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Abstract
Embedded bioprinting enables the fabrication of complex, cell-laden structures by extruding
bioinks into support baths. This technique has advanced the field of tissue engineering by expand-
ing the range of printable bioinks and enabling the creation of intricate geometries; however, limit-
ations such as instability and inadequate oxygen and nutrient delivery in current support materials
restrict long print durations and compromise fidelity. Recently, albumin-based foams have been
proposed as oxygen- and nutrient-permeable supports, but their rapid degradation restricts prac-
tical use. Here, we report the stabilization of albumin foams through the incorporation of pectin, a
biocompatible polysaccharide. Three formulations—albumin-only (A8), albumin with 1% pectin
(A8P1), and albumin with 2% pectin (A8P2)—were evaluated for foam stability, bubble morpho-
logy, rheology, and physicochemical properties. Pectin significantly delayed drainage and bubble
coalescence while maintaining essential rheological features such as shear-thinning and recov-
ery. These improvements enabled the embedded printing of chitosan, a low-viscosity and slow-
crosslinking hydrogel, into multilayered and freeform structures with high fidelity. Cell viability
assays confirmed that pectin did not compromise biocompatibility; A8P1 provided the most favor-
able microenvironment and outperformed conventional freeform reversible embedding of suspen-
ded hydrogels baths during extended incubation, owing to enhanced oxygen diffusion and a more
physiological pH. Overall, pectin-stabilized albumin foams offer a simple, biocompatible, and self-
removable support system that addresses key limitations of embedded bioprinting and broadens
the range of printable bioinks.

1. Introduction

Three-dimensional (3D) bioprinting has emerged as
a transformative tool in tissue engineering and regen-
erative medicine, enabling the fabrication of living
constructs with spatially controlled architectures. By
depositing bioinks in a layer-by-layer fashion accord-
ing to a digital blueprint, it is possible to reproduce
aspects of tissue organization and function [1, 2]. A
central goal in the field is the creation of constructs
that not only match the geometry of target tissues but
also replicate their porous structure and viscoelastic
properties, which strongly influence cell adhesion,
proliferation, differentiation, and migration [3–7].

Despite rapid progress, the fabrication of highly
complex and functional constructs remains limited
by the printability of soft, low-viscosity, or slow-
crosslinking bioinks. Thesematerials, while often bio-
logically relevant, collapse upon extrusion, yielding
poor shape fidelity and resolution [8].

To overcome these challenges, embedded
bioprinting was developed, in which bioinks are
extruded into a secondary material, or support bath,
that temporarily holds the printed material in place
until it crosslinks [9–11]. This approach enables the
use of a broader range of bioinks, including those
that more closely mimic the native extracellular
matrix, and facilitates the creation of freeform and
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Figure 1. Schematic illustrating the in-foam bioprinting process with pectin acting as a stabilizer for the albumin-based foam.

overhanging features. Several support bath materials
have been reported, such as gelatin microparticles
in the freeform reversible embedding of suspended
hydrogels (FRESH) technique [9], gellan gum fluid
gels [12], carbopol hydrogels [13], agarose slurries
[14], and pluronic blends [15, 16]. While each sys-
tem has enabled important advances, common lim-
itations remain, including insufficient oxygen and
nutrient transport restricting long-term viability, and
challenges with bath removal without damaging the
construct [17, 18].

Recently, in-foam bioprinting has been intro-
duced as a promising alternative, in which mechan-
ically foamed albumin in cell culture media is used as
the support bath [19]. Albumin foams offer unique
biological advantages: the gas bubbles facilitate oxy-
gen delivery, the aqueous phase maintains nutri-
ent availability, and the inherent instability of foams
allows for self-removal of the support without addi-
tional processing. Madadian et al demonstrated that
albumin foams possess rheological properties com-
patible with embedded bioprinting and could sustain
high cell viability. However, their practical applica-
tion is limited by rapid degradation, which restricts
the time window for printing more complex or large-
scale constructs.

Foam stabilization has been studied extensively in
the food and colloid sciences, where it is well estab-
lished that protein-based foams can be reinforced
by the addition of polysaccharides [20, 21]. Pectin,

a high–molecular weight, anionic polysaccharide, is
particularly attractive due to its biocompatibility and
its ability to increase viscosity, form polymer entan-
glements in the continuous phase, and interact with
proteins at the air–liquid interface [22, 23]. Beyond
its role as a stabilizer in food foams, pectin has been
widely investigated for biomedical applications such
as wound healing [24], drug delivery [25], and tissue
engineering [26, 27]. These properties suggest that
pectin could improve foam stability without com-
promising the biological compatibility required for
bioprinting applications.

