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ABSTRACT
We describe several bioengineered cell models developed by our group. We develop tools for cell culture allowing
fluorescence diagnostics on the cellularised constructs cultured within, both in 3D and prolonged culture times extending
to several weeks. These cell models proved able to recapitulate in vitro several slowly developing biological processes
such as the regeneration of a cartilaginous tissue by cartilage cells, the formation of a bone metastasis by breast cancer
cells, the instruction of adaptive immune cells as occurs in a lymphnode, and the neuroprotective effect on pathological
neurons of mesenchymal stem cell secretome. We also scaled down these tools in the aim to better control stem cell
function in our models, by applying two-photon laser polymerization to fabricate micro scaffolds for stem cell
expansion. We were able to condition mesenchymal stem cells, neural precursor cells and embryonic stem cells towards
maintenance of a greater stemness and multipotency/pluripotency, compared to conventional flat culture. This result
opens an avenue towards a safer use of these cells for stem cells therapies. Finally, we describe our new revolutionary
concept of implanting the cell model in a living organism to regenerate a vascularized network anastomosed to the host,
allowing for studies involving interactions with the host immune system.
Keywords: bioengineering, cell modeling, mechanobiology, optical imaging, microfluidics, metastasis,
neurodegeneration, stem cell niche
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1. CELL MODELLING IN SPACE AND TIME
Our group aims at engineering cell models able to recapitulate slowly developing biological processes. Years ago, we
started with modelling tissue regeneration in vitro 1. The engineering of a tissue in vitro is a very slow process that
requires several weeks of culture before an extra-cellular matrix can develop and fill the scaffold pores and remodel to
acquire aspects of functionality. We could analyze these three-dimensional (3D) constructs only at the end of several
weeks of culture and we were desperately seeking a solution to monitor tissue development non-destructively during
long-term culture.
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1.1 The Miniaturized Optically Accessible Bioreactor (MOAB)
To advance the field, we incorporated a perfusion bioreactor on a microscopy slide 2. The platform consists of a hightech microscopy slide with three culture chambers built on it, allowing to inspect cellularised constructs nondestructively in fluorescence at various time points of perfused culture. For example, collagen secreted by cartilage cells
can be visualized on live cells under perfused culture using an intravital fluorescent label (Figure 1).
Optical accessibility is guaranteed in the platform both in standard and in confocal microscopy, both in straight and
inverted set-up. The main advantages of this approach are: 1) easiness of opening/closing of each chamber, possible on a
repetitive basis; 2) modularity of the culture chambers in terms of geometry, dimensions, independency; 3) modularity
of the operative conditions in terms of chamber connection, chamber number, independency of the cultured cell model in
each chamber; 3) low-cost mass production by injection molding of plastics, allowing for a single-use of the bioreactors,
despite the high performance.
To monitor the local environment of cultured cells in tissue-engineered constructs, we used computational modelling to
predict mass transport of nutrients and oxygen in the system, in the aim to control tissue development in function of
these parameters over long culture times, up to several weeks. For example, we modeled tissue development in function
of mass transport coupled to the fluid dynamic environment acting on the cultured cells 3,4. Using a system for oxygen
monitoring, we were also able to monitor oxygen concentration inside the culture chambers at the individual cell scale 5.
In this way, optical accessibility at a high resolution and control over culture parameters over long culture times was
finally guaranteed in cellularised constructs engineered in vitro, both in space and time (the fourth dimension). Below we
describe some main applications of this approach that we used to model slowly developing biological processes in vitro.

Figure 1. The MOAB cell culture platform mounted on an upright fluorescence microscope. (Left) Set-up of an experiment of
engineering of cartilaginous tissue. (right) Real-time monitoring of cell secretion of collagen by cartilage cells. The MOAB is and the
tissue under development is stained with 5-(4,6-dichlorotriazinyl) amino fluorescein (5-DTAF), the product of the reaction of amino
fluorescein with cyanuric chloride, a nonspecific amine-reactive fluorescent dye for visualizing collagen fibers in live
tissue, both for in vivo healing experiments and for in situ mechanical studies.

