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Abstract

We present a handheld skin printer that enables the 7n-situ formation of biomaterial and skin tissue
sheets of different homogeneous and architected compositions. When manually positioned above a
target surface, the compact instrument (weight <0.8kg) conformally deposits a biomaterial or
tissue sheet from a microfluidic cartridge. Consistent sheet formation is achieved by coordinating
the flow rates at which bioink and cross-linker solution are delivered, with the speed at which a
pair of rollers actively translate the cartridge along the surface. We demonstrate compatibility with
dermal and epidermal cells embedded in ionically cross-linkable biomaterials (e.g., alginate), and
enzymatically cross-linkable proteins (e.g., fibrin), as well as their mixtures with collagen type I
and hyaluronic acid. Upon rapid crosslinking, biomaterial and skin cell-laden sheets of consistent
thickness, width and composition were obtained. Sheets deposited onto horizontal, agarose-coated
surfaces were used for physical and in-vitro characterization. Proof-of-principle demonstrations
for the in-situ formation of biomaterial sheets in murine and porcine excisional wound models
illustrate the capacity of depositing onto inclined and compliant wound surfaces that are subject to
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respiratory motion. We expect the presented work will enable the in-situ delivery of a wide range
of different cells, biomaterials, and tissue adhesives, as well as the in-sifu fabrication of spatially
organized biomaterials, tissues, and biohybrid structures.

Graphical Abstract

We demonstrate in situ formation of biomaterial and skin tissue sheets for application in vitro, and

in murine and porcine wound models.
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Introduction

Skin is the largest organ that provides a barrier to the total body surface area (TBSA), 1.6—
2.0m? in adults,! and possesses a unique layered organization of cells and extracellular
matrix (ECM) constituents.2 The viable epidermis is the thin (thickness &~ 95um, elastic
modulus £~1.5MPa?) outermost cellular layer that consists of densely packed keratinocytes
and provides a barrier against water loss and bacterial transport. Beneath it is the dermis (&~
1.4mm, E~0.02MPa3), populated by fibroblasts along with various other cell types and a
dense extracellular matrix containing collagen,* and the hypodermis (5~ 0.8mm,
E~0.002MPa3).

Patients with acute and complex full-thickness wounds are particularly vulnerable to
opportunistic infections and dehydration. Full-thickness wounds where the dermis,
epidermis, and hypodermis are all destroyed do not heal or take a long time to heal by
reconstitution of dermis followed by re-epithelialization progressing from the wound edge.’
The current preferred treatment for full thickness wounds is split-thickness autografting.- ¢
In a first step of the procedure, an acellular scaffold may be applied to aid the reconstitution
of the dermis and a temporary barrier is established against bacterial and water loss. In a
second step that is often performed at a later time point, the temporary barrier is removed.
Skin, usually 0.3mm in thickness, containing the epidermis and the upper part of the dermis
is then harvested from healthy regions of the body using a handheld instrument, a
dermatome, and redistributed onto the wound area as a sheet or meshed graft. In large
wounds, the available healthy donor skin is often insufficient for autografting, leaving a
large portion of the wounded area either ungrafted, allografted, or uncovered, resulting in

poor outcomes.

A large number of acellular skin substitutes based upon biological or synthetic biomaterials
have been introduced to improve wound healing in acute and chronic wounds.® 7 An
acellular dressing based on chemically cross-linked and freeze-dried collagen® remains the
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‘gold standard’ for clinical use. When covered with a split-thickness autograft it reduces
wound contraction while promoting the migration of residual healthy cells and leads to the
reconstitution of a new dermal layer within 2—-3 weeks. Recent biomaterials options include
mats of electrospun nanofibers. A wide range of tissue-engineered skin substitutes have been
introduced, including cultured epithelial autografts.> In addition, spraying cells onto partial-
thickness® and full-thickness!? acute wounds, as well as onto chronic wounds!! was
reported to improve wound healing. Accelerated healing in murine wounds was recently
reported for an injectable skin substitute composed of microgel particles and cells.!2 In spite
of the large number of available tissue-engineered skin substitutes, they are not yet widely
used in the clinic. Currently, major barriers for routine clinical application of cell-based
engineered skin substitutes for large acute wounds include the prohibitively long times for
expanding sufficient cell numbers, their high cost, and the inability of tailoring them to
specific wound sizes and characteristics. We hypothesize that a number of these barriers can
ultimately be overcome by in-situ skin printing and introduce the approach along with its
thorough characterization in this paper.

The spatial organization of biopolymers and cells is closely associated with biological organ
function in health and disease. Additive manufacturing methods aim to recapitulate aspects
of the spatial organization of cells and biopolymers in intact tissues. A shared motivation for
many current studies is to elucidate the extent to which the initially provided tissue
organization contributes to improving the functional characteristics of tissues after in vitro
culture or in vivo application, as well as to accelerating tissue regeneration. Bioprinting
approaches have been extended to soft materials!3 and tissues.!41° Different extrusion or
ink-jet based bioprinters as well as microfluidic approaches for the formation of biopolymer
fibers20-22 and sheets2? offer local control over the delivery of biopolymers and cells.
Synthetic and natural biopolymers with different composition and cross-linking mechanisms
serve as the ‘bioink’.2% 23 Target bioink properties include shear thinnening rheological
behavior, rapid gelation, cell compatibility, and upon gelation a chemical composition and
stiffness mimicking the microenvironment in the intact tissue of interest. Protein-based
biomaterials including collagen I, the most abundant protein in the dermis, and fibrin, a
protein involved in wound healing, make for obvious candidates as they are widely used in
3D cell culture as well as clinical settings.20- 27 Their “printability” however is poor, as the
low viscosity of protein-based solutions and their long gelation times (>1 min) significantly
exceed characteristic time scales of the bioprinting process.2® To improve printability,
rapidly gelling biopolymers are often added.

