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is stabile after the incubation time and if the storage 
temperature does give any effect on the �nal result. We 
compared in triplicate 3 cell densities in 2D cell culture 
in 96-well plates. We measured the resazurin �uores-
cence, kept in contact with cells, at incubation time of 
0.5, 1.5, 2.5, 3.5 at 37°C and after 1 h discarded from 
cells and kept in the dark at room temperature (the 
4.5 h point) (Figure 9). The 3 cell density (2.5, 5.0 and 
10.0 × 103 cell/well) was chosen to reach three different 
con�uences (respectively, 25, 50 and 100%). A sam-
ple without cells was used as negative control and its 
�uorescence intensity values were subtracted as blank.

Results showed that for 2D cell culture an incuba-
tion of 30 min with resazurin is not enough to allow 
the discrimination of �uorescence from different num-
ber of cells; while incubation time from 1.5 to 3.5 h was 
optimal to discriminate cells in a 24-well plate system 
from low to high con�uence in the considered range. 
If the temperature decreases for 1 h, the �uorescence 
decreases (at the higher cell density) or the variability 
is very large (see the error bars in samples at middle 
cell density) or slightly increases (at lower cell density).

Method linearity & sensitivity on 3D cultures
Method linearity
Calibration curve, de�ned to correlate the cells num-
ber seeded on Biocoral scaffolds with the �uores-
cence intensity of the resoru�n produced after resa-

zurin reduction, is shown in Figure 2. The regression 
between the �uorescence intensity and the nominal 
cell number was found linear in the range between 
5 × 103 and 3.0 × 105 cells. The correlation coef�cient 
R2 was 0.97. The uncertainty of the nominal seeded 
cell number was found to be 5% and the uncertainty 
of �uorescence measurement was found to be 5.9%, 
calculated as described in the Materials & measure-
ment  method section �Experimental repeatability and 
reproducibility on 3D cell cultures�.

Figure 8. Effect of dilution. Dilution 1:9 of the same metabolized resazurin analyzed and shown in Figure 4 are 
represented here.
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Figure 9. Incubation time and temperature effect. 
The �uorescence measurement should be done as 
soon as the cells, or the metabolized resazurin, are 
taken from the incubator. The temperature decrease 
modi�es the �uorescence intensity presumably due to 
the temperature-dependent pH decrease in absence 
of CO2 or other pH buffers. Error bars represent the 
standard deviation of three samples (n = 3).
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Calibration curve was also determined for 2D cell cul-
ture in the range between 1.0 × 103 and 2.5 × 105 cells 
per well to verify the linearity method in 2D traditional 
cell cultures, to have a positive control for linearity and to 
compare the proliferation between 2D and 3D (Figure 3).

Method sensitivity
The method for cell proliferation measurement in 3D 
showed that �uorescence increases over time for each 
scaffold due to cell proliferation, but it was not able to 
distinguish between 2.5 × 103 and 5.0 × 103 cells seeded 
on biocorals, as shown in Figure 10. The sensitivity of the 
method can be considered 5 × 103 cells for hMSCs on 
Biocorals and is enough for regenerative medicine pur-
poses where cells are usually seeded at higher densities 
and consequently the proliferation rate is much higher 
than 5 × 103 cells/day.

Experimental repeatability & reproducibility on 
3D cell cultures
hMSCs at 0.5, 1.0 and 3.0 × 105 nominal cells/Biocoral 
seeded on 3, 3 and 6 biocorals respectively and cultured 
for 21 days were analyzed for cell proliferation with the 
resazurin-based method at days 1, 4, 7, 10, 14, 18 and 
21 and �uorescence intensity was measured immedi-
ately after 2 h incubation. It is noticeable (Figure 4) that 
the �uorescence intensity of resazurin metabolized by 
hMSCs on biocorals followed very similar trends over 
time demonstrating a high reproducibility of the method. 
The mean reproducibility among the nine scaffolds was 
found to be 15%.

