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gg Abstract. 3D cell g es are becoming a fundamental resource for in-vitro studies,
36 as they mimic more ivo behavior. The analysis of these constructs, however,
37 generally rely on de e techniques, that prevent the monitoring over time of the

easing the results variability and the resources needed for

38 same constru s in

39 each experim

40 In t or us on mineralization, a crucial process during maturation of
tive

41 artificial odels, and propose electrical impedance tomography as an alternative
42 non-de roach.

43 ar, we discuss the development of an integrated hardware/software
44 Sys pable of acquiring experimental data from 3D scaffolds and reconstructing
45 OrTe ding conductivity maps. We also show how the same software can test
46 th ment is affected by biological features such as scaffold shrinking during
:; re.

49 C ; n initial validation, comprising the acquisition of both a non-conductive phantom
50 and alginate/gelatin scaffolds with known calcium content will be presented, together
51 h the in-silico study of a cell-induced mineralization process. This analysis will
52 allow for an initial verification of the system’s functionality while limiting the effects
53 of biological variability due to cell number and activity.

0 Our results show the potential of electrical impedance tomography for the non-
55 destructive quantification of matrix mineralization in 3D scaffolds, and open to the
56 possible long term monitoring of this fundamental hallmark of osteogenic differentiation

in hybrid tissue engineered constructs.
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1. Introduction \

Tissue engineering (TE) aims at developing artificial tissue substitutes wi roperties
and characteristics equivalent to their natural counterpart: Barry.et 6), Hussey
et al. (2018), Matta-Domjan et al. (2017). While mainly used tofre issues damaged

by injuries or diseases, these constructs have also become a vatuable resource for in-vitro

studies Pasini et al. (2021). Indeed, they are a more realistic 1 of in-vivo biology

than traditional cell culture laboratory settings, and thus d /more accurate results

when studying complex biological processes, the inter between the cells and their
environment and among different types of cells Inal 1. ), Ma et al. (2018).
The diffusion of these constructs as in-vitrognodels§ig’ however hampered by the

lack of established and affordable techniques forfth -destructive characterization.

Indeed the available approaches (micro

micr I, photoacoustic tomography)
rely on complex, expensive instrumentation cagionally require contrast-enhancing
agents that could influence cellular
et al. (2013). Consequently, hist which require the fixing and staining
of the sample, have become a standar -facto Calabrese et al. (2016), Picone et al.
(2020). Since these methods

prevent the monitoring of the

the time and the resources requ

different scaffolds limits th

of the results.
Recently, Electri

alternative for the n

(2018, 2019), De

(2016). Indeed t

I e Tomography (EIT) has been proposed as a viable

tructive monitoring of 3D cell culture set-ups: Wu et al.
019), Lee et al. (2014), Yang et al. (2019), Canali et al.
que is widely used for the imaging of internal structures of
monitoring over time, Shiraz et al. (2019), and the diagnosis of
ét al. (2017), Samoré et al. (2017). The application of EIT
to TE, howe ill underdeveloped and mainly focussed on the evaluation of cell
viability/Wu etyal. (2018, 2019), Yang et al. (2019).

In thi r, we propose to apply the EIT technology to the quantification of
the galcium content of polymeric scaffolds. To the best of our knowledge this is the
firstyaccounit of an integrated hardware/software system (HSS) developed to monitor
this p for matrix mineralization, a property generally regarded as a fundamental
or bone substitutes, strictly connected with the execution of osteogenesis and the
echanical properties of the construct Irie et al. (2008). In this respect, we here report a
plete description of the proposed set-up, together with a preliminary experimental
lidation. In addition, the software platform integral to our HSS will be used to
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simulate various stages of an osteogenic differentiation protocol and provide andmitial

Comprehensively, the integrated HSS here described will be shown t&be
framework for the development of novel tools helping TE developme
researchers with an approach for the non-destructive characterization o
in bone tissue substitutes.

