
BIOCOMPATIBILITY STUDIES

Nanomechanical mapping of bone tissue regenerated by magnetic
scaffolds

Michele Bianchi • Marco Boi • Maria Sartori • Gianluca Giavaresi •

Nicola Lopomo • Milena Fini • Alek Dediu • Anna Tampieri •

Maurilio Marcacci • Alessandro Russo

Received: 7 April 2014 / Accepted: 6 August 2014

� Springer Science+Business Media New York 2015

Abstract Nanoindentation can provide new insights on

the maturity stage of regenerating bone. The aim of the

present study was the evaluation of the nanomechanical

properties of newly-formed bone tissue at 4 weeks from the

implantation of permanent magnets and magnetic scaffolds

in the trabecular bone of rabbit femoral condyles. Three

different groups have been investigated: MAG-A (NdFeB

magnet ? apatite/collagen scaffold with magnetic nano-

particles directly nucleated on the collagen fibers during

scaffold synthesis); MAG-B (NdFeB magnet ? apatite/

collagen scaffold later infiltrated with magnetic nanopar-

ticles) and MAG (NdFeB magnet). The mechanical prop-

erties of different-maturity bone tissues, i.e. newly-formed

immature, newly-formed mature and native trabecular bone

have been evaluated for the three groups. Contingent cor-

relations between elastic modulus and hardness of imma-

ture, mature and native bone have been examined and

discussed, as well as the efficacy of the adopted regener-

ation method in terms of ‘‘mechanical gap’’ between

newly-formed and native bone tissue. The results showed

that MAG-B group provided regenerated bone tissue with

mechanical properties closer to that of native bone com-

pared to MAG-A or MAG groups after 4 weeks from

implantation. Further, whereas the mechanical properties

of newly-formed immature and mature bone were found to

be fairly good correlated, no correlation was detected

between immature or mature bone and native bone. The

reported results evidence the efficacy of nanoindentation

tests for the investigation of the maturity of newly-formed

bone not accessible through conventional analyses.

1 Introduction

Investigation of the mechanical properties of regenerating

bone is envisaged to expand the knowledge about the

dynamic of bone growth and maturity as well as on the

suitability of the method adopted to stimulate bone healing

and regeneration [1]. Indeed, bone strength to plastic

(hardness) and elastic (stiffness) deformation is strictly

correlated to bone mineralization degree and to the micro/

nano-arrangement of the apatitic and collagenous
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constituent phases of bone [2–4]. In particular, the micro-

nanostructure of newly-formed immature bone is different

from that of mature one since immature bone is often

woven presenting randomly oriented collagen fibers,

especially at short healing times [5]. In the past, conven-

tional tension, compression and bending tests have been

employed to characterize the mechanical behavior of bone

tissue [6]. Nevertheless, being bone tissue highly hierar-

chically organized material, conventional mechanical tests

generate average values not representative of the micro-

nanomechanical bone architecture and, moreover, they are

not suitable for the investigation of small areas of regen-

erated bone. Vickers micro-hardness test has been used to

evaluate correlation between micro-hardness and tissue

mineralization, elastic modulus, and anatomical site [7].

The higher lateral spatial resolution of nanoindentation

tests (1 lm against 50 lm indent size of the micro-hard-

ness tester), opened the way to the evaluation of mechan-

ical properties at the sub-micrometric scale, allowing a

sharp step forward towards the comprehension of the

relationship between bone micro-nanostructure and

mechanical properties [8, 9]. Nanoindentation tests basi-

cally provide force–depth curves, from which several

mechanical properties can be extracted, such as hardness,

Young’s modulus, plastic and elastic work, etc. [10, 11].

Several studies have been carried out in order to evaluate

the mechanical properties of pristine bone by nanoindentation

focusing on bone type [12, 13], embedding medium [14],

humidity [15], presence of osteoporotic [16], pathological

conditions [17] or additional ions [18]. However, literature

reports relatively few investigations on the mechanical prop-

erties of regenerating bone [3, 19–24]. Furthermore, all the

available studies diverge about the defined setup, including

wetting conditions, dehydration method, embedding material,

implemented load-function, etc., thus making the interpreta-

tion and comparison of results complicated. As the regener-

ation process is inhomogeneous in time and space, it can be

worthwhile to evaluate the variation of nanomechanical

properties of the new growing bone.

