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Embedded 3D Bioprinting of Collagen Inks into Microgel
Baths to Control Hydrogel Microstructure and Cell
Spreading

Lucia G. Brunel, Fotis Christakopoulos, David Kilian, Betty Cai, Sarah M. Hull,
David Myung, and Sarah C. Heilshorn*

Microextrusion-based 3D bioprinting into support baths has emerged as a
promising technique to pattern soft biomaterials into complex, macroscopic
structures. It is hypothesized that interactions between inks and support
baths, which are often composed of granular microgels, can be modulated to
control the microscopic structure within these macroscopic-printed
constructs. Using printed collagen bioinks crosslinked either through physical
self-assembly or bioorthogonal covalent chemistry, it is demonstrated that
microscopic porosity is introduced into collagen inks printed into microgel
support baths but not bulk gel support baths. The overall porosity is governed
by the ratio between the ink’s shear viscosity and the microgel support bath’s
zero-shear viscosity. By adjusting the flow rate during extrusion, the ink’s
shear viscosity is modulated, thus controlling the extent of microscopic
porosity independent of the ink composition. For covalently crosslinked
collagen, printing into support baths comprised of gelatin microgels
(15-50 μm) results in large pores (≈40 μm) that allow human corneal
mesenchymal stromal cells (MSCs) to readily spread, while control samples of
cast collagen or collagen printed in non-granular support baths do not allow
cell spreading. Taken together, these data demonstrate a new method to
impart controlled microscale porosity into 3D printed hydrogels using
granular microgel support baths.
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1. Introduction

Embedded 3D bioprinting into support
baths has emerged as a strategy to spa-
tially pattern inks composed of soft or low-
viscosity biomaterials into tissue-like con-
structs with high print fidelity.[1–3] A yield-
stress support bath, composed of either
a bulk gel[4–8] or granular microgels,[9–13]

physically confines the deposited ink dur-
ing the extrusion process. After printing, a
crosslinking step solidifies the ink to main-
tain its printed geometry. Since support
baths are temporary support structures,
suitable materials typically have a removal
mechanism (e.g., thermoreversible gela-
tion) for facile extraction of the crosslinked
print. Printing into support baths has
broadened the biofabrication window,[14] al-
lowing for the use of soft biomaterial inks
that would otherwise collapse or deform
during conventional extrusion into air.

While the embedded 3D bioprinting
technique has gained popularity for its
capability to expand the range of print-
able materials,[15] there has been limited
exploration of the effects of the support

bath’s interactions with the ink on the microstructure within
the printed filaments and the ensuing response of encapsulated
cells. Previous experimental and computational works have pri-
marily focused on the effect of support baths on the printabil-
ity and stability of filaments for improved print resolution.[16–18]

For collagen filaments printed into a support bath of gelatin mi-
croparticles, a rough topography and embedded pores were previ-
ously observed, implying incorporation of the gelatin micropar-
ticles into the ink.[19] The porous microstructure increased the
infiltration of cells into the printed hydrogel compared to a bulk
gel.[19] However, it remained unknown which material proper-
ties and printing parameters enable control over internal print
porosity, the effects of support bath materials with different struc-
tural morphologies on the print microstructure, and the response
of cells included within the bioink during printing. We hypoth-
esized that support baths can be designed to achieve not only
macroscopic patterning but also microscopic patterning within
the bioink materials. We aimed to control print microstructure
using support bath material properties as design parameters to
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subsequently influence the response of encapsulated cells in the
printed bioink. Specifically, we hypothesized that modulating the
size of microgels comprising granular support baths and the vis-
cosity ratio between the ink and support bath would influence
the interactions between those materials, determining the sizes
of pores and fraction of void space within the print.

To test this idea, we selected collagen-based inks, since colla-
gen is the most abundant protein in human tissues and com-
monly desired for tissue engineering applications due to its bio-
compatibility and low immunogenicity.[20–22] Furthermore, colla-
gen biomaterials have actively and successfully been used in clin-
ical practice.[23] Designing biofabrication approaches that incor-
porate cells directly within the collagen biomaterial will facilitate
the development of more biologically functional constructs for
tissue engineering applications. However, common techniques
for crosslinking collagen scaffolds such as dehydrothermal treat-
ment, ultraviolet light irradiation, glutaraldehyde, or carbodi-
imide crosslinking chemistry increase the mechanical stability of
the material but are often cytotoxic processes, limiting the abil-
ity to include cells during crosslinking.[24,25] In an example of a
collagen ink for embedded 3D printing that has since been com-
mercialized, acidified collagen that neutralizes and crosslinks
through a pH shift in the support bath is used, also precluding
the direct encapsulation of cells in the ink.[19] Therefore, we fo-
cus on two approaches for printing and crosslinking collagen that
allow for cells to be included within the bioink during printing:
(1) collagen that physically self-assembles into a gel through fiber
formation at physiological temperatures (PHYS), and (2) collagen
that covalently crosslinks into a gel through a bioorthogonal click
chemistry (strain-promoted azide-alkyne cycloaddition, SPAAC).

In this work, we aim to tune the microstructure of collagen
hydrogels through the fabrication environment and parameters
during embedded 3D bioprinting. We consider the effects of the
support bath physical properties, ink shear rate during extru-
sion, and relative viscosities of the ink and support bath materi-
als on the microstructure of collagen inks crosslinked through ei-
ther physical assembly or SPAAC crosslinking. The resultant mi-
crostructure from embedded 3D bioprinting affects the ability of
encapsulated human corneal mesenchymal stromal cells (MSCs)
to spread, demonstrating how biofabrication conditions can be
used to control cell behavior. Interestingly, we show that SPAAC
collagen allows for cell spreading when printed into a granular
gel support bath—a similar result as in PHYS collagen–while
maintaining stability against cell-induced contraction of the over-
all print, unlike PHYS collagen. Control over the dynamic inter-
actions between cells and the printed material can be exerted by
(1) leveraging the intricate relationship between support baths
and inks to control the print microstructure and (2) selecting the
crosslinking chemistry to control the hydrogel network proper-
ties. This work sheds light on new strategies for precise control
in embedded 3D bioprinting applications.

