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Abstract

Multi-material micro-extrusion three dimensional (3D) printing, also known as Direct-ink-writing
(DIW), has opened new unique opportunities for the design and fabrication of complex bio-devices
for in vitro and in vivo applications. Regardless of the application, the formulation of inks that are
simultaneously printable and functional is perhaps the most critical challenge. Cellulose is appealing
in this regard, as it is a versatile and affordable biomaterial that can be tailored extensively in terms
of size, shape, and chemistry towards a specific intended application. In this thesis, | have studied the
formulation of novel cellulose-based inks and print procedures towards two diverse applications: i)
in vitro models of living mammalian tissue, and ii) oral drug-delivery patches.

Development of enhanced in vitro tissue models is of great interest to improve pre-clinical testing
of novel drugs and development of patient-specific disease models. Within this thesis, the major focus
was the development of new bio-inks for in vitro tissue models of mammalian tissues, based on
logical modifications of microfibrillated cellulose (MFC). MFC has excellent printing properties
while its fibrillar structure resembles the fibrillar network of the extracellular matrix (ECM).
However, it is not translucent, which complicates microscopy, has no specific cell-adhesive motifs,
and it is not miscible with protein biomaterials.

To overcome these shortcomings, we have here developed a procedure for partial
carboxymethylation of MFC, to yield transparent, carboxymethylated nanofibrillated cellulose
(cNFC) hydrogels, that can be combined with ECM-derived proteins. The procedure relies on careful
adjustment of reaction degree by adjusting the polarity of the reaction solvents. The cNFC-derived
inks show interesting properties for 3D printing functional tissue models. In addition to serving as
rheological modifiers, they display unique cell-guiding abilities. Specifically, we demonstrate their
ability to organize human and murine myotubes into anisotropic linear and complex patterns.

We also investigated cNFC as support matrices for embedded printing of cell-laden inks. We
speculate, that the fibrillar structure of cNFC hydrogels might enhance cellular migration of cells
within ctNFC hydrogels compared to commonly used supports based on granular gel microparticles.
However, studies are yet inconclusive. Still, we did observe that the spatial resolution of traces printed
into cNFC supports was inferior to conventional granular hydrogel supports, likely due to viscous
properties dominating.

A secondary project was the development of complex cellulose-based drug-delivery patches for
the oral mucosa via DIW. Here, we tailored the design of the patches to increase their flexibility while
decreasing the stiffness. Using multi-material printing further allowed us to precisely determine the
drug-load per patch. Further, we added effervescent agents for improving delivery of saquinavir in
the mouth.

Our studies showcase the versatility of cellulose-derived biomaterials for 3D printed biodevices,
and demonstrates how rational modifications in material chemistry and formulation can serve to
achieve complex functionalities. It is my hope that my work thus contributes to the ongoing



transformation of DIW 3D printing from mainly being research topic to becoming a tool for solving
real-world problems and questions.



Resumé

Multimateriale mikro-ekstruderings 3D-print har abnet nye unikke muligheder for design og
fremstilling af komplekse bio-systemer til in vitro og in vivo applikationer. Uanset applikationen, sa
er udviklingen af printbare og funktionelle printmaterialer den centrale udfordring. Cellulose er
interessant i den henseende, da det er et alsidigt og billigt biomateriale, der i vid udstreekning kan
skraeddersyes til en given tilsigtet anvendelse, med hensyn til sterrelse, form, og kemi. | denne
afhandling har jeg studeret formuleringen af nye cellulosebaserede print-materialer og -procedurer til
to forskellige anvendelser: i) in vitro-modeller af levende pattedyrsveev og ii) orale
leegemiddelindferingsplastre.

Udvikling af bedre in vitro veevsmodeller er af stor interesse for at forbedre praeklinisk afpragvning
af nye leegemidler og udvikling af patientspecifikke sygdomsmodeller. Inden for denne afhandling
var hovedfokus udviklingen af nye bio-materialer til in vitro veevsmodeller af pattedyrvav, baseret
pa logiske modifikationer af mikrofibrilleret cellulose (MFC). Mikrofibrilleret cellulose (MFC) har
fremragende printegenskaber, mens dens fibrilleere struktur minder om det fibrilleere netveerk i den
ekstracelluleere matrix (ECM). MFC er dog ikke transparent, hvilket komplicerer mikroskopi, har
ingen specifikke celleadhaesive motiver, og er ikke blandbar med protein-baserede biomaterialer.

For at overvinde disse mangler har vi her udviklet en procedure til delvis carboxymethylering af
MFC, for at give transparente, carboxymethylerede nanofibrillerede cellulose (cNFC) hydrogeler, der
kan kombineres med ECM-afledte proteiner. Fremgangsmaden er afhangig af omhyggelig justering
af reaktionsgraden ved at justere polariteten af reaktionsoplgsningsmidlerne. De cNFC-afledte
materialer har interessante egenskaber til 3D-print af funktionelle veevsmodeller. Ud over at fungere
som rheologiske modifikatorer, udviser de unikke cellestyrende evner, nar de printes pa
geloverflader. Specifikt demonstrerer vi deres evne til at organisere menneske- og musse-myotuber i
anisotrope linezre og komplekse mgnstre.

Vi undersggte ogsd cNFC som stgttematricer til indlejret udskrivning af celle-beaerende
printmaterialer. VVores hypotese var, at den fibrillere struktur af cNFC-hydrogeler kan forbedre
migration af celler i cNFC-hydrogeler sammenlignet med almindeligt anvendte understgtninger
baseret pa granulere gel-mikropartikler. Undersggelserne er dog endnu usikre. Imens observerede vi
at den rumlige oplesning af print-spor udskrevet i cNFC-understgtninger var ringere end
konventionelle granulere hydrogel-understetninger, sandsynligvis pa grund af tyktflydende
egenskaber, der dominerer.

Et  sekundert  projekt  var udviklingen af  komplekse  cellulosebaserede
leegemiddelindferingsplastre til mundslimhinden. Her skraeddersyede vi designet af plastrene for at
gge deres fleksibilitet og samtidig mindske stivheden. Brug af multi-materiale udskrivning gav os
yderligere mulighed for praecist at bestemme leegemiddelbelastningen pr. plaster. Yderligere tilfgjede
vi brusemidler for at forbedre leveringen af saquinavir i munden.

Vores undersggelser viser alsidigheden af cellulose-afledte biomaterialer til 3D-printede bio-
systemer og hvordan rationelle @ndringer i materialekemi og formulering kan tjene til at opna

Vi



komplekse funktionaliteter. Det er mit hab, at mit arbejde dermed bidrager til den igangvarende
transformation af mikro-ekstruderings 3D-print fra hovedsageligt at veere forskningsemne til at blive
et veerktgj der kan lgse virkelige problemer og spargsmal.

vii
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Chapter 1

Introduction

1.1 Motivation

The development of novel drugs is a long, expensive process, in which approximately 90% of
drug candidates fail to succeed in clinical trials.! Two of the main causes for clinical failure have
found to be either lack of efficacy or safety,? despite the diverse array of currently available complex
in vivo and in vitro tests. One major challenge is the inability to predict human reaction from typically
relied upon animal models.®# It is therefore of great interest to find new in vitro models based on
human-derived cells that are more predictive of human reaction. Microphysiological platforms (MPS)
with engineered human-derived tissues attempt to mimic physiological tissue and may help to model
some aspects of human safety more accurately before clinical trials, reducing the rate of drug failure.>
° For this purpose, the 3D environment of engineered tissue requires high resemblance with the
cellular composition, physical microenvironment, and chemistry of native tissue. 3D bioprinting was
shown to be a promising tool for the potential construction of functional tissue models. Particularly
DIW techniques allow multi-material printing of a broad range of soft and stiff (bio)inks. A core
challenge remains in maintaining high printability and shape fidelity, while ensuring the formation
of functional tissue. The most used bioinks to reconstruct the ECM of native tissue, are either ECM
derived proteins and decellularized ECM (dECM) or fibrillar biopolymers, such as cellulose. MFC
has been widely used as cell-laden ink due to its biocompatibility and excellent printing properties.
Still, fibrillar ink-formulations are not transparent and impede the use of optical microscopy during
tissue engineering.

The aim of this dissertation was to explore the fabrication and formulation of cellulose-based inks
in 3D printing. Within this scope, | focused on the fabrication of i) in vitro models of living
mammalian tissues based on transparent, fibrillar cellulose-based inks, and ii) oral drug-delivery
patches with commercially available, transparent, crystalline cellulose-based inks. The new insights
provided in this work will contribute to the development of 3D printed MPS by enabling the
development of more accurate tissue models.



1.2 General introduction
1.2.1 Engineered tissues and in vitro tissue models

The importance of developing more predictive preclinical assays

The development of new drugs is a long, expensive process, in which half of possible drug
candidates pass preclinical testing while only one out of nine succeeds in clinical trials.® A major
challenge lies in identifying drugs that will fail in clinical trials earlier in the process of development.
A reason for this is poor translation of toxicity studies from animal models to humans. Great interest
in bridging this gap with engineered tissues and microphysiological systems has risen. Human-
derived cells are incorporated in platforms that are supposed to mimic native organs. Different model
systems for the brain,**-24 heart,>*° lung,6'” and intestine'®?! already show promising physiological
responses to drugs.

Engineered tissues mimic the native architecture and biochemistry of tissues

In tissue engineering, a 3D scaffold is created to mimic the ECM and guide cellular growth and
differentiation into functional tissue. For this, biochemical and -physical cues need to be incorporated
in the scaffold to recapitulate native mechanics, architecture, and signaling. These scaffolds can be
composed of synthetic and natural materials. The advantages of using synthetic polymers include
high adjustability, control of molecular weight, and conjugation to cell-adhesive and cross-linkable
motifs. Natural materials are usually biopolymers composed of amino acid sequences, such as
proteins, or carbohydrates. While these biopolymers are not as easily modified as synthetic
biocompatible polymers, protein-based biopolymers fully resemble the biochemistry of native tissue.
Some are ionically or enzymatically cross-linkable and allow the production of stable gels in cell-
culture. The choice of material is highly dependent on the final application and will vary depending
on the requirements to mimic the tissue of interest.

Different tissues demand different properties of the materials they are cultured in. Apart from the
stiffness of individual tissues, also the native working mechanisms vary. While heart and skeletal
muscle tissue is composed of anisotropic layers of multinucleated myofibrils that are electrically
connected and compact upon electrical stimulation,>%? lung tissue is composed of alveoli that
rhythmically expand and contract with an ultrathin cell barrier at the air-blood interface.1623
Similarly, the intestine is composed of several crypt-villi subunits with a large surface area.?* Lastly,
the softest tissue in our body is the brain, natively almost completely isolated from its mechanical
environment (Fig. 1).2* Most examples of engineered tissues choose one major characteristic of a
given tissue as design criteria for developing a scaffold.
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Figure 1. lllustration of the varying mechanical properties of different body parts.
Muscle tissue exhibits anisotropy. Brain tissue is the softest tissue in the body. The surface area of the intestine is comparatively huge
due to protrusions, referred to as villi and valleys, referred to as crypts. The lung alveoli expand during breathing. Illustrations were
made with Affinity Designer.

To specifically create a scaffold for cardiac and skeletal tissue models, the native anisotropy of
these tissues needs to be replicated. It is well known that surface anisotropy and material stiffness not
only guide cellular alignment but also differentiation.?>26 Commonly used scaffolds rely on either
micropatterned or nanofiber-based substrates. The fabrication of micropatterned substrates is often
based on photolithographic techniques.?>2527-2% Ultraviolet (UV) light is used to transfer a pattern
from an optical mask onto an either positive- or negative-photoresist-coated substrate. This pattern is
then used to create a polydimethylsiloxane (PDMS) stamp to transfer the pattern onto different
substrates via soft lithography, as illustrated in figure 2a. Resolutions of up to 70 nm and below can
be achieved using specialized equipment.®® The whole fabrication procedure is usually conducted in
a clean room and varying the design of the optical mask is laborious. Apart from structural
micropatterns, hydrogel-embedded and aligned fibers composed of polycaprolactone with
gelatin/carbon nanotubes,®-3* and modified myaluronic acid®** have shown to guide cellular
alignment. In this case, the fibers are synthesized via electrospinning. An electric field forces charged
polymer fiber threads onto a solution or substrate. Similarly, in melt electrospinning writing (MEW)
a polymer is melted and due to its high viscosity deposited accurately on a moving collector.
Nonetheless, harsh solvents are often used to fabricate fibers via electrospinning which might
compromise cell viability in final applications. As an alternative, 3D printing has become an
appealing technique as a wide range of water- and solvent-based materials can be used and designs
can be easily tailored.

1.2.2 3D printing of engineered tissues: Technical and rheological requirements
3D printing techniques for the fabrication of tissue models

Additive manufacturing or 3D printing techniques have been rising to produce microphysiological
platforms and engineered tissues due to the automated fabrication and flexibility in design and



fabrication methods. The term 3D printing encapsulates different working techniques, namely laser-
based systems, inkjet-based systems, and nozzle-based extrusion systems. In 1986, the first laser-
based printing technique was commercialized by Chuck Hull and is based on stereolithography
(SLA). Herein, a photocurable resin is contained within a tank. A laser source induces polymerization
and concomitant cross-linking of the liquid resin. The laser beam projects a pattern in the x- and y-
plane, while a stage, onto which the resin polymerizes, moves in z-plane (Fig. 2b). By doing so, a 3D
object is created layer-by-layer. Non-reacted resin is washed off in a post-treatment. With this
technique a resolution of up to 30 um can be achieved.® In Inkjet printing ink droplets are ejected
from an either drop-on-demand or continuous inkjet system. In on-drop-demand systems an actuator
leads the discharge of individual droplets with a predefined volume by creating a pulse. Continuous
inkjet systems are based on a continuous inkjet stream, as the name suggests. Here, the jet is broken
into individual droplets by an electrical signal that defines the movement of the droplet. The
resolution of inkjet printing is similar to SLA ranging from 50 — 500 pm, with the smallest structure
being printed in the range of 5 um.®” Lastly, extrusion-based systems, such as the previously
described MEW or fused deposition modelling, are based on the layer-by-layer deposition of either
melted or viscous and viscoelastic polymers, dispersions, and pastes.
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Figure 2. lllustrations describing production of anisotropic surfaces.
(a) Classical way of producing anisotropic surfaces via photolithography with a positive photoresist. (b) and (c) represent 3D printed
substrates based on (b) stereolithography and (c) direct-ink-writing. Illustrations were made with Affinity Designer.

The working principle in extrusion-based systems, or DIW systems, is based on the extrusion of
a material through a nozzle via pneumatic or mechanical pressure (Fig. 2c). The design of the printed
structure is easily tailored via computer aided design (CAD). Material selection for DIW is straight
forward compared to other techniques, such as SLA or MEW: Liquid inks for DIW solidify via
solvent evaporation while viscous and viscoelastic inks exhibit shear-thinning properties and rapid
thixotropic recovery. Cross-linking of the printed constructs occurs either through temperature-
dependent gelation or (physico-)chemically. The overall resolution of the prints depends on the
working mechanism of the printer (x-y-z movement), the nozzle diameters, and the speed of



deposition of the materials. Thin nozzles with a diameter of 30 um have been used to print scaffolds
with a spatial resolution of 60 pm.> While the resolution of SLA is higher, a wider range of materials
can be used for DIW.

Rheological requirements for DIW printing

The working principle of DIW relies on a material being extruded through nozzle and deposited
upon a substrate. Liquid, viscous, and viscoelastic materials can be used as inks. Depending on the
material’s mechanical properties, the mechanism of keeping the shape-fidelity of the printed structure
varies. Thin films can be printed by using liquid or low-viscosity inks at low pressures. Film
formation occurs after solvent evaporation. To print 3D structures, shape-fidelity is achieved by using
viscoelastic materials (Fig. 3a). The mechanical properties of viscoelastic materials are based on
interactions between particles and polymers, which will behave solid-like or elastic under no stress,
while rearrangement occur when stress is exerted on them.

The shear stress t exerted upon a material depends on the area A (m?) and force F (N) (1), and
causes the material to strain y (2) depending on its height h (m) and total deflection s (m) (Fig. 3c).
The mechanical properties of the material will be reflected when applying shear stress at varying
shear rates y (1 s1) (3). The viscosity n (Pa s) is dependent on the shear stress and shear rate (4):
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For Newtonian liquids, such as water, shear stress exerted on the material is linearly correlated to
the strain rate. Non-Newtonian fluids exhibit a non-linear correlation between shear stress over strain.
The flow behavior of non-Newtonian fluids can be divided into time dependent and time independent,
which can be further broken down into shear dependent and independent. Here, we will only focus
on shear dependent shear-thinning pseudoplastics. Micro-structural rearrangements of particles or
fibers within shear-thinning fluids need to be broken down to induce flow. The flow is induced by
surpassing a minimum stress threshold referred to as “yield stress” (Fig. 3b,e), which is the stress
needed to break down or rearrange microstructural formations of particles or polymers within the
materials. At low shear rates, the viscosity will not change. This region is referred to as zero-shear
viscosity (no, Fig. 3b), which results from interactions between particles or polymers such as particle
jamming, or polymer entanglement (Fig. 3f). Shear-thinning materials regain their viscoelastic



properties immediately after a shearing force is removed. In contrast, thixotropic shear-thinning
materials exhibit time-dependent recovery.
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Figure 3. Rheology of Direct-ink-writing.
(a) Extrusion of a low-viscosity (blue) and shear-thinning (orange) ink. Low shape-fidelity of low-viscosity inks allows for fabrication
of thin films after i.e. solvent evaporation. Shear-thinning inks recover shape-fidelity after extrusion and can be stacked. (b) Illustration
of shear rate dependent viscosity of shear-thinning ink. Zero-shear viscosity (no) at low shear rate and apparent yield stress indicated
with dotted line. (c) Illustration of two-plate model used to calculate shear stress, shear strain, shear rate, and viscosity of materials. (d)
Strain curve and stress response of a material during an oscillatory experiment. Phase shift  indicates viscoelastic properties of material
and is used to calculate storage G’, loss G’’, and complex G* modulus of the material. Insert: vector representation of the individual
moduli. (e) Storage G’ (grey square) and loss G’” (red dot) modulus of shear-thinning material yielding at increasing oscillatory strain.
(F) Mlustration of microstructural arrangements of polymers and particles at rest (left) and under shear stress (right). Illustrations and

graphs were made with Affinity Designer.

The viscoelastic properties of a material can be examined during oscillatory shear experiments.
Here, the material is placed at a predefined height and geometry between a stationary and a rotating
plate (Fig. 3c). The rotating plate applies a sinusoidal stress y (5) upon the material, while the strain
response o (6) is detected. The phase shift 6 between the stress curve and strain response indicates,
whether a material behaves purely elastic (6 = 0°), purely viscous (6 = 90°), or viscoelastic (0° > & >
45°). From this, the storage G’ and loss G’ modulus can be calculated, which further describe the



viscoelastic properties of the material, as well as the overall stiffness, defined as Young’s modulus E
with v = Poisson’s ratio (7):

Y = Yosin(wt)
(5)

0 =Yo(G'(w)sin(wt) + G"' (w)cos(wt))
(6)

E=2G'(1+v)
(7)

The Young’s modulus is a great indicator to predict, whether a material is suitable for tissue
engineering by comparing it with known Young’s moduli of different tissues.8

Considerations for 3D bioprinting

In DIW the shear-thinning and thixotropic behavior of the inks dictates the printability. The initial
viscosity of the material will influence the stress that has to be applied for the material to flow. Stress
acting upon the material before it flows will strain the material. When performing bioprinting with
living cells, this must be considered. Cells experience fluid shear within a needle with cylindrical
cross section, compressive and extensional stress when being extruded within a viscous material in a
nozzle. Mechanical stress upon the cells has shown to reduce cell viability during bioprinting.3%-4!
Depending on the pressure or velocity, at which the bioink is extruded, the cells will feel velocity
gradients, with the maximum shear stress being near the inner walls of the nozzle, causing extensional
stress. This maximum shear stress will increase with increasing pressure and inner diameter of the
needle.*? This fluid shear stress is solely dependent on pressure and needle geometry, while the
viscosity of the ink may be neglected. Still, the higher the viscosity of the ink, the higher the pressured
needed to extrude it. Conversely, the use of nozzles with inner diameters of > 200 um and lower
viscosity and shear-thinning bioinks require lower pressure and therefore lower fluid shear stress.*®
The most prominently used materials for bioprinting are protein-based materials, such as gelatin®* or
collagen,” and biopolymers like alginate and cellulose.*®4” The mechanical properties are
concentration-dependent and can be tailored depending on the application. Furthermore, gelatin and
collagen undergo thermal gelation and can be used prior to gelation as cell-laden inks without
compromising cell-viability due to their low viscosity. During deposition of the bioink gelation is
induced, allowing to maintain shape-fidelity. Biopolymers like alginate and cellulose exhibit low
viscosity and shear-thinning behavior and will maintain their shape after printing. Still, low
concentrations must be used to avoid over shearing the cells at high pressures.

Embedded printing of soft tissues

The fabrication of dense 3D tissues is limited by two major factors. Firstly, choosing low-viscosity
cell-laden inks maintains cell viability but compromises shape stability of complex bioprints.
Secondly, 3D tissue is limited in size to avoid necrosis. To circumvent the use of low-viscosity cell-
laden inks, 3D tissue models have been relying on suspending the tissue within two anchoring points,
such as pillars or ribbons.# Here, the cells are seeded onto the platform and compact the matrix into
a dense, free-standing tissue. Other approaches include 3D printing into a support matrix that



counteracts the flow of the printed, low-viscosity cell-laden ink. This technique called embedded
printing has shown promising results in the fabrication of soft tissues with the additional option of
vascularization to perfuse oxygen and nutrients. The support matrix is composed of non-thixotropic,
shear-thinning, jammed microparticles of cross-linked hydrogels, such as alginate or gelatin.**52 The
cross-linked hydrogel-based microparticles are tightly packed within a confined space. When a low
shear is applied, the particles undergo rearrangements that cause a localized collective flow. The
transition from the disordered, chaotic state, to the rearranged, non-chaotic state, is referred to as
jamming transition.>® At a larger scale, the jammed particles behave as solid, and a moving needle
causes Yyield stress allowing for deposition of a material within the solid due to immediate re-
solidification or rearrangement of the particles. By doing so, low-viscosity inks can keep their shape
within the printed structure. The low stiffness of the support matrices further mimics the ECM and
presents a deformable matrix for cells to expand. The addition of ECM-derived proteins such as
collagen further showed enhancement in rheological properties of the support matrix, resulting in
higher resolution during printing due to a decreased fluidized area.>

1.2.3 Biomaterials as ink candidates for Direct-ink-writing of tissue models

Common ink biomaterials: Biochemistry vs. shape fidelity

The classical approach to mimic native ECM is using ECM-derived proteins and polymers, such
as collagen, gelatin, fibrin, hyaluronic acid, and Matrigel®, or dECM. The biochemical and
mechanical properties of these materials make them promising choices since they replicate the ECM
to the fullest. dECM, collagen and Matrigel® undergo irreversible polymerization affiliated with their
collagen content. Its peptide sequences polymerize into tertiary triple helical structures triggered by
increasing temperature to 37 °C. At temperatures below 5 °C, they exhibit low viscosity and flow
under low pressure. Extrusion of these inks onto heated plates initiates the polymerization into soft
gels. Furthermore, the triple helical structure serves not only as anchoring point but as guidance for
cellular alignment.®> Gelatin, which is derived from collagen, polymerizes reversibly at low
temperatures, while it is liquid under physiological conditions. Enzymatic cross-linking is necessary
to maintain shape-fidelity under cell-culture conditions. The length of the triple helical structures
defines the Bloom of the gelatin and the concomitant gel strength after polymerization. The length of
the polymerized helical structures is not comparable to collagen and does not guide cell alignment.
Nonetheless, the stiffness of substrates has been known to induce spontaneous organization of skeletal
muscle cells on ultra-soft gelatin substrates.> This has led to the development of a printed gelatin
substrate with spatially alternating concentrations of gelatin and Bloom that induced cellular
alignment.®® Similarly, fibrinogen is cross-linked enzymatically by thrombin to yield fibrillar fibrin.
These examples demonstrate the high variability of choice of low-viscosity inks and concomitant
approaches to maintain the printed structure complexity and the development of functional tissues.
Some examples of functionalizing ECM-derived materials exist, with the most prominent being
methacrylated gelatin that allows for cross-linking after printing via UV-light.5"%8

Yet, dECM and ECM-derived proteins from native tissue are accompanied by large batch-to-
batch variations. In addition, further functionalization of these materials is limited. (Bio)polymers are
easily tailored and functionalized to better mimic the biochemical properties of the ECM. Examples



of biopolymers often used in tissue engineering are carbohydrates such as alginate and xanthan gum
(XG),>*8% and cellulose,*” and other synthetic polymers such as polyethylene glycol®* and
poloxamers.5? Particularly fibrillar biomaterials have gained great interest due to their excellent
printing properties and replication of the fibrillar network of the ECM. Cellulose fibers have been
widely used and printed into human tissue-resembling structures, such as e.g. an ear.*”83 The free
hydroxyl groups of the cellulose polymer are easily chemically modified, and a variety of functional
groups can be added. Additionally, the fibers can be degraded into smaller parts yielding new
mechanical and optical properties. It has been shown that by oxidizing the hydroxyl groups the
cellulose fibers are broken down to the nm scale and act as transparent, shear-thinning hydrogel. The
use of this material as a support matrix for embedded printing showed high shape-fidelity of prints
and can be compared to its particle-based counterparts.®* The versatility of modifications and
promising printing properties make it an interesting material for 3D printing.

Cellulose: Chemistry and extraction of primary pulp

Cellulose is the most bountiful biopolymer on earth as the main structural component of all trees
and plants. The smallest structure of cellulose belongs to the group of carbohydrates, being composed
of B-d-glucopyranose units that are interconnected through p-1-4-glycosidic bonds. The monomeric
unit of this biopolymer is the combination of two B-d-glucosepyranose units also referred to as
anhydroglucose units (AGU), of which one is turned by 180 °. The B-d-glucosepyranose units take a
4C1 conformation. The hydroxyl groups are therefore laying horizontally, while all hydrogen atoms
are positioned vertically. Intramolecular hydrogen bonds stabilize this structure and further determine
the crystalline structure of some parts of the cellulose fibers. The individual polymer molecules are
packed together forming long, water insoluble fibrils that take alternating amorphous and crystalline
conformations (Fig. 4). These crystalline regions form due to strong intra- and intermolecular
hydrogen bonds between the hydroxyl groups. The crystallinity of naturally extracted cellulose is
referred to as Type | cellulose (CELL I) and comprises parallel packing of the hydrogen-bonded
cellulose network. CELL Il exhibits antiparallel packing of the hydrogen-bonded network. CELL 11
allomorphs arise from swelling native cellulose in NaOH, a process referred to as mercerization,
named after its inventor John Mercer,%>%7 or by regeneration of native cellulose, which means
preparing a dissolution of native cellulose in a solvent, followed by precipitation in water.%
Modifications with ammonia leads to CELL Il1, while additional heating of CELL Il leads to CELL
IV. The different types of crystallinities influence the physical properties of the cellulose and
therefore, its stiffness. The Young’s modulus of CELL I structures is higher compared to CELL II or
CEL 111.%° Breaking down cellulose fibrils into its crystalline units leads to nanocellulose or cellulose
nanocrystals (CNC), which are often also referred to as whiskers, nanorods, microcrystals,
nanofibers, or nanoparticles due to their small size and spike-like appearance. Their length spans from
100 — 600 nm and diameters between 2 — 20 nm. Maintaining the fibrillar structure of native cellulose
and keeping lengths of over 1 um with diameters between nm and um leads to microfibrillated
cellulose (MFC). Naturally, approximately 36 cellulose polymers form an individual fibril, of which
several assemble to form microfibrils, while several microfibrils assemble into cellulose fibers (Fig.
4). Breaking down of cellulose fibers into its subunits and pulp and subsequent functionalization is



highly influenced by the source, with wood being the most prominent one, followed by sugar beet
pulp,’ wheat straw, ! palmtrees,’? and even carrots.’3
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Figure 4. Illustration of cellulose polymer-based fibrils.
Illustration adapted from Moon et al.” Wood is composed of a fibrillar matrix made up of individual microfibrils. Each microfibrils
comprises approximately 36 cellulose fibers. Each cellulose fiber has crystalline and amorphous parts. The molecular structure of each
fiber is the cellulose polymer. The cellulose polymer can be further broken down into its anhydroglucose units. Illustration was made
with Affinity Designer and ChemSketch.

The main route of obtaining CNC is by hydrolysis of the cellulose fibers into its crystal subparts
by acids. The hydrogen ions will attack the glycosidic bonds between monosaccharide units of the
amorphous regions, hydrolyzing these bonds and breaking down the fibrils into small, intact
crystalline parts. The final physicochemical properties of CNC depend on where the cellulose was
extracted from and how the hydrolysis was performed. Commonly, hydrochloric and sulfuric acid are
used. While hydrolyzing the fibers with hydrochloric acid yields CNC with low water solubility,”
sulfuric acid enhances dispersion in water. A negative charge is introduced to the CNC by addition
of sulfate esters onto the hydroxyl groups.”® This surface modification further influences the
rheological behavior of CNC. Sulfate-modified CNC is purely shear-thinning, while hydrochloric
acid-treated CNC is thixotropic.”

