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ABSTRACT: The secretion rate of albumin is a key indicator of
function in liver tissue models used for hepatotoxicity and
pharmacokinetic testing. However, it is not generally clear how to
determine molecular secretion rates from measurements of the
molecular concentration in supernatant media. Here, we develop
computational and analytical models of molecular transport in an
experimental system that enable determination of albumin secretion
rates based on measurements of albumin concentration in super-
natant media. The experimental system is a 3D-bioprinted human
liver tissue construct embedded in a 3D culture environment made
from packed microgel particles swollen in liquid growth media. The
mathematical models reveal that the range of albumin synthesis rates
necessary to match experimentally measured albumin concentrations
corresponds to reaction-limited conditions, where a steady state of albumin spatial distribution is rapidly reached between media
exchanges. Our results show that temporally resolved synthesis rates can be inferred from serial concentration measurements of
collected supernatant media. This link is critical to confidently assessing in vitro tissue performance in applications where critical
quality attributes must be quantified, like in drug development and screening.
KEYWORDS: albumin, bioprinting, microgel, transport, diffusion, hepatocyte

1. INTRODUCTION
Molecular transport is a dominant concern across areas of
tissue engineering and 3D bioprinting research. While many in
the bioprinting community continue to work toward large-
scale perfusable 3D-printed tissue constructs,1−3 embedded 3D
bioprinting instrumentation and materials now allow the
precise fabrication of tissue models of sufficiently small size
that perfusion of the structures is unnecessary.4,5 Small-scale
tissue models are used to perform fundamental biological
research,6−8 preclinical testing of therapies,9 and applications
like compound screening for hepatotoxicity.10,11 One of the
great advantages of embedded 3D bioprinting is that the
support media can serve a second purpose as the culture
environment; structures are fabricated directly into a 3D
culture medium that supports them mechanically and
metabolically. Often, the support material is made from
packed granular-scale hydrogel particles, known as microgels,
swollen in liquid growth media.5,9,12,13 Such materials are solid-
like under low applied physical stresses but flow under high
stresses, as occurs around a translating nozzle during the 3D
printing process. The rheological behaviors of these packed
microgel media make them useful for other applications; a

wide variety of microgel systems have been developed as
injectable carrying media for delivering cells or other materials
into the body.14,15

Whether considering the context of small-scale 3D-printed
tissue models or injectable dispersions of cells supported by
packed microgels, a critical part of any system’s performance is
the transport of oxygen, proteins, and other small molecules.
For example, small-scale tissue models often need to be
cultured over long periods, during which liquid media must be
exchanged for tissue feeding, dosing, or assaying.16,17

Specifically, in liver tissue models, albumin and urea are
sampled over the course of 3−4 weeks to monitor tissue
stability and function. Given that molecular concentrations in
static tissues can rapidly deplete over the scale of just hundreds
of micrometers,18−20 it is likely that concentration gradients
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build up around even small tissue models. Indeed, very thin
liver tissue models cultured with perfusion have been shown to
exhibit higher viability, oxygen saturation, and synthesis rates
of albumin and urea than their static counterparts.21 In the case
of liver tissue models, the rates of albumin and urea synthesis
are widely used parameters that could be inferred from
collected supernatant media. However, the need for a better
understanding of molecular transport in the 3D environment
that supports bioprinted tissue models prohibits the careful
determination of synthesis rates from concentration measure-
ments. To enable researchers to nondestructively benchmark
biofabricated tissue health and function over long periods of
time in culture, it is essential that we develop the methods and
the fundamental understanding needed to connect measure-
ments of molecular concentration in supernatant fluids to their
rates of synthesis in the model tissues.
Here, we develop computational and analytical models of

molecular transport in an experimental system that serves as a
simple representative testbed for future hepatotoxicity screen-
ing. We 3D print human liver tissue models into a support
medium made from poly(ethylene glycol) (PEG) microgels
contained within 96-well plates, measuring the concentration
of albumin in the supernatant fluid of each well over the course
of 21 days. To avoid mass-transport limitations, disk-shaped,
200 μm-thick tissue constructs are printed, ensuring that no
cell is more than 100 μm from a free surface. In control
experiments, we measure the porosity of the packed gels and
the diffusion coefficient of albumin, which we feed into the
mathematical models. We develop both computational and
analytical transport models to enable the determination of
albumin synthesis rates within tissue constructs from measure-
ments of the albumin concentration in samples of supernatant
media. Both models reveal that the range of albumin synthesis
rates necessary to match experimentally measured albumin
concentrations corresponds to “reaction-limited” conditions,
where a steady state of albumin spatial distribution is rapidly
reached between media exchanges. Thus, temporally resolved
synthesis rates can be inferred from sequential measurements
of concentration by assuming a constant synthesis rate
between stages of the media collection. Our results show
that with simple calibration experiments, molecular synthesis
rates can be quantitatively inferred from supernatant
concentration measurements. This link between concentration
measurement and secretion rate is critical to confidently
assessing in vitro tissue performance in applications where
critical quality attributes must be quantified, like with drug
development and screening in the pharmaceutical industry.