2. Results and Discussion

Support baths for embedded 3D bioprinting are commonly
composed of non-granular bulk gels or granular microgels
(Figure 1A). Early demonstrations of microextrusion-based print-
ing into a bath in the early 2010s utilized single-phase yield-
stress materials based on Pluronic F-127, a triblock copolymer

with a temperature-dependent phase transition between a phys-
ical hydrogel and a fluid. Under ambient conditions, this mate-
rial formed a shear-thinning, non-granular bulk gel into which
an ink could be printed.[26] We therefore chose Pluronic F-127 in
this study as an example of a non-granular support bath.

To improve the self-healing nature of the support baths, sub-
sequent studies in the mid-2010s designed granular materials
composed of jammed microgels, which can transition from solid-
like to fluid-like behavior under applied shear.[27] The seminal
demonstrations of granular support baths used microgels made
from crosslinked polyacrylic acid, known as Carbopol,[9] or from
gelatin[10]. We therefore chose to study Carbopol and gelatin mi-
croparticles as representative granular support baths of differ-
ent sizes: Carbopol is made from hydrating flocculated powders
with diameters between 2–7 μm,[28] while gelatin microgels are
made from hydrating microparticles with diameters between 15–
50 μm[29]. While much previous work has focused on using sup-
port baths to improve the macroscopic geometric complexity of
soft materials, we demonstrate that the support bath also inte-
grates with the ink during the embedded 3D bioprinting pro-
cess in controllable ways, resulting in reproducible microscale
features.

Collagen is a desired ink material for 3D bioprinting, espe-
cially with encapsulated cells.[20] Here we use collagen inks with
cell-friendly crosslinking mechanisms: (1) physically-assembled
(PHYS) collagen and (2) collagen crosslinked with strain-
promoted azide-alkyne cycloaddition (SPAAC) (Figure 1A). To
print PHYS collagen hydrogels, we first neutralize bovine type
I collagen and encapsulate cells within the solution. After the
bioink is printed into the support bath, it is heated to 37 °C to
crosslink the collagen through formation of a self-assembled,
physical network. To print SPAAC collagen hydrogels, we first
neutralize bovine type I collagen and modify it with azide groups
(collagen-azide). Cells are then encapsulated within the collagen-
azide to form the bioink. During printing, the bioink is ex-
truded into a support bath that contains 4-arm polyethylene gly-
col molecules with bicyclononyne end groups (PEG-BCN). The
PEG-BCN crosslinker diffuses into the ink and reacts to induce
gelation of the collagen-azide. The diffusivity of the crosslinker
through the support baths and ink was determined by fluores-
cence recovery after photobleaching (FRAP), and the concentra-
tion profile of the crosslinker over time was calculated using
a COMSOL Multiphysics model (Figure S1, Supporting Infor-
mation). The PHYS and SPAAC collagen inks can be printed
into custom-designed geometries in a support bath (Figure 1B;
Figure S2, Supporting Information) for crosslinking and release.

The bioink materials—unmodified collagen solution
(6 mg mL−1) for PHYS collagen and collagen-azide solu-
tion (6 mg mL−1) for SPAAC collagen—are shear-thinning
(Figure 1C) and gel with a G’,G’’-crossover time of less than 20
min (Figure 1D). To induce gelation, either the temperature is
raised to 37 °C for PHYS collagen, or the PEG-BCN crosslinker
is mixed with the collagen-azide for SPAAC collagen. Due to
the different crosslinking mechanisms and resultant hydrogel
networks, the crosslinked collagen hydrogels differ in their
mechanical properties. The viscoelasticity and stiffness of hy-
drogels can affect cell-matrix interactions, therefore governing
fundamental cell processes.[30,31] As a network of self-assembled
fibrils, PHYS collagen is viscoelastic and displays stress-relaxing
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Figure 1. Collagen hydrogels with encapsulated cells are fabricated using embedded 3D bioprinting and crosslinked through physical self-assembly
(PHYS) or bioorthogonal covalent chemistry (strain-promoted azide-alkyne cycloaddition, SPAAC). A) Cell-laden collagen inks are extruded into gel-
phase support baths with granular or non-granular microstructures. B) A PHYS collagen ink is printed into a support bath of gelatin microparticles. The
ink is colored with purple dye for visualization. C) The uncrosslinked ink materials used for extrusion have similar shear-thinning viscosities. D) The
inks undergo gelation into hydrogels upon elevating the temperature of unmodified collagen to 37 °C for PHYS collagen or introducing the PEG-BCN
crosslinker to the collagen-azide for SPAAC collagen. Filled symbols represent the storage modulus (G’), and open symbols represent the loss modulus
(G”). E) PHYS collagen hydrogels demonstrate stress relaxing properties compared to SPAAC collagen. F) Representative frequency sweeps of PHYS
and SPAAC collagen hydrogels.

behavior. On the other hand, SPAAC collagen is a network of
covalently crosslinked molecules with primarily elastic behavior
(Figure 1E). Furthermore, SPAAC collagen has a higher storage
modulus than PHYS collagen of the same protein concentration.
The concentration of SPAAC collagen can be lowered by half
(3 mg mL−1 collagen-azide instead of 6 mg mL−1 collagen-azide)
to reach a similar stiffness as 6 mg mL−1 PHYS collagen over
the range of frequencies (0.1−100 rad s−1) measured with small
amplitude oscillatory shear (Figure 1F).