In contrast to CNC, MFC is composed of amorphous and crystalline parts and comprises the
whole length of a microfibril. It is easily obtained by mechanical disintegration of cellulose, the
procedure for which was first patented in 1983.7” A so-called Gaulin homogenizer is used, in which
cellulose fibers are highly sheared under low pressure due to the rapid sequences of opening and
closing of a spring-loaded valve. Alternatively, the pulp is squeezed through thin z-shaped chambers
in a microfluidizer under pressures around 2070 bar.”® Other techniques include grinding in a rotating
and a static grindstone grind the fibers at 1500 rpm,”® cryocrushing of frozen pulp,”® and
electrospinning.®® Mechanical disintegration of cellulose fibers is laborious and linked to a high
energy consumption. Pre-treatments of the pulp can enhance the procedure and reduce its energy cost.
Enzymatic degradation with endoglucanases facilitates mechanical disintegration but decreases the
final size of the microfibrillated cellulose fibers.882 Apart from breaking down the fibrillar structure,
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adding surface charge will improve electrostatic repulsion and breaking of fibrillar aggregates within
MFC fibrils.

Functionalization of cellulose nanocrystals and microfibrillated cellulose

Functionalization of CNC and MFC not only enhances their dispersibility in aqueous medium,
but also presents the possibility of changing the chemical properties. An easy way of adding charge
to CNC and MFC is by oxidizing the hydroxyl groups to aldehyde or carboxyl groups. For this, the
frequently known catalyst for oxidation (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) is used.
When using native cellulose with predominantly crystal structures CELL I, the hydroxyl groups are
not as accessible as needed for successful oxidation. Treating native cellulose to yield allomorphs
with crystalstructure CELL 111 was shown to increase efficiency of oxidation.®® Isogai and Kato were
the first ones to compare oxidizing native cellulose and mercerized cellulose with TEMPO, sodium
hypochlorite and sodium bromide. They observed that only oxidation of mercerized cellulose yielded
a clear solution.?* Since then, TEMPO-oxidized cellulose is widespread and used in different areas
due to its biocompatibility, degradability, accessibility, optical properties, and the possibility of
additional functionalization. Nevertheless, its transparency comes with the price of reducing the size
of the fibers to the nanometer scale.

A different approach to provide charged fibers is by functionalizing the hydroxyl groups via
carboxymethylation. Here, a carboxymethyl group is added to the hydroxyl group during a
substitution reaction. It was shown that the polarity of the solvents further drove the efficiency of the
reaction, with more apolar solvents yielding higher substituted carboxymethylated MFC fibers.8587
As mentioned in the previous paragraph, the mercerization of cellulose or its treatment with certain
solvents might influence the type of packing in the crystalline sections. Interestingly, in these
examples the fibrillar morphology of MFC was maintained, while the dispersion of MFC in aqueous
solution was stable, yet not fully transparent. Carboxymethylation has also been used to produce
transparent, carboxymethylated CNC and is widely used and commercially available.488-9

TEMPO-oxidation and carboxymethylation are both examples of providing surface charge to
otherwise water-insoluble CNC and MFC, therefore increasing their stability in aqueous solutions. In
contrast, etherification can be used to tune amphiphilic properties. Etherification occurs by alkylation
of the hydroxyl group with alkyl halides in alkaline solution after Williamson, or after Michael by
addition of reagents with activated double bonds. Ethyl cellulose (EC) is the most used derivate. EC
is applied in food packaging and as additive in nail polish and plastics. Its solubility in different
solvents is dependent on the degree of substitution.®® Methyl, hydroxypropyl, and hydroxypropyl
methyl cellulose (MC, HPC, HPMC) are further examples of amphiphilic, biocompatible cellulose
derivates, with HPMC gaining special attention due to its increased thermal stability (Fig. 5).%? Its
use in food packaging and drug delivery has been extensively studied. Particularly HPMC is an
appealing material for drug delivery due to its amphiphilicity, transparency, and rheological
properties.®3% Its chemical structure provides hydrophobic interactions with drug candidates while
simultaneously being soluble in water. Furthermore, it swells in aqueous solution and has been used
as thickener in food as an alternative to gelatin. Additionally, its viscous properties have allowed its
demonstration as a print-material for 3D printing applications.%:%
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Figure 5. Modifications of cellulose.
(a) Native cellulose, (b) TEMPO-oxidized cellulose, (c) carboxymethylated cellulose, (d) methyl cellulose (MC), (e) ethyl cellulose
(EC), (f) hydroxypropy! cellulose (HPC). Chemical structures were created with ChemSketch.

Current limitations of cellulose-based tissue models

Functionalization of cellulose fibers is only limited by the creativity of the scientists working with
it. Other examples of surface functionalization include carbamation,®’ esterification,® silanization,®
and amidation.'® Considering its application in DIW of engineered tissues and microphysiological
platforms, the functionalization of CNC and MFC with cell-active substances is of great interest. The
functionalization of TEMPO-oxidized and carboxymethylated cellulose with arginine-glycine-
aspartic acid (RGD) sequences and carbohydrate-binding, recombinant proteins was already shown
to promote cell-adhesion.101-103

The versatility of cellulose enables opportunities to explore its use in direct-ink-writing
applications. Commercially available CNC, MFC, TEMPO-oxidized, and carboxymethylated
variants have been extensively explored in tissue engineering and DIW. Demonstrations of
transparent cellulose in tissue engineering include carboxymethyl cellulose as a 3D printed porous
scaffold for active wound dressing,® as well a support matrix for embedded printing,®*and TEMPO-
oxidized cellulose as osteoblast-bioink capable of inducing osteogenesis in 3D printed scaffolds. %4
Still, independent on whether these transparent cellulose derivates are functionalized with a
carboxymethyl group or TEMPO-oxidized, their fibrillar structure is lost. MFC cellulose derivates,
while exhibiting excellent printing properties,*’ are less frequently used in tissue engineering due to
their impaired optical properties. Still, while both CNC and MFC exhibit shear-induced alignment
during 3D printing,1%>1% only MFC matches the length of native collagen in the ECM and will induce
cellular alignment. The fabrication of transparent yet fibrillar, functionalized MFC derivates for 3D
printing applications is therefore highly appealing. Its excellent printing properties and ease of
modification will enhance the fabrication of anisotropic surfaces and the development of mature,
functional muscle tissue.
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1.3 QOutline

In this work, the fabrication and formulation of cellulose-based inks in 3D printing is explored
within two major applications: i) in vitro models of living mammalian tissues, and ii) oral drug-
delivery patches. This work is presented as the following chapters:

Chapter 2: Cell-guiding nanofibrillar bioinks. An alternative method to fabricate
transparent but microfibrillar, cellulose-based inks is presented. For this, the solvents used
for the carboxymethylation reaction will be tailored to preserve the fibrillar structure of
the cellulose microfibrils while yielding a transparent gel. We will investigate further
functionalization of the carboxymethylated fibers with proteins. In addition, the
formulation of composite-inks will be discussed, and how they can be used to promote
cell-alignment of human and murine skeletal muscle cells for functional, engineered
muscle tissues.

Chapter 3: Carboxymethylated nanofibrillated cellulose as support matrix for
embedded printing. As a continuation of chapter 2, the formulation of
carboxymethylated fibers will be used as support matrix for embedded printing of tissues.
Here, we explore increasing the degree of substitution and scaling up the overall reaction
to increase the yield. This hydrogel formulation will be compared to commonly used,
particle-based systems in terms of shape-fidelity of prints within the matrix. Lastly, the
migration of cells within the material will be explored using a fluorescently labeled
epithelial cell line.

Chapter 4: Multi-material 3D Printing of Programmable and Stretchable Oral
Patches for Buccal Delivery of Saquinavir. Lastly, the use of cellulose-based inks for
printing of oral drug-delivery patches will be explored. The formulation of stretchable oral
patches will be based on commercially available, functionalized cellulose as drug-carrier
material. The design of the patches will be varied to increase its stretchability while
decreasing its stiffness for optimal patient comfort. In addition, we show multi-material
printing of programmable drug content, as well as effervescent agents.

Chapter 5: Conclusion and outlook. Here, a conclusion and outlook into additional work
will be provided.
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Chapter 2

Cell-guiding nanofibrillar bioinks

The following chapter is based on the accepted manuscript “Transparent and cell-guiding
cellulose nanofiber 3D printing bioinks” and discusses cellulose-based, fibrillar inks for cell
guidance. The following passages have been cited with minor changes: Section 2.3 except 2.3.2 and
the first part of 2.3.3. Experimental and supplementary sections 2.5, 2.6.

2.1 Introduction

3D extrusion-based printing is becoming an essential tool in tissue engineering revolutionizing
platform production for tissue culturing and the development of organs-on-chips.>21%" In 3D
bioprinting, CAD is used to develop patient specific, complex tissue scaffolds that are 3D printed by
deposition of biomaterials and cell-laden inks with precise spatial control. The main obstacle here is
to choose a biomaterial with excellent printing properties while mimicking the native ECM and
promote cellular growth and differentiation into functional tissue.'%1%° Traditionally, the main types
of materials used as bioinks are either based on proteins derived from the ECM (Collagen, Matrigel,
dECM) or natural and synthetic fibrillar inks (alginate, hyaluronic acid, cellulose). Fibrillar bioinks
are of great interest due to their shear-thinning properties and high shape-fidelity while also
recapitulating the fibrillar architecture of the ECM.47:104.110-112

ECM-derived proteins have been widely studied as main ink material. Here, shape-fidelity of the
printed structure is obtained by thermally induced polymerization of the fibrillar proteins within the
gels upon deposition. Prevailing examples for this are collagen and Matrigel, where the increase of
temperature after printing triggers polymerization of the proteins into fibrils.**34 Similarly,
fibrinogen undergoes post-printing polymerization by addition of thrombin, which converts
fibrinogen into fibrillar fibrin.1*> A different approach comprises the pre-production of micro- and
nanofibrils based on collagen,'*® hyaluronic acid, electrospun, fragmented polymers such as
polycraprolactone,® and cellulose.#7104.110-112

Cellulose based micro- and nanofibers often appear in literature under a variety of names linked
to different structural properties. The smallest structures are often referred to as CNC and have
diameters of ~2 — 20 nm and lengths of 100 — 600 nm. The longest fibers are referred to as MFC with
lengths above 1 pum and diameters stretching from the nano- to micro-scale. The intermediated term
nanofibrillated cellulose (NFC) often refers to fibers with a similar length as MFC with diameters in
the nano-range. All the mentioned types of cellulose are biocompatible, shear-thinning, easy to
produce, and have been therefore studied for 3D printing applications.47:64105106.117.118 A" common
example of a human-like, 3D printed structure is an ear printed with an ink based on MFC and alginate
and cross-linked with calcium.*” Herein the complex architecture of the ear is recapitulated in detail,
but the construct lacks optical clarity to track cellular development within the print. Since MFC is
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composed of large, wide fibrils, light is diffracted and causes opacity. Examples of shorter cellulose
fibrils overcome this problem and exhibit transparency while maintaining shear-thinning
properties.104111.112.119.120 ghorter fibrils are produced by oxidizing the fibers using TEMPO. The
oxidized moieties can be further functionalized with peptides and proteins.'?%122 Still, the size of the
fibers is decreased to the range of single microns and less!?®12* failing to recapitulate the size of
collagen fibers (20-200 um*?®) and therefore failing to guide spatial tissue organization.

We present an alternative protocol to functionalize cellulose fibers achieving optically transparent
MFC inks with fiber lengths of above 10 um and widths below the wavelength of light. Herein, we
tune the carboxymethylation reaction®-8789 to partially functionalize MFC and vyield transparent,
fibrillar, shear-thinning hydrogels.
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2.2 Aims

In this chapter, we defined the following aims:

V.

Partial functionalization of MFC via carboxymethylation: We aimed at maintaining
the fibrillar structure of MFC while partially functionalizing the surface to yield a
transparent, shear-thinning cNFC hydrogel. The fibrillar structure of MFC will preserve
lengths above 10 um and widths below the wavelength of light.

Coupling of small proteins onto functionalized cNFC: The carboxymethyl-functionality
of cNFC allows to couple molecules onto the fibers. Here, coupling of small, cell-adhesive
proteins onto cNFC will be explored to yield a printable, transparent and cell-adhesive ink.

Formulation of cross-linkable composite-inks: Pure cNFC hydrogels are not cross-
linkable and will disintegrate when submerged in aqueous solutions. We will formulate
cross-linkable composite-inks based on carbohydrates, such as alginate, and ECM-derived
proteins, such as gelatin.

Printing of cell-guiding substrates for skeletal muscle cell maturation: Our hypothesis
of shear-induced fiber alignment in our cNFC:gelatin inks will be examined using human
and murine derived skeletal myoblasts. Myoblasts will fuse into polynucleated myofibers
and show signs of maturation and striated muscle tissue on anisotropic cNFC:gelatin
substrates.
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2.3 Results and discussion

As our base material, we applied a commercially available aqueous MFC paste, which was
generated from wood pulp cellulose by mechanical shearing. Without further modifications, the MFC
was readily printable from concentrations > 1% wi/v with a characteristic white appearance, indicative
of fibers and aggregates scattering visible light. To improve material transparency, we chose
carboxymethylation, which has previously been applied to generate transparent MFC.126.127 However,
similarly to cellulose nanofibrils generated using TEMPO oxidation, reported transparent
carboxymethylated fibers have diameters <20 nm and lengths ~ 1 um, limiting their structural
similarity to ECM protein nanofibers.1?6128129 To gain transparency while retaining structural
properties, we here aimed to generate fibrils with diameters just below the wavelength of visible light.

2.3.1 Partial functionalization of MFC via carboxymethylation

Influence of solvent polarity and reactants on carboxymethylation of fibers

To control the degree of carboxymethylation, we investigated the effect of adjusting solvent
composition in detail. In addition to amount of reactants, solvents have previously been shown to
influence the overall degree of reaction'® in bulk cellulose treatments. In general, the reaction
comprised two steps: i) Dispersing a stock MFC aqueous paste (10% w/v) in polar organic solvent
for mercerization with sodium hydroxide (NaOH), ii) etherification with monochloroacetic acid
(MCA), see Figure 6a. For the majority of our studies the amount of reactants relative to cellulose
AGUs were 2.5:1 NaOH:AGU and 1:1 MCA:AGU. In addition, 1.25:1 NaOH:AGU and 0.5:1
MCA:AGU were tested. To evaluate the degree of reaction we applied Fourier transformed-infrared
spectroscopy (FT-IR) and quantified the relative degree of substitution (DSre) by relating the
stretching vibration of the carboxylate peak at 1595 cm- to the stretching vibration of the C-H group
at 2894 cm-?, similarly to Miyamoto et al.:*3!

NA -
Dsrel _ 1595cm™t C

NA2894 cm~1
(8)

We initially screened common polar alcohols including methanol (MeOH), ethanol (EtOH), and
isopropanol (IPA). Only in the least polar alcohol, IPA, did we observe a notable carboxylate peak,
indicative of a successful reaction (Fig. 6b). We therefore hypothesized that the degree of reaction
may be tuned by adjusting the polarity of IPA:EtOH mixtures. Fourier-transformed infrared
spectroscopy (FT-IR) indicated that this was indeed the case (Fig. 6¢). We further observed that the
optical transparency qualitatively increased with decreasing solvent polarity (Fig. 6d).
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Figure 6. Carboxymethylation of MFC in different solvents and reactant ratios.
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Comparison of DSrel and transmittance.(a) Reaction mechanism of carboxymethylation of MFC. Increasing the degree of reaction
increases transparency of substituted fibers. (b) FT-IR of MFC reacted in IPA, EtOH, MeOH, H20 compared to the non-reacted batch
and (c) reacted in 1:0, 2:1, 1:1, 1:2, 0:1 IPA:EtOH ratios. Normalized absorbance at 1050 cm-*. Normalized absorbance used to calculate

degree of substitution (rel). (d) Transmittance at 400 nm in % (') and DSrel (‘) calculated based on IR data of 2.5:1 NaOH:AGU/1:1
MCA:AGU and (e) 1.25:1 NaOH:AGU/0.5:1 MCA:AGU. Standard error of the mean (SEM) for n = 3. (f) Degree of substitution
calculated by titration of fibers and SEM for n = 3. (g) Photograph of fibers reacted in respective IPA:EtOH mixes at 2.5:1
NaOH:AGU/1:1 MCA:AGU.

This was confirmed quantitatively, as we found that both DSre and transparency increased
gradually with decreasing polarity of the solvent mix from 1:2 IPA:EtOH to pure IPA (Fig. 6d).
Notably the absorption was decreased across the visible spectrum and into the UV range, with
minimal absorption for all wavelengths > 250 nm and compared to diluted MFC (Supp. Fig. 17). This
trend was further confirmed when determining the degree of substitution via titration (Fig. 6f).
Interestingly, when we repeated the solvent composition study with lower amounts of reactants of
1.25:1 NaOH:AGU and 0.5:1 MCA:AGU, the degree of control was somewhat diminished. For this
set of reactants, the DSrel as well as the transmittance, was negligible for all solvent mixtures except
pure IPA (Fig. 6e). Also, for this condition we observed a large variance in the degree of reaction.
We speculate that this could be due to a larger sensitivity to external factors that were not controlled,
such as the humidity, for reactions performed in pure IPA. We thus conclude that the degree of
substitution can be fine-tuned by changing the polarity IPA:EtOH mixed solvents for reactant
concentration of at least 2.5:1 NaOH:AGU and 1:1 MCA:AGU.

The gradual increase in transparency and degree of substitution with decreasing polarity of the
solvent can be explained by the first step of the carboxymethylation reaction: The mercerization
occurs in the respective solvent mixes and NaOH is pre-dissolved in the same solvent mix used for
the reaction. MFC was not used in dried state but as aqueous paste, the surface of the fibers is in a
semi-hydrate state due to residual water. When mixing the fibers with the NaOH solution in the
solvent mix, the driving force of NaOH to accumulate on the surface of the fibers is highest in the
most apolar solvent mix, since here, NaOH is poorly soluble compared to EtOH or water.® This is
reflected in the degree of substitution of the different samples: The most substituted samples were
functionalized in pure IPA. The degree of substitution further correlated with transparency, yielding
highly transparent fibers for IPA:EtOH solvent mixtures containing at least 66% v/v IPA.

Solvent mix-dependent morphology and rheology of cNFC

The increasing transparency of the fibers indicates a decrease in fiber size as well as a better
dispersion of the fibers. To evaluate fiber size as a function of IPA:EtOH solvent composition, we
applied electron microscopy, see Figure 7. Interestingly, the scanning electron microscope (SEM)
analysis showed that the average fiber diameter gradually decreased from roughly 350 nm to 250 nm
when increasing the IPA content, while maintaining lengths of tens of microns or more across all
conditions. These observations were in excellent correlation with transparency data. Moreover, the
SEM data showed that we successfully achieved transparent fiber samples that maintained
physiologically relevant sizes. Still, while micrometer-long fibers dominated, smaller structures could
also be identified in transmission electron microscopy (TEM), especially for the reactions in pure
IPA (Supp. Fig. 18). Thus, for the majority of our subsequent studies we focused on the transparent
nanofiber samples obtained when performing the carboxymethylation in 2:1 IPA:EtOH. We will
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therefore refer to cNFC functionalized in 2:1 IPA:EtOH as cNFC. If a different batch was used it will
be stated separately.

Reaction degreeT
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Figure 7. Size and appearance of carboxymethylated fibers analyzed via SEM.
(a) Hlustration of breakdown of fibers with increasing degree of reaction. (b) SEM images of fibers reacted in 0:1, (c) 1:2, (d) 1:1, (e)
2:1,and (f) 1:0 IPA:EtOH. Scale Bar: 50 um. (g) Average fiber width in nm and SEM for n = 100, calculation based on different fields
of view of same sample. Illustration made with Affinity Designer.

While all the carboxymethylated cellulose fibers preserved lengths of at least tens of micrometers,
the rheological properties were affected notably with increasing degree of substitution, see Figure 8a-
f. For samples with a low degree of substitution, shear-thinning gels with a defined yield stress were
maintained for 1% w/v samples. However, for transparent samples with a higher degree of reaction,
these beneficial properties for 3D printing were largely lost (Fig. 8g).

Since the images obtained from electron microscopy do not indicate a decrease in fiber size, we
hypothesize decrystallization of the cellulose as a reason for this decrease in mechanical properties.
It is known that IPA drives decrystallization of the crystal structure of cellulose and changes its
polymorphism from CELL I to CELL 11.85132 This change in crystal structure is accompanied by a
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decrease in elasticity, resulting in a dominant G over G’.5%133 However, the rheological properties
required for 3D printing can be recovered by adjusting fiber concentration. (Fig. 9a-c).
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Figure 8. Rheology and printability of carboxymethylated fibers.
1% in milliQ water. Rheology of (a) MFC, fibers oxidized in (b) 0:1, (c) 1:2, (d) 1:1, (e) 2:1, and (f) 1:0 IPA:EtOH. The oscillation
sweep was recorded at 25°C in milliQ water at 1 Hz. B Storage modulus G’. ®: Loss modulus G*>. SEM for n = 3. (g) Optical
appearance and print of DTU logo with steel needle (Inner diameter (ID) 400 pm) with 2% MFC, 2% cNFC 0:1, 2% cNFC 1:2, 2%
c¢NFC 1:1, 2% cNFC 2:1, and 2% cNFC 1:0. Scale bars: 1 cm.

Specifically, by increasing the concentration up to 3% w/v the transparent fibers obtained by
carboxymethylation in 2:1 IPA:EtOH, shear thinning gels were re-established. As expected, these
rheological improvements are immediately reflected in excellent 3D printing properties (Fig. 9d-f).
Moreover, the storage modulus of the shear-thinning gels could readily be tuned in the printable
window from ~50 Pa to ~2.5 kPa, by increasing cNFC concentration, thus spanning a large part of
the physiologically relevant range for soft tissue, (Fig. 9g). Importantly, while increasing the fiber
concentration leads to some decrease in sample transparency, the transmittance does not fall below
95% in a 3% wi/v fiber solution, (Fig. 9h). Therefore, it is possible to recover printability and shape
fidelity of the fiber dispersion by increasing its concentration, without losing transparency.
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Figure 9. Rheology, transmittance and printability of cNFC 2:1 at higher concentrations.
The oscillation sweeps were recorded at 25°C in milliQ water at 1 Hz. M: Storage modulus G’. ®: Loss modulus G** for n = 1. (a)
Rheology of (a) 1 % cNFC 2:1, (b) 3 % cNFC 2:1, and (c) 5% cNFC 2:1. (d) Printability of DTU logo at 1 %, (e) 3%, and (f) 5% cNFC
2:1 in milliQ water. Scale bar: 1 cm. (g) Storage G* and loss G’ modulus at 1 % oscillation strain as a function of increasing

concentration of cNFC 2:1 in %. (h) Transmittance at 400 nm in (%) as a function of increasing concentration of cNFC 2:1 in milliQ
water.

2.3.2 Coupling of small proteins onto functionalized cNFC

The printability and shape-fidelity of cNFC shows promising results for its application as bioink
in DIW. Still, carboxymethylated cellulose does not bear any cell-adhesion sites and despite its
biocompatibility cells will not adhere to it. To increase cell-adhesiveness, cell-adhesive molecules
were coupled to the carboxymethyl-group of the cNFC. For this, we functionalized cNFC via
carbodiimide chemistry with trypsinized gelatin (TG), collagen (COL), laminin (LN), and fibronectin
(FN). The coupling-experiments were performed on cNFC reacted in 1:1 IPA:EtOH due to its higher
initial elasticity compared to the fibers reacted in 2:1 and 1:0 IPA:EtOH. Later on, printing
experiments were continued with a more transparent but higher concentrated sample reacted in 2:1
IPA:EtOH. The IR spectra of 1:1 cNFC coupled to TG, FN, COL, and LN all exhibit a distinctive
peak at 1650 cm™ corresponding to the stretching vibration of an amide bond. Subsequently, the
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carboxylate peak at 1595 cm™ decreased, indicating the successful coupling onto the different
proteins (Fig. 10a-c). The negative charge on the fibers surface might induce polymerization of the
different proteins onto its surface, probably exhibiting a similar IR spectrum. This possibility was
excluded by mixing 1:1 cNFC with fibronectin and measuring the resulting IR before purification
(Fig. 10b). To further have an approximation for the amount of coupled protein, the atomic percentage
of nitrogen in TG-coupled fibers was quantified via x-ray photoelectron spectroscopy (XPS). A high
resolution spectrum of nitrogen of non-coupled 1:1 cNFC compared to TG-coupled 1:1 cNFC reveals
a nitrogen signal that adds up to approximately 4% total mass in the sample (Fig. 10d, €). Based on
these results we concluded a successful coupling of different cell-adhesive peptides and printed
alternating lines of FN-coupled and non-coupled 1:1 cNFC. Interestingly, murine myocytes adhered
to the parts of the hydrogel, that were printed with 1:1 cNFC-FN while no cells adhered to 1:1 cNFC
(Fig. 10f). Still, a repetition of this experiment, as well as with 1:1 cNFC-TG,-COL, and -LN did not
demonstrate cell adhesion onto the hydrogels. It was further observed that 1:1 cNFC hydrogels
degraded under cell-culture conditions if not formulated with a cross-linkable hydrogel as described
before.

Binding of  proteins onto surfaces and particles  via N-ethyl-N'-(3-
(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS) is a commonly used
method.134136 The IR spectra indicate successful coupling, but a carboxylate signal is still visible.
Based on this data, we cannot assume all carboxylate groups to be coupled to a protein. For cNFC
functionalized in 1:1 IPA:EtOH, we calculated a degree of substitution of approximately 0.7 %
COOH/AGU. Each AGU unit can be functionalized on 3 available hydroxyl groups. A DS of
30% COOH/AGU indicates 1 hydroxyl group per AGU being functionalized, 15% would indicate
every second AGU unit being functionalized, and lastly 0.7% COOH/AGU suggests every 32" AGU
unit being functionalized, making it roughly 3% of all AGU units being functionalized with a
carboxylate group. Assuming all carboxylate groups were coupled to a protein, 3% of all AGU units
would bear a cell-adhesive motif. It is well known that a certain threshold of adhesion sites for cell-
binding must be met for successful binding and proliferation, as well as clustering of adhesion
sites. 237138 Qur results indicate too scarce distribution of cell-adhesion sites after the coupling
reaction. Increasing the degree of substitution and choosing small peptide sequences instead of big
proteins might enhance the adhesion of cells onto the fibers surface.

23



—— cNFC-NHS —— cNFC-FN cNFC-LN
— cNFC-TG —— cNFC + FN \ , —— cNFC-COL
— cNFC v —CcNFC ’ / —— cNFC-FN
| & v‘ i "‘ —— cNFC )
| j / Hpr | NI
VY | ',‘,~ , “\‘ ~ ;’ \\"““. J.A
e [ . ) il 2 J i\
—J s FaN i AN Wil
2N AN [ — S~ VN AT W A
FAV W - H J
/ NN o Y W Y ] ) / N o 1\ W W/ ] / . i - i \\J W/
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm") Wavelength (cni') Wavelength (cm")
d e
80
’ |O1s N1s C1s Z])eNFC
800,000 - 704[_] cNFC-TG
‘ & 604 =
,, 600,000 | 3 8 50l !
2 = {
5 prora e 8 404 {
§ 400,000 S |
. s o 304 ‘
o\ - Sk g — 1
200,000 | l ’ < 207} |
W ,___,-L/v it ,‘ 104 | |
0 ‘ - e oLt ! - ’
1200 1000 800 600 400 200 0 O1s N1s Cis

Binding Energy (eV)

Figure 10. Characterization of protein-coupled cNFC reacted in 1:1 IPA:EtOH.
Normalized IR spectra at 1050 cm™ of (a) cNFC (black), cNFC-TG and ¢cNFC-NHS (red), (b) cNFC-FN and cNFC + FN (green), (c)
cNFC-LN/-COL/-FN (blue). Reference lines at 1595 cm™ and 1650 cm™! indicate carboxylate and amide peaks, respectively. (d) High-
resolution XPS of ctNFC-TG (red) compared to cNFC (black). (e) Atomic percentages calculated and measured via XPS of oxygen
(O1ls), nitrogen (N1s), and carbon (C1s) of cNFC (striped) and cNFC-TG (dotted). (f) Illustration of alternating prints with 4% cNFC-
TG (grey) and 6% cNFC-FN (green) with subsequent seeding of C2C12 myoblasts. Fluorescent image of actin stain (green), and the
cell nuclei (blue). Scale bar: 250 pm.

2.3.2 Formulation of cross-linkable composite-inks

Further functionalization of cNFC with cell-adhesive motifs did not yield the desired results of
increased cell-adhesion on printed cNFC substrates. Therefore, we formulated cNFC-based

composite gels. cNFC serves as rheological modifier, while its intact fibrillar structure recapitulates
the native ECM network.

24



lonically cross-linkable cNFC:alginate ink

The excellent shape fidelity at higher cNFC concentrations allowed us to develop cross-linkable,
transparent inks for complex structures. To demonstrate this, we formulated composite inks
composed of transparent carboxymethylated fibers and alginate (ALG). MFC:alginate composite inks
have been studied extensively for bioprinting, yet for unreacted fibers these composites have very
limited transparency.’®® The use of fibers during the printing procedure highly improves the
rheological properties of alginate (Fig. 1la-c). To demonstrate shape-fidelity after printing, an
octopus was designed using CAD and printed with a MFC:alginate composite ink and cNFC:alginate
(Fig. 11d).

