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Abstract

Limited nutrient diffusion in three-dimensional (3D) constructs is amajor concern in tissue engineering.
Therefore, monitoring nutrient availability and diffusion within a scaffold is an important asset. Since
nutrients come in various forms, we have investigated the diffusion of the oxygen, luciferin and dextran
molecules within tissue-engineered constructs using optical imaging technologies. First, oxygen
availability and diffusion were investigated, using transgenic cell lines in which a hypoxia-responsive
element drives expression of the green fluorescent protein gene. Using confocal imaging, we observed
oxygen limitation, starting at around 200 mm from the periphery in the context of agarose gel with
1 million CHO cells. Diffusion of luciferin was monitored real-time in agarose gels using a cell line in
which the luciferase gene was driven by a constitutively active CMV promoter. Gel concentration
affected the diffusion rate of luciferin. Furthermore, we assessed the diffusion rates of fluorescent
dextran molecules of different molecular weights in biomaterials by fluorescence recovery after photo-
bleaching (FRAP) and observed that diffusion depended on both molecular size and gel concentration.
In conclusion, we have validated a set of efficient tools to investigate molecular diffusion of a range of
molecules and to optimize biomaterials design in order to improve nutrient delivery. Copyright ©
2013 John Wiley & Sons, Ltd.
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1. Introduction

Currently, clinical application of cell-based tissue engi-
neered constructs is limited to tissue sheets or avascular
tissues such as bladder, skin and cartilage, because of re-
stricted nutrient supply in larger three-dimensional (3D)
constructs, both in vitro and in vivo. Oxygen diffusion in
tissue is limited to a distance of 100–200 mm (Carmeliet
and Jain, 2000; Malda et al., 2007). In tissue-engineered
constructs, cell survival, proliferation and even differenti-
ation largely depend on the availability of oxygen and
other nutrients. It was reported that 3D tissue-engineered
constructs display a gradient of nutrients, resulting in
heterogenic cell growth in the graft (Kellner et al., 2002;

Lewis et al., 2005). Therefore, understanding the diffu-
sion, distribution and availability of nutrients and growth
factors in cell–material constructs is necessary because it
is a crucial step in tissue survival and formation.

Due to its low solubility, oxygen is expected to be one of
the first nutrients to become limiting and is therefore a
critical nutrient in cell survival (Malda et al., 2004a,
2004b). In contrast to the human body, tissue-engineered
constructs lack natural vasculature, and supply of oxygen
can occur by molecular diffusion only (Radisic et al.,
2006). Therefore, oxygen is recognized as a model nutri-
ent, which has been studied extensively using electrodes
(Malda et al., 2004a, 2004b), oxygen-quenched lumines-
cence (Kellner et al., 2002), phosphorescence-quenching
microscopy (Guaccio et al., 2008) and electron paramag-
netic resonance (Ellis et al., 2001). On the other hand,
very limited knowledge is available on the availability and
diffusion of other nutrients or metabolites (e.g. glucose,
lactic acid) in 3D grafts.
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Previously we and others have used transgenic cell lines
in which a hypoxia-responsive element (HRE) drives the
luciferase gene to study oxygen levels in tissue-engineering
systems (Liu et al., 2010) and tumour research (Shibata
et al., 2000; Harada et al., 2007). Cells express luciferase
in the case of limited oxygen availability, and luciferase
activity can be evaluated by bioluminescent imaging or
using an enzymatic assay in terms of light intensity. Using
HRE–Luc cells, we detected more oxygen deficiency when
a 3D cell-seeded graft was grown in a conventional static
culture, as compared to perfused bioreactors. In addition,
when the HRE–Luc cell-seeded grafts were implanted
subcutaneously in nude mice, strong luciferase activity
was observed, indicating a lack of oxygen in vivo. Thus, cells
with this reporter system could serve as a non-invasive,
quantitative and efficient tool to study oxygen availability.