For collagen inks crosslinked with either the PHYS or SPAAC
mechanisms, the morphology of the support bath used for the
embedded 3D printing process affects the microstructure of the
crosslinked gel. During printing, the support bath can become in-
corporated into the ink, leaving behind voids after ink crosslink-
ing and release of the print (Figure 2). The removal mechanisms
of the support baths are dependent on the properties of the mate-
rial, e.g., undergoing a temperature-dependent phase transition
from a hydrogel to a fluid upon heating to 37 °C for gelatin mi-
croparticles or cooling to 4 °C for Pluronic. After release from
the support bath, the crosslinked prints were self-supporting gels
that maintained their structural integrity after thorough washes
to remove residual support bath material (Figure S3, Supporting
Information). Images of the collagen print microstructures were

taken either with confocal reflectance for the fibrous PHYS col-
lagen gels or with fluorescence microscopy for the SPAAC col-
lagen gels labeled with a fluorophore. While gels that were cast
and crosslinked within a mold had a homogeneous, non-porous
microstructure, gels that were 3D printed into a granular sup-
port bath of gelatin microparticles or Carbopol displayed poros-
ity resulting from incorporated microgels. On the other hand,
gels that were 3D printed into a non-granular bulk support bath
(Pluronic) did not have detectable, distinct voids (Figure 2A,B).
The measured diameter of the voids within the gels printed into
granular support baths correlated with the size of the microgels
that comprised the bath. Larger pores (≈40 μm) resulted from
the larger gelatin microparticles (15–50 μm), and smaller pores
(≈10 μm) resulted from the smaller Carbopol microparticles (2–
7 μm) (Figure 2C). In both cases, the measured pore sizes were
larger than the average reported particle size, which may be due
to particle aggregation.

Previous studies have noted that microgel support baths cause
surface roughness along the edges of a printed filament.[10,19,32]

Interestingly, we observed that this effect was not limited solely
to the interface between the ink and the microgel support bath
but rather persisted through the entire thickness of an extruded
filament within the print. In SPAAC collagen gels printed into a
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Figure 2. The physical morphology of the support bath affects the microstructure of the printed gel for both PHYS and SPAAC collagen inks. A) Rep-
resentative images of the gel microstructure for PHYS and SPAAC collagen inks that are either cast into molds or printed into support baths of gelatin
microparticles (MP), Carbopol, or Pluronic. B) Fraction of void space measured within the printed gels. Data are the mean ± standard deviation. C)
Diameter of voids measured within the printed SPAAC collagen gel. Data are the mean ± standard deviation. The particle diameter ranges shown are
reported by the manufacturers.

gelatin microparticle support bath with a 27 G nozzle (inner di-
ameter = 210 μm), the entire depth of a filament from the edge
of the print had a homogeneous distribution of voids (Figure S4,
Supporting Information). This phenomenon is consistent with
previous qualitative observations of a porous microstructure and
increased cell infiltration through hydrogels fabricated with em-
bedded 3D printing into a gelatin microparticle support bath.[19]

Therefore, mixing between the ink and the microgel support bath
appears prevalent not only at the print edges but also through-
out the printed filaments under these conditions. Given the om-
nipresence of voids in the filaments after printing into microgel
support baths, there may exist an upper limit for the percolation
and fraction of void space upon which the structural integrity of
the print decreases after removal from the support bath. How-
ever, the structural integrity of all prints in this work was not de-
tectably affected by the presence of voids.

Having demonstrated that differences in gel microstructure re-
sult from embedded 3D printing into different support baths,
we aimed to control the porosity through the material proper-
ties and fabrication parameters (Figure 3). In all cases, for print-
ing with a custom syringe-based extruder, we maintained a con-
stant amount of extruded ink per distance of printed filament,
E/Δx, where E corresponds to the plunger displacement. Using

a greater print speed (gantry velocity at which the nozzle trans-
lates through the support bath, F) thus increases the flow rate
(Equation 1, Q̇). The wall shear rate (Equation 2, �̇�w) of the ink
through the nozzle therefore also increases, as the ink is extruded
faster to keep the amount of ink deposited per mm of filament
constant.[33]

Q̇ = A × E
Δx∕F

(1)

�̇�w =
Q̇
𝜋R3

[
3 + 1

n

]
(2)

where A corresponds to the cross-sectional area of the syringe,
R to the nozzle radius, and n is calculated from a power-law fit
(𝜂 = K �̇�n−1) of the viscosity curves (Figure S5, Supporting Infor-
mation).

Due to its effect on shear rate, we observed that simply chang-
ing the speed of printing can therefore affect the porosity of the
gel, as demonstrated with 6 mg mL−1 PHYS collagen in a support
bath of gelatin microparticles (Figure 3A). Higher nozzle speeds
during printing (corresponding to increased shear rate of the
ink through the nozzle) caused the void fraction of the print to
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Figure 3. The printing conditions during embedded 3D printing into microgel support baths affect the microstructure of printed PHYS and SPAAC
collagen inks. A) Representative confocal reflectance images of the microstructure of PHYS collagen gels printed into a gelatin microparticle support
bath with nozzle speeds ranging between 0.1−30 mm s−1. B) Fraction of void space measured within the printed inks as a function of the nozzle speed.
Data are the mean ± standard deviation. C) Fraction of void space measured within the printed inks as a function of the shear rate resulting from the
various nozzle speeds. Data are the mean ± standard deviation. D) For 6 mg mL−1 PHYS or SPAAC collagen, the void fractions in the printed inks are
similar to each other for a given shear rate (ns = not significant) but different between shear rates (****p<0.0001). E) (i) Representative flow curves
of inks used for extrusion: 6 mg mL−1 collagen-azide (for SPAAC collagen) and 6 mg mL−1 or 35 mg mL−1 unmodified collagen (for PHYS collagen).
Across all shear rates, the viscosity of 35 mg mL−1 unmodified collagen is greater than that of the 6 mg mL−1 unmodified collagen or 6 mg mL−1

collagen-azide. (ii) Representative confocal reflectance image of 35 mg mL−1 PHYS collagen after printing at 30 mm s−1 into a gelatin microparticle
support bath. Distinct voids are not observed even for the higher nozzle speed (30 mm s−1) and corresponding shear rate (5 000 s−1). F) The void
fraction for PHYS and SPAAC collagen inks printed into microgel support baths composed of gelatin microparticles or Carbopol is affected by the ratio
of the ink viscosity to the support bath zero-shear viscosity. Data are the mean ± standard deviation.
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increase, indicating the incorporation of more gelatin microgels
into the extruded ink filament (Figure 3B,C). For a given shear
rate of the ink (2 500 s−1, corresponding to a print speed of 15 mm
s−1, or 5 000 s−1, corresponding to a print speed of 30 mm s−1),
the resultant void fraction was similar across ink materials for ei-
ther PHYS or SPAAC collagen gels (6 mg mL−1 ink) (Figure 3D).

