforms Spotting of biological suspension 
on addressable spots 

Multiple cells Three-
dimensional 
cultures 

Low volume 
requirement 

Hanging drops platforms Entrapping of spheroid cultures 
inside a hanging drop 

Multiple cells Three-
dimensional 
cultures 

Hundreds of 
addressable events 

Patterned substrates Patterning of chemical adhesive 
areas for cell immobilization 

Multiple and single 
cell 

Two-dimensional 
cultures 

Thousands of 
addressable events  
Low volume 
requirement  
Fast processes 

Microwell structures Molding of microsieves or 
microwells for cellular trapping 

Multiple and single 
cell 

Two-dimensional 
cultures 

Thousands of 
addressable events 
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the current cell observation methods can only be used at the end of the assay, 
disabling the possibility of a real time observation. 

Nowadays, the development of new techniques for cell monitoring and 
observation is focused on label-free methodologies, which consist in the 
direct observation and characterization of cells without the need of secondary 
markers. The absence of secondary substances for the cell characterization 
allows lower cost and more efficient cellular studies. These techniques not 
only retain the integrity of the cell culture and their biomolecules, but also 
allow to some extent the observation and monitoring of real-time events 
(Figure 11). These techniques also provide a higher sensibility up to a certain 
degree, allowing the monitoring of several individual events in a HTP manner 
89–91.  

Following the route of label-free techniques, new integrated sensors have 
been applied within microfluidic devices for biological applications and 
therefore increase the existing tool box of monitoring methods. 
Conventionally, light sources use laser or lamps; several alternatives were 
developed, such as the incorporation of light self-emitting diodes (LEDs) and 
organic photodiodes. Other researchers integrated optical sensors into the 
microfluidics devices, using light scattering, absorption, transmission and 
fluorescence 75,92. For a more real-time like cell analysis, high-speed cameras 
have also been applied in order to obtain as much information from the 
sources and the sensors in the lowest time lapse 93.  

A new approach was investigated by Casterllanau et al., which involved the 
integration of particles working as sensors into the device. These fluorescent 
particles were used for the identification of both single-cells and small 
collection of cells 94. Newer nanorobotic manipulation inside electron 
scanning based microscopes has also been postulated as new ways to 
characterize cell cultures 95. 

Physicochemical factors and biophysicials processes have also been used 
as novel techniques for the cellular characterization and monitoring of cells. 
Electro-analytical methods such as voltammetry, potentiometry and 
impedance spectroscopy were also employed.  
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Figure 11. Monitoring of cell events. A) Immunofluorescence imaging and Western 
blotting of proteins for cell characterization on cellular arrays, adapted with the 
permission of 74, copyright 2008 American Chemical Society. B) Identification of 
undifferentiated cells by the fluorescent marking of undifferentiated mouse stem cells 
compounds, adapted from 96 with permission from Elsevier. C) Mass spectra of 
extracts from MCF-7 cells on a microfluidic chip, adapted with the permission of 97, 
copyright 2012 American Chemical Society. D) Light scattering signals measured in 
organic photodiodes following injection of increasing concentrations of cell 
suspension, adapted from 75 with permission of The Royal Society of Chemistry. 
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They were used to study the electrical properties of cell cultures, as well as 
electrical-dependable cell processes, such as viability, proliferation and 
motility changes. Impedance spectroscopy was used along with light 
scattering for cell analysis. In addition, an electro-analytical method based on 
trans-epithelial electrical resistance was used for the analysis of physiological 
barriers 96,98. 

Novel magnetic based monitoring techniques were developed considering 
the magnetic properties of cells, especially during the up-take and transfer. In 
particular, magnetic nanoparticles were proposed as excellent tools for both 
cell separation and detection techniques. Integrated magnetic biosensors 
with superparamagnetic nanoparticles were functionalized to identify 
biological species and to quantify the released products 99,100.  

Finally, mass spectroscopy was postulated as a powerful tool for qualitative 
and quantitative analysis of metabolites of cells. Mass spectroscopy has been 
widely used for the detection of secreted substances by cells in batch 
experiments. Nowadays, new microchips have been created for the 
simultaneous culture of cells and the detection in situ of some of the secreted 
substances by mass spectroscopy 97. 

5. Conclusions 

There is a high demand and a constant increase in the development of 
microtechnologies for cell analysis. During the last two decades, we have 
witnessed a number of key developments in the area of microtechnology and 
their applications in cell culture and analysis. For example, the manipulation 
of the topography of substrates creating micro- and nano-patterns has 
allowed evaluating the effect of topography in cell culture and differentiation; 
the creation of chemical patterns with precision in the microscale has enabled 
to look at the importance of cell adhesion, cell shape and cell–cell contact in 
their behavior; controlling the composition of cell culture medium, through 
microfluidics networks helped understanding the effect of the nutrients 
concentration on cell growth; and novel printing and dispensing techniques, 
in combination with biomaterials, enabled to create micro-scaled 3D cell 
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cultures allowing to look at cellular systems that resemble tissue 
architectures. All these recently developed tools enable performing 
experiments with a higher level of control in the cellular microenvironment 
than those classically conducted on flat cell culture plates. 

Additionally, a number of strategies have been developed for the fabrication 
of dense arrays of cellular systems, where a large number of systems are 
created for subsequent stimulation, observation and monitoring. Depending 
on the methodology, the cellular systems can be comprised of a single cell or 
few cells; each of those system may be anchored to a surface or suspended 
in a fluid, and they may be distributed in a plane or in a 3D distribution, for 
example embedded into a gel structure. The possibility of creating a collection 
of individually addressable cellular systems improves both, the statistical 
analysis of the properties of cells, and the possibility to observe 
heterogeneous behavior on a cell population. 

Finally, there is also an increasing interest in monitoring methods for cell 
characterization. Newcomers in the area of monitoring cells include 
integrated optical and electrical sensors and label-free characterization 
techniques. 

The usages of microtechnologies in cell biology will not only provide the 
possibility of acquiring new data, but it will also allow to perform analysis using 
small amount of biological material. Microtechnologies, such as microfluidics, 
is opening the possibility of undergoing subsequent analysis on the same 
cellular system, reducing in this way the operation time, the need of cell 
separation, and the need of cell expansion. Depending on the aim of the 
study, each different methodology offers a set of benefits and disadvantages 
that could influence the election of one technique over another. 

The transition from macroscale to microscale in cell analysis is still 
developing, and it will be only through the integration of several 
microtechnologies that we will obtain a new generation of cell analysis 
microsystems able to provide information on those still undiscovered steps of 
cell function and differentiation. In the future, highly integrated microfluidic 
analytical devices will find applications in different areas, such as drug 
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discovery and cell studies for regenerative medicine. These microfluidic 
platforms must enable cell culture under controlled microenvironment and 
lead to a possible HTP and real time analysis. For this purpose, it will be 
necessary the integration of a variable number of newly developed micro- and 
nano-technologies, that will allow controlling the topography, the surface 
chemistry, soluble factors, mechanical forces and cell–cell contacts; and 
technology for monitoring cell phenotype and genotype with high spatial and 
temporal resolution on a HTP 
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Abstract 

Nowadays, there is an increasing interest in developing new technology for 
rapid detection of specific DNA sequences for environmental monitoring, 
forensic analysis and rapid biomedical diagnosis applications. That is where 
microfluidic paper-based analytical devices are positioned as suitable 
platforms for the development of point of care analytical devices, due to their 
simple fabrication protocols, ease of use and low cost. Herein, a methodology 
was developed for the in situ colorimetric detection of single strand DNA 
based on the formation of a DNAzyme within a paper substrate. A DNAzyme 
that could only be formed in the presence of a specific sequence of the Y 
human amelogenin gene was designed. The performance of the DNAzyme 
was followed colorimetrically first in solution and then in paper substrates. 
The reaction was found to be specific to the Y fragment selected as analyte. 
The DNAzyme reaction on paper enabled the unequivocal colorimetric 
identification of the Y single strand DNA fragment both qualitatively, with the 
naked eye (143 ng), and quantitatively by image analysis (45.7 ng). As a proof 
of concept, a microfluidic paper-based device, pre-loaded with all DNAzyme 
reagents, was characterized and implemented for the simultaneous detection 
of X and Y single strand DNA fragments. 

Keywords: DNAzyme; Amelogenin; Paper substrate; Gene detection; 
Colorimetric; Paper based microfluidics. 
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1. Introduction 

There is an increasing interest in producing new technology for fast detection 
of specific DNA sequences at the point of need for forensic analysis, 
environmental monitoring and rapid biomedical diagnosis applications. 
Widely known methodologies such as qPCR or PCR-capillary electrophoresis 
are mainly based on the amplification of DNA samples to achieve enough 
quantity of DNA to be analyzed 2. These methods require specialized 
procedures, equipment and personnel to carry out the analysis.  

On the other hand, point of care tests (POC) 3 refer to devices that analyze, 
with minimum intervention of the user, small volume of samples at the point 
of necessity in short times. Moreover, they are usually designed to be mass-
fabricated at low costs 4. Microfluidic paper-based analytical devices (μPADs) 
constitute suitable platforms for the development of POC systems since they 
fulfil all the previously described characteristics 5,6. Several paper-based 
types of materials, such as cellulose and nitrocellulose, can be easily adapted 
to serve as μPADs 7–9. Due to their fibers distribution, liquid can flow inside of 
the material by imbibition, enabling the movement of liquids through its matrix 
without the requirement of external pumps 10. Wax-printing, which involves 
the generation of hydrophobic walls within the paper matrix by printing and 
melting of wax, is proposed as the best methodology for the fabrication of 
μPADs due to the easiness of the procedure and the capacity to be escalated 
to mass-production 9,11. Furthermore, μPADs are disposable, becoming a 
more environmentally friendly option than other microfluidic devices 12. A 
number of μPADs including, HIV Tests (Home Access, USA), paper ELISA, 
and low-cost colorimetric diagnostic assays have been already described 13,14 
and commercialized.  

Traditionally, available paper-based devices are centered on the detection of 
big molecules such as proteins. Nevertheless, the development of novel 
μPADs for nucleic acid detection, such as nucleic acids capture on cellulose 
filter paper with in situ PCR 15, loop-mediated isothermal amplification of 
several DNA targets on paper device16 and colorimetric DNA detection 
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through gold nanoparticles capture and agglomeration in paper device17, 
among others, is a hot topic at the moment. 

DNAzyme is composed of a DNA oligonucleotide, capable of performing a 
chemical reaction, often a catalytic reaction. In particular, DNAzymes sensing 
probes based on G-rich sequences, known as G-quadruplex, are gathering 
special attention due to their simplicity, high sensitivity and selectivity for the 
recognition of small molecules 18,19. The G-quadruplex creates a special 
hairpin on the DNA sequences forming a complex with peroxidase activity, 
enabling the oxidation of substrates like 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) in the presence of hydrogen 
peroxide (H2O2), producing an appreciable color change of the solution where 
dissolved 20–22. By controlling the design of the DNAzyme sequence, it is 
possible to specifically detect ribonucleic acid (RNA), DNA, proteins and 
metal ions 23,24. In this regards, designing a DNAzyme able to hybridize to a 
single strand DNA (ssDNA) sequence allows for the specific detection of the 
sequence of interest 25–27. 

The use of DNAzymes in paper substrates was recently presented for the 
design of novel analytical devices. Zhang Y. et al. 28 demonstrated that 
hemin/G-quadruplex DNAzymes can be used on a paper support for the 
detection of potassium cations. Monsur Ali M. et al 29 achieved the genetic 
detection of Escherichia coli RNA on a paper-based filter support using 
DNAzyme catalytic reactions. However, their detection method was based on 
fluorescence, which required of specific instrumentation, thus increasing the 
complexity and cost of the methodology, whereas a colorimetric detection 
could be a better choice to make 30.  

Here, a colorimetric methodology for the detection of ssDNA sequences by 
specific DNAzymes in solution, a Whatman filter paper 1 support and a paper-
based device is presented, Figure 1. The formation of the DNAzyme in the 
presence of the analyte allows the oxidation of ABTS producing a green color, 
ABTS+, which is detected with the naked eye and can be quantified, by 
colorimetric analysis of images from a mobile camera. As a proof of concept, 
a synthetic fragment corresponding to Y amelogenin gene, which differs from 
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its X counterpart by 6 base pairs, was designed as a model to test ssDNA 
detection 31–33.  

 

Figure 1. Schematic representation of the DNAzyme formation and specific Y 
amelogenin fragment (Yf) identification of paper support. A) DNA sensing probes and 
hemin specifically bind to Yf to form a three dimensional structure with catalytic activity 
able to oxidize ABTS in the presence of H2O2, producing green colored ABTS+. B) 
DNAzyme reaction on paper support produces an appreciable green color in the 
presence of the Yf thanks to the oxidation of ABTS. The reaction can be monitored 
colorimetrically. 

2. Materials and methods 

2.1. Materials 

DNA sequences (DNA-active, DNA-sensing probes and Y and X amelogenin 
fragments) were synthesized by Integrated DNA Technologies (IDT, 
Belgium). Hemin, ABTS, dimethyl sulfoxide (DMSO), HEPES buffer, sodium 
chloride, Triton X-100 and dimethylsulfoxide were purchased from Sigma-
Aldrich (Spain). H2O2 was obtained from E. Merck (Germany). Potassium 
chloride was purchased from Panreac (Spain).  
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Buffer solution: HEPES 2.5 10-2 M (Sigma-Aldrich, Spain), Potassium 
Chloride 2 10-2 M (Panreac, Spain), sodium chloride 0.2 M (Sigma-Aldrich, 
Spain), Triton X-100 0.05 % and dimethylsufoxide 1 % (Sigma-Aldrich, 
Spain), at pH 7.4 with sodium hidroxide (Sigma-Aldrich, Spain) in water, was 
freshly prepared in the laboratory.  

Solution assays were performed in a microtiter plate CORNING 96 wells and 
colorimetric values were recorded with a Beckman Coulter DTX 880 
Multimode Detector. Paper assays were performed on Whatman filter paper 
1(Sigma Aldrich, Spain) and Hi-Flow Plus HFC 12004 nitrocellulose (EMD 
Millipore, Ireland). The paper assays and the paper-based device were 
printed by a Xerox ColorQube 8570 wax printer and the wax barriers were 
generated by heating in an oven, set at 125 ºC for 5 min.  

2.2. DNAzyme performance in solution 

For specific Yf detection, 1 μL of a mix of DNA-sensing probes 1 and 2 (SP1 
and SP2, Supporting Information 1) (100 μM each probe) and 47 μL of buffer 
solution were pipetted in the microtiter plate and incubated for 1 h. Then, 1 
μL of hemin solution (100 μM) was added and incubated for 1 h. After that, 1 
μL of either Yf or X amelogenin fragment (Xf) solutions ranging from 50 to 150 
μM were added and incubated for 30 min (n = 3). Finally, 25 μL ABTS solution 
(28.8 mM) and 25 μL H2O2 solution (1.76 mM) were pipetted. The 
concentrations were previously optimized for this reaction, see Supporting 
Information 2, as well as the type of probe used for the assay, see Supporting 
information 3. The absorbance was measured at 415 nm every 5 min for 30 
min using a Beckman Coulter DTX 880 Multimode Detector.  

2.3. Y amelogenin fragment discrimination and analysis in paper substrate 

The Yf detection through DNAzyme was carried out in a paper substrate. 
Therefore, circle-shaped structures (1 cm, inner diameter after heating) were 
wax-printed to set the sensing areas in the two paper supports. After printing, 
the circles were heated in the oven for 5 min at 125 °C. The heating step is 
necessary in order to melt the wax trough the paper and generate the 
hydrophobic barriers 9,11.  
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In order to test the most suitable type of paper for Yf detection, the oxidation 
of ABTS with a DNAzyme-active solution, serving as a control, was carried 
out in Whatman filter paper 1 and nitrocellulose membrane. First, 1 cm wax-
circles were printed on both type of substrates. Then, 0.5 μL of DNA-active 
(100 μM), 0.5 μL of hemin (100 μM) and 24 μL of buffer solutions were 
pipetted and incubated for 1 h, at room temperature (RT). The concentrations 
of DNA-active and hemin were previously optimized for this reaction in 
solution, see Supporting Information 2. Finally, 12.5 μL of ABTS solution (28.8 
mM) and 12.5 μL of H2O2 solution (1.76 mM) were added in order to initiate 
the color formation. The concentrations of ABTS/H2O2 were previously 
optimized for this reaction in solution, see Supporting Information 2. Photos 
were taken with a mobile phone camera before the addition of ABTS and 
H2O2 solutions and 5 and 60 min after addition. 

For the detection and quantification of Yf on cellulose Whatman filter paper, 
0.5 cm diameter wax circles (inner circle, after melting) were wax-printed. 
0.25 μL of a 1:1 mix of SP1 and SP2 (100 μM each), 0.25 μL of hemin-stock 
solution (100 μM), 6 μL of ABTS-stock solution (40 mM) and 7 μL of buffer 
solution were mixed in an Eppendorf. The resulting mixture was pipetted on 
the paper wax-circle. After overnight storage at 4 ºC, either 0.25 μL of Yf (25, 
50, 100 or 200 μM), Xf (25, 50, 100 or 200 μM) or buffer solution were pipetted 
in the wax-circles (n = 3) and 30 min incubated at RT. Then, 6 μL of H2O2 (2.4 
mM) were pipetted in all wax-circles. Images were taken by a mobile phone 
camera after 5 min incubation. 

For the specific detection of Yf fragment in the paper-based device (for device 
specifications, see Supporting Information 4). An optimized mixture of the 
reagents, ABTS and H2O2 were used for these experiments, see Supporting 
Information 2 and 3. 0.25 μL of a 1:1 mix of SP1 and SP2 (100 μM), 0.25 μL 
of hemin-stock solution (100 μM), 6 μL of ABTS-stock solution (21.6 mM) and 
7 μL of buffer solution were pipetted in the device reservoirs (Y and X wax-
circles,), in three different devices. The mix of this reagents forms the Yf-
DNAzyme cocktail. After overnight storage at 4 ºC, 0.25 μL of Yf and 0.25 μL 
of Xf (100 μM) were pipetted on their respective detection zones and 
incubated for 3 min at RT. Finally, 12 μL of H2O2 solution (1.32 mM) was 
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pipetted on the inlet (center of the device) and the solution was left to run until 
it reached both detection zones. Photographs were taken by the mobile 
phone camera 5 min after H2O2 solution reached the detection zones.  

2.4. Image and data analysis 

Photographs were taken by a Sony Xperia Z3 D6603 mobile phone camera 
(20.7 MP, f/2.0, 25 mm (wide), 1/2.3", 1.12 µm, AF) or a LaserJet Pro 400 
MFP scanner (Scanning Method: Flatbed; Scanner Type Flatbed: DF; Bit 
Depth: 30-bit).  

All images were transformed to 8-bit and grey intensities (corresponding to 
the total color intensity 13,34). They were analyzed using Image-J software. 
Paper background intensity was subtracted from all data. Data plotting and 
statistical analysis were carried out in Excel and Origin Pro 2018. 