In this study, we investigated the incorporation
of pectin into albumin foams to extend their stabil-
ity as embedded bioprinting support baths (figure 1).
We hypothesized that pectin would reduce drainage
and bubble coalescence while preserving the rheolo-
gical properties essential for printing. Albumin-only
foams (A8) were compared with albumin foams con-
taining 1% or 2% pectin (A8P1, A8P2). Foam stabil-
ity, bubble morphology, rheology, and physicochem-
ical properties were characterized, and the print-
ability of chitosan—a representative low-viscosity,
slow-crosslinking hydrogel—was assessed. Finally,
cell viability in printed fibroblast constructs was eval-
uated in comparison to traditional FRESH baths.
Together, these experiments provide evidence that
pectin-stabilized albumin foams represent a versatile
and biologically favorable support system for embed-
ded bioprinting.
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2. Materials andmethods

2.1. Foam preparation
The foamwas prepared by dissolving albuminpowder
from chicken egg white (A5253, Sigma-Aldrich,
USA) and pectin powder from citrus peel (galactur-
onic acid ⩾74.0%, P9135, Sigma-Aldrich, USA) in
either deionized (DI) water or Dulbecco’s Modified
Eagle Medium (DMEM) (GibcoTM DMEM/F-12,
Thermo Fisher Scientific) supplemented with 10%
v/v fetal bovine serum and 1% v/v antibiotics peni-
cillin/streptomycin henceforth referred to as com-
plete DMEM. Pectin powder was added to the solvent
first and stirred at 600 rpm until completely dis-
solved. Albumin powder was then added, and the
solution was stirred at 600 rpm for an additional 3 h
to ensure complete dissolution. The solutionwas then
mechanically mixed at 2000 rpm for 2 min using
a Cole-Parmer OS-200D-C-SYS Compact Digital
Mixer System (Cole-Parmer Instrument Company,
Vernon Hills, IL, USA) immediately prior to all tests.
Three compositions of foam were prepared for each
test: 8% w/v albumin (A8), 8% w/v albumin with 1%
w/v pectin (A8P1) and 8% w/v albumin with 2% w/v
pectin (A8P2) (table 1).

2.2. Foam stability
To quantify the liquid drainage of the foam over
time, the foam was loaded into 15 ml Falcon tubes
using a syringe immediately following its prepara-
tion. The Falcon tubes were then secured inside a
water bath set to 37 ◦C for the duration of the test.
The volume of the liquid drainage accumulated at
the bottom of the Falcon tube was measured at dis-
tinct time points: 0, 5, 10, 15, 20, 25, 30, 40, 50, 60,
90 and 120 min from the time the foam was pre-
pared. For better visualization of the liquid drainage
over time, as well as to see the change in bubble size
over time, foams were additionally transferred into
ultraviolet quartz cuvettes (Sigma-Aldrich, Oakville,
ON, Canada) using a syringe immediately after their
preparation and photographed at various time
points.

2.3. Foam bubble size
A brightfield microscope (RVL-100-G, Echo, San
Diego, CA, USA) set to 4x magnification was used
to image the bubble size of the foams at various time
points starting immediately after mechanically foam-
ing: 0, 10, 30, 60, and 120 min. The foam was kept
in a sealed container over the course of the exper-
iment and a new small sample was retrieved and
gently spread as a thin layer on a petri dish for ima-
ging at each time point. This technique was used
as opposed to imaging the same sample over time
to ensure that the foam being imaged did not dry
out, which would not properly represent the natural
breakdown of foam as experienced in the in-foam
bioprinting setup. For each foam composition and

Table 1. Compositions of the foam support baths studied.

Albumin (% w/v) Pectin (% w/v)

A8 8 0
A8P1 8 1
A8P2 8 2

each time point a minimum of 3 images were taken
at different locations of the sample and the diameter
of a minimum of 600 bubbles were measured using
ImageJ software.

2.4. Foam overrun
Foam overrun percentage was used to quantify
the foamability of each foam composition (i.e. the
increase in volume of the foam compared to its ori-
ginal liquid volume). After dissolving the powdered
pectin and albumin, 15 ml of the liquid was weighed.
The solution was then mechanically foamed at
2000 rpm for 2 min and 15 ml of the resulting foam
was weighed. The overrun % was calculated using
equation (1) as

overrun (%) = 100× ml−mf

mf
, (1)

whereml is the mass of the liquid prior to mechanical
foaming andmf is the mass of the resulting foam after
mechanically foaming [21].

2.5. Rheology
All rheological testing was performed on an Anton
Paar rheometer (Physica MCR 301, Germany) with
concentric cylinder geometry (CC10/T200). All tests
were performed at 37 ◦C. The rheological properties
of the foams were characterized using the tests out-
lined in the following subsections.

2.5.1. Viscosity
The viscosity of the foams (A8, A8P1, and A8P2) was
measured over varying shear rates from 0.01–100 s−1

to confirm the foam supports exhibited shear thin-
ning behavior. The results are plotted using a logar-
ithmic scale.

2.5.2. Recovery
The self-recovery properties of the foam supports
were characterized through cyclic recovery tests. The
test was designed to mimic the cycles of deformation
experienced by the foam support as the print needle
passes through and returns layer-by-layer. The storage
modulus (G’) of each foam (A8, A8P1, andA8P2) was
measured through several cycles of the following: 30 s
at 1% strain followed by 30 s at 100% strain followed
by a sudden return to 1% strain for 30 s [15, 19].
The intervals at 1% strain mimic before and after the
printing process whereas the intervals of 100% strain
mimic the print needle passing through and deform-
ing the foam.
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2.6. Physiochemical characterization
2.6.1. pH
The pH of the following components of each foam
composition were measured using a pH meter
(LAQUAtwin, Horiba Advanced Techno, Kyoto,
Japan): the liquid solution prior to mechanical foam-
ing, the foam created from the mechanical mixing
and the liquid drainage from foam as it breaks down
collected from the bottom of the vessel containing the
foam.

