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We present a 3D-printing technology allowing free-form fabrication of centimetre-scale injectable struc-
tures for minimally invasive delivery. They result from the combination of 3D printing onto a cryogenic
substrate and optimisation of carboxymethylcellulose-based cryogel inks. The resulting highly porous
and elastic cryogels are biocompatible, and allow for protection of cell viability during compression for
injection. Implanted into the murine subcutaneous space, they are colonized with a loose fibrovascular
tissue with minimal signs of inflammation and remain encapsulation-free at three months. Finally, we

;(]e)y‘[’)"r‘;;‘g;lg vary local pore size through control of the substrate temperature during cryogenic printing. This enables
Hydrogel control over local cell seeding density in vitro and over vascularization density in cell-free scaffolds
Biocompatible in vivo. In sum, we address the need for 3D-bioprinting of large, yet injectable and highly biocompatible
Injectable scaffolds and show modulation of the local response through control over local pore size.

Implantation

Carboxymethylcellulose Statement of Significance

This work combines the power of 3D additive manufacturing with clinically advantageous minimally
invasive delivery. We obtain porous, highly compressible and mechanically rugged structures by optimiz-
ing a cryogenic 3D printing process. Only a basic commercial 3D printer and elementary control over
reaction rate and freezing are required. The porous hydrogels obtained are capable of withstanding deliv-
ery through capillaries up to 50 times smaller than their largest linear dimension, an as yet unprece-
dented compression ratio. Cells seeded onto the hydrogels are protected during compression. The
hydrogel structures further exhibit excellent biocompatibility 3 months after subcutaneous injection into
mice.

We finally demonstrate that local modulation of pore size grants control over vascularization density
in vivo. This provides proof-of-principle that meaningful biological information can be encoded during
the 3D printing process, deploying its effect after minimally invasive implantation.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

3D bioprinting [1] is an emerging, rapidly-evolving field with
the potential to reproduce an ever-increasing list of human and
animal tissues such as skin [2], neural tissue [3], intestine [4], liver
[5] and even functional ovaries [6]. With precise spatial control in
three dimensions, bioprinting offers freeform fabrication of highly
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sophisticated structures for tissue engineering. Unfortunately,
the bulky and fragile nature of these 3D-printed scaffolds
presents a major barrier to successful in vivo implantation. It is
well-established that minimally invasive surgery significantly
decreases surgical complications like inflammation [7], infection
[8], adhesions [9,10] and scarring [11]. Current 3D-printed
hydrogel scaffolds cannot be delivered in this manner, and
development of large injectable 3D-printed scaffolds remains a
major challenge in terms of the clinical relevance of the bioprinting
field [12,13].
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Numerous hydrogel strategies exist for minimally invasive
implantation. In situ liquid gelation [14], fragmentation [15,16],
geometric folding of 2D patches [13,17], and compression of highly
porous and elastic cryogels [18-20] have all shown promise for
minimally invasive cell and tissue delivery applications. However,
these systems cannot offer the freeform fabrication and structura-
tion provided by 3D printing techniques [12]. As such, tissue
engineering currently lacks a technology that combines complex,
yet facile 3D structuration with minimally invasive deployment
in vivo. 4D bioprinting is a novel concept whereby 3D-printed
structures gain time-evolving functionality [21] such as volume
change [22] or shape-morphing capacity [21,23,24]. We propose
that 4D printed [21,23,24] cryogels [18-20] could address the need
for free-form fabrication for minimally invasive delivery.

The first objective of this study is the development of 3D
printed structures that can be implanted in vivo in a minimally
invasive fashion. For this, we exploit a 4D compressional shape
change of 3D printed cryogel structures. We have recently devel-
oped a 3D cryogel printing process [25]. This technique allows
the production of arbitrarily shaped cryogels with highly con-
trolled local properties. Here, we adapt the process to obtain the
required compressibility and mechanical ruggedness for minimally
invasive delivery. Cryogels are synthesized from a liquid precursor
in the frozen state, where ice crystals provide the template for gel
pore structure [18]. Slow crosslinking after ice crystal formation
then creates the exceptional elasticity required for minimally inva-
sive delivery [20]. In 3D printing of structures suitable for mini-
mally invasive delivery, strong adhesion between subsequently
printed layers [26] is a particular challenge. Further, for in vivo
implantation, the pore size needs to be adapted to obtain coloniza-
tion and vascularization [27,28]. Suitably 3D-printed cryogel scaf-
folds can be dehydrated, which leads to spontaneous folding and
compression. Due to their shape memory [18-20], the scaffolds
can uptake fluid and resume their original shape and volume after
rehydration [21,23,24]. This dehydration-rehydration cycle pro-
vides the scaffold with 4th dimensional, time-dependent function-
ality. We utilize the 4D deployment cycle for minimally invasive
delivery of 3D-printed scaffolds in vivo.

Cryogel scaffolds have been shown to be suitable vehicles for
minimally invasive delivery of adherent cells by offering protection
from excessive compression forces during injection [19,20,29]. We
here investigate the capacity of 3D-printed structures, which
include designed local pore size variations [25], to provide cell
protection during syringe injection.

