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ABSTRACT

Implants and medical devices constitute an essential part of state of the art medical
treatments and therapies, contributing substantially to extend the average life expectancy and
to improve its quality. The increment of age-related diseases and medical conditions together
with the release of new medical products is expected to further boost the already growing trend
of implantations. The increasing prevalence of these implants and the necessity of safe and
efficient performances over long time periods demand for optimized solutions, not simply
providing functionality in the short term. In fact, the design of the basic functionality of
implants and medical devices (e.g. provide the desired flow rate for a pumping device or bear
a specific maximum mechanical load for an orthopedic implant) is a challenging, but often
solvable, issue. Not so is the integration of foreign objects in the human body. In fact, this has
proven to be a limiting factor for their performances and long term efficiency. Integration in
the body is an extremely complex issue: it is determined by the interplay between chemical,
biochemical, mechanical and biological factors. Therefore each detail concerning the design of
artificial device simultaneously and directly influences the outcome of such process. The
complexity of the boundary conditions imposed by the human body, in which a device must
work safely and efficiently, translates into the necessity to deal concurrently with different
tissues and substances, in an complex transitioning between varying mechanical, chemical,
thermal properties. This thesis aims at tackling the issue of integration of foreign materials in
the human body, with special focus on the multiplicity of interfaces that medical devices expose
to the living organisms. This complex problem is talked through with a multidisciplinary
approach, combining the development of state of the art fabrication processes in the field of
micro and nano engineering and biomaterials with principles of applied biology and
mechanobiology. The research approach starts from the design of materials, continues with the
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detailing of a functional surface topography and a wide in vitro testing, to eventually end with
an in vivo validation of the in vitro results and establishment of a robust proof of principle.
In the first chapter, the problem of unspecific interaction between implantable materials and
blood in devices assisting cardiac blood circulation is solved through the generation and
sustenance under flow of a confluent and stable endothelial monolayer covering the luminal
device surface, in a process defined as endothelialization. This process was supported by
appropriate surface micro-structuring and that made it compatible with the supraphysiological
wall shear stress (WSS) levels similar to those generated within vascular assist devices (VADs).
Endothelialization could be achieved at supraphysiological WSS levels only by means of proper
surface micro-structuring, not necessary at physiological WSS levels. Moreover, this work
tested for the first time in a reliable and repeatable manner the exposure of endothelial cell
layers to supraphysiological WSS conditions. This allowed to unravel a specific collective
behavior of endothelial cells in these extreme conditions, with the cell layer pre-polarized by
mean of microstructures orienting itself in the direction perpendicular to flow.
In the following chapters, the focus of this work moves from the luminal surface to the
external surface of implantable device, trying to provide novel insights and solutions to the
issue of integration in soft tissues. In particular, the development of a new technology to
produce and microstructure a biomaterial, namely bacterial or biosynthesized cellulose, its
testing in vitro and in vivo are discussed.
Particularly, in the second chapter, a powerful methodology to transfer functional
topographies to the surface of bacterial cellulose membranes is presented. This method, named
guided assembly-based biolithography (GAB), exploits the natural glucose fermentation
process taking place in a static culture of Acetobacter xylinum to generate natively
microstructured cellulose mats. The introduction of a surface-structured polydimethylsiloxane
(PDMS) mold at the gas–liquid interface directed the deposition of cellulose nanofibers,
generating a three-dimensional assembly with features replicating the ones on the elastomeric
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mold. GAB allowed to faithfully transfer micropatterns, achieving a certain degree of control
on directional alignment of individual nanofibers. Preliminary in vitro testing with fibroblasts
and keratinocytes not only proved the non-cytotoxicity of surface-structured bacterial cellulose,
but also showed efficient control of cellular activities which are fundamental in skin wound
healing and tissue regeneration. The implantation of surface-structured bacterial cellulose
substrates in model animals proved also the high durability and low inflammatory response to
the material.
In the third chapter, GAB is extensively shown to produce textures able to significantly
reduce cell adhesion. Biosynthesized cellulose is known to have very low affinity for proteins,
offering therefore very limited and unstable binding sites for eukaryotic cells. The addition of
appropriate surface microstructure significantly enhanced the already noteworthy reduction of
cell adhesion on biosynthesized cellulose. Textures composed of isotropically distributed micro
wells, ranging from 3 µm to 20 µm, were investigated using elastomeric PDMS samples and
biosynthesized cellulose membranes. With such an approach, the effect of surface topography
was completely decoupled from the role played by the other constitutive properties of the
material. Considering the complex interplay of chemical signaling and mechanical cues
characterizing the response of the body to any foreign material, the proposed patterns were
tested in vitro with human dermal fibroblasts (HDFs) and THP-1 macrophages. A significant
reduction of cell adhesion was observed for both fibroblasts and macrophages on
microstructured cellulose, 63% and 80% respectively with respect to unstructured cellulose.
Moreover, fibroblasts showed an unusual and not physiological morphology, with a pronounced
reduction in proliferation. Macrophages presented a spherical shape, indicating low activation
state, and gene expression confirmed no pro-inflammatory effect of biosynthesized cellulose,
independently from the surface topography. Finally, the material proved durable and resistant
to the in vivo environment, with clearly visible native microstructures after 3 months of
dwelling in the thorax of a pig.
7

Continuing on the same path, the fourth chapter is dedicated to the presentation of the in vivo
pre-clinical study in large animals of a big surface microstructured biosynthesized cellulose
membrane to reduce the formation of fibrotic tissue surrounding pacemakers. The study was
performed in large animals, with full scale commercial devices and state of the art surgical tools
and procedures. Microstructured biosynthesized cellulose membranes caused a reduction of
approximately 45% of the thickness of the layer of fibrotic tissue encapsulating the devices.
Importantly, the material did not cause a systematic increment of the inflammatory response,
remaining physically stable and unchanged for periods as long as 13 weeks in large animals.
Moreover, in addition to the reduction of the thickness of the fibrotic capsule, the newly
developed concept and surgical procedure offer a completely new opportunity to surgeons for
a facile revision surgical procedure or for battery exchange procedure.
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SOMMARIO
Le tecnologie per procedure mediche sono al giorno d’oggi un elemento essenziale dello stato
dell’arte delle cure e dei trattamenti che permettono una continua estensione dell’aspettativa
media di vita ed il costante miglioramento del benessere dei pazienti. La crescita del numero di
patologie e casi clinici legati all’età, insieme con un continuo affluire di nuove tecnologie e
prodotti sul mercato, contribuirà ad accrescere in maniera ancora più rapida il già prosperante
numero di impianti. La crescente tendenza ad un maggior impiego di queste operazioni,
combinata alla necessità di garantire un funzionamento sicuro e performante delle tecnologie
per periodi sempre più lunghi, richiedono prodotti e soluzioni ottimizzati nei minimi dettagli,
in grado di fornire prestazioni più complesse della semplice funzionalità di base nel breve
periodo. Infatti, sebbene la progettazione finalizzata alla fornitura della funzionalità essenziale
della tecnologia (per esempio la fornitura di una certa portata sanguigna per un supporto alla
circolazione o la resistenza ad un prefissato carico massimo per una protesi ortopedica)
costituisca di per sé una sfida ingegneristica, nella maggior parte dei casi è possibile trovare
una soluzione efficiente almeno per un limitato arco temporale. Al contrario, sul lungo periodo,
l’integrazione del corpo estraneo all’interno del corpo umano si è rivelato un fattore limitante,
sia per gli effetti collaterali (dolore e altri sintomi locali) direttamente percepiti dal paziente, sia
per la irreversibile compromissione della funzionalità di alcune parti essenziali del prodotto.
L’integrazione di materiali estranei nel corpo umano rappresenta un problema estremamente
complesso: fattori di carattere chimico, meccanico, biochimico, biologico regolano
simultaneamente il processo di integrazione e, pertanto, ogni singolo dettaglio del prodotto
impiantato può condizionare il risultato finale. La complessità della sfida verso l’integrazione
è quindi dettata dalle pressoché indecifrabili condizioni al contorno imposte dall’organismo
umano, con una continua transizione e variazione di proprietà meccaniche, termiche, chimiche
e biologiche, nelle quali il prodotto deve funzionare in modo sicuro ed efficiente.
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Questo lavoro si pone quindi l’ambizioso obiettivo di affrontare il problema
dell’integrazione di corpi estranei nell’organismo umano, con un’attenzione particolare verso
la molteplicità delle interfacce che una singola tecnologia medica espone all’ambiente
ospitante. Un simile problema può essere affrontato solamente con un approccio multi
disciplinare, in cui lo sviluppo di nuove tecnologie avanzate per la micro- e nano fabbricazione,
lo studio di biomateriali e principi di biologia applicata o biofisica confluiscono nella
generazione di nuovi concetti e nella loro verifica sperimentale.
Nel primo capitolo di questa tesi viene affrontato il problema dell’interazione tra materiali
impiantabili e sangue in sistemi per il supporto alla circolazione, come ventricular assist
devices, tramite un processo di popolamento e manutenzione di un sano e funzionale strato
confluente di cellule endoteliali sulle superfici esposte al flusso sanguigno. Questo processo,
definito endotelializzazione, evita il contatto diretto tra materiali artificiali e sangue, eliminando
alla base il problema della compatibilità. Questa strategia è stata resa possibile dalla presenza
di apposite microstrutture che permettono la sopravvivenza delle suddette cellule endoteliali
sotto condizioni di stress meccanico molto superiori a quelle rilevabili in condizioni fisiologiche
nel sistema circolatorio umano. Sotto un carico suprafisiologico, le microstrutture e il loro
orientamento si sono rivelate condizioni imprescindibili per il mantenimento dello strato di
cellule. In generale, con questo apparato sperimentale, è stato possibile studiare per la prima
volta in modo affidabile e ripetibile il comportamento di un endotelio esposto a carichi
meccanici simili a quelli generati all’interno di sistemi per il supporto alla circolazione. Questo
ha permesso di scoprire nuovi comportamenti collettivi delle cellule endoteliali, che, in tali
situazioni, per esempio, mostrano la forte tendenza ad orientarsi in direzione perpendicolare al
flusso, contrariamente a quanto comunemente osservato in condizioni fisiologiche.
Nei capitoli seguenti, immaginando un sistema impiantabile con diverse interfacce,
l’attenzione si sposta dalla superficie interna, a contatto con il sangue, a quella esterna, a
contatto con i tessuti molli. In particolare, in queste sezioni verrà discusso lo sviluppo di una
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nuova tecnologia per produrre un biomateriale, cellulosa batterica, con superfici
microstrutturate e il suo comportamento in vitro e in vivo.
Il secondo capitolo è quindi dedicato alla presentazione della tecnologia, denominata Guided
Assembly-Based Biolithography, per produrre membrane con superfici microstrutturate di
cellulosa, tramite un processo biotecnologico di fermentazione di glucosio da parte di un
batterio chiamato Acetobacter xylinum. Il posizionamento di uno stampo elastomerico di PDMS
all’interfaccia liquido-gas di una coltura batterica statica, con la superficie microstrutturata della
membrana rivolta verso il liquido, ha permesso di ottenere una matrice tridimensionale di fibre
di cellulosa che replichi la geometria dello stampo. Questo processo ha permesso di trasferire
geometrie complesse in modo riproducibile, raggiungendo, per alcune specifiche
configurazioni dello stampo, addirittura un certo grado di controllo sulla disposizione delle fibre
nella nanoscala. La coltura di fibroblasti e keratinociti sulle membrane di cellulosa, prodotte
tramite questa tecnologia, ha permesso di stabilire la non-citotossicità del materiale e, al
contempo, di mostrare la potente capacità delle microstrutture di influenzare importanti attività
cellulari, fondamentali per processi di rigenerazione dei tessuti. Infine, uno studio preliminare
in vivo ha permesso di confermare le proprietà non-infiammatorie e di durabilità del materiale
in un ambiente complesso.
Nel terzo capitolo viene trattata una porzione di lavoro di ricerca in cui la GAB è stata
utilizzata in modo estensivo per tentare l’ottimizzazione di geometria superficiale che
minimizzi l’adesione cellulare. Infatti, la cellulosa batterica è altamente idrofillica e pertanto
poco affine all’adsorbimento di proteine, offrendo di conseguenza pochi e instabili punti
favorevoli all’ancoraggio di adesioni focali. Una specifica topografia superficiale ha quindi
permesso di aumentare significativamente la già notevole tendenza di questo materiale a ridurre
l’adesione cellulare rispetto ad altri materiali impiantabili. Topografie caratterizzate da micropozzetti distribuiti isotropicamente sulla superficie dei campioni, con dimensioni variabili tra 3
µm e 20 µm, sono state sistematicamente analizzate su substrati elastomerici e cellulosici.
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L’utilizzo di materiali diversi ha permesso anche di disaccoppiare l’effetto della topografia da
quello dovuto alle proprietà intrinseche della cellulosa batterica. Tenendo in considerazione la
complessità degli stimoli chimici e meccanici tipici della risposta dell’organismo umano a
materiali estranei, i campioni sono stati testati con due tipologie di cellule che ricoprono ruoli
fondamentali in questo processo di riconoscimento e integrazione, fibroblasti e macrofagi. Con
entrambe le tipologie di cellule, le microstrutture hanno causato una significativa riduzione
dell’adesione cellulare, in dettaglio 63% per i fibroblasti e 80% per i macrofagi. Inoltre, i
fibroblasti hanno presentato, in risposta alle diverse topografie, una morfologia non comune e
non caratteristica di nessuna loro condizione fisiologica, mostrando una significativa riduzione
dell’attività proliferativa. In maniera simile, i macrofagi hanno mantenuto una forma
tendenzialmente sferica, indicativa di un basso livello di attivazione. L’analisi dell’espressione
di geni chiave nella risposta infiammatoria ha rivelato l’assenza di specifica sovraregolazione
di alcuni geni in presenza di topografia superficiale. Infine, la cellulosa si è dimostrata un
materiale duraturo e resistente, sopravvivendo intatta, con le microstrutture chiaramente
visibili, per un periodo di tre mesi impiantata nel torace di un suino.
Continuando nella stessa direzione, nell’ultimo capitolo di questo lavoro viene presentata
l’attività di ricerca pre-clinica in vivo, con membrane di cellulosa microstrutturata di grandi
dimensioni utilizzate come rivestimento per pacemakers, con lo scopo di ridurre la formazione
di tessuto fibrotico. Questo studio è stato realizzato su animali di grossa taglia (suini), con
pacemakers certificati di dimensioni reali, in strutture e con procedure chirurgiche allo stato
dell’arte. L’utilizzo di membrane di cellulosa microstrutturata ha permesso di ottenere una
riduzione media dello spessore del tessuto fibrotico del 45%. Inoltre, il materiale non ha
generato nessun incremento sistematico della risposta infiammatoria, rimanendo stabile e
invariato avvolgendo l’impianto per un periodo massimo di 13 settimane. Infine, oltre al
beneficio della riduzione della formazione di tessuto fibrotico, questo nuovo concetto e la nuova
apposita procedura chirurgica offrono l’opportunità ai chirurghi di trovare, in sede di revisione
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chirurgica per complicazioni o sostituzione del generatore, un ambiente pulito e semplice in cui
operare.
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2. INTRODUCTION
2.1. Background
Each year millions of patients are treated with the implantation of medical devices, which
can in many cases exert lifesaving functionalities or, as bottom-line, significantly improve their
quality of life.(1) By definition, medical devices are meant to replace or vitally support a
permanently impaired fraction of or the whole organism, to compensate for the temporary or
partial malfunctioning of a specific organ. In other cases, they can provide detailed information
on pathological conditions, recording biological, chemical electrical activity in the body or
simply improve the esthetic appearance of the body. Consequently, implants and medical
devices can virtually be found for each part of the body: among the most common applications
are orthopedics, cardiovascular support or drug delivery system.(2)
The combination of such broad variety of technological solutions to pathological conditions
with the worldwide increasing life expectancy caused a significant increase of the number of
implants. Moreover, the growing number of age-related diseases mandates the development of
new treatments, devices, prostheses and long-term pharmaceutical. With reference to the field
of orthopedics, by 2030, the demand for primary total hip arthroplasties is estimated to grow
by 174% to 572,000, while the demand for primary total knee arthroplasties is expected to grow
by 673% to 3.48 million procedures.(3) Cardiovascular diseases are another category that
exemplifies the extensive use of medical devices for treatments of pathological conditions.
According to an analysis geographically limited to United States, from 1993 to 2008, the
implantation of Cardiac implantable electronic devices (CIEDs), counting permanent
pacemakers (PPMs) and implantable cardioverter-defibrillators (ICDs) increased by 96%.(4)
Independently from the purpose of the medical device, a critical parameter for the success
of the therapy is the full integration of the artificial components into the organism.
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Fig. 1: Multiple interfaces of medical device interacting simultaneously with biological media.
Nanoengineering offers opportunity to approach biological interface phenomena with new strategies and
produce novel solutions based on surface topographical modification. (Partly adapted from (5) and (6))

The temporary tolerance of the implanted device by the hosting organism is in fact only a
necessary requirement, but, in many cases, not sufficient to guarantee a successful and
satisfactory medical outcome. In fact, a completely positive result can be achieved when only
minimal or no collateral effects for the patient arise in the long term, while the functionality of
the device remains unaltered and unaffected by the integration process. Therefore, the
performance of the artificial materials in the long term integration and viability of the implant
in the body is a determining factor for the outcome of the treatment. (7, 8) This consideration
poses a fundamental technological and scientific challenge, as the optimization of the material
and its interface must be coupled with the complexity of the biological environment of the
hosting tissue. All bulk and interfacial properties of any material are known to play a role in the
interaction with living organisms and, therefore, no simple reduction of the degree of
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complexity of the problem is possible. Moreover, in many cases, the interface is extremely
complex as the same device must be able to interact simultaneously with different biological
media. Cardiovascular implants are the ideal prototype of this multi-faceted issue: in fact,
cardiovascular implants such as ventricular assist devices must be able to offer ideal conditions
on their luminal side for interaction with blood, but also with soft tissues on the outer surface
of their casing. Therefore, it is often required to use a strategic combination of materials or
textures to optimize the performance of this kind of assemblies.
Among the constitutive properties of materials that can be specifically tailored, surface
topography represents a physical parameter through which desired responses can be elicited in
human cells.(9) In fact, virtually all tested eukaryotic cell types showed the ability to sense and
respond to topographic features in the micron range.(10) Therefore, surface modification
appears to be a promising and powerful technique to produce significantly more advanced
medical implants, designed with an optimized combination of bulk and interfacial properties.
The large number of techniques available to transfer or generate surface topography on surfaces
of a variety of materials and their scalability strongly support surface modification as solution
for interfacial problems in biomedical applications. Moreover, the possibility to combine
surface topography to other solutions (such as coatings and surface functionalization
techniques) or apply it onto materials already approved and certified really shows the advantage
of this approach.

2.2. Surface microstructuring to enhance endothelialization in extreme
environmental conditions
2.2.1. Heart failure and cardiovascular diseases
Cardiovascular diseases (CVDs) broadly cover a range of conditions affecting both the heart
and the blood vessels, constituting the statistically most relevant cause of death globally. In
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fact, an estimated 17.5 million people died from CVDs in 2012, representing 31% of all global
deaths. Out of the 16 million deaths under the age of 70 due to non-communicable diseases,
37% are caused by CVDs. (11)
In particular, heart failure is the leading cause of mortality in most developed countries,
affecting more than 10% of their population above the age of 70. (12) For these patients, due to
the scarcity of donor organs, the use of mechanical circulatory support devices (i.e. ventricular
assist devices; VADs) is an inevitable bridging therapy that often results being an end therapy
for lack of alternatives. Current VADs have shown to be able to provide a reasonable quality
of life and sufficient functional capacity. In absence of other diseases, on a one- and two-year
time horizon, survival rates of patients implanted with VADs approach the outcomes after heart
transplantation.(13) However, a number of unsolved problems, for example the necessity for
heavy and permanent treatment with anti-coagulative drugs, the encapsulation of the devices in
thick fibrotic capsules, the complexity of device replacement, remain associated with the
implantation of VADs.
Remaining in the field of management of cardiac diseases, the treatment of cardiac rhythm
disorders has been established with cardiac rhythm management devices and, in the last two
decades, a nearly 100% increase in the annual implantation of these devices has been
registered.(14) While the pacing or defibrillation technology is mature and well-characterized,
interfacial problems are not solved. Moreover, the relevance of these issues, such as
encapsulation and entrapment of the device in layers of fibrotic tissue, is bound to gain
importance, as most of CRM devices are battery based and will therefore require a revision
surgery for replacement of components.
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2.2.2. Technology to treat heart failure (HF) and cardiovascular diseases
Cardiac implants are therefore essential elements of current medical practice and are
expected to gain further importance with the demographic changes toward a society of
increasing age-related health problems. Independently on the considered international standards
and official categorization of medical devices, cardiac devices obviously fall in the class of
fully implantable devices, qualified for contact with systemic blood circulation, central nervous
system and long term implantation. However, despite their certification for use in contact with
blood, the specific purpose of each device determines the extent at which they will be exposed
to blood circulation. According to this functional classification, VADs and angioplastic devices
can be considered as part of a family of devices with different functional requirements than
CRMs. This distinction poses once again the issue of the multiplicity of interfaces and the
difference in the requirements that they impose.

2.2.3. Interaction of blood with artificial surfaces and endothelialization
The technological challenge consists in the definition of a design that combines the basic
functionalities of the device (pumping, signal generation, etc.) with interfacial properties
enabling integration and limiting interaction-related side effects. As briefly mentioned, in terms
of severe clinical complications, a critical aspect is the hemocompatibility of a device,
especially for VADs or stents. The risk of strokes and clotting of the VADs is in fact directly
correlated to the properties of the surface in contact with the bloodstream. Blood-derived
protein deposition on surfaces is a thermodynamically driven process and, despite slight
differences in the time scales, appears an inevitable consequence with all the materials currently
in use for manufacturing of VADs or stents.(15, 16)
Presently, prevention of the activation of blood coagulation cascade is performed solely by
mean of aggressive anticoagulation and platelet inhibition pharmacologic therapies, with direct
27

increase of the risk of bleeding complications.(17) Difficulties in generating truly
hemocompatible surfaces, especially on processable and mechanically stable materials, pointed
towards the adoption of a completely different and nature-inspired approach.(18) In fact, in the
human body, a specialized layer of cells, called endothelial cells, lines surfaces interacting
directly with blood, controlling the exchange of nutrients and active biological components
between the bloodstream and the surrounding tissues. Therefore, the stable coverage of luminal
surfaces by endothelial cells (ECs) up to the formation of a confluent cell monolayer (process
of endothelialization) is considered as the optimal solution to avoid hemocompatibility
complications.(19, 20) In fact, a stable and confluent endothelium would provide a twofold
protection: on one side it would prevent the direct contact between blood and device material
and, secondly, partially suppress the onset of local inflammatory responses. [10, 11]

2.2.4. Shear stress and endothelial cells
The main obstacle in the above-mentioned endothelialization strategy is given by
mechanically-demanding and no-physiological conditions that the endothelial cells will
experience in the device. Previous extensive work performed at the Laboratory of
Thermodynamics in Emerging Technologies allowed to gain deep insight into the effects of
surface topography on endothelial cell biology under static and physiological flow
conditions.(21-26) However, the flow field generated by the pumping element in the different
VAD designs always generates shear stress values largely surpassing the physiological ones. In
addition to the increased mechanical loading of the endothelium, in several, very widely used,
centrifugal pump-based models of VADs, pulsatility of the flow is also absent, modifying
another fundamental cue of the physiological environment. The study of the behavior of
endothelial cells in this supraphysiological conditions required therefore the development of a
specific test setup, where the influence of the different stimuli could be decoupled. The
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hypothesis of a design of the surface of the material that induces a reinforcement of the adhesion
of the endothelial cells to the interface, without, on the other hand, impairing any of the
biological functions of the endothelium could be tested.

