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Abstract
In embedded 3D bioprinting, biomaterial inks are extruded into sacrificial support baths to facili-
tate the fabrication of complex shapes, even from soft, liquid-like materials. Post-printing, the dif-
fusion of small molecules into or out of the support bath can facilitate ink crosslinking to stabi-
lize the printed structure. In these coupled reaction-diffusion systems, the rheological properties of
the ink will change over time. Despite the importance of tuning the mechanical properties of these
inks for biological applications, there are currently no methods to accurately predict ink stiffness
over time throughout the crosslinking process. Here, we use a custom-developed magnetic stress
rheometer to continuously monitor diffusion-driven crosslinking in situ. Our approach reveals
how gelation kinetics depend on the thickness of the ink layer, and enables predictive estimation of
mechanical evolution in these reaction- and diffusion-driven systems. With these insights, we fab-
ricate specimens with predetermined mechanical properties and observe changes in cell phenotype
as a response. These insights help inform the design of inks and timing of bioprinting protocols to
achieve prints with desirable mechanical properties and further allow the fabrication of prints with
patterned mechanical properties.

1. Introduction

The growing gap between organ donor availabil-
ity and patient demand has driven the develop-
ment of alternative strategies for tissue repair and
transplantation [1]. 3D bioprinting is a rapidly
advancing additive manufacturing technique that
enables precise patterning of cell-laden inks into
complex, tissue-like structures [2, 3]. To fabricate
free-standing structures using 3D bioprinting in air,
the extruded ink typically needs to have high vis-
cosity and stiffness to retain its structural fidelity
both during and post-printing [4]. However, typically

softer materials have been found to have increased
cytocompatibility [5, 6]. The need for soft biomaterial
inks that also resist collapse during and after print-
ing has driven the development of techniques that
enable the use of a broad range materials as bioma-
terial inks by leveraging post-printing, biocompati-
ble, crosslinking strategies [4]. Common approaches
involve the bioprinting of a soft, ink material into
a shear-thinning support bath that is removed after
the post-printing crosslinking step through a ther-
moreversible phase transition, [7] physical separa-
tion, [8–11], or dissolution [12–14] to extract the
crosslinked print [4]. The support bath provides
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temporary mechanical confinement to the ink during
printing, enabling high-fidelity deposition of struc-
turally weak or liquid-like biomaterials [15–17].

Early examples of this embedded bioprinting
approach utilized photopolymerization or a ther-
moreversible or pH-triggered phase transition to
induce crosslinking of the ink materials [18–21].
More recently, inks have been designed to crosslink
in response to diffusion-mediated reactions. This
crosslinking can be accomplished in two differ-
ent ways, either by diffusion of small molecule
crosslinkers from the support bath into the printed
filament (diffusion-in) or by diffusion of small
molecule competitors, that suppress crosslinking
prior to filament deposition, from the printed fil-
ament into the support bath (diffusion-out) [22–
24]. Crosslinking through photopolymerization or
an environmentally-triggered phase transition is typ-
ically fast (i.e. less than one min), and the result-
ing crosslinking process can be accurately mod-
eled on a conventional shear rheometer. However,
for systems that rely on diffusion-driven crosslink-
ing, the crosslinking process is slower (i.e. typically
greater than 10 min) and inherently challenging to
characterize through bulk rheology measurements.
This is true even for ink systems that rely on small
crosslinkers with high diffusivity, such as calcium
ions that diffuse into printed alginate structures [25,
26]. Traditional rheology instruments cannot accom-
modate in situ diffusion between two distinct mate-
rials during measurements without mixing them.
Moreover, in diffusion-enabled bioprinting, the rhe-
ological properties of the final construct depend on
the extent of the reaction, which is determined by
the diffusion and reaction kinetics and the total res-
idence time of the printed ink in the support bath.
Typically the reaction is terminated by removing the
construct from the support bath, making the timing
of support bath removal critical, yet under studied.
Prolonged residence times can be detrimental for cell-
laden inks, since suboptimal conditions may com-
promise cell viability. On the other hand, insufficient
residence times can result in insufficient crosslink-
ing and heterogeneous mechanical properties in the
printed filament. Currently, the residence time is usu-
ally estimated from simplified systems, such as pre-
mixed crosslinkers or the exclusion of competitors
in diffusion-in and diffusion-out strategies, respec-
tively. These approaches do not account for the role
of diffusion and consequently, these predictions may
overestimate the extent of crosslinking and stiff-
ness of the printed specimen. More recently, mod-
eling of the diffusive reaction-front with experimen-
tally determined diffusivity values has allowed pre-
diction of the resulting construct mechanical proper-
ties and geometries [26, 27]. Moreover, we hypoth-
esize that accurate control over crosslinkin kinetics
could allow for the fabrication of specimens with
more complex patterns of mechanical properties,

since the print path can be designed to achieve differ-
ent residence times for different regions of the con-
struct. Thus, we seek to further develop a method-
ology to characterize gelation kinetics in order to
optimize residence time in diffusion-based embedded
bioprinting. To achieve this we use magnetic rheom-
etry, a technology that previously has been demon-
strated to characterize natural and synthetic bioma-
terials, including abscess fluids, [28] mucus, [29] and
hydrogels [30, 31].

Here, we present the addition of a dual-layer
setup to our custom-made magnetic stress rheome-
ter (MSR, figure 1(a)) that facilitates direct con-
tact between the ink and the support bath, main-
taining continuous diffusion throughout the mea-
surement. The experimental setup imitates an ink
filament with a diameter L printed into a support
bath (figure 1(b)). This strategy enables continu-
ous, nondestructive shear measurements of an ink
layer of thickness L on top of a support bath layer
using a small magnetic probe at the surface of the
ink layer to monitor diffusion-driven crosslinking
in situ (figures 1(c) and (d)). With this dual-layer
setup, we can predict the extent of crosslinking in
the part of the printed filament that is furthest away
from the diffusion interface for both diffusion-in
(figure 1(c)) and diffusion-out (figure 1(d)) systems.
As a model diffusion-in system, we use an ink com-
prising azide-modified collagen that is crosslinked
through a bioorthogonal strain-promoted azide-
alkyne cycloaddition (SPAAC) click reaction, with
crosslinker molecules diffusing from the support
bath into the printed filament (figure 1(c)) [22, 32–
35]. For the diffusion-out system, we use polyethy-
lene glycol (PEG)-based inks functionalized with
aldehyde (PEG-ALD) and hydrazine (PEG-HYD)
groups that form dynamic covalent hydrazone bonds
(figure 1(d)) [36, 37]. To tune gelation, a non-toxic
competitor molecule is added to the ink to temporar-
ily suppress crosslinking by reversibly reacting with
aldehyde groups, keeping the ink extrudable dur-
ing printing [38, 39]. After printing, the competi-
tor diffuses out of the printed filament into the sup-
port bath, allowing the PEG-ALD and PEG-HYD to
crosslink [23].