Furthermore, scaffold biocompatibility is necessary for
successful long-term implantation. We have previously shown
in vitro biocompatibility of 3D printed cryogel structures [25]. In
vivo, careful selection of raw materials [30] is required to prevent
chronic inflammation and ensuing scaffold encapsulation [31-33].
We utilize carboxymethylcellulose as the structural material with
adipic dihydrazide crosslinking chemistry, both known for their
biocompatibility [34,35]. It is a further aim of this report to assess
biocompatibility of the printed structures in vivo.

A final objective of this report is to provide proof of principle
that designed and printed locally varying properties in 3D printed
scaffolds for minimally invasive delivery can be used to drive the
tissue response in vivo. Scaffolds can influence tissue in multiple
ways, for instance through delivery of growth factors [29,36], small
molecules [37], nucleic acid vectors [38], and cells [29], or through
scaffold geometry itself [6,27,28]. Notably, efficient vascularization
of porous, biocompatible scaffolds is closely linked to pore size
[27,28]. Because cryogel pore structure depends on the freezing
process [18,25], we use modulation of printing substrate tempera-
tures to print cryogel deposits with locally varying pore structures.
We then assess the capacity of the scaffolds to transfer the infor-
mation contained in the 3D pore size pattern to cells and tissue.

We do so by quantifying local cell seeding density in vitro, and local
tissue infiltration and local vascularization densities in vivo, at
3 months after minimally invasive delivery.

2. Materials and methods
2.1. Chemicals

Sodium carboxymethylcellulose CMC (419338-100G, 700 kDa),
2-(N-morpholino)ethanesulfonic acid MES (M3671-50G),
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
EDC (E7750-25G), adipic acid dihydrazide (A0638-25G), NaOH
(S8045-500G), aminofluorescein (07980 Fluka-1G), ethylene-
diamine-tetraacetic acid EDTA (EDS), phosphate buffered saline
PBS (P4417-50TAB), paraformaldehyde(158127-500¢g), Triton
X-100 (X100-100 mL), collagen I (C4243-20 mL), phalloidin-ATTO
565 (94072), aminoethanol (398136-500 mL), 4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid HEPES (H3375), sodium carbon-
ate Na,COs (S7795), HEPES buffered saline HBS (51558), and rho-
damine B isothiocyanate (283924-100MG) were obtained from
Sigma-Aldrich. Foetal bovine serum was from PAA Laboratories,
and DMEM cell culture medium from GIBCO.

2.2. Cryogel reaction mix

Cryogels were synthesized using established cryogel chemistry
[19], with modifications to allow for sufficient handling time dur-
ing 3D printing (electronic Supplementary information 1). Briefly,
carboxymethylcellulose was dissolved in 44 mM HEPES, pH 7.4,
followed by addition of the crosslinker adipic acid dihydrazide
(AAD) and activation by the carbodiimide EDC. The final reaction
mixture contained 9 mg/mL carboxymethylcellulose, 0.3 mg/mL
adipic dihydrazide, 44 mM HEPES pH 7.4, and was activated with
3.6 mg/mL EDC.

2.3. 3D printing

After activation with EDC, the reaction mixture was dispensed
by a modified commercial 3D printer (Protos v2, SwissRepRap,
Tardo GmbH, Subingen, Switzerland). For this the reaction mixture
was placed in a pneumatically pressurized reservoir (ca. 600
mbar), which was connected via HPLC tubing to an electrovalve
(the Lee Company, INKX0508000A, with nozzle INZA3330997D)
mounted on the printing platform. We modified the printer firm-
ware (open source) such as to output a constant opening signal
to the valves during printing rather than the pulsed stepper motor
on/off signal required for the extrusion, and used an amplification
board as specified by the electrovalve manufacturer to drive the
valves (the Lee Company, drawing LFIX1001750A). The Protos v2
printer is driven by G-Code through the Simplify3D software inter-
face provided with the printer. For testing and simple structures,
we typically provide the G-Code directly in the Simplify3D inter-
face. For more complex structures, we generate the G-Code by slic-
ing standard STL design files in the Simplify3D software. We
fabricated the scaffolds by printing onto a stage held at sub-zero
temperatures (—80 °C or —20 °C depending on the placement of
the dry ice relative to the printing area, as measured in calibration
experiments by a surface contact thermometer). We used a print
rate of 2 mm/s, and a fluid flow rate of 300 pul/min (during opening
of the electrovalve). This combination represents an optimal com-
bination of printing quality and adequately large pore size (elec-
tronic Supplementary information 2). To control heat transfer,
and simultaneously to enable facile sample transfer, we 3D print
the gels on a polypropylene substrate (0.5 mm height), attached
with a drop of isopropanol to the cooled printer stage.
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After printing, the gels were placed in a —20 °C freezer. After
1 week, the cryogels were thawed, rinsed in DI, EDTA 10 mM and
then PBS, and autoclave-sterilized in PBS. Green fluorescent cryo-
gels were obtained by addition of aminofluorescein (final concen-
tration 10 uM) during the crosslinking reaction (for details, see
[19]). Red fluorescent cryogels were obtained by pre-reacting the
adipic dihydrazide with rhodamine B isothiocyanate (final theoret-
ical concentration 10 uM), leading to addition of the fluorescent
label onto a small fraction of the adipic dihydrazide molecules.