2. Method

2.1. Description of the integrated hardware/software system

The HSS presented within this work combines an hardware s or the acquisition
of voltage signals from a cylindrical measuring chamber ng 8 electrodes and
a software platform for the reconstruction of th uctivity maps from both

experimental and simulated data.

A schematic representation of the acquisiti etu shown in Figure 1 (a). It
includes an impedance analyser (Keysigh‘%AQQ% oth to generate the stimulus
am

and record the output signal, a custom- S older and a connection board.
ter: 1 mm) positioned at regular
mber at 2 mm of height from the bottom of the

e (internal diameter: 17 mm, internal

Eight electrodes have been inserted in ho
intervals on the side of the circular
well (Figure 1(b)). The well of
sample chamber, that was 3D-printed

library featuring multiple algo
particular, two common el : )
f2d3) were used as forwar d ihverse models respectively, to avoid the inverse crime.

These are circular d ns ng 8 equidistant electrodes on the external perimeter

and meshes with the r of triangular elements equal to 8463 and 7153.
The reconstrug

prior, was used

reconstructio Cdggparticularly effective for the retrieval of smooth conductivity
distributions lination of noise artifacts thanks to its regularization
parameter, A, termines the level of smoothness.

Thel regions of the reconstructed maps associated with the objects of interest were
isolated ically through a segmentation procedure based on the Otsu’s method
(Figure 2)y This algorithm relies on the histogram of the reconstructed conductivity map

anddentifies the threshold (th) associated with the maximal inter-cluster variance.
Asthe electrical properties of the solution filling the chamber (background) are not
d to change, the scaffold region (foreground) was then identified as the section
f the histogram characterized by the highest conductivity variation (yellow overshadow
igure 2).
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(@) Simulated Voltages
Conductivity l
map
Measured Impe dance Y,
Conductivity Voltages
Reconstruction Analyser

T gt et e il e
Figure 1. (a) The proposed HSS integrates (i@nce analyser (Keysight
E4990A), (ii) a custom-made measurement c ting of a cylindrical well

system for reconstructlng

fitted with 8 equidistant electrodes and (iii
conductivity maps. The impedance analyse
and to measure the resulting voltage,
experimental or simulated voltages. (b){
Each electrode is identified by a
In this image the phantom (pink
within this work are visible. (c)

Page 4 of 19

adjacent measurement p r 8-glectrodes setup. Connections between the

impedance analyser an

easily automated by using an tronic multiplexer.

2.2. Scaffold preparation

were manually changed but this step could be

Alginate/gelatin scaffolds were d as follows. A 4% alginate solution and a 5%

gelatin solution in distille tor were prepared and combined. Part of this mixture
was supplemented with Ca€O; (@ither 0.005 or 0.01 g/ml) and sonicated for about 20

minutes to reduce th

of alginate/ gelatln
the beginning,
wells of a 96 we

Sca S
distilled water until their measurement.

surement protocol

calcium aggregates. In this way, three different types
e prepared which are intended to qualitatively represent
and conclusion of the osteogenic differentiation process. The
ere then filled with 300 pl of ecither calcium-supplemented
ree (CF) solutions and placed at 4° C for 30 minutes to

e scaffolds were removed from the mould and each of them was
ion of 400 mM CaCl, for 1 minute to allow for alginate polymerization.
hen thoroughly washed with distilled water and maintained at 4° C in

A 4-electrode measurement technique was employed: the current stimulation was applied

pposite electrodes and the voltage was measured on adjacent electrodes as shown in
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Figure 2. Segmenta

mesh corresponding affold. The reconstructed conductivity maps (leftmost

panels in (a) b the input. Their histograms (central panels) are then
analysed wit Otsu’s algorithm that divides the mesh elements in two groups
(threshold, #h) maximize inter-class variance. The scaffold elements are then
identifie he ones associated with the highest Ao,

Figure 1 (¢). The

oltage Was sequentially measured on all the possible configurations of
adjacent elect s (Sin

