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Abstract

In the context of investigating cell-material interactions or
of material-guided generation of tissues, DNA
quantification represents an elective method to precisely
assess the number of cells attached or embedded within
different substrates.

Nonetheless, nucleic acids are known to electrostatically
bind to ceramics, a class of materials commonly employed
in orthopaedic implants and bone tissue engineering
scaffolds. This phenomenon is expected to lead to a relevant
underestimation of the DNA amount, resulting in erroneous
experimental readouts. The present work aims at (i)
investigating the effects of DNA-ceramic bond occurrence
on DNA quantification, and (ii) developing a method to
reliably extract and accurately quantify DNA in ceramic-
containing specimens.

A cell-free model was adopted to study DNA-ceramic
binding, highlighting an evident DNA loss (up to 90%)
over a wide range of DNA/ceramic ratios (w/w). A
phosphate buffer-based (800mM) enzymatic extraction
protocol was developed and its efficacy in terms of reliable
DNA extraction and measurement was confirmed with
commonly used fluorometric assays, for various ceramic
substrates. The proposed buffered DNA extraction
technique was validated in a cell-based experiment showing
95% DNA retrieval in a cell seeding experiment,
demonstrating a 3.5-fold increase in measured DNA amount
as compared to a conventional enzymatic extraction
protocol.

In conclusion, the proposed phosphate buffer method
consistently improves the DNA extraction process assuring
unbiased analysis of samples and allowing accurate and
sensitive cell number quantification on ceramic containing
substrates.
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Introduction

The development of tissue engineering (TE) approaches
and biomedical implant substrates often requires
assessments of cell-material and tissue-material
interactions. For example, the most typically adopted cell-
based TE approaches rely on efficient seeding,
proliferation and differentiation of cells on three-
dimensional substrates (scaffolds) in order to obtain a
biological graft. Among these substrates, ceramic based
scaffolds have been widely investigated for bone TE
(BTE) (Hutmacher et al., 2007; Rezwan et al., 2006;
Salgado et al., 2004). In fact, this class of materials
resembles the mineral fraction of the bone extracellular
matrix (ECM), which is known to have a role in actively
guiding bone progenitor differentiation (Gigante et al.,
2008; Lin et al., 2009). Based on this evidence, many
studies have been focused on evaluating either different
chemical compositions or different architectural
arrangements targeting an improved BTE scaffold design
(Karageorgiou and Kaplan, 2005; Khan et al., 2008; Liu
et al., 2008; Stevens et al., 2008). A significant portion of
these studies relies on the in vitro investigation of cell-
material interactions ultimately analysing cell adhesion,
proliferation and differentiation.

Deoxyribonucleic acid (DNA) quantification is a
routine assay of crucial value when performing studies
based on accurate evaluation of cell number. Indeed, the
high sensitivity and accuracy of available techniques
offers consistent advantages as compared to metabolic
based assays for cell viability. In fact, viability readouts
lean on cell metabolic activity, which could vary
depending on time and cell culture conditions, thus
possibly hampering an unambiguous correlation with
actual cell number.

It is therefore clear that DNA-based methods have a
prominent role whenever cell adhesion/proliferation
experiments (DNA being the parameter of interest) or cell
differentiation experiments (DNA being the term of
normalization for other assays, e.g. enzymatic activity or
protein expression) are performed in order to investigate
cell-material interactions. Mostly based on enzymatic
digestion (Cui et al., 2007; Gilbert et al., 2009; Liu et al.,
2008) and chemical or mechanical cell lysis (Du et al.,
2008; Kotobuki et al., 2006), DNA quantification relies
on homogeneously dispersing the total amount of DNA
in the assayed extraction solution; thus, it is crucial to
consider possible flaws arising from chemo-physical
processes occurring during the extraction procedure.

In this context, it is often neglected that ceramic
materials reversibly bind nucleic acids (NAs) through
polar interactions. This phenomenon, that is routinely
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exploited in chromatographic columns, is caused by the
interactions between positive charges of the ceramic
material (mainly Ca2+ and partially positive H of OH
groups) and negative charges of phosphate groups of NAs
(Giovannini and Freitag, 2000). The occurring
electrochemical bond is reversible and the NAs are eluted
from the ceramic stationary phase by means of phosphate
buffers (Watanabe et al., 1999). The chemical interactions
of NAs and ceramic surfaces could potentially interfere
with DNA measurements while performing cell-material
studies. The binding would indeed result in a depletion of
DNA from the extracting solution and eventually in an
erroneous quantification of its amount.