1.2 The bone perivascular niche-on-a-chip to study metastatic colonization and to test anticancer agents
We had the opportunity to test the MOAB platform in the field of cancer research in various applications. Initially, we
were interested cancer cell visualization and selective cell capture. We used direct photo-patterning of hyaluronic acid
baits onto a fouling release surface, for selective visualization and capture of CD44-positive cancer cells 6. More
recently, we had the opportunity to model a slowly developing process related to cancer: the formation of a bone
metastasis by breast cancer cells. Metastasis to distant organs is the leading cause of death in many cancers (e.g. breast,
prostate). Disseminated breast cancer tumor cells leave the blood stream through the microvasculature and colonize
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distant organs like the bone marrow. Endothelial cells and bone marrow stem cells mediate tumor cell proliferation in the
perivascular tumor niche 7.
The MOAB allowed us to add the effect of interstitial flow to the existing in vitro models. We found that interstitial fluid
flow up-regulates endothelial sprouting. Endothelial cells self-assembled in a loose vascular bed in static culture, and in a
more dense vascular bed when perfused, likely by increased convective transport of angiogenetic signals 8. We were able
to visualize both the green-fluorescent cancer cells and the red-fluorescent endothelial cells in fluorescence microscopy
under bioreactor culture. In this model of metastatic niche, we measured a significant increase in cancer cell survival
without flow, compared to what measured with flow, specifically when cancer cells where put in co-culture with stromal
cells and endothelial cells.
Our most important finding was that cancer cells proliferated less under interstitial flow but presented a significantly
greater resistance to traditional chemotherapeutic drugs like Sunitinib, likely because this drug targets proliferative cells.
Sunitinib is in fact a chemotherapeutic agent targeting receptor tyrosine kinases (including VEGFR, PDGFRβ, c-KIT) in
proliferative cancer cells, failing to inhibit breast cancer cells exposed to interstitial flow. The MOAB can thus be
successfully used for testing chemotherapy drugs against bone metastases.
1.3 The lymphnode-on-a-chip to study adaptive immunity and to test cancer immunotherapies and vaccines
Another slowly developing class of interactions are typical of our adaptive immune system. For example, dendritic cells
flow in a lymphnode, adhere to reticular cells and express receptors of T-cells to make them join and instructed them.
This process of lymphnode instruction can be modelled in the MOAB by seeding yellow-fluorescent stromal cells on a
scaffold, then by introducing dendritic cells suspended in the perfused culture medium. Dendritic cells can be visualized
while adhering to the fibroblast reticular cells, and while migrating on the scaffold. Furthermore, their activation can be
visualized by inserting a fluorescent protein gene on the promoter of the gene encoding for the T-cell receptor ICAM-1.
When cyan-fluorescent antigen-specific T-cells were subsequently introduced with flow, we monitored that they tended
to adhere to the dendritic cells while crawling on the scaffold 9. This lymphnode instruction model can be used to test
cancer immunotherapies and vaccines, that are both therapeutic approaches with slowly developing effects.

1.4 The perineural niche-on-a-chip to study neurodegeneration and to test neuroprotective therapies
Another very slowly developing process is chronic neurodegeneration. The MOAB can be used to model in vitro the 3D
cell microenvironment in long term chronic neurodegeneration, to test the effect of frontier therapies 10. For example, it’s
an effective tool to model the neuroprotective effect of mesenchymal stem cell secretome on neuronal-like cells
subjected to oxidative stress 11. To model this process, we inserted human SHSY-5Y neuron-like cells with an oxidative
damage resembling the one induced by Alzheimer’s disease, in adhesion on a polystyrene scaffold. We cultured these
neurons for several days under conditioning with neuroprotective factors secreted by bone marrow cells. We could
measure a significantly higher viability of the conditioned neurons, suggesting a neuroprotective action exerted by the
secretome of bone marrow cells 12.
More complex mechanisms of neurodegeneration can be modelled by connecting multiple devices representing separate
compartments of a functional “axis” like the microbiota-gut-brain axis that connects microbiota, gut, immune system,
and brain 13. In this way, we can recapitulate in vitro very complex mechanisms that involve very far apparata of the
entire human organism, for example the effect of microbiome-secreted neurotoxins on the development of Alzheimer’s
disease 14 and relevant therapeutics.