2.4. Scaffold characterization

2.4.1. Scanning electron microscopy

For SEM imaging, cryogel samples are washed with DI water
and lyophilized, before image acquisition on a Zeiss Merlin SEM
(5 keV with secondary electron detection).

2.4.2. Injectability

Syringe injectability of cryogel scaffolds was assessed as
reported previously [19], and adapted to reflect the in vivo
injection procedure. Briefly, 3D printed cryogel scaffolds were
dehydrated by compression with sterile gauze. They were then
inserted into a syringe and delivered into excess water or cell cul-
ture medium through a catheter with an inner diameter of 0.8 mm
(BD Biosciences). The injection was considered successful if the
structures remained visually intact.

2.4.3. Pore size distribution

For pore size analysis, cryogels were cut into thin slices while
still frozen. The slices were then thawed, imaged in bright field
(10x objective) and binarized. The dimensions of about 200 pores
were recorded using Image] software for small pore (—80 °C bed
temperature) and large pore (—20 °C bed temperature) areas.

2.5. Scaffold coating and cell culture

2.5.1. Collagen coating

To allow cell adhesion to the printed and autoclaved scaffolds,
we coated the cryogels with collagen I. For this, the samples were
dehydrated by compression against sterile gauze. They were then
immersed into sterile DI water, followed by MES buffer (pH = 4.5,
250 mM), followed by collagen coating solution for 5 min, with
dehydration against the gauze for each step. The collagen coating
solution contained 0.3 mg/mL collagen I diluted in MES buffer pH
4.5, 100 mM. After the coating step, scaffolds were rinsed two
times with sterile DI water. Crosslinking of the collagen onto the
CMC scaffolds was performed by immersing the previously rinsed
scaffolds into a solution containing EDC (10 mg/mL in MES buffer
pH 4.5, 100 mM) for 5 min. The scaffolds were further rinsed with
sterile DI water and with a solution of Na,CO3 100 mM. Possible
activated residues of EDC were inactivated using a 1% solution of
aminoethanol (immersion of the scaffold during at least 5 min).
Final rinsing steps were performed to readjust the pH at a physio-
logical level: rinsing with sterile DI water and with HEPES buffer at
pH 7.4, 100 mM, followed by a rinse with PBS.

2.5.2. Fluorescent labelling of collagen

For the purpose of comparison of deployment and perfusion for
collagen coating, we assessed the spatial distribution of the coated
collagen (electronic Supplementary information 4). For this, we
labelled collagen I with rhodamine isothiocyanate, as reported pre-
viously [25].

2.5.3. Cell culture
Human foreskin fibroblasts (cell line CCD-1112SK, ATCC CRL-
2429) were grown in DMEM (formulation 41965) with 10% foetal

bovine serum in cell culture flasks. Cells were passaged once per
week, with incubation at 37 °C and 5% CO,. Cells were used no later
than passage 20 from purchase.

2.5.4. Scaffold seeding and culture

Cells were seeded onto cryogels by dehydration of the cryogels
against sterile gauze followed by rehydration with an equal vol-
ume of cell suspension [19], with a typical cell concentration of
about 4*10° cells/mL. After seeding, the gels were incubated for
about 45-60 min, before additional excess cell culture medium
was added. Subsequent incubation was at 37 °C, 5% CO,.

2.5.5. Cell morphology and viability

Cell-laden scaffolds were fixed in 4% paraformaldehyde solution
in PBS. Samples were then washed in PBS, and permeabilized with
0.3% Triton X-100, in PBS. We stained cell nuclei with DAPI
(4',6-diamidino-2-phénlyindole, 300 nM) and in some instances
the actin filaments with phalloidin-Atto 565 (50 nM).

Confocal images were acquired on a Zeiss LSM 700 with a
20x air objective or with a 40x oil objective. For large samples,
3D fluorescence microscopy images were collected using a light-
sheet microscope (Light sheet Z.1, Carl Zeiss, Germany) with an
EC Plan-Neofluar 5X/0,16 lens. Typically, 200-300 z-planes were
acquired in 3 sequential modes: DAPI (excitation 405 nm, emission
420-470 nm); Alexa Fluor 555 (excitation 561 nm, emission
575-615 nm); Alexa Fluor 488/647 (excitation at 488 nm and
633 nm, emission at 505-545nm and >660 nm). The voxel
size was 2.5(XY) x 7(Z) um. Three-dimensional images were
reconstructed using IMARIS x64 7.6.5.

To analyse cell seeding efficiency as a function of local pore size,
layered structures with alternating large- and small-pore layers
were printed (electronic Supplementary information 5), coated,
seeded, incubated, and fixed and stained at 24 h. Confocal stacks
with at least 50 (and up to nearly 5000) identifiable nuclei were
acquired in the relevant layers, with 5 stacks at randomly chosen
locations for each layer. Cell density was quantified as the number
of nuclei per unit volume. The experiment was repeated twice.

Cell survival was quantified by trypan blue exclusion staining
(0.4% in HEPES-buffered salt solution HBS). For this, cell viability
was estimated as the ratio of non-stained to total cell counts using
bright field images (Leica DM5500, 20x objective).