Besides reporter-based cellular assays, it is also possible
to monitor molecular diffusion in real time. Fluorescence
recovery after photobleaching (FRAP) has been used to
investigate protein diffusion in the cell nucleus, cytoplasm
and membranes (Presley et al., 1997; van Royen et al.,
2009). This approach, first described in 1976 by Axelrod
et al. (1976), involves irreversible photobleaching of fluor-
escently labelled molecules in a defined region of the
specimen by a short and intense laser pulse. The recovery
of fluorescence in this area, caused by exchange of
bleached and unbleached molecules due to Brownian dif-
fusion, is an indicator of the mobility of the fluorophores.
Pinte et al. (2008) reported on the diffusion of polymer
additives in food using FRAP, where they demonstrated
size-dependent diffusion of food additives. Leddy and
Guilak (2003) demonstrated that molecular diffusion
depended on molecular size and the zone of articular
cartilage in which the molecules were present.

In this study, we have adopted both cell reporter and
FRAP technology to investigate molecular diffusion and
availability in tissue-engineered constructs.

2. Materials and methods

2.1. Cell culture

Chinese hamster ovary (CHO) cells (CCL-61; ATTC) were
cultured in a-MEMmedium (Life Technologies) supplemen-
ted with 10% fetal bovine serum (FBS; Cambrex), 2 mM

L-glutamine (Life Technologies), 100 U/ml penicillin (Life
Technologies) and 10 mg/ml streptomycin (Life Technolo-
gies). Cells were grown at 37�C in a humid atmosphere
with 5% CO2. The medium was refreshed twice a week.

2.2. Plasmids

The pHRE–Luc plasmid was kindly provided by Dr Kiyoshi
Nose (Showa University, Tokyo, Japan; Shibata et al., 1998;
Yamazaki et al., 2003). To create pcDNA3\HRE–GFP, a
HindIII/XbaI GFP fragment and the HRE fragment were
inserted into pcDNA3 (Promega), from which the CMV

promoter had been removed. To create pcDNA3\CMV–Luc2,
Luc2 was excised from pGL4 (Promega) and inserted into
pcDNA3. Both constructs were sequence-verified.

2.3. Transfection of the reporter gene and cloning
of stable transformants

CHO cells were transfected with Fugene 6 agent (Roche),
both pcDNA3\HRE–GFP and pcDNA3\CMV–Luc2, and
subsequently cultured in medium with 3 mg/ml G418
(Sigma) for 1 week. Antibiotic-resistant cells were seeded
at very low density, and colonies were isolated and tested
for luciferase expression or screened for GFP expression.

2.4. Viability staining

A staining solutionwasmade of PBS supplementedwith 6 mM
ethidium homodimer and 1 mM calcein (Invitrogen) to stain
the dead (red) and live (green) cells, respectively. Gel slides
with cells were washed in PBS and subsequently stained by
covering the samples with staining solution and incubating
for 15 min at 37�C in the dark. The samples were visualized
by fluorescence microscopy (Nikon Eclipse E600, FITC/Texas
red filter).

2.5. Fluorescent imaging of GFP expression from
HRE–GFP cells

Twenty thousand HRE–GFP CHO cells (HG) cells were
seeded in a well of a 96-well plate and incubated with and
without 250 mM hypoxia-mimicking compound desferrioxa-
mine (DFO) (Bartolome et al., 2009) for 24 h, then fixed in
10% formalin for 20 min at room temperature. GFP expres-
sion was investigated by confocal fluorescence microscopy,
using a �10 objective (BD pathway 435). The obtained
images were analysed using Attovision software. DAPI
(Dako) was used to stain the cell nuclei.

Agarose gels (Invitrogen) at various concentrations were
mixed with 1 million HG cells and were processed into
cylinders with dimensions of 4.8 mm height � 4.8 mm
diameter, using a sterile stainless-steel punch with a diame-
ter of 4.8 mm. A viability assay was performed as described
above. The gels were cut into 1 mm slices and fixed in 10%
formalin for 20 min at room temperature. The gel slices
were stained with DAPI and GFP expression from cells
was analysed as mentioned above. This experiment was
performed in triplicate.