2.6.2. Osmolality
The osmolality of each foam composition was meas-
ured using an automated single-sample osmometer
(3320, Advanced Instruments, Inc.). The osmometer
was calibrated using a ClinitrolTM 290 reference
solution (Advanced Instruments Inc., Massachusetts,
USA) which has an osmolality close to physiological
levels. The osmolality was measured and is repor-
ted in milliosmoles per kilogram (mOsm kg−1). The
liquid solution containing dissolved albumin on its
own and with either 1% w/v or 2% w/v pectin before
mechanical foamingweremeasured. Additionally, the
liquid drainage resulting from the degradation of each
foam composition were measured.

2.7. Chitosan hydrogel preparation
A physical thermosensitive chitosan hydrogel with
gelling agent was used for both printability studies
and cell studies. The chitosan was prepared follow-
ing a previously published protocol [28–30]. Briefly,
shrimp shell chitosan powder (ChitoClear, HQG110,
Primex, Siglufjordur, Iceland) with a molecular
weight of 159 kDa and degree of deacetylation of
74% was dissolved in 0.1 M hydrochloric acid (HCl)
(Fisher Scientific) using an overhead stirrer for 4 h
then autoclaved at 121 ◦C for 20 min for aseptic con-
ditions. The gelling agent was prepared by dissolv-
ing β-glycerol phosphate (βGP, Sigma-Aldrich, USA)
and sodium hydrogen carbonate (SHC,Merck KGaA,
Germany) in DI water, and subsequently sterilized
by filtration using a 0.22 µm pore size syringe fil-
ter (UltiDent Scientific, Canada). Both the pH of the
chitosan and the gelling agent were measured using
a pH meter (LAQUAtwin, Horiba Advanced Techno,
Kyoto, Japan) to ensure theywere in the proper ranges
for use (the chitosan was only used if the pH was
between 6–6.3 and between 7.4–8.4 for the gelling
agent). Mixing both solutions leads to a gel precursor
solution with physiological pH to which the cell sus-
pension can be added. In the printability tests, the cell
suspension was substituted with phosphate-buffered
saline (PBS) 1X. Each component of the hydrogel was
mixed using syringes connected by a luer lock imme-
diately prior to printing. A volume ratio of 3:1:1 of
chitosan to gelling agent to cell suspension was used,
leading to a hydrogel final composition of 2% w/v
Chitosan, 0.1 M βGP and 0.75 M SHC. This specific
composition was selected because it leads to an in situ

gelling hydrogel with strong mechanical properties,
interconnected porosity and good cell survival and
growth [28–30]. However, it is relatively slow cross-
linking and has a low viscosity at room temperature
prior to gelation. This means the chitosan must be
physically supported once extruded through the print
needle to maintain its shape for gelation.

2.8. Printability
A BioX pneumatic extrusion bioprinter (Cellink,
Gothenburg, Sweden) was used with a either a 1/2′′

or 1′′ long 22G stainless steel blunt printing needle
(McMaster-Carr, Elmhurst, IL, USA) with 5 mm s−1

printing speed and 15 kPa pressure for all printabil-
ity tests. The printing pressure of 15 kPa was selec-
ted based on preliminary optimization tests, which
showed that this pressure provided the most con-
sistent and continuous extrusion of the low-viscosity
chitosan bioink while avoiding over-extrusion at
higher pressures and discontinuous filament forma-
tion at lower pressures. A 2% w/v chitosan hydrogel
without cells, as described in section 2.7, was used
for the printability study. The printhead containing
the hydrogel filled cartridge was at room temperature
and the print bed filled with foam was set to 37 ◦C
permitting the chitosan to begin gelling immediately
after being printed. After printing, the structures still
within the foam were carefully placed in an incub-
ator at 37 ◦C. Once the printed constructs were fully
gelled, the foam support bath was removed using a
Pasteur pipette and negative pressure. Various struc-
tures were printed to test the printability within the
foam supports including, grids patterns, free-form
conical structures and structures with overhanging
features.

2.9. Cell studies
2.9.1. Cell culture
Mouse fibroblast L929 cells (ATCC 1 CCL-1 from
Mouse Batch number 70026472) were cultured in a
humidified incubator at 37 ◦C and 5% CO2 using
complete DMEM. Cells, passage 8–13, were subcul-
tured into a new T75 flask upon reaching 80% con-
fluency and detached using 0.05% trypsin/EDTA. The
cell media were replaced with freshmedia every 2–3 d
to ensure the cells had continuous access to nutrients.

2.9.2. Chitosan bioink preparation
The 2% w/v chitosan bioinks outlined in section 2.7
consisted of a 3.33% w/v chitosan solution combined
with a gelling agent solution containing 0.5 M βGP
and 0.375 M SHC which was later mixed with the
suspension of L929 cells. Using two syringes connec-
ted by a luer lock, the chitosan and gelling agent were
mixed together with 15 back-and-forths. The result-
ing mixture was then mixed with the cell suspension
using the same technique. A 3:1:1 (chitosan: gelling
agent: cell suspension) ratio was used, resulting in a
bioink with the following final concentration: 2%w/v

4



Biomed. Mater. 21 (2026) 015023 M Rodger et al

chitosan, 0.1MβGP, 0.075MSHCand either 2 or 3M
cells ml−1.

