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ABSTRACT
The spatial distribution of mineralization density is an important signature of bone growth and remodeling processes, and its alter-
ations are often related to disease. The extracellular matrix of some vertebrate mineralized tissues is known to be perfused by a lacu-
nocanalicular network (LCN), a fluid-filled unmineralized structure that harbors osteocytes and their fine processes and transports
extracellular fluid and its constituents. The current report provides evidence for structural and compositional heterogeneity at an
even smaller, subcanalicular scale. The work reveals an extensive unmineralized three-dimensional (3D) network of nanochannels
(�30 nm in diameter) penetrating the mineralized extracellular matrix of human femoral cortical bone and encompassing a greater
volume fraction and surface area than these same parameters of the canaliculi comprising the LCN. The present study combines high-
resolution focused ion beam-scanning electronmicroscopy (FIB-SEM) to investigate bone ultrastructure in 3Dwith quantitative back-
scattered electron imaging (qBEI) to estimate local bone mineral content. The presence of nanochannels has been found to impact
qBEI measurements fundamentally, such that volume percentage (vol%) of nanochannels correlates inversely with weight percent-
age (wt%) of calcium. This mathematical relationship between nanochannel vol% and calcium wt% suggests that the nanochannels
could potentially provide space for ion and small molecule transport throughout the bone matrix. Collectively, these data propose a
reinterpretation of qBEI measurements, accounting for nanochannel presence in human bone tissue in addition to collagen andmin-
eral. Further, the results yield insight into bone mineralization processes at the nanometer scale and present the possibility for a
potential role of the nanochannel system in permitting ion and small molecule diffusion throughout the extracellular matrix. Such
a possible function could thereby lead to the sequestration or occlusion of the ions and small molecules within the extracellular
matrix. © 2022 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society
for Bone and Mineral Research (ASBMR).
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Introduction

Human cortical bone may be considered as a nanofibrous
composite with a complex hierarchical structure that is

principally comprised of protein (mainly type I collagen), mineral
(hydroxyapatite), and water.(1-3) The mineral content varies in
bone as a result of two processes, mineralization and remodel-
ing.(3,4) These two dynamic processes are effectively

orchestrated by bone cells, in particular osteocytes, through
mechanosensing(5) that allows bone to adapt to different biolog-
ical and mechanical demands. Further, human bone is a major
reservoir for mineral as it contains more than 90% of the calcium
in the human body.(6) A lacunocanalicular network (LCN), a sys-
tem that hosts osteocytes and their cytoplasmic processes and
consists of osteocyte lacunae interconnected by nanometer-
sized channels (canaliculi), is well known for its essential role in
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facilitating mechanotransduction,(7,8) mineral homeostasis
through perilacunar/canalicular remodeling,(9) and fluid and sol-
ute transport.(5,10) These characteristics of the LCN have been
deduced in part from numerous electron microscopic, X-ray
nanotomographic and confocal laser scanning microscopic, as
well as other imaging techniques.(11-14)

Recent advances in three-dimensional (3D) imaging of biomi-
neralized tissues have enabled visualization of fine ultrastruc-
tural features in mineralizing turkey leg tendon,(15,16) mouse
bone and calcified cartilage,(17) and human bone(18,19) beyond
the �100 nm length scales of the LCN. 3D focused ion beam-
scanning electron microscopy (FIB-SEM) studies in turkey leg
tendon and mouse bone and cartilage have described the exis-
tence of a subcanalicular or nanochannel network that is much
more extensive than the LCN and may provide additional and
complementary pathways for mineral ion and/or mineral precur-
sor transport.(15,17) The presence of such a nanochannel network
within the extracellular matrix of themineralized tissuemay have
implications in mineral homeostasis. The LCN volume and sur-
face area have implications for bone mineralization as they pro-
vide extracellular matrix access to ions and small molecules.(20)

3D imaging of the bone LCN using synchrotron radiation
phase-contrast nano-CT(21,22) and confocal microscopy(23) has
revealed that 50% of the mineralized tissue in the human skele-
ton is located within �1.5 μm of the closest LCN boundary and
80% within 2 to 3 μm. Further, a recent FIB-SEM examination of
forming human bone suggests co-diffusion of mineralization
precursors, promotors, and inhibitors from the LCN to the bone
matrix,(24) an observation highlighting the role of the LCN in sup-
porting and achieving mineral homeostasis. Given the recent
discovery of nanochannels in avian tendon(15) and murine bone
and calcified cartilage(17) mentioned above, the current study
has examined human cortical bone ultrastructure to identify
the possible presence of nanochannels in this tissue and, in par-
ticular, their structural or architectural properties such as volume
fraction and surface area in comparison to those of the LCN.