The shape fidelity of the printed octopus was maintained after printing, yielding a complex,
transparent, cross-linked 3D structure. The rheology of the three ink compositions clearly shows the
advantages of using fibrillar inks as rheological modifiers: Pure alginate shows viscous behavior. An
octopus printed with a 3 % alginate ink will start flowing after printing, while the yield stress of MFC
and cNFC needs to be surpassed to induce flow.
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Figure 11. Rheology and 3D print of cross-linkable cNFC:alginate composite inks.
The oscillation sweeps were recorded at 25°C in milliQ water at 1 Hz. M: Storage modulus G’. ®: Loss modulus G** for n = 1. (a)
Rheology of 3% alginate. (b) Rheology of 3% MFC + 3% alginate composite ink. (c) Rheology of 5% cNFC 2:1 + 3% alginate
composite ink. (d) Octopus printed with 3% MFC + 3% alginate composite ink, side and top view (Scale bar: 1 cm). Octopus printed
with 5% cNFC 2:1 + 3% alginate composite ink, side and (g) top view (Scale bar: 1 cm).

Cell-adhesive cNFC:gelatin composite inks

Although alginate is a widely applied biomaterial, cNFC:alginate as largely irrelevant as ECM-
mimicking bioink as it lacks the native protein landscape and cell-adhesive motifs. As a simple
solution, we found that cNFC was readily miscible with both gelatin and collagen-based gels at a
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wide range of ratios and concentrations. Notably, this is not the case for unmodified MFC, where
phase separation occurs. For formulating cNFC:gelatin inks, we aimed to decouple ink gelation and
rheology during printing from stiffness of the final printed construct (Fig. 12., Supp. Fig. 20). This
would be advantageous as compared to pure gelatin or gelatin-methacrylate inks, where these
properties are highly correlated and thermal control during printing is essential. For our composite
inks, we thus focused on Bloom gelatin at low concentrations that do not gel at RT (Fig. 12a). On the
other hand, since cNFC behaves like physical gels with concentration-defined yield stress for
concentrations >3% w/v, the rheology of cNFC:gelatin inks at RT can be completely dominated by
the fiber content at RT (Fig. 12b-c, Supp. Fig. 20).

Yet, while cNFC content dominates printability, gelatin content largely defines the final stiffness
of the final material after cross-linking enzymatic microbial transglutaminase (mTG) (Fig. 12d-e). It
is thus straight-forward to formulate printable cNFC:gelatin composite inks with independent control
of flow and final material mechanics (Supp. Fig. 20). We found that for ~5% w/v cNFC and ~5% wi/v
the cNFC:gelatin the Young’s modulus matched well with that of native muscle tissue'# (Fig. 12e).
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Figure 12. Rheology and stiffness of cNFC:gelatin composite inks.
The oscillation sweeps were recorded at 25°C in PBS at 1 Hz. B: Storage modulus G’. ®: Loss modulus G’* SEM for n=3. Rheology
of (a) 5% gelatin + 5% cNFC, (b) 0% gelatin + 5% cNFC and (c) 5% gelatin + 0% cNFC composite inks. (d) Illustration of printing of
cell-instructive coatings: substrates are subsequently cross-linked with mTG at 4 °C over night. The gelatin content defines the final
stiffness of the substrate. (¢) Young’s modulus E in kPa of cross-linked substrates printed with 5% gelatin + 5% cNFC, 5% gelatin +
0% cNFC, and 0% gelatin + 5% cNFC composite inks. E calculated from G’ at 1 % oscillation strain and SEM for n=3.

Shear-induced alignment of cellulose fibrils

Given their length and structural similarity to native collagen, we hypothesized that the cNFC
fibers may serve as cell-guiding structures within cNFC:gelatin composites. Further, inspired by
previous studies that have used cellulose fibrils as basis for printable composites with programmable
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swelling or diffraction'4142 we aimed to explore if extrusion-driven orientation of cNFC would
suffice to define the orientation of cells and tissues. We investigated shear-induced alignment of MFC
and cNFC after extrusion by fluorescently staining the cellulose with calcofluoro white (Fig. 13a).
The alignment of printed MFC is clearly visible as suggested in Figure 13a, left. The size of the fibers
ranges in the micron scale, which makes it easy to determine individual fibers. cNFC printed under
the same conditions suggests the alignment of thin, fibrillar aggregates (Fig. 13a, right). Since the
width of the fibers lays below the wavelength of light, it is difficult to clearly identify the alignment
with light microscopy. Still, the seeding of murine myoblasts onto printed cNFC:gelatin substrates
clearly shows alignment of the cells in print direction (Fig. 13b), indicating alignment of the fibers
within the hydrogel. Induced cell guidance through topological cues was excluded by recording the
side-view of the printed substrates with seeded cells (Fig 13c). From this we conclude that cNFC
undergoes shear-induced alignment during extrusion, allowing to produce cell-guiding substrates.
a b

-
4% MFC 5%CcNFC..

Figure 13. Shear-induced alignment of MFC/cNFC and cell-alignment on printed substrates.
(a) 1 % MFC and 5 % cNFC printed with a steel nozzle (ID 200 pm) and stained with calcofluoro white. Scale bar MFC: 50 um. Scale
bar cNFC: 25 um. (b) Brightfield image of C2C12 myoblasts aligned on 5 % cNFC + 5% LBG composite gel printed with steel nozzle
(ID 200 pm). Scale bar: 250 pm. (c) Illustration of printing a cNFC:gelatin composite gel and subsequent cell seeding. Fluorescent
images of actin stain. x-plane, z-plane and y-plane. Scale bar x: 500 pm, y: 250 um, z: 130 pum. White: actin stain.
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2.3.3 Printing of cell-guiding substrates for skeletal muscle cell maturation

We printed a range of cNFC:gelatin tissue culture substrates, and studied whether murine and
human skeletal myoblasts develop into local, parallel alignment following the print direction. While
previous studies already revealed 5% cNFC to be a suitable concentration with excellent printing
properties and muscle-like stiffness, we wanted to investigate the concentration threshold for cellular
alignment at constant gelatin content. We saw a rapid decrease in cellular alignment with decreasing
fiber concentration, with only concentrations above 3% inducing significant guidance for cell-
alignment (Fig. 14). Therefore, we conducted most experiments with concentrations above 4% cNFC.

28



5% LBG 5% LBG +1% cNFC / 5% LBG + 2% cNFC*

5% LBG + 4% cNFC

Alignment score

0.2+ £

0.1
0.0 T T T T
O O O () O O
IR R PN SR R
° °§\'Z;\e° “;\oo\eo 6};;\00 é\‘)o\eo é\z\eo

Figure 14. Cell-alignment on cNFC:gelatin composite gels.
C2C12 myoblasts seeded on 5% LBG (a), 5% LBG + 1% cNFC (b), 5% LBG + 2% cNFC (c), 5% LBG + 3% cNFC (d), 5% LBG +
4% cNFC (e), and 5% LBG + 5% cNFC (f). (g) False color mapping of myotube (actin) orientation of C2C12 on 5% LBG compared
to 5% LBG + 5% cNFC. (h) Alignment score based on orientation distribution calculated by OrientationJ plug in and SEM for n = 3.

Furthermore, the complexity of the printed structures could be easily tailored by adjusting the
design. We observed fusion of myocytes into myotubes on circular and checkerboard-like patterns,
allowing us to have high control over the geometry of the printed pattern and subsequent cellular
alignment (Fig. 15).

The shear-induced alignment of cellulose fibers has been demonstrated before showing
anisotropic swelling behavior or programmable optical properties.1%10 Still, the use of transparent
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cellulose fibers for organizing engineered tissues was not shown before. Most examples of
transparent cellulose rely on short fiber sizes in the nano range,4 while our fiber formulation
surpasses the length of a single myoblast, providing physical cues for myoblast orientation and
myotube formation.

LBG LBG+
cNFC

Figure 15. Self-alignment of C2C12 on cNFC:gelatin substrates.
(@) Nlustration of seeding of C2Ci2 muscle cells onto cross-linked, printed substrates. (b) Polynucleated myotubes of seeded cells
differentiated on printed substrate. White: Actin. Blue: Nucleus. Scale bar: 50 pm. (c) False-color mapping of myotube (actin)
orientation with OrientationJ. Scale bar: 500 um. (d) Alignment score (0-1) of C2C12 myotube alignment on 5% LBG compared to 5%
LBG + 5% cNFC. SEM for n = 3. (e) Illustration of printing of alternating blocks of horizontal and vertical lines in a checkerboard-
like fashion and false-coloured 15x15 mm checkerboard with alternating orientation of seeded cells. Scale bar: 5 mm. (f) llustration
of printing of concentric circles with r = 3.5 mm and false-colored print with circular oriented cells. Scale bar: 5 mm.
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The substrates were additionally well-suited for maturation of human skeletal myotubes (HSkM).
These increased in both alignment and width and showed no indication of delamination during 17
days of culture and physiological responses to insulin stimulation (Fig. 16).
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Figure 16. Alignment of HSkM on cNFC:gelatin substrates.

(a) Heat map based on local thickness of actin stain of HSkM kept in culture for 10 (up) and 17 days (down) on parallel printed
substrates of 4% gelatin + 4% cNFC. Scale bar: 500 um. (b) Myotube width index of HSkM cultured on cell-instructive cNFC
substrates after 10 and 17 days. For myotube width analysis, the geometry to distance map in the local thickness feature in ImageJ was
used to generate a histogram where all pixels were indexed into columns based on the thickness of the myotube the pixel originated
from. From each column in the histogram a score was generated by multiplying the number of pixels within the column with the
ranking of the column based on thickness. Myotube thickness was then calculated by taking the average of the column scores. ** equals
p <0.01, *** equals p < 0.001. (c,d) Immunoblotting of S6 Ser235/236 (c) and Akt Ser473 (d) phosphorylation in basal and insulin-
stimulated myotubes. Myotubes were starved from serum and glucose for 3 hours and then kept basal or stimulated with 1 or 100 nm
insulin for 15 min prior to harvest.

Maturing engineered muscle tissues has been previously performed on structured hydrogel
substrates or synthetic nanofibrillar anisotropic scaffolds.?®5556.144 Qur approach combines the
synthesis of nanofibers with the formulation of anisotropic hydrogels. Most importantly, we here
present an easily tailorable, automated procedure at RT for generating anisotropic surfaces without
relying on high-resolution nozzles.
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2.4 Conclusion

Tissue engineering based on DIW of transparent CNC and non-transparent MFC has shown
promising results due to their biocompatibility, excellent printing properties, and high tunability. Still,
the short crystal structure of CNC does not replicate the fibrillar structure of the native ECM, while
non-transparent MFC impairs optical microscopy during the development of functional tissue. In this
chapter, we present a protocol for controlling the production of fibrillar cellulose nanofibers and the
formulation of transparent, cell-guiding inks. The main goal was to preserve fiber lengths of > 10 um
while increasing the transparency. The transparency of the fibers is achieved by carboxymethylation,
which can be easily controlled by controlling the polarity of the isopropanol:ethanol mix used.
Reducing the amount of reactants did reduce the overall control over the carboxymethylation reaction
and yielded less transparent fibers. We observed that higher transparency and degree of substitution
is achieved at higher isopropanol content, yielding cNFC, a transparent, shear-thinning gel with
excellent printing properties and ECM-like fiber sizes.

Functionalizing the fibers with carboxylate groups reveals the opportunity of coupling cell-
adhesive proteins and peptides onto the fibers. First results on less substituted cNFC indicate
successful coupling of trypsinized gelatin, collagen, fibronectin, and laminin to the fibers. Still, cell
adhesion onto protein-coupled fibers was not clearly demonstrated. Additionally, the printed
constructs degraded under cell-culture conditions due to lack of chemical cross-links.

Cell-adhesiveness and cross-linkable constructs were thus formulated using cNFC:gelatin
composite gels. We observed shear-induced alignment of cNFC:gelatin inks. Their cell-guiding
properties and allowed us to highly control the spatial orientation of murine and human skeletal
myoblasts and their fusion into polynucleated myotubes. The myotubes were cultured for several
weeks and showed higher maturity compared to non-aligned myotubes. This approach allows us to
tailor material properties and easily scale the production of maturation platforms for relevant tissue
models.

In summary, we here presented an alternative route to produce a transparent, shear-thinning,
fibrillar cNFC hydrogel with cell-instructive properties. We formulated composite-inks and printed
anisotropic surfaces to mature skeletal muscle tissue. To improve the coupling of cell-adhesive
peptide motifs onto the fibers surface, the total degree of substitution needs to be tailored first. This
will expand the possibilities of using specific cNFC-based bioinks for specific cell types.
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2.5 Experimental section
2.5.1 Partial functionalization of MFC

Carboxymethylation

MFC was obtained from norwegian spruce by Borregaard in Sarpsborg (NO) and delivered as
10% aqueous paste. Isopropanol (IPA), methanol and ethanol absolut > 99.9% were purchased from
VWR and always freshly opened before each experiment as the usage of old IPA and EtOH will
reduce the reactivity of the reactants. NaOH (S5881) and monochloroacetic acid (MCA, 402923)
were purchased at Sigma Aldrich as solids. First, MFC was disintegrated using an Ultra-Turrax
homogenizer with a S25N - 18G - ST dispersing element. The dispersion was conducted in pure
solvent and the following solvent combinations IPA:EtOH: 0:1, 1:2, 1:1, 2:1, 1:0. . The day before
the experiment, a 5% w/v NaOH (2% w/v in pure IPA) solution was prepared in the respective
solvent. The day after, 10 g of MFC pulp (1 g dry content) were homogenized for 10 min. at
10,000 rpm. The homogenized MFC was heated up to 35 °C while stirring. 12 mL of a 5% w/v NaOH
solution (600 mg) were added to the dispersed fibers and left stirring at 35 °C for 30 min. After, the
temperature was increased to 45 °C. Once the temperature was reached, 4 mL of a 142.2 mg/mL
(570 mg total) MCA solution in the respective solvent was added and left stirring at 45 °C for 3 h.
The substitution reaction was repeated in the same solvents with half amount of reactants (300 mg
NaOH and 285 mg MCA).

Around 10 mL of a 10% v/v acetic acid solution was added to the fibers for neutralization and the
fibers were filtered. The filtered fibers were washed 3x with methanol, followed by dialysis against
deionized water for three days in a 12-14 kDa cut-off dialysis tube with 2 daily water changes. The
dialyzed fibers were freeze-dried and stored at room temperature until further use.

2.5.2 EDC/NHS coupling of proteins onto cNFC functionalized in 1:1 IPA:EtOH

Coupling via EDC/NHS

A 10 mM NaOAc buffer was prepared, and the pH adjusted to 5. A total of 905 mg fibers
functionalized in 1:1 IPA:EtOH were dispersed by homogenizing for 10 min at 10,000 rpm with an
Ultra-Turrax homogenizer in 270 mL of the 10 mM NaOAc buffer (0.3 % w/v cNFC in buffer). A
2 M EDC solution and 4.25 M NHS solution were prepared in NaOAc. The EDC solution was
prepared under exclusion of light. A total of 6.4 mmol EDC and 16.5 mmol NHS were mixed with
270 mL 0.3% w/v cNFC and stirred vigorously under exclusion of light for 20 min at RT. Afterwards,
the pH was adjusted to 7 and 0.1 mg of either trypsinized gelatin, fibronectin, laminin, or collagen
were added to the solution and stirred vigorously over night at 4 °C or on ice. The next day, the
solution was dialyzed against milliQ water for 3 days with 1 water exchange per day. The fibers were
freeze-dried and kept at -20 °C until further use.
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2.5.3 Characterization of cNFC and cNFC-protein

IR

IR spectra were recorded on a PerkinElmer Spectrum 100 FT-IR spectrometer. The spectra were
recorded with a resolution of 1 cm™* from 4000 — 800 cm-. All spectra were recorded in absorbance
units and normalized at 1050 cm™. The relative degree of substitution (DSrel) was calculated by
relating the intensity of the normalized absorbance (NA) of the stretching vibration of the carboxyl
group (C=0) at 1595 cm™ to the stretching vibration of the glucose backbone (C-H) at 2894 cm™ as
presented in (8).

Titration

Between 20 and 50 mg of cNFC were weight in and transferred to a clean 100 mL Erlenmeyer
flask. Calcium acetate (10229177, Thermo Fisher) solution 2 % w/v was added to the fibers (10 ml)
and let the solid material imbibe for 30 minutes. 2 drops of phenolphthalein indicator (A0424229,
Thermo Fisher) were added to the flask (prepared as 1.0 % wi/v in ethanol). A burette was filled with
standardized NaOH solution (0.0121 M or 0.00121 M). The cNFC solution was titrated until the faint,
pink endpoint is reached (persisting for at least 30 seconds). Three separate weighed samples of each
cNFC sample were analyzed. The percentage of carboxyl content was calculated using the following
equation:
N - V- MWcoon

m[mg] - 100

Carboxyl groups [%] =
(9)

Where N is normality of NaOH solution, V is the volume of NaOH consumed to reach the
endpoint (corrected for the blank). MWCOOH is 59, corresponding to the introduced group -
CH2COOH.

Transmittance

The absorbance of MFC and cNFC was measured using a Thermo Scientific NanoDrop 2000, at
a path length of 1 mm. In general, the samples were homogenized at 1 % wi/v for 10 min. using an
Ultra-Turrax homogenizer at 10,000 rpm for 10 min. The absorbance was measured right after.
Transmittance at 400 nm was compared and calculated as follows:

%T = 10274
(10)

Rheology

The rheology of each ink was analyzed using a Discovery Hybrid Rheometer (TA instruments,
DE, USA) equipped with a Peltier plate thermal controller and a plate geometry with a diameter of
40 mm and a fixed gap of 1 mm. All samples were freshly prepared right before measurement. Fiber
dispersion where prepared right before measurement and homogenized as described before. As a
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standard, amplitude sweeps were recorded at 25°C in milliQ water at 1 Hz at an oscillation strain of
0.01 — 10,000 %. For calculation of Young’s modulus, hydrogel precursor solutions with desired
conditions (gelatin and cNFC content) were casted in between two poly(methyl methacrylate)
(PMMA) slides with 1 mm spacer. Prior to gelation, the slides were coated with polyvinylalcohol to
avoid the hydrogel from sticking to the PMMA surfaces. The hydrogels are incubated at 4 °C for 30
min. to achieve pre-polymerization of gelatin. Then, the PMMA slides were removed and the gels
are replaced in the micro plate with 10 U/mlI mTG solution for 1 day at 4 °C to achieve the enzymatic
cross-linking. The storage modulus of the gels was determined by performing oscillatory shear
experiments with parallel plate geometry as described above. The Young’s modulus E is calculated
as follows E=2G’ (1+v), assuming v = 0.5.

SEM

Freeze-dried fibers were deposited on a carbon sticker. The samples were sputtered with a 2.4 nm
gold layer. Images were recorded using a Quanta 200 FEG Cryo ESEM at an acceleration voltage of
5 kV, an aperture of 40 um, spot size of 3.5 um and working distance of 6 mm. Different fields of
view of the same sample were analyzed at different magnifications and used for fiber counting.

TEM

5 pl of fiber solution was drop cast onto freshly glow discharged carbon stabilized formvar coated
200 mesh nickel TEM grids (EMS Diasum). The fibers were allowed to adsorb for 5 min. before the
excess solution was wicked away using filter paper. The fibers were imaged using a Tecnai T20 G2
TEM at 200 kV and images were acquired using a TVIPS XF416 CCD camera.

XPS

XP spectra were recorded on an XPS Nexsa (Thermo Scientific). The measurements were
performed using monochromated Al ko x-ray irradiation at 1486.6 eV and an ion flood source at
10 eV. Samples were dried overnight under vacuum on a Silicon-wafer and mounted on a sample
holder. The scans were performed with ultra-high vacuum at pressure below 10-" mbar during the
analysis. Each sample was scanned at 3 different points within the sample and scanned 5 times with
a @: 200 um point.

Fiber alignment staining

The alignment of fibers of a printed construct was performed by preparing 5 mL of a 0.01 % v/v
calcofluoro white (18909, Sigma-Aldrich) solution with 5 drops of 10 % KOH. The prints were
incubated with a few drops of the staining solution for 1 h and then mounted with a glass slide and
mounting solution (P10144, Molecular Probes). Images were recorded with a Nikon Eclipse Ti2
microscope and NIS-Elements software.
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2.5.4 Direct-ink-writing of cNFC:composite (bio)inks and cell culture

Printing of 3D structure

A 3D CAD of an octopus was created using Fusion360 and printed on a RegenHU 3D Discovery
bioprinter. A cross-linkable composite-ink based on non-reacted MFC was prepared using 3% w/w
MFC and 3% w/v alginate (Dynamic viscosity: 80-120 cP, 194-13325, FUJIFILM Wako) in milliQ
water. The MFC:alginate composite-ink was printed with a pneumatic syringe and a steel nozzle (1D
250 um, Cellink Swe) at a pressure of ~ 230 kPa. A transparent, cross-linkable composite-ink was
prepared using 5% w/v cNFC and 3% w/v alginate in milliQ water and printed with a pneumatic
syringe and steel nozzle (ID 250 pm, Cellink Swe) at ~ 560 kPa.

Culturing of C2Ci2 murine myoblasts

C2Ca2 cell-culture was performed under sterile conditions and incubated at 37 °C, 100% humidity,
5% COz2. C2C12 murine myoblasts were cultured in growth medium containing DMEM (D5796,
Sigma-Aldrich), 10% fetal bovine serum (S1810, Sigma-Aldrich) and 1% P/S (P0718, Sigma-
Aldrich). Cells were passaged and harvested at 80% confluency. Differentiation was initiated by
changing growth medium to differentiation medium containing DMEM, 2% horse serum (H1270,
Sigma-Aldrich).

Culturing of human primary skeletal muscle cells

Human single-donor skeletal muscle cells (SK111, Cook Myocite) were maintained and passaged
in myotonic basal media (MB-2222, Cook Myocite) supplemented with 10% myotonic growth
supplement (MS-3333, Cook Myaocite) and 1% P/S antibiotic in a humidified atmosphere containing
5% CO2 and 95% air at 37°C.

Printing of cell-instructive surface and cell seeding

The following procedure was performed under sterile conditions: sterile solvents with 1%
penicillin/streptomycin (P/S, P0718, Sigma-Aldrich) were used and cross-linking solutions were
sterile filtered with a 0.45 um pore sized filter. All syringes and needles were additionally sterilized
with UV light. A composite ink consisting of 5% w/v low bloom gelatin (164 G bloom, 48723, Sigma
Aldrich) and 5% w/v cNFC was prepared as follows: dried fibers were suspended in DMEM at 10,000
rpm for 10 minutes. Low bloom gelatin was added to the fiber suspension and heated to 45 °C for
approx. 45 minutes. The solution was stirred from time to time with a spatula and shortly centrifuged
to exclude air bubbles. The composite ink was printed with a steel nozzle (ID 200 um, Cellink Swe)
at a pressure of 580 kPa and feed rate of 12 mm/s. Subsequently, the print was cross-linked with a
5 U/mL microbial transglutaminase (mTG, ACTIVA® TI Transglutaminase, 100 U g, 1002,
Modernist Pantry) solution over night at 4 °C. Before cell-seeding, the prints were washed 3x for 10
min. with PBS (D8537, Sigma-Aldrich). Alignment experiment in Figures 14 and 15 were performed
with murine C2C12 myocytes within 10 passages at a density of 20,000 cells per well of a 12-well or
50,000 cells of a 24-well plate. Differentiation was initiated after day 3 by changing the medium from
growth medium to differentiation medium. The experiment was ended at differentiation day 7 by
fixing the cells. Alignment experiment in Figure 16 was performed with human skeletal muscle cells
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at passage 5 and at a density of 200,000 cells per well in 12-well plates directly on the printed
substrates and kept in MEM (41090-028, Gibco) with 10% myotonic growth supplement for 2 days
before differentiation were initiated by switching to 2% horse serum as growth supplement
(26050088, Gibco). These samples were fixed after 10 and 17 days of differentiation.

Printing of protein-coupled cNFC substrate and cell seeding

Sterile handling of all materials was performed as previously described. A 6-well tissue culture
plate was pre-coated with 5 % w/v low Bloom gelatin in PBS and left drying. A 6 % w/v cNFC-FN
and 4 % w/v cNFC-TG dispersion in milliQ was prepared and printed onto the coated plate
alternatingly on a 6-well tissue culture plate with a line distance of 1.5 mm and a conical nozzle (ID
400 pm) at a pressure of 10 kPa and feed rate of 15 mm/s. The prints were subsequently cross-linked
with 5 u/mL mTG in 137 mM NacCl for 50 min at 37 °C. Afterwards, the prints were irradiated with
UV light for 20 min and washed 3x with PBS. The prints were seeded with 210,000 C2Ci2 within 10
days of passage and kept in culture for 10 days. Differentiation was initiated at day 3 of culture.

Cell staining & imaging

Printed constructs were washed 3x with PBS. After, cells were permeabilized and fixed with 0.1%
v/v Triton X and 4% v/v paraformaldehyde and incubated for 20 min. at RT. The prints were washed
3x with PBS while shaking. A 1:1000 dilution of 4',6-diamidino-2-phenylindole, dihydrochloride
(DAPI, 62247, Thermo Scientific), 1:200 dilution of Alexa Fluor™ Plus 555 Phalloidin (A30106,
Thermo Fisher) for F-actin staining in PBS was added and incubated overnight at 4 °C. The prints
were washed 3x with PBS and kept in PBS at 4 °C until further use. Images of fluorescent stains were
recorded with a Nikon Eclipse Ti2 microscope and NIS-Elements software and a Zeiss Observer Z1
microscope with a mounted Zeiss AxioCam.

Myotube orientation quantification

The ImageJ plugin OrientationJ!#> was used to determine the orientation of the myotubes on
printed substrates. For this, F-actin stain was recorded after 7 days of differentiation. The hue and
saturation of the false colored images correspond to the orientation angle and coherency, respectively.
The distribution of orientation was plotted against the principal orientation angle. The alignment score
corresponds to the total fraction of distribution within + 15 ° of the principal orientation angle to the
total count of oriented pixels. The alignment score for Figure 14 was calculated for n = 3 fields of
view of 1.75 mm x 1.65 mm of 3 different samples. The alignment score for Figure 15 was calculated
for n = 3 except for 5% LBG + 5% cNFC where n = 2 for fields of view of 7 mm x 7 mm.
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2.6 Supplementary information
2.6.1 Supplementary figures
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Figure 17. Optical properties of MFC compared to cNFC.
(a) Transmittance at 400 nm in % of cNFC reacted in [IPA:EtOH 0:1 — 1:0 (upper graph, &) compared to dilution series of unreacted
MEC from 0.05% - 0.7% (lower graph, ). (b) Full absorbance spectra of 1% ¢NFC reacted in IPA:EtOH 0:1 - 1:0.
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Figure 18. TEM images of cNFC 0:1, 1:1, and 1:0.
TEM images of ctNFC oxidized in (a) 0:1, (b) 1:1, and (c) 1:0 IPA:EtOH. Scale bar: 500 nm.
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Figure 19. Rheology of MFC and cNFC oxidized at 1.25:1 NaOH:AGU, 0.5:1 MCA:AGU.
The oscillation sweep was recorded at 25°C in milliQ water at 1 Hz for n = 1. B: Storage modulus G’. ®: Loss modulus G’. Rheology
of (a) 1% MFC, (b) 1% cNFC 0:1, (c) 1% cNFC 1:2, (d) 1% cNFC 1:1, (e) 1% cNFC 2:1, and (f) 1% cNFC 1:0. The data for cNFC
1:0 was not collected due to sensitivity limits of the rheometer.
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Figure 20. Rheology of cNFC:gelatin composites before and after cross-linking with mTG.
The oscillation sweeps were recorded at 25°C in PBS at 1 Hz. l: Storage modulus G’. ®: Loss modulus G*> SEM for n=3. Rheology
of composite inks with 5% cNFC and (a) 5% gelatin, (b) 3% gelatin, and (c) 0% gelatin. Rheology of composite inks with 5% gelatin
and (d) 5% cNFC, (e) 3% cNFC, and (f) 0% cNFC. (g) Young’s modulus E in kPa of cross-linked substrates printed with 5% gelatin
and 5% cNFC, 3% cNFC, and 0% cNFC compared to 5% cNFC and 5% gelatin, 3% gelatin, and 0% gelatin. E calculated from G’ at
1 % oscillation strain and SEM for n=3.
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Chapter 3

Carboxymethylated nanofibrillated cellulose as
support matrix for embedded printing

Experiments linked to the upscaling of the carboxymethylation reaction were conducted under the
co-supervision of Prof. Dr. Lind by Jason Chan in the scope of a student course. Experiments linked
to the enhancement of transparency of cNFC were performed in collaboration with Dr. Marko
Mihajlovic. Experiments linked to fluorescently labeled cell-lines were conducted at the University
of Pavia in the lab of Synthetic Physiology led by Prof. Dr. Francesco Pasqualini in collaboration
with Eloisa Torchia and Dr. Moises di Sante in the scope of an external stay.