Particularly, the mean reproducibility was found 
to be: 10% between scaffolds seeded with 0.5 × 105 

nominal cells, 14.5% between scaffolds seeded with 
1.0 × 105 nominal cells and 20.5% for scaffolds seeded 
with 3.0 × 105 nominal cells. The repeatability calcu-
lated as standard deviation of three repeated �uorescence 
intensity measurement for each scaffold, was found in 
the range from 0.0 to 5.2%.

Cell proliferation curves on Biocorals
The calibration curve, shown in Figure 2, was used to 
compute the cell proliferation curves on biocorals over 
time obtained by plotting the calculated cell number 
versus time (days). Cells were seeded at day 0 in the 
range of 2.5 × 103 and 3.0 × 105 cells/Biocoral and their 
proliferation was followed over time. Figure 11 reports 
the difference between two mean proliferation curves 
obtained after seeding 1.0 × 104 and 5.0 × 104 cells per 
Biocoral (n = 3 for each cell density). Proliferation in 
biocorals seeded at 1.0 × 104, is gradual and continu-
ous, whereas the proliferation in biocorals seeded at 5.0 
× 104, is �uctuating over time. In addition, after day 
7, in scaffolds with the highest number of cells at the 
seeding, cells gradually decrease their number and at 
day 10 cells reach the same number (i.e., 225,000 with 
5% of variability) even if the scaffolds were seeded 
with a number of cells �ve-times higher than the other 
group.

Comparison between 2D & 3D cell culture 
proliferation
The method for cell proliferation measurement was 
compared between 2D (24-well plates) and 3D 
(biocorals) cell culture on three cell densities. Results 
gave a similar trend in all the 2D cell cultures and sim-

Figure 10. Sensitivity of the method: �uorescence intensity on biocorals seeded with 2.5, 5.0 and 10.0 × 103 
cells. Error bars (n = 3) represent the uncertainty of the measurement, calculated quadratically composing the 
�uorescence intensity measurement uncertainty and the experimental repeatability.
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ilar in all the 3D cell cultures (Figure 12). In 2D, cells 
show a lag phase, a latent period in which cells grow 
slowly, followed by a high growth rate till reaching the 
con�uence (particularly at higher cell densities). In 
3D cells grow slowly till day 6, resulting in a lag phase 
much longer than the 2D, and only after day 6 they 
grow slightly more rapidly.

hMSCs viability assessment
After cell proliferation assessment by resazurin, cell via-
bility was evaluated by Calcein AM �uorescent stain-
ing: living cells appeared in green (Figure 13). Fluores-
cence and confocal microscopy images (Figure 13A�H) 
showed that cells are alive after resazurin assay at dif-
ferent time points (7 and 21 days), they were spread 
both on external surface of the scaffold and within the 
scaffold pores. Images at several magni�cation show 
that cells adhered and proliferated within the Biocoral. 
Single pores containing cells were also imaged 
(Figure 13E & J).

Discussion
The main purpose of this study was to develop a non-
invasive method for cell number counting within 3D 
highly porous scaffolds in order to determine the cell 
dose in regenerative medicine �eld. Under the assump-
tion that all viable cells are metabolically active cells 
and that the average of their metabolic activity is stable 
over time, the method here proposed measures that the 

cellular metabolic activity carried out only by viable 
cells and quanti�es the number of cells by correlat-
ing the �uorescence intensity of metabolized resazurin 
with the number of viable cells.

We aimed to give an uncertainty evaluation of the 
measurement taking into account the bias and repro-
ducibility caused, not only the mean and standard 
deviation of repeated measurement.

By associating a measurement uncertainty to each 
cell number it is possible to obtain accurate mea-
surements even with a reduced number of measure-
ment. This can contribute to make the nondestruc-
tive assay as less invasive as possible for medical and 
pharmacological research and applications.