Several recent examples have demonstrated bioprinted skin tissues in vitro,=3! or in small
animal models.32 33 Important requirements for the routine in vivo application of bioprinted
skin substitutes under conditions that are compatible with use in large animal models and
ultimately the clinic are not yet met. They require the formation of routinely handleable
larger skin tissues from composite materials while retaining a soft cellular
microenvironment. One strategy that was recently demonstrated in other tissues* and can
likely be applied to skin is a sequential multimaterial approach, where the deposition of a
backbone support structure from a biocompatible sacrificial material preceded the deposition
of a bioink. A second strategy consists of the in-situ formation of organized biomaterial and
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skin tissue sheets along inclined or curved wound surfaces. This strategy has to the best of
our knowledge not yet demonstrated and is the focus of our paper.

Here, we present an approach that enables bioprinting of planar biomaterials and skin tissue
sheets compatible with 7n vivo application in large animals, and ultimately the clinic. Bioink
solutions are spatially organized using a microfabricated cartridge and deposited directly
onto a planar surface for in-vitro and in-vivo use and characterization. The cartridge deposits
enzymatically or ionically cross-linked biopolymer or tissue sheets conformally onto flat or
curved surfaces. Homogeneous and architected sheets are consistently formed and
characterized in-vitro. Proof-of-concept demonstrations for 7n situ bioprinting in murine and
porcine excisional wound models illustrate the compatibility of the approach with compliant

wound surfaces.

Materials and Methods

Figure 1a shows a schematic that introduces the concept of in-situ bioprinting using the
handheld Skin Printer. Cells (autologous or allogeneic) are suspended in a hydrogel
precursor solution and loaded into one or several separate syringes. Another syringe contains
a crosslinking solution that will aid the gelation of the cell-laden biopolymer solution under
mild conditions (i.e., natural pH, physiological temperature) and high cell viability. After
loading the primed syringes into the handheld bioprinter, the bioink is deposited as a
biomaterial or tissue sheet within a culture dish for in-vitro studies, or directly onto a wound
bed for in vivo studies. For example, bioink containing human fibroblasts can be
homogeneously distributed within the 0.1-0.6mm thick dermal layer. Bioink containing
keratinocytes may be deposited within parallel stripe patterns that are separated by cell-free
stripes resembling a meshed epithelial skin graft.

The handheld bioprinter is an integrated, lightweight instrument (weight < 0.8kg including
loaded syringes) with a high degree of portability. It is straightforward to operate with only
one hand and consists of several key parts that are shown in Fig. 1b. A handle, (D, allows
positioning the Skin Printer manually above a flat surface or wound bed. During deposition,
a pair of actively driven rollers with rubber wheels, (@), translates the instrument along the
deposition surface at velocity V, while conformally coating it with a bioink sheet covered
with cross-linker solution. Traction between the wheel and the deposition surface,

35 is important for smooth and

determined by the friction coefficient and contact pressure,
definite translation speed and consistent deposition. During /n vitro experiments, we deposit
sheets horizontally, against agarose coated glass slides. During deposition in large animal
models, both wheels are in contact with inclined and compliant surfaces of either intact skin
or a wound. Two onboard syringe pumps>°, @), deliver the bioink at volumetric flow rate
Qus @, and the cross-linker solution at flow rate (0! ®, irrespective of the bioink viscosity,
the cell density and the instrument orientation. The bioink and cross-linker solutions are
supplied to an exchangeable microfluidic cartridge, &, via flexible tube connections that

have dead volumes less than 20 pl.
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Microfluidic Cartridge

Control Box

The microfluidic cartridge, the central part of the instrument (Fig. 1c, ESI Section S2), was
3D printed®’ using an optically semi-transparent resin. Integrating standardized Luer lock
connectors and on-chip wells within one 3D printed part allowed us to reduce unwanted
dead volumes (~ 65 pl). The cartridge provides uniform lateral distribution of at least two
solutions within microchannel networks located in separate planes. Cartridge designs had
w~8mm, 14mm, and 20mm wide exit sections. A H=1 mm tall slit defined between a short
overhanging roof section on the top and the deposition surface on the bottom. Figure 1d
schematically shows how a bioink layer of thickness 6< Hand width wis deposited onto the
surface while being covered by the cross-linking solution for cross-linking into a sheet. The
position of the cartridge exit aligns in the lateral direction with the contact points between
the drive wheels and the deposition surface. In this configuration the thickness of the sheet is
only weakly dependent on the operator-selected angle at which the handheld printer is being
held relative to the deposition surface. The formed sheet may be homogeneous or
heterogeneous in composition. In the latter case, the spatial organization is determined by
the microchannel configuration within the cartridge, along with the parameters selected for

V, Qprand Q¢

A control box is connected to the handheld Skin Printer via a pneumatic line and an
electrical ribbon cable. The control box powers the instrument, controls the deposition
velocity V; the flow rates Qpsand Q¢ and, in the case of pressure-controlled delivery, the
head pressure and the duration of its application. For a detailed description of the design we
refer to ESI Section S2.