3. Results and discussion 

In order to investigate the use of DNAzymes on paper substrates for the 
naked eye detection of ssDNA fragments and the quantification by image 
analysis of mobile phone camera pictures, a DNAzyme for the detection of a 
specific fragment of the Y amelogenin gene (Yf) was designed. Then, a 
reaction cocktail comprised of hemin, ABTS and two sensing probes (SP1 
and SP2, which bind specifically to Yf was developed; see Supporting 
Information 2 and 3 for detailed information of the characterization of the 
different components of the cocktail.  

To evaluate the sensitivity and selectivity of the designed DNAzyme assay 
for the detection of Yf versus Xf, the DNAzyme cocktail was incubated with 
different concentrations of Yf and Xf ranging from 0.5 to 1.5 μM 
(corresponding to a range between 1000 and 3000 ng of ssDNA per sample), 
and the absorbance of the final solutions were measured in a conventional 
microtiter plate reader after 5 min of incubation.  

An increase in absorbance was appreciated over time and when increasing 
the concentration of Yf. On the other hand, the absorbance values for the 
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reaction performed with the Xf remained constant over time and for all 
concentrations investigated, Figure 2. These results demonstrate the specific 
recognition of Yf and formation of the DNAzyme through the oxidation of 
ABTS, while the same DNAzyme compounds were unable to detect the Xf 
fragment in solution. 

 

Figure 2. Graphical representation of Yf detection in solution. Y axis indicates the 
absorbance obtained from the oxidation of ABTS with different amounts of Yf and Xf 
after 5 min of incubation. Fitting curve of Yf was done through the equation y = 0.89-
(0.41/(1+(x/1.58)1.89)), R2 = 0.9909. Error bars mean ± SD (n = 3 samples per 
experimental condition). 

Yf absorbance values were fitted to a 4 parametric logistic (4PL) curve, which 
was used before in immunoassays and binding ligand assays 35. A limit of 
detection (LoD) of 655 ng of Yf was calculated following the equation 1, where 
meanblank is the absorbance value of the reaction mix without Yf and Xf , and 
SD is the standard deviation (n = 3) of the mean value of the blank.  

𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 3 𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

(eq. 1) 
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A limit of quantification (LoQ) of 1462 ng of Yf was calculated following the 
equation 2, where meanblank is the absorbance value of the reaction mix 
without Yf and Xf , and SD is the standard deviation (n = 3) of the mean value 
of the blank.  

𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑏𝑏𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎 + 10 𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

(eq. 2) 

High SD values were observed at low amounts of Yf and Xf, (1000 ng). This 
higher SD corresponds to the experimental error, which comes from the 
number of dilutions needed to reach this 1000 ng solution from the Xf and Xf 
main stock solution. This error could be reduced by increasing the number of 
experiments per concentration. Therefore, the calculated LoQ value was 
taken as more certain value in the analysis of the dynamic range of the 
reaction. The dynamic detection range (1462 – 3000 ng) is limited by the 
increasing signal of the background over time, provided by the spontaneous 
ABTS oxidation in the reaction mix, as previously described in literature 36,37. 

3.1. Selectivity and Sensitivity of the assay in the Whatman filter paper 
substrate 

In order to get an assay that is suitable for a paper-based device 
configuration, it is necessary that all the reagents of the assay are compatible 
with paper, can be preloaded and, if possible, stored for long periods of time 
and at different ambient conditions (e.g. light and temperature). Therefore, 
the stability of the assay over time was investigated for two light conditions 
(daylight and dark at RT) as well as at 4 ºC in the dark for 24 h storage; see 
Supporting Information 5. The absorbance values of the assay in solution 
were lower than those carried out without the 24 h storage, but clearly allowed 
the detection of the Yf in the same range of concentrations and times than 
when no storage was carried out. Therefore, these protocols can be 
implemented during the fabrication of a µPAD, with all the reagents preloaded 
and stored in paper. The assay kept at 4 ºC in the dark presented higher 
absorbance values than those stored at RT due to a better preservation of 
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the reagents at low temperature, see Figure SI-4 D, being this protocol (4 ºC 
in the dark) the one used in experiments hereafter.  

After confirming the possibility to detect Yf using the designed DNAzyme in 
solution, the materials to perform the detection of the assay on a paper 
substrate were investigated. Two different papers, nitrocellulose membrane 
and Whatman filter paper 1, which are commonly used for the fabrication of 
lateral flow assays and µPADs, were investigated. Using a wax printer, 1 cm 
diameter wax-circles were printed on both types of substrates. Initial 
experiments on paper were performed using a positive control mix comprised 
of DNA-active sequence and hemin group to form a DNAzyme without the 
presence of the target analyte (DNAzyme-control mix). First, 0.5 μL of 
DNAzyme-control mix and 24 μL of buffer solution were pipetted and 
incubated for 1 h at RT in the paper substrates. Then, 12.5 μL of ABTS 
solution (28.8 mM) and 12.5 μL H2O2 (1.76 mM) solution were added. Photos 
of the substrates were taken with a mobile phone camera 0, 5 and 60 min 
after addition of ABTS and H2O2 (Figure 3). 

The Whatman filter paper 1 presented a better performance than the 
nitrocellulose. The Whatman paper 1 had high ability to absorb the reagents 
and integrate them within the paper fibers, with the reaction taking place in 
the paper substrate. After the assay was carried out (addition of ABTS/ H2O2 
solutions), the paper substrate kept the green color even after 60 min in the 
dry paper. Considering this result, it can be speculated that the fibers of the 
Whatman paper 1 were able to stabilize the ABTS+ over time up to 60 min. 

On the other hand, the nitrocellulose paper substrate did not absorb the 
reagents, which remained in solution in the drop held by the wax-printed-
circle. After the assay was carried out (addition of ABTS/ H2O2 solutions), the 
oxidation reaction took place in solution and not in the fibers of the 
nitrocellulose paper. The oxidized ABTS+ molecules (green color) were not 
stabilized by the paper substrate and continued the oxidation process. Under 
prolonged oxidative conditions, ABTS+ suffers over-oxidation into ABTS2+, 
which is not stable in aqueous solution and decompose into several 
uncolored by-products, losing its characteristic green color 38–40. In view of 
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these results, the Whatman filter paper was selected as the right support for 
the DNAzyme reaction.  

 

Figure 3. Pictures of DNAzyme control mix in Whatman filter paper 1 and 
nitrocellulose membrane. Photographs were taken at times 0, 5 and 60 min after 
ABTS/H2O2 solutions addition. Green color indicates the presence of ABTS+. 

The detection of Yf on Whatman paper 1 was then evaluated. For that, a 2 by 
5 array of 0.5 cm diameter (internal diameter, after heating) wax-printed 
circles were fabricated. 12 μL of a solution containing 0.25 µL of the 
sequences SP1 and SP2 (1 µM) with 0.25 µL of hemin solution (1 µM), 6 µL 
of ABTS (40 mM) and 7 µL of buffer were pipetted and subsequently dry over 
night at 4 oC in the dark in each circle. Then, 0.25 μL of solutions with 
increasing concentrations of Yf or Xf ranging from 0 (negative control) to 200 
μM were loaded in each reaction circle and let dry for 30 min at RT. Finally, 6 
μL of H2O2 (2.4 mM) were added to each reaction circle. After 5 min a green 
color was appreciated in all the reaction circles, by naked eye. A pronounced 
“coffee ring” effect was identified in all the circles containing Yf, while this 
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coffee ring was not appreciated in the circles containing Xf. The shape of the 
coffee ring corresponded with the shape of the drop of Xf previously loaded 
on the substrate. The reason for the formation of this ring can be explained 
by the concentration of the reagents during the drying process of the sample 
drop pipetted in the paper support 41. Additionally, a darker green color 
intensity was appreciated in those circles containing higher concentrations of 
Yf. Differently, the negative control and the circles containing Xf exhibited the 
same light green color coming from the uncontrolled residual oxidation of 
ABTS, Figure 4 A. 

Mixtures of Yf and Xf were also investigated in the 2 by 5 array of wax-printed 
circles. The same green color intensity than samples containing only Yf were 
obtained, indicating that the presence of the Xf does not inhibit the formation 
of the Yf - DNAzyme (Supporting Information Figure SI-6). 

The quantification of the DNAzyme reaction was done analyzing the color 
intensity of the circles (green color intensity) by just taking pictures of the 
array with a mobile phone color camera. The whole area of the reaction circle 
was selected, without differentiating the presence or absence of the coffee 
ring. Figure 4 B shows the plot of the color intensity versus Yf and Xf 
concentrations. As qualitatively observed by eye before, the green color 
intensity increased with the concentration of Yf, while it remained constant for 
the assay containing Xf. There was a significant difference in the signal 
obtained with and without Yf in all the cases, indicating that this assay could 
be used in paper for quantification of specific fragments of ssDNA. Yf values 
were fitted to a 4PL curve. A LoD of 45.7 ng and a LoQ of 172 ng of Yf were 
calculated using eq. 1 and eq. 2, respectively, obtaining a dynamic range of 
172 - 1200 ng, which is much lower than in solution. Therefore, transfer the 
reaction to a paper support greatly improved the LoD, reducing 14 times the 
minimum amount of Yf that can be detected. This improvement can be 
attributed to the higher concentrations of reagents in respect to the detection 
zone available in the paper substrate. Moreover, after quantification it can be 
concluded that at least 143 ng of Y amelogenin fragment could be detected 
by naked eye. 
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Figure 4. Pictures and graphical representation of Yf detection on Whatman filter 
paper 1. A) Picture of the 2 by 6 array printed in paper after 5 min DNAzyme reaction. 
C1, C2, C3 and C4 refers to the different concentrations of Yf or Xf solutions added to 
the paper substrate (25 (143 ng), 50 (286 ng), 100 (572 ng) and 200 (1144 ng) μM, 
respectively) and NC is the negative control. B) Graphical representation of the color 
intensity obtained from the picture taken by the mobile camera 5 min after reaction. 
Fitting curve of Yf was done through the equation y = 97-(31.44/(1+(x/51.7)1.23)), R2 = 
0.9917. Error bars mean ± SD (n = 3 samples per experimental condition). Statistical 
significance; paired two-tailed t-test (** p < 0.01, ns. p ≥ 0.5). 
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In order to fabricate a paper-based device useful in real applications, it is 
desirable that the reagents are stable for long period of time embedded in the 
device, preferably in a controlled environment. Therefore, the stability of the 
reagents (SP1, SP2, hemin and ABTS) forming the assay was tested by 
storing them at 4 ºC from 24 h to 48 h and 7 days, see Supporting Information 
Figure SI-7. For the three times investigated, the “coffee ring” was clearly 
visible in all samples containing Yf while the green color remained 
imperceptible with the naked eye for the Xf samples, See Figure SI-6 A. 
Pictures of the wax-circles were taken and analyzed, see Figure SI-6 B, 
allowing for the quantification of the ABTS oxidation process.  

The values obtained for each experiment are comparable within the error 
(n=3), indicating that the reagents are well preserved in the paper substrate 
maintaining their chemical properties at least for one week, under 
refrigeration.  

3.3 DNA samples analysis on a paper-based device. 

A final test was performed to evaluate the applicability of Yf detection on a 
paper –based device for the simultaneous analysis of Yf and Xf samples. As 
a proof of concept a microfluidic paper-based device was designed and wax-
printed. It has a channel with two analysis zones, one at each edge of the 
channel and an inlet for reagent loading in the middle of the channel (Figure 
5).  

The Yf - DNAzyme cocktail was pre-loaded in both analysis zones at kept for 
24 h at 4 ºC (dark conditions). Then, two samples containing 570 ng of Yf or 
Xf were loaded in each analysis zone and let dry for 30 min. Finally, 12 μL of 
H2O2 (1.32 mM) were pipetted in the inlet of the device.  

The H2O2 flowed equally in both detections reaching the analysis zones in 
less than 10 s. The ABTS oxidation reaction took place and a clear green 
coffee ring appeared only in the analysis zone containing Yf after 5 min while 
the intensity of the green color in the analysis zone containing the Xf sample 
was very low.  
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Figure 5. μPAD for Yf detection. Pictures were taken 5 min after the H2O2 solution 
reached the analysis zones. Detection circles correspond to sample loading of Yf (left) 
and Xf (right). Increased green intensity relates to increasing presence of ABTS+. 

4. Conclusions 

Rapid tests for DNA detection have application in forensic practice, 
biomedical diagnostics, and environmental monitoring among others. Current 
ways to analyze DNA sequences often require long procedures at centralized 
labs, and there is a need to developed technologies that enable in-field and 
rapid sample analysis and detection of the DNA of interest.  

An optimized methodology for easy and in-field ssDNA detection in a paper-
based device was presented. By using a DNAzyme specific to the desired 
DNA sequence, a label-free, easy to use and colorimetric based detection 
method for ssDNA was developed. This reaction was optimized in solution in 
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order to obtain a distinguishable specific and positive signal in a short time 
with a LOD of 655 ng. 

The assay developed in solution was then transferred to a paper support and 
to a paper-based device. Two types of paper were tested, Whatman filter 
paper 1 and nitrocellulose membrane, both highly used in paper microfluidics 
and/or DNA research 7–9. It was found out that Whatman filter paper 1 was 
more adequate for the DNAzyme reaction and thus was chosen as the 
desired substrate. The DNAzyme reaction on paper enabled the unequivocal 
colorimetric identification of the Yf ssDNA fragment by qualitative detection, 
with the naked eye, and quantitative determination by image analysis. At least 
143 ng of Y amelogenin fragment could be detected by naked eye, while 45.7 
ng could be detected by the quantification of the color intensity values from a 
picture of the paper substrate. The transfer of the reaction to a paper support 
significantly reduced the LoD, improving the sensitivity of the reaction.  

Multisampling analysis on a paper-based device pre-loaded with the 
DNAzyme cocktail was carried out. Although the configuration of the device 
is not optimized, two analytes, Yf and Xf, were analyzed. The analysis of 
different genes from a single individual would need of further validation and 
optimization of the process, including device flow control and prevention of 
cross-contamination of samples. Furthermore, the devices were stored for up 
to 7 days at 4 ºC before use, indicating that they could be stored and used at 
the point of care 

This work constitutes the first steps into what could become an in-field paper-
based device for several applications. In the case of fast typifying of human 
samples for forensic analysis it should be noted that human samples are more 
complex than the proposed 74 bases synthetic sequence, usually presenting 
the genome in a double strand structure with high packing, safeguarded 
inside the cell’s nucleus. Also, while the detection limits achieved are optimal 
for our synthetic sequence, the total genetic material found per human cell 
can be very low (between 3 and 6 picograms per cell) and the amount of cells 
that can be found in human samples can vary significantly, depending on the 
sample origins42, being this scenario a limitation of this technology in its 



 
Naked eye Y amelogenin gene fragment detection using DNAzymes on a paper-based device 

156 
 

current configuration. Therefore, for the incorporation of real human samples, 
research on the integration and the optimization of extraction methods 
(Chelex 100 43) and DNA denaturalization methods (chemical 
denaturalization 44) inside the paper supports would be necessary. 
Conventional techniques for human genome analysis, such as qPCR, only 
require nanograms of whole genomes to produce data with high specificity. 
Our proposed methodology would extremely benefits from complementary 
amplification methods of the genetic material, such as isothermal 
amplification, that can be incorporated in the future to an in-field device for 
the successful detection of human DNA45,46. The technology presented in this 
manuscript could also be applied in the field of biomedicine for the detection 
and diagnosis of bacterial and viral infections, which present shorter genomes 
and more variety of DNA structures, including ssDNA47,48.
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5. Supporting information 

SI-1: DNA probes 

Scheme SI-1. DNA probes. Colors red and green underlined indicated 
complementary sequence to Yf. Colors blue and yellow indicate same sequence to 
the DNA-active sequence.  
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SI-2: DNA-active assay characterization in solution 

All stock solutions were diluted in buffer solution. DNA-active stock solutions 
1, 2 and 3 (50, 100 and 200 μM , respectively); Hemin stock solutions 1, 2 
and 3 (50, 100 and 200 μM, respectively); DNA-sensing probes sequences 
mix stock solutions 1, 2, 3 and 4 (100 μM each); Y amelogenin fragment stock 
solutions 1, 2, 3, 4, 5, 6 and 7 (25, 50, 75, 100, 125, 150 and 200 μM, 
respectively); X amelogenin fragment stock solutions 1, 2, 3, 4, 5, 6 and 7 
(25, 50, 75, 100, 125, 150 and 200 μM, respectively); ABTS stock solutions 
1, 2, 3 and 4 (2.88, 21.6, 28.8 and 40 mM, respectively); H2O2 stock solutions 
1, 2, 3 and 4 (0.176, 1.32, 1.76 and 2.4 mM, respectively).  

Reactions were performed by triplicate in a 96 wells microtiter plate. 1 μL of 
DNA-active stock solutions, for a final concentration of either 0.5, 1 or 1.5 μM 
inside the microtiter plate (Vf = 100 μL), were mixed with 1 μL of hemin-stock 
solution of the same concentrations and with 48 μL of buffer solution in each 
well and incubated for 1 h. Afterwards, 50 μL of one of four 1:1 mixture of 
ABTS and H2O2 solutions (for a final concentration inside the microtiter plate 
of: 7.2 mM ABTS, 440 μM H2O2 for ABTS/ H2O2 mix 1; 7.2 mM ABTS, 44 μM 
H2O2 for ABTS/ H2O2 mix 2; 720 μM ABTS, 440 μM H2O2 for ABTS/H2O2 mix 
3 or 720 μM ABTS, 44 μM H2O2 for ABTS/H2O2 mix 4, (Vf = 100 μL)) were 
added. Absorbance at 415 nm was measured every 5 min for 30 min using a 
Beckman Coulter DTX 880 Multimode Detector, Figure SI-2. 

For all the DNA-active/hemin concentrations (A, B, C), the same trend was 
observed when the different mixtures of ABTS/H2O2 were added (mix 1 to 4). 
In order to get a higher absorbance signal, higher concentrations of H2O2 (mix 
1 and mix 3) are necessary, as the reaction depends on the hydrogen 
peroxide availability in the solution, independently of the ABTS 
concentration49. 