We evaluated several in�uence factors such as the 
reproducibility of the cell number at the seeding, the 
pipetting error, the instrumental reproducibility, the 
dilution factor, the temperature in order to obtain 
accurate and reliable measurement. The experimen-
tal design of this study was based on fundamental 
preliminary experiments aiming to characterize the 
instrumental reliability in terms of reproducibility and 
repeatability and the methodology on 3D cell cultures 
in terms of incubation time, resazurin concentrations, 
appropriate cell culture conditions during the mea-
surement, temperature, linearity, sensitivity and cell 
number ranges. An interesting paper [32] shows how it 
is important to optimize the method for the cell type 
and the speci�c application. Our work considered 

Figure 11. Cell proliferation on Biocoralfi. Proliferation curves on Biocorals expressed as number of cells (n) versus 
time (days in culture). Scaffolds seeded with 1.0 × 104 nominal human mesenchymal stem cells and scaffolds 
seeded with 5.0 × 104 nominal human mesenchymal stem cells. Error bars are the standard deviation among  
three scaffolds (n = 3). 
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many aspects also indicated by Rampersad  [32], just 
listed above, and moreover included other important 
conditions to be tested.

Based on these preliminary results, we evaluated the 
method experimental reproducibility at different cell 
initial number seeded on Biocoral. At low initial cell 
density the method is more reproducible (10% vari-
ability) than at high cell density (20% variability). In 
addition, we considered properties of the scaffold itself 
that could have an impact of the �nal result and could 
in�uence the feasibility of the method on such 3D cell 
cultures.

Scaffold porosity is a key property for the new bone 
growth, as demonstrated by Jones et al. and Mygind 
et al.  [35,36] and for bone regeneration: we chose to 
evaluate the reliability of the method on biocorals as 
representative of the category of highly porous scaffold 
for bone replacement and regeneration. Highly porous 
scaffold is not permissive to cell detachment and sam-
ple sectioning or �xation is the routinely used method 
which does not allow multiplex and real time analy-
sis on the same cell population. In addition, Biocoral 
chemical composition and biomechanical properties 
are also very important for the �nal result: they are 

very similar to those of the human cancellous bone and 
experimental studies and clinical applications in neu-
rosurgery, orthopedic surgery and dentistry in the last 
20 years have shown this material is fully and gradually 
resorbable, biocompatible and biofunctional  [13,15–17], 
it is well tolerated by both animal and human tissues, 
its porosity allows a good osteointegration, which lets 
the new bone to grow, followed by gradual resorption 
which leaves space for the new bone. Morphology is 
another scaffold property playing an important role to 
guarantee the implant success as recently described by 
Giuliani et al.  [37]: they show how synchrotron radia-
tion x-ray microtomography (micro-CT) is a relevant 
technique to characterize in a nondestructive way 
coralline-derived biomaterials, particularly Biocoral, 
in terms of microstructure (morphology and internal 
structure) at high-resolution and in 3D, even when the 
scaffold is transplanted in patient.

Our results with their associated uncertainty show 
that when cells are seeded at high densities (number 
of cells per seeding surface of the scaffold), the cell 
proliferation �uctuate over time. Whereas cells seeded 
at lower densities grow gradually but continuously. 
Our hypothesis is that behavior of cells is strongly 

Figure 12. 2D and 3D cell cultures proliferation trend. Fluorescence intensity emitted by cells as function of the 
days in culture. In 2D cell cultures at high density the proliferation trend showed the typical lag and log phases 
and a �nal plateau, the medium and low densities showed a lag and log phases both supposed being close to 
reach the plateau. In 3D cell cultures the trend is very similar in all three initial densities, however the lag phase 
is much longer and the log phase just starts at day 6. Error bars represent the uncertainty of the measurement as 
described in the Materials & measurement method section �Experimental repeatability and reproducibility on 3D 
cell  cultures.�
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tor is that �uorescence should come only from the 
metabolized resazurin (i.e., resoru�n) and no interfer-
ence should come from the growth medium in which 
cells are cultured and treated with resazurin. However, 
the medium for cell culture often contains phenol red 
as pH indicator which gives a red/yellow color to the 
medium depending on the pH and could interfere 
with �uorescence measurements. Also, the cell culture 
medium is normally added with FBS to provide the 
cells with the appropriate amount of growth factors, 
hormones and detoxifying substances for the survival 
and proliferation of cells in culture. FBS is known to 
be auto-�uorescent  [43]. With the �nal aim to opti-
mize the measurement condition in terms of culture 
media, we tested the possible auto-�uorescence of dif-
ferent cell culture media that were found negligible. 
For this reason we decided to use the same cell culture 
medium for culturing and for resazurin assay in order 
to not perturb the conditions in which the cells are 
growing.