2. SCALING DOWN TO THE INDIVIDUAL CELL SCALE
Our original curiosity-driven question was: what are the parameters influencing cell response that end up in the
regeneration and remodeling of a tissue? The possibility to observe live cells in space and time (4D) led us to the
formulation of a hypothesis to answer this question. My hypothesis was that when the cell modifies its morphology, for
example while crawling on the scaffold in the MOAB, the nucleus senses such deformation through a direct mechanical
link between the cell cytoskeleton and the nuclear pore complexes 15. When the cell spreads, the nuclear envelope is
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strained and this in turn activates the nuclear pore complexes that become more permeable to protein trafficking 16. This
mechanism increases the permeability of the nuclear envelope to the nuclear import of the signals called “transcription
factors” involved in key master switches that dictate cell function such as the transformation of a stem cell into a
differentiated cell.
We managed to predict theoretically the diffusive flux of a transcription factor with increasing cell deformation 17.
Initially, we formulated several multiphysics computational models in which we were able to couple the deformation of
individual cells to the diffusive nuclear import flow of molecules, by assuming a strain-dependent diffusion coefficient at
the nuclear membrane 18. However, to experimentally validate this hypothesis we had to control the morphology of the
cell nuclei in space and time, at the scale of individual cells.
Many lessons learned in situ from studies on stem cell niches dictated the design specifications for the cell culture
substrate. Firstly, we needed to isolate the mechanical contribution of cell deformation from the contribution of
biochemical signals in a well-defined mechanical environment, structurally and chemically stable in space and time.
Therefore, we excluded the use of exogenous biochemical signals, biodegradable 3D scaffolds and hydrogels 19. Also,
stem cells self-organize spontaneously in space and time by using autocrine and paracrine signaling 20, thus we also
needed to maintain cells in 3D contact between each other to allow for physiologic signaling to take place. Thus, we
excluded the use of single-cell manipulation techniques like single-cell adhesive substrates and wells, and optical
tweezers. Finally, we needed to monitor nuclear entry of signals that regulate gene expression, so-called transcription
factors, in space and time.
2.1 The NICHOID culture substrate
We managed to satisfy all the design specifications detailed above by fabricating micro scaffolds with a technique called
two-photon laser polymerization. This is a micro stereolithography technique in which polymerization is induced in
hybrid organic-inorganic photopolymers based on Silicon and Zirconium (for example, SZ2080). A femtosecond-pulsed
laser beam induces two-photon adsorption in the resin, which polymerizes in a volume very close to the focus. The
sample can be moved in space while keeping the laser on focus and this allows to literally “write” the microstructure in
the resin with an astonishing resolution down to 100nm. The advantages with this technique over others are that the
geometries micro-fabricated are totally arbitrary 21,22. Also, several photo resins available for two-photon polymerization
are inert, hydrophilic thus highly biocompatible 23.
Thanks to this microfabrication technique, we invented the NICHOID micro scaffold (Figure 2), a microscopic lattice
able to maintain cell adhesion in 3D in a very isotropic configuration, allowing full cell-to-cell contact and physiologic
paracrine signaling. The acronym was conceived to sound like “organoid” but with an emphasis on recapitulating the
anatomical stem cell niches present in the tissue. Initially, it took great efforts to reduce the autofluorescence of the
material to allow for the visualization of fluorescently labelled cells. We changed the photo initiator component in the
photopolymer and finally solved this problem 24.

Figure 2. (Left) The NICHOID micro scaffolds seeded with adhering mesenchymal stem cells and imaged in scanning electron
microscopy at 3 weeks of expansion. Mesenchymal stem cell density was 50% greater in the NICHOID (0.18 million cells/cm2)
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compared to flat (0.12 million cells/cm2). (Right) Autofluorescence in the micro-scaffolds formed with Irg (bottom row) photo
initiator is optimized compared to Bis (top row) in channels (a,d) blue (DAPI), (b,e) green (FITC) and (c,f) red (TRITC). Adapted
from 24.