The present work aims at (i) investigating the impact
of DNA-ceramic bond occurrence on precise DNA
quantification, and (ii) developing a reliable DNA
extraction technique to overcome the limitations of
traditional protocols. The proposed method is intended to
enhance the accuracy of available assays, assuring reliable
DNA extraction and quantification in those experiments
which ultimately rely on DNA content measurements to
evaluate cell adhesion, proliferation and differentiation on
ceramic based substrates.

Materials and Methods

Experimental models
In the present work, two different experimental models
were adopted: a simplified cell-free model based on purified
DNA and a conventional cell-based model. The former,
that avoids the variability related to handling cells, allows
reproducible sample preparation with defined DNA
amounts and was used to: (i) test the hypothesis of
erroneous DNA quantification due to DNA-ceramic
binding; (ii) compare enzymatic digestion and mechanic
disruption as methods for DNA extraction; and (iii)
evaluate protocol applicability to different ceramic
compounds and routinely used DNA assays. The cell-based
model was exploited to validate the protocol in a typical
cell-material study setup.

In the simplified cell-free model, in order to emulate
cell number analysis on a ceramic material, stock DNA
solutions at known concentrations (hereafter referred as
stock solutions) were used to soak ceramic substrates (the
solution in contact with the substrates will be hereafter
referred to as soaking solution). DNA amounts in both
stock solution and soaking solution were measured at
defined time points. The ratio between DNA amount in
the soaking solution and the stock solution was defined as
the efficiency of DNA retrieval.

In the cell-based model, a known number of cells was
statically seeded on a ceramic substrate (Wendt et al.,
2003). Total amount of DNA was measured either
overnight or after two weeks culture and compared with
DNA extracted from a corresponding number of cells
frozen immediately prior to seeding.

Ceramic substrates
Three different granular ceramic substrates (bone graft
substitutes) were assessed in the simplified cell-free model:

chronOS™ (b-tricalcium phosphate, porosity 60%, 1.4–
2.4 mm; Synthes®, West Chester, PA, USA), Skelite™
(67% silicon stabilized tricalcium phosphate, 33%
hydroxyapatite, porosity 65%, granules 3-3.2 mm, single
cylindrical granule 3.9-4.1 mm thickness x 5-5.5 mm
diameter; Octane Orthobiologics, Kingston, Ont., Canada),
and ENGIpore (pure hydroxyapatite, porosity 83%, 0.5-
1mm; Finceramica, Faenza, Italy). Unless otherwise stated,
chronOS™ granules were used. For the cell-based
experiment, Skelite™ scaffolds with the same bulk
chemical composition of the granules used in the simplified
cell-free model, but in the shape of single cylindrical
granule with an adequate size for static cell seeding, were
adopted.

Cell source and culture
Bone marrow aspirates (20 ml volumes) were obtained
from the iliac crest of a healthy donor during routine
orthopaedic surgical procedures, in accordance with the
local ethical committee (University Hospital Basel) and
subsequent to informed consent. Following expansion,
2*104 cells/scaffold were statically seeded on each ceramic
scaffold in agarose coated 12 well-plates. Samples with
identical cell numbers were frozen in order to be used as
DNA reference. The efficiency of the method was
calculated based on the ratio between the DNA amount
measured on the scaffold and the DNA amount measured
in reference samples containing a number of cells equal to
that seeded on each scaffold (Wendt et al., 2003).

After 16 hours from seeding, the scaffolds were either
collected for DNA quantification or transferred in new
wells for a total of 14 days culture. The bottom of the wells
was microscopically inspected after the seeding and during
the culture, assessing that only a negligible number of cells
did not adhere on the scaffold upon seeding.

Cell culture was carried out in complete medium (CM,
α-Modified Eagle’s Medium, 10% foetal bovine serum,
HEPES buffer solution 100 mM, sodium pyruvate 1 mM,
penicillin 100 U/ml, streptomycin 100 μg/ml and 292 μg/
ml L-glutamine; Gibco Invitrogen, Basel, Switzerland)
supplemented with 10 nM dexamethasone, 10 mM β-
glycerophosphate, and 0.1 mM ascorbic acid-2-phosphate.
This composition is known to induce hMSCs osteogenic
differentiation and to favour mineralized extracellular
matrix (ECM) deposition (Bancroft et al., 2002).