Finally, to demonstrate how this methodology
can be used to design bioprinting processes, we
use the parameters extracted from these rheological
measurements, to fabricate a printed specimen with
alternating regions with stiffer and weaker mechan-
ical properties. When used as a scaffold for human
corneal epithelial cells (CECs), we observe stereotyp-
ical phenotypic mechanosignaling responses, high-
lighting the critical importance of controlling the
final construct mechanical properties during bio-
printing. Taken together, this work presents a method
to follow the temporal evolution of diffusion-enabled
inks commonly used in embedded 3D bioprinting
to inform the design of printing protocols for the
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Figure 1. Overview of characterization methodology. (a) The magnetic stress rheometer (MSR) has a pair of electromagnetic
coils that drive the magnetic probe to move laterally across the surface of the ink. A camera captures the motion of the probe,
which is used to calculate strain, γ, and consequently creep compliance, J. (b) Schematic showing a typical diffusion-enabled
bioprinting setup, where a filament of ink with radius L is printed into a support bath. (c) and (d) Schematics of the MSR set
up for diffusion-in and diffusion-out ink-bath systems, respectively. (c) To mimic diffusion-in bioprinting, a layer of ink with
thickness L is placed over a support bath that contains crosslinker molecules, enabling measurements of in situ gelation as the
molecules diffuse into the ink layer. (d) To mimic diffusion-out bioprinting, a layer of ink with thickness L that contains com-
petitor molecules is layered over the support bath, enabling measurements of in situ gelation as the competitor molecules diffuse
out of the ink layer.

fabrication of constructs with predictable mechanical
properties.

2. Materials andmethods

2.1. Ink and support bath preparation
To prepare the collagen ink, type I bovine atelo-
collagen (Advanced BioMatrix) was modified with
azide functional groups [33, 40, 41]. Acidified col-
lagen at a concentration of 10 mg ml−1 was neu-
tralized on ice using 1 M sodium hydroxide (NaOH,
Sigma-Aldrich) and subsequently ultrapure deion-
ized water (Millipore) and 10X phosphate buffered
saline (PBS, Millipore) were added to achieve a final
collagen concentration of 8 mg ml−1 with a pH
of 7.5. Azide functional groups were introduced via
N-hydroxysuccinimide (NHS) ester chemistry using
azido-PEG4-NHS ester (BroadPharm), which was
dissolved in dimethyl sulfoxide (DMSO, Fisher) at
100 mg ml−1 and added to the neutralized colla-
gen solution at a 2:1 molar ratio, relative to primary
amines, resulting to a degree of functionalization of
50% [41]. Themixture was rotated at 4 ◦C for 2 h and
then dialyzed overnight against 1X PBS at 4 ◦Cusing a
3.5 kDaMWCO dialysis cassette (Thermo Scientific).
The resulting azide-modified collagen was stored at
4 ◦C. For the experiments using a lower collagen con-
centration, the collagen was diluted with 1X PBS. For
SPAAC-based crosslinking experiments, a 4-arm PEG
with dibenzocyclooctyne end groups (PEG-DBCO,
10 kDa, Creative PEGWorks) was incorporated in

the support bath. To prepare the fluorescently-labeled
collagen, collagen azide was mixed with 1 wt%
AlexaFluor647 NHS ester (Thermo Fisher Scientific)
in DMSO and left to react 24 h at 4 ◦C. Subsequently,
the solution was dialyzed against 1X PBS at 4 ◦C
for 3 days using a 7 kDa MWCO dialysis cassette
(Thermo Fisher Scientific). For the fluorescently-
labeled collagen prints, non-labeled collagen azide
was mixed with the fluorescently-labeled collagen
azide at a ratio of 20:1.

To prepare the dynamic hydrazone PEG hydro-
gels, 4-arm PEG-aldehyde (PEG-ALD, 20 kDa,
Creative PEGWorks) and 4-arm PEG-hydrazine
(PEG-HYD, 20 kDa, Creative PEGWorks) were each
dissolved at 16 wt% in 1X PBS. The competitor
(hydrazinoacetic acid, Sigma-Aldrich) was also dis-
solved in 1X PBS and neutralized to pH 7.5 using
1 M NaOH. The competitor stock was then mixed
with the PEG-HYD solution since they are nonre-
active with each other. PEG-ALD was added in last
to reach a final concentration of 8 wt% PEG-ALD,
8 wt% PEG-HYD, and 10 mM competitor, unless
stated otherwise.

A commercial gelatin microparticle support bath
was used (LifeSupport, FluidForm Inc.), and pre-
pared following the instructions of the manufac-
turer. Briefly, lyophilized LifeSupport was hydrated
with cold 1X PBS for 10 min at a concentration of
50 mg ml−1 and subsequently centrifuged at 2000 rcf
for 5 min and the supernatant was removed via aspi-
ration. For the diffuse-in experiments the hydrated
LifeSupport was first centrifuged at 1500 rcf for 5min
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and the supernatant was aspirated. Subsequently,
1 ml of PEG-DBCO dissolved in 1X PBS was mixed
into the slurry (final PEG-DBCO concentration of
3 mg ml−1) and centrifuged at 2000 rcf for 5 min as
described previously.

2.2. Diffusivity measurements
The diffusivity of the small molecule crosslinker
through the support bath, uncrosslinked collagen,
and fully crosslinked collagen was determined using
fluorescence recovery after photobleaching (FRAP).
A 10 kDa FITC-dextran probe (Sigma) was used
and five replicates of each condition were tested by
loading 30 µL of material for each replicate into a
clear-bottom, half-area 96-well plate (Greiner Bio-
One). FRAP experiments were performed using a
STELLARIS 5 confocal microscope (Leica) with 60 s
of photobleaching (110 µm × 110 µm, 488 nm
laser, 100% intensity) followed by 90 s of acquisition
time. Diffusion coefficients were calculated using the
‘frap analysis’ MATLAB program [42].

2.3. Bulk rheometry
Small-amplitude oscillatory shear (SAOS) mea-
surements were conducted on a Discovery Hybrid
rheometer (DHR-3, TA Instruments,NewCastle, DE)
with a 2◦ cone-and-plate geometry and a solvent trap
to prevent evaporation. Time sweepmeasurements to
follow the gelation of the different premixed inks were
carried out at an angular frequency of 1 rad s−1 and
a shear strain amplitude of 1%. Frequency sweeps
were conducted at a shear strain amplitude of 1%,
in the linear viscoelastic regime. Stress-ramp mea-
surements at an angular frequency of 10 rad s−1 and
rotational measurements of the support bath mate-
rial were conducted on an AR-G2 rheometer (TA
Instruments, New Castle, DE) with a 40 mm parallel
plate geometry and a measuring gap of 0.8 mm.

2.4. Magnetic stress rheometry
The custom-built MSR was used to characterize
the temporal evolution of the viscoelastic properties
of the two biomaterial inks throughout diffusion-
mediated crosslinking. Briefly, the instrument uses
a flat rectangular magnetic probe with a length of
6 mm and width of 2 mm that rests on the sur-
face of the ink layer, suspended by surface tension.
Electromagnetic coils positioned on both sides of
the material container generate a magnetic field gra-
dient that applies shear stress to the probe, induc-
ing translational motion along its long axis. A cam-
era mounted above the sample records the probe
displacement at 30 frames per second and current
data from the coils is simultaneously recorded with a
Raspberry Pi. Themotion of the probe is tracked from
the videos with a custom MATLAB script, providing
strain data, while the current signal provides stress

data via a force calibration procedure as described
in Shih et al [28]. Prior studies have confirmed that
MSRmeasurements agree with standard CSR rheom-
etry for bulk viscoelastic materials without interfa-
cial contributions [28]. The rheometer setup is shown
in figure 1(a). All measurements were conducted at
room temperature to reflect typical bioprinting con-
ditions. The setup was enclosed in an environmen-
tally controlled chamber maintained at 90% humid-
ity to prevent evaporation effects during the mea-
surements. Measurements conducted on the custom-
build MSR are referred to as MSR measurements in
the rest of the study.