2.6. Real-time imaging of the luciferase activity
in 3D gel constructs

CMV–Luc2 (CL2) cells were combined with agarose gel
and examined for viability after 1 day, as described above.
Bioluminescent imaging (BLI) was performed by incubat-
ing the gels in a luciferin (Synchem Chemie) solution in
phosphate-buffered saline (PBS; Gibco). Bioluminescence
was recorded in real time, using a CCCD camera
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(LN/CCD-1300EB) with a 50 mm F1.2 Nikon lens (Roper
Scientific), controlled by Metavue software (Universal
Imaging, West Chester, PA, USA). For each image, photons
were collected for 1 min. Quantification was performed
using ImageJ software.

2.7. Diffusion measurements by FRAP

Stock solutions of fluorescein isothiocyanate (FITC; 389
Da) and three fluorescein-labelled dextrans (3, 10 and
70 kDa, Invitrogen) were prepared by dissolving in TE
buffer (10 mM Tris–Cl+1 mM EDTA, pH 7.5). Table 1
shows some molecules involved in tissue engineering,
encompassing the relevant size range of dextrans. Agarose
gels were prepared and before gelation; the viscous agarose
was mixed with the dye solution (final dye concentrations,
5 mM; final agarose concentrations, 0.5%, 1% and 2%) and
cooled to room temperature to solidify. The gels were cut
into slices of approximately 1�4.8� 4.8 mm andmounted
on glass coverslides.

FRAP experiments were performed on 5 slices/condition,
using a laser-scanning confocal microscope (Zeiss LSM 510)
with a �40 objective and an argon laser. The images
(512 � 512 pixels) with a resolution of 0.44 mm/pixel
were taken in an optical slice of< 6.3 mm. The 488 nm laser
line was used for illumination and the fluorescence was
detected with a 505 nm longpass filter. Bleaching was
performed on a circular region (r=22 mm) at 100% laser
intensity during 30 s. Dried samples were used as a positive
control to determine the minimal number of iterations
needed to completely bleach the selected area. After
bleaching, recovery images were recorded with 0.98 s/scan
until the fluorescent intensity of the bleached region reached
a plateau. The average intensity of the bleached areawas nor-
malized to the intensity in an unbleached part of the sample,
to correct for possible autobleaching, and fractional fluores-
cence recovery was plotted as:

fk tð Þ ¼ fROI tð Þ=fref tð Þ � fROI 0ð Þ=fref 0ð Þ
fROI 1ð Þ=fref 1ð Þ � fROI 0ð Þ=fref 0ð Þ

where fROI is the intensity in the bleached spot and fref is the
intensity in a region outside the region of interest (ROI)
at time t, immediately after bleaching (t=0) and after
complete recovery (t=1). The recovery curve was fitted
(GraphPad Prism 5.0) to a one-phase association curve fit:

f tð Þ ¼ f0 þ fplateau � f0
� � � 1� e�

1
tt

� �

and half-recovery times were obtained from this curve fit
by T1/2= ln2 * t. R2 values (= 1 for a perfect fit) of the
curve fit were determined. Diffusion coefficients (D) were
calculated by D ¼ gD

o2

4t1=2
, where o is the radius of the ROI

disc and gD is the bleaching parameter (Axelrod et al.,
1976) for the shape of the laser beam (gD=0.88 for circular
beams). This analysis assumes a two-dimensional (2D) con-
figuration. Since the images are recorded in a thin section of
the sample (optical slice< 6.3 mm), diffusion in and out of
the imaging plane at the third dimension can be neglected.

Statistical analyses were performed using Student’s t-test
and two-way ANOVA; *p< 0.05, **p< 0.01, ***p< 0.001.