In a related context, bone tissue is known to be heteroge-
neous in mineral content (mass/density and location/distribu-
tion) across its structural hierarchy,(25,26) a feature that
principally results from bone turnover and the mineralization
kinetics of the tissue.(27,28) One of the most well established
and readily available methods for characterizing bone mineral
heterogeneity at a microscopic level is quantitative backscat-
tered electron imaging (qBEI), a technique first proposed and
applied by Boyde and colleagues(29) and elaborated by Roschger
and colleagues.(30) qBEI relies on the principle that the signal
intensity/gray level under backscattered electron imaging (that
is, the number of backscattered electrons) is linearly proportional
to the local average atomic number, Z, of the specimen within
the tissue volume probed by the electron beam. As such, regions
of high average atomic number/high mineral content appear
brighter (higher gray level) than regions of low atomic number/
low mineral content (lower gray level). To date, qBEI has been
widely used to study not only healthy human bone but also bone
abnormalities obtained from clinical biopsies where both overt
and subtle changes in mineralization were detected in these
highly diverse bone tissue samples.(27)

The spatial resolution of qBEI is limited by the interaction vol-
ume between the primary electron beam and the specimen
under analysis. According to the widely accepted protocol devel-
oped by Roschger and colleagues,(30) qBEI measurement is esti-
mated to take into account a surface layer of a bone specimen
that is �0.5 to 1.5 μm in thickness, a value suggesting that any

bone structural feature less than 0.5 μm (for example, small can-
aliculi or nanochannels) cannot be differentiated by this method.
Stated in other words, such a value implies conceptually that
qBEI becomes insensitive to changes in mineralization (mineral
heterogeneity) at a scale <0.5 μm. These nanoscale alterations
in mineral content have been studied recently through high-
resolution imaging techniques, such as X-ray phase nanotomo-
graphy(21) and FIB-SEM,(24) where significant changes in mineral
content in the close vicinity (within a micrometer or so) of bone
LCN boundaries have been reported. On the other hand, while
the sensitivity of qBEI to scale has been calculated by Roschger
and colleagues,(30) that level of spatial resolution remains hypo-
thetical as just noted. Under this circumstance, the study here
has also investigated whether and how a qBEI measurement
might be impacted by the presence of nanochannels in human
femoral cortical bone.

A recent work examining the contribution of the pericanalicular
matrix to the mineral content in human cortical bone reported a
positive correlation between LCN density and local calcium con-
centration in this tissue.(31) The calcium content increased with
LCN density, an observation that contradicted the model in which
bonematrix is viewed as a homogeneousmineralizedmaterial and
traversed by only the LCN.(31) In this regard, the study suggested
that the positive correlation observed was attributable to an active
role of the LCN in mineral exchange with the surrounding perica-
nalicular matrix in which increased calcium content localized in
the pericanalicular matrix overcompensated the porosity effect
of the LCN.(31) In similar fashion to determine whether and how
nanochannels may be associated with the mineral content in
human cortical bone, the present work has quantified and corre-
lated nanochannel volumewith respect to local bonemineral con-
tent through FIB-SEM and qBEI data, respectively.

To examine the potential existence of nanochannels in human
bone and investigate their putative role in mineralization as
described above, healthy and undecalcified human femoral corti-
cal bone was studied here by both FIB-SEM and qBEI to correlate
the bone ultrastructure and bone calcium content. FIB-SEM in serial
surface view mode was used to interrogate the bone subcanalicu-
lar structurewith nanometer resolution in 3D and in tissue volumes
exceeding tens of micrometers. By combining the FIB-SEM obser-
vations with qBEI measurements within the same tissue volume,
subcanalicular nanochannels in human cortical bone were identi-
fied for the first time, and their porosities were found to have a sig-
nificant impact on the calcium content of this tissue. These two
parameters were determined to be inversely correlated, unlike
their direct correlation reported in the LCN comprising human cor-
tical bone.(31) The work presented here provides clear evidence of
mineral heterogeneity at the nanometer scale of human cortical
bone tissue and demonstrates importantly that qBEI measure-
ments of bone calcium content should be based on a three-phase,
rather than a two-phase, bone system that accounts for the pres-
ence of nanochannels in addition to collagen and hydroxyapatite.
These data also suggest that the nanochannel networkmay be the
remnant space between mineral ellipsoids during tissue minerali-
zation in contrast to the LCN in its proposed role in facilitating
and maintaining mineral homeostasis.