At lower concentrations of H2O2 the absorbance was very similar (mix 2 and 
4) regardless the concentration of DNA-active and hemin. Finally, the 
reactions with the higher DNA-active/hemin mixtures presented the higher 
absorbance values, following the trend: A < B < C. 
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Considering these results, the ABTS/ H2O2 mix 1 was selected as the best 
candidate for the assay due to the high absorbance signal obtained over time. 
In real scenarios, the amount of available sample and DNA for analysis is 
very low; therefore, we chose the 1 μM concentration for the DNA sequences 
as a good starting method for further characterization, despite the fact 1.5 μM 
DNA-active/hemin concentrations, C samples, performed better. 
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Figure SI-2. Plot of UV-vis absorbance intensity at 450 nm versus time during the 
oxidation of ABTS catalyzed by DNA-active at different concentrations. DNA-active 
and hemin compounds were used at 0.5, 1 and 1.5 μM, in A, B and C respectively, in 
the presence of different concentrations of ABTS and H2O2 (mix 1, 2, 3, 4). Error bars 
represent the standard deviation of three values. For each value, the absorbance of 
ABTS solution without DNA-active was subtracted. 
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SI-3. DNA-sensing probes assays characterization in solution 

Once optimized the concentration of the reagents needed in the colorimetric 
DNAzyme assay, this assay was tested for the detection of Y amelogenin 
fragment. Each of the DNA-sensing probes mixture solutions contains a 
sequence complementary to different specific regions of the Y amelogenin 
gene and a part of the DNA-active sequence. The DNA used here is a 
synthetic ssDNA sequence based on the Y chromosome amelogenin gene, 
greatly used for gender discrimination especially in forensic science, that 
differs from its homologous X chromosome amelogenin gene by six pair of 
bases 31–33. To verify the specificity to the Y amelogenin gene, an 
oligonucleotide consisting 74 nucleotides, reproducing a small fragment of 
the Y human chromosome amelogenin gene, was designed. As a negative 
control, another oligonucleotide based on the X chromosome amelogenin 
gene was designed too. Differences between the sequences were either the 
change of the sequence of nucleotides that hybridize with Y amelogenin 
fragment or the distribution of the guanine triplets. Half of the DNA-sensing 
probes pairs had a symmetric (2:2) split of the GGG groups between the two 
sequences of the pair, and half with a asymmetric (3:1) of the guanine triplets 
between the sequences of the pair; the latter was reported to work better for 
specific DNAzyme reactions 50,51. 

Experimental protocol: 1 μL of a mixture of DNA-sensing probes 1 and 2 (mix 
1, Figure SI-2 A); 3 and 4 (mix 2, Figure SI-2 B); 5 and 6 (mix 3, Figure SI-2 
C) and 7 and 8 (mix 4, Figure SI-2 D) were pipetted with 47 μL of buffer 
solution in the microtiter plate and incubated for 1 h. Then, 1 μL of hemin-
stock solution 2 was added and incubated for another 1 h. After that, 1 μL of 
either Y- or X-stock solutions 2, 3, 4, 5 and 6 were added at different 
concentrations (for a concentration of 0.5, 0.75, 1, 1.25 and 1.5 μM inside the 
microtiter plate (Vf = 100 μL), respectively) and incubated for 30 min. Finally, 
25 μL ABTS-stock solution 3 and 25 μL H2O2-stock solution 3 were added (Vf 
= 100 μL). Absorbance was measured at 415 nm every 5 min for 30 min using 
a Beckman Coulter DTX 880 Multimode Detector. 
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In the case of the DNA-sensing probes, mix 1, the hybridization with the Y 
amelogenin fragment and the formation of the DNAzyme is possible (Figure 
SI-3 A). Therefore, when increasing the concentration of the Y amelogenin 
fragment the values of absorbance at 450 nm increased, and this behavior 
was observed over time, for an experimental period of 30 min. This clear 
effect was not observed so significantly for the rest of the DNA-sensing 
mixture solutions (mix 2, 3 and 4) investigated. See Figures SI-3 B, C and 
D, where the increment on the analyte concentration did not result in a 
specific response.  

It was observed that the obtained absorbance values were, in general, lower 
than those performed with the DNA-active at the same experimental 
conditions and reagent concentrations. This is explained since there is loss 
of efficiency in the reaction during the hybridization of these DNA-sensing 
probes sequences, mainly due to the increased complexity of the process of 
the DNAzyme formation. 

It is important to mention here that negative controls, where no Y amelogenin 
fragment was added, present an increment in the absorbance value at 450 
nm over time, see green dotted line in all Figures of the SI-2, indicating that 
a low non-controllable oxidation reaction of ABTS was taking place. This side 
reaction has been previously described by others in literature 36, and needs 
to be considered for the colorimetric quantification of the assay both 
qualitatively and quantitatively speaking. 

Our results showed that the combination of the DNA-sensing probes 1 and 
DNA-sensing probes 2 fragments gives both good sensitivity, with high 
absorbance values for the oxidation of ABTS, and similar reaction kinetics 
than the model DNA-active. Among the four mixture solutions of DNA-sensing 
probes sequences, mix 1 had good merge of all its components, as 
demonstrated by its capability to produce an active DNAzyme with 
reasonable ABTS oxidation reaction color values over time, e.g. ΔA = 0.95 ± 
0.05 at 30 min, with respect to the “no analyte” colorimetric reaction. The rest 
of the mixture solutions showed little or no DNAzyme capacity, most likely 



 
Appendix 2 

163 
 

due to the lack of interaction between the sequences and the rest of 
components. 

 

 
 

Figure SI-3. Absorbance values obtained from the DNAzyme catalyzed oxidation 
reaction of ABTS. Reactions were performed with four pairs of DNA-sensing: DNA-
sensing 1 and 2 (A), DNA sensing 3 and 4 (B), DNA-sensing 5 and 6 (C) and DNA-
sensing 7 and 8 (D) with increasing concentrations of the Y amelogenin fragment, 
ranging from 0 to 1.5 μM (final concentration in the well of the microtiter plate). DNA-
sensing, hemin, ABTS and H2O2 solutions concentration in the well were 1 μM, 1 μM, 
7.2 mM and 440 μM respectively. Error bars represent the standard deviation of three 
values. For each value, the absorbance of ABTS solution without DNA-sensing 
sequences was subtracted (0.24 a.u.).  



 
Naked eye Y amelogenin gene fragment detection using DNAzymes on a paper-based device 

164 
 

SI-4. Device specifications 

 

 

Figure SI-4. Design of the paper-based device (3 x 8 cm). The channel length is 3 
cm and the channel width is 4 mm. 
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SI-5. Characterization of the assay in solution at different conditions 

After adding 1 μL of the 1:1 SP1 and SP2 mix (100 μM), 1 μL of hemin solution 
(100 μM), 25 μL of ABTS solution (28.8 mM) and 47 μL of buffer in a microtiter 
plate, three assays were stored for 24 h, at RT daylight, at RT in the dark and 
at 4 ºC in the dark. After that, 1 μL of either Yf (100 μM), Xf (100 μM) or buffer 
were added and incubated for 30 min. Finally, 25 μL of H2O2 solution (1.76 
mM) was added to generate the assay. Absorbance was measured at 415 
nm every 5 min for 30 min using a Beckman Coulter DTX 880 Multimode 
Detector. The performance of the assay (ABTS oxidation over time), when all 
the reagents were mixed together at the different conditions of light and 
ambient temperature, were compared with the results of the assay in solution 
performed before (Figure SI-5 A) and are shown in the Figure SI-5 B-D, over 
time.  
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Figure SI-5. Plot representation of the absorbance obtained during ABTS 
oxidation under different light and temperature and light conditions. A) Daylight 
at RT assay without 24 h storage. B) 24 h storage at room temperature and ambient 
light conditions; C) 24 h storage at room temperature and protected from ambient 
light. D) 24 h storage at 4 °C, protected from ambient light. Error bars represent the 
standard deviation of three values. All absorbance values had the ABTS own 
absorbance (0.24 a.u.) subtracted. 
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SI-6: Yf DNAzyme reaction in the presence of Xf 

 

 

 

Figure SI-6. Yf detection on wax-circles using only Yf or a mixture of Yf and Xf. 
Photographs were taken 5 min after ABTS oxidation reaction. 
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SI-7: Stability of the assay in the Whatman Filter paper 1 substrate 

 

 

 

Figure SI-7. Pictures and graphical representation of Yf detection at different shelf-
life times. A) Pictures of wax-circles taken 5 min after reaction for the first and seventh 
day of storage at 4 ºC in the dark. NC refers to negative control. B) Plot of the color 
intensity 5 min after reaction for Yf, Xf and NC for the three times studied (1, 2 and 7 
days). Error bars mean ± SD (n = 3 samples per experimental condition). 
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Abstract 

There is an increased interest in developing sensing platforms to automate 
the monitoring of cell culture secretion. Paper microfluidics are low cost and 
user-friendly platforms widely used for the integration of biosensors. On the 
other hand, DNA-based sensing probes with binding capacities for specific 
molecules have been proposed for the formulation of new biosensors. In this 
work, the first cellulose microfluidic paper-based analytical device is 
presented for the single-step detection of cell secreted vascular endothelial 
growth factor, a growth factor with clinical potential in regenerative medicine 
and cancer research. The detection mechanism is based on a self-reporting 
Structure Switching Signaling Aptamer. A three-part Structure Switching 
Signaling Aptamer was designed with an aptameric sequence based on the 
VEGF aptamer 3R02, which provides a fluorescent signal upon VEGF 
recognition. First, the VEGF biosensor was integrated in a paper substrate, 
allowing the detection of a VEGF, up to 0.57 ng, through fluorescence 
intensity analysis. Then, as a proof-of-concept, the biosensor was 
incorporated in a microfluidic paper-based analytical device format and 
applied for the detection of VEGF in the supernatant of mesenchymal stem 
cells culture plates. 
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1. Introduction 

The vascular endothelial growth factor (VEGF) is a cell-secreted regulator of 
endothelial cells expression by inducing angiogenesis and vasculogenesis. 
Deregulations of the expression levels of VEGF are associated with several 
diseases, such as tumor growth, metastasis, Parkinson, Alzheimer and 
macular degeneration, among others, becoming both a potential therapeutic 
target and a disease indicator in diagnosis 1,2. The VEGF family covers 
several type of monomers, distinguished by the number of amino acids, being 
the subtypes VEGF121, VEGF145 and VEGF165 secreted proteins. In the 
majority of biological systems, VEGF121 and VEGF165 are the most abundant 
and important isoforms 3. Conventional immunodetection techniques such as 
ELISA are often used for the detection and quantification of secreted VEGF, 
mainly in in vitro studies which involve several sequential manual steps 4. 
However, there is an increasing interest in the development of 
microtechnologies and microfluidics platforms able to improve the automation 
on the process of cell culture and secretion monitoring. Research mainly 
focus on the generation of label-free and/or real-time systems for the 
continuous monitoring of large number of events. In particular, the recent 
advances in microfluidics and microtechnology have made possible 
investigations on new techniques and systems for VEGF detection 5. 

Aptamers, which are nucleic acid sequences able to specifically bind to target 
molecules, have been proposed as novel sensing probes for the development 
of a new generation of biosensors 6. These sequences are able to form 
various types of interactions with the target, e.g. electrostatic interactions and 
hydrogen bonds, and normally adopt specific three-dimensional 
configurations upon contact with the molecules. The G-quadruplex structure, 
formed by the interaction of internal loops and G-rich sequences, is the most 
common conformation observed in single strand DNA aptamers 7. Usually 
designed and selected by SELEX (Systematic Evolution of Ligands by 
Exponential enrichment), the ideal aptamers present enhanced affinity and 
specificity for the desired target 8.  
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Several aptamers have been successfully designed for the detection and 
analysis of VEGF-isoforms 9. Among them, the dimeric V7t1 and the 3R02 
aptamers have shown remarkable results in research, with high affinities for 
VEGF with dissociation constants (Kd) down to picomolar levels 10,11. Several 
strategies have been followed for the conversion of bare aptamers into a 
functional biosensor by a wide range of detection methods, including 
chemiluminiscence, optical and electrochemical detection of VEGF 12–14. 

Structure switching aptamers are a special type of three-dimensional 
conformation aptamers in which a double stranded sequence goes into a 
strand displacement upon recognition of the target molecule 15. These 
aptamers can have a single, dual or three-part strand designs depending on 
the number of independent DNA probes that forms the complex. When the 
conformation change allows the production or disruption of a signal, usually 
a fluorescence signal, becoming structure switching signaling aptamers 
(SSSA). The strategy to design SSSAs usually requires short displacement 
strands to partially block the recognition sequence. Upon interaction with the 
target molecule, the release of the displacement strand allows the production 
of the signal by the displacing of a quencher from a fluorophore, which is 
bounded to the SSSA 16. The detection and the analysis of several molecules 
have been demonstrated using SSSAs, including physiological molecules like 
thrombin and ATP or drugs like chloramphenicol 17,18. In line with the SSSA 
design, several biosensors for VEGF are present in recent literature. For 
instance, Freeman et al. designed a series of optical aptasensors, specific for 
VEGF, based on both fluorescence and bioluminescence signals 19. More 
recently, Li et al. developed a fluorescence VEGF biosensor incorporating a 
structure switching strand for the detection of low concentrations of the 
growth factor 20.  

Regarding the fabrication of novel microfluidics devices for biosensing, paper 
substrates are widely used due to their low cost, easy to use and 
environmental friendly qualities. Microfluidic paper-based analytical devices 
(µPADs) have been extensively used in the development of protein 
biosensors, including commercialized HIV chips and paper ELISA tests 21. 
µPADs allow to produce whole quantification assays with low volume of 
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samples, ranging from micro- to nanoliters, using a simple fabrication 
procedure when compared to other microfluidics devices 22. In particular, 
cellulose and nitrocellulose substrates have been widely used for DNA 
purification, adsorption and analysis 23,24. Recently, paper materials have 
been investigated for the development of new analytical devices based on 
RNA and DNA sensors 25. We previously reported the development of a paper 
microfluidic device using DNA-based sensors as DNAzymes for the 
colorimetric detection of ssDNA, which not only allowed to simplify the 
process but increased the sensitivity of the analysis when compared to the 
same assay in solution 26. 

Aptamer-based µPADs have been developed for a wide range of detection 
systems, including virus, bacteria, ions and for drug analysis 27,28. Therefore, 
it is ambitioned that new designed SSSA and µPADs could generate an 
unconventional set of technologies that get us closer to devices for multiplex 
detection of secreted substances from cells. While microfluidics devices have 
been proposed for the aptamer-based, single-step, detection of VEGF, even 
achieving a portable detection system that could be applied for the analysis 
of cell secretion 29, SSSAs have not been explored for the detection of VEGF 
on a paper microfluidic device. Furthermore, no analytical system has been 
proposed so far to unify the advantages of SSSA single-step and real time 
detection capabilities, the simplicity and cost-effectiveness of µPADs, and the 
enhanced sensitivity that can be achieved in the combination of DNA sensors 
and µPADs. Hence, we present here a designed and fabricated µPAD for the 
single-step detection of secreted VEGF using a novel SSSA design (VEGF-
SSSA), based on the aptamer 3R02. This approach allows both, to improve 
the detection limits of the sensing assay thanks to the SSSA and to simplify 
the analytical method, reducing cost of the assay thanks to the advantages 
brought by the µPAD. The VEGF-SSSA biosensor performance was 
investigated in terms of the sequences hybridization, specificity and 
sensitivity during VEGF detection both, in solution and over cellulose paper 
substrates. Upon optimization of the process, as a proof-of-concept, the 
biosensor was integrated in a µPAD. Finally, the performance of the device 
was verified by the detection of secreted VEGF in the supernatant of 
mesenchymal stromal cells culture, Figure 1.  



Paper based microfluidic analytical device for single-step detection of mesenchymal stromal cells 
secreted VEGF 

182 
 

 

Figure 1. Schematic representation of the VEGF detection by immobilized 
VEGF-SSSA. A) The binding between the aptamer probe (Apt) the fluorescence 
probe (F) and the quencher probe (Q) produces the quenching of the fluorophore. In 
the presence of VEGF, the aptamer binds to it and displaces the quencher probe, 
allowing the excitation and emission of the fluorophore. B) Cell supernatant can be 
directly loaded on a µPAD with VEGF-SSSA. Through fluorescence microscopy 
imaging, the concentration of VEGF can be analyzed by the quantification of the 
fluorescence intensity recovery produced by the interaction of VEGF with the VEGF-
SSSA. 
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2. Materials and methods 

2.1. Materials 

All oligonucleotides were synthesized by Integrated DNA Technologies (IDT, 
Belgium). Three oligonucleotides sequences were purchased: 5’- 
TGTGGGGGTGGACTGGGTGGGTACCGTCACTCGCCTCGCACCGTCC – 
Biotin - 3’ (Aptamer DNA probe, Apt), 5’- GGACGGTGCGAGGCG - Cy5Sp - 
3’ (Fluorophore DNA probe, F) and 5 – IabRQ - GTGACGGTACCC - 3’ 
(Quencher DNA probe, Q). The fluorophore (Cy5) had an excitation 
wavelength of 648 nm and an emission wavelength of 668 nm. The quencher 
(Iowa Black RQ) had an absorbance between 500 and 700 nm. Vascular 
Endothelial Growth Factor 165 (referred as VEGF onwards) was purchased 
from Fisher Scientific (Spain). Sodium chloride was purchased from Sigma-
Aldrich (Spain).Potassium chloride and TRIS were purchased from Panreac 
(Spain). Streptavidin, Bovine Serum Albumin (BSA) and Whatman filter paper 
#1 and glass covers were purchased from Sigma Aldrich (Spain). Polymethyl 
methacrylate (PMMA) Plexiglas 4 mm, was purchased from Evonik Industries 
AG (Germany). Pressure Sensitive Adhesive (PSA) ARcare 8939 was 
purchased from Adhesive Research (Ireland). Human adult Mesenchymal 
Stromal Cells were obtained from donated human hair follicles (hHF-MCSs, 
p6). Complete cell culture medium consisted of Dulbecco’s Modified Eagle’s 
Medium (DMEM), Fisher Scientific (Spain), supplemented with 30 % Fetal 
Bovine Serum (FBS), Fisher Scientific (Spain), and 10 % 
Penicillin/Streptomycin (P/S), Fisher Scientific (Spain). 

2.2 Solutions 

Buffer solution consisted of sodium chloride 100 mM, potassium chloride 5 
mM and TRIS 2 mM in distilled water, regulated to pH 7. All DNA probes were 
dissolved and then diluted in buffer solution. Three different VEGF-SSSA 
solutions were prepared. VEGF-SSSA solution 1 (FAptQ 1) consisted of F (1 
µM), Apt (2 µM) and Q  (3 µM), following a ratio 1:2:3. VEGF-SSSA solution 
2 (FAptQ 2) consisted of F (200 nM), Apt (600 nM) and Q (600 nM) following 
a ratio 1:3:3. VEGF-SSSA solution 3 (FAptQ 3) consisted of F (200 nM), Apt 
(600 nM) and Q (1 µM), following a ratio 1:3:5. Two different fluorescence 
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control solutions were prepared. Fluorescence control solution 1 (FApt 1) 
consisted of F (1 µM) and Apt (2 µM) and fluorescence control solution 2 
(FApt 2) consisted of F (200 nM) and Apt (600 nM). Additionally, three F:Q 
solutions were prepared. F:Q solution 1 (FQ 1) consisted of F (1 µM) and Q 
(3 µM), F:Q solution 2 (FQ 2) consisted of F (200 nM) and Q (600 nM) and 
F:Q solution 3 (FQ 3) consisted of F (200 nM) and Q (1 µM). Finally, two 
solutions of F were prepared: F 1 (1 µM) and F 2 (200 nM). VEGF was 
dissolved and diluted in PBS in all cases. VEGF solutions 1, 2, 3, 4, 5, 6 and 
7 had a concentration of 0.01, 0.1, 0.5, 1, 2.5, 5 and 10 µg mL-1, respectively. 