Preparation of Agarose Substrate

A solution of 2% agarose (UltraPure Agarose, 16500100, Invitrogen) in de-ionized (DI)
water was prepared by microwave heating. The solution was allowed to cool to 60°C prior to
being poured into sterile square petri dishes (model 2692344, Sigma Aldrich) and resulted
in a 3-mm-thick gel. The gel solidified at room temperature for 30 min prior to use. For
preparation of sodium alginate-based sheets, 50 mM calcium chloride (CCL302, BioShop)
was added to the agarose solution prior to microwave treatment. For printing of fibrin-based
sheets, 2 ml of 50 TU thrombin (T4648, Sigma Aldrich) in PBS (10010023, Gibco) was
pipetted to hydrate the agarose substrate prior to sheet deposition.

Bioink Preparation

Bioinks with three different compositions were prepared. For alginate-collagen sheets,
sodium alginate (Pronva UPLVG, Novamatrix) was dissolved in DMEM (11965-084, Gibco)
and 20 mM HEPES (15630080, Gibco) and filtered using 0.1pm syringe microfilter
(Millipore). Collagen type 1 (rat tail, 354249, Corning) was balanced to a pH of 7 using 1 M
NaOH in PBS. The two stock solutions were mixed to obtain a final concentration of 5
mg/ml collagen and 2 % alginate. The solution was kept on ice prior to use. To prepare the
bioink for the dermal layer 5% fibrinogen (F8630, Sigma) was dissolved at 37°C in PBS
with mild agitation for 2 h. 1% HA (sodium hyaluronate Pharma Grade 80, Novamatrix) was
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dissolved in PBS. The solutions were mixed at a ratio of 1:1 and then filtered. Collagen type
1 solution was balanced with NaOH to a pH of 7 and mixed with the filtered fibrin/HA
solution to obtain a final concentration of 1.25% fibrinogen, 0.25% HA and 0.25% collagen.
The solution was kept on ice prior to use. The bioink for the epidermal layer was prepared
with a final concentration of 2.5% fibrinogen and 0.25% HA. ESI Table S1 summarizes the
composition of materials used for the preparation of the bioinks.

For printing the fibrin-based sheets, a layer of 50 IU thrombin was co-delivered above the
fibrinogen based dermal and epidermal bioinks. The rapid enzymatic reaction between
fibrinogen and thrombin is mass transfer limited in the considered case. The selected
approach allowed the formation of sheets on the site of the deposition which solidified at
time scales between tens of seconds and several minutes, depending on the selected
thrombin concentration and sheet thickness, 6. The gelation time is directly dependent on
the sheet thickness (Fig. 2e). For the dermal bioink consisting of a mixture of collagen and
fibrinogen, the gelation of fibrinogen occurs first and is induced by the diffusion of
thrombin. As a result, the sheet thickness and composition are maintained while the slower
thermally induced gelation of neutral pH collagen progresses.

The alginate and alginate-collagen based sheets were prepared by co-delivery of 10 mM
calcium chloride above the biopolymer layer. Similarly, rapid ionic cross-linking of alginate
preceded the slower thermal gelation of neutral pH collagen.

In Vivo Experiments

The animal experiments were reviewed and approved by and performed in accordance with
the guidelines and regulations set forth by the Sunnybrook Research Institute and
Sunnybrook Health Sciences Animal Policy and Welfare Committee of the University of
Toronto, Ontario Canada. All procedures using animals were approved by the Sunnybrook
animal care committee, approval #17-503 for murine experiments and #17-600 for the
porcine experiments under the auspices of the Canadian Council on Animal Care. For a
more detailed description of experimental and characterization methods see ESI Section S1.

Results and Discussion

Single and Multilayered Biomaterial Sheets

Figure 2a shows a bright field image of a sheet with the uniform thickness of &=300um
produced with the handheld Skin Printer (right) in comparison with a non-uniform thickness
pattern obtained by manually pipetting a comparable amount of the same hydrogel precursor
(left). Both images were taken at an angle of 4° with respect to the flat deposition surface
consisting of an agarose layer that was hydrated with the cross-linker solution. In the latter
case, the pipetted hydrogel assumed a dome shape. Uniform spreading of the biopolymer
solution was prevented by gelation starting along the contact line and then radially
progressing inward. In the former case of the printed hydrogel sheet, however, gelation
uniformly progressed in the direction normal to the deposition surface. This was achieved by
first delivering the hydrogel precursor solution through a bifurcating microchannel network.
At each bifurcation point within the 3D printed microchannel network, the hydraulic
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diameter of the daughter branches decreased in accordance with Murray’s law. For more
detail see ESI Section S2. The bifurcated channel network ensures the flow resistance in the
smallest daughter channels at the device exit to be high and leads to a constant thickness
biopolymer layer to be deposited. A cross-linker layer was co-delivered atop to initiate
gelation. Figure 2b shows a profilometer reading that confirms a consistent thickness in the
>0.9 w center portion of the obtained sheet.