In a previously performed in vivo study, a novel method

to induce fixation of different magnetic biomimetic scaf-

folds has been described, simultaneously demonstrating the

positive effect exerted by the synergic combination of

permanent magnets and magnetic scaffolds on bone tissue

regeneration process [25, 26]. Working with the same

samples investigated by Panseri et al. study [25], in the

present study a detailed evaluation of the nanomechanical

properties (elastic modulus and hardness) of magnetically-

regenerated bone is reported, providing new insights on

bone maturity differences induced by the distinct regener-

ative medicine approaches and on the contingent

correlations between mechanical properties of different-

maturity bone tissues.

2 Materials and methods

2.1 In vivo study and bone samples preparation

Three different groups of histological specimens (Fig. 1a–

c) were obtained from a previous preliminary in vivo ani-

mal study [25]. The two magnetic groups under analysis

included two different types of magnetic scaffolds—i.e.

apatite/collagen scaffolds with magnetic nanoparticles

nucleated on the collagen fibers (MAG-A group, [27]) and

apatite/collagen scaffolds impregnated with magnetic

nanoparticles (MAG-B group, [28]). The in vivo study was

performed following European and Italian Law on animal

experimentation, after the approval of the research protocol

by the Ethical Committee of Rizzoli Orthopaedic Institute

and by the responsible public authorities in accordance

with EU regulations. Nine male rabbits (Charles River,

Calco, Lecco, Italy), 2.5 ± 0.3 kg body weight, were

housed singularly at controlled temperature of 22 ± 1 �C

and relative humidity of 55 ± 5 % and fed a standard diet

(Mucedola, Settimo Milanese, Milano, Italy) with filtered

tap water ad libitum. General anaesthesia was induced by

intramuscular injection of 44 mg/kg ketamine (Imalgene

1000, Merial Italia S.p.A, Assago-Milan, Italy) and 3 mg/

kg xylazine (Rompun, Bayer SpA, Milano, Italy) under

assisted ventilation with O2/air (1/0.4 lmin-1) mixture and

2.5 % isofluorane (Forane, Abbot SpA, Campoverde di

Aprilia-Latina, Italy). Cylindrical defects (2.0 mm in

diameter and 12.0 mm in depth) were created bilaterally in

the lateral condyle of the distal femoral epiphysis by using

a drill; then, the defects were widened up to 4.0 mm in

diameter to a depth of 4.0 mm. The defects were flushed

with cold sterile 0.9 % NaCl solution during the surgical

procedure to prevent the risk of bone necrosis. Subse-

quently, a cylindrical NdFeB magnet were implanted in

each defect and, then, magnetic scaffolds were press into

the defects in order to position the materials as showed in

Fig. 1 (left). A set of specimens with the only NdFeB

magnet were used as control group (MAG group). Post-

operatively, antibiotics and analgesics were administered:

0.6 ml/kg flumequil (Flumexil, (FATRO SpA. Ozzano

Emilia-Bologna, Italy) and 0.1 ml/kg/day metamizole

sodium (Farmolisina, Ceva Vetem SpA, Porto Empedocle-

Grosseto, Italy). At 4 weeks after surgery, animals were

pharmacologically euthanized with intravenous adminis-

tration of Tanax (Hoechst, Frankfurt am Main, Germany),

under general anaesthesia. Femoral condyles were excised,
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stripped of soft tissue and the presence of haematomas,

oedema, and inflammatory tissue reactions was macro-

scopically evaluated. Then bone segments were fixed in

paraformaldehyde, dehydrated and finally embedded in

methyl methacrylate resin (PMMA). The obtained histo-

logical sections were thinned and polished up to a thickness

of 10 ± 5 lm with Saphir 550 apparatus (ATM GmbH,

Mammelzen, Germany)—and stained with Toluidine Blue,

Acid Fuchsin and Fast Green for the histomorphometryc

analyses. Onto the same histological sections, nanoinden-

tation analysis was performed. Briefly, the microscope

coverslip was detached to expose bone sample surface that

was slightly abraded with 2500 grit silicon carbide papers

and rinsed with deionized water to completely eliminate

any residuals. A further polishing with velvet paper and

with finer grades of alumina powder (0.05 lm grit) was

performed to provide a flat and smooth surface suitable for

nanoindentation analysis.