¢¢ on defined as adjacent measurement layout). The procedure
was replicate o for all'th
current stimulagi since on defined as opposite stimulation pattern). The amplitude

nd 40 kHz, a range commonly used for similar applications Samoré
u et al. (2018). The specific frequency used for the reconstructions was
gh a specific parameter identification procedure described in the following
5 and 3.1). In all cases, both current and voltage were recorded. A total
of 1 M HEPES buffer (c=12.1 S/m, pH=7.4) filled the chamber during the
easurements to create the conductive layer between the electrodes.
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Table 1. Parameters estimated during the calibration procedure and their
range.

Parameter Value

o
A 1071:10715 step 107+ \
frequency 1 kHz to 40 kHz, 201 points linearly spaced

2.4. Parameters identification

The first step of the proposed analysis consists in the calibrati reconstruction

algorithm parameter (A\) and of the reconstruction freq both cases, the

data acquired using the synthetic rubber phantom wer ed the reconstructed
ti

min max

conductivity maps were normalized between 0 and 1 (Equa where 0" and o}
are the minimum and maximum of the reconstructed ton ivity variation).
oRp — O.min
Aoy = ———1L (1)
O.maac
R

% Equation 1) over all the mesh

elements recognized as foreground (red elementshin/rightmost panels of Figure 2) was
computed, for each considered par le 1), and compared to its expected
value (079,=-100%, Equation 2). was then chosen as the one associated
with the lowest difference from opg. As than one value satisfied this condition,

the smallest one was conside avoid extessive filtering.

OF

(2)

Here, o is the electri 0 ivity of the synthetic rubber (le-11 S/m) and og
that of the Hepes solutiony(#2.1 $/m).

O7% = 100 -

2.5. in-vitro analysi

Besides paramete ion, the synthetic rubber phantom was also used to assess the
spatial resolutiem, unifermity of the system. To this end, measurements were acquired
both with thJec positio

to prevent_co

ed at the center of the chamber and at its side, taking care
stween the phantom and the electrodes.

Sucgessively, one CF and one CS scaffold, for each calcium levels, were considered.
For this , only the center position was evaluated, as scaffold positioning within
the mber can be directly controlled by the operator. For these samples, a time-
différence reconstruction was considered, using the chamber filled with Hepes as baseline.
This approach allowed us to quantify both the impedance of single scaffolds and the

f the simulated mineralization.
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2.6. in-silico simulations

The preliminary results obtained with the CSs and CF scaffolds were comple
an extensive in-silico analysis aimed at assessing the feasibility of this me

monitoring of mineralization within osteogenic differentiation.

To this end, the mineralization data obtained in Picone et al. (202 ith Alizarin
Red were considered. The fraction of surface mineralization (M) retri ime (t)
was fitted with a logistic curve (Equation 3) and the mferred Valu used o initialize

the corresponding electrical model with a temporal resolution o plementary
Figure 1).

1
M= (3)

1 4 ¢—0-05-(t—200)

Coherently with the experimental set-up in Pico al. , the conductivity
of the scaffold was set to 0.387 S/m Hasgall et al. (20, ell cultuIe media (o= 1 4

et al. (2018)). To realistically
model the biological process, the same ele was maintained throughout the

analysis and only incremental changes in

particularly relevant for the a d¢re described as the change in object to vessel

ratio influences the current pab in the chamber and hence the result. To fully
model this effect, a linea: rease in size was hypothesized and multiple percentage

decrease endpoints (10%: with 10% steps) were considered.

To evaluate th ,  while maintaining complete control over scaffold

composition, the sg form integral to our HSS will be used to simulate various
stages of an ostegge m fferentiation protocol and provide an initial evaluation of its
effectiveness for terization of this complex biological process.

This an relied he same reconstruction algorithm and parameters detailed

in the previo n and all the simulations included the addition of noise to the
voltage 10r to the reconstruction (SNR=50 dB). The only difference was the
approac isolate the mesh elements corresponding to the scaffold. Since they

priori, the segmentation procedure was not applied and the region of
st was directly inferred from the electrical model (Supplementary Figure 2).