Materials and Methods

Specimen preparation

Human femoral cortical bone from autopsy samples (a few cen-
timeters thick and wide) from the femoral midshaft of two male
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donors (65 and 72 years old) without any known bone disease
were investigated. The samples were obtained from the Unit of
Forensic Gerontology, Center of Forensic Science and the Center
for Anatomy and Cell Biology, Department of Anatomy at the
Medical University of Vienna. This study was approved by the
Ethics Commission of the Medical University of Vienna (EK no.
1757/2013).

All bone tissues were kept frozen at �20�C until specimen
preparation. After thawing, the tissues were fixed in a formalin/
ethanol (1:2) mixture for 72 hours, followed by dehydration in a
graded ethanol series (80%, 96%, and 100%; 24 hours for each
step except for 48 hours for 100% ethanol). The samples were
next treated in a series of ethanol/acetone immersions: ace-
tone/ethanol (1:1) for 24 hours, 100% acetone alone for
24 hours, acetone/ethanol (1:1) for 24 hours, and 100% ethanol
alone for 48 hours. Finally, the samples were embedded in
PMMA (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and
trimmed with a water-cooled low-speed diamond saw
(Buehler Isomet 1000, Buehler Ltd., Lake Bluff, IL, USA). The
embedded samples were ground with a series of carbide
grinding papers to expose the transverse sections of the
human femoral cortical bone and then polished with a dia-
mond suspension of 3 μm followed by 1 μm (Logitech PM5,
Logitech Ltd., Glasgow, UK). To facilitate backscattered elec-
tron imaging, the polished samples were coated with carbon
using an Agar carbon-coater (Agar Scientific Ltd., Essex, UK)
to provide conducting surfaces during analyses.(30,32) Since
the carbon thickness was variable from sample to sample, a
carbon-coating correction was performed as described by
Hartmann and colleagues(33) to minimize the coating effect
on qBEI measurements.

Quantitative backscattered electron imaging

qBEI images were captured with a scanning electron micro-
scope (SEM) equipped with a zirconium-coated Schottky field
emission cathode (Zeiss SEM SUPRA 40; Carl Zeiss Microscopy,
Oberkochen, Germany). The microscope was operated at
20 kV, the probe current was 300 � 20 pA, and the working
distance was 10 mm. Each image captured during measure-
ment consisted of 1024 � 768 pixels with a pixel resolution
of 1.76 μm/pixel for overview images or 0.5 μm/pixel for spe-
cific regions of interests (ROIs) as shown in Fig. 1A, B, for exam-
ple. The image depth was 8-bit (gray level [GL] ranging from
0 to 255).

The principle of qBEI is that the backscattered electron yield is
dependent on the (mean) local atomic number, Z, of the sample.
For low values of Z, this relation is approximately linear. Thus, a
calibration of the SEMwith standards of known composition pro-
vides a quantitative relation between the measured GL and a
local density of the sample. In the current study, before each
measurement, the SEM signal was calibrated with carbon and
aluminum standards of high purity.(33) Under the assumption
that bone is a two-phase composite of collagen and varying frac-
tions of stoichiometric hydroxyapatite (HA), a measured GL was
related to a mineral density in wt% Ca(30) as

wt%Ca¼ 0:1733�GL�4:332: ð1Þ

It should be noted that the relation between wt% Ca and GL
as shown above is valid only for a pixel resolution of 0.5 μm/
pixel or lower because, under higher magnifications, in addition
to the pure material contrast (Z-contrast), additional contrast

may be present, resulting from different crystallographic orien-
tations or orientation of bone lamellae, for example. In this
instance, quantitative comparisons between wt% Ca and GL
are strictly valid only for the same magnification settings of
the instrument.