2.5. Dual-layer setup
Samples were placed in custom-fabricated rectangu-
lar plexiglass containers with dimensions of 32 mm
(length)×7 mm (width)×10 mm (height). The sup-
port bath was first extruded into the container and
centrifuged (4120 rcf for 10 min) to remove air pock-
ets and ensure uniformity in support bath density.
Excess support bath material was then leveled using
custom 3D-printed doctor blades designed to pro-
duce defined thicknesses. To approximate Couette
flow conditions, the thicknesses of the ink layers were
chosen to be ⩽ 2 mm, matching the width of the
probe along its non-translating axis. This range of
length scales alsomatches common ranges of filament
diameters [43–45]. Biomaterial ink was subsequently
deposited on top to fill the upper layer to the brim
of the container with a pipette. The magnetic probe
was placed on the surface with plastic tweezers and
rheological measurements on the MSR were initiated
immediately. As the measurements take place at the
ink-air interface, sources of error may include edge
effects, temperature variability, and humidity vari-
ability. To try to minimize these impacts, we perform
measurements within a humidity and temperature
controlled chamber. For the diffusion-in system, con-
trol experiments include reaction-only, where PEG-
DBCO is additionally pre-mixed in the collagen ink,
and no crosslinking, where PEG-DBCO is not added
in the support bath. For the diffusion-out system,
control experiments include reaction-only, where no
competitor molecules are added in the PEG ink, and
no crosslinking, where competitor molecule is also
added in the support bath. The controlmeasurements
were conducted with an ink layer thickness of 1 mm.

2.6. Creep compliance
For the creep compliance measurements, a constant
magnetic force of τ0 was applied to the probe for 10 s,
followed by a recovery period of 30 s to allow the sam-
ple to relax. This 40-s cycle was repeated in both direc-
tions and averaged to generate a single displacement
curve. A custom MATLAB script was used to ana-
lyze the video data and determine the displacement
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of the probe over time. The strain (γ) was then cal-
culated from the displacement (x) through γ = x/L,
where L is the thickness of the ink layer. The applied
stress (τ0) was calculated through τ0 = F/A, where
the applied force F is estimated by collecting cur-
rent readout data over time I(t) from the Raspberry
Pi that are related to F by a scaling factor, described
by calibration experiments from our previous work,
[28] and A corresponds to the area of the probe. In
this work, the applied stresses τ0 ranged from 0.08 to
0.83 Pa. The creep compliance curves were calculated
by J= γ/τ0. Creep compliance measurements were
repeated every few minutes over the course of sev-
eral hours, until the displacement of the probe could
not be discerned in the video data. Example data of
the dynamic PEG ink showing each creep compli-
ance measurement across the x-axis and the evolu-
tion of these curves over the crosslinking duration on

the y-axis is presented in supplemental figure S2(a).
The shape of the curves changes over time, during
crosslinking, from a liquid-like response with grad-
ual and partial viscoelastic recovery to a solid-like
response with immediate and full recovery as shown
in a two-dimensional projection of the curves on a
log-y axis (supplemental figure S2(b)).

2.7. Parameter calculation
In creep experiments, zero-shear viscosity (η0) and
steady-state compliance (J0s ) are commonly reported
as analogs to loss and storage terms, describing the
resistance to flow and the softness of the material,
respectively [46]. Here, we report the inverse of
steady-state compliance (1/J0s ) to provide an effective
modulus. These two parameters were calculated by
fitting each creep compliance curve to a 5-element
Kelvin–Voigt model, as described in equation 1:

J(t) =



t
η0
+ 1

G1

[
1− exp

(
−G1t
η1

)]
+ 1

G2

[
1− exp

(
−G2t
η2

)]
, t⩽ t ′ (1a)

t ′

η0
− 1

G1

[
exp

(
−G1t ′

η1

)
− exp

(
−G1 (t− t ′)

η1

)]
− 1

G2

[
exp

(
−G2t ′

η2

)
− exp

(
−G2 (t− t ′)

η2

)]
,

t> t ′, (1b)

where t ′ corresponds to the duration of the applied
stress during the creep experiment. The role of each
element in the model in a compliance curve is shown
in supplemental figure S3. Our prior work has shown
that the dominant relaxation timescales in polymeric
materials can be sufficiently captured with just the
recovery phase [28]. Thus, the recovery phase of
each compliance curve was fitted to equation 1(b) to
extract η0, G1, and G2. From that, the steady-state
compliance is calculated through: J0s = 1/G1 + 1/G2.
Over the duration of crosslinking, η0 and 1/J0s were
calculated for each creep experiment mapping out
the evolution of viscoelastic properties throughout
gelation.

2.8. Validation experiments
Control experiments were performed to validate the
measurements by the MSR. A non-gelling solution
of 40 wt% 20 kDa PEG was used as a negative con-
trol. The MSR-measured η0 and 1/J0s are shown in
supplemental figure S4(a). The bulk rheometry mea-
sured viscosity was averaged across a frequency from
0.1 s−1 to 200 s−1 (red doted line, supplemental
figure S4(a)) and compared to the viscosity mea-
sured through the MSR over 400 min, showing excel-
lent agreement with each other. Moreover, the rheo-
logical properties remain generally constant over the
duration of the MSR measurements, indicating that
evaporation effects are minimal.

To confirm the ability of the MSR to capture gela-
tion kinetics, the crosslinking of gelatin was charac-
terized. A thermoreversible 3% gelatin solution was
heated to 37 ◦C to reach a fully liquid state before
being placed on the MSR for immediate measure-
ment. The entire MSR was placed on ice to allow the
gelatin to crosslink. The rheological parameters (η0
and 1/J0s ) measured by theMSR are presented in sup-
plemental figure S4(b) and show significant stiffening
compared to the non-gelling PEG solution.

2.9. 3D printing
A custom-built dual extruder print, adapted from a
MakerGear M2 Rev E plastic 3D printer, was used for
the 3D printing experiments as described earlier [22,
23, 47]. The printing was performed with a 17G blunt
needle (d= 1.067 mm), at room temperature, and at
a printing speed of 1mm s−1 in a sterile tissue culture
cabinet.

2.10. Cell culture
Human telomerase immortalized corneal epithe-
lial cells (CECs, ATCC CRL-11 135) were kindly
donated by Dr Ali Djalilian (University of Illinois
at Chicago, USA). CEC growth medium was
prepared with keratinocyte SFM cell medium
(Gibco, 17 005 042) supplemented with 100X
penicillin-streptomycin (Gibco, 15 140 122), 200X
hydrocortisone (STEMCELL Technologies, 07 925),
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and 2000X insulin (Sigma- Aldrich, I9278). Before
plating the cells, standard cell culture flasks were
coated with FNC Coating Mix (Athena Enzyme
Systems, 0407 H) for 3 min at room temperature
and excess FNC was removed from the flasks. Cells
were maintained at sub-confluency, and medium
was changed every 2 to 3 days. CECs were passaged
upon reaching 80% confluency. For cell mechanobi-
ology experiments, cells were seeded at a density of
10 000 cells cm−2 on hydrogel surfaces and were
cultured for 24 h in complete media before being
processed.