2.2 The mesenchymal stem cell niche-on-a-chip
The NICHOID was conceived as a cell adhesion substrate able to mimic in vitro the physical and geometric constraints
present in the native stem cell niche in order to control stem cell shape, thus its function, during ex vivo culture. We
found that mesenchymal stem cells migrated in the NICHOID micro scaffolds and tended to colonize. The substrate
induced a 50% higher cell density than flat controls; cells that migrated in the micro scaffolds tended to adhere and home
inside the scaffold lattice 25. Most importantly, human mesenchymal stem cells maintained a significantly greater
stemness and multipotency, as compared to flat-cultured controls, when adhering to the micro scaffolds 26.
Indeed, with fluorescence recovery after photobleaching (FRAP) measurements we confirmed our hypothesis that cell
spreading was a primary factor determining the permeability of the nucleus to MyoD, a transcription factor involved in
mesenchymal stem cell differentiation 2728. We found this transcription factor significantly more localized in the nucleus
of cells cultured on flat with respect to cells cultured in the micro scaffolds. Most importantly, we were able to visualize
the fluorescence recovery of GFP-MyoD, a parameter proportional to the nuclear flow, on the entire nuclei in space and
time in the two conditions, NICHOID and flat. We discovered that in the NICHOID, the import flow of this transcription
factor is slower and is maintained very homogeneous in time, because the particles flow inside the nucleus from all the
directions in space. On flat-cultured controls, instead, not only the import flow is faster, but it occurs preferentially from
the peripheral areas of the nucleus. We concluded that in flat conditions, the layer of cytoplasm in contact with the cell
nuclear top and bottom surfaces is very thin, likely providing for limited transcription factor availability. Thus, the
import flows of transcription factors through the nuclear membrane occur primarily from a lateral ring-shaped surface.
We called this the “effective surface” in transport.
With regard to the intracellular forces developed by mesenchymal stem cells adhesion we found that, compared to flat,
cells adhered to the internal lattice of the NICHOID with reduced expression of structural proteins that form the focal
adhesions, including beta actin and vinculin, as shown by our co-localization studies. Also, the number and dimension of
the focal adhesions were significantly lower that on flat-cultured cells. This 3D adhesion configuration induced a
significantly more spherical nuclear shape in NICHOID-cultured cells, compared to the discoidal shape of flat-cultured
cells. Thus, the micro scaffold was able to release the tension from the cell nuclei and this induced a very significant
effect on cell gene expression 29.
Specifically, the NICHOID promoted spontaneous inhibition of MSC differentiation 30 and up-regulation of stemness
genes, e.g. the leukemia inhibitory factor (LIF), and cytokines such as interleukin 6 (IL6) and colony-stimulating factor 3
(CSF3) 31 that promote function and mobilization of hematopoietic stem cells 32. This result is coherent with the current
knowledge on the architecture of the native hematopoietic stem cell niche, in which mesenchymal stromal cells show a
typical stellate morphology in 3D, with few thin extended extrusions that contact the mature hematopoietic stem cells,
likely regulating primary aspects of their function 33.
Mesenchymal stem cells are increasingly used in stem cell therapy. They are found primarily in bone marrow and
adipose tissue in the adult, can differentiate in many cell types including bone, cartilage, fat 34. There are currently 300
major clinical trials underway worldwide for conditions such as ischemic cardiomyopathy, spinal cord injury, lung
cancer, type 1 diabetes, and stroke. Due to the very limited survival rate of mesenchymal stem cells after transplantation,
many recent approaches focus on the delivery of their “secretome” containing the signals secreted by cells. These signals
are already proven to control inflammation, promote angiogenesis, and to contrast fibrosis while promoting healing
processes for several tissues like cartilage and neural tissue.
A critical issue in this regard is the tendency of these cells to lose stemness and multipotency, thus function, when
expanded in vitro in order to obtain clinically significant cell dosages. Considering the multipotency reprogramming
effect of the NICHOID and its potential in therapeutic applications, we scaled up the fabrication of the micro scaffolds in
the aim to extend their use to expand mesenchymal stem cells and other typologies of stem cells, as well. We used multifoci parallelization with a spatial light modulator (SLM) that basically splits the incoming single laser beam into multiple
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laser beams that are all focused on one sample at the same time. After ten years of optimisation, we are now able to
cover a surface of one squared cm with ten thousand micro-lattices in only two hours of continuos laser writing 35,36.
2.3 The embryonic stem cell niche-on-a-chip
Pluripotent cells obtained by genetic reprogramming from adult cells have a potential to repair tissues in many clinical
settings such as retinal damage, spinal cord injury and cardiac injury. The translation of these pluripotent cells into the
clinics is far away due to the risk of teratoma formation, a major obstacle to pluripotent stem cell-based therapeutics.
Pluripotent cells are currently mainly exploited as models for drug discovery and toxicity screening, but they tend to
spontaneously differentiate when expanded 37. However, given our impressive results on mesenchymal stem cells, we
tested the ability of the NICHOID to maintain cell stemness and pluripotency during expansion also in pluripotent cells
38,39
. We cultured mouse embryonic stem cells in the NICHOID without chemical conditioning. Cells simultaneously
maintained the Octamer4 pluripotency gene switched on and several differentiation genes switched off 26. Others have
found similar effects thereon 40. The NICHOID can thus be regarded as a new method for at least partially
reprogramming pluripotency in cells in view of their use as a frontier research tool in biology.
2.4 The neural progenitor cell niche-on-a-chip
We tested the micro scaffolds on a cell model with a higher potential than embryonic stem cells to be translated to the
clinics: neural progenitors 41. We expanded erythropoietin-secreting neural progenitor cells (NPCs) on the NICHOID
and, consistently with our previous results on mesenchymal stem cells and on embryonic stem cells, we demonstrated a
significant upregulation of pluripotency genes and downregulation of differentiation genes after expansion, compared to
conventional culture 42. Furthermore, NPCs detached from the NICHOID retained a memory of pluripotency induction.
Most importantly, we tested the safety and efficacy of these cells in vivo in an experimental model of Parkinson’s
disease. We measured greater functional recovery indexes indicative of greater therapeutic power of cells grown inside
the NICHOID. The presence in the animal brain of Tyrosine Hydroxylase, a key enzyme of dopamine synthesis,
confirmed the behavioral data measured on animals 43.