Extraction methods
DNA amount measurements in biological specimens
typically rely on an extraction step to destroy cell
membranes and ECM and homogeneously disperse DNA
in the aqueous solution. In the present work, a proteinase
K solution (pK; prepared adding proteinase K 1 mg/ml,
pepstatin A 10 μg/ml, EDTA 1 mM, iodoacetamide 1 mM,
TRIS 50 mM to distilled water; Sigma-Aldrich, St. Louis,
MO, USA) was adopted to enzymatically digest the
samples for 16 hours at 56°C (Hollander et al., 1994).

To assess the degree of DNA underestimation due to
DNA-ceramic binding, foetal calf thymus DNA (Sigma-
Aldrich) was diluted at different concentrations (0, 2, 5,
10, 20, 80, 160, 320 μg/ml) in pK solutions. A fixed volume
(300 μl) of each DNA stock solution was transferred in
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Eppendorf (Hamburg, Germany) tubes containing 0.16 ±
0.003 g of ceramic granules. Subsequently, the stock
solutions and the soaking solutions were incubated at 56°C
and assayed after 16 hours, to simulate an overnight
digestion.

With the purpose of inhibiting DNA-ceramic binding,
phosphate buffered extraction solutions (PpK) were
obtained supplementing pK solutions with potassium
phosphate salts (HK2PO4 and H2KPO4; Fluka; Sigma-
Aldrich). Since it is known that the elution efficacy depends
on the ionic strength of the solution and is effective only
over a critical value that is correlated to several factors
such as ceramic composition, salt ions, and pH (Chen et
al., 2007; Milligan et al., 1987), different phosphate
concentrations (400 mM, 600 mM, and 800 mM; pH 6.5)
were assayed.

Commercially available Phosphate Buffer Solution
(PBS, 4 mM, pH 7.2, Gibco Invitrogen) and non-buffered
pK solution were adopted as negative controls.

As an alternative extraction method, mechanical
disruption of cellular structure was tested. Within this
method a potassium phosphate buffered solution (P) was
adopted in absence of pK and coupled with sonication.
The P solution was prepared adding HK2PO4 and H2KPO4
(final phosphate concentration 800 mM; pH 6.5), EDTA
(1 mM) to distilled water.

PpK, PBS, pK and P, prepared as described in the
previous paragraphs, were supplemented with foetal calf
thymus DNA (1 μg/ml). Aliquots of DNA stock solutions
(300 μl) were transferred in Eppendorf tubes containing
the ceramic granules.

In order to mimic enzymatic digestion, PpK and pK
samples were incubated overnight at 56°C. On the other
side, to resemble mechanical disruption, P samples were
sonicated in a Sonic Dismembrator 550 (Thermo Fisher
Scientific, Waltham, MA, USA) for 5 minutes. Sonicated
samples were stored at room temperature. Aliquots of each
stock solution were maintained either in the same chemo-
physical conditions of the corresponding soaking solution
or frozen at -20°C and thawed immediately before each
DNA measurement performed after 1 hour and 16 hours.

For the cell-based model, the number of cells seeded
on each scaffold (0.08 ± 0.005g) was chosen so as to
approximately maintain the DNA/ceramic (w/w) ratio
adopted in the simplified cell-free model as described in
the previous paragraph. An approximate value of 7.5 pg
of DNA per cell for expanded hMSCs was adopted based
on mean values obtained assaying known numbers of cells
in previous experiments.

Samples collected 16 hours (overnight) and 14 days
after seeding were immediately frozen and stored at -20°C
till the measurement. Cultured specimens and defined cell
numbers were digested for 16 hours in 150 μl of either pK
or PpK (800 mM) before being analysed.

All the experiments described above were run in
triplicate for each experimental group.

Enzymatic activity
Since it is known that high saline concentrations could
lead to enzyme inactivation, the ability of proteinase K to
digest collagen fibres, representative of cell deposited

ECM, was qualitatively assessed in the presence of
potassium phosphate. Discs (6 mm diameter, 3 mm
thickness) punched from sterile sheets of UltrafoamTM

collagen hemostat (Davol, Warwick, RI, USA) were
soaked in PpK (800 mM), P (800 mM), pK or distilled
water. Samples were incubated at 56°C for 16 hours.
Collagen sponge integrity was finally assessed by visual
inspection.