Next, we discuss how the different experimental parameters affected the sheet thickness 6.
We consider the laminar flow of a layered fluid between the two surfaces and apply the
lubrication approximations.38 Because wy/H > 10 we approximate the hydraulic diameter as
2H. We neglect the pressure gradient in the z-direction as well as inertia effects (see ESI
Section S3). The continuity equation and the simplified momentum balance result in a single
elliptic differential equation, the Reynolds equation, for the pressure gradient along the film.
An analytical model is derived and presented in ESI Section S3. The model allows
predicting & based on the fluid viscosities gysand e, and the flow rates of the biopolymer
and the cross-linker solutions, Qcand Q4 (Fig. 2¢). The corresponding dimensionless

- «_ 8 x_Hc * Oy ® _ Oc :
quantities are 5" = g, u° = v Oy = oV and Q" = oV For given values of the
dimensionless sheet thickness, ,u*, the dimensionless flow rates QM* and QC* are selected in
H29P
such a way that the pressure is is invariant along the deposition direction, i.e., IT = T’zf =0.
C

At the selected condition, unwanted bioink back flow or leakage to at the sides of the
cartridge are avoided during deposition. The dimensionless bioink and cross-linker flow
rates required to obtain a target sheet thickness 6" are

* 5*—6*2+0.55*2/4>:< *
Oy = % %k % andQp" = -
PR

—05+55-055"2
St -5t +1

Figure 2d shows the corresponding velocity profiles. In many cases the viscosity of the
cross-linker is much lower than the one of the biopolymer solution, #* ~ 0, leading to the

linear relationships Qy, = 5" and Qc =0.5(1 — &). Note that the relationship Q) =0"is

fulfilled even in the case of a very short or absent overhanging roof structure at the cartridge

exit section.

The analytically predicted sheet thickness is in excellent agreement with values measured
for bioprinted fibrin-based and alginate-based sheets. Sheet thicknesses between &=100um
and 600um were reliably obtained using a microfluidic cartridge with A=1mm. Thicker
sheets, & > 600um, were achieved by sequential deposition of multiple thinner sheets.
Sequential deposition is preferred over extruding thicker sheets in a one-step process using a
modified cartridge design with A>1mm. The latter would increase the diffusion time, ~6%/4,
and consequently the time required for gelation, and make the sheet thickness dependent on
the inclination angle of the deposition surface.

Lab Chip. Author manuscript; available in PMC 2019 May 15.
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The handheld bioprinter is compatible with different biopolymers. In the presented work we
consider the polysaccharide-based biopolymer calcium alginate, and the protein-based
biopolymer fibrin. The compositions of the different considered bioinks and cross-linker
compositions are summarized in ESI Table S1. Selected bioink choices are highly
biocompatible, biodegradable, provide a cellular microenvironment conducive to cell
proliferation and attachment, and do not require secondary washing steps prior to in-vitro

culture or direct in-vivo application.

Understanding the kinetics of gelation within the deposited bioink layers is crucial for the
in-situ deposition of tissues. In the considered cases, gelation is a diffusion-limited process
that is initiated at the interface between the bioink and cross-linker layers and propagates
throughout the former. For alginate-based sheets, gelation is induced via rapid ionic cross-
linking by diffusion of CaZ*-ions from above.3? Gelation of fibrinogen is induced by an
enzymatic reaction with thrombin. Gelation is slower in this case because the process is
diffusion limited, and the diffusivity of thrombin is at a comparable viscosity approximately
ten times smaller than the one of Ca2*-ions. In order to retain the deposited layer thickness
and sheet architecture while gelation progresses, we increased the viscosity of the
fibrinogen-based bioink by adding hyaluronic acid. We assessed the kinetics of gelation by
performing systematic turbidity measurements. Figure 2e shows data from time-resolved
turbidity measurements performed on 7n-situ deposited fibrin-HA sheets with thicknesses of
6 =100 pm, 200 um, 400 pm and 600 pm. Gelation was induced by inter-diffusion of
thrombin and calcium chloride contained in the cross-linker stream above, and in the
agarose-coated deposition surface below. The in-situ turbidity measurements reveal the
gelation times (Estimated as the inflection point on the turbidity graph) is £, ~ 44 s, 64 s, 110
s and 160 s for sheet thicknesses of 6=100 pm, 200 um, 400 um and 600 um. As we will
discuss in more detail below, rapid enough gelation is an important requirement for in-situ
formation of sheets on inclined or compliant surfaces.

Figure 2f shows representative scanning electron microscopic (SEM) images to characterize
the surface microstructure of sheets that were obtained from the different bioinks. As the
sheets are small in thickness (100 — 600 um), we don’t expect large non-homogeneities in
pore size and microstructure across the sheet thickness.*? Figures 2g—h show the Young’s
moduli and elongations at break of in-situ formed sheets, respectively. Tensile properties
were evaluated for the hydrated sheets along the direction of deposition, x. At the selected
processing conditions, alginate-based sheets exhibited higher Young’s moduli, compared
with fibrin-based ones. The latter has a higher elasticity and a 2.6 times higher elongation at
break (at constant strain).