2.2 Bone specimen appearance and selection

of the regions of interest (ROIs)

Representative histological sections depicting the condyle

area interested by the regenerative process are reported in

Fig. 1d–i. The red markers help the visualization of suit-

able ROIs for the investigation of nanomechanical prop-

erties of newly-formed immature (I: woven bone in the

original implantation site of the scaffold; square markers),

mature (M: bone showing the onset of lamellae formation,

close to the site of implantation; triangular markers) and

native trabecular (N: bone far from the site of implantation,

already present before the healing experiment, i.e.

Fig. 1 Overview of the three investigated groups: graphical sketch of

the implantation site (a–c) and representative optical images (bright

field) of the histological sections (d–i) of MAG-A (a, d, g), MAG-B

(b, e, h) and MAG (c, f, i). Bottom row images are high magnification

views (94, scale bar 1 mm) of histological sections reported in the

middle row (91.25, scale bar 2 mm). The red markers help the

visualization of suitable ROIs for the investigation of nanomechanical

properties of immature bone (woven bone in the original implantation

site of the scaffold; square marker), mature bone (bone showing the

onset of lamellae formation, close to the site of implantation;

triangular marker) and trabecular native bone (bone far from the site

of implantation, already present before the healing experiment;

circular marker)
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considered not subjected to appreciable remodeling pro-

cess; circular markers) bone for MAG-A (Fig. 1d, g),

MAG-B (Fig. 1e, h) and MAG (Fig. 1f, i) groups, respec-

tively. As evidenced by Fig. 1i and by Ref. [25], no

detectable amount of immature bone was present close to

the magnet in the MAG group, where only new mature

bone could be found at 4 weeks. For ROI selection the

specimens were mounted on the motorized table of a

nanoindentation tester (NHT2, CSM Instruments SA, Pes-

eux, Switzerland) equipped with 59 to 1009 objectives.

Within each histological slice (n = 3 for each investigated

groups), from 3 to 8 ROIs were selected for each bone type

(immature, mature and native), achieving an overall num-

ber of useful indents for slide ranging between 35 and 160,

depending on the amount of bone available for nanoin-

dentation tests. Bone regions located at the border between

mature and native bone or very close to the magnet side,

i.e. not clearly ascribable to one specific bone typology,

have not been considered for analysis in order to avoid the

investigation of likely remodeled native bone. For each

ROI, variable-size two-dimensional matrixes of indents

were set up; the distance among subsequent indents was 20

microns in both x and y directions to avoid any influence of

residual stresses due to adjacent indentations [14].

2.3 Data acquisition

An overall mapping procedure of both contact (known also

as reduced) elastic modulus (ER) and contact hardness (Hc)

was performed using the nanoindentation tester equipped

with a diamond Berkovic tip. Instrument calibration was

performed before nanoindentation tests by measuring

indents of increasing depth in fused quartz with an inden-

tation modulus of 72 GPa. ER and Hc were estimated

according to the method by Oliver and Parr (2004).

The contact elastic modulus was calculated from the

slope of the unloading curve in the region between 40 and

98 % of the maximum load according to:

ER ¼
ffiffiffi

p
p

2

S
ffiffiffiffiffiffi

AC

p ð1Þ

where S is the contact stiffness, calculated from the initial

slope of the unloading curve (dP/dh). The effective

Young’s modulus of an isotropic material can be obtained

from Eq. (1) by knowing the Poisson’s ratio. Since the

properties of bone are largely anisotropic, in this study the

only reduced modulus, rather than effective Young’s

modulus, was reported.