2.9.3. Cell viability
The first cell study completed was to investigate if the
addition of pectin had any impact on the viability of
the cells encapsulated in the printed bioink. The cell
laden bioink, with 3 M cells ml−1, was used to extru-
sion print a filament into the three foam composi-
tions (A8, A8P1 and A8P2). The printed constructs
were then left for 30 min outside of the incubator, at
room temperature after which the foamwas removed,
rinsed with PBS 1X then complete DMEMwas added
to the cell-laden constructs which were then placed
in the humidified incubator at 37 ◦C and 5% CO2.
As a positive control, Control A, the bioink was prin-
ted outside of the foam, supplemented immediately
with complete DMEM, and transferred directly to the
incubator to demonstrate cell viability under stand-
ard culture conditions. A negative control, Control
B, consisted of printing the bioink outside of the
foam then waiting either 30 min or 1 h before adding
cell culture media and being placed in the incubator.
This control mimicked what encapsulated cells would
experience during a long print taking place in open air
and outside of a nutrient enriched foam bath.

A second cell studywas performed to compare the
cell viability when the cell-laden bioinks were prin-
ted and left in the different support baths over long
periods of time. The foam supports were compared to
a traditional support bath material: a gelatin micro-
particle slurry as used in the FRESH technique. Two
versions of a FRESH support were used: one prepared
using complete media as the aqueous phase (DMEM
FRESH), and the other using PBS 1X (PBS FRESH).
Both formulations were prepared using a previously
published protocol [9] using Type A gelatin frompor-
cine skin (MilliporeSigma, USA). Briefly, 4.5% w/v
gelatin was dissolved in either complete DMEM or
PBS 1X then gelled at 4 ◦C for 12 h. Subsequently,
media or PBS was added to the gel and was blen-
ded for 2 min at pulse speed using a consumer-
grade blender (Hamilton-Beach). The blended solu-
tionwas then centrifuged, afterwhich the supernatant
was removed and replaced with fresh media or PBS
then vortexed back into suspension. These steps were
repeated until there were no more bubbles at the
top of the solution after centrifugation. The chitosan
bioink loaded with 2 M cells ml−1, was extrusion
bioprinted to create a filament into each of the 5 sup-
ports being tested: A8, A8P1, A8P2, DMEM FRESH
and PBS FRESH. The printed constructs were left in
the support for either 3 or 5 h at room temperature
after which the supports were removed, rinsed with
PBS 1X then complete DMEMwas added. The prints
were then placed in the humidified incubator at 37 ◦C
and 5% CO2.

A live/dead cell viability assay was used 24 h
after the printing process to examine the viability of

L929 cells embedded in the printed chitosan hydro-
gel for both cell studies. 2 µM of Calcein, AM
(Invitrogen, Life Technologies, Carlsbad, CA, USA)
and 5.5 µM of Ethidium Homodimer-1 (EthD-1,
Invitrogen, Life Technologies, Carlsbad, CA, USA) in
serum free DMEM were used to stain the live and
dead cells respectively. The cell-laden models were
incubated with the stains for 45 min before remov-
ing the stain, rinsing with PBS 1X, and then submer-
ging in serum-free DMEM for imaging using a fluor-
escence microscope (RVL-100-G, Echo, San Diego,
CA, USA). Three images were taken at random loc-
ations of each sample. ImageJ was used to analyze all
fluorescent cell images. The green (live cells) and red
(dead cells) channels of each image were normalized
using a greyscale filter and appropriate thresholding
of contrast and brightness levels allowed formeasure-
ments of the projected area of the red and green sig-
nals. The cell viability percentage was calculated using
equation (2):

cell viability (%) = 100× live cells

live cells+ dead cells
.

(2)

2.10. Dissolved oxygen levels
The levels of dissolved oxygen in the support baths
were measured using a non-invasive optical oxy-
gen meter (Fibox 4, PreSens Precision Sensing
GmbH, Germany) equipped with PSt3 planar oxy-
gen sensor spots (SP-PSt3-NAU, PreSens Precision
Sensing GmbH, Germany) and a polymer optical
fiber (PreSens Precision Sensing GmbH, Germany).
The sensor spots were glued to glass cover slips with a
silicone glue (SG2 silicone glue, transparent, PreSens
Precision Sensing GmbH, Germany) and positioned
on the surface where cell-laden constructs were prin-
ted in one of the following supports: A8, A8P1, or
FRESH support bath prepared with DMEM. The
salinity of each support bath was measured using
an OaktonTM PC 2700 Benchtop Meter (Oakton
Instruments, USA). Dissolved oxygen measurements
were taken at various time points starting immedi-
ately after the printing as well as at after 1 h, 3 h, 5 h
and 8 h.

2.11. Chitosanmicrostructure analysis
2.11.1. Scanning electron microscopy (SEM)
Using the same chitosan hydrogel as in the printabil-
ity studies (see section 2.8), multi-layered grids were
3D bioprinted either in an A8P1 foam support or dir-
ectly onto a printing surface without a foam support.
The printed structures were left in the foam for 5 h
before removing the foam, adding complete DMEM,
then placing them in the incubator at 37 ◦C. The
constructs printed outside of the foam were imme-
diately incubated at 37 ◦C for 10 min to initiate
gelation, after which complete DMEM was added.
24 h after printing, the hydrogels were freeze-dried
(Harvest Right) overnight. The freeze-dried samples
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were then secured on SEM imaging stubs using con-
ductive tape and sputter-coated with a 20 nm gold
layer (K550X Sputter Coater) and imaged using SEM
S3600-N Hitachi (15 kV).