To explain why the shear rate of the ink through the nozzle
affects porosity and has a similar result across both 6 mg mL−1

PHYS and SPAAC collagen, we considered the relationship be-
tween the shear rate and viscosity of the ink. We reasoned that
at higher shear rates, the viscosity of the inks decreases, allow-
ing for greater incorporation of the microgel support bath into
the extruded ink. For a concentration of 6 mg mL−1, unmodified
collagen (the ink for PHYS collagen) and collagen-azide (the ink
for SPAAC collagen) have the same relationship between shear
rate and shear viscosity (Figure 3E,i), explaining their similar re-
sponses to different print speeds. To explore this idea further, we
printed a higher concentration (35 mg mL−1) of unmodified colla-
gen ink that is more viscous for all examined shear rates. For this
higher viscosity ink, we observed no voids formed from encap-
sulated microgels even for a high nozzle speed (30 mm s−1, cor-
responding to a shear rate of 5 000 s−1) (Figure 3Eii). Therefore,
the viscosity of an ink—modulated either by changing the shear
rate during extrusion or the protein concentration—can be used
to control porosity during embedded 3D printing into a granular
support bath.

We further reasoned that the viscosity of the granular support
bath would also influence the extent of its incorporation into the
ink. We hypothesized that since microgels are not as easily dis-
placed in baths of higher viscosities, the microgels would be more
readily incorporated into the ink to create void space in the fi-
nal printed structure. To test this idea, we demonstrate that a
dominating factor affecting void fraction is indeed the ratio be-
tween the shear viscosity of ink and the zero-shear viscosity of
the support bath (Figure 3F). For a given ink, as the zero-shear
viscosity of the support bath is increased, the void fraction also in-
creases. The zero-shear viscosities for gelatin microparticles and
Carbopol were measured to be 55 Pa s and 15 Pa s, respectively
(Figure S6, Supporting Information). The differing support bath
viscosities may contribute to the differences in overall void frac-
tion observed between the granular support baths in Figure 2B, in
which greater void fractions were observed for inks printed in
gelatin microparticles than Carbopol. With this understanding,
the void fraction of the resultant print can be systematically con-
trolled by either modulating the composition of the ink, compo-
sition of the support bath, or simply through the printing condi-
tions such as the print speed.

The morphology of cells and their ability to spread is an im-
portant consideration for tissue engineering.[34] We hypothesized
that the spreading of encapsulated living cells within hydrogels
could be modulated by changing the microstructure of the gel
through the biofabrication process (Figure 4A). As a demonstra-
tion of cell-laden collagen inks, we chose MSCs that can be readily
harvested and expanded from human donor corneas as the cell
type.[35] Since collagen is the primary extracellular component of
the human cornea, corneal MSC-laden collagen bioinks may be
well-suited for applications in corneal tissue engineering.[36,37]

The behavior of corneal MSCs within these materials has rel-
evance toward the development of 3D bioprinted, engineered

corneal tissue, which has the potential to address the worldwide
shortage of donor corneas necessary for allograft transplantation
to treat corneal blindness.[38] For both the PHYS and SPAAC
collagen inks, encapsulated corneal MSCs remained highly vi-
able during the bioprinting process, with greater than 95% cell
viability (Figure S7, Supporting Information). When encapsu-
lated in SPAAC collagen gels cast into molds, the corneal MSCs
did not spread over 7 days. When 3D bioprinted into granular
support baths, the corneal MSCs spread within SPAAC colla-
gen hydrogels printed into a gelatin microparticle bath (which we
have demonstrated creates larger pores in Figure 2C) and did not
spread when printed into Carbopol (which creates smaller pores).
Thus, while corneal MSCs can spread in PHYS collagen that is
either printed or cast (Figure 4B), the cell morphology and circu-
larity in SPAAC collagen are dependent on the microstructure of
the gel (Figure 4C). The cell spreading observed in PHYS colla-
gen in all cases, even when cast, is likely due to the stress relaxing
nature and fibrous microstructure of self-assembled collagen,[39]

which is not present in SPAAC collagen[40].
Within the same SPAAC collagen material, we demonstrated

that the behavior of encapsulated corneal MSCs differs depend-
ing on whether the bioink was cast or printed into a support
bath, and whether it was printed into a support bath with large
or small microgels, affecting the void space available for the cells
to spread effectively. This indicates that when designing inks to
achieve a specific cell response, an important consideration is
the microscale structure of the final printed construct, which is a
result of both (1) the properties of the bulk hydrogel formed from
the crosslinked ink and (2) the porous microstructure created
from incorporation of the sacrificial support bath material into
the print.

Cells encapsulated within hydrogels can exert forces on their
surrounding matrix, inducing changes in the shape of the over-
all hydrogel.[41,42] A common challenge of using conventional,
PHYS collagen hydrogels in tissue engineering is the severe con-
traction of the material from encapsulated contractile cells.[43–45]

We observed that the crosslinking mechanism of the collagen ink
material affected the extent of cell-induced contraction of the bulk
print (Figure 5). The corneal MSC spreading was similar in either
PHYS collagen or SPAAC collagen when large pores (≈40 μm)
were introduced into the print through embedded printing into
a gelatin microparticle support bath (Figure 4B,C). However, due
to the differences in the polymer network of the PHYS or SPAAC
collagen, we hypothesized that the contractile cells would affect
the overall macroscopic structure of these prints differently. In
all cases, the embedded 3D bioprinting process was carried out
in a gelatin microparticle support bath, and circular disks with
an 8-mm diameter were printed. The corneal MSCs (with a cell
density of 3 million cells mL−1 in the ink) contracted prints of
6 mg mL−1 PHYS collagen to ≈25% of their initial diameter
over 7 days, whereas prints of 6 mg mL−1 SPAAC collagen with
the same cell density over the same period of time remained at
>90% of their initial diameter (Figure 5A). This contraction was
caused by cell-generated forces, since acellular prints did not de-
tectably contract. For 3 mg mL−1 SPAAC collagen—a “stiffness-
matched” control with a similar storage modulus as 6 mg mL−1