Focused ion beam-scanning electron microscopy

Ten ROIs without lacunae, canaliculi, or Haversian canals as
observed under qBEI were further examined with FIB-SEM in
serial surface imaging mode with a Zeiss crossbeam 540 (Carl
Zeiss Microscopy). Carbon-coated specimens were oriented
inside the FIB-SEM chamber so that the milling direction was
approximately parallel to the bone lamellae and orthogonal to
the major axis of the osteons comprising the samples (Fig. 1C,
D). A coarse rectangular section was first milled with a 30 nA
gallium beam at 30 kV acceleration voltage to provide a view-
ing channel for SEM observation (Fig. 1C, for example). The
exposed surface of the rectangular section was fine-polished
by lowering the ion beam current to 1.5 nA. Subsequently, the
fine-polished block was serially milled by scanning the ion
beam parallel to the surface of the cutting plane using an ion
beam of 100 pA at 30 kV. After removal of each tissue slice,
the freshly exposed surface was imaged at 1.6 kV acceleration
voltage and 600 pA using both secondary electron (SE) and
Inlens energy selective backscattered (EsB) detectors (EsB grid
of 840–940 V). The slice thickness was roughly equivalent to
the lateral resolution of 2D images, ranging from 5 to 7 nm
(Fig. 1E). In a fully automated procedure, the milling was com-
bined with SEM imaging in sequence (imaging, then section-
ing and reimaging) to collect hundreds of serial images
(Fig. 1E). Serial images were aligned (image registration) and
then curtaining effects were reduced and background noise
was removed with in-house python scripts in Anaconda
(Anaconda Inc., Austin, TX, USA), following the procedure as
described by Spehner and colleagues,(34) and Dragonfly
(v 4.1; Object Research System Inc., Montreal, Canada). The
resulting stacks of images were then segmented according
to their structural features and the segmented structural com-
ponents were visualized in 3D using surface rendering in
Amira-Avizo (v 2020.1; Thermo Fisher Scientific and Zuse Insti-
tute, Berlin, Germany).

Analysis of the FIB-SEM images

To segment the nanochannels in 3D, a localized thresholding
algorithm, Phansalkar,(35) was applied to the serial FIB-SEM
images. The Phansalkar algorithm is known to allow separation
of background and foreground, particularly in low-contrast
grayscale images, and it is based on a combination of the local
mean, local standard deviation, and parameters to constrain
the calculation in certain conditions.(35) The segmented nano-
channels were converted into stacks of binary images where
the nanochannels appeared as black against a white back-
ground. These binary images were then processed in Dragonfly
v 4.1 and an in-house python script in Anaconda (Anaconda
Inc.) to filter out the extremely short/non-connected nanochan-
nel segments that resulted from imaging background noise or
the appearance of characteristic periodic banding from the col-
lagen fibrils present in the samples. Finally, these images were
superimposed over the original FIB-SEM images for manual
inspection for the accuracy of nanochannel segmentation
(Supplemental Movie S1).
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Fig. 1. Examination of human cortical bone using quantitative backscattered electron imaging (qBEI) and focused ion beam-scanning electron
microscopy (FIB-SEM). (A) qBEI image of a representative tissue section obtained from the transverse plane of the femoral cortical bone of a
65-year-old male. Individual osteons comprise the tissue and are marked by a large central pore (black) representing the location of a Haversian
canal, numbers of bone lamellae (light and dark gray), and small, dark pits that are osteocyte lacunae within the lamellae. The white-dashed rect-
angle denotes a region examined more closely with FIB-SEM. (B) The enlarged qBEI image corresponding to the white-dashed rectangle in (A).
The red-shaded rectangle represents the region of interest (ROI) analyzed under FIB-SEM, and it traverses several layers of lamellae and cement lines
associated with one or more osteons. There are a few osteocyte lacunae in the image, a microcrack and the periphery of a Haversian canal. (C) A SEM
image of the sample surface showing a coarse trench milled by FIB (green-dashed rectangle) to reveal the ROI, which is then subjected to volume
imaging under FIB-SEM. The red-shaded rectangle corresponds to the ROI in (B). A coarse trench is milled initially with a large ion beam current and a
fine trench at the edge of the coarse trench is milled subsequently with a smaller current. The milling direction is indicated by an arrow in the figure.
(D) A schematic diagram of the setup for FIB-SEM in serial surface imaging mode. The sample surface is positioned normal to the FIB (blue beam) and
the milling direction is parallel to the bone lamellae and orthogonal to the major axis of the osteons. A milled trench is illustrated as a white region of
the tissue. After each FIB milling, the newly revealed face of the trench is imaged by SEM (red beam), and this procedure of FIB milling followed by
SEM imaging is performed in an iterative fashion to produce a stack of serial micrographs. (E) Illustration of serial images obtained by FIB-SEM. The
red-dashed rectangles delineate the ROI in four imaging planes (blue frames) within the full ROI volume (red shading) for FIB-SEM analysis. The slice
thickness between each serial image is �5 nm.
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Fig. 2. Nanochannels in human femoral cortical bone revealed by focused ion beam-scanning electron microscopy (FIB-SEM). (A) Secondary electron (SE) and
Inlens energy selective backscattered (EsB) images from a representative FIB-SEM volume showing the cement line (CL, red-dashed lines) and numerous dark
pore-like features (arrowheads) in the lamellar bone. Notably, the CL has very few dark pore structures and there is no significant variation in the EsB gray level
distribution across the CL and lamellar bone. The blue frames denote the imaging plane in FIB-SEM. (B) Perspective rendering of the three orthogonal planes of
FIB-SEM imaging from the same volume of (A) and a reference plane (red/transparent specimen surface). Fine, dark pores are shown in the blue-framed imaging
plane (white arrows). These pores correspond to the dark channel features in the other two orthogonal planes (white arrowheads). The CL (red-dashed lines)
contains limited numbers of dark channels. (C) 3D surface rendering corresponding to (A) and (B) of the extracellular matrix network of bone intersecting with
the FIB-SEM imaging plane (blue frame) in the background. Numerous nanochannels are shown in cyan and disposed at various angles to the imaging plane.
The transverse profiles of these nanochannels are the dark pore features observed in (A) and (B). The cement line corresponding to the CL in (A) and (B) is out-
lined by red dashes. A small region of selected nanochannels from the 3D rendering of (C) intersecting with a portion of the FIB-SEM background image (blue
frame) is enlarged and shows that the nanochannels are highly interconnected and predominantly oriented at a large angle to the FIB-SEM imaging plane.
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Results