2.6. In vivo analysis

2.6.1. Animals

All experimental procedures were approved by the Animal Care
and Use Committee of the Canton of Vaud, Switzerland. CD1 mice
(females; 12-20 weeks old; n=10 mice) were purchased from
Charles River (Bar Harbor, Maine, USA) and hosted in our facilities.
All animals were kept at constant room temperature 22 + 2 °C.
They were fed a normal diet and kept under a controlled 12 h
light/dark cycle.

2.6.2. Injection of scaffolds

Animals were anesthetized with 4% isoflurane USP-PPC
(Animalcare Ltd) for induction, with a reduction to 1.5-2% during
intervention, and protection of the eyes by application of
ophthalmic liquid gel (Viscotears, Alcon). Prior to injection of
samples, back hair was shaved off and the skin disinfected locally
with betadine (Mundi Pharma Medical Company). Throughout
the surgical procedures, sterility measures were upheld. To inject
the scaffolds, the skin was gently pierced using an 18G needle.
Then, a flexible catheter of 20G (BD Biosciences) was introduced
subcutaneously through the orifice and the samples contained in
a 2.5 mL syringe (BD Biosciences) were injected along with a small
excess of PBS. To prevent leaking of fluid, the sample injection was
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performed at a horizontal distance of 1 cm from the skin opening
site.

Two scaffold samples were separately and independently
implanted into each mouse. All animals were monitored for the fol-
lowing 3 months by animal care services.

2.6.3. Sacrifice and samples harvesting

Mice were sacrificed 12 weeks after the injection procedure.
For this mice were anesthetized with sodium pentobarbital
(150 mg/kg, I.P) and transcardially perfused with PBS supple-
mented with 4% paraformaldehyde. Implants and surrounding tis-
sues were dissected and collected. Tissue samples were post-fixed
overnight in 4% paraformaldehyde at 4 °C, rinsed three times with
PBS and embedded in paraffin according to standard histological
procedures. Slices of 4 um in thickness were obtained in the central
area of the sample using a microtome (Leica RM2256). Selected
slides were stained with haematoxylin and Eosin using an auto-
mated process (TISSUE-TEK PRISMA SPECIAL STAINER; GLAS G2
COVERSLIPPER from Sakura), enabling to assess morphology and
presence of blood vessels.

2.6.4. Statistical analysis

Error bars in graphics correspond to a single sample standard
deviation. Comparisons between individual conditions were
performed using unpaired t-tests, with Bonferroni multiple testing
correction for multiple related tests where appropriate.

3. Results
3.1. Additive manufacturing of robust cryogel scaffolds

Our goal was the 3D printing of injectable hierarchical scaffolds.
A schematic overview is given in Fig. 1. We printed cryogel inks
onto a freezing stage for freeform 3D structuration (Fig. 1A).
Scaffolds underwent 4D shape change [21,23] for minimally
invasive delivery, exhibiting rapid volume and shape recovery
post-deployment (Fig. 1B). Manipulation of cryogel pore structure
led to hierarchically ordered scaffolds, which could be used to
direct local tissue architecture. (Fig. 1C).
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We used a microextrusion approach [24,39] for cryogel printing
since it is currently the most common and affordable 3D printer
type [40]. First, pneumatic pressure (approx. 600 mbar) drove acti-
vated cryogel mix into the printer head (Fig. 1A). Then, liquid cryo-
gel premix was extruded onto a freezing cold stage [41], with a
modified commercial PRotos v2 3D printer (Fig. 1A). We adjusted
the reaction mix [19] to reduce room temperature gelation,
thereby allowing 3D-printing completion before premix could gel
and clog the system (electronic Supplementary information 1,
Fig. S1-1; electronic Supplementary information 2, Figs. S2-3 and
S2-4 for rheological characterization). To do so, we changed the
buffer system [19] to HEPES, pH 7.4, because the high pH slows
the carbodiimide crosslinking chemistry (electronic Supplemen-
tary information 1, [42]). To deposit premix, we commandeered a
signal intended for molten plastic extrusion to instead open an
electrovalve. This modification enabled timed ejection of cryogel
ink that would freeze rapidly upon stage contact, thus providing
a practical method for additive, free-form manufacturing of cryo-
gels. In comparison with previous carboxymethyl-cellulose-based
cryogel formulations [19,25], this also effectively improves scaffold
pore interconnectivity (electronic Supplementary information 1,
Fig. S1-3).

One of the major challenges in microextrusion printing is poor
adhesion between subsequently printed deposits [26]. Without
sufficient layer-to-layer adhesion, 3D-printed gels will fracture
when deformed. Such fragility is particularly undesirable when
developing highly deformable scaffolds for injection. We solved
this issue by extending the reaction time to about 30 min at room
temperature (electronic Supplementary information 1, Fig. S1-1).
This is not only convenient for 3D printing, but maybe more
importantly ensures robust covalent crosslinking between
freshly printed layers and previously printed layers underneath
(Fig. S1-2). Additionally, with cryogel printing it is necessary to
account for ice crystal condensation from ambient humidity on
previously deposited layers. We addressed this by increasing the
precursor extrusion rate to deposit a sufficient thermal mass to
melt ice crystals, thereby also allowing slight local mixing
enhancing layer-to-layer adhesion (Fig. S1-2).