PHYS collagen over most frequencies between 0.1−100 rad s−1

(Figure 1F)—contraction was still not as severe, as prints were
still >80% of their initial diameter after 7 days (Figure 5B).
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Figure 4. The extent of corneal MSC spreading within printed SPAAC collagen is related to the gel microstructure and void spaces caused by the support
bath. A) Representative fluorescence images of the ink (gray) and cell morphology (green) for corneal MSC-laden SPAAC collagen gels. B) Corneal MSC
circularity on Day 0 and Day 7 within PHYS collagen gels that were either cast or bioprinted into gelatin microparticles (MP). Circularity was calculated
as 4𝜋*Area/Perimeter2, with a perfect circle having a circularity of 1. Data are the mean ± standard deviation, ****p<0.0001. C) Corneal MSC circularity
on Day 0 and Day 7 within SPAAC collagen gels that were either cast or bioprinted into gelatin microparticles (MP), Carbopol, or Pluronic. Data are the
mean ± standard deviation, ns = not significant, ****p<0.0001.

We attribute the differences in cell-induced contraction ob-
served between the PHYS and SPAAC collagen prints to the
matrix viscoelasticity resulting from the different nature of the
crosslinks. This is already visible from the frequency-domain
representation of Figure 1F in which the storage modulus of the
PHYS collagen decreases with decreasing angular frequency,
as the physical crosslinks relax. In contrast, the chemically
crosslinked SPAAC collagen does not show a frequency de-
pendence for the range examined (0.1–100 rad s−1). In order
to further investigate the viscoelastic properties resulting from
the PHYS and SPAAC collagen crosslinking techniques, we

measured the creep compliance (J(t)) through dynamic light
scattering microrheology (DLSμR).[46,47] Compared to bulk oscil-
latory shear measurements, DLSμR enabled the examination of
the collagen hydrogels at lower forces (by following the Brown-
ian motion of tracer particles) and for longer times (i.e., lower
frequencies) at 37 °C without the risk of sample evaporation.
As dynamic cell-matrix interactions span a wide range of time
scales, DLSμR allows us to capture material properties that may
provide insight to the observed differences between the PHYS
and SPAAC collagen responses to forces from single cells.[48]

For a lower timescale (i.e., higher frequency) in the time-domain

Adv. Healthcare Mater. 2024, 2303325 © 2024 Wiley-VCH GmbH2303325 (7 of 12)
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Figure 5. Stability of cell-laden PHYS and SPAAC collagen gels against cell-induced contraction. Bioinks were printed into 8-mm circular disks within a
gelatin microparticle support bath, crosslinked, released from the support bath, and incubated in cell culture medium. A) Representative fluorescence
images of print shapes over time. Prints fabricated from 6 mg mL−1 PHYS collagen bioinks with 3 million corneal MSCs mL−1 experienced severe
contraction over 7 days in culture, while 6 mg mL−1 SPAAC collagen bioinks with 3 million corneal MSCs mL−1 demonstrated better shape fidelity. B)
Rate of collagen gel contraction for cellular and acellular collagen prints crosslinked with PHYS or SPAAC mechanisms. Shaded regions represent the
standard deviation from the mean. C) Representative creep compliance of collagen gels measured with dynamic light scattering microrheology (DLSμR).

representation of J(t), the creep compliance between the
3 mg mL−1 SPAAC collagen and 6 mg mL−1 PHYS collagen was
identical, whereas with increasing time (i.e., lower frequencies),
they deviated. The compliance of the PHYS collagen increased
(i.e., decreasing stiffness), while the compliance of SPAAC
collagen was constant (Figure 5C). Therefore, the more compli-
ant PHYS collagen versus SPAAC collagen may allow cells to
contract their surrounding matrix to a greater extent.

While cell-mediated contraction of biomaterials may be de-
sired for some applications,[49–51] for bioprinted constructs, prints
are generally intended to hold their geometric shape[52]. Here, we
have now demonstrated a collagen printing and crosslinking ap-
proach that allows for spreading of encapsulated cells (through
incorporation of the microgel support bath into the print to cre-
ate voids) and stability against cell-induced contraction (through

the type of crosslinking network, using covalent crosslinks with
bioorthogonal chemistry).

3. Conclusion

The technique of embedded 3D bioprinting has gained immense
popularity in the biofabrication field due to the ability to control-
lably pattern soft biomaterials into complex macroscopic struc-
tures. We report that the embedded 3D bioprinting process also
offers the opportunity to control the microscopic structure within
printed inks by leveraging interactions between the ink and the
support bath.

In this study, we demonstrate that structural features within
sacrificial granular support baths (i.e., microgels) can become in-
corporated into the printed ink to create porous void spaces that

Adv. Healthcare Mater. 2024, 2303325 © 2024 Wiley-VCH GmbH2303325 (8 of 12)
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emerge after removing the support bath. The porosity is governed
by the ratio between the shear viscosity of the ink and the zero-
shear viscosity of the microgel support bath. Adjusting the flow
rate modulates the viscosity of the shear-thinning ink, thus con-
trolling the extent of porosity independent of the ink composi-
tion. Furthermore, the size of the voids is dictated by the size
of the microgels or aggregates that comprise the granular sup-
port bath. Corneal MSCs printed within SPAAC collagen adopt
different morphologies depending on the print microstructure
that results from the support bath material chosen. The cells do
not spread in prints fabricated in Pluronic support baths (non-
granular, no pores) or in Carbopol support baths (granular, ≈10
μm pores) but do spread in prints fabricated in gelatin micropar-
ticle support baths (granular, ≈40 μm pores). Therefore, the mi-
croarchitectural properties of the print can be tuned to control
cell phenotype.