55
56
57
58
59

60
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Figure 3. Images of the synthetic rubber phantom positi r at the center (a)
or the side (b) of the measurement chamber Q

3. Results
3.1. System calibration and parameters setup Q
The initial tests with the proposed syste ed’/ the reconstruction of the

@ he synthetic rubber phantom
the“measurement chamber filled with

conductivity map of the set-up in Figur
(pink triangle) was positioned at the cen

Hepes solution.
These measures were used t meter of the reconstruction algorithm
(A) that determines the level of smoot s of the reconstruction. The identification of

this parameter is key for obtaining an accufte conductivity map, as a value too large

will filter out some of the sigha ile one too little will yield a solution contaminated
While several methods are available for the
5), Himarik & Raus (2009), Hansen & O'Leary

5y, no approach has been shown to be consistently better

by propagated error Park et
identification of A Bauer & Ho
(1993), Tikhonov & Glask
than the others Benvenut
wrong A, can compromi

020). As choosing the wrong strategy, and hence the
cantly the accuracy of the reconstruction we decided

structions, each corresponding to a different parameter
)~1), and to compare the reconstructed conductivity variation

to compute 15 diffene

AF — |UT% - Acr%l
|UT%|

(4)

ively the reconstructed conductivity variation corresponding to each
frequency was computed (Figure 4 (b)). A negligible dependency of the
on the stimulation frequency, within the considered range, was ascertained.
Consequently, the frequency of 19.3 kHz, corresponding to the middle of the available

ge, was considered for the remainder of the analysis.

Page 8 of 19
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(a) ' (b) ' ' ' ' ' '

f= 19.3k Hz A=

Aoty
Aoty

(a) ifference in the conductivity
percentage change as a function of the r tructjon algorithm parameter (\).
Bars represent the standard deviation g

Figure 4. Parameters identification.

econstructed conductivity change
andard deviation of Aopy, within the

positioning. This is also confirmediby the output of the segmentation procedure (Figures

5 (c) and (f)) that shows how m@

interest.

sed method effectively recognizes the region of

The conductivity pr (Kigure 5 (b), (e)) at the center of the chamber (red
line in Figure 5 (a)) f its diameter (red line in Figure 5 (d)) highlight a
slightly non-uniform al .conductivity and a difference between the reconstructed
conductivity variati ground truth of about 15%.

3.2. Fxperime ement of polymeric scaffolds for TE applications

The proposed FISS was uged to reconstruct the conductivity map of alginate/gelatin
scaffolds d with (CSges, CSp1) or without (CF) CaCOs. These were
develop ic a mineralization process occurring in a polymeric scaffold during
oste

entiation, while maintaining a strict control over sample composition
and! presetving its uniformity. Indeed osteogenesis results in bone extracellular
mat ieralization leading to the synthesis of hydroxyapatite, a calcium phosphate
ound Picone et al. (2020). As cell status and distribution can affect the results, we
d to use un-cellularized scaffolds supplemented with controlled levels of CaCOg
to ensure more accurate testing of the proposed system. This choice, in addition,
oves from the analysis any error due to the quantification of Alizarin red staining,

x 10’
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of the synthetic rubber phantom positioned

easurement chamber (center and side). (a) and (d)

ter and side conditions respectively. (b) and (e)

the reconstructed regions and the corresponding ground truth,
segmented regions.

wiler et al. (2019) and can be influenced by the

specific section consideredy Figurg 6 shows the results of this analysis.
A N

All scaffolds res in
solution. The intensity

which can be non-negligib,

ease in conductivity, when compared to the Hepes

is variation, however, is proportional to the scaffold’s

(b) and (c¢)). In particular the addition of the CF scaffold
nductivity variation, while the addition of 0.1 g/ml of CaCO3

calcium content (
results in an almestin ‘
induces a de 7. that is almost twice that registered when considering CSg 5.