2.11.2. Histology
Similar grids were also prepared for histology. After
incubation at 37 ◦C for 24 h to allow for complete
gelation, the samples were gently washed with PBS
1X, fixed in 10% formalin for 5min, and embedded in
HistoGel™ (Thermo Fisher Scientific, USA). Samples
were then enrobed in paraffin, sliced at 4 µm thick-
ness and stained with hematoxylin and eosin (H&E)
following standard histological protocols. Themicro-
structures were examined on high resolution scan
images using the Aperio ImageScope software (Leica
Biosystems, IL, USA).

2.12. Statistical Analysis
All reported results represent mean values ± stand-
ard deviations of tests done at least in triplicate. The
Shapiro–Wilk test was used to test for normality and
skewness of the data, and Levene’s test was used for
equal variance. Statistical analysis of all data, except
for bubble size, was performed using analysis of vari-
ance (ANOVA), with Tukey’s HSD post hoc analysis
to compare every two groups of data. For bubble size,
Kruskall–Wallis was used, and Dunn’s post hoc ana-
lysis was used to compare every two groups of data.
For each test, p-values below 0.05 were considered
statistically significant. All statistical analysis calcula-
tions were performed in RStudio.

3. Results and discussion

Each composition of foam studied (A8, A8P1, A8P2)
contained 8% albumin and a mechanical foaming
time of 2 min was chosen for all foams since previ-
ous studies have shown it provides the best results
for embedded bioprinting applications [19]. Further,
when higher concentrations of albumin were tested
with pectin the solution became too thick, and foam-
ing became difficult. With lower than 8% albumin,
the foam was visibly less stable with liquid draining
from the foam immediately after preparation.

3.1. Foam stability, bubble size and foamability
The effects of pectin addition on the physical sta-
bility of albumin foams are summarized in figure 2.
As shown in figures 2(a) and (b), A8 (albumin-only)
foams underwent rapid liquid drainage, with visible
phase separation occurring within the first minute
after foaming. In contrast, the onset of drainage was
delayed to ∼30 min for A8P1 and to nearly 60 min
for A8P2. This can also be seen with the quant-
itative measurements in figure 2(b), demonstrating
that higher pectin concentrations significantly reduce
drainage rates, extending foam lifetime.

Bubble size evolution further reflects this stabil-
izing effect (figures 2(c)–(e)). A8 exhibited a wide
bubble size distribution immediately after foaming
and rapid coalescence over 120 min, producing lar-
ger, heterogeneous bubbles. By comparison, both
A8P1 and A8P2 maintained smaller and more uni-
form bubbles over time, with the 2% pectin formula-
tion showing the narrowest distribution and slowest
growth.

Foamability, measured by overrun percent-
age, decreased with increasing pectin concentra-
tion (figure 2(f)). While A8 produced the highest
expansion, A8P1 and A8P2 generated progressively
lower overrun values. This reduction is attributed to
increased viscosity of the liquid phase with pectin
addition, which restricts gas incorporation during
whipping but enhances stability once bubbles are
formed.

Taken together, these results demonstrate that
pectin enhances albumin foam stability by slowing
drainage and coalescence while narrowing bubble
size distribution. The stabilization arises from phys-
ical mechanisms at multiple scales: (i) increased
viscosity of the aqueous phase slows liquid drain-
age, (ii) protein–pectin complexes accumulate in
the foam lamellae and Plateau borders, strengthen-
ing interfacial films against rupture, and (iii) elec-
trostatic and steric repulsion from the polysacchar-
ide chains hinder bubble coalescence. Similar syn-
ergistic effects of protein–polysaccharide complexes
have been reported in food foams [20] and in
model systems where pectin reduces drainage and
disproportionation through viscosity and interfacial
reinforcement [21].

It is important to note, however, that although
the A8P2 composition was able to foam and created
a stable foam, increasing the concentration of pectin
beyond 2% w/v is not ideal. At elevated concentra-
tions, the liquid phase becomes excessively viscous,
making it increasingly difficult to incorporate air and
disperse gas into bubbles during whipping. This res-
ults in poor foamability, as reflected in the lower over-
run values observed with 2% pectin. Therefore, while
pectin enhances stability, there is an optimal concen-
tration window beyond which the trade-off between
foamability and stability becomes unfavorable.

3.2. Rheology
For a material to be acceptable as a support bath
in embedded bioprinting, it must possess key rhe-
ological properties, particularly shear-thinning beha-
vior and the ability to recover its mechanical strength
after repeated deformations. Figure 3 illustrates these
properties for the albumin–pectin foams. Viscosity
measurements (figure 3(a)) confirmed that all foam
formulations were shear-thinning, a critical prop-
erty for embedded bioprinting because it permits free
nozzle movement during extrusion while ensuring
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Figure 2. Physical characterization of the foam support baths. (a) Liquid drainage of foams over time (b) quantification of liquid
drainage overtime from the foam in the Falcon tubes (mean values of triplicates are plotted) (c) difference in initial bubble size
and bubble size after 2 h (scale bars: 1 mm) (d) initial bubble size distribution (e) average bubble size over time (f) overrun % of
the foams (mean±SD, n= 5, ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001).