3. Results

3.1. HRE–GFP reveals progressive hypoxia in 3D
TE gels

We previously described a method of using HRE–Luc-
transfected cells (HL cells) to investigate the oxygen avail-
ability both in vitro and in vivo (Liu et al., 2010). In this
study we employed another reporter, GFP, to replace
luciferase to study oxygen status in 3D tissue-engineered
gel constructs at the individual cell level.

An HRE–GFP CHO cell line (HG) was created, and GFP
expression was induced using DFO, a compound known to
mimic hypoxia (Figure 1A), demonstrating that the re-
sponse of this cell line to hypoxia is an increase in GFP ex-
pression. When 1 million HG cells were seeded in a 1%
agarose cylinder gel, no GFP was detected after 4 h but
it was highly expressed after 24 h (Figures 1B, 2A). We
quantified the percentage of GFP-positive cells and ob-
served< 10% of GFP cells after 6 h of incubation, which
progressively increased to 30% within 24 h (Figure 2B).
Interestingly, the GFP-positive cells did not distribute
evenly throughout the gel (Figure 1B). More GFP cells
were observed in the central part of the gel than at the
periphery, where a zone of GFP-negative cells was seen
up to 100–200 mm from the periphery. Moreover, the
GFP expression along the depth to the centre was evalu-
ated and a critical distance around 1000 mm, where the
hypoxia reached the maximum, was noticed (Figure 2C).
This observation corresponds well to what we previously
reported using an O2 microelectrode sensor (Malda
et al., 2004a, 2004b). We did not detect a significant dif-
ference in the percentage of GFP cells between different
gel densities (Figure 2B).

3.2. Luciferin as a model molecule for diffusion
in 3D gel construct

In previous research we employed CMV–Luc2 (CL2) cells
for in vivo implantation as an index for cell number,
because the CMV promoter is constitutively active. Based

Table 1. Size comparison of dextrans studied and relevant
molecules (see Leddy and Guilak, 2003)

Molecule Molecular weight (kDa)

Dextran-70 70
TGFb 25
BMP-2 18
Dextran-10 10
Insulin 5
Dextran-3 3
Glucose 0.18
FITC 0.389
Luciferin 0.28
Oxygen 0.032
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on this, we used CL2 cells as a model to investigate the
molecular diffusion of the luciferin in 3D gel constructs.
Different numbers of CL2 cells were incubated in agarose
gels of various concentrations for 1 day, and luciferin
availability was evaluated in terms of light intensity, using
real-time bioluminescent imaging (BLI). Light emission
started at the periphery of the gels, correlated to the cell
number and increased progressively with time. This ex-
actly reflected the luciferin diffusion out of the constructs
(Figure 3A). When luciferin reached a balance between
diffusion and consumption, a plateau in light intensity
was reached (Figure 3B). However, the dynamically
developing curve revealed higher light intensity from gels
at low concentrations, where 1% gel with 3 million cells
had a significantly lower light intensity than that from
0.3% and 0.5% gels with an equal number of cells, as
verified by live/dead staining (Figure 3B, C; data for
live/dead staining not shown). This indicated that
luciferin diffusion rates depend on gel concentrations.
We analysed the slopes of the dynamic curves as a

measure of molecular diffusion of luciferin in the gel.
Figure 3D clearly demonstrates that luciferin diffusion in
0.3% agarose gel is 1.12 times faster than that in 0.5%
gel, which is in its turn 1.15 times faster than in 1% gel.
In contrast, the cell number did not affect luciferin diffu-
sion, as evidenced by the good linear fit (R2=0.9986) of
1% gels containing 1 million, 3 million and 5.5 million
cells, respectively (Figure 3C). Our data show that lucif-
erin can be used as a model molecule to analyse diffusion
in biomaterials.