With these optimized printing conditions, we obtained contigu-
ous, mechanically robust cryogel scaffolds in the desired shapes.

Large Pore Geometry

Vascularization
Small Pore Geometry

Fig. 1. Principle of 3D Cryogel Printing. A) Illustration of 3D printing of cryogels. A viscous precursor solution was printed through a modified commercial printer onto a
freezing cold stage. The liquid froze upon stage contact, leading to local self-organization of ice crystals and polymer. After curing at —20 °C and thawing, we obtained a
cryogel in the desired shape (in this example, a torus). B) Illustration of the 4D shape change. By withdrawing fluid, the cryogel was highly dehydrated and compressed; in
addition, surface tension drove surface-minimizing folding. Upon rehydration, the cryogel returned to its original shape and volume via shape memory. The switch between
compressed and deployed cryogel state was reversible, could be repeated many times, and was used for minimally invasive delivery. C) Illustration of the hierarchical scaffold
organization. Local pore size variation was used to preferentially drive in vitro cellular organization and in vivo vascularization to areas with large pores.
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Mechanical characterization indeed indicates a Young modulus on
the order of 1kPa and repeated reversible compressibility (elec-
tronic Supplementary information 3). For convenience of sample
transport, we did not print directly onto the cooled printer stage,
but rather onto a polypropylene sheet (0.5 mm) reversibly
attached to the stage with a drop of isopropanol.

3.2. 3D scaffold injection through 4D compressional deployment

We then investigated the 4D compressional shape change
[21,23] of a range of 3D-printed structures (Fig. 2). For visualiza-
tion, we stained scaffolds with methylene blue. To test injection
capacity, structures were first partially dehydrated by capillary
withdrawal of fluid (Fig. 2A and B, “Dehydrated”). Using tweezers,
the compressed scaffolds were then transferred into the tip of a
1 mL syringe that was prefilled with excess water. A 0.8 mm cathe-
ter was mounted onto the syringe and the structures were ejected
into a large water bath (Fig. 2A and B, “0s”). Once in contact with
water, the collapsed structures expanded to their original shape
and volume within seconds (Fig. 2A and B, “5s”). Thus, 4D deploy-
ment offers a realistic solution for the minimally invasive delivery
of contiguous 3D structures.

The partial dehydration step, accompanied by extreme com-
pression and folding, allowed for intact scaffold passage through
a narrow conduit, even for structures ranging up to several cm in
size. For example, we injected a porous structure with a ratio of
50 between the largest linear dimension (40 mm) and the injection
cannula (0.8 mm) (Fig. 2B). Such a ratio illustrates the potential for
undamaged delivery of bulky 3D-printed shapes in vivo. Further,
we performed a simultaneous injection of multiple compressed
shapes, which then expanded and deployed independently
(Fig. 2C). Therefore, this platform could be adapted for co-
delivery of several specialized structures at the same location
in vivo.

3.3. Scaffold loading and minimally invasive cell delivery
Once we verified the exceptional 4D deployment capabilities,

we sought to apply our 3D-printed scaffolds for cell delivery
[20,29]. Cryogels typically require adhesion motives to deliver
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cellular cargo [19,20,29], and we have previously shown that cova-
lent immobilization of collagen I enabled the adhesion of the
mouse fibroblast cell line NOR10 to 3D printed cryogels [25]. Here,
we further investigate collagen I modification of cm-scale cryogel
structures. The diffusion of collagen [43] is indeed slow on a mm
to cm scale, suggesting the need for pore fluid movement to effi-
ciently and homogeneously coat the 3D printed cryogels. In the lit-
erature, both perfusion and dehydration-rehydration are proposed
for cryogel fluid exchange [20,25,44]. We compared the two meth-
ods for achieving large volume coatings (electronic Supplementary
information 4, Fig. S4-1) and found that dehydration-rehydration
was not only easier but also provided superior collagen coating
homogeneity (electronic Supplementary information 4, Figs. S4-3
and S4-4). To efficiently incorporate cells, we partially dehydrated
collagen coated scaffolds and rehydrated with a cellular suspen-
sion [19,20,25] of human foreskin fibroblasts. Thus, the 4D
dehydration-rehydration cycle allowed for both rapid coating and
rapid cell seeding of 3D cryogel scaffolds.