3.1 Introduction

Multi-material 3D printing, or DIW, as an emerging tool for the automated production of material
scaffolds opens new possibilities in the field of tissue engineering. So far, direct-ink-writing of tissue
models are somewhat restricted to two dimensions (2D) and small 3D structures within a few hundred
micrometers and non-physiological cell densities.>?48146.147 This can be explained as follows: First,
soft bioinks that exhibit shear-thinning rheology and high shape fidelity while simultaneously not
jeopardizing cell viability due to shear-induced stress, are scarce. Most bioinks rely on soft hydrogels
with liquid-like properties. 3D printed constructs with high aspect ratio will round up due to surface
tension and tall structures will simply collapse due to gravitational forces. Secondly, thick
voluminous tissues need to be vascularized to prevent cell death in the core of the tissue. To
circumvent these effects and add the possibility of vascularization, the use of support matrices for
embedded bioprinting is rising.

Support matrices for embedded bioprinting are composed of jammed microparticles that behave
as elastic solids until a threshold yield shear stress ty is applied. The movement of a needle within the
elastic support matrix above Tty fluidizes spatially defined regions within the vicinity of the needle.
An ink can be deposited and will be held in place by the re-solidifying support matrix. This procedure
is also referred to as jamming transition of particles and is thought of a transition from a non-chaotic,
solid state of the particles to a chaotic, liquid state under the influence of shear.5? Ideally, the support
matrix is non-thixotropic, as time-dependent re-solidification of the matrix, known as thixotropy,
would led to crevasses within the matrix. The elastic modulus of the ink further plays a role in
maintaining the printed shape. Previous simulations and studies have suggested a higher modulus ink
compared to the support bath when printing non-Newtonian fluids to ensure a cylindrical shape of
the printed filament. Using low-viscosity inks in high viscosity support baths yields fin shaped
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filaments with sharp edges.**®14% In conclusion, the following conditions must be fulfilled by ink
materials, as summarized by Kajtez et al.: 10

e Shear thinning ink material
e Shear thinning matrix material with low enough ty to allow needle progression
o G’ink= 10 G’ matrix

The most prominently used materials for support matrices are based on microparticles.
Bhattacharjee et al. provided a beautiful example of soft hydrogel prints within jammed Carbopol
microparticles based on its non-thixotropic effect and concomitant rapid re-solidification after applied
shear stress.’®® Hinton et al. presented ECM-protein based freeform reversible embedding of
suspended hydrogels, short FRESH, within gelatin microparticle matrices.>* Additional examples
comprise degradable matrices based on alginate microparticles, and complex structures such as a
cellularized, small-scaled, human heart have been successfully printed.*%5%151 Most support matrices
are composed of either alginate,*®5%151152 or gelatin microparticles,>%? commercially available
microgel systems, %153 and carbohydrate-based hydrogels.6415+-156

In addition to microparticle systems, fibrillar systems have been used for embedded printing.54118
Herein, the viscoelastic gel will be sheared and yielded by the moving needle, allowing for extrusion
of a bioink into the support bath. The use of a fibrillar matrix might enhance cellular outgrowth
compared to tightly packed particle matrices (Fig. 21). Kajtez et al. proposed the use of a so-called
continuous phase to increase inter-particle space within the Self-healing Annealable Particle-
Extracellular Matrix (SHAPE) support bath. By adding collagen as continuous phase to the particle
matrix, less particles were necessary to ensure shape-fidelity of the embedded prints and more space
was provided for axon outgrowth of neural cells.>* We observed low yield stress 1, of our cNFC
hydrogels in Chapter 2 and will therefore explore the use of cNFC hydrogels as matrices for
embedded printing in this chapter.

Particle-based matrix Particle-based matrix Fibrillar matrix
+ continuous phase

SR OAY o i

Figure 21. lllustration suggesting cellular outgrowth within support matrix.
Outgrowth of densely packed, printed tissue (grey) within jammed particle-based matrices (blue, left), particle-based matrices with a
continuous phase (blue and red, middle), and purely fibrillar matrices (right). Illustration made with Affinity Designer.

42



3.2 Aims

This chapter presents a continuation of applications for the carboxymethylated nanofibrillar fibers
presented in Chapter 02. Their transparency and viscoelastic properties opened up the possibility of
using these fiber-based hydrogels as support matrices for embedded printing, aiming for the

following:

Adjusting carboxymethylation reaction for the use of cNFC as support matrix:
Preliminary results indicated compromised transparency when using large volumes of
cNFC. Additionally, the quantity of cNFC needed as support matrix exceeds the quantities
used as ink material. Therefore, the carboxymethylation reaction described in Chapter 02
will be adjusted and scaled up to yield large volumes of cNFC. Further, the degree of
substitution will be increased to yield more transparent cNFC hydrogels.

Print resolution and rheology of higher substituted cNFC support matrices: An
optimal ink-matrix combination needs to be found to ensure high shape fidelity of the
prints while providing low yield shear stress of the matrix. For this, a range of inks will be
tested in pure cNFC matrices and cNFC matrix composites.

Cell adhesion and migration within cNFC-based support matrices: Higher substitution
of ctNFC might decrease the adhesion of cells within the matrix. Therefore, the adhesion
of a keratinocyte and epithelial cell line will be tested on a range of cNFC:collagen matrix
compositions. Lastly, the migration of fluorescently labeled epithelial HT1080 cells
embedded in cNFC:collagen matrices will be analyzed to ensure its use as support matrix.
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3.3 Results and Discussion
3.3.1 Adjusting carboxymethylation reaction for the use of cNFC as support matrix

Upscaling of carboxymethylation reaction

The production of large quantities of cNFC was increased and the quantity of reactants scaled up.
By simply increasing the volume and geometries, in which the reaction takes place, the outcoming
product might be influenced. Therefore, we recorded IR spectra and analyzed the rheology to evaluate
changes in mechanical properties of the fibers. The standard reaction was referred to as 1x and the
reactants and volumes scaled up by 2x, 4x, 6x, and 8x. The IR spectrum of each reaction step reveals
differences in degree of substitution: We can observe a slight decrease in degree of substitution with
increasing batch size (Fig. 22a) when increased up to 4x. Interestingly, doubling the reaction does not
seem to have an influence on the substitution. In contrast, the flowing properties of the 2x batch vary
compared to the 1x batch and previous determination of the storage modulus. In Chapter 02, a storage
modulus of around 50 Pa was determined for the 1x batch, similar to the results shown in Figure 22b.
The moduli for the scaled up batches range between around 20 and 250 Pa. This could be attributed
to batch-to-batch variations and is not a clear representation on the flowing properties dependent on
the batch size.

The characterization of the fibers clearly indicates a decrease in substitution with increasing batch
size, while the rheology shows mixed results. The original carboxymethylation reaction was
conducted in a round bottom flask submersed in an oil bath, in which optimal stirring and heat
distribution were ensured. The larger batches, as in 4x, 6x, and 8x, were performed in Schott-flasks
without oil bath. The solutions were directly heated on a magnetic stirring plate. Here, we only heat
a small surface area and might not ensure homogenous mixing compared to the overall volume. The
influence of the experimental set up on the efficiency of reaction are reflected in our results.
Nevertheless, our findings suggest a possibility of scaling up the reaction if the experimental set up

is adjusted accordingly.
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Figure 22. IR spectra & rheology of scaled-up carboxymethylation reaction.
(a) Normalized absorbance at 1050 cm for cNFC functionalized in scaled-up set up by 2x, 4x, 6x, and 8x compared to the original 1x
reaction. Inset demonstrates calculated degree of substitution (DSrer) by relating intensity peaks of carboxyl group (C=0) at 1595 cm-t
to the stretching vibration of the glucose backbone (C-H) at 2894 cmas described in equation (8). (b) Storage G’ and loss G** modulus
at 1 % oscillation strain of a 3 % w/v ctNFC hydrogel in milliQ water for scaled-up cNFC functionalization.
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Preliminary embedded print into cNFC support bath

Rheological studies on cNFC hydrogels indicated viscoelastic properties and low yield stress,
making it a promising material for embedded printing. Furthermore, we speculate that the fibrillar
network might enhance cellular outgrowth compared to jammed granular microparticle systems. We
first printed a simple spiral within a pure cNFC hydrogel with a dyed alginate ink (Fig. 23). Notably,
the transparency of the gel in this scale is decreased compared to smaller prints. Further, the resolution
of the printed structure shows light compression.

In jammed microparticle systems, the resolution of the print is maintained due to quick re-
solidification of a non-thixotropic material. Here, we see compression of our material, as well as the
ink dragging within the matrix. The modulus of the ink was not adjusted to the modulus of the support
material. A too low modulus-ink might be compressed by fast recovery of the surrounding matrix.
Nevertheless, this preliminary result shows cNFC hydrogels as promising alternative for embedded
printing.

cNFC-Gel

Figure 23. Embedded direct ink writing into cNFC hydrogel support matrix.
Illustration of print procedure and printing of a dyed 4 % alginate ink into 12 mL of a 2.5 % w/v cNFC hydrogel. Illustration made
with Affinity Designer.

Preliminary embedded bioprint of C2C12 myoblasts into cNFC-based support baths

We hypothesized that the fibrillar network of cNFC-based support baths will enhance cellular
outgrowth compared to commonly used microparticle systems. We performed a simple bioprint using
a high density of C2C12 myoblasts and printed a line into cNFC support baths with 1 and 2 mg/mL
collagen. After 1 day, we observed compaction of the printed tissue all cases (Fig. 24a,b,c). After 4
days, we observed maximum compaction in all cases and cellular outgrowth in cNFC support baths
supplemented with 2 mg/mL collagen (Fig. 24d, e). Different concentrations of cNFC do not seem to
influence outgrowth of cells. Still, at 2% cNFC the transparency of the hydrogel is significantly
impaired compared to 1 % cNFC. Cells growing in 2 % cNFC and 1 mg/mL collagen compacted by
86 %, followed by a 73 % compaction in 1.5 % cNFC with 1 mg/mL collagen and finally, 61 % in
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1 % cNFC and 2 mg/mL collagen. Additionally, fluorescent microscopy reveals how cells migrated
into the matrix in the gel supplemented with 2 mg/mL compared to 1 mg/mL (Fig. 24d,e).

Cells adhere to collagen fibers via integrin receptors that recognize specific amino acid sequences.
A higher concentration of collagen provides more adhesion sites for the cells, while a higher
concentration of cNFC might impair cellular adhesion due to the negatively charged surface of the
fibers. These first results indicate how the cell-matrix interactions can be tailored by varying the
concentration of matrix-components and might be enhanced by increasing the amount of cell-
adhesion sites within the matrix.

a 2% cNFC + 1 mg/mL Collagen b 1.5% cNFC + 1 mg/mL Collagen € 1% cNFC + 2 mg/mL Collagen
3 mm 2.9 mm 2.8 mm

- - - S TEEEENEEEEL _ — _

0.43 mm

d 2% cNFC + 1 mg/mL Collagen € 1% cNFC + 2 mg/mL Collagen

Figure 24. Compaction of C2C12 myocytes within cNFC:collagen composite gels.
(@) 2% cNFC with 1 mg/mL collagen, (b) 1.5 % cNFC with 1 mg/mL collagen, (c) 1 % cNFC with 2 mg/mL collagen. Printed
myocytes compact within 4 days of differentiation into condensed tissues. (d) Fluorescent stain of C2C12 myocytes in 2 % cNFC with
1 mg/mL collagen, and (e) 1 % cNFC with 2 mg/mL collagen. Red: Actin stain. Blue: Nucleus stain. Scale bar: 100 um.

Enhancing transparency of large cNFC volumes

Preliminary experiments of embedded printing within these hydrogels showed compromised
transparency at large volumes. For this reason, the carboxymethylation reaction was slightly modified
to achieve higher transparency without losing the mechanical properties. The amount of reactants for
activation of the fibers was increased by 20 % and 40 %, respectively. The IR spectra indicate a higher
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degree of substitution the higher the concentration of reactants (Fig. 25b). This result was further
confirmed by calculating the degree of substitution via titration (Fig. 25a). Higher substituted fibers
disperse better in solution, which might influence the mechanical properties of the hydrogel. This is
reflected in the rheology of the respective hydrogels (Fig. 2c-e). The highest substituted sample with
+ 40% more reactants (c(NFC40) loses its viscoelastic properties and is dominantly viscous (Fig. 25e),
while the batch functionalized with + 20 % reactants (cCNFC20) does not indicate major changes (Fig.
25d).
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Figure 25. Degree of substitution and rheology of cNFC20 and cNFC40.
The amount of COOH groups for n = 3 (a), and normalized absorbance at 1050 cm (b) of ctNFC functionalized in the standard protocol
and with 20 % and 40 % more reactants were compared. (c-d) Storage G’ and loss G”” modulus of ¢ctNFC at 1 Hz of the standard cNFC
functionalization (c) compared to 20 % more reactants (d) and 40 % more reactants (e) at a concentration of 5 %.

The carboxymethylation reaction was performed with higher content of both, NaOH and MCA,
which yielded higher substituted cNFC-derivates. With increasing degree of substitution, a reduction
of viscoelasticity was observed. This could be attributed to the higher substituted fibers dispersing
better in solution, with cNFC40 even losing its viscoelastic properties and being dominantly viscous.
Still, cNFC substituted with + 20 % reactants was significantly more transparent compared to the
standard batch. Therefore, we produced cNFC20 in a higher scale (8x) and explored its performance
as support matrix for embedded printing.

3.3.2 Print resolution and rheology of higher substituted cNFC matrices
Finding a suitable matrix-ink combination: Screening of print parameters and concentrations
Preliminary results indicated the possibility of using cNFC hydrogels as support matrices. Yet,

the mechanical properties of the ink did not match the requirements for embedded printing. We will
therefore focus on ctNFC20 as support matrices and investigate a suitable ink. For this, we first tested
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different concentrations of cNFC20 support matrices with a low-viscosity ink based on XG. We
observed increasing compression of a printed meander with increasing cNFC20 concentration, while
at lower concentrations the structure was not held in place (Fig. 26a). Since the aim is to use cell-
laden inks, the stiffness of the bioink is crucial for cell viability. Therefore, the concentration of the
support matrix was kept below 4 %.

It has been reported that the viscosity of the ink should be higher than the viscosity of the support
matrix to ensure a round cross-section of the printed filaments.'#314° Therefore, we further screened
different concentrations of cNFC20 as ink material within similar concentrations of cNFC20 as
support bath. In accordance to the requirements for ink modulus, we found the best resolved structure
with a4 % cNFC20 ink in a 2.5 % cNFC20 support bath (Fig. 26b,c). We furthermore screened print
parameters, such as feed rate (mm/s) and extrusion rate (uL/s) to achieve highest resolution (Fig.
26d). A low extrusion rate of 0.1 pL/s led to compression of the material, which indicates that stress
exerted by the flow of the material out of the nozzle might not induce yielding. A high extrusion rate
of 0.4 uL/s, in contrast, leads to over extrusion of the material. The results (Fig. 26d) suggest an
extrusion rate of 0.2 pL/s and feed rate of 0.5 mm/s.
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1% cNFC20 2%cNFC20 4% cNFC20 6% cNFC20 8% cNFC20

2.5% cNFC20 2.8% cNFC20 3% cNFC20
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1% cNFC20 ink
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4% cNFC20 ink |
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| e 2.5% cNFC20 2.8% cNFC20 3% cNFC20 SHAPE-Gel
4% cNFC20 =~ _— . P —
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Figure 26. Embedded printing within different concentrations of cNFC hydrogels.
(a) A meander was printed with a 0.5 % dyed XG ink into 1 %, 2 %, 4 %, 6 %, and 8 % cNFC20, respectively, at a feed rate of 0.5 mm/s
and an extrusion rate of 0.1 pL/s. (b) Dyed inks composed of 1 %, 2 %, and 4 % cNFC20 (vertical) were printed into 2.5 %, 2.8 %,
and 3 % cNFC20 (horizontal), at an extrusion rate of 0.1 pL/s and a feed rate of 0.3 mm/s. (c) A dyed 4 % cNFC20 ink was printed
into 2.5 %, 2.8 %, 3 % cNFC20 and the SHAPE gel, at an extrusion rate of 0.2 pL/s and feed rate of 0.05 mm/s. (d) Extrusion rate in
pL/s and feed rate in mm/s were screened and printed with a 4 % cNFC20 ink within a 2.8 % cNFC20 support bath. Illustrations were
made with Affinity Designer.
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Since we achieved good print resolution by adjusting the concentration of the ink in relation to
the support bath, we now added ECM-derived supplements to the support bath. We printed a 4 %
cNFC20 ink into a 2.8 % cNFC support bath supplemented with 1.5 % LBG and 2 mg/mL COL.
Interestingly, the support matrix supplemented with collagen slightly induces compression of the
printed structure (Fig. 27). Since the print was performed at room temperature, the polymerization of
collagen might be initiated, which might influence the viscoelastic properties of the support bath.

~ +1.5% LBG + 2 mg/mL COL
avalr;

" eNFC20

p iy
000"
K

4% cNFC20,
e m‘ M
=i g

Figure 27. Support matrices with cell-adhesive additives.
A 4 % cNFC20 ink was printed into a 4 % cNFC20 support bath with 1.5 % LBG, and 2 mg/mL COL, respectively. The print was
performed at an extrusion rate of 0.25 pL/s and a feed rate of 0.5 mm/s.

Rheological properties of composite hydrogel support matrices

Embedded printing into cNFC20 hydrogels and hydrogel composites revealed the importance of
viscoelasticity of the support matrix, as well as the ink. A closer look was taken into the viscoelastic
properties of the composite materials by means of rheology. For this, we formulated cNFC20
hydrogels with 2 mg/mL and 4 mg/mL collagen. The printing procedure occurs at room temperature,
where collagen is still in liquid state and slowly polymerizing. Therefore, we conducted amplitude
sweeps at 25 °C and compared them to the cross-linked state during cell culture at 37 °C. Pure 2.8 %
cNFC20 exhibits viscous properties with a dominating loss modulus at 25 °C and 37 °C (Fig. 28a).
Collagen hydrogels at 2 mg/mL and 4 mg/mL are dominantly elastic with similar storage moduli at
both, 25 °C and 37 °C (Fig. 28b,c). Lastly, cNFC20 hydrogels supplemented with 2 mg/mL and
4 mg/mL collagen behave similar to pure cNFC20 (Fig. 28d,e).

These results indicate dominating mechanical behavior of cNFC20 over collagen, even though
pure collagen samples are dominantly elastic at both, 25 °C and 37 °C. The polymerization of
collagen might be impaired by the slightly acidic properties of cNFC20. Most interestingly, at 2.8 %
cNFC20 no yield stress can be determined due to dominating viscous behavior. Higher concentrations
of the support bath of at least 5 % might increase the print resolution. Still, the concentration of the
ink needs to be adjusted accordingly and might impair cell viability. Finally, the motivation of this
work was to enable cellular migration and growth within a cNFC-based support matrix due to its
dynamic, fibrillar network, compared to a jammed microparticle system. A low modulus and viscous
properties might still favor cellular expansion, while compromising the complexity of printing. The
final composition of the support matrix needs to be considered for the desired application.
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Figure 28. Rheology of cNFC20, collagen, cNFC20:collagen.
Storage G’ (full icon) and loss G** (hollow icon) modulus recorded at 25 °C (blue) and 37 °C (red), respectively. (a) 2.8 % cNFC20
hydrogel, (b) Rheology of 2 mg/mL collagen, (c) 4 mg/mL collagen, (d) 2 mg/mL collagen + 2.8 % cNFC20 composite gel, ()
4 mg/mL collagen + 2.8 % cNFC20 composite gel. All spectra were recorded at 1 Hz. The gels were freshly prepared on ice and the

rheology recorded after equilibrating temperature for 30 s.
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3.3.3 Cell adhesion and migration within cNFC-based support matrices

Cellular adhesion on ctNFC20 hydrogels

Higher substituted cNFC20 means more negative charge. While this enhances the transparency
of the formulations, it might influence adhesion of cells onto the negatively charged fibers. We
therefore explored cellular adhesion of cell-adhesive cNFC20 hydrogel formulations. For this,
fluorescently labeled HT1080 epithelial cells and HaCaT keratinocytes were used and their migration
observed via fluorescence microscopy. We observed HaCaT keratinocytes detaching the higher the
cNFC20 content. At 2% cNFC20 and in the SHAPE gel, the HaCaT cells form islands, while at 4%
cNFC20 they start detaching from the gels (Fig. 29a). HaCaT are a keratinocyte cell line that migrates
in groups of multiple cells. The higher carboxylate content of the hydrogel might impair cell adhesion
onto the collagen network within the gel and thus, lead to the formation of small islands, and lastly,
detachment. Notably, HT1080 epithelial cells are known to migrate as single cells and seem to expand
better at higher cNFC20 concentrations. At concentrations below 4% cNFC20, the cells seem to form
bulges (Fig. 29b). Based on these results, we decided to observe single cell migration of HT1080 in
4% cNFC20 gels with slightly higher collagen content (2 mg/mL) to mainly enhance cell adhesion
but also stability of the gel in culture.
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a HaCaT

0.5 % cNFC20 1 % cNFC20 2 % cNFC20
1 mg/mL Collagen 1 mg/mL Collagen 1 mg/mL Collagen

4 % cNFC20
1 mg/mL Collagen Control SHAPE-Gel

b HT1080
0.5 % cNFC20 1 % cNFC20 2 % cNFC20

1 mg/mL Collagen 1 mg/mL Collagen 1 mg/mL Collagen

4 % cNFC20
1 mg/mL Collagen Control SHAPE-Gel

Figure 29. HaCaT and HT1080 cells seeded on different cNFC20:collagen and SHAPE gels.
(a) HaCaT and (b) HT1080 seeded at a density of 30,000 cells/cm? and observed over 5 days. The concentration of collagen was kept
at 1 mg/mL and cNFC concentrations range from 0.5 % - 4 %. The control represents cells on the plain tissue culture plate. Scale bar:
1 mm.

53



Migration of HT1080 epithelial cells within cNFC20 matrices

During embedded printing, cells are extruded into the matrix and fully encapsulated by the
surrounding matrix. To study the migration of HT1080 fibrosarcoma, we covered plated cells with a
4 % cNFC20 hydrogel supplemented with 2 mg/mL collagen and recorded their movement over time.
At t = 0 h, the cells were sitting on the tissue culture plate referred to as z = 0 um. Here, we can
already see rounding of the cells, which often indicates incoming cell death (Fig. 30). After 10 h, the
cells were not present in the initial z-plane, but had migrated 20 um upwards (Fig. 30).

These results indicate active migration within the matrix. In 3D, different modes of migration can
be differentiated and depend on the environment of the cell. Mesenchymal cell migration is dependent
on actin polymerization and cell adhesion to the matrix, and comparable to motion in 2D. Amoeboid
migration is independent of adhesive interactions with the matrix and mainly driven by actin
protrusion or hydrostatic membrane blebs. The absence of any protrusion of the cells, referred to as
lobopodia, indicates amoeboid migration. This type of motion does not rely on degrading the ECM
with proteases, but on choosing the path of the least resistance. The cells squeeze through pores
present in the ECM without adhering to the matrix nor degrading it.%>” Our results suggest the
uninhibited migration through large pores within the matrix. Unfortunately, the reproduction of these
experiments, as well as in SHAPE gels and pure collagen gels, only showed rounding or blebbing of
the cells after addition of the hydrogel, but no motion. A driving force in the form of a nutrient
gradient might enhance their motion through the gel.
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Figure 30. Migration of HT1080 in 4 % cNFC20 + 2 mg/mL collagen in z plane.
Images were recorded within a range of 20 um in 3 um steps for 10 h. Att = Oh, three cells are located at z = 0 um. At z = 20 um, the
cells are barely visible. After 10 h, the cells do not appear in z = 0 um but appear in z = 20 um. Scale bar: 10 um. White: Actin stain.

To further imitate print-like conditions, we designed an experiment where we extruded the
HT1080 cells within a support matrix and observed their migration within the gel. Here, the migration
occurred within 1 h and we observed cellular migration downwards towards the bottom of the tissue
culture plate (Fig. 31). Due to the comparatively high viscosity of the gels, sedimentation can be
excluded. A comparison to SHAPE gel indicated similar migration downwards (data not shown).
From this we can conclude, that our cNFC20:collagen support matrices are well suited to allow
cellular migration within the gel and show similar migration of cells compared to SHAPE-gels.
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Figure 31. Print-like migration within matrix.
Migration of HT1080 pipetted into gels within 70 min in 4 % cNFC20 with 2 mg/mL collagen, at t = 0 min (left) and t = 70 min (right).
Scale bar: 50 um. White: Actin stain.
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3.4 Conclusion

Embedded printing is a promising method to surpass the limits of printing complexity, mechanical
stability, and enhance the formation of functional tissues. Common examples rely on packed gelatin
or alginate microparticles. Herein, printed cells are surrounded by comparatively big particles, that
might hinder the expansion of cellular protrusions. Our carboxymethylated nanofibrillated cellulose
exhibits comparable rheological properties and similar formulations have already been explored in
the field of embedded printing.64118.154

Firstly, we aimed at adjusting the carboxyxmethylation reaction to yield large volumes of cNFC
for embedded printing. First prints within cNFC matrices show average print resolution of complex
structures. Still, we successfully performed an embedded print at a high density of C2C12 myoblasts
within cNFC hydrogels supplemented with collagen. Here, we observed collagen-dependent
outgrowth of myoblasts into the matrix. We further observed impaired transparency in larger volumes
of ctNFC. By increasing the amount of reactants by 20 %, we achieved higher substituted cNFC fibers
(cNFC20) with enhanced transparency.

Secondly, we adapted the print resolution of cNFC20 inks into cNFC20 support matrices. Our
results suggest higher concentrations of cNFC20 inks compared to the support matrix. We printed
4 % cNFC20 ink into a 2.8 % cNFC20 support matrix with a resolution comparable to granular
microgels. In addition, we explored the rheology of cNFC20 support matrices supplemented with
collagen. We found that 2.8 % cNFC20 does not yield and behaves viscous. The mechanical
properties of the support matrices with collagen are dominated by the cNFC20 fibers even after cross-
linking of the collagen at 37 °C.

Lastly, we aimed at observing cellular migration within cNFC20 support matrices. We found that
HT1080 epithelial cells and HaCaT keratinocytes adhered between 2 — 4 % cNFC20 with 2 mg/mL
and observed migration of HT1080 epithelial cells within our matrices. We compared our results with
a granular microgel system and did not see differences in migration of HT1080 epithelial cells
between fibrillar or granular microgel matrices.

Overall, cNFC-based support matrices show promising mechanical behavior for their use in
embedded printing. Still, the concentration cNFC within support matrices might need to be increased
to ensure yielding during printing of more complex structures. This, in turn, might compromise cell
viability due to the necessity of higher ink concentrations. Further modifications of the fibers with
cell-adhesive peptide motifs might enhance cellular outgrowth within the hydrogel. Nevertheless, the
ease of production of cNFC hydrogels makes them an appealing alternative material for embedded
printing of simple structures.
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3.5 Experimental section
3.5.1 Chemical functionalization and slurry production

Upscaling of carboxymethylation reaction

The carboxymethylation reaction on MFC was performed as described in Chapter 02 with the
following modifications: For the 1x reaction, 10 g of MFC (Borregaard in Sarpsborg (NO)) was
homogenized for 10 min using an Ultra-Turrax homogenizer with a S25N-18G-ST dispersing
element at 10,000 rpm in 100 mL of a freshly prepared 2:1 Isopropanol:Ethanol (IPA:EtOH) mixture
(Isopropanol, methanol and ethanol absolut > 99.9% were purchased from VWR). Reactions
performed at 1x and 2x were performed in a round bottom flask with an oil bath. The heat was
controlled over the heat bath and measured directly in the solution. The reactions scaled up by 4x,
6x, and 8x were performed in a 1.5 L Schott-Flask. The solutions were stirred vigorously and heated
to 35 °C. Once the temperature was reached, 12 mL of a 5 % w/v NaOH (S5881) solution was added
and left stirring at 35 °C for 30 min. Then, the temperature was risen to 45 °C and 570 mg of
monochloroacetic acid (MCA, 402923) dissolved in 3-4 mL IPA:EtOH was added. For the 2x
reaction, 20 g MCA was homogenized in 200 mL 2:1 IPA:EtOH. 24 mL of a 5% w/v NaOH solution
was added and 1.14 g MCA in approx. 6-8 mL 2:1 IPA:EtOH. For the 4x reaction, double amount of
reactants and volumes were used, and so on. The flasks were heated up directly on the heat plate and
temperature controlled in the solution. The purification of the fibers was performed as described in
Chapter 02, section 2.5.

Increasing of transparency of fibers by increasing amount of reactants

The following protocol was established by Dr. Marko Mihajlovic. The carboxymethylation
reaction was performed scaled up by 8x in a round-bottom flask with a suitable oil bath as described
before. The following changes were made to achieve higher transparency: First, the reactants were
increased by 20%, yielding NaOH:AGU 3:1 and MCA:AGU 1.2:1. The reaction was performed on
80 g MFC pulp homogenized in 780 mL 2:1 IPA:EtOH mixture. After heating to 35 °C, 100 mL of a
6 % NaOH solution in 2:1 IPA:EtOH was added. The solution was left stirring for 30 min. The
temperature was risen to 45 °C. Subsequently, 5.64 g of MCA dissolved in 30 mL 2:1 IPA:EtOH was
added and the solution left stirring for 3 h at 45 °C. The solution was neutralized with 80 mL acetic
acid (10 % v/v) and the fibers purified as described in chapter 02. Secondly, the reactants were
increased by 40 %, yielding NaOH:AGU 3.6:1 and MCA:AGU 1.4:1. The reaction was performed as
described with 120 mL of a 6 % NaOH solution, and 6.8 g MCA in 30 mL 2:1 IPA:EtOH.