2.3. Surface microstructuring of biomaterials and control of cell behavior
Micro- and nanoscale topography has proven to exert significant influence on important
signaling and control functions of mammalian cell in contact with it.(9) In particular, it has been
observed that nanoscale structures in the extracellular matrix influence extensively local
migration,

cell

polarization,

and

other

functions

through

a

process

named

mechanotransduction.(27) Mechanotransduction defines exactly the process of translation of
mechanical stimuli generated outside of the cell and sensed by the cytoskeletal machinery into
intracellular biochemical signaling. The ultimate proof of the biological and developmental
relevance of the mechanical properties and structure of the extra cellular matrix (ECM) is the
existence of a programmed cell death mechanism, called anoikis, relying specifically on the
detection of correct or compatible ECM.(28) Mechanotransductive processes have been also
investigated on synthetically nanofabricated surface topographies and the effect of purely
mechanical cues has been decoupled from other biochemical factors.(27) In fact, specifically
designed surface patterns have been shown to exert direct influence on cell morphology,
alignment, adhesion, migration, proliferation, and cytoskeleton organization.(21, 26, 29-31)
Moreover, the power of surface topography to instruct cell behavior has been used to interfere
and steer relevant biological phenomena such as stem-cell differentiation and tissue
organization.(32-35)
At the present time, there are a multitude of nanofabrication processes, usually originating
from integrated electronics fabrication techniques, available for creating patterns and textures
at micro- and nano-scale in 2D or 3D in a set of materials. These techniques can be used to
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produce substrates with long-range order with a relatively high degree of flexibility across a
wide range of feature sizes and geometries. Photolithography, electron beam lithography and
colloidal lithography share a top-down approach, based on patterning followed by etching, to
create features on two-dimensional planar surfaces. Although suitable for creating ordered
arrays of features, these processes are expensive and time-consuming, and they require access
to sophisticated equipment. Surface roughening and synthesis are alternative fabrication
approaches. Wet etching (acidic or basic environment driven) and dry etching (plasma based
processes, such as reactive ion etching) are suitable to create surface roughness with
controllable mean depth of the features, but stochastic spatial distribution. Similarly, synthesis
processes based on anodization and sintering can create surfaces with stochastic distribution of
pores or bumps. On the other hand, synthetic processes such as electrospinning offer the
possibility to finely control size and spatial distribution of the fibers generating the micro- or
nano-topography. There are also several potential fabrication strategies for integrating
nanotopographic cues into three-dimensional structures, such as advanced two-photon
polymerization (36) and microscale origami (37). However, it is worth mentioning once again
that all these techniques require very specialized tools and facilities, with related problems of
low yield and difficult scalability.
Another family of techniques is partially overcoming these issues by transferring a pattern
from a pre-existing rigid mold to other materials with high-efficiency and high-fidelity. These
replica processes generally do not require extreme control of the environmental conditions or
very specialized tools to provide successful and repeatable results. Even though they normally
rely on the use of a master mold initially fabricated with one of the previously mentioned
techniques, these processes allow to generate significant amount of samples from only one
expensive template. Soft lithography is probably the best example of replica molding
techniques.(38)
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Up to date, no facile and scalable technique has been proposed to create micro- or
nanotopographically controlled substrates with biomaterials and especially with hydrogels.
Only electrospinning and phase separation processes offer the possibility to generate textures
with materials resembling chemically and mechanically the ECM.(39, 40) However, as
previously mentioned, these techniques are suitable only for production of samples for research
purposes, not being really scalable. On the contrary, the direct structuring of a biomaterial or,
even better, its synthesis with embedded surface microstructures, would give enormous benefits
in terms of facility and scalability, impacting significantly cost-effectiveness of potential
applications. Importantly, the establishment of a process that enables to create a natively
microstructured biomaterial offers the opportunity to target a wide range of applications outside
of biomedical field, such as flexible electronics, sensors and functional nanomaterials more in
general. In this work, a process called Guided-Assembly-Biolithography (GAB) will be
presented, revealing for the first time a replica molding technology able to generate a natively
micro- and nano-structured fibrous substrate (bacterial cellulose or biosynthesized cellulose)
suitable for cell culture and in vivo implantation.
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b)

a)

Fig. 2 : Schematic model of bacterial cellulose “fringed micelle” (a) compared to microfibrils (b). Adapted
from (41).

2.3.1. Biosynthesized cellulose
Bacterial cellulose (BC) is a specific synthesized product of primary metabolism of bacteria
belonging to the genera Acetobacter, Rhizobium, Agrobacterium, and Sarcina.(42) Among
these species, Acetobacter xylinum, Gram-negative, acetic acid bacteria, are the most efficient
producers.(43) One distinctive feature of BC is its chemical purity, which makes it different
from plant cellulose (PC), usually chemically contaminated by hemicelluloses and lignin. The
removal of these substances is inherently difficult and it requires harsh and lengthy purification
cycles, which are instead not needed in the purification process of BC.
Cellulose is an unbranched polymer of β-1,4-linked glucopyranose residues. Biosynthesized
cellulose and plant cellulose present the same chemical structure, but the macromolecular
structure of bacterial cellulose and its mechanical properties differ from the one with vegetal
origin (Fig. 2).
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Fig. 3: Schematic illustration of bacterial cellulose biogenesis and fibril formation. Adapted from (41).

Cellulose molecules are synthesized in the interior of bacterial cells and are subsequently
spun out, through specific nozzle-like cell machineries called “cellulose export components”,
in the form of protofibrils or subfibrils, which have a width of approximately 1.5 nm (Fig. 3).
These objects are among the thinnest naturally occurring fibers. Subfibrils crystallize into
microfibrils (42) that then form bundles and finally ribbons (44). The ribbons have a
characteristic thickness of 3 - 4 nm and a width of approximately 70 - 80 nm (44-46).
Biosynthesized cellulose appears as a matrix of intertwined ribbons, with a length generally
varying in a range between 1 and 9 µm. The structure of this matrix is highly reticulated and it
is chemically stabilized by extensive hydrogen bonding.
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Other substantial differences between biosynthesized cellulose and plant cellulose lay in the
crystallinity index of the material, above 60% for BC, and in the degree of polymerization (DP),
on average around 4000 (42) compared to 13500 for plant cellulose (47).
Two common crystalline forms of cellulose, designated as I and II, are distinguishable by
X-ray, nuclear magnetic resonance (NMR), Raman spectroscopy, and infrared analysis. (48) In
the metastable cellulose I, which is synthesized by the majority of plants and also by A. Xylinum
in static culture, parallel β-1,4-glucan chains are arranged uniaxially, whereas, in cellulose II,
β-1,4-glucan chains are arranged in a random fashion. This random arrangement of glucan
chains, with mostly antiparallel arrangement and higher number of hydrogen bonds than
crystalline form I, results in higher thermodynamic stability of the cellulose II.
In static cultures, bacteria continuously extrude protofilaments from linearly ordered pores
on the bacterial wall that crystallize into microfibrils and accumulate to generate a cellulose
mat at the oxygen-rich air-liquid interface. In particular, the deposition process happens layer
by layer, with the first cellulose mat acting as new interface and physical support for the
deposition of the following pellicle. The final macroscopic result consists of parallel but
disorganized planes of overlapping, intertwisted and hydrogen bond linked cellulose ribbons
(42).

2.3.2. Biosynthesized cellulose for biomedical applications
In the field of biomedical applications, biosynthesized cellulose presents several desirable
properties: the natural origin, the simple and non-toxic chemical composition, the superficial
properties, the high degree of purity, the bulk mechanical properties and the matrix-like
morphology can all be ascribed to this list.
As briefly mentioned earlier, no biomaterial with absolute protein resistance is known, but
the prevention or limitation of nonspecific protein adsorption has been identified as a key
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element in the improvement of biocompatibility of a biomaterial. The physicochemical process
of adsorption is governed by a complex interplay of polar and non-polar interaction
mechanisms, such as nonspecific electrostatic, ionic screening effects, noncovalent interactions,
salt bridges and hydrogen bonds. Non polar interactions include Van der Waals forces and
solvent dependent phenomena, such as hydrophobic attraction or hydration repulsion. Based on
current knowledge and comprehension of this complex physicochemical problem, so called
“Whitesides’ rules” have been proposed to guide the research and design of surfaces preventing
protein adhesion. (18) The general idea on which the rules are based is the generation of a
hydration layer at the interface, preventing or limiting protein adsorption onto the surfaces. The
guidelines are the following:


the presence of polar functional groups, i.e., hydrophilicity;



the presence of hydrogen bond acceptor groups;



the absence of hydrogen bond donor groups;



the absence of net charge.

Biosynthesized cellulose, being a polysaccharide, cannot fulfill all the points, as,
unfortunately, the presence of hydroxyl groups on the surface of the ribbons exposes many
hydrogen bond acceptor or donor groups to the solution. However, the presence of these groups
enhances significantly the hydrophilicity and therefore, taken together, polysaccharides have
shown to perform effectively in reduction of protein adhesion. In summary, the strong
interaction of cellulose fibers with water molecules makes adsorption of proteins
thermodynamically unfavorable. (18, 49-52)
Following the same design principles, for many different applications, the use of
polyethylene glycol (PEG) to create a hydrophilic layer became the gold standard for antiprotein adhesion purposes. However, recent studies showed degradation of the PEG coating
under physiological conditions, in presence of oxygen, metal ions or enzymes (53). On the
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contrary, biosynthesized cellulose is known to be inert in vitro and in vivo, due to the lack of
enzymes able to degrade its structure in the human body (54, 55).
Biosynthesized cellulose offers therefore the opportunity to combine natural occurring antiadhesion properties to bulk mechanical properties and fiber matrix morphology that should
allow favorable integration in living tissues. Although single cellulose ribbons are among the
stiffest naturally occurring fibers, with a tensile elastic modulus ranging between 10 and 80
GPa depending on the degree of crystallinity (56), the mats composed by intertwisted fibers
show a tensile elastic modulus in the range of 1-5 MPa, with much lower values in compression
(10 kPa).(57) However, the matrix of fibers does not possess substantial elasticity, consequently
excluding the application of this material to dynamic environments, in which cyclic change of
shape and loading is a fundamental requirement. On the other hand, for static applications the
mechanical properties of biosynthesized cellulose make of it an almost ideal candidate for
integration in the human body. In fact, also at a commercial level, it is already possible to find
on the market a medical device for dura mater repair (SYNTHECEL® Dura Repair) made of
pure bacterial cellulose. The existence of this commercial product made of biosynthesized
cellulose answers to several possible questions or doubts that could be raised about the
applicability of a bacterial derived product for highly demanding medical applications. Purity,
safety and biocompatibility issues have been tested and successfully overcome.
Together with the mechanical properties, the non-degradability of biosynthesized cellulose
contributes to dictate the target applications for the material. In fact, in many cases, reabsorbability of the implanted material can be a strong advantage, for example sustaining and
directing the ingrowth of tissue in a first stage, but leaving no permanent trace later in time. On
the other hand, for other applications, chemical and mechanical stability are fundamental: for
example, in the above-mentioned case of dura mater repair, the goal is to have a life-long lasting
non-resorbable, immunologically inert, dural graft that prevents cerebrospinal fluid leakage,
generating minimal foreign body response.
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Similarly, in order to tackle the problem of foreign body reaction, the incapability of the
human organism to degrade the material could be particularly advantageous. In fact, assuming
to be able to establish favorable mechanical and chemical conditions at the interface between
the implanted object and the surrounding tissues, it is desirable to preserve this interaction as
long as possible in time, without occurring in degradation. In this framework, surface
microstructured biosynthesized cellulose has been used in this work to form a cloaking layer
for medical device and control the interaction with cells of the hosting tissue.
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3.1. Abstract
Interaction between platelets and artificial materials within cardiovascular devices triggers
blood coagulation and represents a frequent adverse response to implant deployment.
Avoidance of this interaction is obtained through the generation and sustenance under flow of
a confluent and stable endothelial monolayer covering the luminal device surface, altogether
defined as the process of endothelialization. Supraphysiological wall shear stress (WSS) levels
generated within vascular assist devices (VADs) constitute a major challenge toward
endothelialization. Here we report the experimental demonstration that stable endothelialization
can be achieved at supraphysiological WSS levels by pure means of appropriate surface microstructuring. Using a custom-designed flow bioreactor we exposed endothelial monolayers to
physiological and supraphysiological WSS levels and investigated the resulting integrity of
cell-to-cell junctions, the cell density and the cell polarization. At physiological WSS levels,
optimal endothelialization was obtained independently from surface topography. However, at
higher WSS levels, only monolayers grown on appropriately micro-structured surfaces
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preserved optimal integrity. Under these flow conditions, endothelial cells polarized by the
contact with the micro-structure and, interestingly, oriented themselves in the direction
perpendicular to flow. Such endothelial layers withstood WSS levels exceeding of 100% or
more the thresholds detected on flat substrates.

3.2. Introduction
Severe heart failure is the leading cause of mortality in most developed countries, affecting
more than 10% of their population above the age of 70 (12). For these patients, an alternative
to heart transplantation is the use of mechanical circulatory support devices (i.e. ventricular
assist devices; VADs) with the purpose of improving the quality of life and functional capacity.
Although in selected cases with limited comorbidities, one- and two-year survival rates
approach the outcomes after heart transplantation (13) a number of unsolved problems remain
associated with the implantation of VADs. High flow rates within the device yielding
supraphysiological wall shear stress (WSS) levels (e.g. above 4-5 Pa) cause damage of blood
cells. Additionally, the contact of blood with artificial surfaces (composed by metallic alloys or
polymers) activates blood coagulation (58). These processes lead to hemolysis and thrombus
formation, which may result in pump malfunction and thromboembolic events with potentially
fatal consequences (59). To prevent the activation of blood coagulation, aggressive
anticoagulation and platelet inhibition is required which, in turn, increases the risk of bleeding
complications (17).
Despite the increased choice of biomaterials for VADs (7), thromboembolic events at the
level of the inflow cannular or within the pumping system are still exceedingly frequent (19,
60). New engineering strategies are therefore required to improve the integration of the implant
within the body, reducing the incidence of device-related complications. To this end, the longlasting coverage of luminal VAD surfaces by endothelial cells (ECs) up to the formation of a
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confluent cell monolayer (altogether defined as the process of endothelialization) is considered
as the optimal solution to avoid complications in VAD recipients (19, 20). Here, a stable and
confluent endothelium would provide a twofold protection. First, prevent the direct contact
between blood and device material and second demote the onset of local inflammatory
responses (61, 62).
The implementation of surface modifications to known biomaterials represents a promising
and cost-effective strategy to modulate cellular processes, which are essential for the
development and maintenance of a stable endothelium (32, 63). Engineered surfaces have
shown a large potential in modulating critical EC activities (21, 24). Micron-sized gratings
contribute to endothelialization under flow by reinforcing EC adhesion to the substrate via a
direct modulation of focal adhesion maturation and recruitment of adaptor proteins mediating
the interaction with the actin cytoskeleton (26). Anisotropic topographies can additionally
promote the polarization of ECs under flow (21, 24) which in turn favors tissue homeostasis
(64) and demotes inflammation (65). Finally, the basal interaction with gratings preserves the
integrity of the endothelium upon wounding and under physiological WSS levels (24). This
effect derives from a topography-mediated stabilization of the vascular endothelial cadherin
(VEC) based cell-to-cell junction that reinforces the connectivity between neighboring cells in
the endothelium (21).
Importantly, all these cellular activities are critically dependent on the local physical
conditions, determined both by blood flow and by the geometry of the surrounding vessel walls.
Indeed, clinical evidence demonstrates that endothelialization is hampered in regions of
disturbed (i.e. increased) flow (66, 67). While topography has been shown to be efficient in
promoting endothelialization under physiological WSS values (23), it has yet to be proven
whether such benefits can be exploited at supraphysiological WSS levels and, if so, what are
the values up to which surface endothelialization of cardiovascular devices can be obtained by
pure means of surface structuring.
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Here we investigate this important topic, with the help of a custom-designed flow bioreactor
that is able to reproduce physiological and supraphysiological WSS values (up to 10 Pa) on
textured surfaces. The aim of this study is to investigate how surface topography regulates the
stability of endothelial monolayers under supraphysiological WSS. We hypothesize that
rationally-designed surface textures promote the maintenance of a fully confluent and integral
endothelium at WSS values comparable to those experienced in VADs.

3.3. Materials and Methods
3.3.1. Substrate fabrication
Gratings with depth, line width, and pitch of 1 µm were imprinted on 180 µm thick untreated
cyclic olefin copolymer (COC) foils (Ibidi, Germany) using nanoimprint lithography (NIL) as
previously reported.(21, 26) At the end of the fabrication procedure, the substrates were treated
with oxygen plasma (100 W for 300 s), to increase the hydrophilicity of the surface and to
promote cell adhesion.

3.3.2. Antibodies
The following primary antibody was used: goat anti-VEC (Vascular Endothelial Cadherin;
#6458) from Santa Cruz Biotechnology Inc. (USA). The secondary antibody was a donkey antigoat-alexa-488 (A11055).

3.3.3. Cell culture
Human umbilical vein endothelial cells (HUVEC; Invitrogen, USA) were grown in medium
200PRF supplemented with fetal bovine serum 2% v/v, hydrocortisone 1 mg/ml, human
epidermal growth factor 10 ng/ml, basic fibroblast growth factor 3 ng/ml and heparin 10 mg/ml
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(all reagents from Invitrogen) and were maintained at 37ºC and 5% CO2. All reported
experiments were performed using cells with less than seven passages in vitro. The substrates
were sterilized by overnight treatment with ethanol and rinsed three times with PBS before
starting the coating procedure. The substrates were then coated with gelatin according to the
protocol by Lampugnani et al. (68). The substrates were stored at 4ºC until the seeding of the
cells. To generate a confluent monolayer, cells were seeded on COC substrates at high density
(3.5-5*104 cell/cm2) and were cultured for three days.
3.3.4. Flow Experiments
A custom designed parallel plate flow chamber (24) was used to apply a constant shear stress
to the monolayers (Fig. 4). The shear stress applied on the cells (τ) can be expressed as function
of the channel dimensions (width, w and height, h), medium properties (viscosity, µ) and
volumetric flow rate (Q) using the calculation for WSS in a rectangular channel: τ=6Qμ/wh 2
(23). While channel dimensions and medium properties were fixed in our experimental setup
(w=20 mm, h=0.3 mm, μ=8.4*10-4 Pa*s), the flow rate was controlled using a peristaltic roller
pump (Model 66, Harvard Apparatus) to apply WSS up to 10 Pa to the endothelial cell
monolayer. A compliance element was inserted between the roller pump and the flow chamber
to dampen flow pulsation. The flow chamber was connected to the peristaltic pump with Tygon
Tubing (E-3603; Saint-Gobain, France) certified for low cytoxicity.
The COC substrate with the monolayer was placed in a COC frame on the inferior part of
the polycarbonate flow chamber and the upper part was then mounted on top. The assembled
flow chamber was filled with medium and incubated at 37ºC and 5% CO2 for 30 min before
connecting it to the hydraulic circuit.
The flow bioreactor and the medium reservoir were allocated in an incubated chamber (Life
Imaging Services, Switzerland) where the environment was maintained stably at a temperature

43

of 37ºC and CO2 concentration of 5%. The cell monolayer was then exposed to the flow
generating the desired shear stress conditions for 16 h.

3.3.5. Immunostaining
HUVECs were fixed and permeabilized for 10 min with 3% paraformaldehyde (PFA) and
0.5% Triton-X100 in PBS at room temperature (RT). The cells were then post-fixed with 3%
PFA in PBS for 15 min. After washing the samples three times for 5 min with PBS, they were
incubated with 5% bovine serum albumin (BSA) in PBS for 1 h at RT. The samples were
incubated with TRITC-phalloidin (Sigma, USA) or with goat anti-VEC primary antibody
overnight at 4ºC.
Subsequently, the samples were rinsed four times for 1 h with 5% BSA in PBS and then
were incubated with anti-goat-alexa-488 secondary antibody for 45 min at RT. Finally, the
samples were washed three times (1 h each) in PBS, post-fixed for 2 min in 3% PFA, briefly
washed again with PBS, mounted with DAPI-containing Vectashield (Vector Labs Inc., USA)
and immediately imaged.

3.3.6. Image Acquisition
The immunostained samples were imaged using an inverted Nikon-Ti wide-field microscope
(Nikon, Japan) equipped with an Orca R-2 CCD camera (Hamamatsu Photonics, Japan).
Fluorescent image stacks of HUVECs immunostained for VEC were acquired with a 40X, 1.3
NA oil immersion objective (Plan Fluor, Nikon, Japan), using a FITC filter.
Confocal images of immunostained HUVECs were collected with a Leica SP2-AOBS
(Leica, Germany) microscope using a 63X, 1.4 NA, oil immersion objective (Plan-Apo, Leica,
Germany). DAPI emission was excited with the 405 nm wavelength of a solid-state laser and
collected in the 410-480 nm optical window. VEC signal was acquired exciting the Alexa-488
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emission with the 488 nm wavelength of an Argon laser and collected in the 498-568 nm optical
window. F-actin was imaged by exciting the TRITC-phalloidin emission with the 561 nm
wavelength of a solid-state laser and collecting the signals in the 732-810 nm optical window.

3.3.7. Image Analysis
Cell density in monolayers was measured using the “Cell Counter” tool of ImageJ (National
Institutes of Health, USA). To evaluate the monolayer integrity we defined a connectivity index
(CI) based on the distribution VEC fluorescent signal (Fig. 3).

Fig. 4: Measurement of Connectivity Index from the distribution of vascular endothelial cadherin.
Examples of CI measured in endothelial monolayers. The distribution of vascular endothelial cadherin
(green) is reported for representative endothelial cells in a) long confluent (more than 3 days) and b) recently
confluent (1 day) monolayers. White arrows indicate the four directions of signal intensity measurement (N,
W, S and E). c) and d) corresponding signal intensity profiles along the four directions. e) Evaluation of the
CI based on the average skewness.
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In confluent and growth-arrested monolayers VEC localizes at the cell-to-cell junctions thus
exclusively staining the cell membrane. When the monolayer integrity is compromised, the cellto-cell junctions are disassembled and VEC diffuses in the cytosol (68). Practically, the CI was
calculated from the average skewness (Rsk) of VEC signal profile along four directions (i.e. N,
W, S, and E) as depicted by 𝑪𝑰=𝒂𝒗𝒆𝒓𝒂𝒈𝒆 (𝑹𝒔𝒌,𝑵 , 𝑹𝒔𝒌,𝑾 , 𝑹𝒔𝒌,𝑺 , 𝑹𝒔𝒌,𝑬 )

Equation 1. As a

result, the value obtained was not sensitive to occasional areas of inconsistent fluorescence
distribution due to out of focus signal or background.
𝑪𝑰 = 𝒂𝒗𝒆𝒓𝒂𝒈𝒆 (𝑹𝒔𝒌,𝑵 , 𝑹𝒔𝒌,𝑾 , 𝑹𝒔𝒌,𝑺 , 𝑹𝒔𝒌,𝑬 ) Equation 1

CI values close to 1 indicate a monolayer with preserved cell-to-cell junctions (i.e.
fluorescent signal revealing the distribution of VEC peaks at the cell membrane Fig. 4) while
values close to zero indicate a diffuse VEC signal in the cytoplasm, typical of cells with
disassembled or immature cell-to-cell junctions (68). Additionally, a functional threshold
defining differentiated endothelia was measured comparing long confluent endothelial
monolayers (more than three days confluent) to recently confluent ones (one day confluent), as
reported in (68). The CI is reduced to 0.6 in recently confluent endothelia (Fig. 6).
Similarly, a measure for the average cell orientation was obtained from the VEC trace or Factin signal using the “Directionality” tool of Fiji (National Institutes of Health, USA). The
obtained value in degrees was normalized relative to the flow direction. The range of possible
alignment was 0 to 90º. Thus a value of 0º indicates perfect alignment.

3.3.8. Numerical validation of the flow chamber
The fluid dynamics of the chamber was validated by a computational fluid dynamics (CFD)
simulation in Ansys CFX (Ansys, USA). The volume was drawn with a CAD software
(Autodesk Inventor, USA) and consequently imported in CFX, with very high fidelity (10 -6 m
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with a critical geometrical feature in the order of 10-4 m). Water was chosen as fluid, assuming
the following properties: Molar mass M = 0.0180 kg/kmol, density ρ = 997.048 kg/m3, viscosity
µ = 8.4*10-4 Pa s. Finally, the geometry was meshed with approximately 1.8 106 hexahedral
elements.
A second fluid dynamics simulation was performed in COMSOL Multiphysics (COMSOL
Inc. USA), in order to evaluate the local velocity profile in the region of fully developed laminar
flow, where the sample is allocated. In this case, the Fluid Dynamics Module and in particular
the stationary laminar flow subsection were used, meshing a slice of the channel (2 mm x 20
mm) with approximately 1.1 106 tetrahedral elements.