3.3. Size-dependent molecular diffusion in TE gels

To expand the molecular sizes of substances of interest, a
more direct method was adopted to assess molecular dif-
fusion in biomaterials. It is based on fluorescence recovery
after photobleaching (FRAP) of a fluorescent molecule. To
this end, fluorescent dextran molecules of different
molecular weights were mixed in agarose gels and FRAP

Figure 1. HRE–GFP CHO cells express GFP in 2D and 3D cultures. (A) DFO-induced GFP expression of HG cells in 2D culture; blue
staining, DAPI, which stains the nuclei. (B) Heterogeneous GFP expression (green staining) in HG cells incubated in 3D agarose gel
at normoxia after 1 and 2 days, when most cells had died in the centre (not shown)
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was performed. Figure 4A depicts the different stages in a
FRAP experiment with 70 kDa dextran in a 0.5% agarose
gel. In dried samples, little or no recovery was observed,
because the molecules were immobilized due to lack of
water. In normal gel samples, the bleaching and recovery
of fluorescent signal could be clearly monitored (Figure 4B).

We first assessed the effects of different gel concentra-
tions on molecular diffusion. Figure 5A shows fluorescent
recovery during the FRAP process in 0.5%, 1% and 2%
agarose gels with a 70 kDa dye. The calculated half
recovery time (T1/2) increased with gel concentrations,
indicating a lower diffusion rate in high-concentration
gels (Figure 5B). Additionally, different dye concentra-
tions did not affect T1/2, demonstrating that the diffusion
rate, D, is a property of the material and independent of
the dye concentration (Table 2). Interestingly, when
doubling the gel concentration, there is a change in T1/2
with a factor of 1.14 (Figure 5B), which is the same as
observed in Figure 3D.

Next, we performed FRAP experiments with dextrans
of different molecular weights and the T1/2 values were
calculated. The dynamic curves in Figure 6A and the
corresponding T1/2 values (Figure 6B) showed that bigger
molecules have higher T1/2 values, indicating lower mo-
bility. Intriguingly, increasing the molecular size from 10
to 70 kDa, for example, led to a more than 2.7-times slower
recovery. Again, the effect of the density of the gel on the

mobility of the particles was observed. Table 3 summarizes
the diffusion coefficients based on the T1/2 values.

4. Discussion

Previously, we have employed oxygen as a model mole-
cule to monitor nutrient availability for cells in tissue-
engineered constructs, both in vitro and in vivo (Liu
et al., 2010). We found that oxygen was sufficient only
to cells at the periphery of tissue-engineered constructs
in conventional static culture, where nutrient provision
depends solely on diffusion (van Blitterswijk et al.,
2008). Nutrient availability is determined by both nutri-
ent diffusion and cellular consumption, and diffusion, in
its turn, is determined by material properties, particle
properties and the presence of matrix or cells. In this
study we were interested in investigating the nutrient
transport (diffusion) in tissue-engineered constructs using
both an indirect method, in which reporter genes respond
to the absence of oxygen and presence of luciferin, and
direct methodology to measure molecular diffusion, i.e.
FRAP. We investigated the effect of material properties
on diffusion and nutrient availability.

The indirect method is based on activation of a certain
reporter gene driven by regulatory genetic elements,

Figure 2. GFP expression increases with time in 3D tissue-engineered grafts. (A) The average GFP intensity throughout a gel slice
increases with time; 1 million HG cells were incubated in a 1% agarose gel. (B) Increase in the number of GFP-positive cells with
incubation time; GFP-expressing cells were counted in an area of 4.8 mm � 631 mm by confocal fluorescent microscopy. The number
of DAPI cells counted/gel slice was around 1.44 � 104. Significant comparison was done by comparing the gel at different time points
to the same gel density at the previous time point by two-way ANOVA; ***p<0.0001. (C) Average GFP intensity corrected for cell
numbers (DAPI fluorescent intensity) depends on the diffusion distance within the gel; values represent mean � SD (n=3–5)
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which are activated depending on the presence or absence
of biologically relevant molecules. We used the hypoxia-
responsive element to measure HIF1 activity, which
depends on the level of oxygen in the cell. Using

HRE–GFP-transfected CHO cells, we observed that suffi-
cient oxygenwas present for up to 100–200 mm in a 3D aga-
rose gel, which corresponds well with the distance reported
to be the limit of diffusion in the body (Moldovan 2005).