2.11. In vitro characterization
Cells werewashed three timeswith PBS and fixedwith
4% paraformaldehyde (Thermo Scientific, 28 908) at
RT for 30 min. Cells were then washed three times
with PBS and permeabilized with 0.25% (v/v) Triton
X-100 (Sigma-Aldrich, T8787) in PBS (PBS-T) for
1 h at room temperature with gentle rocking. Samples
were blocked with 5% (w/v) bovine serum albumin
(Sigma-Aldrich, A9647), 5% (v/v) goat serum (Gibco,
16 210 064), and 0.5% Triton X-100 in PBS for 3 h
at room temperature with gentle rocking. Antibodies
were diluted in antibody dilution solution, which
consisted of 2.5% (w/v) bovine serum albumin
(BSA), 2.5% (v/v) goat serum, and 0.5% Triton X-
100 in PBS. Immunostaining with anti-YAP anti-
body took place at 4 ◦C overnight with gentle rock-
ing. After incubation with primary antibody, samples
were washed three times with PBS-T for 30 min each.
Secondary antibody, phalloidin, and 4’,6-diamidino-
2-phenylindole (DAPI) were also incubated at 4 ◦C
overnight with gentle rocking. The following anti-
bodies/reagents were used at the indicated dilutions:
rabbit anti-YAP antibody (1:200, Invitrogen, PA1-
46 189), DAPI (1 µg ml−1, Cell Signaling, 4083 s),
goat anti-rabbit Alexa Fluor 488 (1:500, Invitrogen,
A-11 008), and Alexa Fluor 647 phalloidin (1:250,
Invitrogen, A22287). Next, cells were washed three
times with PBS-T for 20 min each and then mounted
onto no. 1 coverslips with Fluoromont G (Thermo
Fisher, 00-4958-02). After curing for 24 h, tilescan
images of the printed samples were acquired with a
fluorescent microscope (Keyence, BZ-X1000 series)
using a 10X air objective. Subsequently, samples were
imaged with a confocal microscope (Leica SPE, Las-
X software) using a 40X (1.4 NA) oil objective.
ImageJ was used to segment the outer membrane of
cells and compute total cell area. DAPI staining was
used to quantify nuclei. Only particles with an area
higher than 50 µm2 were analyzed. Data presented
in the figures represent independent experimental
replicates. Measurements are reported as mean ±
standard deviation (SD). Statistical analyses were per-
formed usingGraphPad Prism.Normality of data dis-
tribution was assessed using the Shapiro–Wilk test.

Differences between groups were evaluated using an
unpaired Student’s t-test for normally distributed
data or a Mann–Whitney U test for non-normally
distributed data. Statistical significance was defined
as follows: not significant (ns), ∗ p< 0.05, ∗∗∗ p<
0.001, and ∗∗∗∗ p< 0.0001.

3. Results and discussion

3.1. Selection of polymer backbone concentration
for diffusion-in bioprinting model
We first explored the range of biomaterial ink
formulations that would result in constructs with bio-
logically relevant mechanical properties. For many
soft tissue models, weak gels with shear storage mod-
uli (G ′) less than ≈1 kPa commonly promote the
most physiological cell phenotypes [41, 48–50]. The
final stiffness of the hydrogel is a consequence of
the final concentration of crosslinks, which depends
both on the concentration of polymer backbone and
the concentration of crosslinker. In diffusion-in bio-
printing, the crosslinker concentration is constantly
changing as the crosslinker diffuses from the sup-
port bath into the biomaterial ink and then reacts
with functional groups on the polymer backbone.
To reduce this coupled reaction-diffusion system to
a reaction-only system, we first evaluated the time-
dependent rheology of biomaterial inks that had been
pre-mixed with a known concentration of crosslinker
(figure 2(a)).

With conventional bulk shear rheology, we mea-
sured the time evolution of the storage (G ′) and loss
(G′′) moduli of collagen-azide inks with concentra-
tions of 2, 4, and 6 mg ml−1, each with 3 mg ml−1

of the 4-arm PEG-DBCO crosslinker. This results in
final formulations with stoichiometric ratios between
the azide and cyclooctyne functional groups of 1:3.6,
1:1.8, and 1:0.9, respectively, allowing us to moni-
tor the reaction kinetics without diffusional contri-
butions. As expected, the onset of the sol-gel transi-
tion (as indicated by the crossover between G ′ and
G′′) was faster for the higher collagen concentrations
(figure 2(b)). The 2, 4, and 6 mg ml−1 formulations
had gelation times of 2.4, 3.5, and 4.3 min, respec-
tively. Also as expected, increasing the collagen con-
centration resulted in stiffer final gels, as indicated
by the plateau shear storage moduli of 175, 480, and
890 Pa, respectively. This is presumably due to both
the higher polymer volume fraction and more effec-
tive crosslinking when the stoichiometric ratio of the
reactants is close to the ideal ratio of 1:1 [51–53].

We next compared these bulk measurements of
the biomaterial ink with characterization performed
on our magnetic stress rheometry system, which has
a bilayer setup that includes both a biomaterial ink
and a support bath (figure 2(a)). Specifically, in this
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Figure 2. Gelation curves over time for collagen inks with varying polymer backbone concentration. (a) Schematic of the mag-
netic stress rheology setup and ink and support bath materials used for the diffusion-in model. (b) Bulk rheology measurements
of the temporal evolution of storage (filled symbols) and loss (open symbols) moduli for inks containing 2, 4, and 6 mg ml−1 of
collagen premixed with 3 mg ml−1 of the crosslinker. No support bath is present. (c) Magnetic stress rheology measurements of
the temporal evolution of η0 (left) and 1/J0s (right) for inks containing 2, 4, and 6 mg ml−1 of collagen premixed with 3 mg ml−1

of the crosslinker. The underlying support bath also included 3 mg ml−1 of the crosslinker.

magnetic stress rheometry system, creep measure-
ments are conducted on the surface of the top (bio-
material ink) layer by imaging themotion of a floating
magnetic probe exposed to a magnetic field of known
strength. As the yield stress of the underlying support
bath (100 Pa, supplemental figure S1(b)) is signifi-
cantly higher compared to the stresses applied dur-
ing the creep measurements (0.08–0.83 Pa), minimal
deformation of the support bath is expected. Thus,
the time-dependent motion of the magnetic probe
can be analyzed to determine the viscoelastic prop-
erties of the biomaterial ink in isolation. This consid-
eration becomes more important at later crosslinking
times when higher stress is required to perform the
creep measurements due to the increased stiffness of
the ink. For this set of experiments, the same concen-
tration of crosslinker (3mgml−1) was pre-mixed into
both the ink and the support bath to remove diffu-
sional contributions.