Morphology of nanochannels in human femoral
cortical bone

FIB-SEM volume imaging with a 5 nm voxel size was used to
examine human femoral cortical bone tissue volumes (n = 10;
volume size range 61–138 μm3; image width 15–30 μm; image
height�5–10 μm; depth�3–8 μm) and revealed fine nanochan-
nel structures penetrating the lamellar bone of all specimens
(Fig. 2 and Supplemental Movie S2). These nanochannels
appeared as dark pores when the imaging plane was perpendic-
ular and across the layers of lamellae (Fig. 2A), and they were
elongated in the form of narrow passages in the direction paral-
lel to the lamellae in the other two orthogonal planes (Fig. 2B).
The term, nanochannels, is used throughout this article to
describe the nanochannel-like unmineralized spaces.

The nanochannels had an average diameter of �30 nm,
almost 10 times smaller than that of canaliculi reported in human
bone.(11,21,36) The volume of the nanochannels within the lamel-
lar bone varied from 6% to 13% for each of the 10 ROIs and aver-
aged �10% for all ROIs, a value five times higher than that of
canaliculi found in human bone.(11,21,36) As shown in a represen-
tative 3D rendering of the nanochannels (Fig. 2C and Supple-
mental Movie S2), they interconnected to form a dense
network where some individual nanochannels could be micro-
meters in length. By skeletonization of the segmented nano-
channels using the scikit-image library,(37) the total cumulative
length of nanochannels/unit volume of bone was estimated to
range from 31 to 108 μm/μm3 with an average value of 70 μm/
μm3. Assuming the total volume of bone in an average adult
White skeleton is 1.75 � 1015 μm3,(38) the total cumulative
length of all nanochannels in the human skeleton may be calcu-
lated as�1.23 � 108 km, three orders of magnitude longer than
the reported values of human bone canaliculi.(36) On multiplying
the total cumulative length of nanochannels by the cross-
sectional perimeter of a nanochannel based on the diameter
estimated above, the total surface area of the human nanochan-
nel network is thus approximately 1.16 � 104 m2, two orders of
magnitude larger than the calculated value of human bone can-
aliculi.(36) A comparison between the derived parameters of the
nanochannels and their reported measurements of the LCN in
human bone is shown in Table 1.

Another notable observation is the number/unit area of the
nanochannels and their distribution, which were found to be dif-
ferent in lamellar bone compared with the cement line (CL) of
the specimens (Fig. 2). The CL had apparently fewer nanochan-
nels/unit area compared with the same parameter analyzed in
the neighboring lamellar bone (Fig. 2). Further, the backscattered
electron imaging gray level of the fully mineralized regions
(excluding the nanochannels) of the CL and lamellar bone did
not show significant variation (Fig. 2A, EsB).

Relationship between nanochannel volume and calcium
content

qBEI with a pixel size of 0.5 μm was performed on all 10 ROIs
where FIB-SEM was conducted (Fig. 3A). To exclude the effects
from porosities other than those of nanochannels, the tissue vol-
umes from bone osteoid, Haversian canals, and lacunae, as well
as canaliculi, were not considered in the analyses. A representa-
tive qBEI image is shown in Fig. 3B, where the red-shaded rectan-
gle indicates the ROI. In this case, the ROI spanned two cement