3.3.9. Statistical analysis
All statistical comparisons were performed using a non-parametric Mann-Whitney (α =
0.05) or a Kolmogorov-Smirnov test. All quantitative measurements reported are expressed as
average values ± the standard error of the mean. The total number of measured events in the
analysis is always indicated in the presented graphs.
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3.4. Results
3.4.1. Validation of the fluidic bioreactor
We developed a fluidic bioreactor based on a parallel plate design (
Fig. 5). The bioreactor featured a longitudinal fluidic channel with length 60 mm, width 20 mm
and a constant height of 300 µm. The center of the fluidic channel (
Fig. 5a) housed a square 1 cm2 substrate supporting a fully differentiated and growth-arrested
endothelial monolayer. Substrates were composed of a transparent and thermoplastic polymer
that could be structured via standard hot embossing (29). Similar thermoplastic polymers are
used for the fabrication of various parts of cardiovascular devices (69). Specifically, control
monolayers were grown on flat substrates, while the effect of topography was tested on
anisotropic microgratings. Importantly, the open design of the fluidic bioreactor allowed
placing the substrates with arbitrary orientation with respect to the direction of flow (Fig. 5a).
This set up enabled conditioning primary human endothelial cell monolayers (HUVECs) for
16 h under physiological flow conditions (23), yielding WSS values which ranged from venous
(0.35 to 1.4 Pa) to arterial levels (up to 5 Pa; (23)). To validate this configuration in
supraphysiological conditions we simulated steady state flow patterns within the fluidic channel
(Fig. 5b). The results show that under flow conditions yielding target WSS values up to 10 Pa
the central housing of the channel (i.e. where the cells are allocated) featured a homogenous
and fully developed shear distribution (Fig. 5b). In all, the fluidic bioreactor is suitable for
testing the effect of supraphysiological flows on human endothelial cells.
Our tests aimed at investigating the phenotype of endothelial monolayers under flow
conditions yielding increasing WSS levels. For this, the integrity of cell-to-cell junctions, the
cell density, and the cell polarization were evaluated in endothelia grown on flat substrates or
gratings, before and after exposure to flow.
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3.4.2. Integrity of endothelial monolayers under increasing WSS
The definition of endothelial monolayer integrity goes beyond the coverage of a target
substrate and is manifested by the maturation of cell-to-cell junctions connecting neighboring
cells (70). In physiological conditions, in vivo, a network of well-defined cell junctions enables
the monolayer activities in regulating the transport phenomena between blood and surrounding
tissue, and is essential to maintain homeostasis (71). On the other hand, an incomplete
endothelial differentiation affects cell connectivity thus resulting in poor or incomplete
endothelial function (72).
To quantitatively discriminate fully differentiated, growth-arrested endothelia from
immature, non-differentiated ones, we introduced a connectivity index (CI; Fig. 4), based on
the cellular distribution of the pivotal protein vascular endothelial cadherin (VEC; (68)). CI
values measured in control, long-confluent HUVEC monolayers prepared following the
protocol described in (68) were set to 1 indicating optimal connectivity. Consistently, CI values
measured in recently confluent endothelia were reduced to 0.6 (Fig. 6). This value was set as
threshold to discriminate monolayers featuring full integrity to monolayers providing surface
coverage, but compromised integrity.
Long confluent HUVEC monolayers grown on flat substrates (Fig. 6a) and exposed to flow
yielding physiological WSS values (up to 4 Pa) preserved optimal integrity. At a WSS value of
5 Pa the CI was reduced to 0.8, while it dropped dramatically at higher WSS values (0.4 and
0.25 at 6 and 8 Pa, respectively) indicating that in these conditions endothelia grown on flat
substrates could not preserve their integrity. Indeed, areas of poorly connected or completely
disconnected cells appeared (Fig. 6c). Similarly, long confluent HUVEC monolayers grown on
gratings in control, static conditions displayed optimal connectivity (Fig. 6b). CI values close
to 1 were preserved under flow conditions yielding WSS values up to 6 Pa.
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Fig. 5: Validation of the flow bioreactor at supraphysiological flow levels. a) Scheme of the fluidic channel
housing in its center a square patch supporting an endothelial monolayer. The flow velocity (in m/s) along
the vertical channel profile is reported as color-coded map with reference to a flow rate of 100 ml/min,
yielding a WSS value of around 5 Pa. Black arrows indicate the direction of the flow (positive y). b)
Theoretical WSS contour maps at the basal channel surface. The channel area where target WSS values
(tolerance of 3%) are obtained is depicted in green. Regions of lower WSS are reported in cyan, while
regions of higher WSS are in yellow. A black arrow indicates the direction of flow. An open black square
indicates the position in the channel where the substrates are located.

A moderate CI reduction was detected at 8 Pa, while connectivity dropped below threshold
at 10 Pa (Fig. 6b and d).
These data demonstrate that endothelial monolayers grown on gratings oriented parallel to
the flow, could preserve their integrity under supraphysiological flow conditions. In all, the
simple implementation of surface structure enabled stable endothelialization of artificial
substrates at WSS values which were 60% higher than on identical, flat substrates.
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Fig. 6: Monolayer integrity under increasing WSS. a) Connectivity index (CI) measured in monolayers
grown on flat substrates under static control conditions (CTRL, white histogram) or exposed to steady state
flow yielding a WSS of 1.4, 4, 5, 6 or 8 Pa, respectively (gray histograms). b) Corresponding measure of
connectivity index in monolayers grown on gratings under control static conditions or exposed to steady
state flow yielding a WSS of 1.4, 4, 6, 8 or 10 Pa, respectively. A horizontal gray bar identifies the threshold
value measured in recently confluent endothelial monolayers in static conditions. Error bars correspond to
the standard error of the mean. The number of measured fields of view is reported in the upper right corner.
Significant differences between the population means are reported (** for p<0.01). Fluorescent images of
VEC distribution in the analyzed monolayers grown on flat substrates c), or gratings d) under static
conditions or exposed to steady state flow. The corresponding WSS values are reported under each panel.
The orientation of the gratings is shown in the lower left corner. The white asterisks highlight the uncovered
areas.
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Fig. 7: Monolayer density under increasing WSS. a) Cell density (cells per mm2) measured in monolayers
grown on flat substrates under static control conditions (CTRL, white histogram) or exposed to steady state
flow yielding a WSS of 1.4, 4, 5, 6 or 8 Pa, respectively (gray histograms). b) Corresponding measure in
monolayers grown on gratings under control static conditions or exposed to steady state flow yielding a
WSS of 1.4, 4, 6, 8 or 10 Pa, respectively. Error bars correspond to the standard error of the mean. The
total number of measured cells is reported in the upper right corner. Significant differences between the
population means are reported (*for p<0.05, and ** for p<0.01). The horizontal dashed line sets a threshold
for incomplete surface coverage.
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3.4.1. Density of endothelial monolayers under increasing WSS
The cell density within an endothelial monolayer is a relevant parameter determining the
confluency and differentiation state of an endothelium and is inversely proportional to the cell
spreading (i.e. the average cell area; (73)). Long confluent HUVEC monolayers are typically
characterized by high density (600 cells/mm2 or higher) while lower density (2-300 cells/mm2)
is typical of recently confluent monolayers (68, 73). Values below 200 cells/mm2 indicate an
incomplete coverage of the substrate.
Initial monolayers grown on flat substrates or gratings were highly confluent and growtharrested (Fig. 7). High cell density was maintained in endothelia grown on flat substrates when
exposed to flow yielding WSS values up to 6 Pa. A significant density decrease was recorded
at 8 Pa. These data demonstrate that under increasing WSS on flat substrates the monolayer
integrity is compromised at lower values (6 Pa, Fig. 6a) than the substrate coverage (8 Pa, Fig.
6a and Fig. 7a). On the other hand, endothelial monolayers grown on gratings maintained a high
cell density under all tested WSS values with only a small decrease detected at 10 Pa (Fig. 7b).
In all, these results confirm that stable endothelialization could be achieved on structured
substrates aligned to the direction of flow up to WSS values of 8 Pa.

3.4.2. Polarization of endothelial monolayers under increasing WSS
Differentiated endothelial monolayers in vivo are characterized by the alignment of cells
along the direction of flow (74). This coordinated elongation, in turn, is instrumental to the
endothelial function (75) and is locally regulated by physiological WSS values, both in vivo
and in vitro (74). The alignment of endothelial cells is shown by the distribution of actin
filaments and by the orientation of cell-to-cell junctions (21).
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Fig. 8: Cell polarization under increasing WSS. a) Average cell alignment measured in monolayers grown
on flat substrates under static control conditions (CTRL, white histogram) or exposed to steady state flow
yielding a WSS of 1.4, 4, 5, 6 or 8 Pa, respectively (gray histograms). b) Corresponding measure in
monolayers grown on gratings under control static conditions or exposed to steady state flow yielding a
WSS of 1.4, 4, 6, 8 or 10 Pa, respectively. The vertical dashed line depicts the threshold WSS value for
endothelialization. Error bars correspond to the standard error of the mean. The total number of measured
cells is reported in the upper right corner. Significant differences between the population means are
reported (* for p<0.05 and ** for p<0.01). Distribution of filamentous actin (red, let column) and VEC
(inverted fluorescent signal, right column) in endothelial monolayers on c) control flat substrates or d)
gratings under control static conditions (upper row) or high WSS values (lower row). The orientation of the
gratings is shown in the lower left corner. A white arrow indicates the direction of flow.

We therefore visualized filamentous actin and VEC in endothelial monolayers grown on flat
substrates or gratings under increasing WSS values (Fig. 8). Control endothelial cells grown on
flat substrates in static conditions did not show a preferential orientation (Fig. 8a).
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Fig. 9: Reorientation of cell polarization in endothelial monolayers under increasing WSS values. High WSS
corresponds to values greater or equal to 4 Pa, while Low WSS indicates values less than or equal to 1.4 Pa.

Exposure to flow conditions yielding physiological WSS values induced a significant
alignment toward the direction of flow, which increased up to WSS values of 5 Pa (Fig. 8c). At
higher WSS values this coordinated cell orientation was lost (Fig. 8a and C and Fig. 9). Control
endothelial cells grown on gratings in static condition aligned to the direction dictated by the
topography (Fig. 8b). Cell orientation was further reinforced by exposure to co-aligned flow
yielding physiological WSS values (Fig. 8b and d).
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Interestingly, at higher WSS values a significant fraction of cells displayed a polarization
perpendicular to the direction of flow and of the underlying topography (Fig. 9). Finally, at
WSS levels inducing the loss of monolayer integrity (i.e. 10 Pa), cell polarization along the
direction of flow was reestablished (Fig. 8b).

3.4.3. The effect of endothelial monolayers pre-polarization
Based on the observation that under high WSS values (Fig. 8), ECs on gratings tend to realign perpendicular to the flow, we wondered whether a pre-polarization of the endothelial
monolayer could prove beneficial. Gratings were therefore oriented perpendicular to the
direction of flow and the overlying endothelia was subsequently exposed to high,
supraphysiological WSS values (10 Pa; Fig. 10).
In this configuration, cells maintained the original polarization dictated by the direction of
the gratings (Fig. 10d). Importantly, the measured CI was close to 1, indicating that the
monolayer integrity was fully preserved. This effect scaled with the cell density that was
significantly reduced. Consistently, ECs in the monolayer were more spread, with an average
cell area which was 1.5 times larger than on the static control (Fig. 10c).
Altogether these results demonstrate that a pre-polarized endothelium by means of surface
topography can withstand WSS values exceeding by 100% or more the threshold values of flat
surfaces.
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Fig. 10: Effect of the pre-polarization of the endothelium. a) Connectivity Index calculated in monolayers
grown on gratings under static control conditions (CTRL, white histogram) or exposed to steady state flow
yielding a WSS of 10 Pa (gray histograms). Gratings orientation with respect to the direction of flow is
reported (Parallel or Perpendicular). b) Corresponding measure of cell density (cells per mm 2) of c) cell
area (m2) and d) cell alignment. Error bars correspond to the standard error of the mean. The total
number of measured cells is reported in the upper right corner. Significant differences between the
population means are reported (* for p<0.05 and ** for p<0.01). e) Fluorescent image of VEC distribution,
f) VEC inverted fluorescent signal and g) distribution of filamentous actin on perpendicular gratings. The
orientation of the gratings is shown in the lower left corner. A white or black arrow indicates the direction
of flow.
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3.5. Discussion
When exposed to physiological WSS, the cells within a confluent endothelium rearrange to
align themselves to the direction of flow, thus establishing a characteristic polarization that is
observable both in vivo and in vitro (64). This process requires a remodeling of the cytoskeleton
and of the inter-cellular adhesions within the monolayer (23, 76). To this end, early upon flow
stimulation, the cell-to-cell junctions become more dynamic and overall weaker, allowing cells
to reshape. This process is modulated through the control of VEC localization at the cell
membrane (73). Physiological WSS values favor VEC withdrawal from the membrane into the
cytoplasm, thus improving the dynamic instability of the cell-to-cell junction. The interaction
with surface topography counteracts this process therefore increasing the connectivity between
ECs (23, 24).
Based on the data presented here, the response of a fully differentiated endothelium to
increasing WSS values can be distinguished into three regimes. Under low WSS (i.e. up to 4
Pa) ECs respond by gradually re-orienting along the direction of flow (Fig. 8). This polarization
can be achieved without compromising the monolayer integrity and does not require cell
proliferation (Fig. 6 and Fig. 7). Additionally, the interaction with substrate topography is not
necessary to withstand the mechanical stimulation induced by WSS. At high WSS values (i.e.
up to 8 Pa) cells, surprisingly, re-orient along the direction perpendicular to the flow, and the
presence of an underlying surface structure becomes necessary to achieve a complete
polarization without compromising the monolayer integrity (Fig. 7 and Fig. 9). Under these
conditions, the interplay between flow stimulation and interaction with topography may
preserve a delicate equilibrium at which ECs coordinately reshape while maintaining a
sufficient junctional strength (Fig. 9). At higher and supraphysiological WSS values (i.e. 8 Pa
and higher) the re-orientation of ECs becomes unsustainable and inevitably leads to a loss of
monolayer integrity and substrate coverage.
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Therefore, a correct pre-polarization of the endothelium is necessary to withstand the flowgenerated stress. In this case cell reorientation is not required and the endothelium maintains
the original polarization perpendicular to flow (Fig. 10).
Several hypothesis have proposed that endothelial cells orient themselves in response to
hemodynamic forces by minimizing their exposure to stress (77). However, a number of
findings indicate that flow-induced cell alignment cannot be solely regulated by force
minimization. Different cell types select opposite orientations under identical WSS conditions
and a cell polarization perpendicular to the direction of flow is typical of vascular smooth
muscle cells (SMC) (78). Similar to ECs, the alignment of SMC depends on the flow dynamics
and relies on the active remodeling of the cell cytoskeleton and the cell-to-cell junctions (77,
78). Additionally, the here-presented results reveal that ECs orient either parallel or
perpendicular to flow depending on the imposed WSS levels. This observation finds a
physiological reference in valvular ECs, a unique population of cells performing endothelial
function at the valve leaflet, which align parallel to the underlying collagen fibers but
perpendicular to flow, both in vivo and in vitro (79). Together, these observations imply that
endothelial response to flow is an active cell process. Therefore, different endothelialization
strategies may be enforced in regions of the vasculature experiencing different WSS levels and
thus performing specialized functions.

3.6. Conclusions
The set of data presented in this work demonstrates the possibility of achieving a stable
endothelialization of artificial substrates under supraphysiological flow conditions by pure
means of surface structuring. The requirements of such strategy are strictly dependent on the
WSS range, necessitating both the contact with a specific surface topography and the correct
pre-polarization of the endothelium. In all, the implementation of specific textures on the
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luminal surface of cardiovascular devices can be envisioned as a viable strategy to improve
their biointegration and avoid adverse reactions generated by the contact between blood and
device material.
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Bahamonde, José A. Heredia-Guerrero, Ilker S. Bayer, Alice Scarpellini, Hannes Merker,
Nicole Lindenblatt, Dimos Poulikakos, and Aldo Ferrari, Surface-Structured Bacterial
Cellulose with Guided Assembly-Based Biolithography (GAB), ACS Nano 2015 9 (1), 206219, DOI: 10.1021/nn5036125

4.1. Abstract
A powerful replica molding methodology to transfer on-demand functional topographies to
the surface of bacterial cellulose nanofiber textures is presented. With this method, termed
guided assembly-based biolithography (GAB), a surface-structured polydimethylsiloxane
(PDMS) mold is introduced at the gas–liquid interface of an Acetobacter xylinum culture. Upon
bacterial fermentation, the generated bacterial cellulose nanofibers are assembled in a threedimensional network reproducing the geometric shape imposed by the mold. Additionally,
GAB yields directional alignment of individual nanofibers and memory of the transferred
geometrical features upon dehydration and rehydration of the substrates. Scanning electron and
atomic force microscopy are used to establish the good fidelity of this facile and affordable
method. Interaction of surface-structured bacterial cellulose substrates with human fibroblasts
and keratinocytes illustrates the efficient control of cellular activities which are fundamental in
skin wound healing and tissue regeneration. The deployment of surface-structured bacterial
cellulose substrates in model animals as skin wound dressing or body implant further proves
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the high durability and low inflammatory response to the material over a period of 21 days,
demonstrating beneficial effects of surface structure on skin regeneration.

4.2. Introduction
The performance of artificial materials designed for use in medical applications critically
depends on their interaction with the patient tissue and organs (7, 8) Among the constitutive
properties that can be specifically tailored surface topography represents a materialindependent physical parameter through which desired responses can be elicited in human
cells.(9) Indeed, virtually all tested eukaryotic cell types showed the ability to sense and respond
to topographic features in the micron range.(10) The state-of-the-art in the design of microstructured geometries for the interaction with cells is based on regular arrays of periodicallyrepeated topographic features with rationally-selected dimensions.(80, 81) Most of these
substrates are anisotropic and thus provide a directional cue to the adhering cells.(29) In this
case, the cell response is expressed by their shape adaptation and by the alignment of migratory
patterns with respect to the direction dictated by the topography.(21, 82) The ensemble of
directional cellular responses related to the substrate topography is defined as contact
guidance.(24) Surface-structured biomaterials, which efficiently induce contact guidance, are
applied to re-establish or regenerate polarized tissues.(31) These applications include the
healing of skin wounds and the population of the luminal surface of cardiovascular implants by
endothelial cells.(26, 83)
A number of engineering protocols exist for the transfer of topographic patterns to the
surface of target biomaterials.(30) In general, the initial pattern design requires the
microfabrication of a substrate by means of standard photolithography. The chosen replicamolding process largely depends on the physicochemical properties of the target materials.
Thermoplastic polymers are surface-structured by means of nano-imprint lithography (i.e. hot
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embossing (84)) while elastomers and hydrogels can be shaped by means of soft lithography.(85)
A high fidelity negative replica of the original geometry is obtained, however these procedures
require a number of sequential steps.(86) Additionally, the surface structuring of biologicallyderived polymers has proven to be challenging, owing the peculiar self-assembly properties of
these molecules.(87, 88)
Cellulose is a well-suited material for body implant applications and has attracted significant
research interest due to its durability and the low inflammatory response elicited in vivo.(89)
The biosynthesis of cellulose takes place not only in plants, but also in bacteria of the
Acetobacteraceae family.(90) Although identical to cellulose of plant origin in terms of
molecular formula, bacterial cellulose is superior in terms purity and degree of
polymerization.(91) Bacterial cellulose is generated through the bacterial fermentation of
glucose, and the properties of the final substrate can be specifically controlled. (92) These
include mechanical resistance (92), degradability (93), surface porosity(94), optical
transparency (95), biochemical functionalization (96), and three dimensional shape (92, 97).
However, no protocols to transfer desired geometries on the surface of bacterial cellulose exist.
Over the past few years the interest and the commercial use of bacterial cellulose have grown
considerably. Applications include products for temporary skin and tissue replacement, for skin
wound dressing (98), and for tissue regeneration (99). A biocompatibility evaluation of bacterial
cellulose was made in Wistar rats by subcutaneous implantation (89). Up to 12 weeks after
implantation no microscopic signs of inflammation, including redness, edema, or exudates
around the implanted materials were evident. Additionally, no histological signs of
inflammation in the specimen were found. The implanted bacterial cellulose membranes
remained intact for at least 90 days (89, 91).
Here we describe a facile and cost effective method to microstructure the surface of bacterial
cellulose. The replica-molding approach, termed Guided Assembly-based Biolithography
(GAB), is integrated in the fermentation protocol. GAB yields bacterial cellulose substrates
63

containing the negative replica of a PDMS mold. This structuring was used to transfer
topographic features ranging from 1 to 50 µm in the lateral dimension and from 0.2 to 2 µm in
the vertical dimension. The resulting geometries are preserved upon cycles of dehydration and
rehydration of the bacterial cellulose substrates. GAB-generated topography confers contact
guidance properties to the bacterial cellulose substrates upon interaction with human dermal
fibroblasts and keratinocytes. The biocompatibility of GAB-structured bacterial cellulose
substrates is evaluated in a mouse model. Additionally, the beneficial effect of surface
structuring is tested upon skin wound healing in vivo. In all, this advancement paves the way
toward a new generation of biomaterials coupling the biochemical properties of bacterial
cellulose with the interfacing possibilities empowered by the control of surface topography at
the micron scale.

4.3. Materials and Methods
4.3.1. Bacterial cellulose Fermentation
Microstructured molds for GAB were made of polydimethylsiloxane (PDMS, Dow Corning,
USA) at a 1:10 mixing ratio (Fig. 13) and fabricated through standard soft lithography.(38)
Briefly, the mixed PDMS was degassed in a vacuum chamber for 10 min to remove trapped air
and immediately poured onto untreated cyclic olefin copolymer (COC) substrates containing
gratings. COC substrates were previously imprinted using nanoimprint lithography as reported.
(21, 26) In particular, several types of COC gratings were used, which featured line width and
pitch of alternatively 1, 5, 10 or 50 µm. The groove depth was 0.1, 0.6, or 1 µm. For selected
periods additional groove depths of 0.8, 5, 10 and 50 µm were tested (Table 2). After pouring
on the COC molds, the PDMS was briefly degassed for a second time and cured for 4 h at 60°C.
(83) The cured PDMS patches were then carefully separated from the COC mold using
tweezers. Control flat patches were similarly created by pouring PDMS on flat COC substrates.
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Table 1: Composition of culture medium for Acetobacter Xylinum. Additives for 1 l of medium in Milli-Q
filtered water.

Additive

Molecular
Formula

Quantity

D-Glucose

C6H12O6

20 g

Diazanium Sulfate (Ammonium Sulfate)

(NH4)2SO4

3.5 g

KH2PO4

7g

Sodium Phosphate Dibasic Dodecahydrate

(Na2HPO4)12H2O

3.4 g

Magnesium Sulfate Heptahydrate

(MgSO4)7H2O

2.1 g

Boric Acid

H3BO3

4.3 mg

Ferrous Sulfate Heptahydrate

(FeSO4)7H2O

9.5 mg

Pyridine-3-Carboxamide (Nicotinamide)

C6H6N2O

0.7 mg

Ethanol

C2H5OH

6 mL

Potassium Dihydrogen Phosphate (Phosphoric
Acid)

Wild type Acetobacter Xylinum strain ATCC-700178 (LGC Standards, Wesel, Germany)
was used for bacterial cellulose fermentation. The bacteria were grown in a medium prepared
as reported in Table 1 (100) and sterilized by autoclaving. In order to generate surfacestructured bacterial cellulose substrates, 5 mL of medium were distributed in standard 6-wellplates. PDMS molds were then placed in each well, with surface topography in contact with the
medium. Bacterial cultures were incubated at 26.5°C in saturated humidity and steady
environments for 7 days. At the end of the culturing period a thick (3 to 4 mm) cellulose layer
was formed at the interface with the PDMS molds. Bacterial cellulose substrates were then
harvested after removing the PDMS molds. To remove bacteria from the bacterial cellulose the
patches were washed in NaOH 1M for 80 min at 80°C, and subsequently in de-ionized (DI)
water at RT until neutral pH was reestablished. The bacterial cellulose substrates were fully
hydrated upon harvesting from the bacterial fermentation culture. This stage is defined as nondehydrated bacterial cellulose (NDH, Fig. 11). The NDH substrates were then washed and
dehydrated overnight at room temperature.
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Fig. 11: Dehydration and rehydration of surface-structured bacterial cellulose A) Schematic depicting the
dehydration and rehydration process with corresponding loss in water content. Substrates are fully
hydrated upon production. This stage is defined as non-dehydrated bacterial cellulose (NDH) and
corresponds to 100% in volume and weight. The weight of fully dehydrated bacterial cellulose substrates
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(DH) drops to 0.6%. The process of rehydration repristinates the weight of the rehydrated bacterial
cellulose (RH) up to 8% of the corresponding NDH substrates. B) Atomic force micrographs (AFM) of
substrates featuring gratings (P10) before (left panel) and after (right panel) a cycle of dehydration and
rehydration. C) Corresponding depth profiles.

Dehydrated cellulose substrates (DH) were then rehydrated with DI water. Finally, the
rehydrated substrates (RH) were autoclaved (121°C, 1.1 bar for 15 min) and stored in PBS at
4°C. Unless otherwise specified all reported experiments were performed using RH substrates.

4.3.2. Characterization of bacterial cellulose
After preparation, the surface-structured bacterial cellulose substrates were characterized
using scanning electron microscope (SEM) and atomic force microscope (AFM) imaging. To
prepare the samples for SEM, the substrates were washed twice in Milli-Q water, and then
rinsed for 10 min in increasing concentrations of filtered ethanol (30%, 50%, 70%, 90% and
95%). They were then rinsed twice in 100% ethanol for 15 min each. Ethanol dehydration was
followed by gradual replacement with hexamethyldisilazane (Sigma-Aldrich) that was let to
evaporate in a fume hood overnight. Samples were finally coated with a 5 nm-thick film of
gold/palladium (60/40 wt%). The substrates were imaged using a JEOL JSM-7500FA scanning
electron microscope (SEM), equipped with a cold Field Emission Gun (FEG). Initially, low
magnification images at 30° tilt angle were acquired, to allow for perspective 3D imaging of
surface topography. The bacterial cellulose nanofibers were imaged at higher magnification and
resolution, operating the machine at an acceleration voltage 2 kV in order to minimize any
possible beam damage effect. In both cases the SEM imaging was performed by collecting
Secondary Electron (SE) signal.
Atomic Force Microscopy (AFM) analysis was performed using a XE-100 PSIA instrument
(Park Systems) and a Nanowizard III (JPK Instruments, Germany) mounted on an Axio
Observer D1 (Carl Zeiss, Germany) inverted optical microscope. The images were acquired in
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non-contact mode, in the regime of attractive forces, working in air in a vibration-insulated
environment (Table Stable TS-150).