In creep experiments, zero-shear viscosity (η0)
and steady-state compliance (J0s ) are typically
reported as analogs to loss (G′′) and storage (G ′)
terms, describing the resistance to flow and the stiff-
ness of the material, respectively (figure 2(c)) [46].
Similar to the bulk measurements, an increase in col-
lagen concentration lead to faster gelation, as both the
η0 and J0s curves for the 4 mgml−1 ink reach a plateau

prior to that of the 2 mg ml−1 ink. Moreover, the
higher 1/J0s plateau value of the 4 mg ml−1 ink com-
pared to the 2 mg ml−1 ink indicates a stiffer final
network, consistent with the bulk rheology results.
Interestingly, while rheological differences between
the 2 and 4 mg ml−1 ink formulations were read-
ily apparent in the η0 curves (figure 2(c), left), the
6 mg ml−1 ink had a viscosity-time profile similar
to that of the 4 mg ml−1 ink. Similarly, in the 1/J0s
curve, the 6 mg ml−1 ink did not display a plateau
before the maximum stress applied by our current
setup was reached (figure 2(c), right). These data
indicate that the magnetic field strength of our cur-
rent setup is appropriate to sensitively capture the
full rheological spectrum of materials with a stiff-
ness of up to at least 480 Pa. This sensitivity can
be easily tuned for other applications by applying
a higher maximum stress through either a stronger
magnetic field or a probe with a higher magnetic
volume force [28]. Taken together, the bulk and mag-
netic stress rheometry measurements allowed us to
identify the 4 mg ml−1 ink formulation as having
the aforementioned appropriate stiffness relevant
for soft tissue models (≲1 kPa) and validated our
custom setup as appropriate to measure the time-
dependent viscoelastic properties of this chosen ink
formulation.
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3.2. Quantification of the effective reactant
diffusivity for diffusion-in inks
We next modified our experimental setup to ini-
tially pre-mix the crosslinker only with the support
bath and not the biomaterial ink, thereby introducing
time-dependent diffusion into the model. To charac-
terize the role of diffusion length on gelation kinetics,
we next measured the viscoelastic properties of col-
lagen inks (4 mg ml−1) with varying ink layer thick-
nesses L (figure 3(a)) using the MSR. For both η0 and
1/J0s (figure 3(b), supplemental figure S5(a)), steeper
increases over time are observed for thinner ink lay-
ers, indicating faster gelation. This trend demon-
strates diffusion-limited crosslinking, where the rate
of gelation is dependent on the diffusion layer thick-
ness, as opposed to a simple reaction-governed sys-
tem. Similar behavior has been previously observed
in an alginate ink crosslinked through the diffusion
of calcium ions [26]. A larger length (i.e. thickness)
delays the transport of crosslinker molecules through
the entire ink layer to the top surface (i.e. the center
of a printed filament).

The shearmodulus,G, of amaterial varies directly
with crosslinking density, ρx:

G=
nkBT

V
= νkBT=

ρxRT

Mc
, (2)

where V is the volume, kB the Boltzmann’s constant,
T the absolute temperature, n the number of poly-
mer chains, ν number density, and Mc the molecu-
lar weight between crosslinks [54, 55]. Since we use
the inverse of steady-state compliance 1/J0s as an ana-
log for G, we use it as a proxy for tracking the extent
of crosslinking over time. To quantify the relationship
between layer thickness and gelation time, we defined
a characteristic diffusion time tD as the time required
to reach 90% of themaximum log(1/J0s ) for each con-
dition. Dimensional analysis of the definition of dif-
fusivity gives

L∝
√
Dt. (3)

Using this relation, we calculated an effective
crosslinking diffusivity D by plotting L2 against tD,
using a layer thickness of 0 mm for the pre-mixed,
reaction-only condition (figure 3(c)). The experi-
mental data resulted in a clear linear fit (R2 value
of 0.929), further supporting the idea of a diffusion-
driven gelation mechanism, with the slope estimat-
ing the effective crosslinker diffusivity D as 4.97×
10−3 mm2 min−1 ≈ 82.8 µm2 s−1.

To put these results into context, we character-
ized diffusivity using an alternative procedure: FRAP.
Briefly, a 10 kDa fluorescent-dextran probe (similar
in size to our PEG-DBCO crosslinker) was pre-mixed
with either uncrosslinked collagen ink, crosslinked
collagen gel, or the gelatin microparticle support
bath (supplemental figure S6). The FRAP-estimated
diffusivity for dextran within the collagen ink was

D≈ 65 µm2 s−1, with no statistical difference
detected between the sol-state and gel-state, indi-
cating minimal changes in diffusivity during the
crosslinking procedure for 10 kDa-sized diffusants.
Using a similar procedure, the FRAP-estimated dif-
fusivity for the support bath wasD≈ 45 µm2 s−1. We
noted that the FRAP measurements and rheometry-
based estimates of effective diffusivity resulted in val-
ues with a similar order of magnitude.

To evaluate whether this biofabrication system is
diffusion- or reaction-limited, we calculated the sec-
ondDamköhler number,Da, a dimensionless param-
eter that describes the ratio of diffusion time to reac-
tion time [56]:

Da=
td
tr
=

kc0L2

D
. (4)

Systems are diffusion-limited for Da> 1 and
reaction-limited for Da< 1. Da was calculated using
our rheometry-derived effective crosslinker diffusiv-
ity, an initial crosslinker functional arm concentra-
tion (c0) of 1.2 mM, and a reported SPAAC reaction
rate (k) of 310 mM−1s−1 for azide groups reacting
with DBCO [57]. With these parameters, the range
of Da spans from 1× 106 to 1.7× 107 for the ink
layer thicknesses evaluated, indicating that diffusion
dominates at the length scales studied (supplemental
table S1). The critical thickness Lc at which Da= 1 is
approximately 0.47µm.Thismeans that for 3Dprint-
ing of filaments with diameters larger than 0.94 µm,
the extent of crosslinking can be adequately predicted
based on diffusion kinetics, while printing proto-
cols for smaller filaments must primarily consider
the reaction kinetics. Since the extent of crosslink-
ing is directly related to the final scaffold mechanical
properties, consideration of the Da allows for the
design of bioprinting processes that have patterned
regions of differing stiffness through control of the
total reaction-diffusion time.

The higher apparent diffusivity derived from
the magnetic rheometry measurements compared to
FRAPmeasurements may arise from the larger radius
of gyration of the linear probes typically used in FRAP
measurements compared to that of branched poly-
mers of the same Mw, such as the 4-arm crosslinker
molecules used here. Furthermore, we point out that
the rheometry measurement reports on the effective
gradient diffusivity of the crosslinker reaction front as
it moves across the ink layer, as inferred by the result-
ing increase in stiffness. In contrast, no reaction and
no diffusant gradients are present in the FRAP mea-
surements. Taken together, these findings highlight
how a dual-layermicrorheology system can be used to
quantitatively evaluate the reaction-diffusion kinet-
ics of diffusion-in ink materials. This analysis can
guide the design of bioprinting processes to fabricate
structures with predetermined, patternedmechanical
properties.
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Figure 3. Collagen ink crosslinking dependence on ink layer thickness. (a) Schematic of the experimental setup with crosslinker
diffusing from the underlying support bath into the top layer of biomaterial ink, which has different thickness L to mimic dif-
ferent printed filament diameters. (b) Collagen ink crosslinking for the pre-mixed solution (i.e. reaction only) and for dif-
ferent diffusion lengths (ink layer thickness, L) presented in terms of η0 (left) and 1/J0s (right), normalized by the initial time
point. (c) Correlation between L2 and diffusion-time tD with the linear regression (dashed line) having a slope corresponding to
diffusivity.