2. EXPERIMENTAL (MATERIALS AND METHODS)
2.1. Computational Model of Albumin Transport. Multi-

physics software (COMSOL, V.6.0) was used to simulate the
production and transport of albumin within a well of a 96-well
plate. The 96-well plate format was chosen for its broad use in
biological research. The model of the cylindrical well (depth = 10.67
mm, radius = 3.1 mm) consists of three distinct regions: a PEG
microgel layer (thickness = 3.3 mm), a 3D-printed liver tissue
construct (thickness = 0.2 mm, radius = 0.75 mm, spaced 0.1 mm
from the well bottom), and the fluid supernatant layer (thickness =
3.3 mm). A reaction-diffusion relation was used to simulate the
release and transport of albumin from the printed tissue construct
region into the surrounding microgel and fluid media, given by

= * +c
t

D c R2
(1)

where c is the local concentration of albumin, ϕ is the local porosity,
D* is the effective diffusion coefficient of albumin, and R is the rate of
albumin synthesis per unit tissue construct volume. Albumin
concentrations were continuous in pore fluid spaces across the
microgel−fluid and microgel-tissue boundaries. The boundary
conditions imposed on eq 1 include no flux conditions across all
outer walls, (−n·J = 0, where J is the diffusive flux) and symmetry
along the centerline (∂c/∂r = 0). Initial conditions set the albumin
concentrations in all regions to zero. As a standard test of our
computational model’s accuracy, we computed the total amount of
albumin in the test well at multiple time points over the 21-day
experiments, comparing it to the expected value. An unstructured
mesh of 11,000 triangular elements was chosen and was shown to
account for all albumin within an acceptable percentage (0.15%).
In the supernatant fluid and the tissue construct, we set ϕ = 1 and

D* = 8.9 × 10−11 (m2/s), equal to albumin diffusivity in water at 37
°C.22 We chose to model the tissue construct in this way because no
location in the thin tissue construct is more than 100 μm from a free
surface, which is a short distance compared to the diameter of the
tissue construct and the depth of the well. In microgel regions, we
measured ϕ and D* to use in the model (see Section 3.1). R was set
to zero everywhere except inside the model tissue space, where it is
assigned a uniform value. To facilitate comparison of our results to the
literature, we performed a unit conversion of R to the albumin mass
generation rate per cell, which we report in the standard units of μg/
106 cells/24 h.

2.2. PEG Microgel Synthesis. PEG microgels were synthesized
by preparing an aqueous solution of 24.6% (w/w) poly(ethylene
glycol) methyl ether acrylate (Mn = 480g/mol), 0.4% (w/w)
poly(ethylene glycol) diacrylate (Mn = 700g/mol), and 0.15% (w/
w) of ammonium persulfate, where Mn is the number-averaged
molecular weight. The aqueous solution was added to an organic
solution of 0.7% (w/w) polyglycerol polyricinoleate in dodecane and
homogenized at 8000 rpm for 5 min. The mixture was placed in a
round-bottom flask in an ice bath, and dissolved oxygen was purged
by bubbling nitrogen gas through the mixture for 1 h. After the
mixture was removed from the ice bath, 1,2-di-(dimethyl amino)-
ethane was added at a final concentration of 0.5% (w/w) while
stirring in a nitrogen atmosphere for 1 h. The reaction was stopped by
exposing the solution to air with stirring for 30 min. The resulting
microgel solution was washed with ethanol by vigorous shaking and
centrifugation at 4000 × g for 15 min followed by the removal of
supernatant; these steps were performed multiple times in ethanol,
ultrapure water, and then phosphate-buffered saline (PBS) to remove
unreacted components. The microgels swollen in PBS were sterilized
by autoclaving at 121 °C and 15 psi. Before printing, the gel was
additionally washed with Williams E medium without phenol red and
hepatocyte plating media. Finally, 25% (v/v) of plating media was
added, and the microgels were swollen in the media. The microgels in
the swollen state have a median particle diameter of 6.26 ± 0.18 μm
(±95% confidence interval).23

2.3. 3D Printing and Culture of the Liver Tissue Model.
Human plateable hepatocytes (Thermo Fisher, HMCPTS) and
pooled human umbilical vein endothelial cells (HUVECs, Lonza,
C2519A) were used for printing disk-shaped 3D liver tissues.
HUVECs at passage 1 were expanded in endothelial media (EGM-
2, Lonza, CC-3162), and passages lower than 5 were used for printing.
Plated HUVECs were harvested and centrifuged at 200 × g for 5 min;
endothelial media was replaced with hepatocyte plating media, and
cell count was assessed. Separately, commercially available frozen
hepatocytes were thawed in hepatocyte thaw media (Thermo Fisher,
CM7500) and centrifuged at 100 × g for 10 min, followed by a
replacement of hepatocyte thaw media with hepatocyte plating media
(Thermo Fisher CM3000). After counting cells, hepatocytes were
combined with HUVECs at a ratio of 2:1. The mixed cell suspension
was passed through a cell strainer and centrifuged again at 100 × g for
10 min to remove plating media. The cell pellet was mixed with a
HEPES-buffered solution of 0.5 mg/mL bovine collagen-1 in plating
media. The cell suspension was loaded into a gastight syringe
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(Hamilton Company, 81120) outfitted with a 30-gauge blunt tipped
sterile needle.
The extrusion-based printer used in this work is custom-made,