After the establishment of a loading protocol, we 3D-printed,
coated, and seeded star shaped structure (Fig. 3). We analysed cel-
lular distribution via confocal microscopy and observed cell seed-
ing throughout the entire scaffold, with slightly higher cell
density near the surfaces (Fig. 3A). Magnification of the scaffold
reveals the attainment of high local cell densities in our cryogels
(Fig. 3B). Finally, we validated the minimally invasive delivery of
seeded cryogel structures. We stained cells to examine cellular via-
bility before and after dehydration, injection through 0.8 mm can-
nula (compression ratio of 6.25 between maximal linear dimension
of the structures and cannula inner diameter), and subsequent
rehydration (Fig. 3C). We found no significant difference between
injected and non-injected samples regarding viability and total cell
number (P = 0.08 respectively 0.06). This indicates that cellular via-
bility is approximately maintained despite the extensive folding
and compression that occurs during 4D scaffold deployment.
Detailed investigation of cell viability in electronic Supplementary
information 6 indicates that cell protection is guaranteed by pore
fluid evacuation rather than cell compression for as long as open
pore space is available (Figs. S6-1, S6-2). As such, injectable
3D-printed cryogels offer a promising platform for minimally
invasive delivery of cell-laden scaffolds.
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Fig. 2. 4D deployment procedure of 3D-printed scaffolds. A) The 4D deployment procedure. This shows the dehydration-based compression, injection sequence, and scaffold
expansion of a 3D-printed circular structure. B) 4D deployment of a large porous scaffold. By printing cm-scale pores, very large structures can be ejected without damage
(here, a 3 x 4 cm structure through a 0.8 mm catheter). C) Simultaneous deployment of individual structures. A set of letters was printed and stained with methylene blue.
The sequence shows ejection through a catheter and subsequent expansion to original size and shape in water. Video files are available as electronic Supplementary material.
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Fig. 3. Confocal microscopy of 3D-printed, cell-seeded structure. A) Scheme and
Light sheet microscopy images of a star shaped structure seeded with human
foreskin fibroblasts. Upper insert with all fluorescence channels, lower insert
showing cells only. Nuclei were labelled with DAPI (blue), actin cytoskeleton
labelled with phalloidin (red), gel labelled with aminofluorescein (green). Intensity
of the blue and red channel was increased proportionally in the lower inset for
better visibility of these two channels. B) Close-up of the cell-seeded structure.
Confocal imaging illustrated the local cell densities attained within 3D-printed
cryogel scaffolds, staining as in Fig. 3A. C) Viability measurement before and after
injection. We stained seeded cells with Trypan blue to examine the viability before
and after a scaffold injection sequence. All scaffolds used in this figure were
produced by printing at —20 °C. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

3.4. Design of hierarchically ordered scaffolds to control cellular
densities

We developed a method to fabricate freeform cryogel structures
(Fig. 1), capable of enduring extreme 4D deployment cycles (Fig. 2)
for minimally invasive cell delivery (Fig. 3). After achieving these

D Cell density

O eqns| [

5410 -

2 0| [ILP| SP |LP| SP

3 #1 #1 |#2| #2
[ ===

0
Layer & Pore Geometry

goals, we investigated the possibility of constructing hierarchically
ordered scaffolds. We have previously shown that by variation of
the 3D printing process temperatures, it is possible to modulate
the local pore size in the printed product [25]. We have shown that
this allows modulation of cell seeding density in vitro [25]. Here,
we address whether variable pore size structure can be used
in vivo to direct tissue ingrowth and scaffold vascularization.

A mean pore diameter of 50 pm was reported to be critical
threshold for vascularization of porous scaffolds [27,28]. To test
whether pore size could be used to direct vascularization, we
therefore needed to identify a set of conditions for the attainment
of substantially smaller mean pore size and substantially larger
mean pore size in distinct large pore (LP) and small pore (SP)
regions.

To achieve the desired pore size ranges substantially below and
above the threshold of 50 pm, we exploit the known dependency
of pore size on heat transfer during printing [18,25]. To produce
small pore (SP) cryogels, the heat transfer rate should be maximal
[18], so we used dry ice to cool the printing substrate to —80 °C.
This is known to lead to pore sizes in the 20 um range [25]. For
large pores (LP), we employed a higher substrate temperature of
—20 °C, maintained by more distal, pre-determined placement of
the dry ice. By itself, this substrate temperature difference is not
sufficient to achieve the desired pore size contrast [25], so we pro-
ceeded with further optimizations. We added a polypropylene
layer (0.5 mm height) to reduce heat conduction and optimized
the printing parameters to achieve the desired large pore size
range while maintaining adequate printing quality and resolution
(electronic Supplementary information 2).

With the optimized conditions, we obtain sharp transitions
from SP areas to LP areas (Fig. 4A). To validate that the observed
boundary truly coincides with temperature change, we changed
from red-labelled to green-labelled ink when changing substrate
temperature (SP to LP). Our results confirmed that the pore size
transition sharply localizes to the boundary between the two
labelled inks (Fig. 4B).