3.3. Quantification of the effective inhibition rate
constant for diffusion-out inks
After having examined a diffusion-in system
used to enable printing of soft biomaterial inks,
we next explored another recently developed,
diffusion-enabled bioprinting approach that utilizes
a diffusion-out system. The biomaterial ink was a
PEG-based hydrogel crosslinked through dynamic
covalent chemistry. Specifically aldehyde-modified,
4-arm PEG (PEG-ALD) was mixed with hydrazine-
modified, 4-arm PEG (PEG-HYD) to form dynamic
hydrazone bond crosslinks.While the hydrogel would
not be printable if fully crosslinked, the addition of
a small molecule competitor temporarily prevents
the formation of some of the crosslinks, lowering
the yield stress [23, 38, 58, 59]. Here, the competitor
small molecule, hydrazinoacetic acid, is pre-mixed
with the ink to compete with PEG-HYD for reac-
tion with PEG-ALD, effectively suppressing gela-
tion until it diffuses out of the ink into the support
bath (figure 4(a)). To explore how gelation kinet-
ics can be tuned with small-molecule interactions,
we first examined the effect of competitor concen-
tration on the dynamic PEG hydrogel without dif-
fusion using bulk rheological measurements. Bulk
rheometry showed that pre-mixing 10 mM competi-
tor with the PEG ink to achieve a stoichiometric ratio
of ALD groups to competitor molecules of 1.6:1 com-
pletely inhibited gelation (figure 4(b)). The storage
modulus, G ′, remained below the loss modulus, G′′,

throughout the entire duration of the experiment,
and bothmoduli remained orders ofmagnitude lower
than the uninhibited case without competitor, where
gelation occurred after ≈30 min to form a hydrogel
with a final stiffness of 1000 Pa. This confirms that
the competitor can effectively inhibit the formation of
hydrazone bonds between PEG-HYD and PEG-ALD
in our model ink system.

We next used magnetic-stress rheometry to mon-
itor the evolution of η0 and 1/J0s for 2 mm thick ink
layers on top of the support bath in a diffusion-out
setup, with varying initial competitor concentration
(figure 4(c)). As competitor concentration increases,
the gelation process becomes progressively delayed,
indicating slower formation of effective hydrazone
crosslinks due to competitive inhibition. The char-
acteristic diffusion time tD (as estimated by the time
required to achieve 50% of the maximal stiffness) is
found to linearly increase with increasing competi-
tor concentration (figure 4(d)). The linear relation-
ship between competitor concentration and tD sup-
ports a pseudo-first-order kinetic model for competi-
tive inhibition, tD = [competitor]/ki + tD0 , where ki is
the effective inhibition rate constant.Wenote that this
ki is not the reaction rate constant for the aldehyde-
hydrazine reaction, but rather ki is an effective rate
constant that describes the time-dependent motion
of the competitor as it simultaneously reacts and dif-
fuses through the ink layer. From the slope of the
linear regression, we extract an effective inhibition

9



Biofabrication 18 (2026) 035021 F Christakopoulos et al

Figure 4. Gelation curves over time for dynamic PEG inks with varying competitor molecule concentration. (a) Schematic of the
magnetic stress rheology setup and ink and support bath materials used for the diffusion-out model. (b) Bulk rheology measure-
ments of the temporal evolution of G ′ and G′′ for inks without (filled and open circular symbols, respectively) and with (solid
and dashed lines, respectively) 10 mM competitor molecule premixed in the ink. The ink with the competitor remained in the sol
state throughout the entire measurement (G ′ < G′′). (c) Magnetic stress rheology measurements of the temporal evolution of
η0 (left) and 1/J0s (right), for 2-mm thick ink layers pre-mixed with different concentrations of the competitor, which is allowed
to diffuse out of the ink over time. (d) Linear relationship between competitor molecule concentration and characteristic diffu-
sion time tD. The inverse of the slope of the linear regression (dashed line) corresponds to a pseudo-first-order inhibition rate
constant.

rate constant of ki = 1/7.861= 0.1272mMmin−1 ≈
2.12 µM s−1, with R2 = 0.983. This result suggests
that small-molecule inhibitors can be used not only
to block gelation, but also to precisely tune the gela-
tion rate, and provides a first-order competitor reac-
tion model to enable such control. By incorporat-
ing known quantities of the small-molecule com-
petitor into the ink, dynamic covalent hydrogels can
be maintained in the sol state during extrusion and
crosslinked after extrusion into a support bath at a
rate that is optimal for both mechanical stability and
cellular function. This fine tuning could be useful
for multi-material printing or for applications where
cells require more time to organize before the matrix
stiffens [24, 60, 61]. More broadly, these results
demonstrate howmolecular-scale reaction and diffu-
sion kinetics directly translate into macroscale tem-
poral evolution of mechanical properties, as mea-
sured by the dual-layer magnetic rheometry setup.

3.4. Quantification of the effective reactant
diffusivity for diffusion-out inks
We next varied the ink layer thickness to quantify the
effect of different diffusion lengths in the diffusion-
out system, while keeping competitor concentration

constant (10 mM) (5(a)). As expected, both the nor-
malized η0 and 1/J0s were found to increase faster
for thinner ink layers, indicating an increase in gela-
tion kinetics due to the shorter competitor diffusion
length (figure 5(b) and supplemental figure S5(b)).
This behavior is consistent with a diffusion-limited
crosslinking mechanism, where the rate of competi-
tor transport into the support bath governs the rate
of ink gelation.

These data were further analyzed to calculate
an effective diffusivity D by plotting L2 against tD,
as described earlier (figure 5(c)). The linear rela-
tionship suggests a Fickian diffusion model with an
effective diffusivity D of 4.01× 10−2 mm2 min−1 ≈
668 µm2 s−1, with R2 = 0.888. In previous work,
the diffusivity of this competitor molecule was esti-
mated to be ≈ 670 µm2 s−1 within a similar DCC
hydrogel [38]. While the two hydrogel systems are
not exactly identical, the similarity in estimated dif-
fusivity values lends confidence to the use of our
magnetic rheometry setup to quantify effective diffu-
sivity parameters. Next, we used this experimentally
determined value to estimate Da for this diffusion-
out ink system, similar to the procedure used above
for the diffusion-in ink system (equation (4)). Here,
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Figure 5. Dynamic PEG ink crosslinking dependence on ink layer thickness. (a) Schematic of the experimental setup with com-
petitor diffusing from the biomaterial ink into the underlying support bath, which has different thickness L to mimic different
printed filament diameters. (b) Dynamic PEG ink crosslinking for the case without competitor (i.e. uninhibited), the case with
no competitor diffusion (i.e. inhibited, with competitor present also in the support bath), and for different diffusion lengths (ink
layer thickness, L), presented in terms of η0 (left) and 1/J0s (right), normalized by the initial point. (c) Correlation between L2

and diffusion-time tD with the linear regression (dashed line) having a slope corresponding to diffusivity.