To obtain multilayered sheets of controllable thickness, multiple sheets may be
consecutively deposited using the handheld Skin Printer. In addition to depositing multiple
sheets of the same composition, the stepwise approach enables the biopolymer or the
cellular composition to be altered between layers. Figures 2i—j show confocal micrographs
of multilayered sheets that were sequentially obtained. To achieve the three-layered sheet
shown in Fig. 2j the following three layers were deposited from bottom to top: a 500um
layer of fibrin containing 0.1um polystyrene particles (blue color); after 5 min a 200um layer
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of alginate containing FITC conjugated collagen type 1; and after another 30min a 150um
layer of alginate containing 0.2um polystyrene particles (conjugated with Nile red).

Architected Biomaterial and Tissue Sheets

We now consider microfluidic bioprinter cartridges that aid the formation of single-layered
biomaterial or tissue sheets with a composition that varies along either the lateral or the
extrusion direction. As schematically shown in Fig. 3a and Video ESI S1, architected sheets
were obtained by independently controlling the flow rates of a primary bioink, Qay;
(indicated by green color), and a secondary bioink, Q> (indicated by red color) as delivered
from the two on board syringe pumps. The cross-linker was supplied from an external
syringe pump. The design of the microfluidic cartridge was adapted from one that we had
previously used for the formation of stripe-patterned sheets without substrate support.23 We
incorporated four equidistant stripes of a secondary biopolymer within the primary
biopolymer. As shown in Figs. 3b and 3c we decreased the relative stripe width, wy/w, by
increasing the relative rate at which the secondary bioink was supplied compared with the
primary one, Q2/Qpys, While keeping the total bioink flow rate, Qaz»>+ Qazy, unchanged.
Stripes narrower than the width of the smallest channel features of the microfabricated
cartridge were obtained by hydrodynamically focusing*! the secondary bio-ink within the
biopolymer feature layer of the microfluidic cartridge. In the examples presented so far, the
primary and secondary bioink solutions shared the same composition but differed in their
payload. However, primary and secondary bioink solutions with different composition may
also be used as long as their cross-linking mechanisms are compatible. For example, single-
layered sheets with alternating composition were obtained by co-flowing two different
bioink solutions in-plane. Figure 3d shows a representative sheet with alternating alginate
and fibrin-HA stripes deposited on an agarose substrate coated with calcium chloride and
thrombin.

In addition, we formed sheets where spots of the secondary bioink were incorporated within
the primary bioink. The secondary bioink was delivered from a well that was incorporated at
the inlet of the 3D printed microfluidic cartridge, where a time-dependent head pressure was
applied (Fig. 3e). We delivered the primary bioink at a flow rate, Qp;, and applied a square-
wave pressure signal. The frequency and the duty cycle of the pressure affected the spot
volumes, as well as the distance between spots. For a fixed Qy;, frequency and duty cycle,
increasing the amplitude of the head pressure decreased the distance between subsequent
spots and increased the spot volume (Fig. 3f and 3g). We analytically estimated the
attainable resolution of the deposition process (Fig. 3h, ESI Section S5) depending on the
inclination of the deposition surface, and the gelation kinetics. As the sheet thickness
increases, the permitted drainage time scale for in situ formation of sheets with a desired
spatial resolution decreases, and the gelation time increases. The permitted drainage time
decreases with increasing inclination angle.

The in-situ formation of substrate-adhesive undulated sheets or arrays of parallel stripe
filaments is schematically shown in Fig. 3i and extends the attainable sheet morphologies.
One cross-linker solution serves as the flow-confining fluid and is referred to as the primary
cross-linker solution and delivered to the microfluidic cartridge from an external syringe
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pump. The bioink is delivered by one of the on-board syringe pumps. A secondary cross-
linker solution is delivered from the other on-board syringe pump, and distributed within the
biopolymer feature layer. As a result, stripes of the secondary bioink and the cross-linker
solutions are deposited in alternating fashion along the lateral direction. For slow gelation or
a low viscosity of the cross-linker solution, the stripe-patterned bioink spreads laterally until
gelation is completed, producing undulated sheets (Figs. 3j—k). For more rapid gelation, or
an increased viscosity of the cross-linker solution, the relaxation time due to the density
difference between the biopolymer and cross-linker solutions is shorter than the gelation
time. An array of parallel substrate-attached biopolymer filaments is obtained. Figure 31
shows an array of such stripe-filaments that was deposited in a single pass on top of a
homogeneous sheet. The filaments are disconnected in the lateral direction. A mesh pattern
as shown in Fig. 3m was obtained in a case when another stripe array was deposited in a
second pass perpendicularly to a previously deposited one.