Hc was calculated by:

Hc ¼
Pmax

Ac

ð2Þ

where Pmax and Ac are the maximum applied load and the

contact area, respectively.

In order to limit the viscoelasticity contribution due to

the time dependent behavior of bone, a creep hold of 60 s

has been introduced at peak load [23]. The following

procedure was used for the analyses (Fig. 2a): a linear

loading (loading and unloading rate set at 30 mN/min) for

a maximum load of 10 mN [14]. The control of the thermal

drift was automatically performed by the system between

each indentation. All the data corresponding to unrealistic

low elastic modulus measurements (E \ 4GPa, evidently

ascribable to indents performed on bone-surrounding

PMMA) and to indents performed on or near the edge

between bone and PMMA were considered outliers and

removed from the dataset. Also the data corresponding to

explicitly inadequate contact points were not taken into

analysis.

2.4 Statistical methods

The estimated data were expressed in terms of the mean

and 95 % confidence interval of the mean (n = 3). The

Kolmogorov–Smirnov test was performed to test normality

of the variables. The General Linear Model (GLM) with

Sidak test for multiple comparisons with bone type

(immature, mature and native) and group (MAG-A, MAG-

B and MAG) as fixed effects and condyle and ROI as

random effects was performed to assess the differences

between bone types and/or groups. The latter test was also

used to have a reliable estimate of the mean of the different

subgroups. The Pearson Correlation followed by linear

regression was used to assess correlation and to estimate

the slope between reduced elastic modulus and contact

hardness. Linear regression was used to correlate imma-

ture, mature and native mean data within different groups.

For all tests P \ 0.05 was considered significant. All sta-

tistical analysis was performed using SPSS v.19.0 (IBM

Corp., Armonk, NY, USA).

3 Results

Representative load–penetration depth curves for imma-

ture, mature and native bone are reported in Fig. 2b, from

which it can be observed the larger penetration of the

indenter tip in the softer immature bone compared to the

more mature bone tissue. Reduced elastic modulus (ER)

and contact hardness (Hc) mean values of immature,

mature and native bone of MAG-A, MAG-B and MAG

groups are reported in Table 1. For each group and each

examined condyle, immature bone exhibited lower
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(P \ 0.05) ER and Hc than mature and native bone. The

only exception to this experimental observation was rep-

resented by condyle 2 of group MAG-B, where the hard-

ness of immature, mature and native bone was similar

(P [ 0.05). All the three groups showed instead a different

trend when comparing mature bone with native bone.

Whereas for both MAG-A and MAG, E and Hc were

generally lower (P \ 0.05) for mature bone compared to

native bone (with the only exception being represented by

condyle 2 of MAG-A where mature and native showed

similar hardness H), for what group MAG-B is concerned,

E and Hc of mature bone were higher (P \ 0.05; elastic

Fig. 2 Nanoindentation test

results. Example of

nanoindentation load–

displacement curve from which

the reduced elastic modulus and

contact hardness are extracted

(a). Representative load–

displacement curves relative to

immature, mature and native

bone (b). Indentation elastic

modulus (c) and contact

hardness (d) average data for

immature (I), mature (M) and

native (N) bone of MAG-A,

MAG-B and MAG groups.

Straight lines connect non-

statistically different (P [ 0.05)

values. All the other possible

combinations (both within each

bone type and each group) are

statistically different (P \ 0.05)

Table 1 Reduced elastic

modulus and contact hardness

of immature (I), mature (M) and

native (N) bone of MAG-A,

MAG-B and MAG groups

The number within brackets is

the confidence interval; the

number below each value

represents the number of indents

from which the modulus or

hardness value is calculated.