In addition to approaches demonstrated in this work experi-
mentally to control the relative viscosities of the ink and support
bath material, we expect other printing parameters and material
properties could be tuned in the future to achieve similar control
over the overall extent of mixing between the ink and microgel
support bath.

As one example, increasing the radius of the nozzle (R) used
during printing while keeping all other material properties and
printing parameters constant will decrease the wall shear rate
experienced by the ink (Equation 2).[33] Therefore, we expect the
average shear viscosity of these shear-thinning inks to be higher,
leading to less mixing overall with the microgels and a lower
print porosity. We observed for prints with 27 G nozzles (inner
diameter = 210 μm) that the extent of gelatin microparticle
mixing with the ink did not detectably vary throughout the
thickness of a filament (Figure S4, Supporting Information).
However, since pressure-driven flows within straight, cylindrical
nozzles are nonhomogeneous,[33,53,54] a spatial dependence of
mixing between the ink and microgels may become apparent
with increasing the radius of the nozzle. This could possibly
lead to lower mixing and less porosity in the center of the large
filament (which experiences lower shear rates, and therefore a
higher ink viscosity)[53] than at the edges.

As another example, to change the zero-shear viscosity of
a granular support bath while keeping the microgel size and
constituent material constant, the degree of packing of the
microgels could be altered. Microgels are commonly jammed
together through the processes of gravitational settling,[55,56]

centrifugation,[19,57,58] vacuum-driven filtration,[59–61] or resus-
pension of dried microgel particles[62–64]. By adjusting the mi-
crogel jamming method and parameters (e.g., speed of centrifu-
gation), the degree of microgel packing and therefore the rheo-
logical properties of the material are changed.[65] Increasing the
degree of microgel packing (e.g., by increasing the speed of cen-
trifugation) increases the storage modulus, yield stress, and zero-
shear viscosity of the granular material.[19,65] Therefore, we expect
that for a granular support bath with a higher degree of microgel
packing and higher viscosity, the microgels are less easily dis-
placed by the printed ink, leading to more mixing with the ink
and a higher print porosity. This effect may be further exacerbated
by the fact that the density of microgels available for incorpora-
tion into the printed ink increases with the degree of packing.
As a caveat, however, the rheological properties of the granular

support bath may not only affect mixing between the microgels
and the ink but also the suitability of the granular material as
a support bath for embedded 3D bioprinting.[1] A granular sup-
port bath with too high of a microgel packing degree may be too
solid-like, resulting in an air crevice behind the path of the noz-
zle into which the ink can flow upward.[66] On the other hand,
a granular support bath with too low of a microgel packing de-
gree may be too liquid-like, causing the ink to undergo droplet
breakup and move due to buoyancy forces.[67] Therefore, the sup-
port bath material must retain suitable rheological properties as
a shear-thinning, self-healing, yield-stress fluid to allow for suffi-
cient print fidelity.[68] These ideas could be complemented by ex-
perimental and computational fluid dynamics studies to also ex-
amine dynamic flows or pressure gradients generated within the
support bath during the printing process,[9,17,68,69] which would
likely also influence the mixing between the ink and support
bath.

Future work could also explore the use of other structure fea-
tures within the support bath, such as rod-shaped microgels or
fibers that become incorporated within the ink. In general, het-
erogeneity of the microstructure of the print could be achieved
through the simple approach of programming different flow
rates for different regions of the print, thus affecting the extent
of the support bath incorporation into the ink for different fila-
ments within a single print; this would not require changing the
composition of either the ink or the support bath. Additionally,
the effect of the induced microstructure and void space on the
integration of the engineered tissue with surrounding host tis-
sue after implantation could be investigated to better inform the
design of 3D bioprinted constructs.

Altogether, by understanding and tuning interactions between
bioinks and support baths during embedded 3D bioprinting, this
work represents an important advance toward control over the
microstructure within bioprints to better guide cell behavior, en-
hancing the translational and therapeutic potential of 3D bio-
printed constructs.

4. Experimental Section
Synthesis of Ink Materials—Collagen-Azide: Type I bovine atelocollagen

solution (10 mg mL−1, Advanced BioMatrix) was modified with azide func-
tional groups using N-hydroxysuccinimide (NHS) ester chemistry to react
with primary amines on collagen.[37] First, the acidic collagen solution was
neutralized on ice following instructions from the manufacturer, using
1.0 M sodium hydroxide solution (NaOH, Sigma), ultrapure deionized
water (Millipore), and 10X phosphate buffered saline (PBS, Millipore) to
reach a pH of 7.5 and a concentration of 8 mg mL−1 collagen. Azido-PEG4-
NHS ester (BroadPharm) was dissolved in dimethyl sulfoxide (DMSO,
Fisher) at a concentration of 100 mg mL−1 and added to the neutralized
collagen solution at 2 molar equivalents relative to primary amines on the
collagen. The solution was mixed well, rotated for 2 h at 4 °C, and then
dialyzed overnight in a Slide-A-Lyzer dialysis kit (3.5-kDa MWCO, Thermo-
Scientific) against 1X PBS at 4 °C. For fluorescently-labeled collagen-azide,
100 μg AlexaFluor647 NHS ester (ThermoFisher Scientific) was dissolved
in 10 μL DMSO and added to 500 μL collagen-azide. The solution was
covered with foil to protect from the light, mixed well, and rotated for
24 h at 4 °C. To remove unreacted dye, the solution was dialyzed in a
Slide-A-Lyzer dialysis kit (7-kDa MWCO, ThermoScientific) for 3 days
against 1X PBS at 4 °C. After dialysis, the fluorescently-labeled collagen-
azide was mixed with non-fluorescent collagen-azide at a 1:20 ratio for
use as a fluorescent collagen-azide ink for studies examining the gel
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microstructure. Collagen-azide was stored at 4 °C and used within 1 week
of the bioconjugation reaction. The 8 mg mL−1 collagen-azide was diluted
with cold PBS to 6 mg mL−1 collagen-azide immediately before use.