Fig. 12: Mechanical testing of flat and microstructured bacterial cellulose. A) Force-displacement curves
measured on unstructured bacterial cellulose substrates (blue lines, FLAT) and on gratings P10-1 oriented
parallel (green lines) or perpendicular (red line) to the direction of topography and nanofiber orientation.
B-D) Cross section of a surface-structured bacterial cellulose substrate (P10-1) visualized in SEM
micrographs with increasing magnification (1000X, 4500X and 15000X in panel B, C and D, respectively).

Single beam silicon cantilevers coated with aluminum on the reflective side (type PPPNCHR-10, Nanosensors) with typical elastic constant of 42 N m-1 and nominal tip radii of less
than 10 nm were used with a drive frequency of ~295 kHz. Measurements were taken at a scan
rate of 0.2 Hz and different zooms, depending on the topography of zoom. To ensure the
reproducibility of the measurements at least six well separated areas of each sample were
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inspected. The images presented reflect representative topographic patterns (Fig. 15, Fig. 17,
Fig. 18 and Fig. 19).

4.3.3. Mechanical Tests
The mechanical properties of the bacterial cellulose substrates were determined by uniaxial
tensile tests (Fig. 12) as reported in Röhrnbauer and Mazza.(101) Briefly, the samples were
analyzed in the parallel or perpendicular directions with respect to the fiber orientation. The
dimension of the samples was 10×10 mm. The tensile tests were performed using a custombuilt tension set-up. It consisted of a tensile test machine with two hydraulic actuators (242
Actuator, MTS Systems Corp., Eden Praire, MN, USA), each with 2.7 kN capacity, mounted
horizontally on a steel plate. 100 N load cells (SMT S-Type, Interface Inc., Scottsdale, AZ,
USA) were applied for force measurements. For the uniaxial stress tests, specific calibration
files for the range up to 20 N, providing higher resolution in the low force range, were used.
Custom-made clamps equipped with sandpaper at the clamping faces were directly attached to
the load cells. The samples were mounted in two parallel clamps with an initial chuck width of
3 mm. Monotonic strain to failure tests were performed under displacement controlled
conditions, with a displacement rate of 0.04 mm/s, which corresponds to an elongation rate of
0.38% nominal strain per second. The force-displacement data were sampled with a frequency
of 100 Hz.

4.3.4. Mammalian Cell cultures
Human dermal foreskin fibroblasts (HDF) were supplied by the Tissue Biology Research
Unit (Department of Surgery, University Children’s Hospital Zurich, CH) and obtained
according to the principles of the Declaration of Helsinki. Briefly, juvenile foreskin samples
were digested overnight at 4°C in dispase (0.5 mg ml-1, Roche, CH) in Hank’s buffered salt
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solution (HBSS without Ca2+ and Mg2+, Invitrogen) containing 5 mg ml-1 gentamycin. This
allowed subsequent separation of epidermis and dermis using forceps. To establish primary
HDF cultures, the dermis was dissociated into single-cell suspensions using HBSS containing
collagenase III (1 mg ml-1, Worthington Biochem., USA) and dispase (0.5 mg ml-1, Roche) at
37°C for 1 hour. Finally, the cells were cultured in RPMI-1640 medium supplemented with
10% v/v fetal bovine serum (FBS), 2mML-glutamine, 100U ml-1 penicillin and 100 mg ml-1
streptomycin (all from Sigma Aldrich) and maintained at 37°C and 5% CO2. Human
keratinocyte (HaCaT; (102)) were a gift of Prof. Sabine Werner (ETH Zurich). The cells were
cultured DMEM supplemented with 10% v/v FBS 2mML-glutamine, 100U ml-1 penicillin and
100 mg ml-1 streptomycin (all from Sigma) and maintained at 37°C and 5% CO2. In all reported
experiments, cells with less than six passages in vitro were used.
Non-coated, pristine bacterial cellulose substrates were not suitable for cell adhesion and
growth, therefore to assess contact guidance, sterile bacterial cellulose substrates were coated
with gelatin before cell seeding. Gelatin coating was performed as previously reported.(26)
Briefly, 1.5% gelatin (Merck, USA) in water was initially added to the samples and left to
adsorb for 1 h at RT. Subsequently, the gelatin was cross-linked by incubating with 2%
glutaraldehyde (Sigma) in water for 15 min at RT. After a sterilization step with 70% ethanol
in PBS (Sigma), the substrates were washed 5 times in PBS (5 min each) and then left overnight
at RT in 2 mM glycine (Sigma) in PBS to neutralize the glutaraldehyde. Finally, the bacterial
cellulose substrates were washed 5 times in PBS and stored at 4°C until use.
For cell polarization experiments (Fig. 21 and Fig. 22) non-confluent cells were trypsinized
and seeded on the bacterial cellulose substrates at final density between 1 and 3.5x104 cells/cm2.
Cells were incubated for 12 h before fixation and imaging. For the cell migration experiments,
HDF were treated for 30 min with 5-chloromethylfluorescein diacetate (CellTrackerTM Green
CMFDA, Invitrogen) at a final concentration of 1.5 mg ml-1 and then trypsinized and seeded
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on the bacterial cellulose substrates. Samples were incubated for 12 h and then immediately
imaged.

4.3.5. Immunostaining
To visualize the focal adhesions established by cells on the bacterial cellulose substrates the
following primary antibody was used: mouse anti-vinculin (V4505) from Sigma. The secondary
antibody was a donkey anti-mouse-alexa-488 (A-21202) from Invitrogen. Filamentous actin
was visualized using TRITC-phalloidin (Sigma).
Cells were fixed and permeabilized for 10 min with 3% paraformaldehyde (PFA) and 0.5%
Triton-X100 in PBS at room temperature (RT). The cells were then post-fixed with 3% PFA in
PBS for 15 min. After washing the samples three times for 5 min with PBS, they were incubated
with 5% bovine serum albumin (BSA) in PBS for 1 h at RT. The samples were incubated with
TRITC-phalloidin (Sigma, USA) and with mouse anti-vinculin primary antibody overnight at
4ºC.
Subsequently, the samples were rinsed four times for 1 h with 5% BSA in PBS and then
incubated with donkey anti-mouse-alexa-488 secondary antibody for 45 min at RT. Finally, the
samples were washed three times (1 h each) in PBS, post-fixed for 2 min in 3% PFA, briefly
washed again with PBS, mounted with DAPI-containing Vectashield (Vector Labs Inc., USA)
and immediately imaged.

4.3.6. Wide-field Microscopy
Wide-field imaging was performed with a 4X, 0.45 NA long-distance objective (Plan Fluor,
Nikon) using an inverted Nikon-Ti wide-field microscope (Nikon, Japan) equipped with an
Orca R-2 CCD camera (Hamamatsu Photonics, Japan). After patch mounting, the plates were
placed under the microscope in an incubated chamber (Life Imaging Services, CH), where
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temperature, CO2 concentration, and humidity were maintained at 37°C, 5%, and 95%
respectively. Movies of migrating HDF were acquired with a time resolution of 30 min for a
total of 6 h or more. At each time of measurement, a transmission and a fluorescent image were
acquired using a differential interference contrast (DIC) and a FITC filter set, respectively.
Confocal images of cells interacting with bacterial cellulose substrates were collected with
a Leica SP2-FCS (Leica, Germany) using a 63X, 1.4 NA, oil immersion objective (Plan-Apo,
Leica). Emission from DAPI was excited with the 405 nm wavelength of a Solid State laser and
collected in the 450-480 nm optical window. The Alexa488 emission was excited with the 488
nm wavelength of a HeNe laser and collected in the 500-540 nm optical window. Finally, the
TRITC emission was excited with the 555 nm wavelength of a HeNe laser and collected in the
600-800 nm optical window. For each sample 15 Z-stacks of individual cells were imaged,
collecting three-channels with lateral resolution of 116 nm/px and vertical resolution of 300
nm/px.

4.3.7. Animal Experiments
All experiments were carried out in accordance with the Swiss legislation for the protection
of animals and the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National Research Council). Male
C57BL/6J mice with a body weight of 25 to 35 g (n=18) were purchased from LTK
Laboratories, Fuellingsdorf, Switzerland. Animals were housed in individual cages with a 12 h
light/dark cycle and given water and food ad libitum and treated humanely.
To study the revascularization process the modified dorsal skin fold chamber (MDSC) was
used as described by Lindenblatt et al.(103) Briefly, for chamber implantation, two symmetrical
titanium frames were mounted on a dorsal skin fold of the animal (Fig. 25). One skin layer was
then completely removed in a circular area of 15 mm in diameter, and the remaining layers
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(consisting of striated skin muscle, subcutaneous tissue and skin) were covered with a glass
cover slip incorporated into one of the titanium frames. Before skin grafting, a recovery period
of 3 days was allowed. Then, skin and most parts of the hypodermal fat layer were carefully
removed in a circular area of 7 mm in diameter from the back of the chamber in order to create
an artificial full-thickness wound. The defect on the back of the chamber was then covered with
bacterial cellulose substrates (FLAT, P2 and P10) and covered with a glass cover slip
incorporated into the other titanium frame. Surface-structured bacterial cellulose substrates
were placed with gratings directed towards the wound bed. Additionally, to investigate the
biocompatibility of bacterial cellulose substrates, all animals received a replica of the same
bacterial cellulose substrate in a skin pocket in the groin.

4.3.8. Intravital Microscopy
Intravital microscopy was carried at 0, 2, 4, 7, 10, 14 and 21 days post-Tx. Microscopic
images were taken at 8 different areas within the center and periphery of the wound bed
underlying the implanted bacterial cellulose substrates.
After injection of 0.15 ml of fluorescein isothiocyanate (FITC)–labeled dextran (1%;
molecular weight 70,000; Sigma-Aldrich, Munich, Germany) into the tail vein, the
microcirculation at the wound bed and the bacterial cellulose substrate was visualized by
intravital fluorescence microscopy using a Zeiss microscope (AxioScope; Zeiss, Germany).
Leukocyte flow dynamics and leukocyte–endothelial cell interactions were studied after in vivo
staining with rhodamine 6G (molecular weight, 476; Sigma; 2 µM/kg intravenously).
Microscopic images and videos were captured by a CCD camera (AxioCam HSm, Zeiss) using
10X (N-Achroplan 0.25 N.A., Zeiss) and 20X (W N-Achroplan 0.5 N.A., Zeiss) objectives in
AxioVision Rel 4.8. The blood flow was monitored in capillaries of the wound bed. At the end
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of each experiment, histology and immunohistochemistry assessments were performed on
tissues surrounding the bacterial cellulose substrates.

4.3.9. Animal Histology
Tissue samples were fixed in 4% formalin and subsequently embedded in paraffin
according to standard procedures. Cross sections (4 µm) were cut and stained with hematoxylin
and eosin or Masson-Trichrome for histologic analysis of inflammation and tissue regeneration,
respectively. The analysis was carried out by a dermatopathologist. The degree of inflammation
was assessed by single-labelling with of the PAN-inflammatory marker Coronin 1(104)
(1:1000, supplied by Jean Pieters, Biozentrum University of Basel, Switzerland) after antigenretrieval in boiling citrate buffer (pH 6.0), followed by antibody incubation and detection using
ABC-Vectastain (Reactolab, Servion, Switzerland). The degree of inflammation was assessed
according to the following scheme: 0- no inflammation, 1- mild inflammation, 2- moderate
inflammation, 3- strong inflammation.

4.3.10. Image Analysis
Confocal Z-stacks were projected using the maximum intensity projection function of
ImageJ (National Institutes of Health, USA). Cell profiles were then manually drawn and the
cell area, orientation and circularity were measured using the fit ellipse tool of ImageJ. Cell
orientation was defined as the angle of the long axes of the fitted ellipse with respect to the
direction of the gratings. Elongation was obtained as the ratio between short and long axes of
the same ellipse. The cell density on flat and structured cellulose was measured using the “Cell
Counter” tool of ImageJ (National Institutes of Health, USA). The total number of cell nuclei
detected in each field of view was divided by the relative surface.
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To measure the alignment of bacterial cellulose nanofibers with respect to the direction of
the gratings, high magnification SEM images were loaded into ImageJ: the images were
contrast-enhanced, smoothed and de-speckled to reduce noise. Nanofiber orientation was then
obtained using the Directionality tool of ImageJ. For both the cell and fiber orientation
measurements the range of possible alignment was between 0 and 90º. Thus, a value of 0º
indicates perfect alignment. Cell migration tracks were extracted using the ‘particle tracker’
plug-in of the software Imaris (Bitplane, CH). In particular, only migratory tracks continuously
detected for a minimum of 4 h were extracted and the corresponding length, average velocity,
overall displacement and straightness were automatically calculated. Densitometry image
analysis of collagen fiber formation were performed using Cell^P software (Olympus) on five
observation windows per slide.
Lateral size or projected diameter of the fibers, surface porosity, periodicity and edge
roughness were calculated from SEM images using the measurement tool of ImageJ. Surface
porosity (Φ) was measured on planar images at high magnification (25000 X) as the ratio of the
area of pores divided by the area of the field of view. The area of the pores was calculated using
the Analyze Particle tool on a binary mask obtained from the SEM image setting a signal
intensity threshold. Periodicity was measured with the straight-line tool in at least 10 different
locations for each field of view. Edge roughness was calculated using the standard definition
of average roughness (Ra) as reported in (105) The profile of the edge was acquired using the
Freehand tool. Roughness parameters describing the topography were calculated from AFM
profiles, applying standard definitions reported in.(105)
Images from intravital microscopy on the animal experiment were pre-processed with Imaris
to extract skeleton images of the microvascular bed, and then analyzed using Matlab (The MathWorks, USA). Microvascular perfusion was quantified including the determination of vessel
diameter, length and number of branches.
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4.3.11. Statistical analysis
For all reported tests three independent experiments were performed and mean values (with
n = 3) were calculated. The results of this analysis are reported in Figs. 4, 5, and 7.

Fig. 13: Guided Assembly-based Biolithography (GAB). An initial mold is generated by hot embossing of a
thermoplastic polymer (COC). A negative replica is then obtained on PDMS by a soft-lithography step.
Next, the surface-structured PDMS is placed at the interface of the fermentation culture and incubated for
up to 7 days. A surface-structured bacterial cellulose substrate is finally produced at the interface and can
be easily harvested.
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4.4. Results and discussion
4.4.1. Guided Assembly-based Biolithography (GAB)
Surface-structured bacterial cellulose substrates were obtained introducing a PDMS mold
at the air-to-liquid interface of a standard Acetobacter Xylinum fermentation culture (Fig. 13).
Within 7 days of culture the process reproducibly yielded bacterial cellulose substrates
bearing a negative replica of the PDMS topography. Specifically, fifteen different PDMS molds
were used, featuring gratings (alternating lines of ridges and grooves) with 50% duty cycle, 0.1,
0.6, 0.8, 1, 5, 10, or 50 µm groove depth, and 2, 10, 20, or 100 µm period, respectively (a
complete list is provided in Table 2). Additionally, a flat PDMS mold yielding unstructured
bacterial cellulose substrates was included as control for the ensuing contact guidance
experiments.
The morphologies of the surface-structured bacterial cellulose substrates were investigated
using scanning electron microscopy (SEM) and atomic force microscopy (AFM) and compared
to the respective PDMS molds. The fidelity of GAB and the edge roughness of the resulting
topographical features were evaluated in SEM images of substrates generated using PDMS
molds featuring a constant groove depth of 1 µm and increasing lateral period (2, 10, 20 and
100 µm, respectively, Fig. 15 and Table 2). A second set of substrates was generated using
PDMS molds featuring a constant aspect ratio of 1 and increasing lateral period (10, 20 and 100
µm. Fig. 17 and Table 2). The lateral periodicity was transferred with an average deviation from
the corresponding mold ranging between 0.5 and 10% (Table 4, Fig. 14, Fig. 15 and Fig. 17).
In particular, the lateral periodicity of gratings was transferred with the best fidelity from PDMS
molds featuring deeper topographical features (P20-10 and P100-50, Fig. 14, Fig. 15, Fig. 17).
The edge roughness of gratings on bacterial cellulose was significantly higher than in
corresponding PDMS molds (Table 2). These results confirm the good fidelity of GAB in
transferring geometries with lateral feature size in the range between 1 and 50 µm.
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Table 2: Summary of PDMS molds and corresponding nominal values for the lateral and vertical feature
size.

Period
Sample

Depth

(m)

(m)

P2-0.1

2

0.1

P2

2

P2-1

Period
Sample

Depth

(m)

(m)

P20-1

20

1

0.8

P20-10

20

10

2

1

P100-0.1

100

0.1

P10-0.1

10

0.1

P100-0.6

100

0.6

P10

10

0.8

P100-1

100

1

P10-1

10

1

P100-50

100

50

P10-5

10

5

P20-0.1

20

0.1

P20-0.6

20

0.6

Additionally, they indicate that the characteristic fibrous composition of bacterial cellulose
hinders the sharpness of topographic feature edges.
Next we analyzed higher magnification SEM images revealing the individual nanofiber
density, distribution, and diameter on the surface of bacterial cellulose substrates obtained by
GAB (Fig. 15, Fig. 16 and Fig. 17). The average surface porosity (Φ) measured in all surfacestructured substrates was higher than the control value (Fig. 15 and Fig. 17). Thus, the surface
structuring of bacterial cellulose yielded a small but consistent decrease of the nanofiber density
and diameter. The flat surface of control bacterial cellulose substrates was characterized by a
randomly entwined network of fibers with nanometric diameter as previously reported (91)
(Fig. 15 and Fig. 17). Interestingly, structured bacterial cellulose substrates showed a visible
alignment of individual nanofibers toward the direction of the gratings, which was more evident
in the P2-1 sample (Fig. 15B). In order to quantify this observation, the overall orientation of
individual nanofibers was evaluated in distinct samples (Fig. 15 and Fig. 17). As expected, the
nanofiber directionality was homogenously distributed in unstructured bacterial cellulose
substrates.
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Fig. 14: Characterization of PDMS templates for GAB. PDMS molds featuring gratings with constant
groove depth of 1 m, 50% duty cycle and increasing lateral period of A-D) 2, 10, 20 and 100 m,
respectively (left column). AFM profiles of the gratings are reported as insets in the upper right corner of
each panel. E-H) Corresponding depth profiles.
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Table 3: Values of lateral periodicity, edge roughness and groove depth measured from SEM and/or AFM
images of PDMS molds. The measurements are reported as average values ± the standard error of the mean.

Sample

Period (m)

Edge Roughness (nm)

Depth (m)

P2-1

1.9 ± 0.1

160 ± 27

1.0 ± 0.01

P10-1

9.9 ± 0.1

44 ± 11

1.0 ± 0.01

P20-1

20.1 ± 0.1

84 ± 17

1.0 ± 0.01

P100-1

100.8 ± 0.2

192 ± 40

1.1 ± 0.01

P10-5

9.6 ± 0.1

32 ± 8

4.3 ± 0.2

P20-10

20.1 ± 0.1

85 ± 21

11.0 ± 1.0

P100-50

100.1 ± 0.1

563 ± 141

51.0 ± 0.7

On the surface of structured bacterial cellulose substrates most nanofibers aligned within 30º
to the main direction of the gratings (Fig. 15 and Fig. 17). Specifically, a significant fraction of
nanofibers aligned to P2-1 gratings (22% within 10º, Fig. 15B) while the alignment to wider
gratings (P10-1 and P20-1, Fig. 15C and D) was less efficient (16-17% within 10º). No
preferential alignment was detected on very large gratings (P100-1 and P100-50, Fig. 15E and
Fig. 17). The controlled assembly of bacterial cellulose nanofibers can be obtained through the
restriction of bacterial motion upon fermentation.(106) The coherent alignment of nanofibers
obtained with GAB may similarly depend on the confinement of bacteria along the surface
texture on the PDMS mold (Fig. 13). To this end, due to the typical size of the bacterial
cells(106), narrow ridges and grooves may harness the motion of individual bacteria more
efficiently than corresponding topographical features on larger gratings(106) yielding a better
alignment of the nanofibers. Consistently, very large gratings may provide no physical
confinement, yielding unbiased nanofiber deposition. Additionally, we tested whether the
anisotropic nanofiber alignment resulted in a directional stiffening of the substrates. Mechanical
tests (Fig. 12) confirmed the symmetric mechanical behavior of control flat substrates.
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Fig. 15: Lateral characterization of surface-structured bacterial cellulose. Representative scanning electron
microscopy (SEM) of control flat (FLAT) bacterial cellulose substrates or gratings generated using PDMS
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molds featuring constant groove depth of 1 µm, 50% duty cycle and increasing lateral period of 2, 10, 20
and 100 µm, respectively (left column). Corresponding zoomed views of the substrates showing individual
cellulose nanofibers (middle column), and the quantification of the nanofibers orientation (right column).
The histograms report the distribution of individual nanofiber alignment where 0º corresponds to the main
direction of the gratings. Error bars correspond to the standard error of the mean. Values of surface
porosity (Φ) of the nanofibers network are reported in the upper right corner of each graph.

Directional stiffening was measured along the direction parallel to the gratings (as compared
to the direction perpendicular to it) on the P10-1 sample (Fig. 12A). This finding suggests that
the alignment of nanofibers may extend to deeper regions thus influencing the bulk mechanical
properties of the substrate (Fig. 12B-D). In summary, these data demonstrate that topographies
with lateral feature size in the range between 1 and 50 µm are reliably transferred on bacterial
cellulose by means of GAB and that the process involves the alignment of individual cellulose
nanofibers.
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Table 4: Lateral fidelity of Guided Assembly-based Biolithography (GAB). Values of lateral periodicity,
replica fidelity and edge roughness measured from SEM images of surface-structured bacterial cellulose
substrates generated using PDMS molds featuring constant groove depth of 1 m (P2-1, P10-1, P20-1 and
P100-1) or a constant aspect ratio of 1 (P10-5, P20-10, and P100-50), 50% duty cycle and increasing lateral
period of 2, 10, 20 and 100 m, respectively. The measurements are reported as average values ± the
standard error of the mean.

Sample

Period (m)

Lateral replica
fidelity (%)

Edge Roughness
(nm)

P2-1

2.1 ± 0.1

9.0

186 ± 40

P10-1

10.0 ± 0.2

2.8

390 ± 75

P20-1

21.4 ± 0.1

8.6

368 ± 92

P100-1

99.2 ± 0.5

1.6

595 ± 130

P10-5

10.6 ± 0.1

9.9

206 ± 15

P20-10

20.3 ± 0.1

0.8

255 ± 26

P100-50

100.1 ± 0.3

0.4

452 ± 44

Fig. 16: Diameter of bacterial cellulose nanofibers in different substrates. Individual measurements are
reported as gray circles. The population means are reported as horizontal dashed lines in a rectangular box
whose vertical length represents the standard error of the mean. Whiskers individuate the standard
deviation. The total number of measured nanofibers is reported in the top left corner of the graph.
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Fig. 17: Lateral characterization of surface-structured bacterial cellulose. A-C) Representative scanning
electron microscopy (SEM) of gratings generated using PDMS molds featuring constant aspect ratio of 1,
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50% duty cycle and increasing lateral period of 10, 20 and 100 m, respectively (left column) and D-E)
representative SEM images of gratings generated using PDMS molds featuring constant groove depth of
0.6 m, 50% duty cycle and increasing lateral period of 2 or 20 m, respectively. F) Unstructured cellulose
substrate generated using a PDMS mold featuring groove depth of 0.1 m. Corresponding zoomed views of
the substrates showing individual cellulose nanofibers (middle column), and the quantification of nanofiber
orientation (right column). The histograms report the distribution of individual nanofiber alignment where
0º corresponds to the main direction of the gratings. Error bars correspond to the standard error of the
mean. Values of surface porosity (Φ) of the nanofiber network are reported in the upper right corner of
each graph.

The vertical size of gratings transferred on bacterial cellulose by GAB was evaluated using
AFM imaging (Fig. 18). The corresponding depth profiles showed that gratings were generally
shallower than the corresponding PDMS molds (Fig. 14). For substrates generated on molds
featuring 1 µm deep grooves (P2-1, P10-1, P20-1 and P100-1) the groove depth ranged from
0.2 to 0.5 µm (on substrates P2-1 and P10-1, respectively. Fig. 18J) and reached 1 µm only on
large gratings (P100-1). Deeper gratings could be obtained using PDMS molds with constant
aspect ratio and increasing lateral periodicity (Fig. 18K). The shallowest PDMS mold that could
be transferred on bacterial cellulose featured gratings with groove depth of 0.6 µm (Table 2 and
Fig. 14 and Fig. 17). Shallower molds (Table 2) yielded no visible surface structure on bacterial
cellulose (Fig. 17). Additionally, the phase image analysis (Fig. 19) shows no difference in the
mechanical response of ridges and grooves indicating a homogenous stiffness of the substrates.
In summary, geometries with vertical feature size between 0.2 and 2 µm and aspect ratio
between 0.02 and 0.2 could be generated on bacterial cellulose by means of GAB. Importantly,
both the lateral and the vertical feature size of gratings did not vary significantly upon
dehydration and rehydration of the surface-structured bacterial cellulose substrates (Fig. 11).
Therefore, despite the significant overall weight loss induced by the process of dehydration and
rehydration (~90%, Fig. 11), bacterial cellulose substrates displayed a full memory of the
topography introduced by GAB.
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Fig. 18: Vertical characterization of surface-structured bacterial cellulose. A-D) Representative atomic
force micrographs of surface-structured bacterial cellulose substrates featuring gratings (left column) and
E-H) corresponding depth profiles (right column). All gratings were generated using PDMS molds with a
constant groove depth of 1 m, 50% duty cycle and an increasing lateral period of 2 (P2-1), 10 (P10-1), 20
(P20-1) and 100 (P20-1) m A), B), C) and D), respectively. Profile depths (R max) for gratings generated
using PDMS molds with constant J) groove depth or K) aspect ratio. Error bars correspond to the standard
error of the mean.