DNA quantification
DNA quantification was performed by means of a
commercially available fluorescence based kit, namely
CyQUANT® Cell Proliferation Assay (Invitrogen®).
Working solutions were prepared according to the
manufacturer’s protocols.

As alternative methods, Quant-iT™ PicoGreen®

dsDNA Kit (Invitrogen®) and a Hoechst-based assay
(Hoechst 33342 0.2 μg/ml, 10 mM Tris-HCl, 1 mM EDTA,
200 mM NaCl, pH 7.5; Sigma) (Barrias et al., 2005) were
tested.

The analyses were carried out by adding 20 μl from
each sample to 180 μl of working solution in black flat-
bottom 96 well plates, and measuring fluorescence with a
Spectra Max Gemini XS Microplate Spectrofluorometer
(Molecular Devices, Sunnyvale, CA, USA).

Excitation and emission wavelengths were respectively
485 nm and 538 nm for CyQUANT® and PicoGreen®, or
360 nm and 465 nm for Hoechst. Samples in each plate
included a calibration curve. Each sample was measured
in triplicate. Unless otherwise stated, CyQUANT® was
used to quantify DNA content.

Results and Discussion

The hypothesis of a DNA underestimation occurring while
assaying biological samples containing ceramic materials
was validated in the simplified cell-free model. DNA
retrieval efficiency from ceramic materials was
quantitatively evaluated in pK solutions prepared at
different DNA concentrations. The DNA depletion
phenomenon at different DNA concentrations was
analysed using a fixed amount of granules to simulate
different DNA-ceramic ratios. Fig. 1 shows an asymptotic
retrieval curve that, even if approaching values close to
90% at the highest tested DNA concentration (320 μg/
ml), resulted in a maximum of 60% retrieval in the soaking
solutions prepared at 20 μg/ml. For values lower than 20
μg/ml, the retrievals nearly linearly depended on the initial
DNA concentration, with the smallest DNA amount (2 μg/
ml) resulting in retrieval lower than 10%. These data
confirm that DNA measurements in presence of ceramic
materials are typically affected by underestimation of the
actual DNA content and that, in fact, the binding
phenomenon is effective on a wide range of DNA/ceramic
ratios. Noticeably, the quantification error is more relevant
at lower DNA/ceramic ratios, which would be related to
conditions with small cell numbers on a ceramic substrate.
Indeed, coherently with our experimental conditions (DNA
concentrations and total solution volume) and taking into
consideration the adopted mean value of DNA per cell,
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the evaluated DNA concentrations would be representative
of a cell number ranging from 8*104 to 12.8*106 cells.  It
is important to consider these calculated cell numbers as
rough references, taking into account that the actual DNA
content per cell may change considerably based on the
cell source.

With the purpose of identifying a reliable method for
DNA extraction, enzymatic digestion and mechanical
disruption in phosphate buffered solutions were assessed
and compared to those in pK and PBS (all solutions
prepared at 1 μg/ml DNA). Table 1 indicates that PBS did
not prevent the binding of DNA to the ceramic material,
possibly because of the low concentration of phosphate
salts (4 mM). The DNA adsorption on ceramic surfaces
was proved to be reversible, since ceramic granules rinsed
with P after removing PBS released an amount of DNA
corresponding to the percentage missing in PBS (data not
shown).

Similarly to PBS, the recovery of DNA in pK was only
about 10% after 16 hours. Interestingly, a significant
reduction in DNA retrieval was observed from 1 hour to
16 hours in pK (from 72% to 10%) and PBS (from 57% to
0.5%). This effect could be related to the time dependent
infiltration of the solution and diffusion of the DNA into
the complex porous structure of the ceramic material.

The depletion and the reversible release of DNA were
consistent with the hypothesis of a DNA binding
phenomenon based on affinity interactions typically
occurring in ion-exchange chromatography columns,
where the increase of the ionic strength of the mobile phase
(phosphate solution) causes the release of the analytes (the
DNA) from the stationary phase (ceramic granules).