Synthesis of Ink Materials—Unmodified Collagen: To prepare
6 mg mL−1 unmodified collagen, type I bovine atelocollagen solution
(10 mg mL−1, Advanced BioMatrix) was neutralized on ice immediately
before use following instructions from the manufacturer. Briefly, 1.0 M
NaOH (Sigma), ultrapure deionized water (Millipore), and 10X PBS (Mil-
lipore) were added to reach a pH of 7.5 and a concentration of 8 mg mL−1

collagen. The solution was then diluted with cold PBS to a concentration
of 6 mg mL−1 collagen. To prepare 35 mg mL−1 unmodified collagen, we
used the pH neutral, isotonic Lifeink 200 (Advanced Biomatrix), which is
also bovine type I collagen.

Synthesis of PEG-BCN Crosslinker: The PEG-BCN crosslinker was syn-
thesized as previously described.[32] In brief, PEG-amine (4 arm, 20-kDa,
Creative PEGworks) was dissolved at 10 mg mL−1 in anhydrous DMSO.
Then, (1R, 8S, 9S)-bicyclo[6.1.0]-non-4-yn-9ylmethyl N-succinimidyl car-
bonate (BCN-NHS, 1 molar equivalent relative to amines, Sigma) and tri-
ethylamine (1.5 molar equivalent relative to amines, Fisher) were added
dropwise. The reaction was purged with nitrogen gas and proceeded
overnight at room temperature with constant stirring. The solution was
then dialyzed against ultrapure deionized water for 3 days, sterile filtered
through a 0.22 μm filter, lyophilized, and stored at −80 °C before use.

Rheometry: Oscillatory shear measurements were conducted on an
ARG2 rheometer (TA Instruments) equipped with a Peltier plate and a sol-
vent trap to prevent evaporation. A cone-plate geometry with an angle of
1 ° and a diameter of 20 mm or a plate-plate geometry with a diameter
of 40 mm were used. The data obtained from the two geometries were in
excellent agreement with each other. Time-sweep measurements to follow
the gelation of the different collagen inks were carried out at an angular fre-
quency of 1 rad s−1 and a shear strain amplitude of 1%. Frequency-sweep
measurements (between 10−1 and 102 rad s−1) were conducted at a shear
strain amplitude of 1%.

Rotational measurements were conducted on an ARESG2 rheometer
(TA Instruments) with a 25-mm serrated plate-plate geometry at 23 °C for
shear rates between 10−2 and 104 s−1. The absence of wall-slip was veri-
fied by performing measurements at different operating gaps. For stress-
relaxation measurements, an initial shear strain amplitude of 10% was
used.

For microrheological examination, the mean-square displacement
(MSD) was obtained from dynamic light scattering (DLS) measurements
at 37 °C using PEG-coated, carboxylated latex microspheres (2 μm di-
ameter, Polysciences) as tracer particles, following protocols previously
established.[47] DLS experiments was performed using a Zetasizer Nano
ZS (633 nm laser, Malvern) operated in 173° non-invasive backscatter
detection mode. The gels with embedded tracer particles were formed
in disposable 40 μL cuvettes (Malvern) for all measurements. The rela-
tionship between the MSD (〈Δr2〉) of a tracer particle in a viscoelastic
medium and the shear creep compliance of the gel (J(t)), is given through

⟨Δr2⟩ = kBT
𝜋a

J(t), where kB is the Boltzmann constant, T is the absolute
temperature, and a is the tracer particle radius.

In all cases, representative curves were shown based on at least n = 3
measurements.

Ink and Support Bath Preparation: The inks were loaded into a 2.5-
mL gas-tight syringe (Hamilton) fitted with a straight, 27 G blunt-tip noz-
zle (Jenson Global) for printing, unless indicated otherwise. To prepare
Pluronic support baths,[32] Pluronic F-127 powder (Sigma) was dissolved
at 260 mg mL−1 in cold, sterile PBS and rotated overnight at 4 °C to thor-
oughly mix. To prepare Carbopol support baths,[70] Carbopol ETD2020
powder (Lubrizol) was dissolved by rotating overnight at room temper-
ature at 7 mg mL−1 in 100 mL of sterile, ultrapure deionized water (Mil-
lipore) with 0.8 mL of 10 M NaOH (Sigma) to balance the pH to 7. The
solution was degassed before use. To prepare gelatin microparticle sup-
port baths, LifeSupport (Advanced Biomatrix) was purchased and used
following the manufacturer’s instructions. Briefly, the lyophilized LifeSup-
port was hydrated at 50 mg mL−1 in cold, sterile 1X PBS and centrifuged
(5 min, 2 000 g). The supernatant was removed, and the jammed micro-

gel slurry was used as the support bath. For the preparation of all sup-
port baths in which collagen-azide was to be printed and crosslinked with
SPAAC chemistry, the PEG-BCN crosslinker was dissolved at 5 mg mL−1

in the solution used to hydrate the support bath polymer. Before printing,
the support baths were added to custom-made polycarbonate containers
and degassed to remove bubbles if necessary.

Embedded 3D Printing: Printing was carried out on a custom-built
dual-extruder bioprinter modified from an M2 Rev E plastic 3D printer
(MakerGear) as previously described.[32] Briefly, the thermoplastic ex-
truder of the printer was removed and replaced with a mount designed
to hold two Replistruder 4 syringe pumps. Additionally, the control board
was replaced with a Duet 2 WiFi board with RepRapFirmware.[71] 3D CAD
models were sliced using Simplify3D to obtain the G-codes. Both acellular
and cellular printing was performed using 27 G nozzles with an extrusion
width of 0.21 mm, layer height of 0.084 mm, and print speed of 15 mm s−1

unless indicated otherwise in the manuscript. Prints were either the Stan-
ford logo (12.6 mm wide, 19 mm tall, and 5 mm thick; Figure 1) or disks
(8 mm diameter, 1 mm thick; Figures 2–5). For the demonstrative prints of
the Stanford logo, fluorescent microparticles were added to dye the inks
for visualization. For 3D bioprinting with cells, the printing process was
carried out in a sterile tissue culture cabinet. Lifeink (35 mg mL−1 unmod-
ified collagen) was printed at 4 °C as suggested by the manufacturer to
prevent gelation during printing, which was especially crucial when print-
ing at low speeds. The 6 mg mL−1 unmodified collagen and 6 mg mL−1

collagen-azide inks were printed at room temperature. PHYS collagen was
crosslinked within the support bath for 45 min at 37 °C. SPAAC collagen
was crosslinked within the support bath for 2 h at room temperature. The
prints were removed from the support bath after crosslinking was com-
plete. For Pluronic or gelatin microparticle support baths, the support
baths were incubated at 4 °C or 37 °C, respectively, to liquify the support
bath. For Carbopol support baths, the support bath was removed through
vigorous washing. In all cases, the prints were washed thoroughly with
PBS after release from the support baths, before further culture or charac-
terization.