Production of alginate slurry

The protocol to produce SHAPE gels was established by Kajtez et al.’>* and reproduced for
comparison. Shortly, a 1 % wi/v sodium alginate solution (Dynamic viscosity: 80-120 cP, 194-13325,
FUJIFILM Wako) was dissolved in sterile water and stirred for 4 h at 60 °C. The solution was filtered
through 0.45 um pore size filter while it was still warm. Equal volumes of the sterile filtered alginate
solution and a sterile aqueous 2 mg/mL CaCOs solution were mixed and stirred at room temperature
for 1 h. Acetic acid was added in a 1:500 ratio and stirred vigorously at room temperature over night
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at 650 rpm. The next day, alginate particles were generated by homogenizing the gel at 15,000 rpm
for 10 min with the Ultra-Turrax homogenizer with a T25-S25N-10G dispersing element.
Microparticles were centrifuged at 18,500 G for 20 min and resuspended and incubated over night at
room temperature in DMEM containing 2 mM NaOH and 1 % P/S. The day after, the particles were
homogenized once again at 15,000 rpm for 3 min and centrifuged at 18,500 G for 10 min. The
supernatant was removed, and the alginate slurry stored at 4 °C until further use. The day before
printing, the pellet was resuspended in double the volume of DMEM containing 4 % HEPES (1 M)
and 4 % NaHCOs (37 g/L, pH adjusted to 9.5) and incubated over night at room temperature. The
slurry suspension was centrifuged at 18,500 G for 10 min and the supernatant removed. The SHAPE
gel was generated by mixing the cold alginate slurry in a 2:1 ratio with the pH adjusted collagen stock
(as described in section 3.5.2).

3.5.2 Direct-ink-writing of inks into standard cNFC formulation and cNFC20

Printing of spiral into cNFC hydrogel

For direct-ink-writing experiments, a RegenHU 3D printer with pneumatic and volumetric print
heads was used. A 4 % wi/v alginate (Dynamic viscosity: 80-120 cP, 194-13325, FUJIFILM Wako)
gel was prepared and mixed with green food dye. The ink was extruded via pneumatic extrusion at
250 kPa and a feed rate of 0.5 mm/s into 12 mL 2.5 % w/v original cNFC hydrogel (functionalization
as described in Chapter 02 but scaled up 8x) using a steel nozzle (ID 200 pum, Cellink, Swe).

Printing of a range of cNFC/cNFC20 inks into cNFC/cNFC20:composite hydrogels

A stock solution of ctNFC hydrogels was produced by soaking freeze-dried fibers in PBS (D8437,
Sigma-Aldrich) or DMEM (D5796, Sigma-Aldrich) with 1% penicillin/streptomycin (P/S, P0718,
Sigma-Aldrich) over night to reach a final concentration of 7 % w/v. The next day, the resulting
hydrogel was mixed with a spatula and shortly centrifuged to get rid of air bubbles. The stock-solution
was autoclaved and stored in the fridge until further use.

Different inks were prepared for embedded printing. For Fig. 26a the standard bioink formulation
as used by Kajtez et al.>* composed of cells mixed with 0.5 % v/v XG was used. The print was
performed with a volumetric print head with a steel nozzle (ID 200 um) at a feed rate of 0.5 mm/s
and an extrusion rate of 0.1 pL/s at room temperature. The height of the needle was set to 1.25 mm
to ensure printing into the gel. The meander designed to test the print parameters was designed with
a line space of 0.5 mm.

For the remaining experiments, cNFC20 inks were prepared by dilution of a 7 % w/v cNFC20
stock solution described previously and addition of either blue and red polystyrene microparticles to
yield a violet color (Red: 42922, Blue: 68553, Merck) or with green food dye. The printing procedure
was performed using a volumetric print head, a 1 mL Hamilton Glass syringe, and a steel nozzle (ID
200 um). The print parameters, such as extrusion rate and feed rate are noted for each experiment
individually: Figure 26b were printed at an extrusion rate of 0.1 pL/s and a feed rate of 0.3 mm/s.
Figure 26¢, were printed at an extrusion rate of 0.2 pL/s and feed rate of 0.05 mm/s. Figure 26d is a
screening of print parameters where the changed parameters are noted individually for each print.
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The print was performed with a dyed 4 % v/v cNFC20 ink into a 2.8 % v/v cNFC20 support bath.
Figure 27 was printed at an extrusion rate of 0.25 pL/s and a feed rate of 0.5 mm/s.

Formulation of composite gels

Composite gels were generated by mixing the stock solution of cNFC20 hydrogels with the
respective concentrations of collagen (5mg/ml Cultrex rat collagen I, R&D Systems), xanthan gum
(G1253, Sigma-Aldrich) and low Bloom gelatin (164 G bloom, 48723, Sigma-Aldrich) and the
concentration adjusted by addition of PBS or cell-culture medium. The pH of the cNFC20:collagen
composite gels were further adjusted to ensure polymerization of collagen. As an example, for a total
volume of 5 mL cNFC20:collagen gel composed of 2.8 % v/v ctNFC20 and 2 mg/mL collagen, 2 g of
the 7 % w/v ctNFC20 stock were mixed 3 mL of a with a pH-adjusted collagen solution consisting of
2mL of a 5mg/mL collagen stock mixed with 200 puL 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer, 200 uL NaHCO3 pH 9 and 600 pL PBS or cell-culture medium.
All solutions were handled on ice and need to be kept cold. Neutralization of the collagen will initiate
polymerization immediately and is clearly visible as the solution loses transparency. The hydrogel
was mixed by slowly pipetting up and down with a Gilson positive-displacement pipette (F148180,
Gilson). Approximately 300 pL were pipetted into each well of a 48-well plate and kept in the fridge
right before printing.

3.5.3 Characterization of material properties

Rheology of cNFC/cNFC20 and cNFC20:composite gels

Rheology of cNFC/cNFC20 and cNFC20:composite gels was performed on a Discovery Hybrid
Rheometer (TA instruments, DE, USA) equipped with a Peltier plate thermal controller and a plate
geometry with a diameter of 20 mm and a fixed gap of 200 um. cNFC20:collagen composite gels
were freshly prepared and its rheology measured directly after deposition onto the plate geometry. In
general, amplitude sweeps were performed at 1 Hz, 25 °C or 37 °C from 0.01 % to 100. Rheology on
scaled-up cNFC functionalization was performed in milliQ water. cNFC20:collagen gels were
prepared in PBS.

IR of scaled up carboxymethylation reaction

IR spectra were recorded as described in Chapter 02 on a PerkinElmer Spectrum 100 FT-
IR spectrometer. The spectra were recorded with a resolution of 1 cm-1 from 4000 — 800 cm-*. Al
spectra were recorded in absorbance units and normalized at 1050 cm-t. The relative degree of
substitution (DSrel) was calculated by relating the intensity of the normalized absorbance (NA) of the
stretching vibration of the carboxyl group (C=0) at 1595 cm™ to the stretching vibration of the
glucose backbone (C-H) at 2894 cm-1 as described in Chapter 2, section 2.5.3, equation 8.

The constant C indicates the relation between these two stretching vibrations of the carboxyl
group and glucose backbone in non-functionalized cellulose.
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3.5.4 Cell experiments

Culturing of C2C12 murine myoblasts

Culturing of C2C12 was performed according to the protocol described in the manuscript
presented in Chapter 02: C2C12 cell-culture was performed under sterile conditions and incubated at
37 °C, 100% humidity, 5% CO2. C2C12 murine myoblasts were cultured in growth medium
containing DMEM (D5796, Sigma-Aldrich), 10% fetal bovine serum (S1810, Sigma-Aldrich) and
1% P/S (P0718, Sigma-Aldrich). Cells were passaged and harvested at 80% confluency. All cells
were kept within 10 passages from stock. Differentiation was initiated by changing growth medium
to differentiation medium containing DMEM, 2% horse serum (H1270, Sigma-Aldrich).

Embedded bioprinting with murine skeletal muscle cells

C2C12 skeletal muscle cells were cultured as described in the main materials section. Bioinks as
presented in Figure 24 were composed of C2C12 cells at a concentration of 38 mio cells/mL within
10 passages. The bioinks were prepared by mixing a 1% cNFC stock 1:1 with harvested cells. A steel
nozzle (ID 250 um) was used at a feed rate of 0.5 mm/s and 0.1 pL/s extrusion rate. Right after
printing, the prints were incubated for 1 h at 37 °C to ensure cross-linking of the collagen. After,
growth medium prepared as described in the main materials section was added to the gels. The next
day, the medium was changed to differentiation medium. Images of the tissues were taken every day.

Culturing of HaCaT

HaCaT (11090081, ThermoFisher) were cultivated in DMEM/F12 (D5796, Sigma-Aldrich)
supplemented with 10 % FBS (F0804, Sigma-Aldrich) and 1 % P/S as described earlier. The cells
were passaged at a cell density of approximately 10,000 cells/cm? every second day and used within
10 passages from stock. Cell-culture was performed under sterile conditions and incubated at 37 °C,
100% humidity, 5% CO2.

Culturing of HT1080

HT1080 with a LifeAct®-TagGFP2 were acquired from Ibidi and are not longer commercially
available. The cells were cultivated analogous to HaCaT in DMEM/F12 supplemented with 10 %
FBS and 1 % P/S. Passaging occurred every second day at a cell density of approximately 10,000
cells/cm?. The cells were used within 10 passages from stock. Cell-culture was performed under
sterile conditions and incubated at 37 °C, 100% humidity, 5% CO:..

Cell adhesion on cNFC:composite gels

Composite gels were prepared freshly before seeding of cells. A 7 % w/v cNFC stock solution in
DMEM was prepared by incubating the fibers in DMEM over night at 4 °C and autoclaving them the
following day. The hydrogel was centrifuged to exclude air bubbles. Composite gels were prepared
always prepared freshly and on ice as described in section 3.5.2. The composite gels were prepared
with a fiber content of 0.5 % to 4 % v/v and a constant concentration of 1 mg/mL pre-neutralized
collagen. SHAPE gel was prepared by mixing the alginate slurry 2:1 with pre-neutralized collagen.
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As an example, for 0.9 mL SHAPE gel, 40 uL HEPES (1 M), 40 uL NaHCOs (37 g/L, pH 9.5), 20 pL
cell culture medium, and 200 pL collagen (5 mg/mL) were mixed carefully on ice with 0.6 mL cold
alginate-slurry. The SHAPE gel was mixed carefully by pipetting up and down. The
cNFC20:collagen gels and SHAPE gel were pipetted in a 96-well plate with a total volume of approx.
50 pL. The gels were cross linked for 30 min at 37 °C. After cross-linking, cell-culture medium
containing 30,000 HaCaT/HT1080 cells per cm? within 10 passages of stock was added carefully to
the gels. Growth medium was changed every 2 days. Images were recorded using a Discover Echo
Revolve R4 microscope after 5 days.

Cell migration within cNFC:collagen and SHAPE gel

To avoid surface coverage of the tissue culture wells with FBS, the cells were harvested in FBS-
free medium. HT1080 were seeded at a cell density of 10,000 cells per cm? in a 8-well glass bottom
slide (80807, Ibidi). Freshly prepared cNFC20:collagen gels containing 4 % v/v cNFC20 and
2 mg/mL collagen and SHAPE gels were pipetted into the wells and left cross-linking for 30 min at
37 °C. FBS-free cell-culture medium was added and cellular upwards migration was imaged. Images
were recorded using a Nikon Ti2 equipped with crest optics Xlight V3 and acquired with a Kinetix
CMOS camera. The images were recorded in confocal mode every 5 min for 10 h in a z-range of 10-
40 pm with a 3 um distance from plane to plane. The environment during imaging was kept at 5 %
CO2z and 37 °C.
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Chapter 4

Multi-material 3D Printing of Programmable and
Stretchable Oral Patches for Buccal Delivery of
Saquinavir

This chapter is based on the published manuscript on 3D printed oromucosal patches for drug
delivery, in collaboration with Dr. Shaolong He from the University of Copenhagen. The sections
comprising the Results and Discussion 4.3 and Experimental section 4.6 have been cited from the
publication with minor changes.

4.1 Introduction

In the previous chapters we relied on the fibrillar structure of cNFC inks and matrices and its
concomitant viscoelastic behavior to provide high shape-fidelity of printed constructs. Here, we will
focus on crystalline, functionalized derivates of cellulose are well known to be shear-thinning and
transparent, and have been widely used in printing applications.191431%8 HPMC, HPC, and MC-based
inks exhibit viscous behavior and flow after deposition, and are known to have film-forming
properties. Such membranes have gained importance as drug-delivery systems due to their ability of
circumventing hepatic first pass metabolism of the delivered drug. Conventional fabrication methods
for thin film and membranes, such as solvent casting (SC) and hot melt extrusion (HME) limit the
complexity of the structure of the films and choice of solvents: SC is a common, cheap technique that
relies on casting the different formulations within a solvent onto a horizontal plate/release layer and
drying these to achieve membranes with several layers.'5%1%0 In HME the formulations are mixed,
heated, extruded, and then cut into different sizes.!6%162 |n these examples, drug dose and membrane
design are difficult to control. Some other techniques involving printing have been explored,63-165
such as inkjet and flexographic printing,1%6-16° fused deposition modelling,'’® and DIW.171-178

Multi-material DIW 3D printing is a promising alternative for the fabrication of complex
oromucosal patches with tunable design and control over the deposition of drugs and other agents.
We achieve shape-fidelity of thin films by solvent evaporation, in contrast to cross-linking our printed
structures as discussed in previous chapters. Most drugs being developed are barely soluble in
aqueous medium,’®80 while some exhibit weak ionization with pH-dependent solubility.!81182
HPMC and MC as amphiphilic materials are easily formulated into film-forming drug-laden inks.
Multi-material printing further permits to improve drug solubility and absorption locally and
transiently by formulating pH-modifying inks.182-184 |n addition, high digital control over the design
allows to increase comfort of application in the buccal cavity.
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In the previous chapters, we discussed design features linked to the shape-fidelity of our inks. We
here rely on the fabrication of thin films based on solvent-evaporation. The design of the films is
comparable to Kirigami. It is a variation of the japanese paper folding art origami, in which the paper
may also be cut to construct 3D structures. This approach has already been used for the fabrication
of stretchable electronics, and demonstrated how mesh-like structures increased the ultimate strain to
up to 370 %.185186

Here, we present the use of crystalline, transparent HPMC and MC-based inks to print oral
drug-delivery patches. The design of the patches will be tailored into mesh-like structures to enhance
the stretchability of the printed patches. Multi-material 3D printing will be lastly used to print mesh-
like, stretchable, drug-delivery patches with effervescent properties for enhanced drug-resorption in
the mouth.
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4.2 Aims

This chapter focuses on the design and multi-material printing of drug-delivery patches with inks
based on crystalline cellulose derivates and is structured as follows:

Automated DIW of stretchable, drug-laden membrane: The stretchability and overall
effective stiffness of commonly used drug-laden membranes will be enhanced by varying
the design of the print into mesh-like structures. The design will be tailored via CAD.

Controllable deposition of drug and pH modifying agent within stretchable
membrane: The drug concentration per patch will be adjusted by deposition of ink in a
layer-by-layer approach. In addition, multi-material printing of drug-laden and pH
modifying agents in proximity will enhance drug permeability during application.
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4.3 Results and discussion

The design, fabrication, and mechanical characterization of the films presented in 4.3.1, as well
as fabrication of the films used in section 4.3.2 for drug-release and in vitro permeation studies were
conducted by the author of this dissertation. Experiments presented in section 4.3.2 regarding drug-
release and in vitro permeation were conducted by Dr. Shaolong He.

4.3.1 Automated Direct-ink-writing of stretchable drug-laden membranes

Rheological properties of the inks and optimization of printing procedure

The overall design of the multi-functional patches was composed of a meandering backing
membrane, onto which a drug-laden ink and effervescent ink are printed in parallel without
overlapping (Fig. 32a). This requires high spatial resolution in the print procedure, with control over
extrusion rate and material spreading. We evaluated the printability of the formulated inks by
characterizing their rheological properties. For all inks, oscillatory studies show a dominating loss
modulus G’” over storage modulus G’ indicating predominantly viscous materials (Fig. 32c). Flow
experiments further show shear thinning behavior, with viscosity decreasing with increasing shear
rate (Fig. 32d), which is advantageous for maintaining resolution when extruding inks through narrow
nozzles. Still, since all inks are in a liquid state, shape fidelity relies on solvent carrier evaporation.
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Figure 32. lllustration and rheology of 3D printed patches.
(a) Schematic illustration of multi-material printing of complex oral patches using a backing membrane (red), drug-laden (green) and
effervescent (blue) ink. (b) Rheology of the backing membrane, drug-laden and effervescent inks. The G moduli were recorded as a
function of oscillation strain at constant frequency (1 Hz). (c) The viscosity was recorded as a function of shear rate. (d), (e)
Fluorescence imaging of printed patches based on effervescent (blue), drug-laden (green) ink and backing membrane (red). Scale bar:
3 mm, zoom-in Scale bar: 1 mm.

To increase solvent evaporation and facilitate multi-material and multilayer prints, we therefore
applied a slightly heated stage set at 45°C, as higher temperatures may cause solvent boiling and
bubble formation. The backing membrane was printed with a 0.6 mm nozzle. Due to its viscous
properties, it spread after printing, providing a sufficiently large surface to print the drug-laden and
effervescent ink. The deposition of drug-laden and effervescent ink occurred in a similar matter: the
drug-laden and effervescent ink were be printed in parallel with a 0.4 mm nozzle and a line distance
of 0.25 mm to avoid overlapping between printed traces, and prevent acid-base reaction between the
malic acid and sodium carbonate. The printing procedure and design was evaluated via fluorescence
microscopy to demonstrate that the drug-laden and effervescent ink were printed in parallel without
overlapping (Fig. 32e,d).
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Tuning of stretchability of printed patches by varying the design

3D printing allows for rapid design prototyping and tailoring of macroscopic properties through
simple design alterations. To enable the fabrication of stretchable and compliant patches, we
systematically varied a simple meandering design and evaluated the resultant mechanical properties.
Specifically, the backing membrane was printed in six different designs (Fig. 33a,b). First, the line
distance “A* was tuned to 2.5, 4.5 and 7.5 mm, respectively, while using the same nozzle size of 0.6
mm. Secondly, three different nozzle sizes of 0.6, 0.4 and 0.2 mm, were used, which lead to a change
in line distance “B” at fixed A =7.75 mm (Fig. 33a,b). The layer thickness was determined by printing
the backing membrane with 1, 2 and 3 layers with a nozzle diameter of 0.2, 0.4 and 0.6 mm,
respectively. The thickness per layer increases with increasing amount of layers and nozzle diameter
(Fig. 33c). Nevertheless, mechanical tests demonstrate a drastic decrease in effective stiffness of the
films with decreasing line distance A and decreasing nozzle size compared to a control uniform film
without geometrical cues (Fig. 33e). In addition, by varying line distance A and B the stretchability
of the films is precisely tuned. Films printed with the smallest nozzle size and biggest line distance
A show an extension capacity of up to 200% (Fig. 33f). This decrease in effective stiffness and
increase in extension capacity will improve the comfort and adaptation of using the stretchable films
in the buccal cavity (Fig, 33d). For the drug-loaded patches, we applied 0.6 mm nozzle for the backing
membrane to ensure maximum surface area to deposit drug-laden and effervescent ink, while
maintaining an extension capacity of up to 50% at negligible stiffness.
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Figure 33. Stretchability and mechanical properties of printed patches.

(a) Nlustration of print procedure of backing membrane with varying line distances A and B, as well as varying nozzle
diameter @. (b) Fluorescent images of designs with line distance A = 2.5, 4.5, 7.75 mm at constant B = 1.2, @ = 0.4 mm and
B=1.5,1.2,0.5 mmat @ =0.6, 0.4, 0.2 mm with fixed line distance A =7.75 mm. Scale bar: 3 mm. (c) Layer thickness of
printed backing membrane with nozzle diameter @ = 0.2, 0.4, 0.6 mm with 1, 2, 3 layers, respectively. n = 3. (d) Stretching
and twisting of printed film with line distance A = 7.75 mm and B = 1.2 mm. (e) Effective stiffness (Force (N) / Strain (%) of
printed films compared to uniformly printed film. n = 3. ) Strain (%) until first break (grey) and complete failure (white) of
printed films compared to uniformly printed film. n = 3. Error bars indicate standard error of the mean (SEM).
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4.3.2 Controlled deposition of drug and pH modifying agent within stretchable patch.

Digitally controlling drug dose in printed patches

In order to control and adjust dose in each printed patch, we studied the drug content as a function
of key printing parameters. For films used in this dosing investigation, we compared three nozzle
diameters. As expected, the saquinavir content of the films increased with diameter of the nozzle (Fig.
34a). Further, for films printed using the same nozzle diameter, saquinavir content increased linearly
with the number of printed layers. Thus, the drug content of the patches can easily be adjusted from
~20 to 200 ug through these parameters. The saquinavir content of each layer in the films printed
using the largest nozzle (@ = 400 um) was ~70 pg. This nozzle size was applied in the final patches,
which also included effervescent, pH-modifying inks. The mass and saquinavir content of the pHm
modifying films are presented in Table 1.

Table 1. Characterization of the designed films

Saquinavir pHw modifying films

FO F3 F5
Mass (mg) 9.5+£0.0 10.4+£0.1 106 £0.1
Saquinavir content (ug) 799 - -

* The results are present as mean + SD, n = 5 for the result of saquinavir content. For others, n = 3. The number of
saquinavir layer in the pHu modifying films was the same and fixed (3 layers) so we measured saquinavir content of the
patches without alkaline effervescent layer. FO: the films without base layer. F3: the films with three base layers. F5: the
films with five base layers.
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Figure 34. Saquinavir content and morphology of printed films.

(a) Saquinavir content-number of layers scatter profiles for the films printed using different nozzles. The average values of saquinavir
gure. N = 3. The size of nozzle indicated in the figure
pH modifying films taken using a digital camera. (c)
Select images of partial structures of the microenvironmental pH modifying films (effervescent type) taken using a light microscopy.

content and the linear regression equation for the data were indicated in the fi
was the diameter of nozzle. (b) Images of the saquinavir microenvironmental

Morphology of the films

The images (Fig. 34b) showed that the mesh-like films were printed successfully using the
precipitation was observed in the films
containing base layers due to precipitation of sodium carbonate in the film preparation. Similarly to
in the inks, the base layer with a minimal

polymer based inks and the predetermined design. White

in our initial printing studies applying fluorescent markers

interface between the base layer and the saquinavir layer was observed (Fig. 34c).
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Figure 35. Microenvironmental pH and ex vivo permeation study.

(a) Microenvironmental pH-time profiles for the patches with or without sodium carbonate layer during the dissolution process. Results
are presented as mean + SD. “NO. of layers” indicates the number of the alkaline effervescent layer printed in the patches. For the
patch with three layers of sodium carbonate, n = 5. For the other patches, n = 3. pH value after 10 min of dissolution are presented in
the figure. (b) Amount of saquinavir in porcine buccal tissues after permeation study. Values are mean = SD, n = 4. Symbols above the
bars (&, # and §) indicate statistical significance. Bars with similar letters are not significantly different from each other. One-way
analysis of variance (ANOVA) was employed, and the level of significance was a = 0.05. Tukey’s test was then preformed. A p value
below 0.05 was considered statistically significant.

Modifying the microenvironmental pH (pHw)

The pHwm in the vicinity of the films during dissolution was measured using a micro-pH electrode
and the results are shown in Figure 35a. After 10 min of dissolution, the pHwm in patches containing
no base had decreased from 6.8 to 5.9, while for samples with 5 layers of base-ink the pHwm increased
from 6.8 to 7.4. As expected, the pHwm generally increased with the number of layers of base-ink
applied in the formulations, save one outlier sample. Within the time resolution of our studies the pH
was largely stable after 10 min, indicative of limited effervescent reaction between malic acid and
carbonate beyond this time point. Overall, the studies show how a base-ink can be applied to
conveniently control microenvironmental pH of saquinavir released from the printed patches.

Ex vivo permeation studies

To evaluate the performance of the printed, multi-functional patches, we conducted an ex vivo
permeation study spanning 5 h. However, no saquinavir was detected in the receptor chamber. This
might be caused by the following reasons: 1) saquinavir content in the films was very low. 2)
saquinavir was too lipophilic (log P = 4.1) and accumulated in the lipid-rich tissue rather than
dissolving in the aqueous solution in the receptor chamber. 3) saquinavir concentration in the receptor
media was lower than the detection limit of the high-performance liquid chromatography (HPLC).
As no saquinavir was detected in the receptor chambers, we evaluated the amount of saquinavir
accumulated in the tested tissues, as means of quantifying the permeation of saquinavir (Fig. 35b).
Among the tested films, the films with three layers of sodium carbonate led to a highest amount of
saquinavir in the buccal tissues. The films with five layers of sodium carbonate exhibited a lower
permeation of saquinavir than the films containing three layers of sodium carbonate, likely due to the
higher pHwm hindering the dissolution of saquinavir. Although CO: can also enhance drug permeation
across mucosal membrane as previous described,*® the films containing three and five layers of
sodium carbonate likely induced approximately the same amount of effervescent COz2, as the amount
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of acidic, drug-loaded ink was kept constant. Interestingly, the films with three layers of sodium
carbonate exhibited a higher permeation of saquinavir than the films with one layer of sodium
carbonate although the pHwm around the films with one and three layers of sodium carbonate appeared
similar (Fig. 35a). Still, our results indicate that by printing a basic effervescent agents side by side
an acidic drug-loaded ink the pH can be locally modulated to promote saquinavir permeation of the
buccal mucosa.
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4.4 Conclusion

Our work demonstrates the use of HPMC and MC carrier polymers multi-material Direct-ink-
write printing for rapid design and manufacturing of complex oral patches where several materials
are integrated on a sub-millimeter scale.

We aimed at increasing the stretchability of the drug-laden patches by printing a range of
meanders and grid-like structures and observed a maximum failure strain of approx. 170 % with
neglectable effective stiffness compared to uniform patches.

In addition, we demonstrated high control over the concentration of saquinavir deposited in each
layer. Multi-material printing of a carbonate-laden ink in proximity of the slightly acidic saquinavir-
laden ink further led to increased permeation of saquinavir when applying the patch ex vivo.

Our methodology is widely applicable and may thus serve as inspiration for various patches for
personalized, and programmable buccal drug delivery with unique patient comfort and compliance.
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4.5 Experimental section

Chemicals

Saquinavir mesylate was obtained from Hoffmann-La Roche Ltd (Basel, Switzerland). Malic
acid, glycerol (> 99%), agarose (type 1), Nile red, Sulforhodamine B acid chloride and bovine serum
albumin were purchased from Sigma-Aldrich (MO, USA). HPMC K100 LV and MC NF 50 were
obtained from Dow Chemical Ltd (MI, USA). HPMC K200 M was purchased from Colorcon Inc.
(PA, USA). Monopotassium dihydrogenphosphate anhydrate, dipotassium hydrogenphosphate
anhydrate, sodium chloride, phosphoric acid (85%) and citric acid anhydrate were obtained from
Merck KGaA (Darmstadt, Germany). Lucifer Yellow CH was purchased from Thermo Fisher
(Invitrogen, USA). Purified water from a SG ultra pure water system (SG Water, Barsbuttel,
Germany) was used.

45.1 Formulation and Direct-ink-writing of stretchable oromucosal patches

Preparation of the inks

Separate polymer-based inks were prepared for backing membrane, saquinavir layer with malic
acid, and base layer containing sodium carbonate, as detailed in Table 2. For the backing membrane
ink, suitable amounts of MC, glycerol and Nile red were dissolved in 20 ml of methanol at 60-65°C.
For the saquinavir drug ink, saquinavir mesylate, glycerol and malic acid were dissolved in 20 ml of
purified water at 70-75°C, followed by suspending HPMC K100 LV gradually to form the white
HPMC-saquinavir suspension, which was cooled down to 4-6°C to obtain the transparent ink. For the
base ink, sodium carbonate, glycerol and HPMC K200 M were dissolved in purified water at 70-
75°C.

Rheological studies of the inks.

The rheology of each ink was analyzed using a Discovery Hybrid Rheometer (TA instruments,
DE, USA) equipped with a Peltier plate thermal controller and a plate geometry with a diameter of
40 mm. The measurements were performed at 25°C. The inks were equilibrated at 25°C for 30
seconds prior to conduction of the measurements. The storage (G’) and loss (G’’) moduli were
measured as a function of oscillatory strain (0.01 — 10,000%) at constant frequency (1 Hz). The
viscosity of the inks was measured as a function of shear rate (0.01 — 100 1/s).

3D printing of oral delivery patches

All patches were 3D printed using a 3D-Discovery printer (RegenHU, CH) using the
accompanying BioCAD software for print design. 3CC cartridges (Nordson EFD, US) were applied
for containing ink, using pneumatic pressure for saquinavir and base ink extrusion. 10 CC cartridges
(Nordson, EFD, US) were used for extrusion of the backing membrane.