Regarding the mechanical disruption protocol, the
combination of sonication and P provided partial DNA

retrieval both after 1 hour (83%) and 16 hours (61%), with
a marked DNA loss between the two time points. The
analysis of stock solutions, either maintained in the same
chemo-physical conditions or frozen at -20°C, highlighted
a detrimental effect of the mechanical disruption protocol
on DNA measurement. Indeed, analysis of frozen stock
solutions pointed out steady values among time points
while the stock solutions maintained at room temperature
displayed a decrease of DNA content over time (within
each sonicated or non-sonicated group); moreover, a lower
DNA content in sonicated samples compared to non-
sonicated stock solutions was observed (data not shown).
These observations suggest the possible occurrence of two
distinct phenomena: (i) a hindering of the measurement
due to DNA fragmentation caused by sonication, and/or
(ii) a time related degradation of DNA at room temperature.

On the other hand, PpK provided recoveries close to
100% both after 1 h and 16 h, thus showing the ability of
inhibiting the DNA binding on ceramic surfaces and
guaranteeing in the meantime sample stability. No
differences were evident among different phosphate buffer
solutions confirming that concentrations as low as 400 mM
were effective in preventing DNA-ceramic binding.

The possible inhibiting effect of high saline
concentrations on the enzymatic activity of proteinase K
was qualitatively assessed in the presence of potassium
phosphate salts. Maintenance of a relevant functionality
of PpK solutions (800 mM) was confirmed by its capacity
to completely dissolve, similarly to pK, collagen scaffolds
incubated at 56°C within 16 h. The same scaffolds were
substantially undigested if incubated in water or in 800
mM P. These evidences support the concept of using a
high phosphate concentration (800 mM) in order to
overcome the unpredictable dilution affecting the
extracting solution while assaying wet biological samples.
Indeed, the undefined amount of water contained in these
samples could potentially lead to a drop of phosphate
concentration under the efficacy threshold.

Based on the results presented in the previous
paragraphs, the enzymatic digestion extraction protocol

Table 1. DNA retrieval in different solutions: different
solutions with the same initial amount of DNA (1 μg/
ml) were compared in terms of retrieval efficiency.
Retrievals in pK and PBS were lower when compared
to P and PpK. A marked reduction of DNA retrieval
after 16 hours further decreased the efficiency for pK
and PBS. Sonicated specimens (P) displayed lower
efficiency values than PpK samples that showed a
complete retrieval at both time points.

Fig. 1. DNA retrieval at different DNA concentrations:
DNA retrieval efficiency was defined as DNA measured
in solution after contact with granules divided by the
DNA measured before contact with granules. The DNA
retrieval was calculated for solutions prepared at
different initial DNA concentrations (2-320 μg/ml). The
calculated asymptotic retrieval curve evidenced
consistent DNA depletion in the range of values
investigated, the amount of which depended on DNA
concentration in the initial solution. Under 20 μg/ml an
approximated linear decrease was evidenced with the
lowest DNA concentration (2 μg/ml), representative of
small cell numbers, resulting in an efficiency below 10%.
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at 800 mM phosphate concentration was selected for the
subsequent experiments aiming at evaluating protocol
applicability to different ceramic compounds and routinely
used DNA assays.

Aiming at evaluating if the extraction buffer could be
adopted as an established reliable method independently
from the ceramic substrate, the PpK (800 mM) was tested
with three ceramic compositions, as described in the
materials and methods. These compounds were chosen in
order to be representative of some typical compositions
used for BTE scaffolds. The results, displayed in Fig. 2,
show that PpK guaranteed more than 95% retrievals with
all the tested materials.

Beside different substrates, in order to evaluate the
adaptability of the proposed method to most commonly
used laboratory protocols for DNA quantification, PpK
was tested with three different assays as described in the
materials and methods. The results, shown in Fig. 3,
confirmed that the extraction protocol efficiency was close
to 100% with both CyQUANT® and PicoGreen®, whereas
Hoechst measurements were influenced by instability of
the dye, thus affecting both calibration curve and sample
measurements.

As a final validation test, the PpK based protocol was
exploited in a conventional cell seeding & culture
experiment, commonly employed in cell-material in vitro
studies. In light of the demonstration in the simplified cell-
free model that the DNA binding and elution was
independent from the type of scaffold material used, only
Skelite™ scaffolds were employed for the cell-based
model.