Fig. 19: AFM characterization of surface structured bacterial cellulose samples. A) Representative atomic
force micrographs of surface-structured bacterial cellulose substrates featuring gratings and b)
corresponding phase images. Phase images were acquired in non-contact mode in the regime of attractive
forces.

4.4.2. Contact Guidance Efficiency of Surface-Structured Bacterial cellulose
The efficiency of surface-structured bacterial cellulose substrates in inducing oriented
cellular activities was tested using freshly isolated human dermal fibroblasts (HDF) and human
keratinocytes (HaCaT). Specifically, geometries obtained using molds featuring a groove depth
of 0.8 µm, and a lateral period of 2 or 10 µm (hereafter denoted as P2 and P10, respectively
Table 2) were selected, since their contact guidance efficiency is well established.(24, 83) HDF
and HaCaT cells were selected for two reasons: first, for their critical contribution to skin wound
healing in vivo.(83) Second, for their well-established ability in reading and responding to the
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surface topography of biomaterials.(82) The contact guidance efficiency was expressed by two
cellular responses to the anisotropic topographies: the cell shape and orientation and the
alignment of migratory pathways to the direction dictated by the gratings.
To favor the cell interaction, the bacterial cellulose substrates were coated with gelatin and
cells were let to adhere for 12 h. It is worth noting that the coating procedure of cellulose
substrates preserved both the micron-scale geometry introduced and the corresponding
alignment of cellulose nanofibers on the surface (Fig. 20). On these substrates the cell density,
area, and elongation were measured, showing both the cell cytoskeleton and the adhesion by
means of immunostaining (Fig. 21 and Fig. 22). HaCaT cells did not adhere well to unstructured
bacterial cellulose substrates and remained circular without forming evident cell-to-substrate
adhesions or actin filaments (Fig. 21). Similarly, only a partial adhesion and spreading were
detected on gratings with few small cell-to-substrate adhesions and a poorly structured actin
cytoskeleton (Fig. 21B and C). Therefore the surface topography had a limited effect on the
adhesion and spreading of these cells (Fig. 21D and E). HDF adhered well to gelatin-coated
bacterial cellulose demonstrating full spreading and a well-defined polarization as reflected by
the measurement of the cell elongation (Fig. 21D) and cell area (Fig. 21F). Due to the better
adhesion shown by HDF the analysis of contact guidance efficiency on surface-structured
bacterial cellulose substrates was focused on this cells type. On all bacterial cellulose substrates
HDF were characterized by evident actin stress fibers and mature cell-to-substrate adhesions
(Fig. 22A). Interestingly, a higher cell density was measured on gratings as compared to control
flat substrates (Fig. 22B). This effect may be mediated by the presence of grooves channeling
cell adhesion in the early phases of spreading.(21)
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Fig. 20: Effect of gelatin coating on surface-structured bacterial cellulose substrates. Representative SEM
images of substrates featuring uncoated (left column) and corresponding gelatin-coated substrates (right
column). A-B) Gratings generated using PDMS molds featuring a grooved depth of 1 mm, 50% duty cycle
and lateral period of 10 mm. C-D) Corresponding zoomed views of the substrates showing individual
cellulose nanofibers.

89

Fig. 21: Cell spreading on surface-structured bacterial cellulose. A-C) Representative confocal images of
immunofluorescent staining revealing the distribution of filamentous actin (red) and vinculin (green) in
human keratinocytes (HaCaT) adhering to bacterial cellulose substrates featuring an unstructured control
surface (FLAT), or gratings (P2 or P10). The orientation of gratings is reported in the lower left corner. DF) Quantification of cell spreading. The box plots report the mean values for cell elongation and cell area
measured in HDF and/or HaCaT adhering to flat substrates or gratings. The population mean is reported
as a horizontal dashed line in a rectangular box whose vertical length represents the standard error of the
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mean. Whiskers individuate the 5 and 95 percentiles. The total number of counted cells is reported in the
left corner of each graph. Significant differences between the population means are indicated by asterisks
(* for p < 0.05 and *** for p < 0.001).

On unstructured bacterial cellulose, HDF polarized randomly and no preferential direction
of alignment was measured (Fig. 22C). Remarkably, a specific cell alignment was detected on
structured bacterial cellulose substrates (Fig. 22C). In particular, the majority of measured cells
aligned within 30º to the direction of gratings (Fig. 22D). Interestingly, a significant fraction of
cells aligned at a 20º angle with the direction dictated by topography (Fig. 22D). Two
hypotheses can explain the measured distribution of cell orientation. We have previously
reported that anisotropic surface topographies interfere with the establishment and maturation
of cell-to-substrate adhesions.(31) The resulting confinement of adhesions on ridges produces
a polarization of the actin cytoskeleton and overall forces the cell to realign along the direction
dictated by the topography.(29, 31) However, in this scenario narrow ridges and grooves should
more efficiently interfere with the maturation of cell-to-substrate adhesions established by HDF
on bacterial cellulose, yielding a strict co-alignment of the cell cytoskeleton. An alternative
explanation considers the peculiar orientation of individual nanofibers on the surface of
structured bacterial cellulose (Fig. 15 and Fig. 17). Cells interacting with gratings are therefore
exposed to multiple overlapping topographic and mechanical signals generated by the gratings
and by the cellulose nanofibers (Fig. 15 and Fig. 17). The interaction with nano- or micro-scale
topographic features is mediated by different cell machineries.(29, 107) This may result in
conflicting guidance signals read by cells and yielding a range of intermediate cell alignments.

91

Fig. 22: HDF polarization on surface-structured bacterial cellulose. A) Representative confocal images of
immunofluorescent staining revealing the distribution of filamentous actin (red) and vinculin (green) in
human dermal fibroblasts (HDF) adhering to bacterial cellulose substrates featuring an unstructured
control surface (FLAT), or gratings (P2 or P10). The orientation of gratings is reported in the upper left
corner. B) Quantification of HDF cell density on the tested substrates. C) Quantification of cell alignment
to the surface structures. The population means are reported as a horizontal dashed line in a rectangular
box whose vertical length represents the standard error of the mean. Whiskers individuate the 5 and 95
percentiles. Significant differences between the population means are indicated by asterisks (** for p < 0.01
and *** for p < 0.001). D) Corresponding histograms reporting the cell alignment distribution. Error bars
correspond to the standard error of the mean. The total number of counted cells is reported in the right
corner of each graph.
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Fig. 23: Migration of human dermal fibroblasts on bacterial cellulose substrates. A) Average migration
velocity for cells adhering to unstructured substrates (FLAT) or gratings (P2 or P10, respectively). B)
Corresponding average directionality of the cell tracks. The total number of measured cells is reported in
the upper right corner. Error bars correspond to the standard error of the mean. Significant differences
between the population means are reported (** = p < 0.01).

The displacement of HDF was captured by long (6 h or more) time-lapses of fluorescently
labelled cells, enabling the determination of the migratory paths of cells interacting with
bacterial cellulose substrates (Fig. 24). The analysis of individual tracks provided information
on cell migration alignment (Fig. 24A), velocity and straightness. The velocity of HDF
migrating on unstructured cellulose substrates was of 19.5 ± 0.3 µm/h similar to what reported
for fibroblasts interacting with other biomaterials.(25) Interestingly, the velocity of migration
was significantly reduced in cells interacting with structured bacterial cellulose substrates (16.1
± 0.4 and 12.8 ± 0.4 µm/h on gratings P2 and P10, respectively. Fig. 24). The track directionality
exhibited an opposite trend with more directed tracks on gratings P10 (straightness of 0.73 ±
0.01) than on gratings P2 or flat substrates (0.66 ± 0.01 and 0.67 ± 0.01, respectively. Fig. 24).
Additionally, HDF moved along randomly aligned tracks on flat bacterial cellulose substrates
(Fig. 24B) while the interaction with topography efficiently confined migration along the
direction dictated by gratings. Alignment of migration was more evident on P10 substrates with
more than 70% of analyzed tracks oriented within 20º to the direction of gratings (Fig. 24B).
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Fig. 24: Cell migration on surface-structured bacterial cellulose. A) Tracks extracted from time-lapses of
HDF migrating on FLAT bacterial cellulose substrates or gratings (P2 or P10). The orientation of gratings
is reported in the upper left corner. The total number of tracks is reported in the upper right corner of each
panel. B) The histograms report the corresponding distribution of individual cell tracks. Error bars
correspond to the standard error of the mean.

In all, these data demonstrate that anisotropic topographies transferred on bacterial cellulose
substrates by means of GAB were efficient in inducing migration alignment with a more
prominent effect on gratings with feature size comparable to the cell body.
The reduction in migration velocity detected on structured substrates has already been
reported for other cell types.(22) For cells growing in confluent monolayers this effect has been
linked to the strengthening of cell-to-cell junctions and the resulting switch to collective
migration. Fibroblast do not form connected monolayers and migrate following individual
migratory pathways.
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Fig. 25: Schematic illustrating the animal model. A) The modified dorsal skin chamber (MDSC) setup is
displayed. In the zoomed view B) the application of surface-structured bacterial cellulose as wound dressing
on the wound bed is represented.

However, the confinement induced by gratings is bidirectional, and may produce phases of
stall or of changes in directionality resulting in an overall reduced cell displacement.

4.4.3. Biocompatibility of Surface-Structured Bacterial cellulose
To evaluate the biocompatibility and measure the inflammatory response elicited in vivo, the
bacterial cellulose substrates were applied as dressing on artificial wounds created in the mouse
modified dorsal skin chamber (MDSC) set up (103) (Fig. 25). Additionally, a second replica of
the substrates was implanted in a skin pocket located in the groin of the same animal (Fig. 26).
In total, three groups of 6 animals each received bacterial cellulose substrates (FLAT, P2 or
P10, respectively). An additional group of mice received a full thickness homologous skin graft
in the MDSC. This group was included as control yielding minimal inflammatory response and
optimal wound healing.(103)
The influence of structured and unstructured bacterial cellulose substrates on vascularization
of the artificial wound bed in the MDSC was quantified by intravital microscopy (IVM). Here,
standard angiogenic parameters (i.e. the diameter and the length of capillaries) were analyzed
over a period of 21 days (Fig. 26A and B). The results reported in Fig. 26 show that in none of
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the animals receiving bacterial cellulose a significant difference in the length or diameter of
capillaries could be detected (Fig. 26A and B). Additionally, the dynamics and extent of the
angiogenic response at the interface with the bacterial cellulose substrates were comparable to
that measured in the control group receiving full-thickness skin grafts. In particular, in all
groups the average diameter of capillaries linearly increased in the first 3 to 5 days after
wounding up to a maximum value ranging between 10.4 ± 0.5 µm and 10.9 ± 0.6 µm (in the
FLAT and control groups, respectively). This peak was temporary and the capillaries shrank
stably to the original diameter by day 10 (Fig. 26A). The length of capillaries displayed minimal
variations over the tested period (Fig. 26B) with an overall tendency to decrease within the first
5 days after wounding and a recovery to basal levels in the following 10 days.
The histological assessment of substrates deployed in the DSC or in the skin pocket provided
evidence that the structure of all bacterial cellulose substrates was fully preserved (Fig. 26C)
and that no cellular ingrowth was detectable (Fig. 26C). These data confirm that bacterial
cellulose was not degraded over a period of 21 days and that no tissue integration or fibrotic
encapsulation was visible. The presence of inflammatory cells around the substrates was
determined by the PAN-inflammatory marker coronin 1(104) (Fig. 26C). Animals receiving
unstructured bacterial cellulose displayed a higher number of inflammatory cells at the interface
with the substrate deployed in the MDSC as compared to the one in the skin pocket (Fig. 26D).
Such difference was not detected in animals receiving surface-structured bacterial cellulose
substrates, which displayed a comparable population of inflammatory cells at the two sites. This
corresponded to a reduced inflammation at the interface with the MDSC substrate (Fig. 26D).
These data suggest that the dynamics and extent of the inflammatory process elicited by
bacterial cellulose substrates as full implants (skin pocket) or as wound dressing (MDSC) was
minimal with a beneficial effect enabled by the presence of a surface structure. This result is in
line with other reports indicating that rough biomaterials may be less inflammatory than
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identical ones fabricated into a smooth, solid form.(108) However, further studies are needed
to identify the responsible biological mechanisms.
The generation of a newly-deposited collagen matrix upon wound healing expresses the
efficiency of fibroblast migration into the wound site and represents a positive prognostic
indicator for tissue regeneration.(109) The histological collagen formation and distribution
analysis (Fig. 26) of the wound beds suggests that the surface-structured bacterial cellulose
substrates were able to promote fibroblast migration, collagen deposition and wound closure
more efficiently than the unstructured, FLAT counterparts. In particular, by day 21 after
wounding, the group of animals that received surface-structured bacterial cellulose featuring 2
µm periodic gratings (P2) was able to re-establish a dense, homogenously-distributed layer of
collagen fibers (Fig. 26G). Additionally, the wound bed was devoid of any sign of inflammation
and characterized by the abundant presence of fibroblasts. The group of animals that received
10 µm gratings (P10) also showed collagen fiber formation and presence of fibroblasts in the
wound bed (Fig. 26H). However, the extent of newly formed collagen was significantly
different in the two conditions, with a 60% higher collagen content in the P2 case (Fig. 26E).
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Fig. 26: Animal tests with surface-structured bacterial cellulose. A) Dynamics of average blood vessel
diameter at the wound created in the dorsal skin chamber (MDSC) setup. The vessel diameter was measured
from images acquired through intravital microscopy at each day of measure for a total of 21 days. Animals
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received either unstructured bacterial cellulose substrates (FLAT) or substrates structured with gratings
(P2 or P10, respectively). Control animals received a homologous skin graft as wound dressing. B)
Corresponding dynamics of average vessel length. C) Histological slice of a bacterial cellulose substrate
implanted in a skin pocket. D) Comparison of degree of inflammation at the MDSC and in the skin pocket
of animals receiving bacterial cellulose substrates. The error bars correspond to the standard error of the
mean. E) Quantification of collagen content in the wound bed at 21 days after wounding. The histograms
report the wound surface fraction that contains newly deposited collagen. Error bars correspond to the
standard error of the mean. Significant differences between the population means are indicated by asterisks
(* for p < 0.05, ** for p < 0.01). F-I) Representative histological images of collagen formation revealing
collagen fibers (blue) and fibroblast infiltration (dark/brown nuclei) in the wound bed for each of the tested
conditions (Flat, P2, P10 and Control in F, G, H, and I, respectively).

Importantly, the corresponding wound area in animals that received unstructured bacterial
cellulose (FLAT) displayed a granulation tissue featuring only few developed and organized
collagen fibers (Fig. 26I). As expected, the control group of animals receiving a full-thickness
homologous skin graft showed the most efficient collagen deposition (
I). These data indicate that a faster and more complete healing of the wounded area was
obtained in animals treated with P2 substrates as compared to a delayed and incomplete healing
of wounds treated with unstructured bacterial cellulose. In all, these results provide a first
indication that the presence of a specific surface topography can significantly improve the
regeneration of a functional tissue upon skin wound healing in vivo.

4.5. Conclusions
We introduced and demonstrated Guided Assembly-based Biolithography (GAB), a
powerful process to transfer on demand geometries (textures) on the surface of bacterial
cellulose substrates. The approach is based on standard bacterial fermentation of glucose into
bacterial cellulose, confined at the interface of a soft-lithographic PDMS mold. This replicamolding process successfully generated topographies in the range between 1 to 50 µm lateral
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feature size and 0.2 to 2 µm vertical feature size on the surface of bacterial cellulose substrates.
The surface topography was stable upon dehydration and rehydration of the substrates and was
linked to a corresponding alignment of the cellulose nanofibers. The interaction with human
cells involved in the process of skin wound healing demonstrated that anisotropic topographies
transferred on bacterial cellulose by GAB are effective in inducing contact guidance and
therefore orient both the cell polarization and the migratory patterns. The animal tests indicate
this new biomaterial to be durable and to have beneficial effects on tissue regeneration upon
skin wound healing. When introduced as wound dressing or implant in animal models the
structured bacterial cellulose substrates were not degraded and not invaded by the host cells
over a period of 21 days. Additionally, the levels of vascularization and inflammation were
comparable to those elicited at the interface with an autologous full skin graft. Fibroblast
infiltration and new collagen deposition in the wound bed were promoted by the surface
structures as compared to the flat substrates. In all, the developed method makes possible the
generation of novel, textured biomaterials, coupling the desirable biochemical properties of
bacterial cellulose to the interfacing possibilities stemming from the rational control of surface
topography.
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This chapter will be submitted as:
Francesco Robotti, Simone Bottan, Federica Fraschetti, Anna Mallone, Nicole Lindenblatt,
Christoph Starck, Dimos Poulikakos and Aldo Ferrari, Design of surface micro-patterns for
cell adhesion reduction

5.1. Introduction
In this chapter, a novel combination of an interesting material such as biosynthesized
cellulose and the possibility of customizing its interface using Guided-assembly based
biolithography (GAB) to elicit specific cell responses is investigated as a solution to the open
issue of foreign body reaction (FBR). Despite recent advancements in the fields of tissue
engineering, all biomaterials implanted in vivo still elicit cellular and tissue responses, including
inflammatory and healing responses, foreign body reactions and fibrous encapsulation of the
implanted parts. Alongside with pain and discomfort to patients, inflammation and fibrosis are
detrimental processes that hinder implant integration and long-term functionality, overall
impairing transplant bioactivity. (110, 111) In fact, different strategies, ranging from
biomimetic approaches (112, 113) to direct pharmacological targeting of cells (114-116),
have been applied to try and avoid or attenuate the FBR, but results have shown often shortterm efficacy and unsatisfactory reduction of chronic inflammation and fibrotic tissue
formation. While most of the approaches address specific cell types, trying to selectively
demote or re-direct their activity, in this study we propose a more radical and universal
strategy, aiming at the simultaneous targeting of different key players of FBR, such as
fibroblasts and macrophages. (117) The development of this new approach based on the
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combination of a material with superior biocompatibility properties and surface topography
on so-far unexplored multi-scale levels produced a new solution to target the escalation of
FBR and its consequences.
In fact, the performance of artificial materials designed for use in medical applications
critically depends on their interaction with the patient tissue and organs. (7, 8) As reported in
Chapter 4, surface topography represents a tunable and chemistry-independent constitutive
property of materials through which desired responses can be triggered in almost the totality of
eukaryotic cells. (9, 10) In analogy to examples of contact guidance (118), topography can be
designed in order to reduce cell adhesion to a substrate, restricting polarization of cells,
cytoskeletal organization and proliferation. In fact, hampering the capability of cells to adhere
to a substrate can play a fundamental role in controlling and reducing the reaction of a tissue to
an implanted foreign body. On the other hand, bio-synthesized cellulose is a well-suited
material for body implant applications due to its durability and the low inflammatory response
elicited in vivo.(89, 119-121)
In this chapter, the design, optimization and in vitro testing of cell adhesion reducing
patterns on bio-synthesized cellulose are described, with special focus on cell response to
ordered arrays of microwells. Fibroblasts and macrophages are the selected cell types for
this study, due to their pivotal role in the foreign body reaction, in the attempt to use their in
vitro response to the patterned material as predictor for their in vivo reaction.

5.2. Methods
5.2.1. PDMS Mold Fabrication
Microstructured molds were manufactured through standard soft lithography (38) with
polydimethylsiloxane (PDMS, Dow Corning, USA) at a 1:10 mixing ratio. In summary, the
mixture of PDMS monomeric solution and curing agent was degassed in a vacuum chamber for
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10 min to remove trapped air and promptly poured onto a silicon wafer presenting the
micropattern of interest. Master molds were produced with a double layer photolithographic
process on p-type doped silicon wafers. A first 1500 nm layer of negative resist (AZ2020,
Microchemicals GmbH) was applied onto the wafer through spin coating and flood exposed to
UV light (365 nm) to fully crosslink the resist and subsequently developed to remove not-crosslinked residues. A second layer of negative resist (AZ2020, Microchemicals GmbH) or positive
resist (AZ 6632, Microchemicals GmbH) was applied and patterned through UV-lithography
for soft-lithography for cell adhesion experiments or GAB, respectively. In particular, several
types of patterns were manufactured, which featured well diameter ranging from 3 to 20 µm
and well center-to-center distance ranging from 6 to 23 µm. The well depth was 1.4 or 3.3 µm.
After pouring the PDMS solution on the master molds, it was briefly degassed for a second
time and cured for 4 h at 60°C.(83) The cured PDMS patches were then carefully separated
from the master mold using tweezers. The integrity and the characteristic dimensions of the
patterns were then validated using an optical, non-destructive, interferometry based surface
profilemeter (White Light Interferometer, Zygo, USA).

5.2.2. Guided Assembly-based Biolithography (GAB)
Wild type Acetobacter Xylinum strain ATCC-700178 (LGC Standards, Wesel, Germany)
was used for bacterial cellulose fermentation. The bacteria were grown in a fully synthetic
medium (100) sterilized by autoclaving. In order to generate surface-structured bacterial
cellulose substrates, 1 mL of medium were distributed in standard 24-well-plates.
Microstructured PDMS molds were then placed in each well, with surface topography facing
the liquid. Bacterial cultures were incubated at 26.5°C in saturated humidity and steady
environments for 7 days. At the end of the culturing period, PDMS molds were removed,
surface microstructured cellulose substrates (GAB substrates) were collected and washed in
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NaOH 1M for 8 h at 80°C, and subsequently in de-ionized (DI) water at RT until neutral pH
was reestablished. The GAB substrates were purified from endotoxin-rich residues from the
bacteria cell wall (LPS) with at least 3 washings of 2 h in sterile, pyrogen-free, endotoxin-free
water for injections (Aqua ad Iniectabilia, Braun AG, Germany). The substrates were then
dehydrated at room temperature and stored in dry state for up to 1 month. Before each cell
culture experiment, dehydrated cellulose substrates were then rehydrated with DI water. Unless
otherwise specified all reported experiments were performed using re-hydrated substrates.

5.2.3. Mammalian Cell cultures
Human dermal foreskin fibroblasts (HDF) were supplied by the Tissue Biology Research
Unit (Department of Surgery, University Children’s Hospital Zurich, CH) and obtained
according to the principles of the Declaration of Helsinki. Briefly, the cells were cultured in
DMEM-1640 medium supplemented with 10% v/v fetal bovine serum (FBS), 2mMLglutamine, 100U ml-1 penicillin and 100 mg ml-1 streptomycin (all from Sigma Aldrich) and
maintained at 37°C and 5% CO2. In all reported experiments, cells with less than ten passages
in vitro were used.
THP-1 cells were cultivated in RPMI-1640 medium (Sigma Aldrich), supplemented with
10% v/v fetal bovine serum (FBS), 2 Mm l-glutamine, 100 U mL-1 penicillin and 100 mg mL1 streptomycin (all Sigma Aldrich) and maintained at 37 °C with 5% CO2. They were split each
2 or 3 days, in order to maintain their concentration around 2 x 105 cells/ml.
Non-coated, pristine PDMS and bio-synthesized cellulose substrates were not suitable for
HDFs adhesion and growth; therefore, to independently assess the effect of the different
patterns, sterile substrates were coated with fibronectin before cell seeding. Briefly, the PDMS
molds were treated with oxygen plasma (0.7 mbar, 30 s, 60W) to increase hydrophilicity and
immediately incubated in 1 µg/ml Fibronectin (Sigma-Aldrich, USA) in 1X PBS for 1 h at 37C.
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Subsequently, the samples were rinsed three times in PBS to remove excess of fibronectin and
then incubated at 37C in growth medium prior to cell seeding. Biosynthesized cellulose
substrates underwent a similar coating, but with an extended incubation time of 8 h in the
fibronectin solution. Non-confluent HDFs were then trypsinized and seeded on the substrates
at a density of 104 cells/cm-2. Cells were incubated for 72 h before fixation and imaging.
For the experiments to evaluate macrophages adhesion on different materials, a
concentration of 7 x 104 cells/cm2 was seeded on uncoated substrates (122), in 24-well plates
with 1 ml of X-Vivo 15 serum-free medium (Lonza) and 10 ng/ml of Phorbol 12-myristate 13acetate (PMA, Sigma Aldrich), which is close to the smallest concentration proved to be needed
in order to stimulate monocytes differentiation into a macrophage-like phenotype without
inducing up-regulation of undesired genes. (123) After seeding, cells were incubated for 72 h
before fixation and imaging.
On the other hand, experiments performed for gene analysis required approximately 106 of
cells as output. They were performed in petri dishes of 10 cm of diameter each, with a seeding
concentration between 2.5 x 105 and 3.2 x 105 cells/ml, 30 ml of X-Vivo 15 and 10 ng/ml of
PMA. After 72 h of incubation, cells were detached from the surface using 0.25% TrypsinEDTA (Fisher Thermo Scientific) at 37 °C for 5 min, collected in centrifuge tubes and
immediately frozen at -80 °C. Only cells cultivated for less than 25 passages were used for
experiments.