Preparation of the single-material patches for stretchability study

To compare the tensile strength and elasticity of different designs based on the MC backing
membrane ink, cylindrical steel nozzles with a diameter of 0.2, 0.4 and 0.6 mm (Cellink, SE) were
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used, at a pneumatic pressure of 250, 100 and 50 kPa, respectively. The ink was extruded at RT onto
a heated polystyrene plate (45 °C) at a feed rate of 15 mm/s in the shape of a meander with different
line sizes A and B. In addition, a uniform layer was added on top and on the bottom of the design for
further mounting of the sample on a biaxial stretcher. The prints were left drying for 1 h prior to
testing.

Preparation method for multi-material patches

The stretchable films used to determine the drug-load and drug-permeability were printed with
varying amount of layers and nozzle sizes to determine the effect of the effervescent ink on local pH.
The backing membrane was printed in 3 layers using a 0.6 mm cylindrical steel nozzle at a pressure
of 40 kPa and a feed rate of 10 mm/s on a pre-heated polystyrene plate (45 °C). The backing
membrane was left drying for approx. 30 min. before further printing. The drug-load per printed layer
of drug-laden-ink was determined by printing 1, 2, and 3 layers of the drug-laden ink with nozzle
sizes of 0.1, 0.2 and 0.4 mm, respectively. For further experiments, a nozzle size of 0.4 mm was
chosen for drug-laden and effervescent ink. The evaluation of the effect on local pH of the drug-laden
ink printed in proximity to the effervescent ink was conducted by printing the drug-laden and
effervescent ink in parallel with a 0.4 mm cylindrical steel nozzle at a feed rate of 15 mm/s and a
pressure of 30 and 15 kPa, respectively. The drug-laden ink was printed in 3 layers, while the
effervescent ink was printed in 0, 1, 2, 3, 4 and 5 layers. The final prints were left drying on the
polystyrene plate until further use.

Table 2. Composition of individual inks

Ink compositions in mg (%) Saquinavir layer Base layer Backing membrane
Saquinavir mesylate 100 (0.45) - -
HPMC K100 LV 1500 (6.78) - -
Malic acid 220 (0.99) - -
Glycerol 300 (1.36) 200 (0.9) 600
Sodium carbonate - 250 (1.13)
HPMC K200 M - 500 (2.26)
Methyl cellulose 100 FP - - 6000
Nile red - - 4
Methanol (ml) - - 40
Water (ml) 20 (90.42) 30 (96.93) -

* Percentage of components in the inks is wt %.
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4.5.2 Characterization of printed oromucosal patches

HPLC system for the quantification of saquinavir

The Elite LaChrom HPLC system (VWR International, Tokyo, Japan) equipped with an L-
2130 pump with degasser, an L-2450 diode array detector and L-2200 autosampler was applied
to quantify saquinavir in different samples. Reversed phase chromatography was performed
using a C18 column at 30°C and a mobile phase of 10 mM ammonium acetate buffer:
acetonitrile 60:40 (v/v). A flow rate of 0.5 ml/min and an injection volume of 20 pl were
applied. Saquinavir was detected at 240 nm with a retention time of 55 min. The
chromatograms were analyzed using EZChrom Elite software Version. A linear calibration
curve with a R? value of 0.9987 was obtained in the range of 0.45-160.50 pg/mL for the drug
content study. For permeation study, a linear calibration curve was used in the range of 25-850
ng/mL (R? = 0.9964). The quantification limited is 25 ng/mL.

Analysis of saquinavir content in the printed films

The printed films were put into a 100 ml volumetric flask followed by adding purified water
to 100 ml. The flask was sonicated in an ultrasonic bath at 40 °C for 10 min to obtain saquinavir
solution (backing membrane was insoluble in this solution). With suitable dilution, the sample
was analyzed using the HPLC method described previously.

Morphology study

The printed pHm modifying films were observed using a Dino-Lite digital microscope
(USB) (AnMo Electronics Corporation, Taiwan, China) and bright-field microscopy. For
visualization studies, we further added fluorescent agents to each ink and imaged printed
patches using a Zeiss Observer Z1 microscope with a mounted Zeiss AxioCam Mrm (Jena,
Germany). To differentiate between the inks, the backing membrane was visualized using Nile
Red (exc. 559 nm/ emis. 636 nm), for the saquinavir and effervescent ink sulforhodamine B
acid chloride (exc. 543 nm/ emis. 565 nm) and Lucifer yellow (exc. 236 nm/ emis. 542 nm)
were used, respectively.

Stretchability study

The layer thickness of the printed films was analyzed using a Stylus profiler (Dektak 150,
Veeco, NY, US). The layer thickness for 1, 2 and 3 layers printed with a nozzle diameter of
0.2, 0.4 and 0.6 mm was determined. The printed, stretchable films were analyzed using a
biaxial stretcher (Instron, Illinois Tool Works Inc., MA, US). The width, length, and thickness
of the stretchable part of the films was measured. The additional attachment sites were used to
place the samples on the uniaxial stretcher with a load cell of 500 N. The ultimate tensile
strength was determined by recording the load force (N) as a function of extension (m). The
effective stiffness was determined by plotting the load force (N) over tensile strain (%) and
performing a linear fit of the linear regime before first break.
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Investigation of pHm during the dissolution

Each film was placed in a 1.5 ml Eppendorf tube followed by adding 400 pl of phosphate
buffer solution (PBS, 13 mM potassium phosphate and 145 mM sodium chloride, pH 6.8)
simulating human saliva pH and buffer capacity as previously described.*3#* Immediately, the
pH close to the surface of the film was measured using a pH meter (744 pH meter, Mettler
Toledo, OH, USA) with a micro-electrode (Biotrode, Metrohm AG, Herisau, Switzerland) and
the values at predetermined time intervals were recorded.

4.5.3 Exvivo studies of Saquinavir buccal permeation

Preparation of the tissues

Frozen porcine buccal tissues were used for the permeation study. The preparation
procedure of the tissues was described in a previous study *°. Briefly, fresh porcine buccal
mucosae obtained from healthy experimental control pigs (approx. 30 kg Danish
Landrace/Yorkshire x Durox (D-LY)) were kept cold on ice and moistened using phosphate
buffered saline (pH 7.4, 0.1 M, 290 mOsm/kg). The connective tissue of the mucosae were
trimmed using surgical scissors until a thickness of approximately 5 mm. The trimmed
mucosae were submerged in a cryoprotectants (the phosphate buffered saline containing 40 %
(w/v) glycerol and 20 % (w/v) sucrose) for 1 h followed by storing at -80 °C before use.

To thaw and equilibrate the tissues before the permeation study, the frozen mucosae were
defrosted in the phosphate buffer saline (approximately 40 ml) and washed by replacing the
phosphate buffered saline four times every 20 min at 4°C on a rotating plate. The connection
tissue of the defrosted mucosa was trimmed again using a Thomas Stadie-Riggs tissue slicer
(Thomas Scientific, Swedesboro, NJ, USA) until a thickness range of 500-700 pm as
determined by a tailor-made micrometer. Glass Franz diffusion cells (orifice diameter: 5 mm,
diffusion area: 0.2 cm?) with a receptor volume of 3 ml were applied in this study. Each
trimmed mucosa was mounted between the donor and the receptor chambers with the
epithelium facing the donor chamber. Each mucosa was equilibrated while magnetic stirring at
37 °C with 250 pl of PBS simulating human saliva in the donor chamber, and 3.00 ml of 0.05
% (wi/Vv) bovine serum albumin solution in the receptor chamber for 0.5 h.

Saquinavir permeation study

After the equilibrium, the PBS in the donor chamber was withdrawn. Afterwards, the
diffusion cell was disassembled, and the mucosa was left on the top of the donor chamber and
dried using a lab tissue. A volume of 50 ul fresh PBS simulating saliva was added onto the
epithelium again and the permeation experiment was initiated by attaching the printed film on
the epithelium. Immediately, the donor chamber was mounted on top again and the donor
chamber was sealed with a piece of Parafilm®. Samples (250 ul) were withdrawn from the
receptor chambers at predetermined time intervals (15 min, 30 min, 45 min, 1 h, 2 h, 3 h, 4h
and 5h). Air bubbles induced by sampling were removed via the side arm by carefully tilting
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the Franz cell after each withdrawal. The removed samples were replaced with 250 ml of pre-
warmed BSA solution followed by sealing the receptor chamber using small Parafilm® pieces
to prevent water evaporation. The samples were diluted two times before centrifugation (13500
rpm, 10 min, at ambient temperature), and subsequently analyzed using HPLC.

After the permeation study, each buccal mucosa was flushed with water to remove the
residual film matrix on the tissue surface, and then dried under ambient condition for 24 h. The
dry mucosa was kept in 1 ml of phosphoric acid solution (phosphoric acid (85%): water 10:3,
v/v) at 65°C for 10 min followed by disrupting and homogenizing using a pestle. The
homogenized tissue suspension was diluted 10 folds using water followed by centrifugation
(13500 rpm, 10 min, at ambient temperature). The supernatant was subsequently analyzed
using the HPLC method described previously.
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Chapter 5

Conclusion and Outlook

In Chapter 2 we present an alternative route of functionalizing MFC with a carboxymethyl
group without compromising the fibrillar structure of MFC. The resulting cNFC was shear-
thinning, transparent. We further functionalized cNFC with proteins to provide cell-binding
sites. Still, the low degree of substitution did not suffice to serve as adhesion site for cells. We
therefore formulated composite-inks with alginate and gelatin. We found that cNFC:gelatin
composite inks guided cellular alignment and maturation of murine and human skeletal muscle
cells for in vitro tissue models. Furthermore, cNFC:gelatin composite inks showed promising
results as bioinks for the extrusion of cells. In future, the possibility of increasing the degree of
substitution and coupling of smaller peptide sequences, as well as cross-linkable peptides shall
be explored.

In Chapter 3 we analyzed the use of transparent cNFC formulations as support matrices
for embedded printing. The low yield stress of cNFC is appealing for its use as support matrix
compared to current support matrices based on cross-linked particles. We found that simple
structures, such as lines, can be easily printed and maintain their shape. Murine skeletal muscle
cells were printed in a line and compacted over time within the material. Furthermore, we did
not find impairment of cellular migration of fluorescently labeled HT1080 epithelial cells
within ctNFC and granular microgel-based support matrices. Still, the use of cNFC as support
matrix only allows to print simple structures, while particle-based gels allow for a higher
resolution.

In Chapter 4 crystalline cellulose derivates, namely MC and HPMC were used as carrier
materials to produce stretchable oral drug-delivery patches. We tailored the design of the patch
to increase its flexibility and decrease its effective stiffness. MC and HPMC as viscous inks
are deposited into thin films due to solvent evaporation and allowed layer-by-layer deposition
of pre-defined dosages of drug. We additionally performed multi-material printing of
effervescent agents in proximity that should increase the resorption of the drug in the buccal
mucosa. The ease of tuning the design and precise deposition of drug-loads demonstrates the
ease in fabrication using DIW.

All in all, we demonstrated the use of cellulose-derivates for two different applications: i)
in vitro tissue models were developed in 2D through cNFC induced cell-alignment on printed
surfaces. The exploration of 3D tissue models within cNFC support matrices, while still
inconclusive, shows promising results. Finally, the second application ii) multi-material
printing of stretchable oral drug-delivery patches was successfully shown using CNC-based
inks.
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ABSTRACT: For three-dimensional (3D} bioprinting to fulfll its
promise and enable the automated fabrication of complex tissue-

mimicking constructs, there is a need for developing bioinks that are not \\
culy printable and biocompatible but also have integrated cell-instructive
¥ -

Wil Matrics & More | ) suppariing Infomatian

properties. Toward this goal, we here present a scalable technique for

generating  nanofiber 3D printing inks with unique tissue-guiding -"_'
capabilities. Our core methodology relies on tailoring the size and

dispersibility of cellulose fibrils through a solvent-controlled partial

carb e on. This we generate partally ely charged -
:dMn:J?:‘numﬁhd:rhnm with ;:zut!r:gnd" Mlil]!lnm m;Tmegﬂu?q:uuungus fﬁ
tens to humdreds of microns. In this range, the fbers structurally match ﬁ

the size and dimensions of natural collagen fibers making them

sufficiently large to crient cells. Ye#, they are simultanecusly sufficienthy

thin to be optically transparent. By adjusting fiber concentration, 1D printing inks with excellent shear-thinning properties can be
established. In addition, as the Abers are l‘Hd‘.L‘i.IF di:P-emHE, :nmpn:it: inks with both a.rl:-nhrrl:'at:: and extracellular matrmx {ECM}-
derived pml‘l:i.m can euihr be s:nu’aurl. We aFPJ':f such :nmpu:ite ks for 3D pr.inl'.ing cell-laden and cross-linkable structures, as
weell as tissue-guiding gel substrates. Interestingly, we find that the spatial organization of engineered tissues can be defined by the
shearinduced alignment of Gkers during the printing procedure. Specifically, we show how myotubes derived from human and
murine skeletal m:f'\ﬂllli.iu can be Pmpamm:d inta linear and mrrlPJu: nonlinear architectures on soft P\nnlrd substrates with
intermediate fiber contents. Our nanofibrillated cellulose inks can thus serve as a si.mp\]: and scalable tool for engineering anisotropic
human musde tissues that mimic native structure and function.

EEYWORDS: extrusion-based boprinting, nangfibrillated cellulose, carboxymethylation, skelefal wuescle, fizsie models

Dowmloaded via DTIC NATL TECH INPORMATION CTR on Jameary 31, 2023 e 16:22:35 (LITC).
See hiips:!pubs acs orgisharingguidelines for options on bow w legrimately share published anicles.

B INTRODUCTION

Extrusion-based three-dimensional (3D} printing is redefining
in vitro and in vive biomedical research by enabling rh:
automated fabn:atm af complex biomaterial xaﬁnlds
engineered I:L:su:: and microphysiological q.-!em:. Across
these areas, a core ch:ﬂms: in D bmpnul‘ms; is the
formulation of biomaterial inks that facilitate the formation
of functional tissues from embedded cells or spheraids, wl:nk
simultanecusly assuring printability and shape fdelity."”
Bioinks incarparating nano- and microfibrils are intriguing in
both of these regards. In the first regacd, fibrillar inks may
structurally mimic extracellular matrix (ECM) nanofibers
derived from, e.g., collagen and fibronectin that guide cellular
adhesion, migration, pmll.t‘!nlm't, differentiation, and organ
ization in the native tissue.” In the second regard, ﬁl:!rl:ll:.r!.I
components can be potent thizotropic agents at low
concentrations, capable of forming viscous shear-thinning
solutions or 'n::nzh:tlc F!l.-: with low yield stress for
extrusion-based P‘J‘II1|:I.TI.S

© 2111 Amarcan Chamical Sooety

- ALCS Publications
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Two diverse approaches curmently coexist within fibrillary
biinks: the most widespread approach relies on simply
applying ECM-derived biomaterials as the core component of
the inks. Here, nanofiber puh'rmriuti.on g:n:nﬂy acours after
deposition and often leads to the formation of viscoslastic gels.
Common examples are collagen where a post-printing
temperature increase to physiclogical levels induces the
polymerization of soloble collagen into fibers, or fibrn,
where thrombin is applied to induce the polymerization of
fibrinagen to fbrin. " Similarly, for inks based on decellularized
ECM (dECM) derived from primary tissues, or from
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Flgare 1. Carboxymethylation of MFC in different sobvent compositions: comparison of DS,y and transmittance. (a) Reaction mechanism of
carbaxymethylation of MFC. Increasing the degree of reaction increases the transparency of substituted fibers. (b) FT-IR of MFC reacted in 0:1,
12, 1:1, 2:1, and 1:0 IPA:-EtOH. Normalized absorbance used to calculate the degree of substitution (rel). (c) Photograph of 1% w/v aquecus
dispersicas of fibers reacted in the respective [IPA-EtOH mixes at 2.5:1 NaOH:AGU/1:1 MCA:AGU. (d) T ittance of 1% w/v dispersions at
400 nm in % and DS, calculated based on IR data of 2.5:1 NaOH:AGU/1:1 MCA:AGU. Full transmission spectra across the UV—vis region can
be found in the Supporting Information. (e) Degree of sub i Jaulated by the ti of ibers. Error bars indicate the standard error of the
mean (SEM) for = = 3.

commemal Mamgel gel formation is induced by ECM fiber

in resp to physiological temperature.' """
The other key direction within nanofibrillar inks relies on
producing micro- or nanofibrils prier to ink formulation and

modified hyaluronic acid,'” mechanically fractured elecuospun

polymers such as polycaprolactone (PCL)," " and cellulose.
Cellulose n jals fbers are highly diverse,

and nomendlature is often inconsistent. They span from tiny
llulose nanocrystals (CNCs) with diameters of ~2 to 20 nm

subsequent printing. In these cases, the fibrils simul by
serve as xheolopcal modifiers, ensuring reliable extrusion or
multilayer stacking.” Various types of nano- and microfibrils
have been introduced, including fibrils derived from colhgen,"'

2565 s O 10

and lengths of 100—600 nm to microfibrillated cellulose
(MFC) where diameters span from the nano- to microrange,
but where lengths are generally much longer than 1 um.

P61 8
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Manofibrillated cellubose [NFC) usually refers to hbrils with
lengths similar to MEC (31 pm}, but where diameters are
consistently below | pym. Regardless of inconsistencies in
nomendature, CNC, NFC, and MFC have all been applied in
a range of 3D printing applications as they all can dasl:ht
shear-thinning behavior, biscompatibility, and low cost.

Early on, biomimetic 30 stractares such as a human ear had,
for instance, been printed by combining MFC with alginate,
followed by onic cms-[inkhs. Howewer, a key n:h:]]:ngc for
MFC-derived inks is the limited transparency caused h:r lisl:t
diffraction by the larger Bbers and aggregates. This is
particularly problematic for cell and tissue engineering
applications whersin optical microscopy is an essential tool.
One potential solation & to degrade the cellulose using, eg.,
chemical oxidation. For instance, the oxidization of fibrillary
cellulose using 2,2,6,6-tetramethylpyperidine. 1-axyl { TEMPO)
vields a transparent gel with shear-thinning rheological
:|:-|.'|:||A_:|=|:I:=sl'I EE Thig approach has been applied to yield
bioprinting inks that, 2., incorporate gelatin to provide cell-
adhesive matifs.'™"" Ha awever, TEMPO oxidation of MEC
generally yields fibers in the single micron range or Less, ™" far
shorter than single collagen fibers that range between 20 and
200 e This compromises the ability of such highly
degraded cellulose Abers for guiding tissue arganization.

As an alternative to such Pmc:d.nr\e-s. we here present a
robust protocol for generating optically transparent MFC inks
that retain lengths of tens to several hundred microns.
Sp-enﬁcall'gr Jwe tailored the well-known carboxymethylation
reaction’ o F:.rlullf functionalize and cwidime MFC.
Thereby, we generated transparent fibers with widths in the
range of a few hundreds of nanometers, just below the
wavelength of visible light. In taning the reaction, we found
that adjusting the polarity of mixed alcohol reaction salvent is
effective in controlling the degree of reaction. The partially
carboxymethylated nanofibrillated cellulose {cNFC) readily
disperses in aguecus buffers but displays less proncunced
shm-ﬂ'l.innhg properties than the nontreated MFC counter-
parts. However, we tound that excellent printability can be
reestablished by increasing the cNFC concentration shighthy.
The cNFC is further readily miscible with protein bicmaterials,
such as gelatin and collagen, which we leveraged to create cell-
adhesive compesite bioprinting inks. Interestingly, thess
composite inks can serve as programmable biomaterial
scaffolds for aligning skeletal muscle myotubes derived from
human or murine mycblasts. Notably, ting the native
alignment of skeletal myotubes, has been found beneficial for
generating in vitro tissue rl:n{izl: with physiomimetic myotuke
lengths and functions. 7 In our approach, myotube
extension follows the print direction of soft, planar
cMFC:gelatin substrates in accordance with the shear-induced
orientation of the embedded Gbers during extrusion. We
demanstrate the robustness of cur procedure by arganizing
muscle tisswes into a range of anksotropic, linear, and complex
architectures. The cNFC-based inks are thus promising as a
scalable material for generating Ph:fsinlug:ic:ﬂ'gr relevant models
of striated muscle

B RESULTS

As our base material, we applied a commercially available
aguecus MEC paste, which was generated from wood pulp
cellulose by mechanical shearing. Without further modifica-
tians, the MFC was readily printable from concentrations = 1%
wiv with a characteristic white appearance, indicative of fibers

2566 b

and aggregates scattering wisible light. To improve material
transparency, we chose carboxymethylation, which has
previously been applied to generate transparemt MFC. -
However, similarly to cellulose nanofibols generated wsing
TEMPO axidation, the reported transparent carbooymethy-
lated Bbers have dizmeters <20 nm and lengths ~1 pm,
Jlrnmnq; ﬂn:-:lr structural similarity to ECM protein nano-
fibers” " Ta gain transparency while retaining structoral
properties, we here aimed to generate fibrils with diameters
just belaw the wmlengtl: af wisible Ii!;hr.

To control the degree of carboxymethylation, we inves.
tigated the efect of adjusting solvent composition in detail In
addition to the amount of reactants, salvents hawve previously
been shown to influence the overall degree of reaction’ in
bulk cellulose treatments. In S\emal. the reaction cn:rrl]:u'i::rl
twa steps: (i)} dispersing a stack MFC aqueous pasts (10% w/
v} in polar organic sobrent for mercerization with sodium
hydroxide (MaOH) and (i) etherification with monochloro-
acetic acid (MCA) (see Figure la). For the majosity of cur
st'u.rl.i-u, the amounts of reactants relative to cellulose
anbydroglucose units (AGUs) were 25:1 NaDH:AGU and
1:1 MCA:AGU. To evaluate the degres of reaction, we applied
Fourier transformed-infrared spectroscopy (FT-IR) and
gquantified the relative degree of substitution (D5 4) by rd:lm.?
the :tr:h:l'u:n.s vibration of the G.rl:-m}']:t: Pe:k at 1595 ocm
tos the :tr:h:hms vibration vnd" the CT-H group at 2854 om _,
similardy to Miyamoto et al™

We initially screened common Pn]:.r alcohols :i.m:|ndi.11.s
methanol {MeOH), ethanol {EtOH), and isopropanal (IPA).
Only in the least polar alcohal—IPA—did we observe a
notable carboxylate peak, indicative of a successfol reaction
(Frgure 51). We therefore hypothesized that the degree of
reaction may be taned by adjusting the polarty of IPA:ECOH
mixtures. FT-IR. indicated that this was indeed the caze [Figure
k). We further observed that the optical transparency
qualitatively increased with decreasing solvent polarity (Figure
lc). Notably, the absorption was decreased across the visible
spectrum and into the TV range, with mindimal :h:m'pt.inn for
all m'md:ngﬂu =250 mm [Figu.rr: HI}.

This was confirmed guantitatively, as we found that both
D5,y and transparency increased gradually with decreasing
polarity of the selvent mix from 1:2 IPA:EtOH to pure IPA
(Figure Id). This trend was further confirmed when
determining the degree of substitution wia titration |Figure
le). Irltm:ti.ng}gr. when we r\epﬁ.terl the salvent composition
study with lower amouants of reactants 1.25:1 NaOH-AGU and
0.5:1 MCAAGU, the degree of control was somewhat
diminished. For this set of reactants, the DS, as well as the
transmittance was :rl.cslls;l.lﬂe for all solvent mixtures except
pure IPA [Figure 51). Also, for this condition, we abserved a
large variance in the degree of reaction. We speculate that this
could be due to a larger sensitivity to external factors that were
not controlled, such as the humidity. We thus conclude that
the degres of substitution can be fine-funed by changing the
polarity of IPA:EtOH mixed solvents for a reactant
concentration of at least 2.5:1 NaDH:AGU and 1:1
MCA:AGU. The rl:gu: of substitution further correlated
with transparency, :.'i:ll‘l.irlg ]'LiE]'IJ:f tramsparent fibers for
IPACEOH solvent mixtures containing at beast 66% /v [PA

The increasing transparency of the fibers indicates a decrease
in fiber size as well as a better dispersion of the fibers. To
evaluate fber size as a function of the IPA:ELOH solvent
compasition, we applied elsctron microscapy (see Figure 1)

WNW AESAITLOrY
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Pigare 2. Sixe and appearance of carboxymethylated fibers

IPAEOH 1 2

420

Avvs 2o waeTh (e

Pt
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d via SEM. (a) [lustration of the breakdown of fbers with increasing degree of

reaction. (b) SEM images of fibers reacted in 0:1, (c) 1:2, (d) 'l;l. (e) 2:1, and (f) 1:0 IPA-EtOH. Scale bar: 50 um. (g) Average fiber width in
nanometer and SEM for r = 100; calcalation based on different fields of view of the same sample.

Interestingly, SEM analysis showed that the average fiber
diameter gradually decreased from roughly 350 to 230 am
when increasing the IPA content. This decrease in diameter is
in excellent correlation with the observed increase in
transparency. Moreover, the SEM data showed that we
successfully achieved transparent fiber samples that maintained
physiclogically relevant sizes, as the fibers mamtained lengths
of tens of microns or more, across all conditions. Still, while
micrometer-long fibers dominated, smaller structures could
also be sdentified in TEM, espedially for the reactions in pure
IPA (Figure S4). Thus, for the majority of our subsequent
studies, we focused on the transparent nanofiber samples
obtained when performing the carboxymethylation in 2:1
IPA:EtOH. Given their dimensions, we will refer to the
modified cellulose fibers as carboxymethylated nanofibrillar
cellulose (¢cNFC) in the remainder of the cript.

2567

While all of the carboxymethylated cellulose fibers preserved
lengths of at least tens of micr s, the rheological
properties were affected notably with an increasing degree of
substitution (see Figure 3a—f). For samples with a low degree
of substitution, shear-thinning gels with a defined yicld stress
were maintained for 1% w/v samples. However, for transparent
samples with a higher degree of reaction, these beneficial
properties for 3D printing were largely lost (Figure 3g).
However, the rheological properties required for 3D printing
can be recovered by adjusting fiber concentration. {Figure 4a—
c). Specifically, by increasing the concentration up to 3% w/v,
the transparent fibers obtained by carboxymethylation in 2:1
IPA:EtOH, shearthinning gels were reestablished As ex-
pected, these rheological improvements are immediately
reflected in excellent 3D printing properties (Figure 4d—f).
Moreover, the storage modulus of the shearthinning gels

NAacar

Mg AR 10 212
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dulus G and loss
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eNFC 1:1, 2% cNFC 2:1, and 2% <NFC 1:0. Scale bars = 1 cm.

could be tuned in the printable window from ~30 Pa to ~25
kPa by increasing the cNFC ion, thus sp g a
large part of the physiclogically relevant nnse for soft tissues
(Fegure 4g). lmpomnﬂy, mmumg the fiber concentration
only leads to minor d in 7 y and the
transmittance did not fall below 9596 in 2 3% w/v fiber solution
(Figure 4h). Therefore, it is possible to recover printability and
shape fdelity of the fiber dispersion by increasing its
concentration, without losing transparency.

The excellent shape fidelity at higher cNFC concentrations

Although alginate is a widely applied biomaterial,
cNFC:algi is largely frrel as ECM 5 bioink
since it lacks the native protein landscape and cell-adhesive
motifs. As 2 simple solution, we found that the cNFC was
readily miscible with both gelatin and collagen-based gels at a
wide range of ratios and concentrations. Notably, this i not
the case for unmodified MFC, where phase separation occurs.
For f lating cNFC:gelatin inks, we aimed to decouple ink
gelation and rheology during printing from the stiffness of the
fmal printed construct (Figures 6 and §6). This would be

4

allowed us to develop cross.linkable inks for pl
structures. As an le, we & lated ite inks
composed of cNFC and algmahe Notably, MFC: Algnate inks
have been studied extensively for blopmmng, yet for unreacted
fibers, these posites have very limited y.- To
te an optically transp alternative, e lateda
:N'FC algmatz ink with similar rheology to MFC:alginate. This
required using a slightly higher concentration of ¢NFC than
that of MFC (Figure ﬁn—c) The shape fidelity and

P to pure gelatin or gelatin:
meducryhte mks where these propertics are highly correlated

and thermal | during pri is ial. For our
composite inks, we thus focused on low Bloom gelatin at low
concentrations that do not gel at RT (Figure 6a). On the other
hand, since ¢cNFC behaves like physical gels with concen-
tration-defined yield stress for concentrations 23% w/v, the
rheology of cNFC:gelatin inks at RT can be completely
dominated by the fiber mutenl at RT (Figures 6b,c and S6).

transparency of an P were intact Yet, while the cNFC bility, the gelatin
throughout printing and” crosli for eNFCualginat largely defi ﬂw stiffness of the final material after
(Figure 5d). cross-linking y icrobial gl (mTG)

2568 Mg O 10 921Gl 2161 24
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eNFC 2:1 in milsQ water.

(Figures 6d,e and S6). It is thus straightforward to 1

intable cNFC:gelati ite inks with independent
contml of the flow and final m.umal mechanics (l‘ngurc 56).
We found that Young's modulus of cNF(" elati hed well
with that of the native muscle tissue™ when combining ~3%
w/v ¢NFC and ~5% w/v gelatin (Figure 6¢).