our initial competitor concentration, c0 was equal
to 10 mM, and the reported hydrazone reaction
rate, k for ALD reacting with HYD was taken to be
23 M−1 s−1 [36]. With these parameters, the range
of Da spans from 8.59× 101 to 1.37× 103 for the
ink layer thicknesses evaluated, indicating that sim-
ilar to the diffusion-in system, here diffusion also
dominates at the length scales studied (supplemental
table S2). The critical thickness Lc at which Da= 1 is
approximately 54 µm. This means that for 3D print-
ing of filaments with diameters larger than 108 µm,
the extent of crosslinking can be adequately predicted
based on diffusion kinetics, while printing proto-
cols for smaller filaments must primarily consider
the reaction kinetics. In both the diffusion-in and
the diffusion-out systems studied, the estimated crit-
ical filament diameter below which the crosslink-
ing kinetics transition from primarily diffusion- to
reaction-controlled was estimated to be 0.47 and
108 µm, respectively. Both these values are similar to
or smaller than the typical filament diameters cur-
rently used in bioprinting applications, which typi-
cally range from 100 to 400 µm [44, 62]. As diffusion-
enabled printing becomes more commonplace, this
type of quantitative, microrheology analysis can assist
with the design of printing protocols that aim to
achieve more complex prints. For example, control of
the diffusion-ink kinetics can enable the fabrication

of constructs with finer features and the design of
specimens with mechanically patterned regions to
guide cell behavior.

3.5. Printing of stiffness-patterned constructs to
guide cell phenotype
Next, we demonstrated a proof-of-concept appli-
cation, where informed by our microrheological
analysis, we fabricated hydrogels with different
mechanical properties within a single construct.
The mechanical properties of biological tissues are
key determinants of cell function and have been
shown to modulate several cellular behaviors includ-
ing spreading, migration, and differentiation [63–
67]. For instance, CECs alter their phenotype and
migration rate in response to substrate stiffness
[68–70]. Moreover, mechanosensing can be traced
with translocation of specific proteins within the cell
(i.e. nuclear or cytoplasmic protein localization). In
particular, yes-associated protein (YAP), is a major
transcriptional coactivator and crucial downstream
effector of mechanosignaling that often translocates
to the nuclei of cells grown on stiffermatrices [71, 72].
While many biological tissues, like the cornea, have
regionalized patterns of mechanical properties, few
examples of bioprinted constructs with mechanical
patterns exist to date [73, 74].
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Figure 6. Fabrication of stiffness-controlled constructs to guide phenotype of human corneal epithelial cells (CECs) utilizing the
diffusion-in ink model. (a) Schematic of the experimental setup where collagen-azide ink at either 4 or 6 mg ml−1 is deposited
on the crosslinker-containing support bath (PEG-DBCO, 3 mg ml−1) and allowed to crosslink for 25 or 120 min resulting in dif-
ferent stiffnesses. (b) Immunocytochemistry (ICC) of CECs seeded on the different cast collagen gels for the mechanoresponsive
protein YAP (green) and counter-stained for cell nuclei (DAPI, blue) and cytoskeleton (F-actin, red). (c) Quantification of cell
shape (top) and YAP localization (bottom) for CECs seeded on the different cast collagen gels. (d) Schematic of the experimental
setup where collagen-azide ink at 4 mg ml−1 is 3D printed in a crosslinker-containing support bath (top). First, fluorescent-
labeled collagen (magenta) was printed in a ‘Greek-key’ pattern. After 95 min a second pattern was printed with non-labeled
collagen (gray) with an offset of 180◦, and the print was allowed to crosslink for 25 more minutes (bottom left). Tilescan of the
print top view after release from the support bath, showing the areas that crosslinked for longer (fluorescent collagen, pink) or
shorter (non-fluorescent collagen, black) times, respectively (bottom right). (e) ICC of CECs seeded on the different areas of the
print and stained for DAPI, F-actin (top), and YAP (bottom). (f) Quantification of cell shape (top) and YAP localization (bot-
tom). (c), (f) ∗ p<0.05, ∗∗∗ p<0.001,∗∗∗∗ p<0.0001.

As a model system, we chose to explore our col-
lagen ink utilizing the diffusion-in setup to form
scaffolds for human CECs. Here, we tuned the stiff-
ness by altering the diffusion time (i.e. residence time)
and the amount of available azide groups (colla-
gen ink concentration), both of which modulate the
concentration of functional crosslinks. First, as con-
trol materials with homogeneous stiffness, we pro-
duced gels by casting a collagen ink layer (thick-
ness, L= 1 mm) at a concentration of either 4 or
6 mg ml−1 on top of crossliker-containing sup-
port bath (PEG-DBCO, 3 mg ml−1, figure 6(a)).
Informed by our microrheometry characterization,
the ink was allowed to crosslink through diffusion
of the crosslinker from the support bath into the
collagen ink for different times (25 or 120 min)
in order to achieve hydrogels with different stiff-
nesses (figure 3(b)). For the 1 mm thick ink layer
used here, 120 min is larger than the character-
istic diffusion time, tD = 97 min, and we assume
that the hydrogel is fully crosslinked with a stiff-
ness of ≈480 and 800 Pa for the 4 and 6 mg ml−1

formulations, respectively (supplemental table S1,
figure 2(b)). Similarly a crosslinking time of 25 min

results in a partially crosslinked hydrogel reaching
approximately 5% of the final stiffness (≈25 Pa).
After the respective crosslinking time had elapsed,
the gels were removed from the support bath, and
CECs were seeded on top of the hydrogel. After 24 h
of culture, the cells were fixed and stained for the
nuclei (DAPI), cytoskeleton (F-actin, phalloidin), and
the mechanosensitive protein YAP (figure 6(b)). Cells
seeded on 4 mg ml−1 collagen gels crosslinked for
25 min (i.e. softer matrices) showed a round mor-
phology, with minimal spreading over the substrate.
In contrast, the amount of spreading was signifi-
cantly higher for cells grown on cast gels allowed to
crosslink for 120 min (i.e. stiffer matrices), as deter-
mined both by qualitative actin visualization stain-
ing and quantitative measurement of projected 2D
cell spreading (figures 6(b) and (c), top). This trend
was preserved when increasing collagen concentra-
tion to 6 mg ml−1, which results in a further increase
in stiffness. These results align with literature show-
ing that cells typically exhibit greater morphological
spreading when grown on stiffer matrices [75]. As an
indicator of activemechanosensing, we quantified the
levels of nuclear translocation of the transcriptional
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activator YAP. In agreement with previous research,
we observed increased levels of nuclear (as compared
to cytoplasmic) YAP in cells cultured on stiffer sub-
strates (figures 6(b) and (c), bottom). As a control,
CECs were additionally cultured on a stiff, glass sub-
strate showing both a high amount of spreading and
increasedYAPnuclear translocation, further support-
ing the trends observed with our hydrogel substrates
(supplemental figure S7).