The values in bold include E or

Hc values among which a not-

significant (P [ 0.05)

difference exists. It follows that

all the other values out of the

dark grey rectangles are

statistically different (P \ 0.05)

within each group and condyle

Condyle Bone type Elastic modulus (GPa) Hardness (MPa)

MAG-A MAG-B MAG MAG-A MAG-B MAG

1 I 8.27 (0.51)

127

7.08 (0.48)

138

N/A 368 (12)

127

395(12)

138

N/A

M 11.35 (0.43)

226

10.80 (0.71)

44

10.35 (0.41)

156

502 (12)

226

535 (20)

44

407 (14)

156

N 12.04 (0.58)

76

9.35 (0.72)

43

12.90 (0.60)

72

546 (15)

76

531 (20)

43

480 (15)

72

2 I 7.16 (0.58)

86

9.32 (0.63)

60

N/A 314 (21)

86

458 (20)

60

N/A

M 9.47 (0.54)

93

11.25 (0.63)

63

9.12 (0.49)

129

368 (15)

93

435 (18)

63

379 (15)

129

N 10.84 (0.54)

107

10.91 (0.61)

67

9.88 (0.56)

91

363 (17)

107

457 (16)

67

479 (16)

91

3 I 6.37 (0.73)

42

11.53 (0.78)

34

292 (24)

42

517 (22)

34

M 9.49 (0.57)

86

14.64 (0.61)

76

413 (17)

86

627 (20)

76

N 14.18 (0.55) 14.74 (0.51) 517 (24) 570 (17)
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modulus in condyle 1 and hardness in condyle 3) or

homogeneous (P [ 0.05; elastic modulus in condyles 2 and

3, hardness in condyles 1 and 2) with E and Hc of native

bone.

Data averaged over the three condyles for each group

have been plotted in Fig. 2c, d. By the comparison of

MAG-A, MAG-B and MAG groups, it resulted that the

elastic modulus (Fig. 2c) and hardness (Fig. 2d) of newly-

formed immature bone in group MAG-B were significantly

higher than elastic modulus (?32.1 %) and hardness

(?29.9 %) of immature bone in group MAG-A (Table 2,

top). In addition, the mechanical properties of newly-

formed mature bone in group MAG-B were also signifi-

cantly higher compared to MAG-A and MAG (?17.2 and

?27.7 % for the elastic modulus, respectively; ?22.1 and

?27.7 % for the hardness, respectively). Very small or not-

significant difference was found among the average

mechanical properties of native bone of the three groups.

By comparing different bone tissue types, i.e. immature,

mature and native, a similar trend to that found for the

distinct condyles, was observed for both the elastic mod-

ulus and hardness (Table 2, bottom). More specifically, it

was found that in MAG-B group the mechanical properties

of mature bone were homogenous (P [ 0.05, elastic

modulus) or higher (?5.1 %, P \ 0.05, hardness) than the

mechanical properties of native bone. On the contrary,

elastic modulus and hardness of mature bone for both the

MAG-A and MAG groups were still far from those of

native bone (-14.0 and -18.0 % respectively, P \ 0.05).

Analogous considerations could be made relatively to the

mechanical gap between immature and native bone as well

as between immature and mature bone.

The correlation between elastic modulus and hardness of

the pooled data and of distinct MAG-A, MAG-B and MAG

groups has been reported in Fig. 3a. The correlation

between E and Hc of pooled data was fairly good described

by a linear regression model (R2 = 0.64, P \ 0.0005,

s = 0.017 ± 0.001 and i = 3.18 ± 0.40). The analysis of

the specific linear regressions of MAG-A, MAG-B and

MAG revealed similar linear regressions, with R2 ranging

from 0.57 to 0.76 (P \ 0.0005), and slope (s) and intercept

(i) values coincident with that of pooled data (s =

0.017 ± 0.001 and i = 2.78 ± 0.28 for MAG-A; s = 0.016 ±

0.01 and i = 3.04 ± 0.57 for MAG-B; s = 0.016 ± 0.001 and

i = 3.18 ± 0.24 for MAG).

In Fig. 3b–e, the correlation plots between the

mechanical properties of immature, mature and native bone

for the three investigated groups have been reported. From

Fig. 3b it appears that almost no correlation existed

between the elastic modulus of newly-formed immature or

mature bone and native bone. The same consideration can

be made for what the hardness is concerned (Fig. 3c). On

the contrary, a fairly good linear regression was found

between the mechanical properties of immature bone and

the mature bone, stronger for the elastic modulus

(R2 = 0.89, Fig. 3d), weaker for the hardness (R2 = 0.69,

Fig. 3e).