In-vitro Application of Handheld Skin Printer

The bioink used for in vitro experiments contained hyaluronic acid, fibrinogen, and type-I
collagen. Gelation of the fibrinogen component was induced by the enzymatic activity of
thrombin at neutral pH and room temperature. Hyaluronic acid was added to increase the
viscosity and “printability” of the bioink, without adversely impacting cell viability. Selected
deposition conditions are characterized by low shear rates (on the order of 1 s~1) that are not
expected to affect cell viability or function. Figures 4a—b show that human dermal
fibroblasts (FB) embedded in the fibrin-based sheets exhibited >90% viability based on a
live/dead assay performed after 10 days in culture. At day 0, we investigated five different
cell concentrations that ranged from 0.1 to 10 million/ml, and found the original cell seeding
density in the bioink to be consistent with the cell density assessed within the planar tissue,
based on Hoechst nuclear staining and confocal microscopy (for more detail see ESI Section
S1). No cell or biomaterials clumps or aggregates were observed immediately after sheet
formation, indicating the delivered cells to remain uniformly dispersed within the planar
tissue (ESI Figure S12). Cell numbers were quantified using a Hoechst nuclear stain and
confocal microscopy and demonstrated the increase in total cell numbers over a three-day
culture period, suggesting continued cell growth and proliferation (Fig. 4c).

To assess FB attachment and morphology, we selected a bioink containing human dermal
FBs in a fibrinogen-collagen-HA solution. At time points 0, 3, 6 and 12 hr post printing,
sheets were fixed and stained for nuclei and cytoskeleton. The results suggest the cells are
adapting to the 3D scaffold without impacting morphology, as they exhibit elongation and
attachment within the first few hours after sheet formation (Fig. 4d).

Keratinocytes (KCs) are the essential cell component of the skin epidermal layer. A bioink
consisting of 1.25 million human KC/ml in a mixture of fibrinogen and HA was used to
form a 200um thick sheet. Collagen-I was not added to better mimic the epidermal layer
undergoing wound repair, to accelerate the degradation of the biomaterial matrix, and
thereby reduce cell-cell distances and aid KC cluster formation. On day 0, the cells were
dispersed individually and homogeneously distributed within the sheet (Fig. 4e, top row).
Within three days of 3D culture, KCs formed clusters as shown in confocal micrographs,
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suggesting adhesion of KCs and the formation of colonies, characteristics of a normal
epithelial activity*? (Fig. 4e, bottom row).

We obtained cell-laden stripe patterns in vitro, by adding KCs to the secondary bioink as
shown in Fig. 4f. The width and distance of the stripes is governed by tuning the volumetric
flow rates of the secondary bioink, Qa2 and the cross-linker, Q7. The w=8mm wide
cartridge produced equidistant stripes of width w,=500um that were imaged by using
phalloidin staining.

To mimic the layered architecture of skin, a bi-layered sheet containing both keratinocytes
(KCs) and human dermal FBs was deposited (Fig. 4g). First, a 500um thick layer was
formed from a bioink that contained 4x10° FBs/ml in a collagen/fibrinogen precursor
solution. Second, a 100um layer of KCs embedded within a fibrinogen/HA precursor
solution was deposited on top. Immunostaining of the bi-layered construct specific for F-
actin (Phalloidin green) and keratin-14 (anti-K14, red) to visualize dividing basal
keratinocytes revealed cell compartmentalization in a stratified structure with two distinct
cell populations (phalloidin green, K14 red).

In-vivo Application of Handheld Skin Printer

We demonstrate the 7n vivo formation of architected sheets. A murine wound model served
as an example of a compliant and curved surface that undergoes periodic respiratory motion.
We characterized in-situ sheet deposition by a combination of fluorescence and bright-field
imaging during and immediately after deposition. Mice were sacrificed 1 hour after
deposition. Figures 5a and 5b show wide-field fluorescence images of in-sifu formation of a
biopolymer fiber array onto a 8 mm diameter excisional wound, which is particularly
challenging because it requires the consistent sheets to be formed at a short distance while
deposition onto a curved and compliant wound surface. The deposited stripe-patterned
sheets or stripe arrays remained firmly attached to the wound and periodically followed
respiratory cycles, or manual tissue deformation (Fig 5c). To improve contrast during
imaging, we added green fluorescent microparticles to the secondary bioink. ESI Figure S11
shows images for the synchronous formation of stripe-arrays prepared from either alginate
or fibrin-HA onto an excisional wound located at the back of a mouse. Stripe arrays
prepared in fibrin-HA are less distinct compared with the alginate case, a difference that we
attribute to the slower gelation in the former case (Fig. 5d).

Finally, we selected a porcine wound model in a proof-of-principle demonstration of in-situ
depositing a homogenous hemostatic barrier on an excisional wound under clinically
relevant conditions. Wounds were marked on the back of the animal before the operation.
For pain control, animals received a basic dosage of tramadol (4—6mg/kg) which may
escalate when needed on the day of the surgery until euthanization. After the excision,
20mmx40mm full-thickness excisional wounds were covered by direct deposition of a
homogenous fibrin-HA sheet (6=300um, w=20mm, Figs. 5e). We compared to a
contralateral wound without deposited sheet (4 wounds as control on same animal, video
ESI S2). Bleeding stopped after approximately Smin in the wounds covered by the in-situ
deposited sheets while control wounds achieved hemostasis after tens of minutes (Fig 5f).
Microscopic analysis of H&E staining on cross-sectional samples of the harvested healed
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wounds sacrificed on day 20 revealed that both treated and control wounds formed complete
granulation tissue as indicated by the continuous red-stained region connecting the wound
edges, and exhibited comparable levels of collagen deposition and cellularity as shown by
the underlying purple region populated homogenously by dark blue cell nuclei (Fig. 5g).
Only 1 out of the 4 control wounds showed complete re-epithelialization while 3 out of 4
treated wounds exhibited complete re-epithelialization (non-significant parametric test) (ESI
Fig. S13). Healed wounds were stained with Keratin 10, an epithelial differentiation marker
(ESI Fig. S14a), and with alpha-smooth muscle actin, a transient myofibroblast marker (ESI
Fig. S14b), where no significant difference was observed between treated wounds and
controls. The selected bioinks did therefore not inhibit granulation tissue formation or re-
epithelization.