Cell Culture: Corneal MSCs were isolated from human donor corneas
(Lions Eye Institute for Transplant and Research) according to established
protocols.[35,72] Cells were expanded in growth medium consisting of
500 mL MEM-Alpha (Corning), 50 mL fetal bovine serum (Gibco), 5 mL
GlutaMax (Gibco), 5 mL non-essential amino acids (Gibco), and 5 mL
Antibiotic-Antimycotic (Gibco). Growth medium was changed every other
day, and corneal MSCs were passaged upon reaching 80% confluency. The
corneal MSCs were used for experiments between passages 5–10. For 3D
bioprinting, the corneal MSCs were trypsinized, counted, pelleted, and
re-suspended in either 6 mg mL−1 collagen-azide (for SPAAC collagen)
or 6 mg mL−1 unmodified collagen (for PHYS collagen) at a density of
3 × 106 cells mL−1 for use as the bioink. For encapsulation within control
cast gels, the corneal MSCs were re-suspended at the same cell density
in either 6 mg mL−1 collagen-azide and 5 mg mL−1 PEG-BCN (for SPAAC
collagen) or 6 mg mL−1 unmodified collagen (for PHYS collagen). The so-
lutions were then pipetted into silicone molds (4 mm diameter, 0.5 mm
thickness, 10 μL material) and allowed to crosslink for 1 h at 37 °C. Both
the cast gels and printed gels were submerged in growth medium after
crosslinking. The medium was changed every other day during the dura-
tion of the culture period (7 days).

Microscopy and Image Analysis: All imaging was performed using ei-
ther a STELLARIS 5 confocal microscope (Leica) with a 10X air objective,
20X oil immersion objective, or 40X oil immersion objective (for cell via-
bility, cell circularity, and gel microstructure imaging) or a THUNDER im-
ager (Leica) with a 2.5X air objective (for gel contraction imaging). Both
cast gels and printed gels were placed within glass-bottom dishes (Thermo
Scientific) for imaging. At least five images were taken in different areas
of each sample, and image analysis was performed using FIJI (ImageJ2,
Version 2.3.0/1.53f).

To assess the viability of the corneal MSCs after printing, Live/Dead
staining was conducted within 5 h of printing using calcein AM and ethid-
ium homodimer-1 (Life Technologies), following the manufacturer’s in-
structions. Cell viability was calculated as the number of live cells divided
by the total number of cells. To visualize cell morphology over time, cells
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were labeled with CellTracker Green CMFDA (Thermo Fisher Scientific)
prior to encapsulation, following the manufacturer’s instructions. The 2D
projected area and perimeter of each cell were calculated by thresholding
the images and removing objects with areas less than 10 μm2. Cell circu-
larity was calculated as 4𝜋*Area/Perimeter2, with a perfect circle (i.e., a
fully rounded cell) having a circularity of 1. To examine the microstructure
of cast or printed gels, PHYS collagen gels were imaged using confocal
reflectance, while SPAAC collagen gels were imaged using fluorescence
microscopy. The diameters of the void spaces were measured with FIJI. To
track the contraction of acellular and cellular prints over 7 days in culture,
tile-scan images of the entire prints were taken, and the diameters of the
prints were measured with FIJI.[73]

Fluorescence Recovery After Photobleaching (FRAP) Measurements: Ink
and support bath materials were prepared with 1 mg mL−1 of a 20-kDa
FITC-dextran probe (Sigma). 30 μL of material were loaded into a clear-
bottom, half-area 96-well plate (Greiner Bio-One) and centrifuged to re-
move bubbles. FRAP experiments were performed using a STELLARIS 5
confocal microscope (Leica) with 60 s of photobleaching (110 μm x 110 μm
area, 488 nm laser, 100% intensity) followed by 90 s of acquisition time.
Diffusion coefficients were calculated using the “frap_analysis” MATLAB
program.[74]

Computational Modeling: The diffusion of the PEG-BCN crosslinker
into printed ink filaments over time was simulated using COMSOL Multi-
physics (Version 5.6). A 3D finite element model was created using a time-
dependent study in the “Transport of Diluted Species” module. The fila-
ment diameter was set to be equal to the outlet diameter of the print noz-
zle. To simulate crosslinker diffusion, the diffusivities obtained from FRAP
measurements were used. For the gelatin microparticle support bath, D ≈

50 μm2 s−1. For the collagen-azide ink, D ≈ 65 μm2 s−1. Both diffusivities
were assumed to be constant over time. A tetrahedral physics-controlled
mesh with the predefined “Extra Fine” element size was used. Concentra-
tion profiles as a function of distance from the ink filament were calculated
for diffusion times of 0 to 2 h.

Statistical Analysis: Statistical analyses were performed using Graph-
Pad Prism (Version 9.5). For comparisons of void fraction between SPAAC
and PHYS collagen for different shear rates, statistical significance was as-
sessed using a two-way analysis of variance (ANOVA) with a Tukey post-
hoc test. For comparisons of cell viability, statistical significance was as-
sessed using an ordinary one-way ANOVA with a Tukey post-hoc test. For
comparisons of cell circularity, statistical significance was assessed using
two-tailed Mann-Whitney tests. In all cases, n ≥ 3 for each condition, and
p < 0.05 was considered as statistically significant. Data were presented
as mean ± standard deviation unless specified otherwise.
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