4 Discussion

This work, exploiting the nanoindentation capacity of

performing acquisition at nanoscale, revealed new insights

about the nanomechanical properties (i.e. elastic modulus

and hardness) of different-maturity bone tissue (newly-

formed immature, newly-formed mature bone and native

trabecular bone) after 4 weeks from the implantation of

novel magnetic biomimetic scaffolds placed in contact with

permanent magnets.

First, the effect of different regenerative approaches on

bone mechanical properties has been investigated. The

results reported in this work indicated that the mechanical

properties of newly-formed bone at 4 weeks from

implantation were closer to the mechanical properties of

Table 2 Mechanical gap (expressed as percentage) between reduced elastic modulus or contact hardness of immature, mature and native bone

with respect to the group (top) and bone type (bottom)

Group Elastic modulus (GPa) Hardness (MPa)

I (%) M (%) N (%) I (%) M (%) N (%)

MAG-A ? MAG ?9.0 ?3.7 7.2 ?2.2*

MAG-A ? MAG ?27.7 -1.4* ?27.7 ?7.7

MAG-A ? MAG ?32.1 ?17.2 -5.1 ?29.9 ?22.1 ?5.6

Bone type MAG-A (%) MAG-B (%) MAG-C (%) MAG-A (%) MAG-B (%) MAG-C (%)

I ? M -32.5 -24.0 -24.8 -16.4

I ? N -41.9 -19.2 -34.7 -12.1

M ? N -14.0 ?6.2* -18.0 -13.2 ?5.1 -17.7

Within ‘‘group’’ or ‘‘bone type’’ sub-groups, all the values but the value marked by * are statistically significant (P \ 0.05)
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the native bone for the MAG-B group compared to MAG-

A group and MAG group. Hence, the regeneration method

adopted as in MAG-B group, provided a more mature bone

tissue than MAG-A or MAG at the considered healing

time. Theoretically, at the end of the healing process, i.e.

when the growth of new bone can be considered success-

fully concluded, regenerated bone tissue achieves a level of

maturity comparable with that of native bone. It follows

that regenerated and native bone from that moment on will

exhibit uniform mechanical properties. In the light of this

consideration, the mechanical properties of native bone

may be considered as the final goal for the dynamic evo-

lution of the mechanical properties of the growing bone

during the healing process of bone maturity. Thus, it may

be noteworthy to express the level of maturity of the new

bone tissue in terms of ‘‘mechanical gap’’ the newly-

Fig. 3 Correlation graph

between indentation elastic

modulus and contact hardness

data of distinct MAG-A, MAG-

B, MAG groups and of pooled

data (a). Straight lines represent

linear regression of the MAG-A,

MAG-B and MAG groups,

whereas the dotted line

represents the linear regression

of the pooled data. Correlation

graphs between indentation

elastic modulus (b) or contact

hardness (c) values of newly-

formed immature or mature

bone and native bone of MAG-

A, MAG-B and MAG groups.

Correlation between elastic

modulus (d) or contact hardness

(e) of immature and mature

bone of MAG-A, MAG-B and

MAG groups
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formed and the native bone. In general, the osseointegra-

tion ability of the implant and thus the success of an

implantation procedure are strictly related to the amount of

new bone tissue generated and to its mechanical properties

[29]. The previously conducted histomorphometric evalu-

ations by Panseri et al. [25] revealed a significantly higher

resorption rate for MAG-A than for MAG-B scaffold; in

turn this was associated to faster growth of the bone tissue

inside the scaffold, leading to higher BV/TV values for

MAG-A compared to MAG-B. The authors’ explanation

referred to a different magnetic nanoparticles distribution

due to the different scaffold synthesis procedure: more

homogenous and tidy for MAG-A compared to MAG-B, an

event allowing an easier cellular colonization of MAG-A

scaffolds compared to MAG-B scaffolds. The results

reported in this study were apparently in contraposition

with the histomorphometric outcomes. Actually, no real

contrast existed, as a direct relation between bone volume

extent and bone maturity level has not been still verified:

the assumption that higher BT/VT values correspond to

higher mechanical properties has not been demonstrated so

far. Matching together results from previous histomor-

phometric analyses and nanoindentation results of this

work, it can be stated that after 4 weeks from implantation

MAG-A group provided faster bone regeneration, but the

mechanical properties (i.e. bone maturity) of the newly-

formed bone were still far from that of the native bone

(ultimate goal). On the contrary, MAG-B group provided

generally lower amount of regenerated bone, but the latter

exhibited mechanical properties significantly closer or even

similar to that of native bone indicating a higher level of

bone maturity provided by group MAG-B compared to

MAG-A. Magnetic scaffolds have been already demon-

strated to promote osteoblast cells proliferation and activity

in vitro and bone growth in vivo [30]. Thus, a possible

explanation for the better mechanical properties of bone

regenerated in group MAG-B compared MAG-A may

resides again in the different distribution of the magnetic

nanoparticles inside the scaffold, that led to incongruous

gradients of magnetic moment and thus to distinct effects

on cell activity. Clearly, from the regeneration process

point of view, results at longer healing times (presently

under investigation) are needed to fully establish the higher

validity of one regeneration method over the other.

After the evaluation of the effects of different scaffold

synthesis on bone regeneration, contingent correlations

between reduced elastic modulus and contact hardness

values as well as among the mechanical properties of

immature, mature and native bone tissue have been

investigated. The obtained values of ER and Hc of newly-

formed bone tissue were found to be in a fairly-good

agreement with previous studies [3, 19–22] despite sub-

stantial differences in the experimental setups. In

particular, the work by Arrigoni et al. [20] represents the

only available attempt to evaluate the nanomechanical

properties of regenerated bone after the implantation of

hydroxyapatite scaffolds in rabbit models. The reported

values of the mechanical properties of regenerated bone

reported in that study after 8 weeks from scaffold

implantation were slightly larger than the values reported

in our work, but a good agreement with our results could be

evoked if taking into account the significant deviations

between the two experimental setups (bone implantation

area, scaffold composition, applied load).

The results reported in the present work showed also

that reduced elastic modulus was linearly correlated with

the contact hardness, as previously reported [31–33].

Interestingly, no analyses have been carried out up to now

demonstrating that a linear correlation model could well

describe also the relationship between ER and Hc in newly-

formed bone at different degrees of maturity, as reported

here. Notably, very poor correlation was found between

newly-formed immature and mature bone; this fact should

be remarked: in the case of positive correlation between ER

or Hc of new bone and ER or Hc of native bone, it could be

inferred that the mechanical properties of regenerating

bone were not independent from the mechanical properties

of the native bone. In this event, the analysis of the bare

effect of the scaffold/magnet on the overall regeneration

process could be tangled by the mechanical context of

native bone before implantation. On the contrary, that fact

that ER or Hc of immature and mature bone were fairly

good correlated, suggested that the effect of the different

scaffold magnetization influenced not only the regeneration

of bone strictly in contact with the scaffold (immature

bone) but also the new bone far from the site of implan-

tation (mature bone).

5 Conclusions

The results presented in this study showed the importance

for regenerative medicine in characterizing at nanoscale the

mechanical properties of bone tissue, thus to obtain

important details over bone maturation process not directly

accessible through conventional analysis methods. In this

specific study we were able to highlight the bone regen-

erative potential related to different magnetic scaffolds: in

particular, by the combined analysis of histomorphometric

and nanoindentation data, we found that scaffolds with

different magnetic moment distribution implanted for

4 weeks in the condyle of rabbits led to different bone

tissue growth, in terms of bone maturity and volume.

Finally we demonstrated the existence of correlation

between the elastic modulus and the hardness also for

different-maturity newly-formed bone tissue.
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