consisting of three translation stages controlled by a multiaxis
controller that, together, translate a custom-built syringe pump along
the programmed paths. The print paths are written using MATLAB.
The extrusion rate with this printing system is displacement
controlled, not pressure controlled, so the rate of bioink deposition
is not dependent on any shear-rate-dependent properties of the
bioink. To achieve the targeted feature diameter and tissue construct
thickness, we chose a material deposition rate of Q = 50 μL/h and
translated the syringe at a constant tangential speed of v = 0.3 mm/s.
These values were chosen based on our previous embedded printing
work using bioinks made from mixtures of cells and collagen-1, where
we found that the feature radius, r, was well described by an
incompressible fluid continuity relation, given by πr2 = Q/v, to within
a small prefactor close to 1.4 Tissue constructs were printed in 60
wells of each 96-well plate, preloaded with 100 μL of PEG microgel
media (Figure 1B). Afterward, tissue constructs were incubated for 1

h at 37 °C before the addition of 100 μL plating media over the gel.
On the third day of incubation, plating media was replaced with
maintenance media, and the media replacement was continued in 2-
day and 3-day intervals over the course of 21-day culture.

2.4. Albumin Concentration Measurement. Albumin was
measured from supernatant media collected at specific time points in
the 21-day culture. Supernatant media from microgel cultures was
exchanged with fresh hepatocyte maintenance medium 24 h prior to
collection. All samples were stored at −80 °C prior to the assay.
Albumin levels were measured by sandwich ELISA using the Human
Albumin ELISA kit (Bethyl Laboratories, #E88-129), according to the
manufacturer’s protocol. Synthesis rates were calculated per 106 cells.
The number of cells in printed liver tissue constructs, N, was
determined with a calibration curve prepared with digested DNA
from a dilution series of a suspension of hepatocytes. Samples and
calibrators were digested in a solution of papain (300 mg/mL). After
three freeze/thaw cycles, digested samples were centrifuged for 5 min
at 1000 rpm, and DNA content was estimated using Quant-iT
PicoGreen dsDNA reagent (Molecular Probes #P7581) according to
the manufacturer’s protocol.

3. RESULTS
We created the tissue model and culture testbed by
formulating a bioink made by mixing hepatocytes, endothelial
cells, and collagen-1 and extrusion-printed it directly into a
culture medium made from packed PEG microgels.24

Hepatocytes and endothelial cells were prepared at a 2:1

ratio and premixed with a molecular solution of collagen-1 at a
final concentration of 0.5% (w/w) collagen. Disk-shaped tissue
constructs were created by printing in a spiral path; the
printing needle translation speed and bioink extrusion speed
were set such that the expected feature diameter was twice the
spiral pitch of 100 μm. The tissue constructs were maintained
in standard incubation conditions between periodic media
exchanges and tissue construct harvesting throughout the 21-
day experiments (Figure 1).

3.1. Microgel Porosity and Tissue Construct Charac-
terization. To develop mathematical transport models of the
tissue construct and its supporting environment, we measured
several key parameters. First, since the support medium is
transparent, we were able to measure the tissue construct size
and shape using laser scanning confocal fluorescence
microscopy. With standard image analysis methods, we
found the tissue constructs to be approximately 1.5 mm in
diameter and 200 μm in thickness; this thickness is twice the
spiral pitch of the printing path (Figure 2A,B). The variability

of these parameters is described in the Supporting Information
(Figure S2). We also used confocal fluorescence microscopy to
image packs of PEG microgels conjugated with rhodamine B
acrylate, which enabled the determination of another key
modeling parameter: the fluid volume fraction throughout the
packed microgel support medium. We call this parameter the
effective porosity since it accounts for both the pore space
between gels and the partitioning of albumin molecules within
the polymer mesh space of the gels themselves (Figure 2 C,D).
The 3D image stacks of microgels were collected by using a

laser scanning confocal microscope using a 60× oil objective
having a numerical aperture of 1.49. Images were collected at a
spatial sampling resolution of 0.4 μm per pixel in the X−Y
plane and 0.18 μm per step in the Z direction. Random noise
was removed using an edge-preserving bilateral filter with
Gaussian kernels, which smooths background that has a
uniform intensity variance but does not smooth regions with
large intensity variance, such as strong edges of the microgel
particles. The microgel particles were segmented from the
background using Otsu’s thresholding method. The volume of