2.3 Fluorescence measurements 

For solution assays: fluorescence measurements were done on a Promega 
Globax Multi Detection fluorometer (USA) at an excitation wavelength of 620 
nm. Data were normalized to the fluorescence control intensity (F), taking the 
fluorescence control as the maximum possible fluorescence (100 %) and 
calculating the percentage for each sample and the negative controls, see 
equation 1. 

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  𝑥𝑥 100 

 

(eq. 1) 

For paper assays: fluorescence microscopy images were acquired with a 
modified Nikon Eclipse TE2000-S inverted microscope (USA), with and 
adapted Andor Zyla sCMOS black and white camera (Oxford Instruments, 
UK). Lumencor laser 640 nm was used as light source for excitation and Quad 
EM filter: 446/523/600/677 with 4 TM bands: 446/34 + 523/42 + 600/36 + 
677/28 4. Four different areas of each paper samples were imaged with a 20x 
objective, the fluorescence intensity was obtained from the NIS elements 
analysis software and then, the mean value of the four images was 
calculated. Data were normalized to the fluorescence control (F or FApt) 
intensity. 
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3. Results and discussion 

The three-parts VEGF-SSSA developed in this work (see Figure 1 A), which 
is similar to the one described by R. Nutiu et al. 16, is composed of the 
following sequences: a lead probe containing an elongation sequence 
followed by the VEGF aptamer sequence bound to a biotin protein at its 3’ 
end (aptamer probe, Apt); a probe containing the complementary sequence 
to the first 15 nucleotides of the elongation sequence bound to a Cy5 
fluorophore at its 3’ end (fluorescence probe, F); and a probe containing the 
complementary sequence to the last 5 nucleotides of the elongation 
sequence and the first 7 nucleotides of the VEGF aptamer sequence bound 
to a Iowa Black RQ quencher at its 5’ end (quencher probe, Q). On its native 
form, the VEGF-SSSA is formed by the bonding of F and Q to Apt (FAptQ). 
In presence of VEGF, Q is displaced and Apt joins VEGF to form FApt - 
VEGF. 

A biotinylated three parts design was chosen as the best option for 
immobilization on substrates. While DNA has been easily immobilized in 
some substrates (i.e. cellulose or nitrocellulose), the addition of a biotin 
residue at the 3’ end of the aptamer enables the immobilization on other 
streptavidin functionalized substrates. As the biotin is bound to a lead probe 
where the other two probes bind to, and not to the Q itself, the immobilization 
should not affect the performance of the SSSA as the Q can detach from the 
FAptQ structure, releasing the fluorophore. The Q was designed to be 
complementary to both part of the elongation sequence and part of the Apt 
sequence. This configuration permits to anchor the Q to the Apt, to maintain 
the capture capabilities of the Apt and to disable any possible VEGF 
recognition without Q displacement. 

The design of the VEGF-SSSA aimed to accomplish the following objectives; 
1) to be able to detect, in a single step, low concentrations of VEGF with great 
specificity, 2) to enable immobilization on substrates for further 
implementation on microfluidics. The aptamer probe was an adaptation of the 
VEGF aptamer 3R02. The 3R02 was reported by Nonaka et al. 10 as mutation 
of the VEap121 aptamer made by in silico maturation, with improved 
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sensitivity. Authors reported that the 3R02 has a good specificity for the 
growth factor with the lowest dissociation constants (Kd ) for VEGF among all 
the aptamers found in literature at 300 pM so far.  

3.1. VEGF-SSSA performance and VEGF detection in solution 

For a correct VEGF-SSSA design, the DNA probes must form a three-
dimensional structure in which only the proximity obtained between the 
fluorescence probe and the quencher probe, when both F and Q are 
assembled to the aptamer strand, results in an efficient fluorescence 
quenching.  

First, we evaluated the quenching performance of the Q in our VEGF-SSSA. 
Solutions of F, FApt, FQ and FAptQ, in a ratio of 1:2:3, respectively (solution 
FAptQ 1, see experimental section), were analyzed in solution. The detailed 
experimental procedure can be found in Supporting Information 1.  

The fluorescence signal obtained from F, FQ or FApt solutions were similar, 
while the signal from the FAptQ solution was 80 % lower. These results 
indicated an efficient formation of the FAptQ duplex and quenching of the 
fluorescence signal (Figure 2 A).  

However, contrary to our expectations, the incubation of FAptQ with the target 
VEGF (10 µg mL-1), did not cause a change in the fluorescent signal.  

Looking for the explanation of this negative result, the whole assay was 
carried out in the homemade PMMA well array in order to reduce the sample 
volume from 100 µL to 7.5 µL and so, to improve microscopy observation. 
Bright fluorescent aggregates were observed in the solutions containing 
VEGF (Figure 2 B).  

Those aggregates were considered the come from the agglomeration of a 
FApt - VEGF complex formed after the displacement of the Q, which would 
explain the low fluorescence signal obtained from the FAptQ after the addition 
of VEGF 30.  
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Figure 2. Characterization of VEGF-SSSA performance and VEGF detection in solution. 
A) Plot of the fluorescence intensity for different combinations of Fluorescence probe (F), 
Aptamer probe (Apt) and Quencher probe (Q) solutions, as well as the formed VEGF-
SSSA (FAptQ) before and after the addition of 10 µg mL-1 of VEGF, all normalized to F 
intensity. Error bars correspond to mean values ± SD (n = 3). B) Fluorescence microscopy 
images of the solutions containing FApt, FAptQ and FAptQ after the addition of a 10 µg 
mL-1 VEGF solution (FApt - VEGF). 
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3.2. VEGF-SSSA performance and VEGF detection on printed wax-circles 

To characterize the quenching performance of Q in our VEGF-SSSA assay 
on cellulose paper wax-circles were printed, see Figure 3 A. The detailed 
experimental procedure for the paper devices fabrication can be found in 
Supporting Information 2. The detailed experimental procedure for the VEGF 
detection assays on cellulose paper can be found in Supporting Information 
3.  

Solutions of FApt, FQ and FAptQ in ratios of 1:3:3 (solution FAptQ 2) and 
1:3:5 (solution FAptQ 3) for F, Apt and Q, respectively, were loaded onto the 
cellulose paper and analyzed using fluorescence microscopy. In the case of 
the solutions following a 1:3:3 ratio, the FAptQ solution presented 65 % lower 
fluorescence signal than the one obtained for the FApt solution, indicating 
proper assembly of the VEGF-SSSA. FQ solution presented a similar 
fluorescence intensity to that of FApt, indicating that without the presence of 
the Apt, the Q was not able to quench the fluorophore from F. In the case of 
the 1:3:5 ratio solutions, the sole combination of free Q with free F in the FQ 
solution induced a reduction of the fluorescence signal by 15 %, indicating 
that a higher concentration of Q could quench the fluorophore even in the 
absence of the Apt. For that reason, the rest of the experiments were 
performed with the 1:3:3 ratio solutions (solution FAptQ 3) (Figure 3 B).  

For the detection of VEGF in paper, either 1µL of 10 µg mL-1 VEGF solution 
or PBS (negative control) were incubated on the wax-circles treated with 
FAptQ, see experimental section, and imaged by fluorescence microscopy. 
The fluorescence signal increased by a 17 % in the presence of the VEGF 
(53 ± 2 %) when compared to the fluorescence signal of the negative control 
(36 ± 3 %), indicating binding of VEGF to FApt and the formation of FApt - 
VEGF.  

To evaluate the specificity of the assay, other proteins were tested. Either 1 
µL of BSA or a streptavidin solution (100 µg mL-1) were loaded into the wax-
circles with VEGF-SSSA. In both cases, the fluorescence signal remained 
similar to the signal of the negative controls (36 ± 2 % and 36 ± 6 %, 
respectively) (Figure 3 C).  
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Figure 3. VEGF-SSSA binding performance and VEGF detection on cellulose paper. A)  
Photographs and specifications for printed wax-circles (internal diameter 0.75 cm). B) Plot 
of the normalized fluorescence intensity in samples containing different combinations of 
Fluorescence probe (F), Aptamer probe (Apt) and Quencher probe (Q) at different ratios, 
normalized to the fluorescence control (FApt) intensity. Error bars correspond to 
mean values ± SD (n = 3). C) Plot of the fluorescence intensity observed in the negative 
control (FAptQ) and in samples incubated with streptavidin (Strp, 100 µg mL-1), BSA (100 
µg mL-1) and VEGF (FApt - VEGF, 10 µg mL-1), normalized to the fluorescence control 
(FApt) intensity. Error bars mean ± SD (n = 3). Statistical significance: One-Way ANOVA, 
where ns. means p > 0.05 and ** means p ≤ 0.01 D) Microscope images of the wax circles, 
showing the fluorescence obtained in the fluorescence control (FApt), the negative control 
(FAptQ) and the VEGF treated (FApt - VEGF) samples.  



Paper based microfluidic analytical device for single-step detection of mesenchymal stromal cells 
secreted VEGF 

190 
 

These results confirmed, the affinity of the FApt probe for VEGF, an efficient 
displacement of the Q producing the release of the fluorophore, and the 
specificity of the FApt probe for VEGF over other proteins such as BSA and 
streptavidin.   

Contrary to the results obtained in the solution assays, fluorescence intensity 
in paper was more homogenous through the entire sample surface, since no 
agglomerates were observed. This behavior can be attributed to the 
spreading and deposition of the VEGF-SSSA among the cellulose surface. 
The higher fluorescence intensity values can also be associated with the 
evaporation of the reagents, as evaporation itself has been previously 
described to improve sensing on surfaces due to enrichment of the reagents 
found in the droplet increasing molecular interaction frequency and reaction 
rates 31. Finally, the fact of having obtained better results in the detection of 
VEGF with the paper SSSA assay than with the solution assay could be 
explained by the fact that aptasensors often improve their functionality when 
they are immobilized on solid supports 32.   

To evaluate the sensitivity of our VEGF-SSSA for VEGF, different 
concentrations of VEGF solution (ranging from 0.01 to 10 µg mL-1) were 
loaded on the printed wax-circles.  

As seen in Figure 4, VEGF was detected on the paper substrate starting from 
the 0.1 µg mL-1 VEGF solution onwards. Higher fluorescence intensity, 
increasing from 5 % to 27 % from the quenched FAptQ, was observed with 
increasing concentrations of VEGF (40 ± 3 % for the concentration of 0.1 µg 
mL-1 to 61 ± 1 % for the concentration of 10 µg mL-1, total normalized 
fluorescence intensity). A plateau was reached at the concentration of 5 µg 
mL-1, as higher concentrations produced similar fluorescence intensities. This 
demonstrated the sensitivity of our VEGF-SSSA to different VEGF 
concentrations. 

A calibration curve was fitted in a logistic regression curve and both, VEGF 
limit of detection (LOD, 3 x Blank values) and limit of quantification (LOQ, 3.3 
x LOD) were calculated to be 229.24 and 756.49 ng mL-1 respectively, 
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corresponding to 0.57 ng and 1.89 ng respectively of VEGF in our assay. The 
Kd calculated from the curve 33 was 436.14 ng mL-1 (19 nM). 

 

Figure 4. Detection of different concentrations of VEGF on the VEGF-SSSA treated 
Whatman filter paper. A) Plot of the fluorescence intensity obtained by the incubation with 
different concentrations of VEGF (0.01, 0.1, 0.5, 1, 2.5, 5 and 10 µg mL-1), normalized to 
the fluorescence control intensity. Error bars correspond to mean values ± SD (n = 4). B) 
Microscope images of the fluorescence obtained in paper samples treated with different 
concentrations of VEGF. 

The range of VEGF concentrations that can be detected with our VEGF-
SSSA treated paper support was between 200 and 5000 ng mL-1. While the 
LOD of this technique was higher than those found in the literature, where 
detection of concentrations as small as picograms and fentograms per liter 
have been achieved 14,34,35, thanks to the reduced volume of sample required 
by the paper substrate (1 - 2.5 µL), the minimum amount of VEGF that can 
be detected was calculated to be as low as 500 pg. While the Kd obtained 
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was higher than the Kd reported for the 3R02 aptameric sequence, it lied 
within the values obtained by other authors (between 0.3 to 20 nM) 11,36. Cells 
have a wide range of secretion profiles of VEGF, for instance in the case of 
MSCs it ranges from 30 to 200 ng per 106 cells per day depending on the 
stimuli 37,38. Therefore, our technique could be useful for the monitoring of 
medium during long-term MSCs cultures.  

3.3. VEGF detection in µPAD 

In order to integrate controls and samples analysis in the same analytical 
platform, the VEGF-SSSA detection assay was further developed on a µPAD 
format. The µPAD contained four interconnected zones: a sampling zone, a 
VEGF detection zone, a fluorescence control zone and an endpoint, Figure 
5 A. As seen in Figure 5 B, loading of VEGF 10 µg mL-1 sample produced a 
fluorescence recovery of 25 % (60 ± 1 %, total normalized fluorescence 
intensity) when compared with the negative controls (32.0 ± 0.9 %, total 
normalized fluorescence intensity), which remained in their native quenched 
state.  

The performance of the VEGF-SSSA was similar to the previous assay 
performed in the Whatman filter paper substrate. Furthermore, all VEGF 
concentrations tested produced similar intensities to those obtained in the 
previous assays. This demonstrated that both, flow or static modes achieved 
to the same results (see Figure SI-3.3.). The same maximum intensity could 
be observed for the fluorescence controls in both samples where VEGF or 
buffer were loaded, indicating that the inclusion of both reservoirs did not 
affect the detection but simplified the methodology as the device includes a 
reference signal that could be analyzed alongside the sample.  

3.4. Cell secreted VEGF detection in µPAD 

The VEGF-SSSA treated µPAD was applied for the determination of VEGF 
in the supernatant of hHF-MSCs culture. MSCs have interest in many 
biomedical applications due to their capacity of differentiation, 
reprogramming. MSCs have been reported to be VEGF secretors 39, which 
further validates their applicability.  
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Figure 5. Detection of VEGF in µPAD. A) Photographs and specifications for the µPAD. 
Numbers refer to the different zones in the µPAD: (1) sampling zone, (2) VEGF detection 
zone, (3) fluorescence control zone and (4) endpoint, where flow stops. B) Plot of the 
normalized fluorescence intensity obtained by the fluorescence control (FApt), negative 
control (FAptQ) and samples incubated with VEGF 5 and 10 µg mL-1 (FApt - VEGF), 
normalized to the fluorescence control (FApt) intensity. Error bars correspond to 
mean values ± SD (n = 3). C) Microscope images of fluorescence in the fluorescence 
control zone and detection zone incubated with and without VEGF.  

hHF-MSCs (5 106 cells mL-1) were cultured for 7 days on low volume of 
culture medium in order to promote cell secretion. After that, supernatant was 
loaded on the VEGF-SSSA treated µPAD and the fluorescence intensity was 
measured. The detailed experimental procedure can be found in Supporting 
Information 4. The normalized fluorescence intensity obtained in the µPADs, 
incubated with cell supernatant, was 49 ± 2 %, indicating that around 14 % of 
the fluorescence was recovered from its quenched state, which correlates 
with a VEGF secretion between 109-163 ng per 106 cells per day, Figure 6.  
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Figure 6. Detection of secreted VEGF in hHF-MSCs supernatant. A) Plot of the normalized 
fluorescence intensity obtained in the fluorescence control (FApt), negative control 
(FAptQ) and in cell’s secreted VEGF (FApt - VEGF), normalized to the fluorescence 
control (FApt) intensity. Error bars correspond to mean values ± SD (n = 3, samples per 
experimental condition). B) Brightfield microscopy image of hHF-MSCs in high confluence 
(top left) and fluorescence microscope images of fluorescence control, negative control, 
and secreted VEGF incubated samples. 

Our results showcased that the VEGF secretion in a cultured hHF-MSCs can 
be detected with the VEGF-SSSA µPAD. While promising, the data obtained 
from this analysis must be taken as indicative, as other secreted proteins by 
the cells such as less common VEGF subtypes might be interfering in the 
detection. However, both the previous work on the 3R02 aptamer 10,40 and 
this work have demonstrated specificity and sensitivity to the target protein, 
as materials coming from the µPAD fabrication process nor chemical from the 
DMEM medium have shown to interfere with the proposed assay.  

While further work is required to establish the VEGF-SSSA µPAD as a fully 
validated VEGF biosensor device, these results give powerful insights in the 
capabilities of our aptasensor, demonstrating its function on real cell culture 
scenarios. 
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4. Conclusions 

We developed a simple to use µPAD treated with a novel VEGF-SSSA for 
the single-step detection and quantification of VEGF with good sensitivity to 
different concentrations of the growth factor, being able to detect and quantify 
0.57 and 1.89 ng of VEGF respectively. The immobilization of the self-
reporting VEGF-SSSA on the cellulose paper improved the performance of 
the VEGF-SSSA and the homogeneity of the fluorescence signal, allowing a 
fast, single-step quantification of the VEGF concentration by fluorescence 
imaging of the substrates in a simple, low-cost material. 

To the best of our knowledge, this is the first time a SSSA has been integrated 
into a paper microfluidics device. The µPAD was used, as a proof of concept, 
for the detection of VEGF in the supernatant from hHF-MSCs cell culture. In 
general, our approach is in concordance with previous reports, which 
demonstrated that DNA-based biosensors and µPADs are powerful 
combinations for the generation of simpler analytical tools to study biological 
samples.  
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5. Supporting information 

SI-1. VEGF-SSSA assay in solution 

In order to test the quenching performance of the VEGF-SSSA, the 
fluorescence intensity obtained from solutions F 1, FApt 1, FQ 1 and FAptQ 
1 was measured. Additionally, 1 µL of VEGF solution 7 was added to 99 µL 
of FAptQ 1 to address VEGF detection. After 30 min incubation at room 
temperature, all solutions were loaded in a 96-well black microtiter plate (100 
µL per well, n = 3 per experimental condition) and fluorescence intensity was 
measured. Three wells were loaded with buffer solution to measure the 
background signal.  

For the microscopy observation of the VEGF-SSSA + VEGF solutions a 
customized well array (16 wells of 2 mm diameter) was fabricated on a 4 mm 
thick PMMA with a glass cover at the bottom assembled with a double side 
pressure sensitive adhesive layer, see Figure SI-1 for specifications. FApt 1 
and FAptQ 1 solutions were incubated at room temperature for 10 min. 
Afterwards 5 µL of each solution were loaded in the wells and incubated at 
room temperature for another 5 min (n = 3 per experimental condition). 
Afterwards, wells containing FAptQ 1 were loaded with 2.5 µL of either VEGF 
solution 1 or PBS (negative control). Wells containing FApt 1 were loaded 
with 2.5 µL of PBS. All samples were protected from light during the 
performance of the assays.   
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Figure SI-1. PMMA well array specifications. 