lines and multiple layers of lamellae with brighter backscattered
signals (gray level) in the CL regions (white arrowheads) com-
pared with the signals from lamellae. The calcium content (wt
% Ca) for each pixel was calculated using eq. (1) (presented in
Materials and Methods) based on the individual gray level inten-
sity, and a plot profile of the ROI was subsequently obtained of
average pixel intensity (y axis) versus distance across the ROI
(x axis) (Fig. 3B, plot). It is clear that the cement lines are hypermi-
neralized compared with the adjacent lamellar bone with a peak
calcium content of �28.2 wt% (Fig. 3B, plot), a value in agree-
ment with that reported for older human bone.(40) After qBEI
measurement, the volume corresponding to the ROI (red-shaded
rectangle) was further analyzed using FIB-SEM, as demonstrated
in Fig. 3C. To match the imaging resolution of qBEI (both spatial
resolution and electron-sample interaction volume), the upper-
most 500 nm layer of the acquired FIB-SEM volume was equally
divided into smaller subvolumes, each with a width and depth
of 500 nm (Fig. 3C). Within each subvolume, the nanochannels
were segmented and their volume percentage (vol%) was subse-
quently calculated. As illustrated in the plot of Fig. 3C, the nano-
channel volume (vol% nanochannels) varied between the
subvolumes. Notably, there were far fewer nanochannels in the
CL regions. Inverting the y axis of the vol% nanochannels plot
provided a direct means of comparison between the changes
in wt% Ca and vol% nanochannels across the ROI (Fig. 3D). In
general, the wt% Ca has an inverse correlation with vol% of
nanochannels. The dependency of wt% Ca on vol% nanochan-
nels across all 10 ROIs may be found in Supplemental Fig. S1.
The 10 ROIs (four from the 72-year-old male and six from the
65-year-old male) displayed a variability with no indications that
inter-individual is larger than intra-individual variability. In a
related context, each of the 10 ROIs also represents sampling
from both osteonal and interstitial bone. In this instance, there
is variability in wt% Ca between these two microstructural com-
partments as shown in (D) as one particular example in Fig. 3.

Fig. 4A represents each value of thewt% Ca obtained fromqBEI
measurements and the corresponding value of the vol% nano-
channels found from FIB-SEM for every ROI analyzed in this study.
Because the extracellular matrix of the CL is incompletely under-
stood in terms of its composition, where it likely contains a consid-
erable content of organic molecules in addition to type I collagen,
the data points measured from the CL were excluded in Fig. 4A.
Nonetheless, it is evident that the nanochannel volume is
inversely correlated with the calcium content in the human femo-
ral cortical bone—when the vol% nanochannels increases, the wt
% Ca decreases (Fig. 4A). This inverse correlation was consistent
across all 10 ROIs (Supplemental Fig. S2). As shown in Fig. 4A, there

Table 1. Comparison between Lacunocanalicular Network and
Nanochannel Parameters in Human Bonea

Parameters Lacunocanaliculi Nanochannels

Diameter of a channel
(nm)

360–380 (21,39) 30

Volume fraction 2.05% (36) 10%
Total volume (cm3) 35.8 (36) 175
Length density (μm/μm3) 0.074 (23) 70
Total cumulative length
(km)

1.75 � 105 (36) 1.23 � 108

Total surface area (m2) 2.15 � 102 (36) 1.16 � 104

aNote that the parameters of nanochannels are limited to human fem-
oral cortical bone.

Journal of Bone and Mineral Researchn 318 TANG ET AL.

 15234681, 2023, 2, D
ow

nloaded from
 https://asbm

r.onlinelibrary.w
iley.com

/doi/10.1002/jbm
r.4753 by M

ax-Planck-Institut Für K
olloi, W

iley O
nline L

ibrary on [14/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Fig. 3. Quantitative backscattered electronmicroscopy images from10 different bone regions (A) and relationship betweenwt%Ca and vol%nanochannels
in human femoral cortical bone (B–D). (A) The white-dashed rectangle in each panel indicates the region of interest (ROI) further analyzed with focused ion
beam-scanning electron microscopy (FIB-SEM) imaging. (a–d) and (e–j) are ROIs from a 72-year-old male and a 65-year-old male femoral cortical bone spec-
imen, respectively. Haversian canals, osteons, and other structural features evident in the panels are as defined in Fig. 1A. (B) A quantitative backscattered
electron imaging (qBEI) image of a transverse section (g) from the femoral cortical bone of a 65-year-old male overlaid by a plot of the changes in wt%
Ca across layers of lamellae and cement lines of the tissue. The red-shaded rectangle (25 μm in length, 5 μm inwidth) of the qBEI image represents the region
for qBEI and FIB-SEM analyses. The narrow, irregular cement lines (arrowheads) can be identified by the higher gray value of the qBEI image. The plot shows
that the wt% Ca varies from the left to right of the red-shaded rectangle (0–25 μm)with highest values overlapping the cement line (CL) regions. Red dashes

(Figure legend continues on next page.)
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is also a significant scatter in the data plot, a result most likely
attributable to the inherent heterogeneity of collagen fibril miner-
alization (that is, different degrees of mineralization of the fibrils,
themselves). Additional measurements from the CL regions are
shown in Supplemental Fig. S3 for reference.