Given their structural similarity to native collagen, we
hypothesized that the ¢NFC fibers may serve as cell guiding
structures within ¢NFC:gelatin composites. Funher, mspu'ed
by previous studies that have used the extr

t in the of my with increasing
ﬁber concentration and highly parallel alignment for <NFC
concentrations 4% w/v (Figure 57) and at $% w/v gelatin
with §% w/v r.NFC {Figures 7a—d and S8). Notably, the
macr h from £l ts was negligible
(Figure 59), and cellular orientation was thus in all likelihood
caused by the shear-induced orientation of fibers {Figure §10).
This print-guided orientation was highly controllable, as we
could :as:ly geneme complex circular and checkerboard

orientation of cellulose fibrls during 3D printing as a lusu

o igure 7ed).
Beyond C2C 12 oells, the substntes were also well suited for

for posites with p ble swelling or diffr.
mmnedmexplorcxchFCsmuldnﬂﬁ::todeﬁmdn
orientation of cells and tissues. To test this hypothesis, we
printed a range of planar cNFC:gelatin tissue culture substrates
and studied whether murine C2C12 myoblasts developed into
myotubes that followed the prnt di At a

gelatin concentration of 4% w/v, we observed a gradual

2569 g AR 10,982

derived from primary

myobhm (Figure 8). These subslnt:s enabled the extended
myotube culture and maturation, as we observed no indication
of cy icity or myotube delamination during 17 days of
of the hi ples (Figure S11). Moreover, we

observed an improvement in myotube thickness during
extended culture and physiological responses to insulin

1acami 2161 4
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water at I Hz. (d} Side-by-side

inks (scale bars = 1 cm).

hb [N Aal
3% MFC + 3% alginate composite ink (c) 5% cNFC 1..1 + % ahme composite ink. The oscillation
of O ’

G' and loss modulus G for (a) 3% algmate. (b)
were recorded at 25 °C in milliQ

d with 3% MFC + 3% alginate and $% cNFC 2:1 + 3% alginate composite

stimulation, indicative of nativelike metabolic functionality
(Figare S11). Beyond programmable soft l'u:ue culture

by NaOH is therefore the highest in pure IPA, followed by 2:1
IPA:EtOH, which is reflected in the final DS Pu!lowmg the
cti we observed a d in | y with

substrates, cNFC:gelatin could also be f lated into bioin)

wﬁ haddad ¥ | N S ﬁ’r » - s

Here, our preli """tlutalushﬂnr fibrils
content could limit ceﬂ and division. We theref:

applied a lower <NFC ooment of 2% w/v .'uul 4% wiv gdum

in the mks. During culture, these b

developed into polynucleated myotub (Flgurc Sll).

B DISCUSSION

Cellulose nanofibers are appealing for extrusion-based 3D
pnnung and biomedical appbcanons due to their accessibility,
patibility, and shearthinning properties. However, such

ﬁben may have radically different properties and size,
pendent on their p ion. Thus far, micron scale opaque

g DS. However, SEM images indicated tiut long
ined for all ion conditions, which seems to

clude fiber breakd as the for the d in
mechanical properties. Instead, we propose that the accumu-
lation of surface charge and recrystallization of the cellulose are
likely explanations. Indeed, organic solvents can induce
decrystallization and changes in the polymorphism of cellulose,
which can notably decrease cellulose stiffness.'"" Stll, we
were able to restore the shearthinning properties and shape
fidelity by i ing the ion of fibers in solution
without a significant loss in transparency.

As cNFC fibers were readily dlspusnble and mudble with
common hydrogel bi ials, such as alginate, and

latin, we were able to formulate a range of oomponle

MEFC or m'l?'l nmocqsnllmc fibers have received iderabl

bioink Importantly, while ¢<NFC provided excellent print-

attention, s t!usccanbe ted with relati
m‘“"\Ve hypothesized that i diate sizes that mimic
the size of native collagen fibers may have unique properties
for tissue engineering applications. To generate such fibers, we
established a procedure for tuning the carboxymethylation of

ability to such inks, the mechanical properties of, eg.,
cNFC:gelatin was d. ‘--'byo in after cross-linking. It
uthusl, ible to d le and independently | the

mechanics during and after printing in these oompo.sne inks.

MEFC to yield P t, tens to hundreds of micr Most Impoﬂantly we fu.rthcr found that cNFC provided
long c.NFC: In the process. we observed that the | pic and cell i P to these
carboxymethyl ction can be lled by bi ial Whendlﬁennn.mnghutmnormouu
djusting the composition of IPA:EtOH solvent mixes. This is myoblast into myotubes on planar 3D-printed <NFC:gelatin
lhl'y cansed by the low solubility of NaOH in IPA: when substrates, we cbhserved a unidirectional aligr of b

NaOH is added to the dispersed fibers, the driving force to
accumulate on the surfaoe of the hydrated fibers is higher with
increasing IPA content.”” The activation of the alcohol groups

2570

along the toolpath applied in the pnxmng. Notably, th: degree
of:ontml was 50 Ingh that we could easily organize myotubes
into F Previously, similar shear-
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Figare 6. Rbbu| and stiffness of cNFCegelatin convposite inks before and after crass-linking, The cscillation sweeps were recorded a1 25 °Coin

Dudbecco’s

E:,f: s medram (DMEM) at 1 Hz. Rheology of (a) 3% gelatin + 3% cNFC, (b) 0% gelatin + 5% <NFC, and (c} 5% gelatin +
0% cNFC compasite (d} llbustration of the printing of cell-instrsctive coatings

: substrates are sobsaquently cross-linked with mTG at 4 °C

avernight. () Young's modules E in kPa of cross-linked substrates printed with 3% gelatin + 5% cNFC, 5% gelatin + 0% cNFC, and 0% gelatin +
5% cNFC composite inks. E caloolated from G at a 1% oscillation strain and SEM for e = 1

induced alignment of cellulose fibrils has been applied as the
basis nf}DTmmd cnmp-us:t:s with P e swdlms or
optical properties; '51% hawever, to the best of our knowledge,
this effect has not been demonstrated as a method for
organizing engineered tissees. We speculate that the significant
length of our transparent cNFC may be critically important in
this regard. Notably, the fiber length sigrificantly exceeds that
of a single myoblast, meaning that each fiber may serve as a
physical cue for several myablasts prior to their fusion into
myotubes.

Soft and structured hydrogel substrates have previously been
shown beneficial for self arganization, long-term :ul.l'n.rm? and
maturation of engineered striated muscle tissues. S
Similarly, synthetic nanciiber scaffolds produced, eg, by
force-spinning or electraspinning are efficient for generating
anisotropic engineered muscle tissues."" ™" More recently,
printed composites composed of cellulose fibrils and
hyaluronic acid m:r]n:ryht: have also been explored from
organizing fibroblasts. ! Similarly, previous anisctropic saft
substrates for muscle-printed cNFC:gelatin enable the
maturation of human mpotubes for at least several weeks.
The myotubes displayed a steady increase in size and basic
metabolic fanction, indicating that <NFC:gelatin composites
were not cytotoxic. This is in good agreement with earlier
reparts nudpng where CMF and CHCs were found not to be
r:f‘tutn.nr_ Fnrﬂn'_"r we specuelate that the extensive length of
the present cNFCs will lower the risks of cellular npuhe or
Iysosomal damage. Indeed, such risks have been reported to

occur mainly for tiny CWCs with lengths in the order of
hundreds of nanometers." It is worth stressing that we have
not considered or studied the nse of CNFC for in vivo wses
where, e.g, foreign body reaction could be a concern.
However, we believe that the 3D printing of cNFC:gelatin
carries unique practical sdvantages for in vitro tissue modeling,
as the procedure can readily be customized and adapted to a
range of culturing formats, not least multiwell plates.
Mareover, since it does not rely on high-resolution nozzles
and is inherently a single-step procedure conducted at BT, it is
highly scalable. Given the thixotropic and tissue-guiding
properties of the ¢NFC, an additional and potentially larger
impact may lie within their a.PPI.in:ali.mjnﬂu in hn}mnlms af
cell-laden inks. Within this paper, we showcased this
application in the proof of principle printing of 30 muscle
strips, where we again combined cNFC with EfJiti.Tl. to achisve
cross-linkable bisinks. In these studies, we ohserved that cell
spreading and division appeared to be diminished when
applying high cNFC concentrations. We propase that this was
mainly cansed by the lack of celladhesive maotifs on the
cMFECs. It is, howewer, warth noting that for J'ug]'l. fiber
concentrations the risk of damaging embedded cells is akso
increased, as the high viscosity w‘l]] produce a higher shear
stress on the cells upon extrusion. ' " We therefore applied anly
2% wi'v in these inks. Given the low fiber concentration, the
myectube elongation and alignment were in this case largely a
Pmdul:t of fAlament geometry. Thersfore, for bm:d:nins our
approach and tailoring cNFC-based bioinks more closzly to a
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Flguare 7. Self-abgnment of C2C12 on <NFC:gelatin substrates. (a) Illustration of the seeding of C2C12 muscle cells onto crosslinked, printed
substrates. (b) Palynudeated myotubes of seeded cells differentiated on a printed substrate. White: actin; blue: nucleus. Sale bar: 50 pm. (<)
False-color mapping of myotube (actin) ion with Orientation]. Scale bar: 300 um. (d) Algnment score {(0—1) of the C2C12 myotube
alignment on 5% LBG compared to that on 5% LBG + 3% cNFC. SEM foc n = 3. (¢) lllustration of the printing of alternating blocks of horizontal
and vertical Enes in a checkerboard like fashion and false-colored 15 mm X 15 mm checkerboard with the alternating orientation of seeded cells.
Scale bar: § mm. (f) Hlustration of the printing of concentric cirdes with r = 3.5 mm and false colored print with circular oriented cells. Scale bar: 5
mm.

given tissue, an important future direction will be the B CONCLUSIONS

functionali of carboxylic groups of eNFC with tissue In this study, we detailed 2 robust procedure for generating
transparent, dispersible, and cell-instructive cellulose nano-
specific and cell-adhesive proteins and peptides. This may fibrils and 3D printing bioinks. A key foundation for the
ultimately enable more specific mks and cross-linkable inks procedure is the observation that the dcgree of carboxyme-
thylation can be accurately controlled by adjusting the polanity
based solely on eNFCs. of ethanol—isopropancl reaction solvents. In doing so, we
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Figare 8. Sl alignment of human skeletal myocytes [ HSkMs) on printed cMEC:gelatin substrates. {a) Aligrment of HSkM according to the print
direction. Substrates were printed with a steel nozale (1D 250 um) in a circular motion with 4% gelatin (left) and 4% LB gelatin + 4% cNEC
(right]). White: actin stain. Scale bar: 1.5 mm. {b) Alignment score {0—1] of buman myotubes aligned on 4% LB gelatin and 4% LB gelatin + 4%

cNFC. SEM for m = 3.

s\enzn.terl transparent cellulose fibers with excellent 3D
printing properties that mimic the sime and shape of native
ECM protein fibers. When applying these cellulose nanafibers
in composite bioinks, we were able to predict and contral the
tissue-level organization of human and murine skeletal
myctubes by extrusion direction and pattern. The aligned
and extended myotubes could be matured for several weeks,
making our approach appealing as a scalable methad for
generating physiologically relevant models of human muscles.
The functicnal groups introduced through the carbooymethy-

lation further prowide means of tailoring nanofiber biochem-
istry, which significantly broadens their foture relevance for

tissue enginesring :.th:atinns.

B MATERIALS AND METHODS

Carboxymethylation. MFC was obtained from Morwegian
spruce by Borregaard in Sarpshorg (MNO) and delivered as a 10%
aqueons paste. Isopropanod (IPA), methanol, and absolate ethanal
=09 9% were purchased from VWE and ahways freshly opened before
each experiment as the wsage af ald [PA and EtOH will reduce the
reactivity of the reactants. MaOH {55881) and monochloroacetic acid
(MCA, 403921) were parchased at Sigma Aldrich as solids. First,
MFC was dismtegrabed wsing an Ultra-Tumrax homogenizer with an
515N-18G-5T dispersing element. The dispersion was conducted in
pure sohent and the fallowing solvent combinations IPA-EHOH: 0:1,
12, 1:1, 2:1, and L. The day before the experiment, 2 5% wiv
MaOH (2% wy'v in pure [PA) salution was prepared in the respective
solvent. The day atter, 10 g of MFC palp {1 g dry content] was
hemogenized for 10 min at 10,000 rpm. The homogenized MEC was
heated up to 35 "C while stiming. Twehee millliters of 2 5% wiv
MalOH solution (600 mg) was added to the dispersed fibers and left
stirring at 33 "C for 30 min. Afterward, the temperature was increased
ta 45 *C. Once the temperature was reached, 4 mL of a 142.2 mg/mL
(570 mg total} MCA salution in the respective solvent was added and
left stirring at 43 *C for 3 b. The suhstibotion reaction was repeated in
the same solvents with half the amount of reactants {300 mg MaOH
and 285 myg MCA).

Around 10 ml of & 10% v/v acetic acid sodution was added to the
fibers for neutralization, and the fibers were filtered. The iltered fibers
were washed 3% with methanol, followed by dialysis against deionized
water for 3 days in a 12-14 kDa cwtoff dialysis tube with two daily
water changes. The dialyzed fibers ware freere.dried and stored at
room temperature untl harther use.

IR IR spectra were recorded an a PerkinElmer Spectnum 100 FT.
IR spectrometer. The spectra were recorded with a resolation of 1
froan 4000 to $00 cm ™", All spectra were recorded in absorbance units
and normalized at 1050 cm™'. The relative degres of substitution
(D8,,) was calculated by relating the intensity of the normalized
absorbance (MA) of the stretching vibration of the carboxyl group
(C=0) at 1595 cm™' to the stretching vibration of the glocose
backhone (C—H) at 2894 cm™'

Nﬁﬁ#}"n !
(k] = -
- MAgggy o {1)

The constant C indicates the relation between these two stretching
vibrations of the carboxy growp and glacose backbone in nonexidized
cellulose.

Titration. Betwesn 20 and 30 mg of cNFCs were weighed in and
transferred to a clean 100 mL Edenmeyer flask. Calciam acetate
(10239177, Therma Fi.ll'l.n!f} soluton [1‘1!- wiv] was added to the
hbers [I.EI mL), and the solid material was allowed to imbibe for 30
min. Twa drops of phenolphthalein indicator (AD424229, Therma
Fisher} were added to the flask (prepared as 1.0% w/'v in ethanol]. A
buret was hlled with the standardred MaOH solution {00121 ar
0.00121 M). The <MFC solution was titrated uetd the faint, pink
endpoint was reached (persisting for at least 30 s). Three separate
weighed samples of each cNFC sample were analyzed. The percentage
of the carboxyl content was calculated using the following equation

N-V-MWE
carboxy] growps [%] = L
rE[mg]- 100 {2)

where N is the narmality of the NaOH solution, 1 is the valume of
NaOH comsumed to reach the endpoint {carrected for the blank),
and MWgpay is 59, comesponding to the introduced group
—CH,COOH.

Transmittamce, The absorbamce of MFC and cWFC was
measured zing 2 Thermo Scenthe NanoDirop 2000 at a path
of | mm. In general, the samples were homogenized at 1% w,'v for 10
min using an Ultra-Turrax homogenizer at 10,000 pm far 10 min.
The absorhance was measured immediately after bomogeniation

Rheology. The rheology of each ink was analyzed wsing a
Discovery Hybrid Rheometer {TA instruments, DE} eguipped with a
Peltier plate thermal comtroller and a plate geometry with a diameter
of 40 mm and a foxed gap af 1 mm. All samples were freshly prepared
right before the measarement. The fiber dispersion was prepared right
betare the measurement and homogenized as described befare. As a
standard, amplitude sweeps were recorded at 25 °C in milli€) water at

Rrrg st dela ' 0 M T e R A1
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1 Hz at an oscllation strain of 0U01—10,000%. For the caloalation of
Young's modulus, Imrrlr pr:l:um:r solutions with desired
canditions (gelatin content] were casted in between two
poly(methyl methacrylate) {PMMA] slides with a | mm spacer. Prior
ta gelation, the skides were coated with poly{vingl alcobol) to avoid
the hydregel from sticking ta the PMMA surfaces. The hydrogels are
incubated at 4 *C far 30 min to achieve prepalymerization of gelatin,
Thien, the PMMA slides were removed and the gels were replaced in
the microplate with 10 UfmL mTiE solution for | day at 4 °C ta
achieve the enzymatic crass-l The stal modubs af the

was determined by perbm:n?:;uumW THI experiments ﬁ
parallel plate geometry, as described above. Young's module E i
calculated as follows E = 267 {1 + »), assuming v = 0.5,

SEM. Freeze-dried fibers wers deposited an a carhon sticker. The
samples were sputtered with a 24 nm geld layer. Images were
recorded a Quanta 200 FEG Cryo ESEM at an acceleration
valtage of 3 KV, an aperture of 40 g, a spot size af 3.5 gm, and a
warking distance of & mm. Different fields of view of the same sample
were analyzed at different Tﬁbﬂ ions and used for fiber ml.l.an

TEM. Five microliters of Aiber solution was drap-cast onto Ereshly
flow-discharged carban-stahilized formvar-coated 200 mesh nickel
TEM grids (EMS Diasurn}. The fibers were allowed to adsord for 5
min before the excess sohution was wicked away using filter paper. The
fibers were jml.s;er] msing a Tecnai T20 G2 TEM at 200 kV, and
imiages were acquired using a TVIPS XF416 CCD camera.

Printing of 30 Figurine. A 3D computer-zided design {CAD) of
an octopas was created using Fasion360 and printed on 2 RegenkU
3D Diiscovery bioprimter. A cross-linkable compaosite ink based on
nonreacted MEC was prepared using 3% w/w MFC and 1% wiv
alginate [dynamic viscosity: S0—120 cF, 194—13325, FUJIFILM
Waka) in milliQ) water. The MFC:alginate compasite ink was printed
with & preamatic syrings and a steel nozzle (10 250 pm, Cellink Swe)
at a pressure of ~ 130 kPa. A transparent, cross-linkable composite ink
was prepared using 5% wiv cNFC and 1% wiv =|s'i.r|.nt m milli)
water and printed with 2 pneumatic syringe and stesl nozzle (1D 230
ym, Cellink Swe) at ~560 kPa.

Culturing of C2C12 Murine Myoblasts. C2C12 cell culture was
performed under sterile comditions and incubated at 37 °C, 100%
humidity, 5% COy. C2C12 marine myohlasts were cultured in growth
medium contiining DMEM (D3796, Sigma-Aldrich), 10% fesal
bowine serum (51810, Sigma-Aldrich), and 1% P/S [POT1S, Sigma-
Aldrich}. Cells were passaged and harvested at an 80% confhiency. All
cells were kept within 10 passages from stock. Dafferentiation was
eriﬁa.tbd b]' changing the growth mediom to defferentistion medmum

DMEM and 2% horse seram (HL270, Sigma-Aldrich).

{'.ultu ng of Hurman Primary Skeletal Muscle Cells. Fluman
single-donar skeletal masde cells (SK111, Cook Myocite) were
maintained and passaged in myotonic basal media (MB-2212, Coak
Myocite} supplemented with 10% myotonic supplement [ MS5-
3333, Cook Myodte) and 1% P/5 antibiotic in o humidifed
atmnosphere cantaining 5% €0y and 95% air at 37 "C.

Printing of Cell-Instructive Surface and Cell Seeding. The
following procedure was performed under sterile conditions: sterile
solvents with 1% penicillin/streptomydn (P/S, POTIE, Sigma-
Aldrich} were used, and cm.ls-l.inldmg solubions were sterile-filtered
with a 045 pm poresized flter. All syringes and needles were
additionally sterilized with L"'-’I:ﬁl‘lLAmlp’nsltz ink conssting of 3%
wiv low bloam gelatin (164 G bloom, 48723, Sigma-Aldrich) and 3%
w/v cMFC was prepared as follows: dried fhers were suspended in
DMEM at 10,000 rpm far 10 min. Low bloom gelatin was added ta
the fiber suspersion and beated to 45 "C for approx 45 min. The
solotion was stirred fram time to time with a spatala and shortly
centrifuged to exclede air bobbles. The composite ink was printed
with a steel nozzle (1D 200 pm, Cellink Swe] at a pressare of 580 kPa
and a feed rate of 12 mm/'s. Subsequently, the print was cross-linked
with a § UfmL microbial inase {mTG, ACTIVA TI
h'uus;lntm. 100 Ll.-'p 1002, Modernist :F:nl'qj salution
avernight at 4 °C. Before cell seeding, the prints were washed 3x
for 10 min with PBS (D337, Sigma-aldrich). The alignment
experiment in Figure 7 was performed with murine C2C12 myocytes

2514
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at a density of 20,000 cells per well of 2 12-well plate. Diferentiation
was imitizted after day 1 by changing the medium from
medium to differentistion medium. The experiment en on
differentiation day 7 by fxing the cells. The alignment experiment
in Figure 8 was performed with buman skeletal muscle cells at a
density of 200,000 cells per well in 12.well plates directly on the
printed suhstrates and kept in MEAM (410904025, Gibeo) with 10%
myatanic growth sapplement for 2 days before differentiation was
indtiated by smmi‘m 1% horse serom as supplement
(26050088, Giboo). The samples in Figure & were fiooed after 8 days of
differentiation. The samples in Figure 511 were fized after 10 and 17
days of differentiation.

Immunablotting. Immanchlotting of 56 Serd35/136 and Akt
5erd73 phosphorylation was performed by starving the myotubes
from seram and for 3 h and then keeping them basal or
stimulated with 1 or 100 nm insulin for 15 min prior to harvest.
Samples were hzed in lysis buffer 50 mM tris base, 130 mM MaCl, 1
mM EDTA, | mM EGTA, 30 mM sodium Hucrde, 5 mM
pyrophosphate, 2 mM sodium orthevanadate, 1 mM dithiathreital,
1 mM benzamidine, 0.5% protease inhibitor cocktail (PE340, Sigma-
Aldrich}, 20% NP-40, pH 7.4. Western blat procedare was conducted
as previously described” The following antibodies from Cell
Sigraling Technalogy were ussd: phospho (p)-Akt Serd73 (#5271),
56 Serl3S/236 (BE1L).

Bioprinting. A sacrificial ink was prepared consisting of &%

| {Dymamic viscosity: 300—400 cp, 192.09995, FUIFILM
Waka], and 10 U/mL af mTG was prepared under sterile conditions.
The sacifical ink was printed at 2 feed mte of 15 mm/s with a
poenmatic printhead at ~130 kPa with a plastic nozale (1D 250 jom).
A bioink consisting of 3% w/v <NFC and 6% w/v low bloom gelatin
was prepared under sterile conditions. C2C11 skeleta]l musde cells
were harvested and mixed 1:4 with the bioink. The final
cancentrations were 2% of cMFC, 4% of low bloam gelatin, and 10
mio/mL of C2C12. The print was performed at a feed rate of 15 mm/
5 with a pneumatic printhead at approx. 23 kPa with a steel nozele (1D
250 pm). Sacrificial and bioink were printed in parallel into 2 12-well
plate. The print was incubated at 4 °C for 5—10 min to allow the
gelation of gelatin, Afterward, a cold 10 U/mL mTG sclation was
added to each well and the print was incubated at 37 *C for | b The
mTG sobstion was discarded, and growth medicm was added to the
wells Differentiation was initisted on day 1. The samples were fixed
on differentiation day 7.

Cell Staining, Fiber Staining, and Imaging. Printed constructs
were washed 3 with PBS. Afterward, cells were permeabilized and
fized with 0.1% w'v Triton X and 4% v'v parafcrmaldebyde and
incubated for 20 min at RT. The prnts were washed 3% with PRS
while shaking. A 1:1000 dilution of 4'6-dizmidino.2-phenflindale
and d.lh'pdrnrilunrle [DAPL 62247, Thermo Sdentific] and a 1:200
dilntion of Alexa Fluar Plus 555 Phallaidin (A30106, Thermo Fisher)
for Feactin staining in PBS were added and incabated overnight at 4
" The prints were washed 3% with PBS and kept in PBS at 4 °C
until further use. MFC was stained with caleofluor white (18909,
VWR] by immersing the printed, dried substrate in 5 mL of 2 0.01%
solution calcafluor white with 5 drops of 10% KOH for 2 h. The
substrate was rinssd amd imaged with Prolong Gold Actdfade
(PLOL44, Malecalar Probes). & 5% wi'w ¢MFC ink was prepared by
directly mixing 100 gL of 0.01% calcofluor solution per 1 mL ink. The
sample was printed and directly mounted with ProLomg Gold
Aritdfade. Images of Sucrescent stains were racorded with 2 Niken
Eclipse Ti2 microscope and WIS Elements software and 2 Fedss
Ohserver 21 microscope with a mounted Zeiss AxioCam.

Mrnhbe Orientation Quantification. The Image] plugn
Orientation] ' was nsed to determine the crientation of the myotubes
on printed substrates. For this, F-actin stain was recorded after 7 days
af differertiation. The bue and sataration of the falss-colored mmages
correspend to the orientation angle and coherency, respectively. The
distribution of omientation was plotted against the principal
orientation angle. The alignment score correspands to the todal
fraction of distribution within +15" of the principal arientation angle
to the total count of orented pizels. The alignment score was
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calculated far & = 3 fields of view of 175 mm x 155 mm of three
different samples.

B ASSOCIATED COMTENT
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It contains additional u]::r.im-errtaJ data i.'n.d'l.lrl.i.ng IR
screening of carboxymethplation i different solvents;
transmittance and absorbance spectra of cNFC reacted
in IPA:EtOH mixtures; transmittance and DS, of
carboxymethylation reaction with lower reactant con-
tent; TEM images; rheological stadies; fiber-dependent
alignment scare analysis; brightfield image of the fiber
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on gel; human skeletal muosde cell myotube width
analysis and immunablotting; and bioprints as examples
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B ABBREVIATIONS

D, three-dimensional

AGUs, anhydroglucose units

CWNCs, cellulose

cMFC, carboxymethylated nanofibrillated cellulose
ECM, extracellular matrix

EtOH, ethanol

dECM, decellularized ECM

IPA, isopropancl

MCA, monochloroacetic acid

Me0OH, methanol

MFC, microfibrillated cellulose

mTG, microbial transghetaminase

MEC, nanofibrillated cellulose

PCL, pelycapralactone

PMMA, poly{methyl methacrpate)

TEMPO, 2,2,6,6-tztramethylpyperidine. 1-axyl
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Keywards: Ciromaco=al patches for drag delivery allow fast onset of action and ahility to0 droamvent hepatic frst pass
Bl didiveery metabalism of drugs. While tional fabelcarion methods sech as solvent casting or hot mels exirasion are
Drromucasal paich iideal fior scakable production of low-cost delivery pabches, these methods chiefiy allow for simple, homogenous
:"WL:I'I‘_:""'“U patch designs. As aliemative, o mult-material direcr-ink-write 30 printing for eapid fabricatios of complex
Sinyisaeelr oromuccsal paiches with unique design festures was demaonsirated in the present study, Spedfically, three pring-
Microenviramesis] g materials an acdie squisavir-loaded hydeoxypropyl hyleellulose ink, an alkal emt sodium
carbonate-lopded ink, and a methyl cellalose backing material were tombimed in various designs, The C0y
comtent amd pH of the microenvironment were comtrolled by adjusting the number of alkaline layers in the patch,
Additionally, the rigid and beiole pasches were convered o compliant and streschable panches by implemeting
mesh-like dexigns, Cur resulis illustrate how 30 printing can be used for rapid design and fabrication of
mualifunctional or customized oramucosal paiches with ralkosed d and chasgged deug perm
1. Introduction A smart and delicate fabrication method meeds the ability o mne the

Drrug delivery using aromuscosal patches has several advantages. In
bypasses the hepatic first pass metabolism, provides fast onset of action,
Al hum patient ml‘wum [Chinna Reddy eral,, 2001; Lam & a
201 4; Madhay et al., 2009; Sudhakar et al., 2006). It is espedially rele.
varit for potent drugs where the metabolism sssociated with conven-
ticnal oral administration can be a major challenge. Drug release
kinetics from &n oremucosal pacch and suhsequent transport across the
bupm] murcosa is dependent an the physico-chemical properties of the
drugle) in question, & well &5 the carrier marerials applied in the parch,
Far inssamee, 407 of approved drags and nearly 90% of drugs in
development are poorly water soluble (Kalepa and Nekkant, 2015;
Lislesgem mnd Brewster, 20100, some of them ane weaklly ioaizable with
pH=dependent soluhility (Bassi and Eaar, 2000; Taniguchd et al., 20147,
In such cases, the carrier materials applied in an oromucosal panch
present an appormumity to locally and transiently control drog solubility
and improve drag abeorption (Bergerrden et al., 2004; Sieger et al,, 2017,
laniguchi et al., 2014). In addition, the patch should be of mindmal
discomfort te the recipient and comain an appropriate of even tailored
dasage.