Figure 3. Rheological characterization of the foam supports. (a) Shear thinning tests: the viscosity of the foam supports as a func-
tion of shear gradient (b) recovery tests: storage moduli of the foam as a function of time through several cycles of applied strain
(30 s 1% strain followed by 30 s at 100% strain repeated) (mean values of triplicates are plotted).

the bath quickly recovers its solid-like, support-
ing structure once the nozzle is gone [31]. The
increase in low-shear viscosity with pectin addition
improves the stability of the bath without comprom-
ising flowability under shear. These rheological fea-
tures are consistent with previous reports on protein–
polysaccharide complexes, which increase the vis-
coelasticity of the continuous phase and reinforce
lamellae to improve foam recovery after deformation
[20, 21]. The higher viscosity measured for the A8
foam can be attributed to the rapid degradation of

the foam causing it to dry slightly during the meas-
urement, increasing the measured viscosity.

In the cyclic recovery tests (figure 3(b)), all foams
were able to recover their storage modulus (G′) after
successive cycles of strain, which simulates the pas-
sage of the print nozzle during deposition. Notably,
A8P1 and A8P2 exhibited higher overall recovery of
G′ compared to the albumin-only foam (A8), indic-
ating that pectin improves the resilience of the foams
to repetitive deformation. This higher recovery is
likely due to pectin reinforcing the bubble interfaces,
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Figure 4. (a) In-foam bioprinting setup using a Cellink BIO X 3D bioprinter and 22G print needle (b) (left) chitosan grid printed
in A8P1foam (right) same grid printed outside of foam support demonstrating poor printability (c) (top) filament printed in
foam (bottom) filament printed outside of foam with poor printability (d) various geometries printed using chitosan into the
foam supports. All scale bars are 1 cm.

allowing bubbles to stretch elastically without ruptur-
ing. In contrast, the faster liquid drainage in A8 causes
it to lose structural integrity more quickly, leading
to poorer recovery, consistent with earlier findings
on albumin foams [19]. Compared to conventional
gelatin microparticle baths used in FRESH bioprint-
ing, the albumin–pectin foams provide a comparable
rheological response but with the added advantages
of oxygen diffusion and higher long-term cell viabil-
ity. Thus, pectin-containing albumin foams retain the
desirable rheological behavior of albumin-only foams
while extending their stability and functionality for
embedded bioprinting.

3.3. Printability
Chitosan, a low-viscosity and slow-crosslinking
hydrogel, was printed in the albumin–pectin foams to
evaluate their ability to support challenging bioinks
(figure 4). The pectin-stabilized foams successfully
supported multilayered and freeform structures,
including filaments with overhanging features. By
contrast, the same chitosan hydrogel printed out-
side of a support bath exhibited poor print fidelity,
with even simple filaments collapsing immediately.
This highlights the critical role of the support bath
in enabling the use of hydrogels like chitosan, which,
despite their poor standalone printability, are attract-
ive for tissue engineering due to their biocompatibil-
ity, biodegradability [32], antimicrobial activity [33,
34], and tunability [35].

Chitosan is a polycationic polymer that is pos-
itively charged in acidic to near-neutral conditions
[36]. Given that albumin carries a net negative charge
in the pH range of the foams (pH levels well above
4.7 which is the isoelectric point of albumin [37])
used here, a thin residue was observed on the sur-
face of constructs after bath removal. Because this

residue interferes with quantitative shape analyses,
print fidelity was assessed qualitatively rather than
using a printability number (Pr = L2/16A [38]).
Visual inspection indicated that the constructs prin-
ted in pectin-containing foams were of compar-
able quality to those reported in albumin-only foam
supports [19] and were consistent with other embed-
ded bioprinting methods using granular or gel-based
baths [15].

3.4. Cell viability
The first cell viability study examined whether the
addition of pectin in the foam influenced the viability
of chitosan-encapsulated L929 fibroblasts. As shown
in figure 5, constructs printed in pectin-containing
foams (A8P1 and A8P2) exhibited high cell viability,
with A8P1 (1% pectin) achieving the highest viabil-
ity among the three foam supports tested. The addi-
tion of pectin therefore did not negatively impact cell
health. This result was expected, as pectin is well doc-
umented to be biocompatible and has been widely
investigated in biomedical applications such as drug
delivery, wound healing, and tissue engineering [23,
39]. These findings are also consistent withMadadian
et al (2024), who reported that cell-laden constructs
printed in albumin foam maintained high viability
over time before replacement with media.

The experimental design included two controls
for comparison (section 2.9.3). Control A repres-
ented standard culture conditions, where constructs
were printed outside of the foam, immediately sup-
plemented with media, and placed in the incub-
ator. Control B mimicked an extended print in open
air: constructs were printed outside of the foam, left
without media for both 30 min and 1 h, and only
then supplemented and incubated. In contrast, in-
foam printed constructs were left in the albumin or

8



Biomed. Mater. 21 (2026) 015023 M Rodger et al

Figure 5. Impact of the addition to pectin to albumin-based foam on cell viability in chitosan bioinks. (a) Live/dead fluores-
cence microscopy images and (b) quantified cell viability results 24 h after the printing process. Scale bar is 200 µm. (mean± SD,
n= 3, ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001).

albumin–pectin foams for 30 min before the sup-
port was removed, media was added, and the samples
were transferred to the incubator. As illustrated in
figure 5, both Control Bs (left for 30 min and 1 h)
showed a drastic reduction in cell viability due to
nutrient deprivation and desiccation, whereas con-
structs printed in the foams retained high viabil-
ity. This highlights a critical advantage of in-foam
embedded bioprinting: the support not only sta-
bilizes the bioink mechanically but also provides a
temporary nutrient-richmicroenvironment that pro-
tects cells during and immediately after the printing
process.