Results showed that the incubation time needs to 
be adjusted depending on the cell number you want 
to discriminate, so it is cell number-dependent, as 
also suggested by Rampersad [32] for 2D cell cultures: 
low number of cells shows a slower proliferation 
rate and needs incubation times shorter than high 
number of cells. In a 3D cell culture, the scaffold 
dimension also plays an important decision making 
role. For our purposes it was necessary to �nd the 
optimal incubation time able to give good results for 
both low and high number of cells, relatively to the 
scaffold dimensions. The incubation time of 2 h was 
the best on both the 3D and 2D allowing a reliable 
detection of cells on a wide range of cell numbers 
for application in regenerative medicine on biocorals 
5 × 9 × 11 mm. This incubation time avoids the 
dilution of metabolized resazurin, necessary when 
off-scale occurs. Dilution is not advisable because 
the linearity is lost or a calibration curve ad hoc for 
dilutions needs to be realized.

The manufacturer [23] suggests to stop the resazurin 
reaction by adding sodium dodecyl sulfate, which 
dilutes the sample, and, if necessary, to read the �uo-
rescence after storing the sample in the dark at room 
temperature until 24 h. We showed, as above stated, 
that resazurin �uorescence changes over time with the 
temperature, even if far from the cells and this change 
is different with three different samples. In addition, 
the dilution of the sample not always maintains the 
linear correlation we expect. Results we found on the 
dilution and on the storage at room temperature sug-
gest that it is highly recommended to measure the 
�uorescence as soon as taking the cells out from the 
incubator and to avoid dilutions.

Conclusion
The method here proposed and characterized for 3D 
cell proliferation monitoring in a noninvasive way, 
showed that Biocoral allowed hMSCs seeding and 
colonization con�rming what demonstrated by Zhu 
et al. [19]; the method did not interfere with cellular 
viability and proliferation was followed over long-
time period (21 days) on 21 different scaffolds, with 
a good repeatability and reproducibility.

This is strongly reinforced if considering the 
intrinsic variability of this complex system of 3D cell 
cultures: the Biocoral has a not reproducible inter-
nal structure which is formed by �naturally made� 
interconnected pores and channels. The proliferation 
curves we produced through the proposed method, 
can be a powerful tool for clinicians to make hypoth-
esis and take important decisions on the cell dose in 
order to have the desired effect on patients, by trans-
lating the in vitro clues into clinical applications. As 
an example, it is possible to set the cell number to 
be seeded in order to modulate the proliferation rate 
and reach the desired cell density within the scaffold 
over time. The method allows multiplexing assays, 
for example, the cell number measurement could be 
followed by a viability/apoptosis assay and �nally by 
a gene expression analysis with the aim to correlate 
the number of viable cells with the cell differentia-
tion state. This could lead, for instance, to the mod-
ulation of the number of cells to stimulate the differ-
entiation within a certain period of time and so on. 
In this way, by working backwards the cell dose can 
be found as the number of cells needed at the seeding 
to develop the correct tissue after transplantation.

Concluding, the method could be a good support 
for the cell dose determination in regenerative medi-
cine applications and in general for cell�scaffold 
interaction studies.

Future perspective
This study represents a �rst approach toward the 
development of a noninvasive, reproducible method 
for 3D cell proliferation measurement. The cell dose 
determination is a critical point in regenerative med-
icine and tissue engineering. However, there are few 
noninvasive methods investigating the number of 
cells within a highly porous scaffold and the com-
bination of more methods, preferably noninvasive, 
is still needed. The method here proposed will be 
improved and supported by more data to evaluate the 
reproducibility on a larger number of scaffold sam-
ples and on dynamic cultures, which have demon-
strated better results on cell proliferation than static 
cultures. Also, experiments on the oxygen shortage 
and supply will be performed in a future study. In 