The reservoirs were pretreated with streptavidin to ensure the stable 
immobilization of the biotinylated VEGF-SSSA. In addition, the whole µPAD 
was blocked with BSA as a way to avoid unspecific attachment of the VEGF 
to the cellulose paper. 
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SI-2. VEGF-SSSA µPAD fabrication 

The protocol for wax printing and µPAD fabrication is described in detail in 
previous publications 26,41. Briefly, features were wax-printed on Whatman 
filter paper. Wax was melted for 5 min at 125 ºC on a hot plate. Two types of 
features were wax-printed. First, small wax-circles were printed for the 
characterization of the VEGF-SSSA performance and the detection of VEGF. 
Second, a proof-of-concept linear µPAD, containing four interconnected 
zones: a sampling zone, a VEGF detection zone, a fluorescence control zone 
and an endpoint, was used for the detection of secreted VEGF.  
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SI-3. VEGF-SSSA assay on cellulose paper 

The quenching performance of the VEGF-SSSA was tested on the Whatman 
filter paper using the printed and melted wax-circles. FApt 2, FQ 2, FQ 3, 
FAptQ 2 and FAptQ 3 solutions were prepared and incubated at room 
temperature for 10 min. Afterwards, 5 µL of each solution were loaded on the 
printed wax-circles and were left for incubation and evaporation for another 
10 min at 37 ºC on top of a hot plate. All samples were done by triplicate and 
were protected from light during the assay. Fluorescence intensity was 
measured using fluorescence microscopy. 

For the experiments of the direct detection of VEGF on wax-circles the FAptQ 
2 solution was incubated for 10 min. Afterwards, 5 µL of the solution was 
loaded in each wax-circle and incubated for another 10 min at 37 ºC. After 
the evaporation of the solution, 1 µL of either VEGF solution 7 or PBS 
(negative control) was loaded on the wax-circle and was incubated again for 
20 min at room temperature until solvent evaporation. 

In order to check the specificity to the growth factor and the possible 
interactions with other proteins, several wax-circles containing FAptQ 2 were 
also loaded with 1 µL of either BSA or streptavidin solution. BSA was added 
as a blocking agent to prevent nonspecific interaction of the DNA probes with 
the µPAD. On the other hand, streptavidin would allow a robust and specific 
binding of biotinylated DNA probes to the µPAD. In addition, several wax 
circles were prepared with FApt 2 as a positive fluorescence control. All 
samples were analyzed in triplicate and protected from light during the test. 

The detection of different concentrations of VEGF was studied using printed 
wax-circles. Using the same procedure presented above. FAptQ 2 wax-
circles were loaded with 2.5 µL VEGF solutions 1, 2, 3, 4, 5, 6 and 7. 
Fluorescence and negative controls were carried out, as previously 
explained. All samples were done by triplicate and were protected from light 
during assay performance. 

The detection of VEGF was tested on the printed µPAD. After printing and 
heating the µPAD, 1 µL of streptavidin solution was loaded in both the VEGF 
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detection zone and the fluorescence control zone and were incubated for 5 
min at 37 ºC. The streptavidin was added to anchor the biotinylated DNA 
probes to the detection and control zones. Afterwards, FApt 2 and FAptQ 2 
solutions were prepared and incubated for 10 min at 37 ºC and let to dry. 
Then, 1 µL of FAptQ 2 solution was loaded on reservoir 1, whereas 1 µL of 
the FApt 2 solution was loaded on reservoir 2 and incubated at 37 ºC for 10 
min, and let to dry. After this, 5 µL of BSA solution, serving as blocking agent 
to avoid unspecific deposition of the VEGF, were loaded on the sampling 
zone and let to flow through the channel. Finally, after 10 min incubation at 
37 ºC, 4 µL of either VEGF solutions 2, 4, 6 and 7 or PBS (negative control) 
were loaded at the sampling zone and let to flow through the channel. The 
µPADs were left 20 min at room temperature and finally, their detection zones 
were analyzed by fluorescence microscopy. All samples were done by 
triplicate and were protected from light during assay performance. 

The fluorescence intensities obtained for the different VEGF concentrations 
were similar to the assays on wax-printed circles, Figure SI-3. 
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Figure SI-3. VEGF detection in µPAD. Graphical representation of the comparison 
between the fluorescence intensities observed in samples incubated with VEGF (0.1, 0.5 
and 5 µg mL-1) inside wax-printed circles (grey) and µPADs, normalized to their 
corresponding fluorescence control intensity. Error bars correspond to mean values ± SD 
(n = 3). 
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SI-4. Secreted VEGF detection in cell culture supernatant in µPAD 

For the detection of secreted VEGF with the VEGF-SSSA µPAD, hHF-MSCs 
at passage 6 were cultured in p75 flasks with 15 mL of complete DMEM 
medium (30 % FBS, 10 % penicillin-streptomycin). Cells were maintained in 
confluence for 5 days. Afterwards, to promote further VEGF secretion 42–44, 8 
mL of medium was retrieved and cells were left secreting for another 48 h. At 
the end of day 7, supernatant was retrieved. Cells were detached and 
counted at the end of the experiment, presenting a concentration of 5 106 

cells mL-1.  

During the fluorescence and negative controls, the addition of PBS solution 
was replaced by complete DMEM medium, which did not produce any 
significant difference in fluorescence intensity, see Figure SI-4. 

VEGF-SSSA µPADs were fabricated and treated as previously explained 
(section 2.4 and 2.6). After the blocking step, 4 µL of either the subtracted 
cell’s supernatant or DMEM medium (negative control) were loaded at the 
sampling zone and let flow through the channel. The channels were left 
incubating for 20 min at room temperature. Samples were analyzed by 
fluorescence microscopy. All samples were done by triplicate and were 
protected from light during the assay.  
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Figure SI-4. VEGF detection in PBS or DMEM dilution. Plot of the fluorescence intensity 
observed in samples incubated with VEGF (10 µg mL-1) in either PBS or DMEM medium, 
normalized to the fluorescence control intensity. Error bars correspond to mean values 
± SD (n = 3). 
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Abstract 

The effect of cell-cell contact on gene transfection is mainly unknown. 
Usually, transfection is carried out in batch cell cultures without control over 
cellular interactions, and efficiency analysis relies on complex and expensive 
protocols commonly involving flow cytometry as the final analytical step. 
Novel platforms and cell patterning are being studied in order to control 
cellular interactions and improve quantification methods. In this work, we 
report the use of surface patterning of fibronectin for the generation of two 
types of mesenchymal stromal cells patterns: single cell patterns without cell-
to-cell contact, and small cell-colony patterns. Both scenarios allowed the 
integration of the full transfection process and the continuous monitoring of 
thousands of individualized events by fluorescence microscopy. Our results 
showed that cell-to-cell contact clearly affected the transfection, as single 
cells presented a maximum transfection peak 6 hours earlier and had a 10 % 
higher transfection efficiency than cells with cell-to-cell contact. 

Keywords: Surface Patterning; Cell Patterning; Gene Transfection: Cell-cell 
Contact; Continuous Monitoring; GFP; Mesenchymal Stromal Cell. 
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1. Introduction 

The process of gene transfection refers to the manipulation of eukaryotic 
cell’s genome. Most commonly, gene transfection is based on the insertion of 
exogenous genetic material into a cell for its expression using the cell’s own 
gene expression process. In some cases, the exogenous gene is completely 
integrated into the genome of the cell. More recently, gene transfection has 
also been centered in the incorporation of editing tools for cell’s genome 
through the generation of sequence-specific strand breaks and the 
synthetically guided modification of a desired gene 2,3. It constitutes the base 
of gene therapy, which aims to cure and treat genetic-related diseases and 
disorders through the insertion of specific genes or the manipulation and 
editing of existing, pathological genes 4. Cell cultures are commonly used to 
carry out the transfection of cells and test, quantify and optimize transfection 
protocols that could lead to the development of efficient gene therapies 5,6.  

One major parameter studied to address the potential of a transfection 
protocol is the gene transfection efficiency, defined as the proportion of cells 
that, after exposure to transfection reagents, incorporate the genetic material 
inside their genome and express the desirable product. The efficiency of a 
transfection is directly related to the delivery system used, the design of the 
nucleic acid sequence, the target cell type and the cell cycle 7,8. Usually, 
analysis of the gene transfection efficiency consists on the transfection of a 
gene that encodes the expression of a fluorescent protein reporter, such as 
green fluorescence protein (GFP), to cells seeded in conventional cell culture 
plates. Quantification of the efficiency is most commonly carried out by 
analysis of detached cells or non-adherent cells using flow cytometry, which 
allows the accurate quantification of the total number of cells as well as the 
quantification of the number of cells expressing the fluorescent protein. 
Microscopy imaging of attached cells is also widely used, where the images 
are compared to address the ratio of transfected cells over the total number 
of cells, usually relying on complex imaging processes or secondary dies for 
quantification 9–11. 
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While conventional analysis of the transfection efficiency is undeniably 
optimal in many cases, it also presents two major limitations that could affect 
the analysis. The first one is the lack of control over cell-cell interactions. 
Conventional cell culture lack control over the many cell-cell interactions and 
therefore, may not represent the best conditions for gene transfection. 
Moreover, it has been demonstrated that cell-substrate and cell-matrix 
interactions as well as cell architecture can affect cells behavior and in turn 
affect cell transfection 5,12. Over the past decade, several studies helped to 
better understand and control the interactions that may affect gene 
transfection. For example, Dhaliwal et al. demonstrated that the interaction 
with the extracellular matrix heavily influences the process of transfection, 
since different mechanisms of gene transfection could be observed in regular 
seeded cells compared to cells cultured in a three-dimensional hydrogel 
scaffold 13. Modaresi et al. demonstrated that the stiffness of the substrate 
influenced plasmid internalization due to the role of stress fibers associated 
with the endocytosis of the carriers 14. Shui et al. showed that surface 
patterning on superhydrophobic areas improved cell adhesion, separation of 
cell colonies and transfection efficiency in comparison to flat poly-D-lysine 
substrates 15. The effect of the substrate hydrophobicity of patterned cells and 
the chemical interactions  of high density cell-clusters on the transfection 
efficiency were also studied 16,17.  Combined pattern of transfection reagents 
and extracellular matrix proteins into the surface, commonly known as 
reverse transfection, were employed. Recently, Yang et al. demonstrated that 
cell spreading affects and enhances gene transfection on patterned single 
cells 18.  

Besides the lack of control over cell-cell interactions, the second main 
limitation found in conventional transfection efficiency studies is related to the 
methods of analysis. Flow cytometry, the most commonly used analytical 
methodology, has a relative high cost of materials and equipment, while 
requires trained personnel. On top of that, the different steps required during 
the analytical process, like detachment of cells or incorporation of secondary 
dyes, may affect cell state in a way that can affect the analysis of gene 
transfection. Furthermore, any process that requires cell fixation or 
detachment functions as end-of-assay analysis, disables the possibility for 
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real-time and continuous monitoring of gene transfection 9,19–22. The current 
trend to facilitate and speed up data collection, as well as to incorporate non-
invasive analytical measurements, is the design of platforms that provide high 
throughput real time screening capabilities. Microfabrication has enabled the 
development of miniaturized platforms with multiple interrogation sites that 
allow high throughput screening of transfection conditions. For example, 
microfluidics platforms such as droplet microfluidic systems enabled single 
cell transfection of hard-to-transfect cell lines with improved transfection 
efficiency 23. Woodruff et al. developed a microfluidic device based on 
individual cell culture chambers that allowed the simultaneous monitoring of 
280 independent transfections, achieving 99 % transfection efficiency 24. 
Later, Guiponni et al. also developed an easy to use lab-on-a-chip device with 
cylindrical culture chambers that allowed the high-throughput analysis of 
transfection to compare vector efficiencies 25. 

Overall, there is an increasing interest in developing new platforms for the 
analysis of gene transfection efficiency in order to improve the control over 
cell interactions, facilitate the method of analysis, or a combination of both. In 
particular, surface micropatterning is a methodology to produce localized 
deposition of adhesion proteins on a surface and to enable the formation of 
cell patterns with controlled cell-cell contact. These cell arrays have been 
proven to be suitable for gene transfection, having the potential to overcome 
the limitations of conventional cell cultures 26. Thanks to the versatility of the 
technique, great control over cell interactions can be achieved, including cell-
material and cell-cell interactions, while also enabling the easy generation of 
high number of data points in a small substrate area 27–31. Cells patterns can 
be directly transfected and monitored, without the need of detaching and 
transporting the cells to a different setup, as the pattern itself simplifies 
quantification due to the highly controlled localization of the cells. 

While previous studies have addressed how various types of cell interactions 
affect gene transfection, the degree in which cell-cell interaction and physical 
contact between cells affect the transfection processes is still mostly 
unknown. As cell-cell contact is a major factor in several transcriptional and 
translation pathways, it is expected to influence gene transfection. Regular 
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cell cultures hinders the control over cell-cell interaction, which in turn 
prevents a controlled analysis of its effect on gene transfection. Therefore, 
cell patterning arises as a promising methodology for this type of analysis. 
While surface micropatterning has been widely used for the monitoring of 
cultured cells, the use of this methodology for the study of gene transfection 
with controlled cell-cell contact has not been reported.  

In this paper, we report on the use of surface micropatterns to create cell 
arrays and assess the effect of cell-cell contact on the efficiency of gene 
transfection, as well as to monitor the progress of the transfection process 
over time. Primary human Hair Follicles Mesenchymal Stromal Cells (hHF-
MSCs) were chosen due to their potential use in regenerative medicine and 
their hard-to-transfect nature 23.  

2. Materials and methods 

2.1. Materials 

Primary human Hair Follicles Mesenchymal Stromal Cells (hHF-MSCs) were 
obtained from human follicles (passages 6 to 9). Bovine plasma fibronectin, 
Dulbecco’s modified eagle’s medium (DMEM), fetal bovine serum (FBS), 
penicillin/streptomycin (P/S), Gibco trypan blue solution (0.4 %), 4',6-diamino-
2-phenylin (DAPI) dye, phalloidin dye, lipofectamine stem transfection 
reagent and opti-MEM I reduced serum medium were purchased from Fisher 
Scientific, Spain. Green Fluorescence Protein (GFP) encoding plasmid 
pCXLE-EGFP was purchased from Addgene, USA. Bovine serum albumin 
and propidium iodide were purchased from Sigma Aldrich, Spain. 
Polydimethylsiloxane silicone (PDMS) elastomer and curing agent were 
purchased from Ellsworth adhesives, Spain. Paraformaldehyde 4 % for 
fixation was purchased from Panreac Quimica, Spain. 

Brightfield and fluorescence images were taken with a modified Nikon Eclipse 
TE2000-S (USA) microscope with a LUMENCOR laser light source (USA) 
and Zylar sCMOS camera (Oxford Instruments, UK). Flow cytometry analysis 
were carried out with a FACS Calibur system from Becton Dickinson. 
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Microsocopy images were processed by FiJi/ImageJ software. Flow 
cytometry data was analyzed by Summit Software v4.3 (Dako) and Gallios 
software v1.2 (Beckman Coulter). Rocker Vari-Mix steep angle rocker 
(Thermo Fisher) was used for cell patterning. 

2.2. Patterning of single hHF-MSCs and small hHF-MSC-colonies 

Patterning of hHF-MSCs was obtained by incubation of a cell suspension 
inside a cell culture-well containing a pattern of fibronectin dots created by 
microcontact printing. Microcontact printing of fibronectin was performed as 
described elsewhere 28,32. Briefly, PDMS (ratio 10:1 of silicone and curing 
agent) was polymerized on top of silicon wafers containing holes of 20 µm or 
100 µm diameter holes with 50 µm of separation between two holes, creating 
stamps with either 20 µm or 100 µm diameter pillars. PDMS stamps were 
wetted with 50 µL of a 50 µg·mL-1 fibronectin solution in PBS for 30 min. 
Afterwards, the ink was removed and the PDMS stamps were rinsed with 
distilled water and dried with compressed air. Each PDMS stamp was put in 
contact with the bottom plate of the well in a 12-well microtiter plate for 
another 30 min, in order to transfer the protein from the PDMS stamp to the 
substrate and create small dots of fibronectin. Finally, PDMS stamps were 
removed and the wells were blocked with 1 mL of BSA solution 1% (w/v). The 
total area of the printed pattern in each well was 1 cm2. 20 µm (D20) patterns 
were comprised of 20000 fibronectin dots with a 20 µm diameter and a 50 µm 
separation between dots. 100 µm (D100) patterns were comprised of 4500 
fibronectin dots with a 100 µm diameter and a 50 µm separation between 
dots. D20 patterns were used to create single cell patterns. D100 patterns were 
used to create small cell-colony patterns. 

To attach the cells to the printed fibronectin D20 and D100 patterns, hHF-MSCs 
were incubated with complete medium (CM) in cell culture flasks until 
reaching 80 % confluence. CM consisted of DMEM supplemented with 30 % 
FBS and 10 % P/S. hHF-MSCs were detached from the flask, centrifuged and 
resuspended in serum-free medium (0% FBS) for a concentration of 100000 
cells mL-1. Serum-free medium for incubation on patterning and maintenance 
consisted in DMEM with 10 % P/S. 1 mL of the cell suspension was added to 
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each printed well and were left for 2 h on constant oscillation in a rocker inside 
an incubator at 37 ºC and 5 % CO2 air atmosphere. Afterwards, the remaining 
suspension was removed and the wells were rinsed 3 times with PBS, Figure 
1 A. 

For the quantification of the number of cells per dot (dot occupancy), cell area 
and cell aspect ratio, cells were fixated with formaldehyde and then dyed with 
phalloidin for 30 min and with DAPI for 5 min. Images were taken by brightfield 
and fluorescence microscopy and were analyzed using ImageJ. 

Stability of the D100 hHF-MSCs patterns on different maintenance mediums 
varying the FBS concentration. After adhesion of the cells to the fibronectin 
pattern, the culture medium was changed to maintenance medium, 
containing different concentrations of FBS (0 %, 5 %, 10 % and 20 %), and 
samples were left inside of the incubator for 24 h. Afterwards, images were 
taken by brightfield microscopy to check the conservation of the cell pattern. 

For the study of the viability of the patterned hHF-MSCs on serum free 
medium, substrates containing D20 and D100 cell patterns were kept for 72 h 
in maintenance medium 0 % FBS with daily medium changes. Every 24 h, 
brightfield microscopy images were taken. On the last day, cells were dyed 
with trypan blue to verify the survival of the remaining cells. Cell viability was 
calculated following equation 1. Images were analyzed using ImageJ.  
 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡𝑡𝑡)
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡0)  𝑥𝑥 100 

(eq. 1) 

2.3. Transfection of hHF-MSCs 

The transfection protocol was adapted from the commercial lipofectamine 
protocol. Both, the lipofectamine Stem Reagent and the pCXLE-EGFP were 
diluted in the serum free Opti-MEM medium at different concentrations, to 
generate four different transfection mixtures, the Transfection mix-1 
containing, 0.80 % (v/v) lipofectamine and 0.40 % (v/v) GFP plasmid in Opti-
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MEM medium; the transfection mix-2 containing 0.80 % (v/v) lipofectamine 
and 0.80 % (v/v) GFP plasmid in Opti-MEM; the transfection mix-3 containing 
1.60 % (v/v) lipofectamine and 0.40 % (v/v) GFP plasmid in Opti-MEM; and 
transfection mix-4 containing 1.60 % (v/v) lipofectamine and 0.80 % (v/v) GFP 
plasmid in Opti-MEM. Transfection mixtures were incubated at room 
temperature for 10 min to form the DNA-lipid complexes.  