In the second viability study (methods described
in section 2.9.3), cell-laden constructs were bioprin-
ted directly into the different support baths and left
in place for either 3 or 5 h before the supports were
removed and fresh media was added. The supports
tested included the three foam formulations (A8,
A8P1, A8P2) and two gelatin microparticle slurries
prepared according to the FRESH protocol (one with
DMEMand one with PBS as the aqueous phase). This
setup was designed to mimic long print durations in

which cells remain embedded in the support bath for
extended periods prior to media exchange.

The results are presented in figure 6. After 3 h,
constructs printed in all three foams maintained
high cell viability, while those printed in either ver-
sion of the FRESH support exhibited poor viabil-
ity. At 5 h, A8 and A8P1 still supported acceptable
viability, whereas A8P2 and both FRESH conditions
showed a pronounced decline. This limited long-term
performance of gelatin microparticle baths has also
been reported elsewhere; for example, Bessler et al
observed a drop in HEK293 cell viability from 81%
after 1 h to 48% after 2 h in a FRESH slurry [40].

These short-term cell viability studies were
designed specifically to assess whether the support
bath environment itself had any immediate cyto-
toxic or mechanical effects on the printed constructs.
Long-term cell culture studies were therefore bey-
ond the intended scope of this work, as the influ-
ence of the support bath becomes negligible once
the construct is fully removed and is cultured under
standard conditions for several days. Moreover, the
long-term biocompatibility of the 2% chitosan bioink
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Figure 6. Comparison of foam support baths to FRESH bioprinting. L929 cells embedded into a chitosan hydrogel were printed
and left in A8, A8P1, A8P2, and a FRESH support bath prepared with either DMEM or PBS 1X and left for 3 h and 5 h before
replacing the support bath with cell media. (a) Fluorescent microscopy images and (b) quantification of live/dead assays com-
pleted after 24 h. (c) Dissolved oxygen content in the support baths over time with the mean value of triplicates plotted± SD.
Scale bars are 200 µm. (mean± SD, n= 3, ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001).

formulation used in this work has already been valid-
ated with several cell types in the past [29, 30, 41].

To further explain these findings, dissolved oxy-
gen levels were measured in selected baths dur-
ing incubation of printed constructs. A8P2 and
PBS-based FRESH were excluded due to their poor
viability results, leaving A8, A8P1, and DMEM-
based FRESH for comparison. Foam-based supports
maintained higher oxygen levels with only small

decreases over time, while the FRESH bath exhib-
ited a substantial drop (figure 6(c)). This supports the
hypothesis that the porous bubble network in foams
facilitates oxygen delivery, whereas the dense gelatin
microparticle matrix impedes diffusion and may also
hinder waste removal, leading to hypoxic conditions
and reduced cell survival during extended print times.
It is important to note that in this experiment, the
thickness of the foam covering the printed construct
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Figure 7. Physiochemical characterization of the foams (a) pH measurements of each foam composition. (mean± SD, n= 3,
∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001) (b) Osmolality measurements of the liquid solutions for each foam composition prior to
foaming in comparison to a standard solution with physiological osmolality (Clinitrol™ 290). For osmolality measurements, no
significant pairwise differences were detected between the 3 foam conditions presented (Tukey HSD, all p⩾ 0.05).

was relatively thin as the experiment took place in a 24
well plate. It is hypothesized that the drop in dissolved
oxygen levels would be even worse given thicker cov-
erage of the printed construct by the support bath.

3.5. Physiochemical characterization
The physiochemical properties of the foams are
presented in figure 7. Increasing pectin concentration
led to a progressive decrease in pH, consistentwith the
acidic nature of galacturonic acid residues in pectin
[42]. The A8 foam had a pH of 8.44 ± 0.13, which is
higher than the physiological range of 7.35–7.45 [43].
This alkalinity arises from using DMEM to prepare
the foam which uses a sodium bicarbonate buffer-
ing system that requires high levels of CO₂ to main-
tain physiological pH. Since the foam is prepared out-
side an incubator, the absence of elevated CO₂ levels
(5%–10% normally used in culture conditions) per-
mits CO₂ escape, thereby increasing the pH. The stir-
ring and high-speed mixing steps further accelerate
this degassing.

In contrast, the A8P1 formulation (pH
7.71 ± 0.18) was much closer to physiological con-
ditions and corresponded to the highest cell viability
observed in section 3.6. A8P2 was slightly acidic (pH
6.72 ± 0.05), which correlated with reduced viabil-
ity. This trend reflects the known sensitivity of L929
fibroblasts, which tolerate mildly alkaline conditions
better than acidic ones. Indeed, Gunnink et al (2013)
reported that increasing extracellular pH from 6 to 9
enhanced glucose uptake in these cells six-fold, sug-
gesting greater metabolic activity under slightly basic
conditions [44]. Together, these findings explain why
A8P1 produced the most favorable microenviron-
ment, followed byA8, while A8P2was less supportive.