Since the nanochannels may make a distinct contribution to
the calcium content measurement with qBEI, bone at the mate-
rial level is thus assumed to be comprised of three phases, type
I collagen (Col), hydroxyapatite (HA), and nanochannels (NC). In
other words: VHAþVColþVNC ¼ 1, where Vi represents the vol-
ume fraction of material i. Since the weight fraction of calcium
in hydroxyapatite is 0.4, calculated from its chemical formula
(Ca10(PO4)6OH2), the wt% Ca of a three-phase bone system is:

wt%Ca¼ 0:4VHA ρHA
VHA ρHAþVCol ρColþVNC ρNC

¼ 0:4 k ρHA
k ρHAþρColþVNC 1þkð ÞρNC

, ð2Þ

where ρi denotes the mass density of material i, and k is the vol-
ume fraction ratio between hydroxyapatite and type I collagen

(k¼ VHA=VCol). The known values for hydroxyapatite and colla-
gen density are 3.18 and 1.4 g/cm3, respectively.(41,42)

Based on this three-phase model of bone and that VNC � 1,
themeasured wt% Ca can be correlated with vol% nanochannels
through a linear equation:

wt%Ca≈
0:4 k ρHA

ρColþ k ρHA
1�VNC

1þkð ÞρNC
ρColþk ρHA

� �
: ð3Þ

Here, the intercept of a line obtained from eq. (3) will deter-
mine the degree of mineralization of the collagen fibrils them-
selves as well as the volume fraction ratio between
hydroxyapatite and collagen, k (VHA=VCol), and the slope of the
line will determine the mass density of the nanochannels, ρNC.
(For derivation of eq. (3), see Supplemental Material, Mathemat-
ical calculation.) For each of the 10 ROIs examined in this study,
the linear eq. (3) was used to fit the paired values of wt% Ca
and vol% nanochannels separately. The 10 different lines are
presented in Supplemental Fig. S2, and their respective range
of values of slopes and intercepts provides the calculated values
of k (VHA=VCol) and ρNC as illustrated in Fig. 4B.

(Figure legend continued from previous page.)
demarcate the boundaries between the CL and lamellar bone. (C) 3D volume rendering of FIB-SEM from the red-shaded rectangle in (B) and the quantifica-
tion of vol% nanochannels in the same tissue volume. The entire FIB-SEM volume is divided into subvolumes (red-outlined boxes) so that the width and
depth of each subvolume (each 500 nm) matches the qBEI electron beam resolution. The irregular red dashes denote the boundaries of the CL and the blue
lines indicate the FIB-SEM imaging plane. The vol% nanochannels is quantified for each subvolume, and the changes from the left to right of the entire tissue
volume (0–25 μm) are plotted below the 3D rendering. The vol% nanochannels decreases in the CL regions (black dashes) compared with the rest of the
analyzed volume of tissue. (D) Plot of changes in wt% Ca (black) measured by qBEI in (B) superimposed with vol% nanochannels (red) examined by FIB-
SEM in (C). Note that the y axis scale of vol% nanochannels is inverted in this plot compared with the plot in (C). The two curves have similar shape, and their
peak positions, locating the CL regions, are colocalized. When wt% Ca is maximum, vol% nanochannels is minimum.

Fig. 4. Correlation between wt% Ca and vol% nanochannels in human femoral cortical bone. (A) Scatter plot of wt% Cameasured with quantitative back-
scattered electron imaging (qBEI) and the corresponding nanochannel volume obtained from focused ion beam-scanning electron microscopy (FIB-SEM)
acquired from 10 different regions of interest (ROIs) excluding the cement line regions of the femoral bone. Different colors and shapes of the plotted
points represent different ROI data sets. Overall, as the vol% nanochannels increases, wt% Ca decreases. (B) Box chart with individual data points of
the volume fraction ratio between hydroxyapatite and collagen (VHA=VCol) and the mass density of nanochannel content (ρNC) based on the fitted values
extracted from the correlation between wt% Ca and vol% nanochannels of (A). The boxes represent 50% of the data, limited by the upper and lower quar-
tiles, with the median and mean indicated by a line and an asterisk, respectively, within each box. The whisker range is determined by the 5th and 95th
percentiles of data. Each data point of the 10 ROIs (solid squares and open circles) overlapping the box plot represents each fitted value calculated from
one ROI data set.
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From these data, the degree of mineralization of the collagen
fibrils was estimated to be 26.8 � 1.0 wt% Ca (Supplemental
Fig. S2) and the volume fraction ratio between hydroxyapatite
and collagen was �0.9 � 0.1 across the 10 ROIs, whereas the
mass density of nanochannels ranged from 0.6 to 2.1 g/cm3 with
a median value of 1.0 g/cm3 (Fig. 4B). This nanochannel density
range encompasses the density of collagen as well as the density
of PMMA, the embedment resin for the specimens, which is
reported to be approximately 1.18 g/cm3.(43)