* Commeponding sathors.
E-mail addresses: [olifPdoudk (UL Lind), hulling s s oo d {H, Mul
1 Contributed equally.

hips: s Adal.org 100100 670 pharm. 121236

fumdamental properises of oromucosal paiches. At present, soheent
casting (SC) and hat melt extrusion (HME) are the standand metheds for
fabrication of oramucosal pabches (Krampe et al., 2006 Vetchy =t al,
2014), Of these, 5C ie the widely used ane in industey due to s relative
simplicity and kow cost. In 5C, the components of the formulation are
disgodved in 6 suitabde solvent, that B et onte o horizoatal plaes
release liner and dried to obi@in layered patches (Morls and MoCon
yille, 2001; Pechowd en al, 2078) In HME, patch formubstions are mived
and beated, extruded, and cut into the desired size (Dixt and Puothli,
200), While these methods provide meana of large-scale fabrication of
unifoem patches, they affer lEmited oppostunities (o integrate multiple
funsctional materials in complex designs for optimized or patens-tadlorsd
dasing and release, On the other hand, emerging additive manufacharing
technalogies -widely referred to as 30 printing- are highly appealing for
penerating pharmsceutical delivery systems with personalized dossges,
drug comhinations, mechamics, and release characteristics (Alomari
, 2015; Buane et al,, 2015; Daly et al
MZTbR

Several printing techmiques have been explored for design amd
fabricakion of ol patches (Krampe et al, 2006; Preis et al., 3015; Tian

. 2015; Secane-Viane et al,,
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5 Meaotal
et al., 2019), including inkjet and Mexographic printing (G
2013, 201 Janden et al., 2013 Radjada et al, 200 3; Wickstriim et al.,

2015), fused deposition modedling (FDM) CEled
direct ink writing (DIW) (Cho et al., 2020; Ehtemazi et al., 2018; Elba
dawi et al, 2021; Pleftheriadis =t al., Musazzi et al., 2018; Rah
mean and Quodbedy, 3021; Secans al., 2021% Speer et al,
2014] - also known as robomsting or pressuresassisted micro-syringes 30
primting. DIW relies on volumetric o preunsatic extrusion of visoous ar
viscoelastic inks composed e.g. of particles or polymers in a crrier
solvent, thar selidifies or dries follewing extrusion, DIW is panticalarly
interesting far printing of complex aromuscosal patches, as it allows far
combining several materials and selvents in a single procedure (Lind
et al, 2017 Maoreover, materials and casting solutions used in tradi-
tional SC can generally be applied in DIW either directly or fallowing
minar modifications. DI thus opens for new concept and designs based
on well-studied amd regulstory approwed materiaks, For instance,
Tagami  al. printed mono-maerial mucosdbesive parches baged on
hydroxypropy] methylcellulose (HPMC) inks boaded with catechin in
varfous mecroscopic geometries (Togami oo al, 20190, More recently,
Elbadawi et af. combinesd HFMC and pullulan loaded with caffeine, in
meaeraseopic-side by aide or byered designs and studied the influence on
patch medhanics (Elbadawd et al., 20210

The present study demonstrates the use of DIW 3D printing for
creating truly complex and mult-functional patches through sub-
millimeter integration of three inks based an well-estatdished carrier
materials such as HFMC and methyl cellulose (MC). More specifically,
the patches were designed for buecal delivery of amiretroviral dnag
saguinavir, a poarly watersoluble compound with low oral bicavail-
ability, due to extensive hepatic first pass metabolism (Branham et al,
3012 Caon ot al, 2015; Kim et al, 1998; Keplerschmidr e al,, 1998),
[rrug dose of the oromucosal patches was mpidly altered by changing
the digital design of the patches during fabricarion, Farther, a slightly
arcidic saquinavir ink optimized for high drug solubility{Buchanan =t al,
2008; Ohonga et al, 20013 Takane et al., 2006) amd &n ink Containing
alkaline effervescent carbonate were printed side-by-side, to alter the
microesvironment pH (pHy) and saquinavir transport seross a bueeal
barrier in an ex vive assay. Moreover, highly stretchable patches were
created by impleminting simple mesh-like designs thar provides a bemmer
patient camfort, especially for long-term dosing applications, when it is
applied in mechanically sctive spets in the ol cavity,

adlia ot al., 20200 8m

%, Materials and methods
21, Chamivals

Saguinawir mesylate (S08) was obtained from Hoffmann-La Roche
Led (Basel, Switzerland), Malic &cid, glyeeral (=39%), agarose (type I),
Nile red, Sulforbodamine B acid chloride and bovine seram albumin
were parchased from Sigma-Aldrich (MO, USA). Hydroxypropyl meth-
yicellulose (HPMC) K100 LY (viscosity: 80-1 20 mPass, 2% (v/v %) at 20
“Cp (0w chemibcal company, 2003.) and methyl cellulose (EC) NF 50
were abtained fram Dow Cheical Led (ML USA)L HPMC K200 M [vis.
oosity: 75,000-140,000 <Py (DOW chemical company and Colorcon,
2021.) was purchassd from Celorcoa Ine. (PA, USA). Monopotassium
dihydrogenphosphate  anbydeate, dipomssiom  hydrogenphosphate
aphydrate, sodium chloride, phosphoric acd (85%) and citric acid
anhydrare were ohtaived from Merck KGad (Darmstadt, Germany),
Locifer Yellow CH was purchased from Thermo Fisher (Invitrogen,
USA). Purifisd water from a 8G ultra pure water system (G Water,
Barsbutiel, Germany) was used,

2.2, Preparation of the inks
Separate polymer-based inks were prepared for backing membrane,

sagquinavir bayer with malic acid, and alkaline bayer containing sodium
carbomate, as detailed im Table 1. For the backing membrane ink,

e B (OET) L202%6
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Takle 1
Compositian of the inks.
Ink for ssquirawir  Ink for alkaline [k for backing
layeer, g (el laper, g (1* merhnae, g
Samquimsrvir LIRETEiELY] - -
reesyiane
HFMCEIGO LY 150 (678) - -
Milic acid LRk ] - -
Cyoeral 030 (1.38) .20 (29 &0
Saedium - D25 (113 -
carbomane
HPFC K300 - G55 (L) -
Bethy] 600
el 105
¥
il ped L]
Bertbmrzal () - - 0.
Warer 200 LAY 1.0 [(30.53)

* Percentage of components in the inks is wil.

suitabde amounts of MC, glycers and Nile red were dissolved in 20 mL of
methanol at §0-65 G, For the saquinavir drag ink, saquinavir mesvlate,
glyceral and mabic acid were dissolved n 20 mL of water at H0-F5 “C,
followed by suspending HFMC K100 LV gradually te form a white
HPFMC-saquinavir suspension, which was cooled down to 4-6 “C to
obitain a transparent ink, For the alkaline ink, sodium earbanate, ghye-
erol and HPWIC K200 M were dissalved in waber at ?0-75 “C.

2.3 Rheological stadies of the inks

The rheology of each ink was analyzed using a Discovery Hybrid
Rheomseter [TA instruments, DE, USA) equipped with a Peltier plate
thermal controller and a plate geometry with a diameter of 40 mm. The
messurements were performed ar 25 “C. The inks were equilibrated an
25 °C for 30 s prior to conductian of the ts. The storage (G')
amd loss (G) moduli were measured as a funetion of aseillatory strain
(0001 -10,000%) at constant frequency (1 Hz). The visoosity of the inks
wias measured as o function of shear rate (0.01-100 1/3),

2.4, 30 printing of orel delivery patches

Al patches wene 30 primted using 4 30-Discovery printes {RegenHU,
CH) and the accompanying BioCAD software for print design. 3 CC
cartridges (Mosdson EFD, US) were applied for containing ink, wsing
preumatic pressure for saguinavir and alkaline ink extrusion. 10 CC
cartridges [(Mordson, EFD, US) were used for extrusion of the backing
meembrane.

2.4.1. Prepararion of the single-material patches for smerchohility soudy

To compare the tensile sirength and elasticity of different designs
based om the MC backing membrane ink, cylindrical steel nozzles with a
diameter of 0.2, 0.4 and 0.6 mm (Cellink, 5E) were used, at a pneumatic
presure of 250, 100 and 50 kP4, respectively, The ink was extruded at
KT onto a heated polystyrene plate (45 “C) at a feed mee of 15 mmys in
the shape of & meander with different lise sizes A and B, In addition, a
uniform layer was added on top and on the bottom of the design far
further moanting of the sample on a biaxial siretcher, The prints were
left drying for 1 h priar to besting.

242 Prepararion of mided-material paiches

The stretchable patches used to determine the drogcontent and
drug-permeability were prinbed with varying sumbser of layers and
nazzle sizes to determine the effect of the alkaline ink on the local pH.
The backing membrane was printed in 3 layers using a 0.6 mm cylin-
drical stee] nozzle at a pressure of 40 kPa and a feed rate of 10 mm,/sana
pre-beated polystyrene plate (45 *C). The privted backing membrane
was beft an the polystyrene plate and dried for approx. 30 min before
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further printing. The drug-laden-ink was printed on the dry backing
me=mbrane, and the patches with different number (1, 2 and 3) of drug-
laden layers used for the dreg content measurement were printed using
different nozzdes with diameters of 0.1, 0.2 and 0.4 mm, respectively.
For further experiments, a mozzle size of 0.4 mm was chosen for drug:
laden and alkaline inks, which were printed with a 0.4 mm cylindrical
stes] noezle at a feed rate of 15 mm/s and & pressure of 30 and 15 kPa,
respectively, The drug-laden ink was printed in 3 lavers, Afterwards, the
alkaline ink was printsd in paralled to the printed dreg-laden ink in O, 1,
L, 3, 4 and 5 bayers. The final prints were left deying on the polystyrene
plate until further use

2.5, HPLC gystem for the quantification of soquinmdr

The Elite LaChrom HPLC system (VWR Intemnational, Tokyo, Japan)
equipped with an L2130 pump with degasser, an L2450 diode armay
detectar and L-2200 sutosampler was applied to quantify saquinavir in
different samples. Reversed phase chromatography was performed using
A C18 calumn at 30 °C and & mobile phase of 10 mM ammoiium acetate
buffer; acetondtrile &0-40 (v /vl A fow rate of 0.5 mL/min and an im-
Jection volume of 30 pL were applied, Saquinavir was detected ar 240
nm with a retention time of 5.5 min. The chromatograms were anabyzsd
using EZChrom Elite software Version, A linear calibration curve with a
B value of 09987 was chtained in the range of 0.45-160.50 yg/mL far
the drug content study. Por permeation stody, a linear calibration curve
was used in the range of 25-850 ngsmL (A* = 0.9964). The quantifi-
cation limit was 25 ng./mL.

2.6, Analysis of soquénavir cantent in the prineed pacches

Each printed patch as described in Sections 2.4.1 and 2.4.2 was put
inta a volumetric fAask followed by adding water to 100 mL. The fask
was sonicated in an ultrasonic bath ar 40 °C for 10 min to obiain -
quinavir solution {backing membrane was insoluble in this solutbon).
‘With saitable dilution, the sample was analyeed using the HPLC methed
described in Section 2.5.

2.7, Morphology study

The printed pHy modifying patches deseribed in Section 2.4.2 were
observed using a Dino-Lite digital microscope (USHE) (Anko Electronics
Corporation, Taiwam, China) and a bright-field microscope (Zeiss Axi-
nskap 40, Jena, Germany). For visualization studies, different flunres.
cent agents were added to exch ink and the dry patches with fsorescent
agents were imaged using a Zeiss Observer 21 microscope with a
mounted Zeiss AxicCam Mrm (Jena, Germany) To differentiate be-
tween the inks, the backing membrane was visualized using Mile Hed
[exe, 559 mm/ emis. 636 nm), for the saquinavir and alkaline ink sul-
farkwdamine B acid chloride (exc. 543 nmy' emis. 565 nm) and Lucifer
yellow [exc. 236 nm. emis, 542 am) were used, respectively.

28, Mechomion smdy

The thickness of backing membranes with 1, 2 and 3 layers printed
with a noezle diamener of 0.2, 04 and 0.6 mm was determined using 8
Stylus profiler [Deltak 150, Yeeca, NY, US). The mechanical properties
of the printed backing membrames was analyeed using a biaxial strercher
[Instron, Tlinois Tool Warks Ine., MA, USL The width and bength of the
strevchable part of the backing membranes were alss measured. The
additional attachment sites were used to place the samples on the uni-
axial stretcher with a load cell of 500 N. The oltimate tensile strength
was determined by recording the load foree (N) a5 & function of exen-
sian {m). The effective stiffness was determined by plotting the load
faree (M) over tensile strain (%) and performing a linear fit of the linear
regime before first break.

s 60 (I0ET) F2E2T
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2.9 Invesoigation of pHw during the dissodution

Esch patch was placed inan Eppendorf tabe followed by adding 400
L af phosphate buffer solution (FBS, 13 mM potassium phosphate and
145 mM sodium chloride, pH 6.8) simulating homan saliva pH and
buffer capacity as previously describsed [(Gitings, 2007, He e1al ., 2020),
Immediately, the pH close to the sarface of the patch was measuresd
using & pH meter (744 pH meter, Mettler Toledo, OH, USA) with a
micro-electrode {Biotrode, Metrohm AG, Herisan, Switzerland) and the
values st predetermined time intervals were recorded,

2110 Ex vivo studies of smquinmr permeation

2101 Preparation of the fomes

Cryo-protected poreine boccal tissues were used for the permeation
study. The preparation procedure of the tssoes was described in 2 pre-
vious sudy [Marzen of al, 2016), Briefly, fresh poreine buceal mocosae
nbtained from healthy experimental contral pigs (approoa. 30 kg Danish
Landrace Yorkshire » Durox (D-LY)) were kept cold on lee and mokst-
ened using phosphate buffered saline (pH 7.4, 0.1 M, 290 miOsm,kg).
The conmective tiswe of the muccase were trimmed using surgical
scissors unill & thickness of approximately 5 men, The wrimmed mucosae
were submerged in a cryoprotectants (the phasphate buffered saline
comtaining 400 (w/w) glycerol and 200 (w./v) suerose) for 1 b foll wed
by storing at —B{ “C before use.

Ta thaw and equilibeate the tissues before the permeation stady, the
frozen mucosae were defrosted in the phosphate buffer saline (approx:
imately 40 mL) and washed by replacing the phospleate bulfered saline
fiour times every 30 min at 4 “C on a shaking plate. The connection tissue
of the defrosted mucoss was wrimmed again wing & Thomas Sudie-Riggs
tiszue slicer [Thomas Scientsfic, Swedeshora, M), USA) until a thickmess
ramge of S00-700 um &5 determined by A tailor-made micrometer. Glass
Franz diffuson cells [orifice diameter: & mm, daffusion area: 0.2 :ru"]
with a receptor valume of 3 mL were applied in this study. Each trimmed
mieoss was mounted between the domor and the receptor chambers
with the epitheliom facing the domor chamber. Each mucosa was
equilibeated for 0.5 b at 37 °C with 250 pL of PBS simulating human
sakiva (as dezeribed in Sectian 2.9) in the donor chamber, and .00 mL of
0.05% [wi/v) boviee serum albumin solution in the receptor chamber,

2102, Saquirdir permedtion sudy

The PBS in the donor chamber was withdrawn after the equilibrium,
and there was no change for the medium in the receptor chambers,
Afterwards, the diffusion cell was disassembled, and the mucosa was left
o thir o of the dones chamber and dried wsing & lab tssse. A volame of
80 uL. fresh PBS was added anto the epithelivm again and the perme:
aticn experiment was initizted by attaching the printed patch oo the
epithelium, Immediately, the dosor chamber was mounted and was
sealed with a piece of Parafilm®. Samples {250 pl) were withdrawn
from the recepiar chambers at predecermined time intervals {15 min, 30
min, 45 min, 1 h, 2h, 3h, 4 h and & b). Air bubbles indwoed by sampling
were removed via the side arm by carefully tilting the Franz cell after
each withdrawal. The removed samples were replaced with 250 ul. of
pre-lweated BSA solutlon folbowed by sealing the recepitor chamber using
small Farafilm® péeces to prevent water evaporation. The samples were
diluned e times before cemtrifagation (13,500 rpm, 10 min, ot ambsbent
temperature], and subsequently analyzsd wsing the HPLC method
deseribed in Secricn 2.5,

After the permeation stady, each buccal mueoas was flushed with
water to remove the residual patch matrix on the tissue surface, and then
dried under ambient condition for 24 b, The dried muscosa was kept in 1
miL af phosphoric acid salution (phasphoric acid (85%)C water 10:3, v/v)
ar &5 "G for 10 min fellowed by dissapting asd homogenizing using a
pestie. The homogendzed tissue suspension was diluted 10 folds using
water followed by centrifugation (13,500 rpm, 10 min, at ambient
temperature). The supernatant was subssquently analyzed using the
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HPLC method described previously,
3, Results and discussion

3.1. Rheological properties of the inks and cptimization of printing
procedire

The overall design of the multi-functional patches was composed of 8
meandering backing membrane, oato which a drug-laden ink and an
alkaline ink are printed in parallel without overlapping (1 1a), This
requires high spatial resolution in the print procedure, with control aver
extrusion rate and material spreading, The printability of the formulated
inks was evaluated by characterizing their rheological properties. For all
the inks, oscillatory studies show a dominating loss modulus G* aver
storage modulus G' indicating predominantly viscous materials
(Fig. 1b), Flow experiments further show shear thinning behavioe, i.e,
the viscosity decresses with increasing shear rate (Fiy 1¢), which is
beneficial for maintaining resolution when extruding inks through
narrow nozzles, Still, since all inks are in a liquid state, shape fidelity
relies oo solvent carmer evaporation. To increase solvent evaporation
and facilitate multi-material and multilayer prints, & slightly heated
stage was set at 45 °C, as higher temperatures may cause solvent botling
and bubble formation, The backing membrane was printed with a 0.6
mm noxzie. It spread after printing due to the low viscosity and provided
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a sufficiently large surface o print the drug-laden and alkaline inks. The
drug-laden and alkaline inks were printed in parallel with a 0.4 mm
nozzbe and a line distance of 0.25 mm to avoid overlapping between
printed traces and the acid-base reaction between the malic acid and
sodium carbonate. The printing procedure and design was evaluated via
fluorescence microscopy 1o demonstrate that the drug-laden and alka-
line inks were indead printed in parallel without overlapping (Fig. 1d
and 1e). The viscosity of inks are increased by using polymers with a
high viscosity grade or/and increasing the concentration of polymers in
the inks. The viscosity of the inks affects the manufacture process of the
patches and saguinavir rel from the patches. Optimal ink formula.
tions should be printable and their viscosity should not hinder the
release of saquinavir.

3.2, Tuning of stretrchability of printed patches by varying the design

3D printing allows for rapid design prototyping and tailoring of
macrascopic properties through simple design alterations. To enable the
fabrication of stretchable and compliant patches, & simple mesh-like
design was systematically varied and the resultant mechanical proper-
ties were evaluated, Specifically, the backing membrane was printed in
six different designs (.5, 2a & 2b). First, the line distance A" was tuned
to 2.5, 4.5 and 7.5 mm, respectively, using the same nozzle size of 0.6
mm. Secondly, three different nozzle sizes (0.6, 0.4 and 0.2 mm) were

Cartonate ©aded ra

SAMSEIStIIISIL -,

00Y 01 1 10
Shear rate (1]

Fig. 1, a) Schematic illwstration of mwlti-material peinting of complex oral patches using a backing membrane (red), drug-laden (green) and alkaline (Slue) ink, b)
Rheology of the backing membrase, drug-laden and alkalise inks. The G moduli were recorded as a function of osciilation stradn at canstant frequency (1 Hx). ¢) The
viscosity was recorded 25 a function of shear rate. d), ¢) Floorescence Imaging of printed patches based on alkaline (lue), drug-laden (green) ink and backing
membrane (red), SB: 3 mm, zoom-in $&: 1 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this aricle.)
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Fig. 2. a)1ll of peint p dare of backing by with varying lne distances A and B, as well as varylag nozzle diameser @. b) Fluarescent images of

designs with line distance A = 25,45, 775 mm at comstamt B = 1.2, @ = 04 mmand B = 1.5, 1.2, 0.5, mm at & = 0.6, 0.4, 0.2 mm with fixed ¥ine distance A = 7,75
mum. SB: 3 mm. c] Layer thickness of primted backing by with nozxle di 0= 02,04, 06 mmwith 1, 2, 3 hyens, respectively, N = 3 d) Streaching and
twisting of peinted patches with lime distance A ~ 7.75 mm and B ~ 1.2 mm. ¢) Effective stiffness (Force (N) / Stradn (%) of printed parches compared to the
uniformiy primted patch (Uni. patch). N = 3. £) Strain (%) unti] fiest break (grey) and complete failure (white) of printed patches compared to the uniformly printed

patch N = 3. Error bass indicate SEM.

used tw change the line distance “B" when A was fixed to 7.75 mm
(Fig. Za & 2b). The thickness of the backing membranes was affected by
the number of the printed lavers and nozzle diameters (Fy. 2 ©).
Compared to a coatral uniform patch without geometrical cues, a drastic
decrease in effective stiffness of the patches was observed with
decreasing line distance A and decressing nozzle size (Fiy Ze) In

ddition, the hability of the | could be tuned by varying line
distance A and B, Patches printed with the smallest nozade size and
longest line distance A sh an 3 pacity of up to 200%
compared to the uniform parch (Fig. 2f), The stretchable patches
(F:z. 2d) will improve the comfort and adaptation of using in the buccal
cavity. For the drug-loaded parches, 0.6 mm nozzle was used for the
backing b D ensure i face area to deposit drug-

3

laden and alkaline ink, while maintaining an extension capacity of up
to 50% at negligible stiffness.

3.3. Digitally controlling drug dose in printed patches

In order to control and adjust dose in each printed patch, nozzles
with three different diameters were used in the evaluation of the drug
content as a function of key printing parameters. As expected, the sa-
quinavir content of the patches increased with increasing the diameter
of the nozzhes (7l 3a), Additionally, for patches printed using the same
nozzle diameter, the saquinavir content increased linearly with the
Increased number of printed lavers, The drug content of the patches can
easily be adjusted from —20 to 200 ug through these parameters. The
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Fig. 3. a) Saquinavir content-aumber of layers scacter peofies for the parches peinted using differess nozales. The average values of saquisavir content and the linear
regression equation for the data are indicated in the figure, N = 3. The size of nozxle indicated in the figure was the diameter of nozzle. b) [mages of the saquinavir
micreenvirosmental pH modifying pacches obeained esing a digial camen. c). Select Images of partial stroctares of the microenvironmental pH modifying patches
(effervescent type) obtained using a bright-feld microscope
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saquinavir comtent of each layer in the patches prinved using the largess
nozeke (3 = 400 ym) was —70 yg. This noezle size was applied in the
fimal panches for both the alkaline and drug-laden inka, The mss and
saquinavir content of the pHy modifying patches are presented in

Table 2

3.4, Morphology of the patches

The images (F ;. Tb) ghow that the mesh-like patches were printed
successfully using the polymer-based inks and the predeterminesd
design. ¥White predpitation was observed in the patches containing
alkaline layers dise s precipitation of sodium carbonate i the preps-
ration of the patches. Similar to the results obtained from the patches
containing Muorescent agents (Flz 1e), a minimal interface betwoen the
alkaline kayer and the saquinavir layer was obssrved (Fiz. 2c).

3.5, Modfying ehe recroemndrommental pH (pHw)

The pHy in the vicinity of the patches during dissolution was
memsuted using A micro-pH electrode and the resalts are shown in
Fig. Jda. After 10 min of dissalution, the pHy, in patches containing oo
sodium carbonate decreased from 6.8 1o 5.9, while the pHy for the
patches with & layers of alkaline-ink increased from 6.8 to 7.4, As ex-
pected, the pHy generally increased with the incressing number of
alkaline layers in the patches. The pH was stable in the time period of
610 min during the study period, soggesting that the effervescent re-
action betwesn malic acid and carbonate stopped. Overall, the studies
shyow that DIW is & rapid and effective method (withour reformulating
the inks) to modulate the pHy by adjusting the layers of acidic an
alkaline marerials pristed in the patches,

F6, Ex wvo permeation sudies

According to Hederson-Hasselbaleh equation, shifts in pH might
affect the dissociation degree af a weakly dissociable drug. The unsan-
ized form of the drag is more lipophilic than its ionized fomn, henoe it
can better cross the lipid-rich biolegical membrane. Previcus studies
shyiwizd than saquinawir (pKs values 7.0 and 5.5) (Branham o1 al | 2012]
hias & pH-dependent solubility, increasing pH decreased the solubiliny of
sagquinavir and saquinavir mesylate in the pH range of 4.5 to 7.0 (Fathak
et al, 20101, Therefore, pH might influence the solubility and tssue
partitioning of saquinavir, consequently affect its permeation across oral
mueoes. Additionally, 00z can enhance drug permeation across mucosal
memhbrane a5 previous desoribed (Eichman and Eohinson, 15998). In the
present study, microenvironmental pH modilying oromuocosal pacches
with and without OOy effervescence were fabricated. An ex v
permeation siudy spanning 5 b was conducted 1o evaluate the perfos-
mance af the printed patches. No ssquinavir was detected in the receptor
chambser, This might be caused by the following reasons: 1) saquinavir
cantent in the patches was too low, 2) saquinavir was toa lipophilic (log
F = 4.1} and accumulated in the lipid-rich tisswe, 3) saguinavir con-
centeation in the recepior media was lower than the detection limit of

Takle 2
Mass and saquisavir concent of the designod pacches.

Saguinavir microervimnmental pH (pHy) medifying paich

Faich withaut Pt with thrs Futch. with five
alkaline Eiyer alkaline layen ulesline lapees
Samjubzsrviz L ES - -
content [igh
B (gl e T o4 =0l s =&l

* Thae results ase peesent &s mean + S0, n = 5 for the result of saquinavir costesit.
For othess, n = 3 The nussber of saquinavir layer in the all pHy modifying
paiches was the mame and fixed {3 byl s0 we only measured saquinmavic
content of the pacches without alkaline effervescens layer.
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Fig. 4. a) Microenviremmental pH-time profiles for the panches wich o witdot
sodium carbonaie buyer daning the disslution proces Beslis ame presenied ax
mean £ S0 “ND. of layers” indicates the sumber of the alkaling effervesce
laver printed im the paiches. Por the pasch with theee byers of sedium car-
bonate, i = 5. For the other patces, n= 3. pH vabes after 10 mis of dssobotion
are presented in the Bpare, B Amowsst of ssquinavir in porcine buccal tissues
after permeation sudy. Yakees are mean L 50, n = 4, Symbals above the hars
[&, # and 5) Indicane stacistical significance. Bars with similar kemers ane not
significamtly different from each other, One-way smalysis of varianoe [ARNOVA)
was esaployed and the level of significasse wis o = 0,05, Tukey's et was then
preformed, & p value below 0,05 was consdered statistically significant.

the HPLC method. As no saquinavir was detected in the recepbar
chambsers, the amount of saquinavir accumulated in the tested tissues
was evaluxted, as means of quantifying the permeation of saquinawir
(Fig, 4b)

Among the tested sffervescent patches, the patches containing three
and five alkaline kayvers likely induced approximately the same amount
of D0k, because the amount of acidic drsg-loaded ink was kept constant,
The patches with five alkaline layers exhibited a lower penetration of
saquinavir than the patches containing thees alkeline bayers, which
could be due to the higher phly hindering the dissolution of saguinavir,
Thus, the pHyy had & crucial impact on the permeation of saquinavir for
the patches containing three and five alkaline layers. Interestingly, the
pHyy around the patches with three alkaline bayers and with ane alkaline
layer appeared similar (Fig. Jal, although more sodiom carbonate was
added in the parch with three alkalise vers, This might b arcribuced to
that the patch with three alkaline layers produced more G which
decreased the pHy, The patches with theee alkaline layers exhibited a
higher penstration of saquinavir than the patches with one alkaline
layer, which also suggests the amount of 00y played a significant robe on
saquinavir permeation seross mucoaal membrame when pHy arcund the
patches was similar. Although the effervescent paiches with three
alkaline layers had a higher accumulation of saquinavis in s than
the patches without effervescence, the difference in saquinavir accu-
mubation upon application of the two types of parches was not
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significant, This phenomenon might amribute to that the pHy arcund
the patches with three alkaline layers was not low enough ar/and the
amount of C induced by the patches was bow, The results indicate thar
by printing an alkaline effervescent ink and an acidic dreg-Joadesd ink
side by side, the pH and the amount of CO3 can be locally modubated.
However, the oprimal elfervescent oremucosal patches should bave an
appropriate pHy, and induce a suitable amouant of OOy to promate .
quinavir penetration in boccal muenss, However, further studies are
required to clarify the mechanism of the increased penetration of =
quinavir in the buceal mucosa caused by OO

4, Conclusion

The present work demorstrates the use of mult-material direct-ink-
write printing for rapid design and manufacturing of complex orom:
cosal patches where several materials are integrated on & sub-eillimeter
scale. By applying inks based on well-established hydroxypropy]l meth-
yheellulose (HPMC) and methy] cellubose (MC) carrier palymers, it was
passible o create saquinavirdosded, pHag-modifying buceal patches
with mesh-Jike geometries that displayed programmable doses as well as
unique siretchable mechanical properties, Based on alterations in the
digital design, effervescent pHy-modifying boccal patches with inter:
meediate amounts of carbonate and weakly acidic microenvirnments
could be prepared. However, an optimal efervescent cromucosal
patchves should have an approgriat pH,. and induee & suitable amouant
of Cy inorder to pr ina in boccal muoosa. The
presented mem-:hlog:.r ia wldr]y appll.mhle and may thus serve & an
inspiration for programmable prodwucing patches for personalized buccal
drug delivery with unique patient comfort and compliance.
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