To study the transfection efficiency of mix-1, 2, 3 and 4 in hHF-MSCs cultured 
in conventional cell culture well plates, hHF-MSCs were cultured in 24-well 
plates at 20000 cells per well and incubated to reach a confluence of about 
70 % or 90 %. Before transfection, the culture medium was replaced by one 
of the previously listed lipofectamine/GFP plasmid mixtures. 4 h after 
transfection, the medium containing the mixtures was replaced by DMEM 
culturing medium and cells were cultured for another 24 h. GFP expression 
was quantified using flow cytometry. Cytotoxicity and cell viability was 
evaluated with propidium iodide using flow cytometry. Two tailed t-student 
statistical analysis was carried out using Excel software.  

The same transfection methodology was followed for patterned hHF-MSCs in 
all assays. To test the transfection of patterned cells, cell-D100 patterns were 
incubated after adhesion with 600 µL of either transfection mix-3 or 
transfection mix-4 for 4 h. Afterwards, patterned cells were put in 
maintenance medium 0 % FBS. Brightfield and fluorescence images were 
taken after 24 h, Figure 1 B.  

For the analysis of the effect of cell-cell contact on the gene transfection 
efficiency, cell-D20 and cell-D100 patterns were transfected with mix-4 as 
previously indicated. Brightfield and fluorescence images were taken at 0, 12, 
18, 24, 30 and 42 h after transfection. For the quantification of the absolute 
transfection efficiency on patterned single cells, D20 cell patterns were 
transfected with mix-4. A grid was marked on the bottom of the 12-well 
microtiter plates dividing the cell pattern in 16 areas to facilitate continuous 
monitoring over the same area and the same cells over time. Brightfield and 
fluorescence images were taken at 0, 12, 18, 24, 30 and 42 h after 
transfection. 
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2.4. Quantification of transfection efficiency on patterned hHF-MSCs by 
microscopy images analysis 

For the quantification of transfection efficiency on patterned cells, two 
microscopy images of the patterns were taken after transfection: a brightfield 
image, to count the total number of patterned cells at a specific time, and a 
fluorescence microscopy image to count the number of cells expressing GFP, 
Figure 1 C.  Total number of cells and transfected cells were counted using 
Image J. Images of non-transfected cells patterned and cultured under similar 
conditions were taken as negative controls. Fluorescence images were taken 
using an inverted Nikon microscope, equipped with a LUMENCOR laser light 
source with 4 emission filters (446, 523, 561 and 677 nm) and Zylar sCMOS 
camera. DAPI images were taken at an excitation wavelength of 395 nm. 
GFP images were taken at an excitation wavelength of 480 nm. Phalloidin 
images were taken at an excitation wavelength of 640 nm.  

 

Figure 1. Graphical scheme of cell patterning, transfection and continuous evaluation 
of cell transfection efficiency with micropatterned substrates. A) Surface patterning of 
fibronectin features through microcontact printing and specific cell adhesion with 
controlled cell-cell contact to the fibronectin pattern. B) Direct transfection of patterned 
cells with GFP plasmid and liposome vector. Continuous observation of GFP 
expression is done through fluorescence microscopy. C) Transfection efficiency 
quantification through image analysis of total patterned cells and GFP expressing 
cells. 
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In all cases, higher fluorescence intensity was observed in the transfected 
samples when compared with the negative controls. Background signal, 
mainly coming from cells autofluorescence, was normalized from all images 
before the transfection evaluation by adjusting each transfected sample 
which its respective negative control, Supporting Information 1. Two tailed t-
student statistical analysis was carried out in Excel. 

In the case of the absolute transfection efficiency quantification, images were 
taken for each sample in the exact same position of the cell pattern on all 
times studied.  

2.5. Proliferation of patterned and transfected hHF-MSCs 

In order to check the capability of patterned and transfected hHF-MSCs to 
form a new culture after transfection, a proliferation assay was carried out. 48 
h after transfection with mix-4. Cells patterns were kept in a complete medium 
(30 % FBS), in the incubator for another 48 h. Brightfield images were taken 
to check cell spreading and proliferation. 

3. Results and discussion 

hHF-MSC primary cells, which have enormous clinical potential for 
regenerative therapies, were used in this study. In general, these cells are 
difficult to transfect thus the development of new methods to improve its 
transfectability could have a big clinical impact 19. Our hypothesis was that 
cell-cell contact might affect the efficiency of transfection in adherent cells. 
The quantification of the transfection efficiency of a green fluorescence 
protein encoding a DNA plasmid in hHF-MSCs was used as a model to study 
the feasibility of the method. The presence of fluorescence inside of a cell 
indicates that the transfection of the GFP plasmid was successfully carried 
out. This could be easily monitored by flow cytometry, or in the case of the 
patterned cells, by fluorescence microscopy. Lipofectamine, a cationic 
liposome previously reported for MSCs 33, was chosen as the carrier for the 
incorporation of the plasmid inside of the cell.   
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The formation of protein patterns using microcontact printing allows the 
generation of cell arrays with different interactions between cells. This 
procedure facilitates the comparison of the transfection efficiency between 
scenarios with no cell-cell contact (in arrays of single cells) and scenarios 
resembling conventional cultures (in arrays of small cell-colonies). This 
control over the absence or presence of cell-cell contact cannot be achieved 
in conventional cell culture, where factors such as cell confluence do not 
ensure the generation of a homogenous cell-cell contact scenario. 
Fibronectin was chosen as the adhesion protein as established in previous 
works 27,28. 

3.1. Cells seeding on custom protein pattern to control cell-cell contact. 

First, we evaluated the formation of cell patterns with controlled cell-cell 
contact. Two types of fibronectin patterns were produced on the bottom plates 
of 12-well microtiter plates. D20 patterns with single cells and D100 patterns 
with small cell-colonies. The images showed that cells adhered specifically to 
the fibronectin adhesion dots. In both types of patterns, 99 % of the dots were 
filled by cells. In D20 substrates, more than 85 % of the dots contained only 
one cell per dot (the calculated mean occupancy value was 1.1 ± 0.1 cells per 
dot), while in the D100 substrates more than 50 % of the dots contained 4 or 5 
cells (the calculated mean occupancy value was 4.6 ± 0.8 cells per dot) with 
a range of 2 to 8 cells per dot, Figure SI-4.1. The cells adhered to the 
fibronectin dots did not contact to each other; since the distance between dots 
was 50 µm. The size of the fibronectin dots affected the spreading of the cells. 
Single cells in the D20 substrates had a more rounded shape and filled a 
smaller area compared to the cells on D100 substrates (see Figure SI-2). 

Cells in culture media containing serum migrated out of the pattern in less 
than 24 h because it contained growth, migration and proliferation factors that 
directly affected the attachment of cells to the protein patterns (see Figure SI-
3 B). For this reason, next experiments were performed in serum-free culture 
conditions in order to keep the cells in the protein pattern. Although the lack 
of serum may not be optimal for mesenchymal stromal cells maintenance, it 
synchronizes the cell culture, and equalizes the cell phase of all cells 32. This 
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aspect may be important because cell transfection could be affected by the 
cell cycle 34.  

The stability and viability of hHF-MSCs on both D20 and D100 cell patterns was 
evaluated during 72 h. Viable cells were defined as alive cells that remain 
adhered to the substrate. Trypan blue stained less than 5 % of the cells, 
indicating than most of the cell in the pattern were alive. Our results showed 
that the 60 % and 53 %, after 48 h, and the 44 % and 41 %, after 72 h, of the 
patterned cells in the D20 and D100, respectively, remained alive on the 
pattern, Figure SI-4.3. C. 

3.2. Optimization of GFP plasmid/lipofectamine transfection on hHF-MSCs 

For the optimization of the transfection with lipofectamine and the GFP 
plasmid, we evaluated the transfection of hHF-MSCs cultured on 
conventional well plates using flow cytometry for the analysis as explained in 
experimental section 2.3. Cultures of hHF-MSCs with two confluences (70 % 
and 90 %) were transfected with four transfection mixtures containing 
different concentrations of GFP plasmid and lipofectamine. GFP expression 
was evaluated and analyzed by flow cytometry 24 h after cell transfection 
33,35. In summary, the highest transfection efficiency (20 %) was observed in 
cell cultures at 70% confluence with transfection mix-3 and 4, which falls 
within the expected range for mesenchymal stromal cells 19,35. For such 
reason, transfection mix-3 and mix-4 were used for the following transfection 
assay on patterned cells. The detailed results obtained from this assay are 
discussed on Supplementary Information 4. 

The same transfection protocol was carried out on cell-D100 patterns. 
Brightfield and fluorescence images were taken 24 h after transfection, in 
order to count the total number of attached cells and the GFP expressing 
cells, respectively. The efficiency of transfection using mix-3 and mix-4 on 
D100 was 22 ± 4 % and 22 ± 2 % respectively, Figure 2 A. These results were 
similar to those obtained for the conventional culture analyzed trough flow 
cytometry, confirming that the transfection process could be done on 
patterned cells. As seen in Figure 2 B, when analyzing the small cell-colonies 
independently based on the number of cells per dot, similar transfection 
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efficiency where observed in all cases (21 ± 2 %, 22 ± 1 % and 22 ± 1 % for 
the small cell-colonies with 3, 4 and 5 cells per spot, respectively).  

 

 
 

Figure 2. Transfection in hHF-MSCs. A)  Graph representing the transfection 
efficiency of D100 patterns transfected using mix-3 and 4. Error bars mean ± SD (n = 3, 
with ~4000 cells analyzed per sample). B) Graph representing the transfection 
efficiency of D100 patterns transfected using mix-4 separated based on the number of 
cells per dot. Error bars mean ± SD (n = 3). Statistical significance; One-way ANOVA 
(ns means no significant statistical differences of p ≥ 0.05). C) Brightfield and 
fluorescence images of a D100 pattern. 
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This indicates that, in principle, the presence of cell-cell contact may be 
affecting the transfection efficiency, but the number of cells per dot do not 
affect transfection efficiency. Mix-4 was chosen as the optimum concentration 
for further experiments, as it presented a high transfection and low deviation 
between samples.  

4.3.3. Transfection efficiency quantification on patterned single hHF-MSCs 
and small hHF-MSCs-colonies 

In order to evaluate the effect of cell-to-cell contact in the transfection process 
of hHF-MSCs, cells from D20 and D100 patterns were treated with the 
transfection mix-4 and monitored over time, taking brightfield and 
fluorescence images at 0, 12, 24, 30 and 42 h, after transfection.  

Cells within the small cell-colonies in D100 patterns presented clear and 
intimate cell-cell contact with other cells in the same colony after patterning 
and during transfection, showcasing an initial spreading similar to those found 
in conventional cultures (Figure 3 A). Meanwhile, single cells in the D20 

patterns were completely isolated from others and presented a rounded 
architecture without spreading (Figure 3 B).  

The transfection efficiency was calculated for each time, observing a 
Gaussian distribution of the transfection efficiency. Transfection efficiency 
was calculated using equation 2. GFP expressing cells were calculated using 
the number of cells presenting fluorescence after image processing at each 
specific time. Total number of alive cells for our patterns equals the number 
of cells that remain in the pattern at each specific time 27, SI-4.3. 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
𝐺𝐺𝐺𝐺𝐺𝐺 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡𝑡𝑡)

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡𝑡𝑡)  𝑥𝑥 100 

(eq. 2) 

The maximum transfection efficiency was found to be 28 ± 4 % at 18 h from 
D20 and 22 ± 2 % at 24 h for D100, Figure 3 B and C. These measurements 
indicate a faster expression of GFP when cells are isolated and suggest that 
cell-cell contact may participate in the regulation of the uptake, the 
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transcription or the transduction of the plasmid, affecting the transfection 
process.  
 

 
 

Figure 3. Transfection efficiency quantification on patterned single hHF-MSCs and 
small hHF-MSCs-colony patterns. A) Microscopy images of D20 (left) and D100 (right) 
patterns. Top: Brightfield images; middle: fluorescence images showing DAPI staining 
of cell nucleus; bottom: fluorescence images of phalloidin dyed cell cytoskeletons. B) 
Brightfield and fluorescence microscopy images of single cell (left) and small cell-
colony (right) after 18 and 24 h, respectively after transfection of GFP. C) Plots of 
transfection efficiency (bar chart) and patterned cell viability (dotted line) versus time 
of D20 (left) and D100 (right). Error bars mean  ±  SD (n = 3 patterns, with ~700 cells 
and ~4000 cells monitored for D20 and D100 respectively per sample and per time). 
Statistical significance; paired two-tailed t-test (* means significant statistical 
difference of p < 0.05 compared to D100, 24 h). 
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This would be in agreement with current publications showing that reduction 
of cell spreading may induce cellular stress 36,37 and therefore affect DNA 
uptake, transcription and transduction processes 38,39, especially in regards 
of the secondary metabolism. Recently, Chang et al. reported that cell 
cytoskeleton is a fundamental factor on gene transfection, where nucleus 
reshaping and shorter actin microfilaments induces an increased transport of 
the plasmid inside the cells with smaller spreading 40. Furthermore, it has 
been reported that cell-cell contact affects different transcription and 
transduction pathways and therefore influence nuclear and genetic regulation 
and cell growth and survival 32,41,42. We hypothesize that the enhanced cell 
stress and the lack of direct cell signals may increase the velocity of the 
incorporation of the plasmid and the expression of the protein. 

Regarding the viability of the patterned cells, both scenarios showcased low 
cell detachment, as 82 % and 72 % of cells remained at the D20 and D100 

patterns respectively after 42 h. 

3.4. Absolute transfection efficiency quantification on patterned single hHF-
MSCs 

The patterning of single cells also gives the opportunity to monitor particular 
cells over a lapse of time, allowing the constant observation of all individual 
cells during the full course of the assay. As the expression time of GFP may 
vary between cells due to their heterogeneity, it is of interest to monitor when 
and for how long each cells appear fluorescent. Contrary to conventional 
transfection efficiency assays, which only take into account GFP expressing 
cells on the peak transfection time, the patterning of cells allowed to count 
cells that express the fluorescence protein at a different time than the usual 
peak time.    

Unlike the previous transfection assays on patterned cells, which were done 
similar to the conventional assays only taking into account the GFP 
expressing cells at each individual time, in this case, cell transfection on each 
individual single cell was monitored over the course of 42 h, all GFP 
expressing cells were summed up and the absolute transfection efficiency 
was obtained. Absolute transfection efficiency was calculated following the 
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equation 3, where “New GFP Expressing Cells” means fluorescent cells not 
appreciable at previous time.  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
∑𝑁𝑁𝑁𝑁𝑁𝑁 𝐺𝐺𝐺𝐺𝐺𝐺 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡0, 𝑡𝑡1, 𝑡𝑡2 … 𝑡𝑡𝑡𝑡)

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡0)  𝑥𝑥 100 

(eq. 3) 

Figure 4 shows a section of a single cell pattern, at different times, after 
transfection. GFP expression was observed up to 30 h after transfection.  
 

 

Figure 4. Absolute transfection efficiency quantification on single hHF-MSCs D20 
patterns. A) Graphical representation of the absolute transfection efficiency over time 
for 42 h. Error bars mean  ±  SD (n  =  3 patterns with ~700 cells monitored per 
sample). B) Brightfield (left) and fluorescence (center) images of GFP expressing 
cells. Right: same fluorescence microscopy image than in center with colored 
numbers representing the time of apparition of the fluroescence in white (12 h), yellow 
(18h) or red (24h) on the transfected cells to calculate the absolute transfection 
efficiency following equation 2. 
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The majority of the cells expressing GFP were appreciable within the first 18 
h, obtaining the highest number of cells expressing GFP (25 ± 2 % in 
transfection efficiency). From 18 h onwards, the expression of GFP 
decreased rapidly. The absolute transfection efficiency was calculated to be 
28 ± 2 %. 

This results showcased that analysis of cell transfection at only one specific 
time, as done in conventional flow cytometry assays, does not represent the 
totality of cells successfully transfected. Around 3% of the cells cannot be 
appreciated when only taking into account the peak transfection time (from 
25 % to 28 %). Our methodology not only allows the continuous monitoring 
of each cell or cell colony, but also allows a more accurate analysis of 
transfection efficiency. For instance, our results showcase that cells where 
GFP was appreciable at early times (12 hours) usually maintained their 
fluorescence for a long period of time, indicating a high production and 
expression of GFP. Contrary to that, most cells expressing GFP in the peak 
transfection time (18 h) could only be appreciable for a few hours and usually 
presented smaller intensity than the others, indicating a lower expression of 
the gene. This also allowed to differentiate between cells that never 
expressed the gene and which cells were successfully transfected but 
detached at some point from the substrate.  

4.3.5 Proliferation of the hHF-MSCs from the transfected patterns 

In order to study the ability of patterned and transfected hHF-MSCs to 
produce a full cell culture, the maintenance cell medium of the transfected 
hHF-MSCs D20 and D100 patterns (0 % FBS) was changed to a complete 
DMEM medium 42 h after transfection. After another 48 h, cells replication, 
migration and expansion outside their pattern were observed, Figure 5 In 
general, higher proliferation was observed for cells patterned on D20 
substrates than on D100 substrates.  

This indicates that patterned cells can be fully cultured after transfection, a 
desirable outcome that allows the growth and expansion of a culture of 
transfected cells. This can be achieved by the simply change in the serum 
concentration of the medium.  
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Figure 5. Cell proliferation after patterning and transfection. Brightfield microscopy 
images of substrates containing patterned and transfected D20 (top) and D100 (bottom) 
hHF-MSCs, 48 h after change from serum-free medium to complete medium, showing 
expansion and proliferation.  

4. Conclusions 

In this work, we demonstrated the use microcontact printing, a well-known 
and easy to use methodology aimed for generation of protein and cell 
patterns, for the quick, easy and dynamic analysis of the transfection 
efficiency. This opened the possibility to evaluate the effect of cell-cell contact 
during the cell transfection process, which is mostly unknown and cannot be 
studied with conventional cell culture methodologies. 

In terms of transfection efficiency, the results obtained using patterned 
substrates were comparable to those obtained in regular cell culture by flow 
cytometry. The transfection process was monitored for single cell D20 and 
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small cell-colony D100 patterns up to 42 h. The time to reach a maximum 
transfection efficiency was 6 h earlier for single cells than for small cell-
colonies. Additionally, the transfection efficiency on D20 patterns was 10 % 
higher than on D100 and conventional cultures. This confirms our hypothesis 
that cell-cell contact has an important effect during the transfection process. 