Figure 1. 3D bioprinting into microgel support material. (A)
Illustration of 3D printing of the bioink composed of primary
human hepatocytes, endothelial cells, and collagen-1 in PEG
microgels. (B) Cross-sectional illustration of concentration gradients
of albumin diffusing from the 3D-printed liver tissue construct into
microgel media, with a fluid supernatant above the microgel media. Figure 2. Representative images of the printed tissue and microgel

support material. (A) 2D image of a confocal z-stack showing cross
sections of PEG microgel particles. (B) Skewed projection of a 3D
confocal image of a representative pack of microgels. (C) Top view of
the 3D-printed liver tissue model. (D) A skewed projection of a
confocal z-stack image of the disk-shaped 3D-printed liver tissue
model.
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segmented pore space divided by the volume of the entire 3D
field of view gives the volume fraction of liquid in the pore
space, ϕl. Averaging across 10 z-stacks collected at different
locations in the microgel pack, we found ϕl = 0.36 ± 0.02
(Figure 3A).
While small molecules have been demonstrated to diffuse

into microgel particles,25 the space occupied by the polymer
chains represents an excluded volume that small molecules like
albumin cannot access. Likewise, the thermodynamics of
mixing with the solvated polymer chains makes it unlikely that
the equilibrium concentration of small molecules such as
albumin inside the microgels will equal the concentration
outside the microgels. To measure the volume fraction
accessible to albumin within the microgel bodies, ϕm, we
measured albumin tracer uptake in microgel regions only. We
mixed fluorescein-conjugated albumin with PEG microgels at a
final albumin concentration of 50 nM and collected 2D
fluorescence image slices for 24 h by using laser scanning
confocal microscopy. Random noise was removed, and the
images were segmented, as described in Section 3.1. The
segmented images were used to generate separate masks for
isolating microgel particles from the surrounding fluid space.
The fluorescence intensity disparity between the pore space
and microgel bodies was largest at the start of the experiments.
Over time, the disparity reduced and became steady.
Approximating the local albumin concentration to be propor-
tional to pixel intensity, the average volume fraction of fluid
inside microgel particles, ϕm, was calculated as the ratio of the
average pixel intensity inside the microgel to the average pixel
intensity of fluid surrounding microgel particles. We find ϕm =
0.46 ± 0.02 (mean ± standard deviation), based on 10 imaged
regions (Figure 3B). By accounting for the volume accessible
to albumin, both in the pore space between microgels and
inside of the microgel bodies, the total effective porosity for
albumin throughout the support material is given by

= + (1 )l l m (2)

Thus, combining measurements of ϕl and ϕm, we find ϕ =
0.65 from eq 2. We used this value in the albumin transport
models described in Section 2.1.

3.2. Models and Experiments on Pure Diffusion in the
Culture Testbed. To develop a baseline understanding of
albumin transport in the experimental platform and to establish
confidence in our computational model, we investigated a basic

boundary-value problem in which the microgels are initially
loaded homogeneously with albumin at a concentration of c0,
while the fluid supernatant region initially has no albumin. As
time progressed, we monitored the release of albumin into the
supernatant fluid. We implemented this experiment in our
computational model by setting the reaction rate R = 0, setting
the albumin concentration in the microgels to c 0 at t = 0, and
setting the parameters in the tissue construct region to the
values used in the microgel region (see Section 2.1). In these
tests, the computational mesh consisted of 3700 triangular
elements, with which we found the error associated with the
conservation of albumin mass to be less than 0.001%. To
provide one baseline example, for the case where the effective
diffusion coefficient, D*, equals the diffusion coefficient in
water, D, we found that after the first 24 h of albumin diffusion,
the supernatant albumin concentration was 14% less than the
equilibrium value (Figure 4A,B).

Figure 3. Experimental porosity measurement. (A) Segmented 3D image of a microgel pack acquired on a confocal microscope. From segmented
data like these, we determine the average volume fraction of liquid in the pore space, ϕι = 0.36 ± 0.02 (mean ± standard deviation across 10
samples). (B) Confocal fluorescence microscopy images of PEG microgels mixed with fluorescein-conjugated albumin collected at 0 and 24 h after
adding albumin. By analyzing the fluorescence intensity disparity between pore space and microgels, the volume fraction of microgel particles
accessible to albumin was found to be ϕm = 0.46 ± 0.02 (mean ± standard deviation across 10 samples).

Figure 4. Computational and analytical benchmark tests of albumin
diffusion. (A) Model illustration of a well containing microgel and
fluid supernatant at the top of the gel. (B) Heat maps of relative
albumin concentration, c/c0 (%), in the 2D computational diffusion
model at different times (t = 0, 3, 6, 17, and 24 h). After 24 h, the
albumin concentration difference between the supernatant region and
the gel region is reduced dramatically. (C) Time-dependent plot of
the ratio between albumin concentration in the fluid supernatant, cs,
and the initial concentration in the gel, c0. At early times, the analytical
model results lay on the computational model results and follow a
power law of t1/2.
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To provide an intuitive point of reference to compare the
computational model with, we solved a boundary-value
problem that we expect to approximate our experiment at
early times, evaluating the analytical solution against the
computation results. Briefly, the diffusion equation was solved
in 3D using a Green’s function approach, producing the
space−time concentration profile given by