5.2.4. Immunostaining
To visualize the focal adhesions established by cells on the bacterial cellulose substrates the
following primary antibody was used: mouse anti-vinculin (V4505) from Sigma. The secondary
antibody was a donkey anti-mouse-alexa-488 (A-21202) from Invitrogen. Filamentous actin
was visualized using TRITC-phalloidin (Sigma).
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Cells were fixed and permeabilized for 20 min with 2% paraformaldehyde (PFA) in PBS at
room temperature (RT). The cells were then post-fixed with 1% Triton-X100 in PBS for 5 min.
After washing the samples three times for 5 min with PBS, they were incubated with 5% bovine
serum albumin (BSA) in PBS for 1 h at RT. The samples were incubated with TRITC-phalloidin
(Sigma, USA) and with mouse anti-vinculin primary antibody overnight at 4ºC. Subsequently,
the samples were rinsed four times for 1 h with 5% BSA in PBS and then incubated with donkey
anti-mouse-alexa-488 secondary antibody for 45 min at RT. Finally, the samples were washed
three times (1 h each) in PBS, then washed with 0.1% Hoechst in PBS for 15 minutes and
immediately imaged.

5.2.5. Wide-field Microscopy
Wide-field imaging was performed with a 20X, 0.70 NA long-distance objective (Plan Fluor,
Nikon) using an inverted Nikon-Ti wide-field microscope (Nikon, Japan) equipped with an
Orca R-2 CCD camera (Hamamatsu Photonics, Japan).
Confocal images of cells were collected using a 40X, 1.3 NA, oil immersion objective (PlanApo, Nikon) with a Nikon-Ti Eclipse spinning disk confocal microscope (Nikon, Japan)
equipped with an iXon Ultra 888 EMCCD (Andor, UK).

5.2.6. Image Analysis
Confocal Z-stacks were projected using the maximum intensity projection function of
ImageJ (National Institutes of Health, USA). Cell profiles were then manually drawn and the
cell area, orientation and circularity were measured using the fit ellipse tool of ImageJ. Cell
orientation was defined as the angle of the major axis of the fitted ellipse with respect to the
principal direction of the pattern. The range of possible alignment was between 0 and 90º. The
cell density on flat and structured cellulose was measured using a custom algorithm based on
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the Analyze Particles tool of ImageJ (National Institutes of Health, USA). The total number of
cell nuclei detected in each field of view was divided by the relative surface.

5.2.7. RNA extraction and reverse transcription
Total RNA was extracted using the GenElute Mammalian Total RNA Kit (Sigma), following
the manufacturer’s instructions. Reverse transcription was performed for each sample in 20 µl
reaction mixture containing 1 µg of RNA, 1× PCR buffer, 5 mM MgCl2, 10 mM of each dNTP,
0.625 µM oligo d(T)16, 1.875 µM Random Hexamers, 20 U RNase Inhibitor and 50 U MuLV
reverse transcriptase (all from Life Technologies). The conditions for the reverse transcription
were the following: 25°C for 10 min, 42°C for 1h, followed by 99°C for 5 min.

5.2.8. Quantitative Real-Time PCR
The resulting cDNA was amplified in duplicate by Quantitative Real-Time PCR in 10µl
reaction mixture with 200 nM of each specific primer (Table 5) and 1× Fast Syber Green qPCR
MasterMix (Life Technologies). For the amplification reaction, StudioQuant 7 from Applied
Biosystem was used. The amplification program was set as follows: 95°C for 5 min, followed
by 40 cycles at 95°C for 10 sec, 60°C for 15 sec, 72°C for 20 sec. GAPDH and 18S served as
housekeeping genes and their amplification data were averaged and used for sample
normalization. The Excel Software was used for the comparative quantification analysis.
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Table 5: List of primers (forward and reverse, respectively) used for real time PCR analysis.

Gene name
CXCL10

Primers
5' GCA AGC CAA TTT TGT CCA CG 3'
5' ACA TTT CCT TGC TAA CTG CTT TCA G 3'

CXCL9

5’ GAC CTT AAA CAA TTT GCC CCA AG 3’
5’ TCC TTC ACC CCC ATC TGC TGA ATC TGG 3’

CCR7

5’ GAA AGT CCA GAA ACT GTT CCC ACC TGC 3’
5’ CCC CTC TGA AGA ACC GAA CCA CTC CTT 3’

CCL17

5’ CCA GGG ATG CCA TCG TTT TTG TAA CTG TGC 3’
5’ CCT CAC TGT GGC TCT TCT TCG TCC CTG GAA 3’

CCL26

5’ GCC TGA TTT GCA GCA TCA TGA TGG 3’
5’ CGG ATG ACA ATT CAG CTG AGT CAC 3’

DC-SIGN

5’ TCG AGG ATA CAA GAG CTT AGC A 3’
5’ AAG GAG CCC AGC CAA GAG 3’

IL10

5’ CTG TGA AAA CAA GAG CAA GGC 3’
5’ GAA GCT TCT GTT GGC TCC C 3’

IL23

5’ GCA GAT TCC AAG CCT CAG TC 3’
5’ TTC AAC ATA TGC AGG TCC CA 3’

PTGS1

5’ CGC CAG TGA ATC CCT GTT GTT 3’
5’ AAG GTG GCA TTG ACA AAC TCC 3’

ALOX5

5’ CGC CGA CTT TGA GAA AAT CT 3’
5’ GGC TGC ACT CTA CCA TCT CC 3’

SRB1

5’ TCC TCA CTT CCT CAA CGC TG 3’
5’ TCC CAG TTT GTC CAA TGC C 3’

GAPDH

5’ GTC AGT GGT GGA CCT GAC CT 3’
5’ ACC TGG TGC TCA GTG TAG CC 3’

18S

5’ CCC GGG GAG GTA GTG ACG AAA AAT 3’
5’ GCC CGC TCC CAA GAT CCA ACT AC 3’

5.2.9. Animal experiment
During a pre-clinical study on facilitating easy Cardiovascular Implantable Electronic
Devices (CIEDs) exchanges and redo-procedures on the device pocket, large size
biosynthesized cellulose membranes were used to wrap commercial pacemakers (PMs) before
implantation in a pig model. In brief, the membranes were fitted around the devices and sutured
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in order to generate a conformal cloaking of the pacemakers and the proximal leads. (124) For
the purpose of this study, only the overall integrity and state of the surface were investigated
with optical and electron microscopy for signs of degradation or damages.
5.2.10. Statistical analysis
For all reported tests three independent experiments were performed and mean values (with
n=3) were calculated. All quantitative measurements reported are expressed as mean values ±
the standard error of the mean. The total number of cells involved in each of the presented
analysis is indicated in the graphs. For the gene expression analysis, Statistical analysis was
performed using Graphpad Prism. The normal distribution of the amplification data acquired
was verified with D'Agostino-Pearson, Shapiro-Wilk and KS normality test. Repeated
Measures Two-way ANOVA test with Sidak correction for multiple comparison was applied
to the untransformed dCt data to investigate significant inter sample differences in gene
expression levels.

5.3. Results
5.3.1. Fabrication of elastomeric and bio-synthetized cellulose substrates
A first set of PDMS molds, featuring 3.3 µm deep micro-pillars, was used for the production
of microstructured bacterial cellulose substrates with GAB, while a second and a third batch of
molds, featuring 1.4 µm deep micro-wells, were used directly for in vitro experiments. Two
different sets of molds were used in order to account for the limited resolution of the GAB
process to transfer surface topography in the vertical direction.
Both batches were produced using soft-lithography, replicating micropatterns etched in a
layer of photoresist of the selected height (see Materials and Methods) (Fig. 29). The different
depth of the two sets of molds has to be related to the efficiency of the bio-lithographic process
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in replicating microstructures in the vertical dimension. Each micropattern was defined by
three variables: first, the shape of the elemental cell, centered-hexagonal (“Hexa”) or squared
(“Sq”), second, the diameter d of the hexagonal micro-pillars or micro-wells and, third, the
center-to-center distance i between the features. The diameters of the features ranged from 3
µm to 20 µm, while the maximum and minimum center-to-center distance were 6 µm and 23
µm, respectively (Fig. 29 and Table 6, Table 7). The two parameters d and i can be used to
define a shape descriptor of the surface called contact factor, defining the amount of available
for cell contact in each configuration. Simple analytical solutions can be found for the contact
factor in both configurations:
𝐶𝐹𝐻𝑒𝑥𝑎 = 1 −

6 𝑑2
cos(60)
4 𝑖2

𝐶𝐹𝑆𝑞 = 1 −

4 𝑑2
sin(60) cos(60)
3 𝑖2

These equations originate two parametric spaces in which designs yield different contact
factors (Fig. 28). The parametric space is in practice limited by several factors:
1. Geometric constraints: the shape of the elemental cell has to be preserved unchanged,
meaning that the distance between the centers i of the wells cannot be smaller than
the diameter d of the well itself.

2. Fabrication constraints:
a. The diameter of the wells cannot be smaller than the resolution limit of the
photolithographic process itself (1 µm).
b. The aspect ratio of the “walls” separating the wells has been limited to a value
of 0.5 (and therefore to an absolute value of 3 µm). The reason for this
constraint relies in the reproducibility and yield of the soft lithographic
process and in the necessity to rule out any possible deformation of the
substrate from the analysis.
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Beside the morphological characterization after manufacturing (Fig. 30 and Fig. 31), the
PDMS molds were inspected with scanning electron microscopy after the protein coating
procedure used to make the substrate suitable for cell adhesion experiments. Gelatin and
fibronectin coating protocols yielded clean and defect-free surfaces and did not affect the
geometry of the surface topography. No fibrous or fibrillar sovra-structures were visible on the
PDMS substrate before cell seeding (Fig. 33). Moreover, the fibronectin coating appeared
conformal and homogeneously distributed on the whole substrate, including the sidewalls and
the bottom of the micro-wells (Fig. 32). Biosynthesized cellulose substrates manufactured by
GAB presented the typical matrix-like structure, with intertwined and closely packed nanoribbons forming the microstructures imprinted by the mold (Fig. 27b). From the SEM
micrographs (Fig. 27b), it is not only possible to clearly observe the microwells and their
arrangement in a pattern, but, interestingly, also the ordered fashion with which the nanoribbons describe precisely the contour of the features. The fidelity of the replica molding
process resulted in line with the error range expected for GAB (118), with a minimum deviation
of ca. 0.2 % and a maximum of ca. 10%.
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Fig. 27: Guided Assembly Biolithography (GAB) and micro-pattern characterization. a) An initial silicon
master mold is replicated using soft-lithography. The elastomeric microstructured membrane is used as
template in GAB to create natively microstructured biosynthesized cellulose mats. PDMS membranes and
microstructured biosynthesized cellulose samples are used as substrates for cell adhesion experiments. b)
Representative scanning electron microscopy (SEM) images of adhesion-reducing micropatterns. In the
first row are reported patterns with a centered-hexagonal elemental cell, for increasing diameter of the
microwells, from 3 µm to 10 µm. In the second row, squared cell based patterns are presented, with
increasing microwells diameter, from 3 µm to 10 µm. Scale bar: 10 µm.
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Table 6: Fidelity of guided assembly bio-lithographic process. The initial design columns report the planned
size of the microstructures, while the BC replica columns report the respective measured values. The replica
fidelity calculation gives an estimate of the relative deviation of the biolithographic replica with respect to
the theoretical design.

Topography

Initial
dmold
(µm)

BC Replica

imold
(µm)

Square 3
Hexa 3

3

6

Square 5
Hexa 5

5

10

Square 10
Hexa 10

10

20

Lateral Size Replica
Fidelity (%)
d
i

dcell (µm)

icell (µm)

3.15 ± 0.21

5.50 ± 0.37

5.13%

8.34%

2.73 ± 0.20

5.85 ± 0.35

8.91%

2.51%

4.97 ± 0.14

9.54 ± 0.30

0.57%

4.55%

5.18 ± 0.13

9.71 ± 0.25

3.64%

2.91%

10.02 ± 0.33

19.01 ± 0.58

0.17%

4.93%

9.91 ± 0.38

19.50 ± 0.48

0.92%

2.49%

Fig. 28: Topographies with variable contact factor CF. The microwells have been arranged on an a)
hexagonal or b) square elemental cell. Combinations of the radius of the micro-wells and the center-tocenter distance create a parametric space in which different values of contact factor (CF) can be achieved.
The color mapped surfaces represent the range of values that CF can assume, considering geometrical and
fabrication constraints.
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Fig. 29: Schematic of the experimental setup for the in-vitro experiments. a) Schematic representation of
the entire sample with labeled regions featuring arrays of microstructures. b) Elemental cells of the different
topographies used for cell adhesion reduction.

Table 7: Surface topographies with varying contact factor (CF).

Topography

Design
dmold (µm)

Contact Factor (CF)

imold (µm)

77.4

Square 5_CF
Hexa 5_CF

5

8

10

13

55.6
56.3

Square 20_CF
Hexa 20_CF

70.7
65.8

Square 10_CF
Hexa 10_CF

(%)

20

23

43.3
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Fig. 30: Optical characterization of PDMS molds for in-vitro experiments. Scale bar: 15 µm.
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Fig. 31: Optical characterization of the PDMS molds for Guided Assembly Biolithography. Scale bar: 15
µm.
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5.3.1. Adhesion experiments with HDFs on elastomeric substrates
Human Dermal Fibroblasts (HDFs) were randomly seeded on PMDS samples with
microwells arranged in composite patterns (Fig. 29) in order to assess the capability of the cells
to adhere and proliferate. After 72 of culture, HDFs’ density on all the different micropatterns
resulted lower than on flat PDMS, but no significant differences between the different surface
topographies could be detected. On the areas featuring microwells, an average reduction of cell
density of approximately 60% was observed, with a maximum reduction of 65% measured on
Sq5. In order to better characterize the cellular response to the patterns, cell circularity and cell
area were also measured by mean of image analysis.
Cell circularity significantly increased on isotropically patterned areas compared to flat ones
(Fig. 34b). This change in morphology represents a strong cellular response, as fibroblasts are
known to present a distinctly elongated shape when cultured in vitro. (125, 126)
On the contrary, on anisotropically patterned areas, circularity resulted drastically reduced
(Fig. 34b), validating the ability of the substrate of performing contact guidance on these cells.
(30) In detail, on gratings, approximately 90% of the HDFs aligned within a range of ±15° of
deviation from the direction of the microstructures, while on the other partially anisotropic
patterns (Sq3, Sq5 and Sq10) no preferential alignment was detected (Fig. 34c). No
directionality measurement was performed on patterns with hexagonal elemental cells. In fact,
with reference to the scale of the microwells, the hexagonal patterns were considered
completely isotropic, not giving any directionality cue to the adhering cells. Moreover, a
general slight increment of the cell area was measured on the microstructures in comparison to
the flat substrate (Fig. 34d), showing however no statistical relevance for any of the tested
patterns.
On substrates with topographies presenting variable contact factor, no appreciable trend was
detected with cell density resulting not significantly different from the one on flat surfaces (Fig.
117

35a), except for a sharp increment in density in correspondence of CF equal to 0.56 and
hexagonal arrangement. Similarly, cell circularity (Fig. 35b), cell area (Fig. 35c) and alignment
(Fig. 35d) did not present significant trends or deviations from the unstructured case.
Surprisingly, the contact factor seemed therefore to play no role on the analyzed parameter.
Taken together, the presence of isotropic or partially anisotropic micro-features on the
surface reduced the amount of cells adhering on the substrate and induced a drastic change of
morphology (Fig. 34). However, the center to center distance i played a bigger role than the
diameter of the wells d in the reduction of cell density (Fig. 34 and Fig. 35).

Fig. 32: 3D rendering of FN coating on microstructured PDMS sample.
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Fig. 33: SEM characterization of the surfaces after protein coating procedure. Scale bars: 20 µm. Inset: 10
µm.
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Fig. 34: Cell morphology on surface-structured PDMS membranes. a) HDFs density on different patterns
normalized to the HDFs density measured on unstructured flat PDMS surfaces. b) HDFs circularity on
different patterns. The horizontal grey stripe indicates the value measured on unstructured flat PDMS
surfaces. c) Alignment of HDFs to main directions in the underlying pattern. d) HDFs density on different
patterns normalized to the HDFs density measured on unstructured flat PDMS surfaces. The horizontal
grey stripe indicates the value measured on unstructured flat PDMS surfaces. e) Representative
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fluorescence images of HDFs on different patterns revealing F-Actin (red) and nuclei (blue). All histogram
bars report the mean values, while error bars report the standard error of the mean. Scale bar: 80 µm.

Fig. 35: Cell density and morphology descriptors on surface-structured PDMS membranes with varying
contact factor (CF).

5.3.1. Adhesion experiments with HDFs on bio-synthesized cellulose substrates
Adhesion experiment was tested on fibronectin coated biosynthesized cellulose samples.
The cellulose samples were produced by GAB and the micro features resulted fully comparable
in size to the respective PDMS equivalents (Fig. 30, Fig. 31, Fig. 33 and Table 6). After 72 h,
HDFs cultured on Flat and Hexa5 biosynthesized cellulose presented very different
morphologies, ranging from the totality of the cells being very spread and elongated on the FNcoated glass supporting the cellulose substrates, to a balanced mixture of spread and round cells
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on unstructured cellulose, to almost only spherical fibroblasts on microstructured cellulose (Fig.
36).

Fig. 36: Representative widefield image of HDFs morphology on different substrates. Insets: magnified
details of the three different areas in the overall image. Red, cyan and blue represent unstructured cellulose,
glass and microstructured cellulose, respectively. Scale bar large image: 1 mm. Scale bar insets: 200 µm.

Always comparing Flat and Hexa5, viability was calculated as 95% and 82%, respectively
(Fig. 37), confirming the suitability of native biosynthesized cellulose as cell culture substrate.
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However, the slight reduction in viability on micropatterned cellulose samples could be
interpreted instead as a result of a certain subpopulation of cells undergoing a process called
anoikis. (127) In fact, the strong tendency of HDFs to preserve a spherical shape and just loosely
attach to the underlying material (Fig. 36, Fig. 38 and Fig. 40f, g, h) could be seen as a direct
consequence of cell homelessness.

Fig. 37: Viability of HDFs on flat and microstructured bacterial cellulose samples. a) Percentage of viable
HDFs after 72 h of culture on unstructured and micropatterned bacterial cellulose membranes. Phase
contrast image and green fluorescent image overlay of HDFs on b) unstructured and c) micropatterned
bacterial cellulose. Green fluorescent signal indicates compromized cell membrane and therefore it is a
marker for cell death. Scale bar: 100 µm.
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Fig. 38: SEM micrographs depict fibroblasts morphology on a) unstructured and b) microstructured
bacterial cellulose surfaces. Scale bar: a) 50 µm b) 25 µm.

Fig. 39: Proliferation of HDFs on glass, unstructured and microstructured bacterial cellulose. a) Quantified
proliferation after 72 h of culture. Representative fluorescent images with overlay of blue (Hoechst) and red
(Alexa Fluor 547) channels of HDFs on b) FN-coated glass, c) unstructured and d) structured bacterial
cellulose. The red fluorescent dye identifies cells that have proliferated. Scale bar. 100 µm.
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Proliferation was measured by incorporation and subsequent fluorescent labeling of EdU
in the DNA of proliferating cell. It resulted significantly reduced on fibronectin-coated
biosynthesized cellulose with respect to fibronectin-coated glass (Fig. 39a), probably as a result
of the inconsistency of the fibronectin coating on the fibrous cellulose matrix (18). Furthermore,
the presence of surface microstructures caused an even stronger decrement of proliferation,
almost suppressing it completely (Fig. 39a), and a change of the morphology of the cells,
indicating loose attachment to the substrate and limited cytoskeletal development.
Cell density was reduced on micropatterned regions, with a decrement ranging from 55% to
65% with respect to flat cellulose substrates (Fig. 40a). However, while the difference between
microstructured and unstructured cellulose was evident, different geometrical features of the
patterns did not cause any significant difference in cell density. This suggests that the presence
of orderly repeated 3D features in this range of sizes, plays a bigger role that their actual
geometry and arrangement. Interestingly, after 24 h in culture, biosynthesized cellulose caused
a 45% reduction in adhesion with respect to the surrounding glass support, but the presence of
microstructures (Hexa5) fostered this decrement of cell density up to approximately 80% (Fig.
40c). Structured cellulose halved the cell density compared to unstructured cellulose, in general
accordance with findings at 72 h (Fig. 40a and Fig. 40c). The results are even more impressive
after 1 week of cell culture, with an average reduction of cell density over the microstructured
cellulose of 90% compared to glass and 75% compared to unstructured cellulose (Fig. 40d).
Even if cells on gratings showed a surprisingly high value of circularity (Fig. 40b), indicating
modest spreading and elongation, the presence of anisotropic structures still exerted detectable
contact guidance (Fig. 40e). However, together with the reduction of cell density, the most
striking finding regards the observation of the drastic change of morphology of the cells: cells
appeared flattened out (Fig. 38 and Fig. 40e), spread and moderately elongated on flat regions,
while on micro-patterned areas they showed a tendency to assume spherical shape, with limited
spreading, protrusive activity and structured cytoskeletal organization (Fig. 38 and Fig. 40f).
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Fig. 40: Cell morphology on surface-structured biosynthesized cellulose. a) HDFs density on different
patterns on biosynthesized cellulose normalized to the HDFs density measured on unstructured
biosynthesized cellulose substrates. b)

HDFs circularity on different patterns. c) HDF density on

unstructured and Hexa 5 samples normalized to cell density on surrounding glass support after 24 h of
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culture. d) HDF density on unstructured and Hexa 5 samples normalized to cell density on surrounding
glass support after 1 week of culture. e) Alignment of HDFs to main directions in the underlying pattern. f)
Representative fluorescence images of actin cytoskeleton on unstructured and Hexa 5 biosynthesized
cellulose samples. Scale bar: 100 µm. Representative scanning electron microscopy images of HDFs on g)
gratings and on h) Hexa10 micropatterns. Scale bar: 10 µm. Cell surface is colored for visualization
purposes.

Fig. 41: Immunofluorescence images of α-SMA and f-Actin in fibroblasts on a) Tissue Culture Plastic (TCP),
b) Silicone and c) bacterial cellulose. Scale bar: 200 µm.

5.3.2. Fibroblasts phenotype characterization
In the complex framework of the foreign body reaction, the matrix deposition and
contraction of the fibrotic capsule is mainly carried out by a specialized and mechanically very
active fibroblasts, called myofibroblasts. A commonly accepted marker of differentiation of
myofibroblasts is α-Smooth Muscle Actin (α-SMA). (128, 129) Therefore, the detection of the
presence of cells with significant α-SMA content can be correlated with the tendency of
fibroblast to shift their phenotype towards myofibroblasts and consequently boost the fibrotic
reaction.(125) Interestingly, fibroblasts on microstructured biosynthesized cellulose showed a
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barely detectable amount of α-SMA (Fig. 41c), while, on the contrary, the same cells on PDMS
(Fig. 41a) or MED6015 (Fig. 41b) presented bigger stress fibers, evidently enriched by a
conspicuous amount of α-SMA (Fig. 41).

5.3.3. Adhesion experiments with THP-1 macrophages on bio-synthesized cellulose
substrates
Cell adhesion experiments were repeated with THP-1 cells to test the effect of the material
and of its microstructuring on a cell line representative of another big player in the FBR, namely
macrophages. However, in contrast with the experiments performed with fibroblasts, pristine
cellulose samples were used, in order not to interfere with the cell response introducing specific
protein coatings. With this experimental setup, THP-1 cells showed reduced capability to
adhere onto different substrates when compared to TCP.
In particular, 50% of the seeded THP-1 cells adhered on silicones such as PDMS, MED 6015
and MED 6033, while, interestingly, only 10% of them successfully established connection
with flat biosynthesized cellulose (Fig. 42a). On top of this already drastic reduction, the
presence of patterns of 3D micro-features induced an additional 75% reduction of cell adhesion,
with a maximum decrement of cell adhesion equal to 82% for the Hexa3 pattern (Fig. 42b). As
for fibroblasts, the morphology indicated clearly a different response on biosynthesized
cellulose than on silicone or TCP, with cells maintaining a spherical shape and only loosely
adhering to the fibrous matrix (Fig. 42c), in contrast with flattened out and spread cells on
smooth substrates (Fig. 42c, d).
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Fig. 42: Macrophages adhesion onto different materials. a) THP-1 cells density on different materials
normalized to the THP-1 cells density measured on Tissue Culture Plastic. b) THP-1 cells density on
different patterns on biosynthesized cellulose normalized to the THP-1 cells density measured on
unstructured biosynthesized cellulose substrates. Representative widefield images of THP-1 macrophages
on c) microstructured biosynthesized cellulose and on d) MED 6015. Scale bar: 100 µm.