We quantified the pore size distribution obtained at —80 °C (SP)
and —20 °C (LP) and found almost an order of magnitude difference
in mean pore size, with 16 + 4 pm for SP and 127 + 42 pm for LP
(Fig. 4C). Notably, these values bracket the critical threshold of
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Fig. 4. Control over local pore size and cell seeding density. A) Scanning electron micrograph of the boundary between a small pore (SP) region, deposited at —80 °C, and a
large pore region (LP), deposited at —20 °C. B) Confocal micrograph of a similar boundary region. The small pore (SP) region was printed with red fluorescent labelling, and the
large pore (LP) region with green labelling. C) Quantification of the pore size distribution in the SP and LP areas. D) Quantitative analysis of the influence of pore size on cell
seeding. Heterogeneous scaffolds with a layer sequence of large pore (LP) — small pore (SP) — LP — SP were used. Scaffolds were coated with collagen, seeded with human
foreskin fibroblasts, and fixed after 24 h of culture and stained. The local cell density was determined from confocal images, as the number of DAPI-stained nuclei per unit
volume. E) Volume viewer image of a confocal stack of a mixed-methods cryogel scaffold, featuring a 3D-printed SP torus (red) embedded within a moulded LP block (green).
Cells were stained for nuclei (DAPI, blue) and actin (phalloidin, red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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50 um required for vascularization [27,28]. It has been reported
that when seeding heterogenous porous scaffolds with pore sizes
larger and smaller than the cell size, cell seeding was limited to
the large pore size area due to steric exclusion effects [25]. Here,
we sought to assess whether the local scaffold geometry could be
used to control cell seeding densities in vitro also when both large
and small pores exceed the diameter of the isolated cells in suspen-
sion. To do so, we fabricated stratified structures with alternating
LP and SP layers (electronic Supplementary information 5,
Fig. S5-1). We coated and seeded scaffolds by dehydration-
rehydration and quantified volumetric cell density 24 h post-
seeding. In the first LP layer, cell density is nearly equal to the orig-
inal seeding density (4 x 10° cells/mL) whereas the first SP layer
efficiently excludes cells (Fig. 4D). Further, cell density in the sec-
ond LP layer was also relatively high despite the barrier of the first
SP layer, even though the cell suspension can only access this layer
LP laterally. Our hypothesis is that due to the lower fluidic resis-
tance of the LP layers, fluid and cells will preferentially first follow
the LP areas during seeding, leading to deep seeding of LP layers,
whereas nearly cell-free fluid later hydrates the SP areas.

After validating the effect of local geometry on cell seeding, we
investigated the combination of different additive manufacturing
techniques. Printing is appropriate for intricate structures but is
highly inefficient for large, basic shapes. Therefore, we were specif-
ically interested in sequential fabrication using 3D cryogel printing
and 3D cryogel molding. We started by 3D-printing a SP torus.
Then, we used moulding to rapidly cast a large LP block around
the torus. Thus, we efficiently obtained a complex scaffold featur-
ing a precise SP torus shape embedded within a simple LP block
shape. Cell staining after seeding revealed a low density of cells
within the 3D-printed SP torus, contrasting with the high density
of cells within the moulded LP block (Fig. 4E). This shows that
blending different 3D manufacturing methods allows rapid assem-
bly of locally heterogeneous cryogel scaffolds, while conserving the
ability to direct cellular densities in vitro.

3.5. Biocompatibility and influence of hierarchical scaffolds on tissue
architecture

After demonstrating the effect of hierarchically designed scaf-
folds on cellular densities in vitro, we wanted to assess the
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in vivo behaviour of our 3D-printed cryogel scaffolds. First, we
needed to assess basic biocompatibility, ensuring absence of
encapsulation. Second, we sought to determine the effect of local
pore geometry on the tissue architecture, particularly regarding
scaffold infiltration and vascularization densities. We 3D-printed
and implanted three different scaffolds: homogenous large pore,
homogenous small pore, and heterogeneous scaffold with large
and small pores (for pore size quantification, see Fig. 4C),
organized in parallel stripes of 1 mm diameter and a total area of
1cm x 1 cm. We injected the scaffolds into the subcutaneous
space in mice via the 4D deployment effect. Sterile scaffolds were
dehydrated by the capillary action of sterile gauze, loaded into
1 mL syringes, and injected using 0.8 mm soft catheters after a
small incision in the skin. The scaffolds deployed in vivo, due
to the uptake of a small excess of PBS co-injected with the scaf-
folds. Scaffold shape and volume remained stable based upon
visual inspection of externally visible scaffold bumps in mice
(Fig. 5A).

Three months post-implantation, the scaffolds exhibited good
biocompatibility without any particular signs of encapsulation.
Scaffolds were infiltrated with a non-specific loose fibrous tissue
[45,46] with minimal signs of inflammation (Fig. 5B). However,
infiltration density and organization varied substantially with the
local scaffold geometry (Fig. 5B). In LP areas the tissue was seen
as contiguous. Cells with elongated nuclei and light cytoplasm,
presumably fibroblasts, were frequent and intermingled with loose
fibbers. In SP areas some clear-staining fibroblasts were observed,
but colonization was restricted to a sporadic arrangement with less
contiguous fibrillary material and more dark-staining immune
cells. Blood vessels were frequent in LP areas but were quite rare
in the SP areas. These in vivo tissue integration results were con-
firmed by further staining for tissue morphology, and collagen
and blood vessel presence (electronic Supplementary information
7, Fig. S7-1). To better characterize the influence of local pore size
on tissue architecture, we quantified the number of visible blood
vessels (labelled with stars, Fig. 5B) per unit area. As expected,
we found a much smaller blood vessel density for small pore areas
versus large pore areas (Fig. 5C). This difference was observed
between homogenous SP and homogenous LP scaffolds, and
between individual SP and LP sections of the heterogeneous scaf-
folds. The results provide a proof-of-principle that local cryogel
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Fig. 5. In vivo assessment of 3D printed scaffolds. A) Visual scaffold appearance after minimally invasive implantation into the subcutaneous space (dorsal location), 3 months
after the injection. B) Histological sections (Haematoxylin/Eosin staining) at 3 months, of large pore areas (LP) and small pore areas (SP) at both low and high magnification.
Asterisks (*) designate examples of visible blood vessels (identified by pink red blood cells), plus signs (+) indicate sample scaffold pieces (dark purple), whereas x designates
sample areas of cellular invasion. C) Quantification of blood vessels identifiable on 20x images by the presence of red blood cells per unit area. We performed the
quantification in heterogeneous scaffolds (possessing both large pore and small pore areas), and in separate homogeneous scaffolds (possessing either only large pores or only
small pores). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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variation can be used to direct preferential tissue evolution in lar-
ger 3D-printed scaffolds.