i
k
jjjjj

i
k
jjjj

y
{
zzzz

y
{
zzzzz=c z t

c z
Dt

( , )
2

1 erf
4

0

(3)

where the system was approximated to have an infinite extent
in all directions, the concentration gradient only occurs along
the “z” axis, and the interface between the microgels and the
supernatant fluid is located at z = 0. In eq 3, c 0 is the initial
albumin concentration in the microgel region, and we again
test the case in which the value of D is that of albumin in water
and is the same in both the microgel and the fluid regions. To
simulate albumin collection, we averaged c(z,t) from z = 0 up
to a cutoff location, which we set equal to the thickness of the
fluid layer, given by Z = 3.3 mm. For time scales shorter than
Z2/(4D) ≈ 8.5 h, the result simplifies to

c
c

Dt
Z

s

0
2 (4)

where we normalized by the initial albumin concentration in
the microgel region.
We compared the analytical prediction to the computational

model by calculating the average albumin concentration in the
fluid region from the computation and plotting both results
against time. We found that at early times, the analytical results
obtained from eq 4 and computational results agreed very well,
as seen in plots where the two results overlay and both follow
the same scaling law expected from diffusive kinetics, given by
cs(t) ∼ t1/2. After approximately 10 h, close to the predicted
time of 8.5 h above, the two results began to deviate from one
another. The analytical model continues to predict diffusive
scaling, while the computational model exhibits a slowing of
the concentration profile as it approaches a saturation value of
cs/c0 = 0.5 (Figure 4C). This result indicates how the
computational model better reflects the experimental system
at later times, where the finite size of the system begins to
affect the concentration profile.
The excellent agreement between the analytical solution and

the computational model at early times gives us the confidence
to use the computational model in more complex circum-
stances, such as the case of a secreting cell population, which
we describe later. To determine the diffusion coefficient of
albumin within the microgel region of the sample that we
should use in the models, moving forward, we performed
experiments that parallel the computational simulations
described and illustrated in Figure 5. We mixed human
serum albumin (HSA, E88-129S, Fortis Life Sciences) with
PEG microgels at concentrations of 0.5, 1.0, 2.5, and 5.0 μg/
mL. 100 μL of albumin-loaded microgels was pipetted into the
wells of a 96-well plate, and 100 μL of PBS was gently added
above the gels, which we set to be the t = 0 condition. We
collected the supernatant fluid after 3, 6, 17, and 24 h of
incubation and measured the albumin concentrations. We
performed simulations using D* equal to 0.6D, 0.7D, 0.8D,
0.9D, and D. To compare the measurements to the simulation
results, we averaged the albumin concentration in the
supernatant, cs, normalized by the initial concentration in the

microgel region, c0, and plotted the results versus time. At the
earliest times, the measured concentrations were much higher
than those predicted by any of the modeling conditions. We
believe that this result is an artifact of sample preparation,
where some mixing is likely to occur between the microgel and
supernatant regions. However, at later times, these artifacts
appear to play less of a role relative to albumin diffusion out of
the gel. Here, at later times, the results from the computational
model and the experiments begin to follow similar trends in
time. We found that the best D* turns out to be D, the
diffusion coefficient of albumin in water. Given that the
diffusion coefficient of small molecules is typically only
reduced by a factor of 2 to 4 inside continuous hydrogels
like the PEG used here26 and that our packed microgels are
permeated with microscale pores, about 100 times larger than
the polymer mesh size, it is reasonable that albumin diffusion is
negligibly impeded.

3.3. Combining Experiment and Computation to
Determine Albumin Synthesis Rates in 3D-Bioprinted
Tissue Models. A key performance metric with liver tissue
models is the stable synthesis of albumin over a time window
of approximately 10 days, starting roughly 1 week after culture
is initiated.27,28 To assess how our 3D-bioprinted liver model
performs by this standard, we performed a series of 21-day
experiments in which albumin was sampled on days 4, 7, 10,
14, 18, and 21. One day prior to these albumin collection
times, the supernatant fluid was replaced with fresh
maintenance media, which was then collected 24 h later and
analyzed. The tissue constructs were also collected at these
times for cell counting (Figure S1). The albumin concentration
in each sample was measured by using an ELISA and
converted to the mass accumulated in the supernatant fluid,
mf. As is common practice, we normalized mf by the number of
cells in each tissue construct and converted it to units of μg/
106 cells (see Section 2). To relate these concentration
measurements to albumin synthesis rates, we simulated the
entire 21-day sequence of experimental tests using our
computational model. Snapshots at key time points during
the first 4 days of the simulation are shown in Figure 6A.