After successfully fabricating gels to guide CEC
phenotype by controlling gel stiffness through the
diffusion time, we next sought to print a pat-
terned hydrogel with spatial control of local stiff-
ness. Using the same support bath, we printed
‘Greek-key’ patterns with high-and low-stiffness
regions (figure 6(d)). We used a single collagen ink
(4 mg ml−1) and printed the two parts with a time
difference of 95 min, resulting in a total crosslinking
time of 25 and 120 min for the two different regions,
similar to our aforementioned cast gel experiments. A
printing nozzle with a diameter of ≈1 mm was used,
and the printing took place at the top of the support
bath so that diffusion of the crosslinker into the latter
part of the print takes place only through a single
ink-support bath interface for consistency with the
earlier experiments.

Similar to the cast gels, CECs were seeded on
top of these patterned constructs for 1 day prior
to staining. To visualize successful patterning of the
two, mechanically distinct regions, a small amount of
fluorescently-labeled collagen (1:20) was added in the
ink that was printed first. The print was first imaged
by a slide scanner, where the presence (magenta) and
absence of the fluorescence corresponds to the stiffer
and softer regions, respectively (figure 6(d), bot-
tom). At higher resolution with confocal microscopy,
no fluorescent collagen was detected in the softer
regions, while stiffer regions showed clear evidence
of fluorescent collagen (figure 6(e)). In addition,
we observed circular microstructures (d≈ 40 µm)
in the fluorescent-labeled region, which are pre-
sumably caused by ink mixing with support bath
microparticles, consistent with previous work from
us and others [33, 76, 77]. In agreement with our
experiments with cast gels, after 24 h we observed
increased cellular spreading and significantly (p<
0.001) enhanced YAP nuclear translocation for the
cells growing atop the stiffer regions, all within the
same printed construct (figures 6(e) and (f)). These
data confirm that cells within the different regions
have acquired different mechanosignaling pheno-
types. These results showcase the biocompatibility
and mechanical versatility of our printing strategy,
which uses a single ink material to achieve different
printed regions with distinct mechanical properties.
A further benefit of using a single ink material is its
ability to enable crosslinking between the two parts
without necessitating a further crosslinking step.

4. Conclusion

In 3D bioprinting, the precise control over the
mechanical properties of biomaterial inks is a critical
requirement due to the competing goals of printabil-
ity and cytocompatibility (which typically requires
softer materials) and structural stability (which
requires stiffer materials). In order to achieve both of
these goals, emerging technologies such as diffusion-
enabled bioprinting are being designed to alter the
ink viscoelastic properties over time [24]. Diffusion-
enabled bioprinting typically utilizes a support bath
material and small-molecule modulators to enable
printability of the biomaterial ink while also facili-
tating post-print crosslinking into a self-supporting
matrix. This can be achieved by small molecules dif-
fusing either from the ink to the support bath (i.e.
diffusion-out system) or from the support bath to
the ink (i.e. diffusion-in system). In both cases, the
residence time of the cell-laden ink in the support
bath determines the finalmechanical properties of the
printed construct and hence downstream cell pheno-
type. A major challenge in the further development
of this technology is that diffusion-driven crosslink-
ing kinetics cannot be accurately characterized in situ
by conventional bulk rheometry. To address this gap,
herewe used a custom-mademagnetic rheometer uti-
lizing a dual-layer setup to quantify viscoelastic prop-
erties over time, imitating a biomaterial ink deposited
within a support bath. Moreover, compared to other
microrheological techniques, such as particle track-
ing measurements at different depths of the ink layer,
our approach is not hindered by gradual immobiliza-
tion of the particles due to stiffening of the ink during
crosslinking.

We demonstrate how these in situ rheological
measurements can capture and decouple the effects
of diffusion length and reaction kinetics on ink gela-
tion behavior. We applied this approach with two
hydrogel systems with opposite directions of diffusive
flux, namely a collagen-based ink where a crosslinker
diffuses into the ink from the support bath and a
dynamic PEG ink where a competitor diffuses out
of the ink into the bath. In both cases, gelation rate
and final mechanical properties were distinctly influ-
enced by diffusion length (i.e. filament radius), show-
ing the importance of geometry in these diffusion-
enabled bioprinting strategies. The ability to resolve
these dynamics allowed us to extract effective diffu-
sivities and reaction rate constants, enabling predic-
tions of gelation for various geometries and mate-
rial concentrations. Our analysis was able to predict
the critical lengthscale for the crosslinking process to
transition from diffusion-limited to reaction-limited
through calculation of the Damköhler number. For
both cases, the crosslinking kinetics were diffusion-
limited for the range of ink layer thicknesses stud-
ied. The calculated critical dimensions are on the low
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end of themajority of printing nozzles presently used,
suggesting that themajority of diffusion-enabled bio-
printing strategies currently employed are diffusion-
limited, thus highlighting the importance of accurate
understanding of the crosslinking timescales. These
findings have practical implications for embedded 3D
bioprinting, where spatial and temporal control of
gelation is critical for achieving both print fidelity
and control of cell phenotype. Moreover, the pre-
dicted critical lengthscale will become important as
diffusion-enabled bioprinting technology is further
developed to fabricate smaller features, such as vas-
culature with sizes ranging from 1.2 mm to 5 µm in
diameter [78].

The quantitative, time-dependent analysis of
bioink crosslinking enabled by magnetic rheometry
also offers a powerful tool for designing printing pro-
tocols to achieve patterned constructs with regions
of distinct mechanical properties. While many bio-
logical tissues and organs naturally have regions with
different or alternating mechanical properties, few
examples of scaffolds with alternatingmechanics exist
to date [79–81]. This is an important goal within
biofabrication, as cells respond to matrix mechani-
cal properties by altering their phenotype [63–67]. 3D
bioprinting is uniquely positioned to achieve these
regionalized structures with different local mechan-
ical cues to induce differential cell responses, due
to its ability to fabricate fine features on the mul-
ticellular lengthscale. Here, informed by our quan-
titative analysis of crosslinking timescales, we fabri-
cated a specimen with patterned mechanical proper-
ties that was able to guide the phenotype of seeded
human CECs. An advantage of our crosslinking strat-
egy is the ability to fabricate hydrogel substrates with
control of local stiffness values using a single bio-
material ink. This makes the printing strategy com-
patible with single-extrusion nozzles printers, which
are currently more common thanmulti-nozzle print-
ers, and also ensures strong adhesion at the inter-
face between different regions. While here we add
cells to the printed constructs after fabrication, both
crosslinking chemistries used in this manuscript are
cytocompatible and can be used to encapsulate cells
within 3D constructs [22, 33, 82]. We previously con-
firmed that the presence of cells does not alter the
extent of crosslinking nor the final hydrogel mechan-
ical properties; thus, our results could be readily
extended to the printing of cell-laden bioinks [22, 23].
As the library of inks and crosslinkers used for dif-
fusive bioprinting continues to expand, our charac-
terization and analysis techniques could be applied
to other cell-compatible systems. An inherent lim-
itation of diffusion-enabled bioprinting is the time
required for ink deposition, which must be less than
the diffusion time. As the ink deposition time scales
linearly with the size of the construct, diffusion-
enabled bioprinting is currently limited to smaller
tissue constructs. Optimization of print-paths, use

of multiple print-heads, or sequential fabrication of
different regions would be required for larger prints
[83–85]. Looking ahead, the application of this mag-
netic rheology technique with the Damköhler num-
ber analytical framework offers the opportunity to
design and reproducibly fabricate more complex,
tissue-like structures with regionalized biomechani-
cal properties.
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