To confirm that pH was the main differentiat-
ing factor, the pH of the precursor solutions, foams,
and drainage liquids was measured, with no stat-
istically significant differences found between these
components within each formulation. Osmolality

measurements further showed no significant increase
with the addition of pectin, indicating that the
observed differences in cell viability are more likely
attributed to pH shifts rather than osmotic stress.
Overall, these results reinforce the close link between
foam composition, physicochemical environment,
and biological outcomes, highlighting the import-
ance of tuning pH through stabilizer concentration
for optimizing in-foam bioprinting applications.

3.6. Chitosanmicrostructure characterization
As shown in figure 8, the foam support bath had
some influence on the microstructure of the chitosan
hydrogels, especially at their surface. Constructs prin-
ted into the A8P1 foam exhibited a visibly more
porous structure compared to identical chitosan
hydrogels printed directly on a surface without
foam. In lyophilized foam-printed samples, SEM
images (figure 8(a)) revealed larger and more inter-
connected pores, while controls produced com-
pact, dense microstructures with minimal internal
voids. Histological analysis (figure 8(b)) also showed
a rough and irregular boundary in foam-printed
hydrogels, with small air-derived cavities embedded
along the interface, in contrast to the smooth, con-
tinuous border observed in controls. These differ-
ences likely arise from two coupled mechanisms.
First, air bubbles in the foam indent the surface
of the extruded chitosan before gelation and may
become transiently trapped as the hydrogel solidi-
fies, leading to the formation of surface and internal
voids. Second, electrostatic interactions between the
positively charged chitosan precursor and the neg-
atively charged albumin–pectin complexes at the
foam air–liquid interface create localized adhesion
points that deform the hydrogel as it gels. Protein–
polysaccharide complexes such as albumin–pectin
are known to adsorb strongly at bubble surfaces,
increasing interfacial elasticity and modifying local
microstructure; similar templating effects have been
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Figure 8.Microstructure characterization of the chitosan hydrogel used in the printability and cell viability studies (a) SEM ima-
ging of the surface and cross-section of a chitosan structures printed either without a foam support (left) or inside an A8P1 foam
support (right) (b) histology of chitosan hydrogel printed either with or without an A8P1 foam support.

reported in food foams and in bioprinting with gran-
ular support baths, where the microstructure of prin-
ted hydrogels correlates with the size or packing of
surroundingmicroparticles [20, 21, 45]. These obser-
vations align with previous findings showing that
support bath composition and structural features can
modulate pore morphology in collagen and other
bioinks [45]. The authors concluded that porosity is
governed by the ratio between the shear viscosity of
the ink and the zero-shear viscosity of the microgel
support bath. Here, the strong viscosity of the bioink
limits more or less this effect to the surface of the fila-
ment. Taken together, these results demonstrate that
in-foam bioprinting not only stabilizes soft hydro-
gels mechanically but also serves as a microstructural
templating environment, offering a simple means to
modulate porosity.

Despite these promising findings, in-foam
bioprinting still presents several limitations. A key
practical challenge is the opacity of the foam, which
makes it difficult to visually monitor the extrusion
of bioink during printing. This can hinder the detec-
tion of issues such as nozzle clogging, irregular flow,
or printing defects in real time. The lack of trans-
parency also restricts the use of bioinks that require
photopolymerization crosslinking, such as gelatin
methacryloyl (GelMA) [46], poly(ethylene glycol)
(PEG) [47], and some modified hyaluronic acid
(HA)-derived hydrogels [48], since light cannot pen-
etrate efficiently through the foam.

Looking forward, there are several avenues for
optimization. The present work focused on foams
prepared from chicken egg white albumin, but future
efforts could investigate human-derived albumin to
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improve translational potential, particularly for fab-
ricating transplantable tissues or patient-specific dis-
ease models. Alternative foaming agents beyond
albumin also remain unexplored and may broaden
the range of compatible bioinks. In addition, the
use of other polysaccharide stabilizers may fur-
ther extend foam stability and printing windows.
Together, these directions offer pathways to expand
the versatility and clinical relevance of in-foam
bioprinting.

4. Conclusions

This study demonstrates that incorporating pec-
tin into albumin-based foams significantly improves
their stability and performance as support baths
for embedded bioprinting. The addition of pectin
delayed liquid drainage, reduced bubble coalescence,
and narrowed bubble size distributions, while pre-
serving the essential rheological properties of shear-
thinning behavior and rapid recovery after deform-
ation. These physicochemical improvements enabled
the successful printing of chitosan, a low-viscosity
and slow-crosslinking hydrogel, into complex free-
form structures with high fidelity. Importantly, the
stabilized foams maintained cell viability during and
after printing, outperforming conventional gelatin-
based FRESH supports, particularly over extended
incubation times, due to enhanced oxygen diffusion
and a more favorable pH microenvironment.

Together, these results highlight albumin–
pectin foams as a promising new class of sup-
port materials that combine mechanical support,
nutrient permeability, and biological compatibility.
By addressing longstanding challenges in embed-
ded bioprinting, this work expands the palette
of printable bioinks and opens new opportun-
ities for fabricating functional tissue constructs.
Future work should focus on translating this plat-
form toward clinical applications by exploring
human-derived albumin, alternative stabilizers,
and strategies for incorporating bioinks requiring
photopolymerization.
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