Figure 5. Albumin diffusion coefficient. Measurements of the albumin
concentration in the supernatant fluid, normalized by the concen-
tration of albumin initially mixed with the microgels, start off
approximately twice the concentration determined from the computa-
tional model. Over time, the experimental and computational results
began to follow similar trends. We attribute the initial difference to
experimental artifacts related to uncontrolled mixing at the start of the
experiments. The diffusion coefficient that results in the computa-
tional model most closely matching the experiment is D* = D, the
albumin diffusion coefficient in water.
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We see, qualitatively, that a strong albumin gradient builds
rapidly around the tissue construct and appears to be steady
over time. For a more quantitative assessment of albumin
transport throughout the experiment, we computed the
average albumin concentration in the supernatant fluid, cs,
and microgel region, cg. A plot of cs and cg overlaid versus time
shows how the albumin concentration rises in the two regions
as it is produced, dropping at points of supernatant exchange
and then rapidly diffusing from the gel into the supernatant
(Figure 6B). Since albumin was sampled at intervals of either 3
or 4 days, we were interested in the systematic differences in
albumin concentration that should arise with these different
delay times. Additionally, we were interested in understanding
how cs may systematically vary with R; the data shown in
Figure 6B corresponds to a tissue construct synthesizing
albumin at a rate of R = 10 μg/day/106 cells, yet we did not
know ahead of time what R we should choose. Thus, by
repeating the computational simulations for five different
values of R, and plotting cs versus R, two clear patterns
emerged. First, for any given value of R, the cs measurements
clustered into groups according to the delay between fluid
exchanges; starting with day 7, a steady cycle emerged in which
the 3-day delay groups lay on one trend line and the 4-day
delay groups lay on another. Dividing these concentration
groups by the square root of their respective delay times, we
found these data collapse onto a single master curve. The
second noteworthy pattern in these results is the clear linear
relationship between cs and R for each group. This result
showed that for at least 21 days of culture, if fluid exchange is
done at regular intervals, a single linear scaling factor can be
used to determine R from measurements of cs (Figure 6C).

To use the computational modeling results for determining
the albumin synthesis rate, R, of our 3D-printed tissue
construct model, we performed repeated simulations, varying
R between 10 and 50 in increments of 5 μg/day/106 cells,
seeking the value that yielded an mf that best matched our
experiments. In these tests, we held R constant over time and
compared simulations to experiments starting on day 7. With
these assumptions, we found that a simulated tissue construct
producing albumin at a rate of R = 35 μg/106 cells/24 h best
matched our experiment, with an RMS percent error of 16.6%,
averaged across the five data points starting on day 7 (Figure
7A). Alternatively, the linear relationship between cs and R
(Figure 6C) could have been leveraged to rescale simulated
data points initially produced at arbitrary R to best match the
experiment. While the level of error is modest in these results,
it is troubling that on day 4, the computational model misses
the experimental data point by approximately 300%. We
believe this is likely because R is not constant; the typical time
dependence of R is often cited as a failure of liver tissue
models, where R rises starting around day 4, peaks around day
7−10, and then by day 14 drops off dramatically.29
To include a time-varying synthesis rate while only

minimally modifying the computational model, we adjusted
R for each time period between fluid exchanges, finding the
value that matches each computationally determined mf data
point with the corresponding experimental data point (to
within less than 1% error). Since the initial conditions for each
block of time depend on the previous time period, the resulting
trace of R over time exhibits a nonmonotonic profile that now
accounts for previous fluid exchanges and delay times. To
compare the time-varying trace of R to the previously

Figure 6. Computational model of albumin transport in 21-day experiments. (A) The predicted concentration distributions of albumin in the tissue
culture model from day 0 to day 4, corresponding to the first 4 days of our experiments, show a homogeneous concentration profile in the
supernatant fluid and near the gel surface within 24 h of media exchange. (B) Volume-averaged concentration of albumin in the supernatant fluid,
cs, and in the gel media, cg, plotted versus time. After an exchange of supernatant, the gray region indicates the 24 h window after which the mass of
albumin collected, mf, is determined to compare with experiments. (C) Average concentration of albumin predicted in the fluid supernatant for
different rates of albumin secretion by liver tissue (R). The green trace is a best fit line to the cs data after the first 4 days of culture. The red trace is
the best fit line to the cs data points at days 7, 10, and 14 of culture. The blue trace is the best fit line to the cs at days 18 and 21 of culture. (C, inset)
Albumin concentration measurements collapse onto a universal scaling curve when divided by the square root of time between media exchanges
(units of μM/d1/2).

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.4c01086
ACS Biomater. Sci. Eng. 2024, 10, 6711−6720

6716

https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c01086?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c01086?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c01086?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c01086?fig=fig6&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


determined constant value of 35 μg/106 cells/24 h, we
computed the average of the optimal time-varying R values
starting at the day 7 time point, which we found to be 36.12 ±
5.83 μg/106 cells/24 h (mean ± standard deviation). Thus,
while the optimal time-varying R pattern exhibits significant
variations at the earliest time points, the average result at later
times is not significantly different from the result of the
constant R approximation.
The similarity between the time-varying R pattern and the

measurements of mf led us to question whether we could
model the system as well-mixed at the point of each fluid
collection. If so, a simpler approach than computational
modeling could be used to determine R from the measure-
ments of mf in tissue constructs. Given the relatively short
diffusion time scale for albumin to reach the supernatant, in
comparison to the time between fluid exchanges, a well-mixed
model may capture molecular transport in our system. For
example, it only takes 5.7 h for an albumin molecule to
undergo a root-mean-square displacement of 3.3 mm, the
distance from the bottom of the well to the microgel-
supernatant interface. Again, assuming a stepwise varying R,
the perfect-mixing model is essentially a recursion relation of
mass balance at fluid-exchange time points, given by