5.3.1. Gene expression analysis
Activation of macrophages is critical in the acute phase of wound healing. (111, 130) The
population of macrophages in contact with a foreign material can be roughly divided into proinflammatory and anti-inflammatory or pro-regeneration macrophages, respectively identified
as M1 and M2. (131, 132) The relative proportion of M1 and M2 over the total population
critically influences the phagocytosis of pathogens, the clearance of apoptotic cells and the
healing and remodeling of injured tissues.(133)
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Fig. 43: Expression levels of selected pro- and anti-inflammatory genes. The expression levels of selected
target genes were calculated in fold change (2 -ddCt) and plotted in the graphs (antilog scale). n=5 were used
for the analysis. (a-b) The additional x axis at y=0 indicates the expression levels of each specific marker in
THP-1 cells cultured onto Silicon coated plates. CCL17 is significantly up-regulated by cells seeded on the
flat surface (p<0.001) and on the topo surface (p=0.02) with comparison to the expression levels of the same
markers onto silicon. PTGS1 appears to be significantly down regulated (p=0.03) in THP-1 cells cultured
onto flat surfaces. (c) The x axis at y=0 indicates the expression levels of each marker in THP-1 cells cultured
onto flat surfaces. CCL17 appears down-regulated (p<0.001) in topo samples with comparison to flat
samples.

In order to determine the phenotypical distribution of THP-1 cells on biosynthesized
cellulose and compare it to the situation on silicon, qPCR analysis was performed on lysate of
cells cultured on medical grade silicone (MED-6015) and biosynthesized cellulose structured
with Hexa10 pattern.
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The expression of selected genes did not change significantly between biosynthesized
cellulose and silicone, indicating a balanced distribution of M1 and M2 macrophages on both
materials. Similarly, the presence of micro-features on the surface was not sufficient to induce
detectable changes on the gene expression.

Fig. 44: Optical images of microstructured areas on samples implanted for 13 weeks in pigs. a) Border
region between the microstructured and unstructured areas of the cellulose membrane. b) Extensive area
with visible microstructures. Scale bar: 200 µm. Inset: 30 µm.
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5.3.2. Degradability of the material
Surface microstructured biosynthesized cellulose was implanted for a pre-clinical study on
facilitating easy CIED exchanges and redo-procedures on the device pockets in pigs for a
maximum duration of 13 weeks.(124) After the explant by blunt dissection, the separation of
the cellulose layer from the surrounding tissue resulted easy and unproblematic, indeed showing
very low adhesion to the microstructured membrane. Moreover, after NaOH washing, the
biosynthesized cellulose appeared unchanged, with no visible signs of degradation and, instead,
with evident micro features on the surface (Fig. 44). The presence of microstructures in their
native arrangement is made clear by the detectable presence of a border region between
unstructured and micropatterned areas of the cellulose membrane (Fig. 44a). The presence of
well-defined microstructures can be detected on large portions of the retrieved membrane,
supporting the robustness of this observation (Fig. 44b).

5.4. Discussion
Surface topography is an independent physical property of any material that has been shown
to influence the response of eukaryotic cells.(134) In the recent past, topography-mediated
control on cellular response has been exploited several fundamental cell functions (9), such as
adhesion (21, 26), spreading (21), migration (24, 135) and differentiation (80, 136). In
particular, with regards to cell adhesion, several approaches looked at the influence of
constitutive parameters of surface topography on the dynamics of the adhesion process (21) and
at the resulting adhesion strength (26).
In order to target the foreign body reaction, a potential design of surface topography should
hamper the capability of fibroblasts and macrophages to adhere and migrate on the surface of
the implanted material, therefore impairing fundamental functions such as tissue repair and
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remodeling. To accomplish this result, a surface pattern featuring isotropically distributed
microwells was generated on the surface of PDMS and biosynthesized cellulose. Similarly to
results about cell differentiation and spreading on isotropically distributed nanoscopic contact
points (80), microscopic features generated a substantial change in the cell morphology and in
cell density (Fig. 34, Fig. 36, Fig. 38 and Fig. 40). It has been shown that the cell reaction to
surface topography is maximum when the size of the features compares with the size of the cell
adhesion points, namely focal adhesions, and fades away when the structures become
comparable to size of the cell itself. (21, 118) In fact, in the latter case, it is still possible to exert
a certain degree of control on morphology and function of a cell, but exploiting approaches
differing from contact guidance (e.g. mechanical confinement).(137) Therefore, the design of
the critical dimensions of the micropatterns was dictated by the necessity to find a trade-off
between the desirable miniaturization of the structures and the fabrication limit imposed by
GAB. Based on the same rationale, structures bigger than 20 µm were not investigated in this
study, as considered not able to directly interfere with cell adhesion and structural organization
of the cytoskeleton.
Cell adhesion reduction was achieved on both elastomeric and biosynthesized samples,
showing a material independent correlation between the presence of surface topography and
cell adhesion. The tendency to establish focal adhesion preferentially on the uppermost surface
of the material and not in the micro-wells influenced the spatial distribution of the contact points
and consequently resulted in different cytoskeletal organization and overall morphology, with
cells assuming round or stellate shape, instead of the characteristic elongated profile (Fig. 34).
In line with previous results (138), in fibroblasts on isotropically patterned areas, actin generally
appeared more diffuse and less organized in thick stress fibers than on flat controls or
anisotropic microstructures. Moreover, stress fibers were observed bridging over the
microwells and connecting focal adhesions established around the wells in a geometrically
ordered fashion.
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Fig. 45: Representative images of HDFs on microstructured PDMS sample. a) HDF on unstructured PDMS
sample. Scale bar: 50 µm. b) HDF on Hexa20_CF PMDS sample. Scale bar: 50 µm. Detail: focal adhesions
(green) were preferentially established on the top surface of the walls separating the wells, with short
bridging actin fibers (red). The semi-transparent hexagonal structures are artificially overlaid for
illustration purposes. Scale bar: 10 µm.

The latter were also lacking the usual orientation towards the nucleus of the cell.
Consequently, these actin cables were shorter and did not show coherent orientation with
respect to the overall shape of the cell. Of course, this is expected to impact cellular signaling
events.
On biosynthesized cellulose, the effect of surface topography is corroborated by the chemical
properties of the material, boosting the reduction of cell density (Fig. 37). This is confirmed by
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the reduction in cell density measured on not-microstructured biosynthesized cellulose and it
can be explained by the difficulties in generating a homogeneous protein coating by simple
adsorption. (139) The structure of biosynthesized cellulose is in fact depending on hydrogen
bonds interactions and, therefore, in an aqueous environment the likelihood of a protein
molecule to adsorb onto the surface of cellulose fibers is low. Protein adsorption onto a foreign
material constitutes the first step following implantation and prior to interaction with host cells,
determining the cellular and then tissue reaction to the implant. Limiting the adsorption of such
unspecified and uncontrolled protein mixture, could regulate the following cellular response.
Not reported data showed that uncoated microstructured biosynthesized cellulose yielded
extremely low (close to detection limit) cell adhesion in the short term.
In addition to the reduced cell density and change of morphology, fibroblasts showed a high
level of viability (Fig. 37) on fibronectin coated biosynthesized cellulose, but significant
reduction of proliferation (Fig. 39), that could be caused by the incapability of establishing
stable and secure adhesions onto the underlying fibrous matrix. This seems to be extremely
relevant, as it is well known that mitosis requires sufficient spreading, flattening and stable
attachment to enter S-phase. (140) Moreover, in such a situation, fibroblasts are also known to
undergo anoikis, a mechanism of programmed cell death that occurs in anchorage-dependent
cells, when they detach from the surrounding ECM (Fig. 37). (28, 141)
With the perspective of medical applications, biosynthesized cellulose also reduces
drastically the mechanical mismatch between hosting tissue and foreign material compared to
commonly used silicones, metals, plastics and other implantable materials. (142) At a cellular
level, a softer material can be translated into the formation of less and weaker stress fibers.
(143-145) If this stiffness-related effect is combined with topography induced difficulty in
generating a well-organized cytoskeleton, a reduction of the amount of cells undergoing a
differentiation towards myofibroblasts phenotype is expected (Fig. 41). Taken together, these
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effects point towards a mechanical disruption of some of the basic mechanisms and activities
of fibroblasts in the foreign body reaction.
Given the complexity of the foreign body reaction, the combined effect of the selected
topographies on the other cell type playing a fundamental role in the process was investigated.
Macrophages respond rapidly to biomaterial implantation and are the dominant infiltrating
cells. (146) They have also been shown to respond and bind to almost all materials once
implanted, assuming a wide range of transient polarization states, based on the mechanical and
chemical cues from the surrounding microenvironment. (147) In particular, surface topography
is known to have a direct influence on macrophages, significantly affecting their activation
state, cytokine secretion activity and gene expression. In fact, it has been shown that nanotextured surfaces can trigger a response substantially different from the one induced by LPS,
demonstrating a topography specific reaction of macrophages. (148) However, from the current
body of literature on the topic, it was not possible to draw general conclusions on the type of
activation induced by topographies, as two opposing subtypes of macrophages, with pro- and
anti-inflammatory properties, were detected. (146, 148) Therefore, while it is well-established
that surface roughness and topography exert a certain influence on macrophage differentiation,
no clear trend or design principle emerged to steer this process in one direction or the other.
Our strategy was substantially different from previous attempts and was based on the idea
of obtaining, as in the case of fibroblasts, the maximum possible reduction of cell adhesion by
mean of a suitable surface topography and exploiting the intrinsic resistance of cellulose to
protein adsorption. In fact, fibroblasts and macrophages must adhere and spread in order to
carry out their physiological activities and, therefore, undermining this fundamental step of
their activation process appears as a powerful alternative. Macrophages that remain round and
small in size when in contact with a foreign material positively correlate with an inactivated
state. (149) This approach marks a substantial difference with previous works, in which the
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effect of topography or controlled roughness on gene expression was analyzed on treated
surfaces allowing spreading and/or in the presence of specific chemical stimuli. (150)
Macrophages are part of the innate immune system, responsible for the first inspection of
the wound site and following biochemical signaling.(134) Completely circumvent or suppress
their interaction with the implanted material is impossible and this explains why most of the
proposed strategies (not based on topographical modification) rely on immunomodulation
strategies. (134) In our study, gene expression analysis did not show any significant shift of the
polarization towards a pro-regenerative phenotype of macrophages, but it allowed to exclude a
specific topography related induction of pro-inflammatory reaction (Fig. 43).
At a later stage of the immune reaction towards the foreign material, the formation of foreign
body giant cells is a crucial milestone, marking an almost no-return point in the cascade towards
formation of fibrosis. Fusion of macrophages in the formation of FBGCs relies on successful
adhesion (151, 152) and, consequently, mechanical interference with this biological necessary
process could hamper the process of formation of FBGCs. The direct effect on this aggregation
could not be studied in vitro, but the impact on the development of fibrotic tissue in vivo could
be very relevant, as local release of VEGF-A is governed by FBGCs in direct contact with the
foreign material. (153)
Finally, in the perspective of implantation in the soft tissue biosynthesized cellulose
membranes with microstructured surfaces has shown excellent results in terms of handling,
mechanical resistance to manipulation and suture and conformability to the target devices. (124)
Moreover, biosynthesized cellulose is known to be stable once implanted in vivo (89, 118, 121),
constituting an ideal material to establish a long term stable interface with the surrounding soft
tissue. The presence of surface topography 3 months after implantation in large animals,
supports the hypothesis that not even mediators of degradation such as reactive oxygen
intermediates (ROIs), enzymes, acids (154, 155) released by macrophages and FBGCs degrade
significantly the assembly of cellulose fibers (Fig. 44).
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6. FACILE CIED EXCHANGES AND REDO-PROCEDURES BY
ELIMINATING FIBROSIS INSIDE THE DEVICE POCKET USING
A BACTERIAL CELLULOSE MICRO-STRUCTURED MEMBRANE

This chapter has been submitted as:
Francesco Robotti, Simone Bottan, Giovanni Pellegrini, Georgios Stefopoulos, Miriam
Lipiski, Nikola Cesarovic, Nicole Lindenblatt, Volkmar Falk, Dimos Poulikakos, Aldo Ferrari
and Christoph Starck, Facile CIED exchanges and redo-procedures by eliminating fibrosis
inside the device pocket using a BC micro-structured membrane, EUROPACE, 2017

6.1. Introduction
The number of lead extraction procedures is rising sharply in parallel with ever increasing
indications for pacemaker implantation. In the last 15 years, a nearly 100% increase in the
annual implantation of cardiac rhythm management devices (CRMs) has been registered.(14)
Reasons for this increase can be ascribed to the more frequent use of implantable cardioverter
defibrillator (ICD) and to the introduction of cardiac resynchronization therapy (156, 157)
It is widely accepted that cardiac leads are regarded as the Achilles’ tendon of CRM devices.
Lead related complications account for approximately 30% of all complications within the first
6 months after the implantation of the device. In this context problems related to the
subcutaneous pocket might be underestimated, even though they occur with a similar
incidence.(158)
Although generator replacements are generally considered as low risk procedures, a
prospective multicenter study has shown that device replacement procedures are associated
with a considerable risk for major and minor complications.(159) In this study, a distinction
was made between replacement procedures with or without additional lead intervention. Major
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complication rates within 6 months from the replacement procedure with or without additional
lead intervention were 15.3% and 4.0%, respectively. In both groups the most common major
complication was reoperation for lead dislodgement or malfunction.(159) In this framework,
lead malfunctions might partly be related to lead damage associated with the removal of fibrotic
adhesions in the generator pocket.
The presence of a thick layer of fibrotic tissue surrounding the surgical pocket causes a
reduced and inadequate blood supply of the “border-zone” next to the device which may
increase the risk of infection during subsequent surgical procedures for generator upgrade or
exchange.(160) This likely explains why these surgical interventions are associated with a
higher risk for infection than de novo implantations.(161)
Taking into consideration also the worldwide growing life expectancy, the complications
inherent to generator exchange and upgrade procedures will become increasingly relevant and
it mandates the development of a novel, simple and reliable solution to facilitate these
procedures would represent a significant advantage for physicians when executing this
procedure.
In this work, a surface micro-structured non-resorbable bacterial cellulose (BC) membrane
was applied to substantially reduce the formation of fibrotic tissue around pacemakers that have
been implanted in a large animal (pig) model. The model was chosen as the only viable option
for testing full-scale implantable cardiac devices. The size and the combination of several
materials such as metals (titanium alloys) and plastics (polyurethane) as well as soldering points
and leads, all of which are critical as triggers for the foreign body reaction.(162)

140

6.2. Methods
6.2.1. Membrane Fabrication
Surface micro-structured 20 cm x 10 cm bacterial cellulose (BC) membrane segments were
fabricated using Guided-Assembly Bio-Lithography, as previously reported.(118) Briefly,
cellulose was biosynthesized by a strain Acetobacter Xylinum bacteria in static culture and with
an elastomeric microstructured mold floating at the liquid-air interface. The BC membrane were
harvested after 1 week of incubation at 27°C and the bacterial content was removed with the
help of 8 h of washing into 1M NaOH at 90°C. The pH was finally balanced with a series of
washings in de-ionized (DI) water.

6.2.2. Membrane Preparation
After fabrication, the membranes were treated according a purification protocol consisting
of three 24 h washings into Aqua ad Iniectabilia (Braun, Germany) to minimize the residual
endotoxin content and remove traces of potentially cytotoxic, pyrogenic organic residues.
The membranes were finally steam sterilized (121°C, 15 min) and transferred in sterile
conditions in a bath of 0.9% NaCl in a glass Petri dish. Importantly, the membranes were
carefully placed in the Petri dishes with the non-structured side facing upwards, in order to be
ready for use upon opening of the container. Always operating in sterile conditions, the
container was placed into a pouch and sealed. After sealing, a second steam sterilization step
(121°C, 15 min) was performed to ensure sterility of the samples.

6.2.3. Experimental Animals
The animals used in this study were female domestic pigs (Sus domesticus, Edelschwein)
weighing approximately 50/80 kg. The animals were hosted in the animal facility for a period
of 7 days before the surgery for acclimatization. The entire study was performed in the
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framework of Article 18 Animal Welfare Act (TSchG), article 141 Animal Welfare Ordinance
(TSchV), article 30 Animal Experimentation Ordinance (TVV) after permission granted by
license 162/2014 issued by Kantonales Veterinäramt, Zürich. Details in the Surgical
preparation, coated device implantation and postsurgical monitoring, Housing and husbandry
and Animal Welfare sections of Materials and Methods are taken from the Standard Operating
Procedures of the Animal Facility (BZL) of the University Hospital of Zürich and reported as
requested by the ARRIVE Guidelines.

6.2.4. Animal Study Design
Twelve animals were included in the study. This number seemed appropriate to allow for a
meaningful analysis and minimize bias due to the expected variability in the onset and
magnitude of the foreign body reaction and to the intrinsic inter-animal variability. In order to
reduce the number of animals and considering the local effects of the formation of the fibrotic
tissue, each animal received one cellulose coated pacemaker (PMC), one native pacemaker
(PM), one cellulose coated silicone breast implant (BIC) and one native silicone breast implant
(BI) at various locations at the time of the index procedure. However, the investigation of BI
and BIC is out of the scope of this manuscript. Equivalent anatomical sites were chosen for the
implantation of the test and control specimens, with the test implant site contralateral to the
control implant site. The study layout allowed to minimize the number of animals as each
animal served atas its own control.
The study was divided into four steps: acclimatization of the animals in the animal facility,
simultaneous implantation of the PM, PMC, BI and BIC, monitoring for a period of 6 weeks,
followed by explant and histopathological analysis.
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6.2.5. Housing, husbandry and animal welfare
On arrival, all animals were examined and were given an acclimatization period of at least
14 days prior to the experiment. The animals were then kept in groups of 2-4 per stable
compartment, which provides a shelter for retraction, automatic water drinker and
entertainment toys. Feeding takes place twice per day (morning and evening) and each pig was
fed with dry pelleted food (15-20g/kg/day). The room temperature was constantly at about 19°C
at a relative air humidity of around 45-55%. The artificial light was turned on from 8:00 am
until about 4:00 pm, but roof windows ensuring sufficient natural daylight intake. Prior to the
experiment, the general condition of each animal was monitored by the animal care takers twice
a day and at least two times a week by a veterinarian. Once a week each pig was allured with
food onto a scale to determine its current weight.

6.2.6. Surgical preparation, coated device implantation and postsurgical
monitoring
The animals were fasted for at least 12 h before surgery. In order to reduce stress and sedate
the animals prior to induction of anesthesia, they were pre-medicated in the stable, with an intramuscular injection of 20 mg/kg Ketamin, 1 mg/kg Azaperon and Atropinsulfate 0,25 ml/10 kg.
After loss of righting reflex, the animals were transported to the operation preparation room,
where anesthesia was deepened and maintained with spontaneous breathing of isoflurane (2%3%) in pure oxygen (3-5 l/min), and a venous catheter was placed in the ear-vein. Propofol was
applied (bolus 1-2 mg/kg, intra-venous) to achieve relaxation and swallow-reflex diminishment
sufficient for intubation.
After intubation, while spontaneously breathing the isoflurane-oxygen combination, the
animal was prepared for surgery. The operation area was washed and shaved and a urine
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catheter was placed. During the whole preparation procedure, the status of the animal was
monitored using pulse-oximetry, ECG and capnometry.
After the animal was prepared, it was transported to the nearby large animal operation
theatre, where anesthesia was maintained by positive pressure respiration of Isoflurane (2% 3%) in air-oxygen mixture (1:1, 4 - 6 l/min) and constant-rate infusion of Propofol (2-5
mg/kg/h, intra-venous). For intraoperative analgesia Buprenorphine (0.01 mg/kg) was applied
approximately 30 min before the cut-down. The thorax of the pig was prepared surgically using
10% povidone-iodine and 80% alcohol rinse. Sterile surgical drapes were used to entirely cover
the animal while keeping the shoulder/chest area adequately exposed.
Standard sterile operative techniques (such as those adopted for human implantation) were
used, including change of gloves and instruments at each implant placement, ensuring
hemostasis before implant insertion, minimizing implant handling, and avoiding contact of the
implant with the animal skin. A subcutaneous pocket was fashioned using blunt dissection.
The BC membrane was transferred from the packaging to the operating table, preserving the
orientation with the unstructured side of the membrane facing upwards. The generator was
placed above the coiled up leads, in a similar fashion to what is commonly performed according
to implantation guidelines (Fig. 48). The PM was located in one half of the BC membrane and
the other half was subsequently folded on top of it. At this stage, in 8/12 animals, a nonresorbable suture (Prolene 5-0) was applied in order to seal the PM inside the BC membrane
and the excess material was cut off. In the remaining 4 animals, the cellulose membrane was
instead simply folded around the PM, without suturing (Fig. 48).
The assembly was then inserted aseptically into the subcutaneous pocket on the left and right
chest of the animal, at the level of the x-y rib, at approximately x cm from the ventral midline
(Fig. 48). The surgical wound was closed in two layers: interrupted deep layer sutures, and a
continuous subcuticular closure. Absorbable sutures, 3 – 0 Vicryl plus and 4-0 undyed
Monocryl (Ethicon, USA) were used for the sub-cutaneous and intra-cutaneous sutures,
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respectively. OpSite spray (Smith&Nephew, USA) was applied over the operative wounds. The
pacemaker systems were left in situ for a time period of 6 weeks.
Additionally, as previously mentioned, the above described animals received a control 125g
round textured silicone implant (Allergan, USA) as well as an identical implant covered with a
micro-structured cellulose. The model has been described by Tamboto et al. (163) and
represents a reliable animal model to study capsular contracture.
During the entire experimental procedure until the animal was fully awake, the animal status
was monitored using pulse-oximetry, ECG, invasive arterial blood pressure measurement,
capnometry, respiration counter, arterial and venous blood gas analyses. Based on those
parameters, anesthesia was adjusted.
Once the surgical procedure was completed, the protective wound-draping was applied.
After regaining consciousness (swallowing, spontaneous movement etc.) the animal was
brought back into its stable and monitored hourly for the first 4-6 h after the surgery.

6.2.7. Retrieval and histopathological analysis of the PM devices
The biological response to the implanted PMs and PMCs was evaluated by recording the
macroscopic and histopathological findings and was compared to that observed in the control
PMs. Immediately after sacrifice, the animals underwent a partial necropsy to allow removal of
the implants and macroscopic evaluation of the surrounding tissues and the tributary lymph
nodes. The PMs were extracted together with the surrounding capsule and sufficient unaffected
tissue and were examined for signs of hemorrhage, hematoma, congestion or other gross
anomalies. The presence, amount and nature of any fluid within the implant cavity or of any
material adhered to the PM were recorded. The inner surface of the capsule was inspected at
the time of necropsy and after fixation of the samples. Macrophotography was used to document
relevant observations.
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Fig. 46: Trimming scheme for histological sampling.

Excised PMs and the surrounding soft tissues were fixed for 72 h in adequate amounts of
10% buffered formalin (Formafix, Switzerland), after which they were trimmed according to a
standard protocol. Briefly, each implant capsule was incised through the midline and the PMs
gently removed as a whole, although cutting of the leads, strongly embedded in the capsular
soft tissues, was necessary in most PMs without BC coating to allow removal of the devices.
The following samples were collected from each PM capsular reaction: 1) a portion of the
capsule which adhered to the header of the PM, 2) a portion of the capsule adhering to the
region immediately distal to the header of the PM, spanning the initial segment of the leads, 3)
two pieces of the capsule lying against the ventral (i.e. toward the skin of the animal) flat surface
of the PM, and 4) two pieces of the capsule lying against the dorsal (i.e. toward the abdomen
of the animal) flat surface of the PM. The sampling regions selected for the standardized
histopathological evaluation of the retrieved devices are sketched in Fig. 46.
The above mentioned samples were dehydrated in graded alcohol and routinely paraffin wax
embedded. Sections (3-5 µm thick) were prepared, mounted on glass slides, deparaffinized in
xylene, rehydrated through graded alcohols and stained with hematoxylin and eosin (HE) for
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the histological examination. A Perls’ Prussian blue stain was used in selected samples to
confirm the nature of pigment found in macrophages associated with the inflammatory reaction
to the implanted devices. Histopathological features were scored in a blind fashion according
to a semi-quantitative scoring system suggested in the Annex E of International Standards
Organization (ISO) 10993-6-2007, which takes into consideration - among others - the extent
of fibrosis/fibrous capsule, the extent and nature of the associated inflammatory reaction, the
presence and extent of degeneration/necrosis and the degree of vascularization. In detail, the
final score assigned to each sample comprised two subtotal scores: “subtotal score 1” was
obtained evaluating the cellularity of the inflammatory infiltrate and the amount of necrosis in
the samples and recapitulated the severity of the inflammatory reaction, whilst “subtotal
score 2” summarized the severity of the fibro-vascular response. Fibrosis was further analyzed
using a histo-morphometric approach, as detailed in the next paragraph. All HE-stained slides
were scanned using digital slide scanner NanoZoomerXR C12000 (Hamamatsu, Japan) and
images were taken using NDP.view2 viewing software (Hamamatsu).