Each scaffold was seeded with 2*104 cells so as to
approximately maintain the DNA/ceramic (w/w) ratio
adopted in the previous experiments. Samples cultured
overnight or 14 days on ceramic scaffolds were digested
with pK or PpK before DNA quantification. Fig. 4 shows
that after an overnight culture the mean retrieval with pK
was 27%, while assayed 95% with PpK, corresponding to
a 3.5-fold higher extraction efficiency. Reference DNA
samples, obtained by assaying cell numbers equivalent to

those seeded on ceramic substrates, did not display
significant differences when digested by means of pK or
PpK. Specimens were tested after 14 days of culture in
osteogenic medium, which was assumed as a model for a
cell differentiation experiment towards the osteogenic
lineage, including ECM deposition. Similarly to the early
time point, a 4.3-fold higher DNA quantity was revealed
by means of PpK (225.6 ± 51.3 ng) as compared to pK
(52.4 ± 38.0 ng). The data after 14-days culture cannot
support the hypothesis of a complete DNA retrieval. In
fact, an unknown cell proliferation and the lack of
standardized quantification methods, make it difficult to
compare the acquired data with a reference value.
However, a higher DNA recovery and the previous
evidence that proteinase K maintained its proteolitic
properties strongly suggest that the use of PpK brings at
least to an improved approximation of the DNA content
in ECM-containing, long-term-culture samples.

Fig. 2. DNA retrieval with different substrates: DNA
retrieval was calculated for buffered PpK (800 mM)
and pK following the contact with three different
ceramic substrates: Chr (chronOS™), Eng (ENGIpore),
Ske (Skelite™). Independently from the substrate, PpK
displayed a complete DNA retrieval, while pK was
characterized by retrieval lower than 20% with all the
substrates.

Fig. 3. DNA retrieval measured by means of different
assays. DNA amount in solution was measured before
and after contact with ceramic granules by means of
different fluorometric assays: CyQ (CyQUANT®), PiG
(PicoGreen®), Hoe (Hoechst). The calculated retrievals
for PpK were close to 100% for both CyQUANT® and
PicoGreen® measurements, while those calculated for
pK were systematically below 20%. The same samples
assayed by means of Hoechst showed low DNA
amounts, resulting in low calculated retrieval for both
PpK and pK.

Fig. 4. DNA retrieval in a cell-based model: DNA
content was measured 16 hours after seeding on samples
containing a reference amount of human mesenchymal
stromal cells. DNA was extracted by means of 16 hours
digestion either in buffered (PpK) or non buffered (pK)
proteinase K solution subsequently to a freeze/thaw
step. DNA retrievals calculated for PpK treated samples
were close to 100%, while the DNA amounts measured
on samples treated with pK were close to 20% of the
reference.
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Conclusions

In the present work, the efficiency of DNA quantification
in the presence of ceramic substrates was evaluated,
pointing out a DNA-ceramic binding occurrence that could
compromise accurate assays in cell-material interaction
studies. The phenomenon remarkably compromised DNA
measurements in a wide range of DNA/ceramic (w/w)
ratio, and was more marked with small DNA amounts,
representative of low cell numbers. Based on these
evidences, a DNA extraction method using a phosphate
buffer was developed to overcome this limitation and
obtain reliable quantifications with mostly used
fluorometric assays, independently from the ceramic
substrate. The proposed technique guaranteed the
inhibition of DNA-ceramic binding and allowed more
accurate DNA retrieval, compared to traditional extraction
methods, even when analyzing small DNA amounts.
Moreover, the samples were stable over time, thus
permitting repetitive analyses and sample storage. The
overall results demonstrate that the proposed extraction
protocol consistently improves the accuracy of the
measurements and could therefore represent a valuable tool
for those studies relying on DNA quantification on ceramic
substrates, such as BTE scaffold or implant material
evaluation.
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Reviewer II: What would the authors recommend to fully
validate their DNA quantification method, with regards to

cell proliferation on ceramic constructs for bone tissue
engineering?
Authors: The question addresses a critical aspect of
characterization of engineered tissues, beyond the specific
context of bone grafts. Indeed, the “full validation” of the
proposed technique would require (i) a model where cell
proliferation on 3D scaffolds is well defined and
predictable, or (ii) a standard/direct method to quantify
cell numbers on 3D scaffolds. However, to the best of our
knowledge, none of these tools is currently available. In
our work, we made use of different simplified models –
each with the own arbitrary assumptions – to try and
circumvent the issue and to provide a higher level of
confidence in the proposed validation. We acknowledge,
however, as also discussed in manuscript, that this strategy
only partially addressed the need of a completely reliable
technique for DNA quantification in engineered or even
native tissues.