Summary and Conclusions

We presented a handheld bioprinter for the formation of biomaterial and tissue sheets with
local control over biomaterial composition, and colloidal or cellular payload. The approach
requires minimal operator training for the in-sifu formation of biomaterial and tissue sheets
onto either flat surfaces (in-vitro) or wound beds (in-vivo). The approach side steps the
washing and incubation steps, scanning of wound surfaces or multi-axis printhead
translation that would otherwise be required by many conventional bioprinters. Fragile
sheets that correctly mimic the soft microenvironment of many cells can be in situ delivered

for in vivo application.

We reported conditions for consistent sheet deposition using bioinks that consisted of
alginate, fibrin, collagen and hyaluronic acid. The biopolymer solution was pre-mixed with
cells prior to deposition to deliver cells in a controlled and cytocompatible manner and
promote cell interaction with the surrounding microenvironment.*3 Depending on the
selected cartridge width and deposition velocity we rapidly covered deposition surfaces at
rates of 0.3—1.6 cm?/s, exceeding characteristics of most extrusion-based bioprinters by at
least one order of magnitude. additionally, we demonstrated different sheet morphologies
including stripes, spots and meshes. The capacity of bioprinting undulate sheets may in the
future allow mimicking the periodic protrusions (wavelength 50-400um, amplitude 50—
200um) that separates the epidermal layer from the dermal layer of intact skin in the
bioprinting process. These protrusions have been shown to increase the contact area,
improve adhesion between layers, influence epidermal cell proliferation and migration, and
decrease the chance of scar formation.** 43

A first proof-of-concept experiment was conducted in a murine wound model with the goal
of demonstrating the in-sifu deposition of an architected sheet in the form of a fiber array
onto a small and compliant wound surface. In a second a proof-of-concept study we
evaluated in a porcine full thickness wound model the feasibility of using the handheld Skin
Printer for in-situ biopolymer sheet deposition in a clinically relevant setting. A hemostatic
biopolymer sheet (without cell load) was in-situ fabricated. Wounds where monitored for 20
days and histological end point analysis was performed. The porcine model demonstrated
successful in-situ bioprinting to cover full thickness wounds with a homogeneous layer that
provided a non-detrimental hemostatic barrier immediately after application where it did not
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impede normal re-epithelization or wound contraction. Four porcine full thickness wounds
with sizes of 2 cm x 4 cm (1.24 in?) were covered with a =0.3mm thick and 20mm wide
sheet. The current instrument accommodates up 3 ml of bioink solution, which allows at the
selected conditions the continuous coverage of ~100 cm? (15.5 in%) during 0.8—2.1min.
Covering significantly larger areas with homogeneous sheets will require the bioink volume
per filling to be increased. Comprehensive in-vivo experiments will be required to assess
wound healing of in-situ deposited skin tissue sheets.

We expect the presented approach to be widely applicable for the delivery of different
natural and synthetic biopolymers solutions as well as differentiated and non-differentiated
cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Handheld Skin Printer
(@) Schematic diagram illustrating working principle of handheld bioprinter. One or several

bio-ink solutions (green color), containing premixed biomaterials and cells, and a cross-
linker solution (blue color) are prepared. Handheld bioprinter converts bio-inks into
homogenous or architected biomaterial sheets or tissues directly within a culture dish or a
wound site. (b) Rendered image of handheld bioprinter. A handle (D enables positioning
above target surface or wound. A stepper motor, pulley and drive mechanism @ define the
deposition speed, V. Two on-board syringe pump modules @ control the dispensing flow
rates for bioink @ and cross-linker solution ®). 3D printed microfluidic cartridge ® for
spatial organization of solutions and sheet formation. (C) Photograph of 3D printed
microfluidic cartridge. Scale bar 10 mm. (d) Schematic side-view image showing sheet
formation between moving microfluidic cartridge and deposition surface or wound. Inset
indicates fluid velocity profiles in bioink (green) and cross-linker layers (blue).
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Figure 2. In-situ Deposition of Homogeneous and L ayered Hydrogel Sheets
(a) Comparison of side view images after manual deposition of 100ul fibrin/HA bioink

droplet (left) and sheet deposited using handheld bioprinter (right). Agarose substrates
hydrated with cross-linker solution used in both cases. Images acquired at 4° angle. (b)
Representative optical profilometry image and cross-sectional view of §=300um sheet
printed with 14mm wide microfluidic cartridge. () Measurement and model predictions for
dimensionless sheet thickness, §*=86/H, as function of dimensionless bioink flow rate,