Besides enabling the comparison of the transfection efficiency in isolated or 
non-isolated cells, the use of patterned substrates for transfection studies 
presented a series of additional advantages. The use of cell arrays makes it 
possible to assess the status of the cells and obtain continuous transfection 
data for several days. Unlike conventional techniques, it allows the 
quantification of the absolute transfection efficiency, counting the transfected 
cells on by one, at a desired time. Cell patterning allows the generation of a 
large number of independent events, be single cells or small cell-colonies, in 
a tiny substrate. The high density of the array provides to the platform with a 
high analytical capacity, allowing statistical studies or even the possibility of 
analysis cell subpopulations. All steps, cell adhesion, transfection and 
analysis can be done on the same substrate without manipulation, allowing 
the analysis of adherent cells without the need of detachment and enabling 
real time monitoring. The cell arrays containing more than 4000 and 20000 
independent elements (D 20 single cells or D100 small cell-colonies, 
respectively) were generated in just 2 h, being ready for transfection and 
analysis. This significantly reduces the number of cells needed to perform the 
assay. In addition, the assay time is drastically reduced compared to methods 
based on conventional cultures and flow cytometry, where cells must be 
cultured for at least 24 h and detached from the culture dish to be analyzed. 
Furthermore, our results show that the cells transfected in the patterns 
proliferate, allowing to culture them for subsequent studies and applications.   

In its present form, our methodology present a limitation for cell sorting and 
cloning in contrast to the flow cytometry analysis. So far, our methodology 
enables the proliferation of both transfected and non-transfected cells, 
producing a mixture culture, disabling the possibility to isolate and clone 
exclusively the transfected cells. Stable transfection with antibiotic selection 
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43 could serve to improve our methodology as a way to specifically isolate a 
culture made of transfected cells.  

Further investigation will allow integrating these substrates into microfluidic 
platforms to leverage the use of flow for controlled delivery and removal of 
reagents and waste products in an automated manner. Novel studies could 
be directed to different applications such as, to discern the efficacy of different 
transfection vectors in different cell-cell contact scenarios, to study cell 
subpopulations, to understand which processes may cause the transfection 
efficiency variations, to evaluate toxicity for each transfection vector. 
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5. Supporting information 

SI-1. Image processing and analysis. 

All treated samples and negative controls were monitored and photographed 
under the same light intensity and exposure conditions. Due to the 
autofluorescence present in the cells and in the polystyrene well, the 
microscope images from each sample were normalized to their respective 
negative control of non-transfected cells using ImageJ.  

 

 
 

Figure SI-1. Image processing. Raw images (left) were processed equally (contrast 
and brightness) in both negative controls (up) and samples (down) in order to 
eliminate autofluorescence coming from the non-transfected cells and the polystyrene 
well (right). The remaining green cells after processing in the sample images were 
used for the analysis.  
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SI-2. Cells per dot, cell area and cell ratio of patterned single hHF MSCs and 
small-hHF MSC colonies. 

Number of cells per dot (dot occupancy), cell area and cell aspect ratio were 
studied for cells patterned in dots of 20 and 100 µm (D20 and D100), Figure 
SI-2. 

 

Figure SI-2. Cell morphology and dot occupation. Graphical representation of dot 
occupancy (number of cells per dot), cell area and cell aspect ratio for D20 (20 µm, for 
single cell patterning) and D100 (100 µm, for small cell-colony patterning). The 
spreading of the cells in the colony pattern is higher than in the single cells pattern, 
presenting a larger cell area (1668 ± 583 µm2 compared to 472 ± 168 µm2, mean 
values) and a higher cell aspect ratio (2.6 ± 0.9 compared to 1.1 ± 0.1 length/width, 
mean values), n = 3. 
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SI-3. Stability and viability of patterned hHF-MSCs. 

We studied the stability and viability of the patterned cells over the course of 
several days, and were analyzed following three requirements. First, cells 
need to be adhered to the substrate. Second, the cells must remain in the 
pattern and third, the patterned cells need to be alive.  

FBS contains growth, migration and proliferation factors that directly affect 
the attachment of cells to the patterns. Usually, FBS is required for the proper 
growth and sustainability of the cells, as the absence of serum does generate 
the optimal conditions for cell proliferation (Figure SI-3 A). Therefore, we 
studied the effect on patterned small hHF-MSCs-colonies on maintenance 
media containing different percentages of FBS (0 %, 5 %, 10 % and 20 %) 
for 24 h (n = 3 per maintenance medium type). Other supplements, such as 
milk serum, resulted inappropriate for the cells. In all cases containing FBS, 
cells migrated and spread outside of patterned dots, (Figure SI-3 B). In the 0 
% of FBS the cells remained inside of their dots. 

Stability and viability of single hHF MSCs and small hHF-MSCs-colony on D20 

and D100 patterns respectively were investigated in 0 % FBS media (n = 3). It 
was found out that cells do not migrate to blocked zones and only detach from 
the substrate to the medium, Figure SI-3 C.  
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Figure SI-3. A) (right) Brightfield images of hHF-MSCs cultured without FBS (SFM, 
top) or with FBS 30% (CM, bottom) after 48 hours of culture. (left) Plot of the number 
of cell per well for the cultures in serum free medium (SFM) and complete medium 
(CM) after 48 hours. B) Brightfield images of the spreading of the cells after 24 h 
incubation with medium containing FBS. C) (left) Plot of the patterned cell viability 
(number of living cells in the pattern) for single cells (full line) and small cell-colonies 
(dotted line) for 72 h. (right) Images of the patterns at 0 and 72 h, same spots.  
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SI-4. Optimization of GFP plasmid/lipofectamine transfection on hHF-MSCs. 

Four different mixes with different concentration of lipofectamine and GFP 
plasmid were prepared for the optimization of the transfection protocol of the 
hHF-MSCs. Transfection mix-1 containing, 0.80 % (v/v) lipofectamine and 
0.40 % (v/v) GFP plasmid in Opti-MEM medium; the transfection mix-2 
containing 0.80 % (v/v) lipofectamine and 0.80 % (v/v) GFP plasmid in Opti-
MEM; the transfection mix-3 containing 1.60 % (v/v) lipofectamine and 0.40 
% (v/v) GFP plasmid in Opti-MEM; and transfection mix-4 containing 1.60 % 
(v/v) lipofectamine and 0.80 % (v/v) GFP plasmid in Opti-MEM. hHF-MSCs 
cultured on conventional cell culture well plates at two different confluences 
(70% and 90%) were transfected with all 4 mixes and GFP expression was 
analyzed trough flow cytometry after 24 hours. Lower confluences were found 
inadequate for the analysis due to the high mortality rates or the low binding 
of the cells. Furthermore, a true single cell state could not be produced in 
regular cultures of our cell type as it always presented some kind of cell-cell 
interaction.  

The highest transfection efficiency was observed for the 70% confluence 
cultures transfected with mix-3 and 4. The samples treated with mix-3 and 4 
resulted in similar transfection efficiency, 19 ± 1 and 20 ± 1 %, respectively, 
On the other hand, an increase on cell´s mortality was observed when the 
plasmid and lipofectamine concentrations were high, as in the case of mix-4, 
with a 17 ± 1 % of death, Figure SI-4. Cells at 90% confluence presented 
lower transfection efficiency, most probably caused by the higher contact 
inhibition effect.  
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Figure SI-4. Top; graphics of the transfection efficiency (bars) and cell viability (lines) 
of conventional hHF-MSCs cultures with 70 % (left) or 90 % (right) confluence, 
transfected using four different mixtures (mix-1, 2, 3 and 4) of lipofectamine and GFP 
plasmid. The analysis was carried out trough flow cytometry. Error bars represent 
mean ± SD (n = 3). Bottom; brightfield and fluorescence images of transfected 
cultured cells at 70% (left) and 90% (right) confluence with mix 4. 
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Abstract 

Microfluidic devices have emerged as powerful analytical technologies for cell 
monitoring. This often required the incorporation of cell patterning, which 
allows the monitoring from dozens to thousands of individual cell culture 
analytical replicas in a single device with high control over cell adhesion and 
cell-cell contact. Polymethyl methacrylate is a widely use polymer in the 
fabrication of microfluidic devices due to its durability, easy manipulation and 
transparency. However, like other hydrophobic materials, polymethyl 
methacrylate is cytophobic and present low cell adhesion, which distance its 
use in cell culture analytical devices. In this work, a strategy was explored 
and optimized to enable cell patterning on polymethyl methacrylate surfaces, 
combining localized oxidation through air plasma treatment and microcontact 
printing of fibronectin. This allowed the pattern of different adherent cell types 
(mesenchymal stromal, prostate cancer and colorectal cancer cells) in 
dozens of individual cell colonies with different spatial distribution and 
confluences. Furthermore, this methodology allowed cell patterning without 
requiring any blocking agent to the non-printed areas of the surface, speeding 
up the microcontact printing process. Finally, the cell patterns were 
incorporated in a polydimethylsiloxane channel to generate a proof-of-
concept, simple to use microfluidic device that allowed the maintenance of 
the cell patterns up to at least 20 hours under constant flow conditions.  

Keywords: Polymethyl methacrylate; Cell patterning; Microcontact printing; 
Air plasma; Microfluidic device 
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1. Introduction 

In the recent years, many microfluidic devices have emerge for a wide variety 
of research areas. This trend can be attributed to the reduced cost of 
production and use of reagents, the simplification of the methodology in order 
to make it portable and user friendly and the enhanced performance of the 
device in comparison with conventional methodologies 1. In the case of 
microtechnologies aimed for cell culture, microfluidic devices aim to increase 
the control over the different cell interactions or directly replicate full tissues 
or organs inside of a chip, allowing a more optimal analysis simulating 
physiological conditions. Another potential advantage is the generation of 
high-throughput, non-invasive and real-time analysis for cell culture 
monitoring that permit the continuous observation of  cell behaviour 2,3. 

Polymethyl methacrylate (PMMA) is a widely used material in the fabrication 
of microfluidic devices due to its durability, easy manipulation and capacity to 
be incorporated in many fabrication processes. Taken all into account, PMMA 
offers a very versatile option for a wide variety of device designs 4,5. However, 
while PMMA presents moderate to good biocompatibility, it has low cell 
adhesion properties and has been described as cytophobic 6,7. This is partially 
caused by its lack of hydrophilicity, which hinders the deposition and 
formation of cells microenvironments required for proper cell adhesion and 
maintenance 8,9. This shortcoming disables, in principle, its potential use for 
the generation of cell culture microfluidic devices. For such reason, both 
chemical and light-based treatments of PMMA have been widely explored in 
order to increase the hydrophilicity of its surface and enhance its properties 
for cell adhesion and culture 10–13.  

One of the easiest and quickest methods to improve a surface hydrophilicity 
is through air or oxygen plasma treatment. In short, the free radicals 
generated inside of a plasma chamber can oxidize the surface of a material, 
exposing polar functional groups that improves the hydrophilicity of the 
surface. Plasma treatment have been demonstrated to improve PMMA 
surface hydrophilicity, which in turn improves cell and protein interactions with 
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the material. This allows the adhesion of extracellular matrix proteins, 
permitting to control and study cell adhesion to PMMA11,14,15.  

In order to further control cell adhesion, surface micropatterning arises as a 
powerful method as it permits the deposition of adhesion proteins with a 
specific pattern, allowing to control localization, distribution and cell-cell 
contact of adherent cells. In particular, microcontact printing (µCP) allows the 
dry transfer of cell adhesion proteins from a polydimethylsiloxane (PDMS) 
stamp to a substrate, replicating the features carved on it. This methodology 
enables the easy and fast generation of several individual cell events on a 
single sample, relying on the contrast between adherent and non-adherent 
areas to isolate each cell event.  

There are a few examples in the literature that combine surface oxidation of 
PMMA through plasma treatment and µCP in order to convert PMMA from 
cytophobic to cytophilic and achieved controlled cell adhesion. Schmalenberg 
et al. and  combined plasma treatment of PMMA surfaces and µCP of laminin 
for the adhesion and growth of Schwann and nerve cells with high potential 
to function as nerve guides 16,17. However, this combination of 
physicochemical and biochemical modifications of PMMA surfaces for the 
control of cell adhesion on the usual cytophobic PMMA has not been 
extensively explored.  

In this work, a hybrid physicochemical-biochemical functionalization of PMMA 
surfaces was evaluated for the controlled patterning of cells. Air plasma 
treatment was employed in order to improve hydrophilicity on the PMMA 
surfaces, using PDMS slabs as protectors for the generation of hydrophilic 
zones with high contrast with their hydrophobic surroundings. Direct 
functionalization and µCP of cell adhesion proteins was applied not only for 
the conversion of the material from cytophobic to cytophilic, but also for the 
generation of cell patterns with controlled cell-cell and cell-material 
interactions. Finally, the cell patterns were easily adapted into a simple, proof-
of-concept PDMS microfluidic device bonded by pressure sensitive adhesive, 
which demonstrated the direct applicability of this methodology for the 
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maintenance and monitoring of the patterned cells inside this microfluidic 
device, Figure 1.  

 

Figure 1. Drawing of cell patterning on PMMA. A) Microcontact printing of fibronectin 
dots is carried out on top of the hydrophilic zone of PMMA. B) Cell patterns composed 
of dozen individual cell events can be directly integrated in a PDMS microfluidic 
device.  

2. Materials and methods 

2.1. Materials 

Primary human Hair Follicle-derived Mesenchymal Stromal Cells (hHF-
MSCs) were obtained from human follicles (passages 6 to 9). Prostate cancer 
cells PC3 and colorectal cancer cells HCT116 were purchased from ATCC, 
USA. Bovine plasma fibronectin, Dulbecco’s modified eagle’s medium 
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(DMEM), F-12 Medium, fetal bovine serum (FBS) and penicillin/streptomycin 
(P/S) were purchased from Fisher Scientific, Spain. Bovine serum albumin 
was purchased from Sigma Aldrich, Spain. Polydimethylsiloxane silicone 
(PDMS) elastomer and curing agent SYLGARD 184 were purchased from 
Ellsworth adhesives, Spain. Polymethyl methacrylate (PMMA) Plexiglas 4 
mm, was purchased from Evonik Industries AG, Germany. Pressure 
Sensitive Adhesive (PSA) ARcare 8939 was purchased from Adhesive 
Research, Ireland. Luers and reservoirs (male 1/16 in barb and female luer 
lok compatible connectors white base) were purchased from Microfluidics 
ChipShop, Germany. Tubing was purchased from Altmann Analytik GmbH & 
Co, Germany.  

2.2. Selective oxidation of PMMA surface 

In order to generate controlled hydrophilic zones within PMMA surface, air 
plasma treatment was used for the oxidation of the surface. PDMS slabs were 
used as protector for non-treated areas. In summary, 3 mm holes were 
punched on flat PDMS slabs (elastomer and curing agent proportion 10:1, 0.8 
cm height). After carefully washed with ethanol, PDMS slabs were put on 
intimate contact with PMMA slides (3 x 5 x 0.4 cm, length x width x height). 
The other side of the PMMA slides were marked at the position of the hole for 
localization of the hydrophilic zone. The PDMS protected PMMA were 
oxidized using air plasma inside of a plasma cleaner with a power of 29.6 W 
for 150 seconds.  

To verify the generation of controlled hydrophilic zones, spreading of distilled 
water (DI water) drop was analyzed. 1 µL of DI water was put on top of 
untreated PMMA, plasma treated PMMA and PDMS protected PMMA surface 
after PDMS retrieval. Contact angle was measured using an OCA 15EC Drop 
Shape Analyser-Goniometer (MRG Ibérica, Spain). 

2.3. Biochemical functionalization of hydrophilic PMMA surfaces 

Biochemical functionalization of PMMA with cell adhesion proteins was 
obtained by incubation of fibronectin or collagen solution with the hydrophilic 
zone of the PMMA surface. Briefly, either 1 µL of fibronectin solution (40 µg 
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mL-1) or collagen solution (1 mg mL-1) were put on top of the hydrophilic zones 
and incubated for 1 hour. Incubation was carried out in a high humidity 
environment to avoid drop evaporation. Afterwards, drops were retrieved and 
the PMMA surface was carefully rinsed with PBS.  

For cell adhesion on biochemical functionalized PMMA surfaces, colorectal 
cancer cells HCT116 were cultured until reaching 80% confluence, detached 
and re-suspended in culture medium (10% serum) for a final concentration of 
2.5 106 cells mL-1. Drops of 1 µL of cell suspension were put on top of the 
hydrophilic zones of the PMMA with fibronectin or collagen functionalization. 
Drops of 1 µL of cell suspension were also put on top of hydrophilic zones 
without biochemical functionalization.  

Simultaneously, PDMS channels (see Supporting Information 1 for 
specifications) were rinsed with ethanol and adhered to the corresponding 
PSA film, covering all PDMS area except the channel itself.  

After removal of the PSA protector, the PDMS channel was aligned and 
adhered to the PMMA, localizing the cell suspension drop on the middle of 
the channel. All samples were incubated at 37º C and 5% CO2 inside a cell 
culture incubator for 1 hour with high humidity environment. Afterwards, 200 
µL of cell culture medium were flowed three times trough hydrostatic pressure 
to rinse any non-adhered cell. Samples were imaged trough brightfield 
microscopy before rinse, right after rinse and 24 hours afterwards.  

2.4. Patterning of cells in functionalized PMMA surfaces 

For the patterning of cell adhesion proteins in the hydrophilic surface of 
PMMA, microcontact printing of fibronectin was carried out. PDMS stamps 
containing pillars with different features (lollipop-like, 50 and 100 µm dots) 
were wetted with 50 µL of a solution of fibronectin 50 µg mL-1, BSA-TAMRA 
6.25 µg mL-1, for 30 minutes. Afterwards, the ink was removed and the PDMS 
stamps were rinsed with DI water and dried with compressed air. Each PDMS 
stamp was put in contact on top of the hydrophilic zones in the PMMA surface, 
in order to transfer the protein from the PDMS stamp to the substrate and 
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create small dots of fibronectin. Finally, PDMS stamps were retrieved after 30 
min.  

Patterning of HCT116, prostate cancer cells PC3 and hHF-MSCs was carried 
out through this procedure. Briefly, cells were cultured until reaching 80% 
confluence, detached and re-suspended in their respective culture mediums 
(10% FBS) for a final concentration of 106 cells mL-1. Drops of 1 µL of cell 
suspension were put on top of the hydrophilic zones with the fibronectin 
patterns and incubated at 37º and 5% CO2 inside a cell culture incubator for 
1 hour with high humidity environment. Afterwards, 200 µL of their 
corresponding cell culture medium were flown three times through hydrostatic 
pressure in order to rinse non-adhere cells. Brightfield microscopy images 
were taken after rinsing. The same patterning procedure was carried out in 
non-treated PMMA surfaces as control of protein deposition.  

The same oxidation and patterning procedure was carried out in conventional 
cell culture 12-well plates and glass slides (60 x 24 x 0.2 mm, length · width · 
height) as control experiments. PDMS channels were adhered and aligned to 
all substrates. 