3. CONNECTING THE CELL MODEL TO A VASCULAR NETWORK
No matter how complex is the mechanism under investigation and how complex is the platform that we conceive to
model such a mechanism, an important limitation of most cell models is that the interstitial flow of culture medium is not
anastomosed to the capillaries engineered within the construct. Microvascular networks regenerated in vitro can
effectively interact with the other cell populations present in the cell model, but they are usually not perfused. This limits
the possibility to model crucial biological mechanisms involving the intravasation and extravasation of cells, for example
cancer cells, red blood cells or circulating cells of the immune system 44, and their interactions with the other cells
forming the organoid in culture 45.
To anastomose micro vessels to a perfused system mimicking the human circulation, there are two possible approaches.
One is to engineer the micro vessels in vitro and anastomose them to the circuit that perfuses the culture medium 21,46.
Our innovative approach, instead, is to implant the cell model in a living organism, for example a mouse. The main
advantage of this approach is that the immune system of the animal can interact in a realistic way with the cell model.
Other advantages are that the cell model can be miniaturized and thus the platform can be minimally invasive and
potentially optically accessible in multiphoton microscopy. In this case, a fluorescent ultra-precise scaffold can be
exploited not only to guide vascular regeneration, but also for correction of optical aberrations during imaging.
3.1 The Microscopy Atlas (MICROATLAS)
The cell model can be implanted in a living organism 47. Subsequently, it can be invaded by endothelial cells of the host
and be revascularized while interacting with the host immune system. We recently invented this concept of the
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MICROATLAS, a miniaturized imaging window that can be used for the intravital quantification of the host response to
implantation of a heterologous tissue or a biomaterial, or to administration of a therapeutic agent. It’s basically a
miniaturized subcutaneous window chamber for time-lapse analyses (Figure 3). The device incorporates a micro scaffold
for in vivo tissue regeneration, which also acts as a reference geometry, allowing to 3D reposition the field of view
during repeated intravital observations.
Thanks to 3D correction of optical aberration, we were able to visualize and quantify, label-free, cell invasion,
neovascularization and collagen synthesis in the micro-scaffold 48. We obtained the first validation in vivo of our
platform by implanting the MICROATLAS in the chorioallantoic membrane of an embryonated chicken egg cultured ex
ovo. The circulatory system of the developing avian embryo has several vascular shunts found only during the embryonic
stages. These vascular shunts allow systemic venous return entering the right atria to bypass the nonventilated lungs and
they are called “chorioallantoic vessels”.

Figure 3. The MICROATLAS cell culture platform implanted sub-cute and imaged in vivo in two-photon microscopy.

To date, with label-free two-photon microscopy we were able to visualize cells, microvascular networks and collagen in
the micro scaffolds. We visualized effectively the micro vascular network regenerated in the scaffolds in green
autofluorescence, and the collagen secreted by cells in blue autofluorescence, by label-free two-photon emission. We
found a significantly greater density of blood vessels and collagen fibers in the scaffold, compared to the unimplanted
areas of the chorioallantoic membrane surrounding the device. Further quantifications are in progress.
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