Figure 3. Limited luciferin diffusion in hydrogels. (A) Luciferin diffusion in agarose gels with time (1, 30 and 149 min); 4.8 mm
diameter cylindrical gels included 1 million (1m), 3 million (3m) and 5.5 million (5.5m) CL2 cells at different agarose concentrations.
Pseudocolour represents light intensity, and each image was taken for 1 min. (B) Dynamic analysis of luciferase expression from
agarose gels containing 3 million cells revealed a difference in diffusion behaviour of luciferin depending on gel concentration.
(C) Plateau light intensities produced by CL2 cells in gels of different concentration (0.3%, 0.5% and 1%) or different numbers of
cells: black line represents linear fit; R2 represents the the curve fit. (D) The slopes and their curve-fits from dynamic analysis of
luciferase expression from the above gels revealed gel concentration-dependent diffusion; values represent mean � SD (n=3–4)

Figure 4. FRAP imaging of molecular diffusion in hydrogels. (A) Different phases of FRAP using a 70 kDa dextran–FITC dye (from left to
right) in normal and dehydrated 0.5% agarose (control). (B) Recovery curves of DexF dyes and dehydrated control. The quantitative
recovery of the fluorescent signal is visualized by plotting the average intensity of the bleached area (fROI) normalized to the background
intensity (fref) vs time
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Furthermore, we observed a gradual increase in GFP ex-
pression from the periphery to the interior of the gel, dem-
onstrating a gradient of oxygen availability in the construct.

This observation corresponds well with oxygen measure-
ments performed in the past (Malda et al., 2004a, 2004b).
Our data show that the HRE–GFP reporter has the right
sensitivity to detect hypoxia in 3D constructs and may be
used in strategies to improve the availability of oxygen
inside the scaffold, e.g. by the use of oxygen-releasing
scaffolds (Radisic et al., 2005; Khattak et al., 2007) or by
smart design of the scaffold architecture.

We also want to point out that the promotor–reporter
strategy is very flexible, because the promoter can be
tailored to detect the availability of other molecules of
interest in tissue-engineered grafts. For instance, the
presence and biological activity of bone morphogenetic
protein (BMP) can be evaluated by using a BMP-responsive
element as genetic element driving GFP expression
(Monteiro et al., 2004). In this study we used the
CMV–luciferase reporter to study diffusion of substrate
luciferin in the context of tissue engineering. We clearly
showed the dynamic process of luciferin diffusion by detect-
ing in real time the increasing light intensity when the
luciferin substrate is added to an agarose gel seeded with

Figure 5. The influence of gel concentration and dye concentration onmolecular diffusion. (A) FRAP curves and curve fits of 70 kDaDexF
in different agarose gel concentrations; dots represent experimental data and lines are the curve-fits. (B) Half recovery times of DexF dye
(MW 70 kDa) at two different concentrations in agarose gels with three different concentrations; values represent mean� SD (n=3–5).
Gel concentration had a significant effect on T1/2; **p<0.01, while dye concentration did not, which was analysed by two-way ANOVA.
Statistical significance of T1/2 values is calculated relative to the same dye concentration in the previous gel density

Table 2. Effect of dye concentration on diffusion coefficient
(D) (mm2/s)

Dye concentration (mM)

Agarose gel (%) 5 50

0.5 5.5�0.2 5.4�0.3
1 4.7�0.2 4.5�0.3
2 4.0�0.1 3.9�0.1

Figure 6. The diffusion rates of dextrans in agarose gels. (A) FRAP curves and curve fits of different-sized dyes in 1% agarose gels;
dots represent experimental data and lines are the curve-fits; R2=0.811 for 389 Da dye; 0.790 for 3 kDa; 0.984 for 10 kDa; 0.992
for 70 kDa. (B) Half recovery times of dextrans in different agarose gel concentrations; values represented mean � SD (n=3–5).
Statistical analysis was performed by two-way ANOVA. Statistically significant changes in T1/2 values were calculated by comparing
with those of FITC dye (389 Da) in the same gel density