PC3 cells patterned on 50 µm dots were maintained under constant flow (10 
µL min-1) of medium using a Pump 11 Elite Programmable Syringe Pump 
(Harvard apparatus, Spain) for 20 hours. Brightfield microscopy images were 
taken afterwards. 

For single cell patterning, PMMA wells were fabricated, see Supporting 
Information 2 for specifications. PDMS stamps containing arrays of 20 µm 
dots separated by 50 µm were wetted with 50 µL of a fibronectin solution 50 
µg mL-1. Afterwards, the ink was removed and the PDMS stamps were rinsed 
with DI water and dried with compressed air. Each PDMS stamp was put in 
contact with the PMMA wells for 30 min. PMMA wells were previously 
oxidized using air plasma inside of a plasma cleaner with a power of 29.6 W 
for 150 seconds. PDMS stamps were retrieved, and wells were directly 
loaded with 750 mL of PC3 suspension 105 cells mL-1. Samples were left for 
2 h on constant oscillation in a rocker inside an incubator at 37 ºC and 5 % 
CO2 air atmosphere. Afterwards, samples were rinsed three times with PBS. 
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2.5. Imaging and data analysis 

Brightfield and fluorescence images were taken with a modified Nikon Eclipse 
TE2000-S (USA) microscope with a LUMENCOR laser light source (USA) 
and Zylar sCMOS camera (Oxford Instruments, UK). Microscopy images 
were processed by FiJi/ImageJ software.  

3. Results and Discussion

3.1. Cell adhesion on biochemical functionalized PMMA surface 

Polymethyl methacrylate (PMMA) is a widely polymer used in the fabrication 
of microfluidic devices due to its versatility and easy manipulation. While 
PMMA has moderate biocompatibility, it does not present good properties for 
cell adhesion. In general, moderate to highly hydrophobic surfaces do not 
allow the generation of optimal cell-surface interactions, which leads to a lack 
of important signals required for cell adhesion, proliferation and survival. For 
such reason, in order to obtain cell patterning on PMMA, a combined 
physicochemical and biochemical functionalization of the surface was carried 
out. Firstly, PMMA was selectively oxidized to improve its hydrophilicity. 
Secondly, PMMA surfaces were homogeneously coated with cell adhesion 
proteins to test the best conditions for cell adhesion. Finally, cell patterning 
was studied.  

It is known that plasma treatment to PMMA surfaces increase the 
hydrophilicity of the material and improves cell adhesion 14,15. By using a 
PDMS slab with holes as stencil for the PMMA surface, it is possible to control 
the plasma exposure to specific parts of the PMMA surface. This allows the 
generation of discrete hydrophilic zones in the surface, which not only can 
improve cell adhesion and protein interaction with the substrate, but also 
allow to control the distribution of cell adhesion zones within the PMMA 
surface. Here, a 3 mm zone of the PMMA surface was treated with air plasma 
as a way to generate one unique small zone for cell adhesion in a PMMA 
slide, which would later serve as the cell adhesion zone in a microfluidic 
device. To generate the 3 mm zone, a PDMS slab with a 3 mm hole was 
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used, Figure 2 A. The contact angles of untreated PMMA, plasma treated 
PMMA and PDMS protected PMMA surface were measured. 

As expected, differences could be observed between untreated and fully 
plasma treated PMMA, as the drop highly spread and the contact angle 
decreased in the later (from 62º to 40º), Figure 2 B. This confirmed that 
plasma treatment increased the hydrophilicity and wettability of the PMMA 
surface. Regarding the protected surface, the contact angle increased when 
compared to the untreated surface, which implies that PDMS protection not 
only shields the surface from oxidation, but also enhances its hydrophobicity 
due to the contact and interaction with the PDMS.  

For the deposition of fibronectin microcontact printing (µCP) was tested on 
the hydrophilic zone of PMMA and compared with non-treated PMMA 
surfaces. Fluorescent BSA-TAMRA was used as reporter of the deposition of 
the protein. As seen in Figure 2 C, higher and more homogeneous deposition 
of the protein could be observed in the oxidized zone when compared with 
non-treated PMMA. Furthermore, deposition of fibronectin was higher on the 
hydrophilic zone than in the surface that was protected with the PDMS. This 
confirmed the need of plasma treatment for the optimal transfer of the cell 
adhesion protein to the PMMA surface. 

The hydrophilic zone was biochemically functionalized with either fibronectin 
or collagen in order to achieve cell adhesion. Collagen is the main structural 
protein of the extracellular matrix and promotes cell adhesion to the 
substrates 18. Fibronectin is another extracellular matrix protein and plays a 
major role in cell adhesion through the generation of focal adhesions 19. 
Adhesion of colorectal cancer cells HCT116 to the functionalized zones was 
studied. Adhesion to the hydrophilic zone without biochemical 
functionalization was also studied. After drop deposition, all PMMA slides 
were adhered and aligned to a PDMS channel using a middle layer of 
pressure sensitive adhesive, a double-sided tape that allows the attachment 
between the PDMS and the PMMA by pressure. This allowed the generation 
of a simple microfluidic device that contained the cell suspension drop and 
the hydrophilic zone on the center of its channel, Figure 3 A. After incubation, 
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culture medium was flowed through the channel to rinse any non-adhered 
cell. In the case of the samples that did not undergo any biochemical 
functionalization with cell adhesion proteins, almost all cells flowed away after 
rinsing, indicating that the treatment with plasma does not induce the 
generation of focal adhesion points for proper cell adhesion dynamics by itself, 
see Figure 3 B. 

Figure 2. Localized oxidation of PMMA. A) Drawing of the oxidation of a single zone 
of the PMMA surface to generate a discrete hydrophilic zone. B) Drop spreading on 
PMMA surfaces under different treatments. C) Plot of the normalized fluorescence 
intensity (left) and fluorescence images of micropatterned BSA-TAMRA dots on 
PMMA under different surface treatments. 
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Contrary to that, cell adhesion could be observed in the samples treated with 
either collagen or fibronectin after only 1 hour of incubation. In the case of the 
collagen samples, approximately 1000 cells could be observed in the 
substrate after rinsing, indicating that 45% of cells incubated successfully 
attached to the PMMA. However, 24 hours after the incubation, the number 
of cells decreased by 25%, with the remaining cells displaying rounded 
morphology and lack of spreading, indicating that cells were not producing 
optimal interactions with the substrate (Figure 3 C and D). In the samples 
treated with fibronectin, approximately 2100 cells could be found successfully 
attached to the substrate, corresponding to a 85% of the total number of cells 
incubated. In the case of samples incubated with fibronectin, cell number on 
the surface increased in the course of 24 hours, approximately 2200 cells, 
and presented a more elongated shape relating with a better interaction and 
adhesion of the cells with the PMMA. This indicated that biochemical 
functionalization of PMMA is a key factor in order to achieve cell adhesion to 
this material.  

Out of the two proteins tested, fibronectin showcased overall better results 
than collagen, as more cells adhered under the same conditions and 
incubation time and the culture proliferated over the course of 24 h. For such 
reason, fibronectin was chosen as the cell adhesion protein for further 
experiments.  

3.2. Patterning of cells on hydrophilic PMMA surfaces 

Once demonstrated the improved cell adhesion properties of PMMA after 
selective plasma and fibronectin coating, and the capability to produce 
fibronectin patterns on the PMMA surface, the next objective was to achieve 
controlled cell adhesion in the form of patterns on the PMMA substrate. This 
was achieved through µCP, a methodology that allows the dry transfer of a 
protein from a PDMS stamp with engraved features to the surface of the 
substrate.  

An array of 100 µm fibronectin dots was produced. The adhesion of three 
different cell types was evaluated, including the previously mentioned 
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HCT116 cells, prostate cancer PC3 cells and human mesenchymal stem cells 
hHF-MSCs, Figure 4 A. 

Figure 3. Adhesion of HCT116 cells on PMMA treated surface. A) Brightfield 
microscopy image of the cell suspension drop on the middle of the PDMS channel. 
B) Brightfield microscopy images of HCT116 cells cultured before flow (left) and after
flow (right). C) Plot of the percentage of cell adhered to collagen (CG) and fibronectin
(FN) treated hydrophilic zones in the PMMA. Error bars mean ± SD (n = 3 samples
per experimental condition). D) Brightfield microscopy images of cells adhered to
collagen (top row) and fibronectin (bottom row) after flow (left column) and 24 hours
afterwards (right column).
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The pattern of small cell-colonies for all three types of cells was successfully 
obtained, obtaining dozens of individual cell events in a single sample. This 
confirmed the possibility to control cell adhesion and cell localization in PMMA 
through simple surface manipulation and micropatterning. The number of 
cells per spot was directly correlated with the size of the cell type itself, as the 
cells attach and expand as much as the fibronectin spot allows them, where 
5 ± 2, 15 ± 3 and 22 ± 6 cells could be found per spot for the patterns with 
hHF-MSCs, PC3 and HCT116 respectively. This assay implied that this 
patterning methodology, and therefore the subsequent microfluidic device is, 
in principle, suitable for different cell types and can be adapted to a wide 
range of scenarios. Different fibronectin patterns, including 50 µm dots, 100 
µm dots and lollipop-like features were printed on PMMA slides and incubated 
with PC3. For all three types of fibronectin arrays studied the corresponding 
array of PC3 was obtained, demonstrating the capabilities of the methodology 
to control cell localization and cell-cell interactions, Figure 4 B. 

Cell patterning on conventional cell culture substrates, such as polystyrene 
well-plates and glass substrates, require blockage of non-printed areas with 
a blocking agent, such as bovine serum albumin, and usually needs the 
retrieval of the serum from the medium in order to avoid cell migration outside 
of the pattern.  In contrast, patterning of PC3 was highly specific in the PMMA 
substrate see Supporting Information 4, Figure SI-4. Due to the high contrast 
between hydrophilic cell adhesion areas and the rest of the hydrophobic 
surface, adhesion and migration of the cells outside of their pattern was 
supressed.  

The fact that blocking agents are not required for the arrays studied in this 
assay presents a huge advantage over cell patterning on conventional cell 
culture substrates, as avoiding the blocking step allows to speed up the 
production and fabrication process of the platform and improves its direct 
applicability and scalability potential. Our previous works on the use of cell 
patterns for the optical based monitoring of cell behaviours could immensely 
benefit from these advantages to evolve from quick cell monitoring 
methodologies to fully formed devices with manufacturing and 
commercialization prospect 20–22.  
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Figure 4. A) Brightfield images of the arrays of small cell-colonies for each of the 

three different cell types studied (top) and graphical representation of the number of 

cells per spot (bottom). Error bars mean ± SD (n = 3 samples per experimental 

condition). B) Brightfield microscopy images of full PC3 array on 100µm fibronectin 

dot patterns (left), pattern of PC3 on 100µm dots, lollipop-like features and 50µm dots 

(middle column, top to bottom) and fluorescence images fluorescent BSA printing of 

the same features (right column).  
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3.3. Maintenance of PC3 patterns under flow conditions 

Fluids-related mechanic forces, such as shear stress, are known to influence 
cell behavior on physiological conditions, affecting their attachment dynamics 
and proliferation rates among others 23–25. For such reasons, there is an 
increasing interest in developing microfluidic devices that allows to study and 
monitor cell patterns under controlled flow conditions. 

PC3 patterns in 50 µm fibronectin dots were maintained in a constant flow of 
10 µL min-1 overnight, see Figure 5 A and B for setup specifications. While 
some cells detached during the process, cells were still concealed in their 
respective dot and the patterns remained similar to their original state, see 
Figure 5 C.  

These results indicate that the cell arrays can be directly integrated and 
studied inside of a microfluidic device under controlled flow conditions, giving 
direct applicability to the platform. It should be noted that both cell adhesion 
and the overnight incubation were performed using cell culture medium 
supplemented with serum. The growth and migration factors contained in the 
serum may cause the cells to move and proliferate outside of the patterns in 
conventional cell culture substrates. However, the PMMA samples did not 
present unspecific attachment or cell migration outside of the pattern. This is 
a consequence of the strong cytophobic characteristic of non-treated PMMA, 
which prevents cells from moving or attaching outside of the discrete cell 
adhesion spots, resulting in yet another advantage of PMMA over 
conventional cell culture materials. 

3.4 Single-PC3 patterning on PMMA surface 

While different types of cell arrays were obtained on PMMA surfaces following 
the methodology presented in this chapter, single cell arrays couldn’t be 
obtained with this procedure, observing no cell adhesion after washing steps. 
This could be attributed to the interactions between cells, formed during the 
static incubation of cell suspension with the hydrophilic zone, being stronger 
than the interaction a single cell can achieve with the tiny fibronectin spot in 
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which they can attach. This resulted in the total removal of all cells in the 
washing steps and not only the non-adhered ones.  

Figure 5. Maintenance of cell patterns under flow conditions. A) Schematic 
drawing of the syringe-device connection. B) Photograph of the setup. C) Brightfield 
microscopy images of PC3 on 50 um patterns after patterning and after 20 h on flow 
(10 µL min-1). 

For such reason, a different µCP protocol was applied. PMMA wells were 
fabricated and 20 µm fibronectin arrays were produced through µCP on fully 
oxidized PMMA surface. Cell suspension was incubated with the fibronectin 
arrays on constant oscillation in order to move the cells throughout the 
surface and avoid the accumulation of them in a single point and avoid cell-
cell interaction as much as possible.  

With this procedure, single PC3 could be observed after the washing steps, 
see Supporting Information 5. This results indicates that static versus motion 
conditions on the incubation of cells with the fibronectin patterns plays a 
significant role on the formation of single cell patterns. Adapting a flow-based 
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attachment of cells into the methodology explored in this chapter could not 
only be beneficial but necessary for the formation of single cell patterns. 
However, unlike the previous assays in PMMA surfaces, zones with no cells 
and zones with non-specific attachment could be observed. Optimization on 
incubation time, protein and cell concentration should be considered for the 
future. 

4. Conclusions

In the recent years, new microfluidic devices have been developed for a wide 
variety of areas. New cell culture microfluidic devices and platforms aim to 
improve control over different cell interactions and refine cell monitoring, 
searching for a real-time, low invasive analysis of a high number of events at 
the same time. Among all the materials, PMMA is highly used in the 
development of microfluidic devices because of its versatility and easy 
manipulation. While the material itself present good biocompatibility, it does 
not have very good properties for cell adhesion. In this chapter, PMMA was 
physicochemical modified with localized air plasma in order to improve PMMA 
surface hydrophilicity. Cell adhesion was tested using biochemical 
functionalization with collagen and fibronectin. Finally, microcontact printing 
was used for the patterning of different cell types with controlled cell 
localization and cell-cell contact. 

The exploration of PMMA surface functionalization and cell-material 
interactions has allowed to improve the cell adhesion capabilities of the 
polymer, allowing no only the conversion of PMMA from cytophobic to 
cytophilic but the generation of controlled patterns of cells. Furthermore, this 
has also allowed to reduce the production time of the cell arrays when 
compared to the patterning on conventional cell culture materials and directly 
adapt the patterns into a simple proof-of-concept microfluidics device, making 
the process much more user-friendly. Combined with the SCADA or the 
transfection efficiency monitoring methods, this approach of cell patterning 
could contribute to the development of products for monitoring cell behaviour. 



Appendix 5 

263 

5.5. Supporting Information 

SI-1. PDMS channel specifications 

A PDMS channel was fabricated and adhered directly on top to the cell 
patterns through pressure sensitive adhesive, Figure SI-1. 

Figure SI-1. PDMS channel specifications. 
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SI-2. PMMA wells specifications 

In order to generate wells (2 cm) made of PMMA, three PMMA  layers (4 mm) 
were cut with a laser and pasted both between them and with the glass cover 
with pressure sensitive adhesive (PSA). Figure SI-2. 

Figure SI-2. PMMA wells specifications. 
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SI-3. Printed fibronectin features 

For the patterning of cells with different cell-cell contact and cell confluences, different 
arrays of fibronectin features were printed, Figure SI-3. 

 

Figure SI-3. Fibronectin features printed for cell adhesion.  
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SI-4. Patterning of PC3 on cell culture wells, glass covers and PMMA 

PDMS slabs containing a 3 mm hole were put on intimate contact with the 
bottom of cell culture polystyrene wells, glass covers and PMMA slides. The 
PDMS protected surfaces were oxidized using air plasma inside of a plasma 
cleaner with a power of 29.6 W for 150 seconds.  

Microcontact printing of fibronectin was carried out. PDMS stamps, containing 
arrays of pillars of 100 µm dots, were wetted with 50 µL of a solution of 
fibronectin 50 µg mL-1, BSA-TAMRA 6.25 µg mL-1, for 30 minutes. Afterwards, 
the ink was removed and the PDMS stamps were rinsed with DI water and 
dried with compressed air. Each PDMS stamp was put in contact on top of 
the hydrophilic zones in the cell culture well, the glass cover or the PMMA 
surface. Finally, PDMS stamps were retrieved after 30 min.  

Drops of 1 µL of PC3 cell suspension 106 cells mL-1 were put on top of the 
hydrophilic zones with the fibronectin patterns and incubated at 37º and 5% 
CO2 inside a cell culture incubator for 1 hour with high humidity environment. 
Afterwards, 200 µL of their corresponding cell culture medium were flown 
three times through hydrostatic pressure in order to rinse non-adhere cells. 
Brightfield microscopy images were taken after rinsing. 

Cells incubated on the cell culture wells and the glass covers adhered 
unspecifically throughout the surface, due to the lack of addition of a blocking 
agent, Figure SI-4. Contrary to that, patterns on the PMMA surface were 
highly specific, where cells did not adhered nor migrated outside of their 
respective dots due to the high contrast between the cytophilic fibronectin dot 
and the cytophobic PMMA. 
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Figure SI-4. Brightfield images of PC3 on 100 µm dots fibronectin patterns with prior 
hydrophilic zone generation on cell culture polystyrene wells (top), glass cover 
(middle) and PMMA surface (bottom).  
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SI-5. Single PC3 cell patterning on PMMA 

In order to obtain single cell patterns on PMMA surfaces, a more conventional 
approach to µCP was tested.  

PDMS stamps containing arrays of 20 µm dots separated by 50 µm were 
wetted with 50 µL of a fibronectin solution 50 µg mL-1. Afterwards, the ink was 
removed and the PDMS stamps were rinsed with DI water and dried with 
compressed air. Each PDMS stamp was put in contact with the PMMA wells 
for 30 min. PMMA wells were previously oxidized using air plasma inside of 
a plasma cleaner with a power of 29.6 W for 150 seconds. PDMS stamps 
were retrieved, and wells were directly loaded with 750 mL of PC3 suspension 
105 cells mL-1. Samples were left for 2 h on constant oscillation in a rocker 
inside an incubator at 37 ºC and 5 % CO2 air atmosphere. Afterwards, 
samples were rinsed three times with PBS. 

Single cells could be observed on the surface on the PMMA, see Figure SI-
5. It should be noted that zones with no cells and zones with non-specific
attachment could be observed, indicating that further optimization of the
methodology is required.
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Figure SI-5. Brightfield microscopy image of single cell patterning of PC3 on PMMA 
surface. 
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