In all cases, nstricted)scaffolds are characterized by a fairly uniform conductivity.

3.8. in-silico analysis of cell-induced mineralization

roviding an initial verification of the effectiveness of our HSS, the in-vitro

tion presented in the previous sections is not sufficient to demonstrate the

of the proposed set-up for the quantification of mineralization within an

ic protocol. Indeed, the total increase in calcium content due to cell activity

ight differ from the ones considered in this work (0.05, 0.1 g/ml) and three different
alcium levels are a rather simplified representation of cell-induced mineralization.

As such, the experimental study presented in the previous sections was

Page 10 of 19
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(@)

(b)

Ao []

M CSoos

i MVV \VA/ B CSo-
20 30 40 0

CF CSo.05 CSo1

Figure 6. (a) Pict onductivity reconstructions of the CF and CSs scaffolds,
considering the taining Hepes solution as background. (b) Reconstructed
conductivity p the center of the chamber (red lines in the conductivity maps)

for all ideréd, conditions and (c) average (+/- standard deviation) conductivity
within t

%

complemented b lico analysis aimed at replicating the acquisition of voltage

signals from ergoing an osteogenic differentiation process. To improve

the accurac this study, the percentage of mineralized surface experimentally

measured j al. (2020) at different time points during osteogenic differentiation
was congideredy A logistic function (Equation 3) was used to fit the experimental
data th

expgrime upplementary Figure 1). These results were used to build electrical models

ing to infer the mineralization level at any point throughout the

representing the status of the scaffold throughout a 14 days mineralization process.

The conductivity distributions were then reconstructed, following the addition of noise
0 dB), using the same algorithm and parameters previously detailed.

igure 7 shows the results of this analysis. In (a) the average variation in

ductivity in the scaffold region is reported. As for the CSs and CF scaffolds, an
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o
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()
o,
a

Time [day]

Figure 7. Simulation of the mineralization
(a) Percentage variation in conductivity ingh ecognized as part of the scaffold.

se in conductivity. This becomes
of the experiment (corresponding to a
tches the experimental results obtained
Pearson’s correlation coefficient between

differentiation in polymeric scaffolds is their
shrinking, which is often c th the cells’ ability to modify their surrounding
matrix James-Bhasin et 2018). To study the effect of this phenomenon on the
i tion, 7 different percentage reductions in surface area
, 50, 60, 70 %). A linear relationship (Figure 8(a)) was

ich was assumed to occur over a period of 14 days. Both

reconstructed condu
were considered (10,

the time scale andit litude of this phenomenon are coherent with the experimental
. (2018).

ted conductivity variations within the scaffold are shown
in Figure Y tted changes in scaffold size (<30%) result in conductivity profiles
substantially equivalent to the one shown in Figure 7, where the size of the scaffold was

not

d n the other hand, important changes in object size (> 40%), exhibit
the fopposite behaviour, with a conductivity increment over time. This is coherent
wit igmatch between the rate at which the two processes (i.e. mineralization and
shrinking) are occurring. Indeed a rapid increase in the fraction of the chamber occupied
ulture media, the most conductive material in our set-up, effectively masks the
hange in scaffold composition, resulting in a net increase in Ao. This is particularly