=
+

+
R

m m

t t

(1 )

( ) 1i
i i

i i

f,
2

f, 1
2

1 (5)

where the index i refers to the fluid-exchange cycle. Here, we
accounted for the extra media exchange step happening 24 h
before each measurement. Setting the initial condition in eq 5

as mf = 0 at t = 0 and using measurements of mf at other time
points, this model produced the time-dependent profile shown
in Figure 7B. We see directly that the well-mixed stepwise
varying model underestimates R relative to the computational
results, except for the second time point. As a quantitative
comparison, the RMS percent error between the two results is
7.75%. Thus, the well-mixed model could potentially be used
to determine R from concentration measurements if moderate
levels of confidence are acceptable. Finally, setting R equal to
the previously determined constant value of 35 μg/106 cells/24
h, we found that the corresponding mf time series lies relatively
close to the corresponding results from the computational
model, with an average RMS percent error of 6.63%.

4. DISCUSSION AND CONCLUSIONS
The transport models developed here, in combination with the
experiments we performed to test the models, reveal several
important attributes of packed granular-scale hydrogel particles
as a 3D culture environment and a bioprinting support
material. First, the high porosity of packed microgels such as
those used here results in molecular diffusion coefficients that
do not differ appreciably from those in aqueous solvents. This
observation may have implications in the very large and still
growing body of work on biomedical applications of packed
microgels.30−34 For example, to enable efficient transport, it
may be important to prepare spherical particles that maintain
microscale pore space with their neighbors rather than particles
that conformally pack to reduce or eliminate interstitial pore
space. Additionally, the partial dynamic partitioning of albumin
into the body of each microgel plays a significant role in
studying molecular secretion and transport based on super-
natant concentration measurements; the pore space between
microgels constitutes only 36% of the volume, while the total
proportion of space available to albumin is 65% after
accounting for albumin partitioning into the microgels. While
we only tested albumin in this investigation, we believe these
transport considerations should extend to other small
molecules and proteins, given that PEG is highly nonadhesive
to proteins in aqueous solutions.35 Thus, our findings could be
used to determine molecular secretion rates from supernatant
concentrations in other tissue models beyond the liver if
supported by porous media, such as that investigated here.
The finding that our 3D-printed human liver tissue

constructs function in a reaction-limited transport regime
enabled us to compare our computational model with an
approximate analytical model; their agreement provides
confidence in the validity of the synthesis rates determined
from the computational model. While it will be interesting to
test our model in scenarios where a molecular secretion rate is
higher, pushing transport toward the diffusion-limited regime,
we note that the average value of R = 35 μg/106 cells/24 h
found in our system is relatively high compared to results in
the published literature. For example, liver models made from a
combination of HepaRG and human stellate cells (HSCs)
produced albumin secretion rates of approximately 8 μg/106
cells/24 h on day 7 of culture and 18 μg/106 cells/24 h on day
21 of culture. The same models without HSCs produced 7 μg/
106 cells/24 h and 13 μg/106 cells/24 h at the same time
points.36 In another investigation, 3D-printed liver tissue
models composed of primary human hepatocytes, HSCs, and
HUVECs produced 0.36 μg/106 cells/24 h on day 7 and
reached a plateau of 1.38 μg/106 cells/24 h from day 14
onward.37 Thus, typical liver tissue models would be even

Figure 7. Computational transport model predictions fitted to
albumin sampling data. (A) Plot showing measured and predicted
mass of albumin collected in the fluid supernatant vs time. The
computational simulation at R = 35 μg/day/106 hepatocytes is for an
mf that best matched our experiments. The blue line is a sigmoidal fit
using the mean of the last five data points from the experiment. (B)
Plot of time-varying R fit to each measured time point. Step changes
in R were simulated and derived using a zeroth-order approximation
to equate the predicted mass of albumin collected to experimentally
obtained values within an error of less than 0.5%.
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farther into the reaction-limited transport regime than ours,
suggesting that the analytically well-mixed model could be used
broadly. The higher secretion rates found in our human liver
tissue model could be associated with the cell composition or
the disk shape we chose as opposed to the commonly
employed spheroid shape.
We often find it to be unclear in the published literature on