Qun* =0 (wyVH)™L. (d) Analytical solution for velocity distribution within confinement.
(e) Characterization of gelation kinetics based on measurement of time-dependent changes
in normalized turbidity of fibrin-based sheets with different thicknesses. (f) Microstructure
characterization using scanning electron microscopy, (g) Young’s modulus and (h)
elongation at break, for sheets consisting of fibrin-HA/collagen I, fibrin-HA, collagen I-
alginate and alginate. (i) Confocal image of bi-layer sheet prepared by subsequent deposition
of 200um thickness alginate layer containing FITC microparticles (bottom) and 100um
thickness alginate layer containing Nile red microparticles (top). (j) Confocal image of
three-layer sheet prepared by subsequent deposition of 500um (bottom) fibrin-HA layer with
blue micropartices, 200um (middle) alginate-collagen layer with FITC-conjugated collagen
and 150um (top) alginate layer with Nile red microparticles. Scale bars 2mm (a left), Smm
(aright), 2um, 10um, 1um, 1pum (f, from left to right), 100um (, j)
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Figure 3. In-situ 3D Bioprinting of Architected Sheets
(a) Schematic of biomaterials and cells organized into stripe patterns using microfluidic

cartridge. (b) Representative confocal image of stripe-patterned monolayer. (C) Relative
stripe width Wy W as function of flow rate ratio. (d) Representative multi-material
organization of sheets with alternating fibrin-HA (red color) and alginate (green color)
stripes. (€) Schematic of biomaterials and cells organized into spotted patterns using
pressure-controlled reservoir. (f) Representative images for pressure-controlled spotting. (g)
Spot volume as function of reservoir head pressure during 0.2s actuation. (h) Estimated
nominal in-plane resolution for forming fibrin-HA sheet onto flat but inclined surfaces,
(inclination angle ). Initial stripe resolution as obtained from 3D printed cartridge without
(*) and with flow focusing feature (**) (i) Schematic of biomaterials and cells organized
into undulated sheets or parallel fibers using microfluidic cartridge. (j) Representative
bright-field image of undulated sheet with 8 peaks. Image captured at 4 degrees. Insert
shows enlarged image of two neighboring peaks at 2 degrees. (k) Confocal image of cross-
section of an undulated sheet with 4 peeks. (I) Representative reconstructed confocal image
of bi-layered sheet cross-section. Bottom layer (green color) homogenous, top layer consists
of 4 parallel stripes (red color). (m) Meshed pattern formed by successive deposition of 8
parallel stripes perpendicular to one another. Scale bars 2mm (b), S00um (d), 6mm (f), Smm
(), 200um (k, 1), 4mm (m).
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Figure 4. In-vitro Characterization of in-situ Bioprinted Tissues
(a) Homogenous printed sheet contains human dermal fibroblasts (FBs). Live cells indicated

by calcein stain (green). Dead cells indicated by fluorescent ethidium homodimer-1 (red).
(b) Quantitative assessment of FB viability in printed fibrin/HA/collagen-I bioink with
>90% cell viability during 10-day culture. (C) Quantitative assessment of FB and KC cell
numbers as an indication of cells proliferation over 3 days of in-vitro culture. (d) FBs
deposited within the bioink containing 1.25% fibrin, 0.25%collagen I, 0.25% HA and
stained with Hoechst (blue) and phalloidin (green) show excellent attachment and elongation
during 12 hr. (€) Comparison between day 0 and day 3 of human keratinocytes (KCs)
deposited in fibrin gel using immunofluorescent staining for cell nucleus (blue), actin
(green), and keratin-14 (red) indicating cell grouping and clustering by day 3. (f) Deposited
monolayer sheet containing KCs in stripe patterns as visualized using phalloidin
immunostaining on day 0. (g) Bilayer construct printed in stepwise fashion Keratinocytes
(k14 & phalloidin co-stain, red) sequentially deposited on top of FBs (phalloidin, green)
resembling bi-layered structure of skin. Scale bars 200 um (a,g), 100 pm (d, e), 2 mm (f).
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Figure 5. In-vivo Compatibility of in-situ Bioprinting in Small and Large Animal M odels

(a) Fluorescent image of stripe-patterned sheet formation directly onto murine excisional
wound. (b) Representative image of 4 stripes in-situ deposited onto 8mm wound model.
Dashed circle indicates wound edge and arrow indicates initiation phase. (C) Striped sheets
remain adherent to wound bed during respiration or stretching, and the printed geometry
retains its shape. 1um green fluorescent microparticles incorporated as payload (a, b, c). (d)
representative normalized fluorescence intensity across striped alginate sheet (solid line) and
fibrin sheet (dashed line) 7n-situ formed on the back of a murine excisional wound. (€)
Representative photograph showing in situ deposition of 6=250 um thick fibrin-HA/collagen
sheet on top of a full thickness excisional porcine wound using handheld Skin Printer. (top);
Close-up view of sheet formation within wound bed with a 2cm microfluidic cartridge.
(bottom) (f) (Control, not printed) on day 0 and Printed 5 min after 7n-situ formation of
biomaterial sheet. (g) Trichrome staining indicating the extent of granulation tissue
formation and reepithelialization. Arrows indicate the border between newly formed
granulation tissue and intact skin. Arrowheads marks epithelialized area. Arrowhead at the
center of treated wound shows complete re-epithelialization, while central arrowhead in
control wound shows non re-epithelialized zone at wound center. Scale bars 2mm (a, b, ¢, g
left), 10mm (h), Imm (g right).
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