4. Discussion

We here demonstrated 3D-printing and 4D deployment of cryo-
gel scaffolds for efficient coating, seeding, and minimally invasive
cell delivery. Further, we manipulated local scaffold geometry to
control in vitro cell seeding densities and in vivo tissue architecture.

3D printing offered free-form fabrication, rapid prototyping and
control over scaffold properties [25,47-49]. Cryogel technology
provided 4D deployment for minimally invasive delivery, facile
coating and seeding, cellular protection during scaffold compres-
sion, as well as a local intricate pore structure with a spatial reso-
lution beyond anything achievable in typical microextrusion 3D
printing [19,20,25,29,41].

By combining and optimizing 3D printing and cryogelation, we
generated soft free-form scaffolds with shape memory that could
robustly endure 4D dehydration-rehydration deployment
sequences for minimally invasive delivery. The 3D printed organi-
zation allowed us to further enhance compressibility and increase
the size of structures amenable to minimally invasive delivery. For
example, we demonstrated a rhomboid network where the largest
linear dimension of the structure was 50X greater than the applica-
tion catheter (Fig. 2), compared to the previous maximum dimen-
sion ratio of 20 that we achieved with non-structured cryogels
[19].

Compared to recent advances in 4D hydrogel printing [23],
cryogel technology allows for 3D-printing of the final desired gel
structure in the equilibrium shape. This advantage eliminates the
need to mathematically solve the inverse problem of folding [23],
and greatly simplifies printing by eliminating the requirement
for fibre alignment [23]. Further, our combination of 4D deploy-
ment and local pore size control enabled fine local control over cell
seeding density in vitro. Here, we controlled substrate temperature
by manually displacing dry ice, which is a basic and slow process
necessitating user intervention. However, it is fully possible to
automate and accelerate temperature switching during cryogenic
printing, for instance by combining a heating resistance with dry
ice cooling [25].

In vivo, spontaneous colonization and vascularization has been
observed for porous scaffolds in the subcutaneous space [27,28],
although growth factor delivery was sometimes required for vas-
cularization [36]. We observed ingrowth of loosely fibrillar vascu-
larized tissue [27,28] in cell-free 3D-printed cryogel scaffolds
without any need for growth factors and without any signs of
encapsulation. Vascularization was strongly influenced by pore
geometry [27,28], and we found that local pore structure deter-
mined vascularization independently of the composition of the
remainder of the scaffold. Large pore areas in a scaffold always dis-
play high vascularization density, even if there are also small pore
areas within the same scaffold. Conversely, vascularization density
is always low in small pore areas, even if surrounding large pore
areas facilitate access [45] for tissue infiltration. This precise vari-
ation of local properties of 3D-printed scaffolds can be considered
the 5th dimension of bioprinting [22]. By controlling this local
printing dimension, we developed sophisticated 3D shapes that
exhibit different effects at different locations within the same con-
tinuous structure. For example, we could use this to direct vascu-
larization architecture to regulate local oxygen tensions for stem
cell niches [50].

In addition to unique pore structures, we showed the feasibility
of printing with multiple different inks. Cryogels can be formed
from many different monomers with many different crosslinking
chemistries [18]. By adapting reaction rates, most hydrogels could

feasibly be used in the 3D cryogel printing technology we devel-
oped here. This provides a minimally invasive platform that can
be modified not just for desired 3D shape and local pore size, but
also for customized cell adhesion [20], differentiation [51], stiffness
[19], biodegradation [52], and growth factor delivery [29]. Lastly,
cryogels are valuable tools for minimally invasive cell transplanta-
tion [20,29]. We showed that cell viability can be preserved during
4D compression and redeployment of 3D-printed cryogels. Our
next goal is to transplant cell-seeded 3D-printed structures
in vivo to drive specific tissue generation [53].

5. Conclusions

We developed a novel platform to address the unmet need of
freeform fabrication of injectable, hierarchical scaffolds for tissue
engineering. We employed 3D printing to manufacture robust
cryogels that could endure extreme dehydration-rehydration com-
pression cycles. Then, we illustrated the usefulness of this property
for minimally invasive cell delivery. Lastly, we manipulated the
cryogelation process to obtain hierarchically ordered scaffolds. By
precisely directing local scaffold geometry within a greater 3D
structure, we demonstrated fine control over cell seeding densities
in vitro, as well as tissue infiltration and scaffold vascularization
in vivo.
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