liver tissue models whether accumulated albumin concen-
trations are measured and then converted to secretion rates
simply by dividing by an incubation time between media
exchanges or whether care is taken to make a detailed
connection between the secretion rates and measurements of
the concentration. In scenarios where all of the supernatant
fluid can be flushed and collected, determining the rates from
concentration measurements is easily done. However, in more
complex contexts, where tissue models are embedded in
support media or some form of matrix or possibly housed in
chambers where fluid exchange varies with location, the
connection between concentration measurements and syn-
thesis rates is not clear, because of the heterogeneous
distribution of secreted molecules. We hope the models
described and investigated here will serve as future work in the
field, reducing restrictions on experimental approaches related
to assaying tissue models and enabling researchers to
determine molecular secretion rates from supernatant concen-
tration measurements in complex scenarios. In such cases, if
reaction-limited transport conditions were likely to be met, the
well-mixed model could be employed with embedded tissue
models; beyond measurements of supernatant concentration,
the effective porosity of the support environment is the only
extra parameter needed. For more accurate modeling or
potentially in transport regimes closer to diffusion-limited
conditions, the computational approach could be taken if the
molecular diffusion coefficient is also known.
Finally, while we chose to take a complicated route of

tracing out a time series of secretion rates that resulted in
supernatant concentrations that matched our data, it is possible
to simply construct maps of average concentration in the
supernatant fluid to the secretion rate at any time point in a
simulated experiment, as shown in Figure 6C. In our case,
being in the reaction-limited regime, we found that the simple
linear relationship between the two variables and the universal
rescaling of the data by t1/2 further generalized the problem
across different delay times between media exchanges. While
these observations will make analysis more convenient in
future contexts like those explored here, this simplified picture
does not need to be met to infer synthesis rates from
concentration measurements; the connection can directly be
made by carefully simulating experiments and using the
computational model to connect empirical concentration
measurements to molecular synthesis rates. We believe our
findings will serve to facilitate transport modeling and analysis
in a diversity of research contexts.
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Cell Count in Printed Liver Tissue Constructs 

The number of cells in printed liver tissue constructs, N, was determined as described in 

section 2.4 at several time points over the 21-day experiments. At each time point, the mean and 

standard deviation of N were computed across three replicate experiments. A plot of the cell count 

normalized by the measurement at the first time point shows that the cell count decreases 

approximately by a factor of 2 over the 21-day culture duration. Over the same period of time, the 

albumin production rate from the tissue constructs increased over the first 7 days and remained 

stable through day 21. 

 

Variability in diameter and thickness of 3D printed tissue constructs 

To assess the quality of printing, we measure the diameters of ten different replicate tissue 

constructs. Tissue diameters are determined from confocal microscopy as described in the 

manuscript body. For each tissue, an error is computed relative to the target tissue diameter. A 

scatter plot shows that only one out of ten tissues exhibits an error with more than 10% error in 

diameter; a boxplot demonstrates that the interquartile range is approximately ±5%; a violin plot 

captures all this information together (Fig. S2a). Consistent with this range, we find that the 

Figure S1. 3D printed liver tissue construct cell count over 21-day culture. The number of cells in 3D-printed 
liver tissue constructs was determined on days 4, 7, 14, and 21. These data are normalized by the cell count at the first 
measured time point, day 4. The average normalized cell count across three experimental replicates (n = 3) decreased 
approximately by a factor of 2 over 21 days (data points and error bars represent the mean ± standard deviation of N). 



coefficient of variation of the printed tissue construct diameters relative to their programmed 

diameters is 0.054, or approximately 5%. 

To determine the thickness of printed tissue constructs, we perform z-scans on a confocal 

microscope and plot the X-Y averaged intensity versus the z-coordinate. The z-coordinate was 

corrected for the refractive index mismatch between air and water following a previously published 

method1. This intensity profile fits extremely well to a Gaussian function, so we determine the 

tissue construct thickness from the best fit parameters (Fig. S2b). Fitting Gaussian functions to 

different replicate experiments, we find the average full width at half-maximum of the intensity 

profile to be 210 ± 17 µm (mean ± standard deviation across four experimental replicates). As an 

alternative measure of tissue construct thickness, we consider twice the standard deviation of the 

corresponding best fit Gaussian distribution, 2σ. We find the average of 2σ to be 179 ± 15 µm 

(mean ± standard deviation across four experimental replicates). Both approaches exhibit 

coefficients of variation of roughly 8%. Since these thicknesses are nearly 100 times larger than 

the point-spread function of the confocal microscope along the z-axis, we do not perform a 

deconvolution on these intensity profiles, which would negligibly change the estimated 

thicknesses. Together, these observations lead us to choose a tissue thickness of 200 µm in our 

computational models.  

Figure S2. Variability in tissue construct diameter and thickness. (A.) Here, we display a violin plot of the error 
in diameter of 3D printed tissue constructs relative to the programmed diameter. The median error is very close to 
zero, and the interquartile range of error is approximately ±5%. (B.) To determine the thickness of tissue constructs, 
we plot the X-Y averaged intensity versus the z-coordinate. We find that the intensity profile fits extremely well to a 
Gaussian function. (C.) Four experimental replicates show that the thickness of tissue constructs is reproducible, 
exhibiting an average full-width at half maximum of 210 ± 17 µm (mean ± standard deviation across replicates). 
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