6.2.8. Image Analysis
For the analysis of the fibrotic tissue thickness, the collected images were imported into
ImageJ (National Institute of Health, USA) using the NDPITools plugin. (164)
The fibrotic tissue thickness was obtained using first the “Freehand line” tool in order to
manually select the tissue thickness. The selected regions were exported as regions of interest
and then the “Measurements” tool of ImageJ was used to obtain the thickness value in cm. The
measurement protocol followed for both PM and PMC is the following: for sampling areas in
contact with the polyurethane header and opposite to the header, 5 measurements were done
respectively (Fig. 3a). For the sampling area in contact with the titanium case, 20 measurements
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were done (Fig. 3a). The independent measurements were then averaged in order to obtain the
mean fibrotic tissue thickness for each independent position on each animal model.

6.2.9. Statistical Analysis
Statistical comparison of population means was performed using a non-parametric Paired
sample Wilcoxon Signed Rank test. The total number of measurements is shown in the upper
or lower right hand corner of the presented graphs in Fig. 6. For box plots the size depicts the
measured standard error of the mean and the whiskers the standard deviations of the
populations.

6.3. Results
6.3.1. Physical description of the BC membrane
The BC membrane was made of a three dimensional network of randomly arranged cellulose
nanoribbons, resulting in the formation of a multi-layer hydrogel with high porosity (Fig. 47A).
Through Guided-Assembly Bio-Lithography (GAB), the surface of the BC membrane was
natively micro-structured with approximately 2 µm deep micro-wells distributed in a centeredhexagonal pattern with characteristic length of 10 µm (Fig. 47B). The diameter of each well
was defined as half of the center-to-center distance, namely 5 µm. Importantly, GAB produced
a higher degree of order in the nanoscopic arrangement of the ribbons in close proximity of the
micro-wells, clearly delineating the surface micro-features.(118)
Macroscopically, BC membranes showed excellent conformability and adequate tensile
strength to hold stitches applied in the suturing process.

148

Fig. 47: SEM imaging of implanted micro-structured bio-synthetized cellulose (BC): a) Fibrous structure
of BC. Scale bar 2 µm. b) Micro-well pattern on BC surface. Representative area homogeneously structured.
Top-right inset: detail of the micro-wells, where the fibrous structure of the material is evident. Bottom-left
inset: top-view schematic of the layout of the micro wells on the surface. Red circles represent the microwells, solid black line depicts the hexagonal arrangement of the features and the blue dashed line highlights
the elemental cell shaped as an equilateral triangle with 10 µm side length. Scale bar 300 µm. Scale bar in
the inset 5 µm.

The volume increment caused by the cloaking of the PM with the BC membrane was
minimal and did not require a larger incision or the creation of a bigger pocket, not introducing
any significant modification of the standard surgical routine. The wrapping and suturing took
approximately 5 min, introducing a not-negligible delay in the procedure, but not systematically
or negatively affecting its outcome. In fact, BC coated implants did not exhibit higher infection
rates or other signs of suboptimal surgical result.

6.3.2. Surgery and post-surgical observations
Cellulose wrapping of the pacemaker devices was easy to reliably perform (Fig. 48). The
average additional time for the wrapping procedure was below 5 min, accounting for the time
to seal the cellulose pouch with Prolene suture.
Half of the uncoated implants (6/12) generated redness and mild to moderate local swelling.
On the other hand, only 2/12 BC coated implants caused mild redness or swelling.
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Fig. 48: Surgical procedure used to test the BC coating membrane: a) Graphic flowchart of the entire
surgical procedure. b) BC and PM assembly ready for implantation, result of the tailoring of BC around
the PM.

There were no fever or clinical abnormality indicating affection of general body condition
or systemic inflammatory reaction throughout the whole duration of the study.
Three animals required revision surgeries of the native PM implantation sites, due to the
presence of dehiscent surgical wounds, associated with mild purulent discharge, redness and
mild swelling of the subcutis. In all three cases, the inflammatory reaction was limited to the
superficial tissues surrounding the suture stitches and did not affect the integrity of the surgical
pocket. Wound dehiscence was likely due to a mechanical failure of the intracutaneous suture
due to animal movement. After cleaning and re-adaptation of the suture, the wounds healed
without further complications.

6.3.3. Macroscopic observations
Six weeks after implantation, all surgical sutures were clean, not dehiscent and exhibited
normal recovery. All devices, whether covered with cellulose (PMC) or not (PM), were
surrounded by a capsule composed of light beige, firm fibrous tissue (Fig. 49a, b). In all
examined implant sites, the fibrous capsule appeared intact and had a smooth surface, and was
well separated by the header and the case of the underlying devices. The leads of the PMs
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without BC coating, including the end of the electrodes (Fig. 49a, arrow), were embedded in a
considerable amount of connective tissue (Fig. 49c and e, arrows), and could not be easily
removed. Hence, it was possible to remove the PM only by cutting the leads at multiple places
and pulling them out from the fibrous channels where they were embedded (Fig. 49g, arrows).
The leads of the PMCs instead were free of connective tissue for most of their length (Fig. 3d,
f) or were running in poorly defined grooves delimited by thin fibrous septa (Fig. 49f, arrow).
In the PMC, the cellulose coating represented the innermost layer in contact with the device. It
appeared as a thin layer of white-tan material with a slightly granular surface, firmly adhered
to the underlying fibrous capsule, from which it could be peeled off just pulling with forceps
(Fig. 49h, arrow). Variable amounts of light brown, slightly turbid, unclotted fluid were found
in the cavity of both PM types (Fig. 49b, inset). The fluid content was generally more abundant
in the PMCs (2-4 mL) compared to PMs (1-2 mL) and was admixed in the former with low
amounts of small, white tan particles and debris. Multifocal foci or lines of red discoloration,
which correlated histologically with multiple hemorrhage of minimal to moderate severity,
were observed on the inner surface of the capsule in 10/12 PMs (Fig. 49e, arrowhead) and 5/12
PMCs (Fig. 49f, arrowhead). There was no gross abnormality recognized in the ipsilateral
draining lymph nodes (Lymphocentrum cervicale superficiale) in both PM types.

151

Fig. 49: Gross observations associated with PMs and PMCs. a) Fibrous capsule associated with a PM. The
end of the leads (arrow) is visible through the capsule. b) Fibrous capsule associated with a PMC. Inset:
fluid collected from the PMC cavity. c) Opened fibrous capsule of a PM (dorsal view). The arrow indicates
a portion of the lead embedded in fibrous tissue. d) Opened fibrous capsule of a PMC (dorsal view). e)
Opened fibrous capsule of a PM (lateral view). The black arrow indicates the end of the lead embedded in
fibrous tissue, whilst the white arrow highlights the fibrous reaction surrounding the leads. The arrowhead
indicates dark red discoloration of the inner surface of the capsule. f) Opened fibrous capsule of a PMC
(lateral view). The arrow indicates the poorly defined groove formed by the leads of the device. The
arrowhead indicates dark red discoloration of the inner surface of the capsule. g) Transversal section of a
portion of the capsule adhering to the region immediately distal to the header of the PM, spanning the initial
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segment of the leads. White arrows indicate the deep tunnels left after removal of the leads. h) Inner surface
of the fibrous capsule associated with a PMC. The arrow indicates the cellulose layer that could be separated
from the remaining part of capsule of a PMC, with minimal effort. All pictures were taken after fixation of
the samples.

6.3.4. Histopathological observations
Implantation of the PMs and PMCs devices resulted in a chronic granulomatous
inflammatory foreign-body reaction, dominated by infiltration of activated macrophages with
fewer lymphocytes and plasma cells and proliferation of fibroblasts. The innermost part of the
capsule exhibited also a variable degree of neutrophilic infiltration and new vessel formation.
The results of the semi-quantitative histological assessment are summarized in Table 1.
PMs Samples. The biological response to PMs was characterized by the presence of a
moderately thick, well-vascularized fibrotic capsule (Fig. 50A), surrounding the body of the
PM device and its leads. The capsule was composed of parallel-oriented rims of fibroblasts and
collagen fibers, admixed with numerous newly formed, thin-walled blood vessels (Fig. 50B).
The innermost part of capsule was diffusely infiltrated by numerous macrophages, fewer
lymphocytes, plasma cells and occasionally neutrophils (Fig. 50C). In a few samples, the
adluminal surface of the capsule was lined multifocally by a rim of macrophages resembling a
synovial membrane (Fig. 50C, arrowhead): this morphological feature was unique to the native,
smooth-surfaced PM implants and is consistent with synovial metaplasia, a change frequently
observed in the capsular reaction surrounding silicone breast and joint prostheses. (165)
Inflammatory infiltration in the outer part of the capsule was generally milder and characterized
by small, mainly perivascular, rather than diffuse, aggregates of lymphocytes and macrophages,
some of which containing multiple golden-brown pigment droplets (Fig. 50B, arrowhead), and
occasional clusters of giant cells (Fig. 50D, arrowhead).
The pigment within macrophages was consistent with hemosiderin, as indicated by positive
reaction to Perls’ Prussian blue stain (Fig. 50B, inset), and is likely the result of previous
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hemorrhage. Focal erosions of the capsule (Fig. 50E, arrowhead), associated with focal necrosis
and presence of foreign debris, were detected in 6/12 samples. Acute hemorrhage (Fig. 50C and
E, arrows) was also seen in numerous PM samples and correlated with the areas of dark red
discoloration recorded grossly.
Inflammatory changes occurred with similar severity among the PM samples. The average
subtotal score 1 was 5.5 and ranged from 3.7 to 7.8. Higher severity scores were characterized
by numerous infiltrating neutrophils and multifocal necrosis in the inner portion of the capsule
(Fig. 50F).
Table 8: Biocompatibility of micro-structured BC according to ISO-10993. Semi – quantitative scoring of
main indicators of immune reaction.

PM

PMC

Average

Max

Average

Max

Polymorphonucleates

0.8 ± 0.5

2.0

1.4 ± 0.5

2.5

Lymphocytes

1.2 ± 0.3

2.0

1.3 ± 0.4

2.0

Plasma cells

1.0 ± 0.3

1.5

1.2 ± 0.2

1.5

Macrophages

1.1 ± 0.3

1.7

1.6 ± 0.4

2.3

Giant cells

1.1 ± 0.4

1.7

1.3 ± 0.4

2.3

Necrosis

0.2 ± 0.2

0.8

1.0 ± 0.8

2.3

Subtotal (1)
Inflammatory reaction

5.5 ± 1.0

7.8

7.8 ± 1.7

10.3

Neovascularization

0.8 ± 0.4

1.3

1.8 ± 0.5

2.5

Fibrosis

2.6 ± 0.5

3.5

1.9 ± 0.7

3.0

Subtotal (2)
Fibrovascular reaction

3.4 ± 0.7

4.5

3.7 ± 1.1

5.0

Total

8.8 ± 1.3

11.0

11.4 ± 2.0

14.5

Foreign debris

0.8 ±

1.7

1.5 ±

2.0
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Fig. 50: Histopathological observations associated with native PMs: a) Subgross view of a portion of the
capsule (double-headed arrows) adhering to the region immediately distal to the header (#) of the PM,
spanning the initial segment of the leads (*), after removal of the device. Scale bar: 5 mm. b) Center of the
capsular layer, exhibiting well-vascularized fibrous tissue with minimal perivascular inflammatory
infiltrates. The arrowhead indicates scattered pigment-laden macrophages. Pigment is consistent with
iron/hemosiderin (inset). Scale bar: 100 µm. Scale bar in the inset: 50 µm. c) Inner capsular surface
exhibiting synovial metaplasia (arrowhead), minimal neutrophilic infiltration (open arrows) and mild acute
hemorrhage (solid arrow). Scale bar: 100 µm. d) Outer capsular layer exhibiting a cluster of giant cells
(arrowhead). Scale bar: 100 µm. e) Inner capsular surface of a different PM sample exhibiting focal
superficial erosion with presence of necrotic material (arrowhead) and moderate multifocal acute
hemorrhage (arrows). Scale bar: 250 µm. f) Inner capsular surface of another PM samples showing more
severe neutrophilic infiltration (open arrows) and multifocal superficial necrosis (arrowhead). Scale bar:
250 µm. All pictures were obtained from HE-stained sections, except the section depicted in B, inset, which
was stained with Perls’ Prussian blue stain.
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Fig. 51: Histopathological observations associated with PMCs: a) Subgross view of a portion of the capsule
(double-headed arrows) adhering to the region immediately distal to the header (#) of the PM, after removal
of the device. Tunnels (*) created by the PM leads are poorly defined. Scale bar: 5 mm. b) Inner capsular
surface, exhibiting the cellulose layer (BC) surrounded by well-vascularized fibrous tissue and a mild
inflammatory reaction (open arrows). Low amounts of necrosis and cellular debris (arrowhead) are
observed just beneath the capsular surface. Scale bar: 250 µm. c) Portion of the inner capsular surface
opposing the leads of the PM and showing similar features as those described in B, along with the presence
of multiple clusters of giant cells (open arrowhead). Scale bar: 250 µm. d) Subgross view of another PMC,
showing similar levels of fibrosis and more severe inflammatory changes compared to A. Scale bar: 5 mm.
e) Inner capsular surface exhibiting moderate neutrophilic infiltration and new vessel formation beneath
the cellulose layer (open arrows) and the presence of necrotic material (arrowhead) on the capsular surface.
Scale bar: 500 µm. f) Inner capsular surface of another PMC sample showing a thick rims of neutrophils
(open arrows) infiltrating the capsule and expanding the cellulose layer. Scale bar: 500 µm. All pictures
were obtained from HE-stained sections.
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PMCs samples. The morphological features of the fibro-inflammatory response associated
with the implantation of PMCs were similar to those described in PMs. In general, PMCs
elicited less severe deposition of collagen, which resulted in thinner capsular layers (Fig. 51A
and D, double-sided arrows) and, more evidently, in minimal fibrous embedding of the PM
leads (Fig. 51A and D, *. See also Fig. 49G for correlation with the gross findings in the native
PMs). The cellulose layer exhibited variable thickness (Fig. 51B, C) and was multifocally
dissected and occasionally covered by strands of fibrous tissue projecting from the underlying
fibroinflammatory reaction. In the majority of the PMCs, the inflammatory response consisted
of a granulomatous reaction similar to that observed in the native PMs (Fig. 51A-E), however
it was generally moderately more severe (average subtotal score 1: 7.8 ± 1.7, vs 5.5 ± 1.0 in the
PMs). Two out of 12 PMCs were associated with marked inflammatory changes, dominated by
neutrophils, which infiltrated, expanded and dissected the cellulose layer (Fig. 51F).

6.3.5. Evaluation of fibrotic tissue formation
In quantitative terms, the thickness of fibrotic capsules was significantly reduced in the
PMCs compared to the PMs (0.14 ± 0.02 cm vs. 0.26 ± 0.02 cm; p < 0.01, 46% average
reduction). Each of the explanted tissue section containing the devices was then processed as
described in detail in Materials and Methods section with the aim of assessing the thickness of
the layer of newly formed fibrotic tissue, the markers of foreign body reaction and ongoing
inflammation. As already mentioned in the previous paragraph, histology displayed generally
the formation of a thicker layer of fibrotic tissue (Fig. 53B, contoured by the green dashed line)
around the PMs. The thickness of the fibrotic capsule developed after 6 weeks is on average in
the range of tenths of centimeters, indicating a prompt response of the animals to the
implantation of the devices.
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Fig. 52: Reference device used and surgery setup: a) nomenclature of PM parts and b) layout of the
operating site.

The formation of fibrotic tissue in the pocket was significantly reduced in the presence of
BC membranes, with an average reduction of the thickness of the fibrotic capsule of 46% (Fig.
53D). No significant difference was recorded between dorsal and ventral surfaces of the
implants (Fig. 54A). Comparing instead coated and uncoated implants, the thickness of the
fibrotic tissue significantly changes at all sampling locations (Fig. 54C, D, E, and F).
Structuring the results in order to isolate specific effects of the three functional parts of the
pacemaker (Fig. 52A), the reduction appears more pronounced around the header, because of
the presence of the leads (Fig. 53D), and still evident in the area of the titanium case (Fig. 53E),
with an average thickness decrease of 46% and 40%, respectively. Interestingly, the maximum
reduction achieved in this study is 71%. However, independently on the location, the spreading
of the data in our populations is significant and it illustrates the strong specificity in the response
of each animal to the implant.
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Fig. 53: Histological sampling and thickness measurements: a) Sampling locations around the PM. b)
Representative histological slides for PM (left) and PMC (right). The black arrows indicate the extension of
the fibrotic tissue, as measured. The green dashed line and the green single headed arrow depict the cellulose
layer. Scale bar 0.5 cm c, d, e) Quantification and statistical comparison of the measurements of the c)
overall thickness of the fibrotic tissue layer surrounding the PM, d) in the area in contact with the
polyurethane header and e) in the area in contact with the titanium case. The population means are reported
as a horizontal dashed line in a box whose vertical length represents the double of the standard error of the
mean. Whiskers report the standard deviation of the population. The number of measurements is reported
as number n’ and the number of independent experiments is reported as the number n. Significant
differences between the population means are indicated by asterisks (** for p<0.01 and *** for p<0.001).
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Fig. 54: Local reduction of thickness of fibrotic tissue. a) Overall comparison of all sampling locations with
and without cellulose. b) Schematic view of the sampling coding. c, d, e, f) Breakdown of thickness
measurements location by location. (PM: Non coated pacemaker, PMC: Cellulose coated pacemaker).
Significant differences between the population means are indicated by asterisks (* for p<0.05, ** for p<0.01
and *** for p<0.001).
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6.4. Discussion
Rising incidence of cardiac implantable electronic device implantation combined with
increased life expectancy yields higher implant prevalence, which is associated with a higher
burden of device replacement.(166) The trend of generator exchange and upgrade procedures
can be expected to rise. Therefore, the recommendation for lifelong implant must consider among the risk factors - the hazards related to the replacement of the generator or an
upgrade/revision procedure. The mitigation of these risks can follow two different paths: a
significant effort has to be made in research and development to extend the longevity of the
implantable batteries and solutions for minimizing complications related to the device pocket
must be found.(159) An additional drawback related to re-operation is the significantly higher
rate of infection after replacement procedures.(167) Pocket related complication rates after
generator exchange or upgrade/revision surgery are considerable.(159) Therefore every concept
simplifying the dissection of device pockets will show a positive effect on complication rates.
The insertion of a non-adhesive, non-resorbable and simultaneously well-tolerated interface
enables the operator to easily access a clean pocket, simplifying the exchange or
upgrade/revision procedure. After the generator pocket is opened in such procedures, there is a
frequent need for extensive dissection of the leads from fibrotic scar tissue (168), while the
tested BC membrane makes this procedure simply unnecessary. Taken together, the easiness
of re-operation and the drastically improved accessibility to the site of the implant constitute a
parameter of increasing importance in the definition of successful therapeutic strategy.
On the other hand, the quality of the interaction between the implant and the surrounding
tissue is what determines the long term comfort of the patient and contributes to the ultimate
success of a surgical procedure. For numerous implants in soft tissue, foreign body reaction
constitutes one of the major causes of discomfort, pain and ultimately revisions.(169-171)
The establishment of a rationally-designed, stable interface between the body and the
implant is a viable strategy to minimize the complications related to foreign body response. The
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performance of such a membrane depends on the constitutive properties of the material, in this
case BC, and on the capability to specifically tailor the surface topography, an independent
physical parameter, in order to elicit specific responses in human cells.(31) In this study, the
presence of micro-wells distributed on a hexagonal lattice on a layer of BC aims at the reduction
of the adhesion of immune cells and fibroblasts, responsible for the deposition of the new
collagen matrix and the creation of the typical dense fibrotic tissue. As reported earlier (9, 172,
173), surface topography proved to successfully influence adhesion of cells in vitro and the
same effect seems to be reproduced in vivo, if quantified through the thickness of the newly
deposited tissue. Briefly, the mode of action of such a topography is based on the concept that
an isotropic distribution of topographical features on a substrate, on the scale of the cell, creates
unfavorable conditions for adhesion.
The thickness of the fibrotic capsule is an important physical parameter to describe the
advancement of the foreign body response, but this has to be coupled to biological reporters,
especially inflammation markers, to provide a comprehensive description of the status quo after
six weeks. Semi-quantitative histological analysis revealed similar findings between PM and
PMCs, with a drastic reduction of the thickness of fibrotic capsules in the latter. The reduced
levels of fibrosis observed around PMCs as compared to those recorded in PM suggest that the
bacterial cellulose coating may have a role in slowing the process of capsule formation.
Concurrently, PMCs were generally associated with slightly increased levels for all
inflammatory parameters as compared to the corresponding PMs. As fibrosis is manifestly
related to inflammation, these results should be interpreted with caution as they are based on a
single, early 6-week time interval: hence, further studies designed to include multiple chronic
endpoints are needed to establish whether the reduced fibrotic response continues over time and
to fully appreciate the progression of the capsular reaction. In our study, the direct correlation
between the level of inflammation and the thickness of the fibrotic tissue did not appear
straightforward.
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Fig. 55: Correlation between inflammatory state and thickness of fibrotic tissue. (PM: Non coated
pacemaker, PMC: Cellulose coated pacemaker)

Thirty percent of the animals showed a level of inflammation for the implants covered with
cellulose fully comparable with the one of the uncoated ones, in conjunction with a reduction
of the average thickness of the fibrotic capsule (Fig. 55). Taken together, the presence of PMCs
showing a low level of inflammation and thin fibrotic tissue points towards an apparent proinflammatory effect of the cellulose, likely the result from a procedural issue (uneven thickness
of the membrane, unwanted folding, inhomogeneous endotoxin content in the samples, etc.)
rather than direct irritant effect of bio-synthesized cellulose.
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7. CONCLUSIONS
7.1. Results overview
The research presented in this thesis tackled the broad problem of nano-engineering interface
for an optimized and controlled interaction with cells and tissues.
Building up on previous work conducted at LTNT, this thesis presented the ultimate proof
that topographical surface modifications can be a really powerful tool to control cell behavior,
even allowing to preserve healthy and functional collectives of cells in conditions alien to
human physiology. In fact, a confluent endothelial cells monolayer was reported to survive in
a healthy and functional state at a wall shear stress level 65% higher than in the most demanding
physiological condition. In addition to this result, in this thesis has also been introduced for the
first time a new index, called Connectivity Index, able to describe quantitatively the status of
the VEC-cadherin junctions in the monolayer and, as a consequence, the health status of the
endothelium itself.
On the other hand, this thesis presented a novel, facile and scalable technology to create
natively microstructured biosynthesized cellulose, up to date, the only known technology to
passively generate size-controlled features on a biomaterial. This technology allows to create
microstructures on the surface of bacterial cellulose with a lateral resolution as high as 1 µm
and vertical depth up to 2 µm. Moreover, importantly, the physics of the bio-lithographic
process allows to achieve a certain degree of control on the nanoscale arrangement of the
cellulose nanoribbons, only by mean of a template with features in the micron range. Beside
the development of the process, that can find interesting applications in many fields of research
and applications, this work proved also the capability of this microstructured biomaterial to
support cell culture, to control cell morphology, directionality of mesenchymal migration and
biocompatibility in a mouse model. Beside cell guidance, GAB has been used to create a
micropattern on the surface of bacterial cellulose capable to cause a reduction of cell adhesion,
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with respectively 65% and 80% reduction for fibroblasts and macrophages. These in vitro
results enabled us to target the cascade of events characteristic of the foreign body reaction. The
same material and the same technology to produce it have been used then to produce large scale
membranes to cloak pacemakers and reduce fibrotic tissue formation and adhesion to the
medical device in vivo. As first step towards translation, a modified surgical procedure have
been developed and adopted to implant full size pacemakers surrounded by microstructured BC
membranes into a large animal model. These experiments have shown once more the
biocompatibility of the material, its stability, its suitability for handling and implantation and,
importantly, have resulted into an average reduction of the thickness of the fibrotic tissue of
46%.

7.2. Outlook
The proof that successful endothelialization could be achieved at supraphysiological level
of wall shear stress eventually opened up the possibility to achieve the gold standard, as
described in literature, for medical devices interacting with blood circulation. The opportunity
to have parts of the luminal surface of VADs covered by a healthy endothelium sparked the
launch of the Zürich Heart Initiative, with the ambition of significantly improve existing VADs
(also by mean of surface topography) and design a completely new, fully implantable artificial
heart. This project is ongoing, involving tenths of research groups between ETH Zurich,
University of Zurich, University Hospital of Zurich and EMPA, making continuous progress
towards new generations of medical devices.
Guided Assembly Biolithography is used by HYLOMORPH, a spin-off of LTNT and a
project at newly founded Wyss Institute, to produce membranes for anti-fibrotic purposes.
These microstructured cellulose mats are being translated into a product, through the necessary
steps of production scale-up, conformation to the relevant standards and clinical investigations.
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