Table 3. Effect of dye size on diffusion coefficient (D) (mm2/s)

Dye size (kDa)

Agarose gel (%) 0.389 3 10 70

0.5 42.4�12.0 35.6�3.1 15.2�0.7 5.5�0.2
1 45.32�13.6 33.5�2.2 12.8�0.8 4.7�0.2
2 29.4�12.6 30.4�2.0 10.4�0.5 4.0�0.1
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CMV–Luc2 transgenic cells. The slope of the dynamic light
intensity demonstrated that the higher gel concentration
leads to a more limited luciferin diffusion. Surprisingly,
the plateau of light intensity was lower for the high-
percentage gels than for low-percentage gels, although we
anticipated that the molecular equilibrium would have
been the same. We think that the observed difference in
the plateaux of light intensity is caused by the consumption
of luciferin by the cells, which created a source–sink corre-
lation between luciferin in the medium and luciferin in the
interior of the construct. At higher gel concentrations, with
limited diffusion but equal consumption capacity by the
cells, luciferin diffusion becomes rate-limiting and hence
the plateau is lower. However, higher light intensity meant
more luciferin consumption and less luciferin available,
which reversely affected the light intensity in a 0.5% gel
sample at the time of 120–150 min after imaging.

Differences in diffusion properties can also be monitored
directly by visualizing fluorescent proteins instead of enzy-
matically converted substrates, using the FRAP method.
We used fluorescently labelled dextrans in a molecular
weight range representing small molecules such as oxygen,
intermediate size molecules such as glucose and lactate,
and large-sized proteins. We observed that the diffusion
rate in agarose gels depend both on gel concentration and
molecular weight of the dextrans, but was independent of
the concentration of the fluorescent dextrans. The diffusion
rates measured in our report are in the same magnitude
(10–11/m2/s) as published previously (Roger et al., 2000).
We acknowledge the fact that the agarose system used is a
simplified representation of the real extracellular matrices
in the body or tissue-engineered constructs. Nevertheless,
we have demonstrated that FRAP is a very useful tool
that can be used to screen for biomaterial chemistries or
architecture that favours molecular diffusion. Improving

molecular diffusion is an important step towardsmodelling,
and eventually improving, the transport of nutrients or
certain growth factors in tissue-engineering constructs.

During the experiments, we noted that the bleaching
process in the normal samples was not as efficient as in
the dehydrated samples, and that the bleaching efficiency
for the bigger dyes was higher than for the smaller dyes.
This can be explained by the recovery during photo-
bleaching process. The intensities of the 389 Da and
3 kDa dyes were only decreased with 5% and 8%, respec-
tively, of the initial fluorescence, while bleaching the
10 kDa and 70 kDa dyes resulted in a 30% fluorescence
drop. The small amount of bleaching of the small dyes
(389 Da and 3 kDa) results in less accurate curve fits, and
thus less accurate T1/2 values and diffusion coefficients.

In this manuscript, we have monitored the availability
and diffusion of model nutrients in cell–biomaterial 3D
constructs. In conclusion, we have demonstrated that
optical imaging with reporter genes is a versatile tool to
study nutrient or growth factor availability in 3D tissue-
engineered constructs, and we clearly demonstrated that
optical imaging in tissue engineering exceeds merely visu-
alizing cells or differentiation. FRAP could provide direct
knowledge on nutrient diffusion in biomaterials. Com-
bined with appropriate cellular assays, it can also be very
useful to evaluate biomaterial properties to optimize
scaffold structural design and modification to improve
the nutrient or growth factors provision to cells.
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