minent at the beginning and end of the time course, where the matrix composition

L
018
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8 g 04 a‘(é)
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12 ° 002 -— i prs . %
13 : . t .
14 B .
15 0 5 10 15 008, 5 ” 20 30 40 50 60 70 10 %
,I 6 Time [day] Time [day] Scaffold radius reduction [%]
17
18 Figure 8. Simulation of the mineralization associat i genic differentiation
19 taking into account the reduction in scaffold size equations describing
20 scaffold radius reduction over time. (b) Corres ing/ percentage variation in
21 reconstructed conductivity. (¢) Pearson’s cor ion coeflicient between the actual
22 and reconstructed scaffold conductivity for h co ed percentage reduction in
23 scaffold size. Red lines identify a correlation’e to +/- 80%.
24
25
gg’ is approximately constant (Figure 7 (a)), less nt between day 7 and 10, where
78 the rate of change in mineralization-induc uctivity is higher.
29 In all cases a strong correlation with th scaffold conductivity is maintained
30 (Figure 8(c)). Indeed both small large (> 40%) scaffold area reductions
31 , . .
32 have a Pearson’s correlation coefficient ®f at least 80%, when compared to the actual
33 average scaffold conductivity.
34 While experimental confir will be needed to definitely validate the proposed
35 . . . . o . .
36 ive mineralization monitoring during osteogenic
37 the potential of this approach as an alternative
38 lizarin based histology.
39
40
141
42
ﬁ degcribed a HSS integrating hardware and software components
45 for the non-destrue antification of mineral content in polymeric scaffolds and
46 the study of, plex bielegical behaviours in a controlled environment. Both the
173 application t edéeonstructs and the synergy between in-vitro and in-silico results are
49 key innoyations of this method, that we propose as an alternative to histological analysis
50 or other engive techniques for the evaluation of osteogenic differentiation. Indeed,
g; whilé*we resented the use of an impedance analyzer (Keysight E4990A) for both
53 the{generafion of the current stimulus and the measurement of the voltage signal, this
54 instr could be effectively substituted with systems realized ad-hoc such as the

22 Wes reported in Luciani et al. (2019) and Tan et al. (2020) or commercial devices
57 e the AD5933 or the AD5940 from Analog Devices, allowing for a significant cost
58 eduction.

59 We have demonstrated the ability of this system to quantify the variations in
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conductivity distribution induced both by a non-conductive object (synthetic
phantom) and by alginate/gelatin scaffolds polymerized in absence or pres
defined amounts of calcium. These experimental results show the feasilbilit
a useful technique for the non-destructive characterization of TEed const

Additionally, an extensive in-silico analysis has been conducted to r
induced mineralization process. Experimental data from the recent scien
have been extensively used to set-up the simulations and test the gffectiveness of the
reconstruction algorithm within the considered application. In_patticula¥, the effect
of reducing the scaffold size throughout the osteogenic diffefentiation protocol has

been evaluated. This is a commonly observed consequence of osteogenic differentiation

connected with the cells” ability to remodel their collagen env and depose new
ion of conductivity
4 days. This is likely

ffold conductivity, with

extracellular matrix. Our results showed an inversion i
change, upon reducing the scaffold area of more than
connected with the comparatively small change in
respect to the rate of scaffold shrinkage. The average tivity variation within the
scaffold, however, maintained a high correlatio actual value in most of the
tested conditions.

-concept, the proposed set-up has a

number of limitations. Among them, the ber of clectrodes results in poor
A

While representing an important p

spatial resolution and inaccuratel d shapes. Having direct access to the

A key element of ou at will be further developed in the future is the

integration between ha software. Indeed, computational models have been
redict the results of in-vitro experiments Cortesi et al.
et al. (2017), providing an environment for hypotheses
testing and experim zonditions optimization. Within this context, the combination
of experimental ements and in-silico methods could allow for the real-time
’s mineralization dynamic and for the adjustment of the
osteogenic inddction stimulus and culture conditions to each specific scaffold.

Thi ture, while not showcased in the results of this work, due to the static
mineralization level of the considered samples, would only require small adjustments to
the en ystem (i.e. use of a bioreactor system and implementation of its control
software). AA similar approach has been pioneered in de Bournonville et al. (2019)
wher a replacement was adapted to the actual nutrients level in the culture. The
here proposed could go one step further, exploiting the results of the in-
wlico’analysis to optimize the osteogenic differentiation protocol and thus improve its
eproducibility in highly complex, potentially heterogeneous setups.

As such we believe the system here described to be an important innovation in TE,
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