Since the nanochannels appeared throughout the bone tissue
in an inhomogeneous manner, as mentioned above, it was not
uncommon to observe areas largely occupied by partially miner-
alized collagen fibrils with apparent D-banding, whereas nano-
channels were completely absent from the same regions (for

instance, Fig. 5A). One example, representative of similar ROIs,
is shown in Fig. 5, and the comparison of gray level histograms
(direct indicators for wt% Ca distribution) of nanochannel absent
areas (Fig. 5Bb) to those from other areas that were predomi-
nantly occupied by nanochannels (Fig. 5Bc) showed a similar
peak position of the gray level (the most frequently appearing
gray level representing wt% Ca) with only slight differences in
the shape of the curves (Fig. 5B, plot). More specifically, the area
principally comprised by nanochannels was shifted to lowermin-
eralization with broadening of the curve (Fig. 5B, plot). Because
areas such as that shown in Fig. 5Bb may be found within the
CL and may contain organic building blocks other than the
known collagen, additional areas in the bone tissue without
apparent nanochannels or partially mineralized collagen fibrils

Fig. 5. Focused ion beam-scanning electronmicroscopy (FIB-SEM) images and gray level histograms of representative femoral cortical bone regions com-
prised in part of mineralized collagen fibrils and nanochannels. (A) A secondary electron (SE) image showing the cement line (CL, red-dashed line) to the
left and numerous dark nanopores (arrowheads) within the lamellar bone aspect. A region of the CL (a) is enlarged and shown in the right panel, where
multiple collagen fibrils can be observed (arrowheads) with their characteristic periodic D-banding pattern (�67 nm; white lines). (B) An energy selective
backscattered (EsB) image from the same area of (a) showing a similar gray level in the CL and lamellar bone region. The black-enclosed area (b) in the CL is
mainly comprised of partially and highlymineralized collagen fibrils, the red-enclosed area (c) in the lamellar bone is dominated by nanochannels, and the
blue-enclosed area (d) in the lamellar bone consists principally of highlymineralized collagen fibrils. The lower right panel shows histograms of (b, c, and d)
representing the frequency of gray level values normalized to the respective total enclosed black, red, and blue areas. The histograms were drawn based
on an image resolution of 500 nm/pixel. The fitted peak positions from the three areas closely colocalize. The peak position of (d) is shifted slightly to
higher gray values and is of greater frequency compared with the peak positions of (b) and (c). The curve (c) has greater frequency of gray values in
the �50–140 range and the peak (c) is of lower frequency compared with the curves and peaks of (b) and (d).
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were also chosen for analysis (Fig. 5Bd). However, the gray level
histograms from these areas (such as Fig. 5Bd) were not trans-
lated into bone mineralization density distribution (BMDD)
curves because the EsB signals obtained under FIB-SEM could
not be calibrated using the samemethod as described by Rosch-
ger and colleagues.(30) It should also be noted that the pixel res-
olution to evaluate these gray scale histograms was 500 nm, and
therefore much smaller than that typically used in the standard
BMDD of clinical biopsies,(27) where the size of one pixel is in
the micrometer range and thus larger than the entire area of
interest of (b), (c), and (d) in Fig. 5. Nonetheless, the summary his-
togram data obtained (Fig. 5B, plot) demonstrated that similar wt
% Ca measures from different regions of the bone tissue may be
accounted for by contributions from entirely different structural
features, including in particular their constituent nanochannels
as well as partially mineralized collagen fibrils.

Discussion

3D FIB-SEM volume imaging of undecalcified human femoral
cortical bone has revealed a previously unreported nanochannel
system much more extensive than the well known LCN. On
excluding the LCN in the tissue volume measured by qBEI, the
calcium content (wt% Ca) of human femoral cortical bone was
found to be systematically dependent on the volume fraction
of nanochannels (vol% nanochannels), and this result suggests
therefore a revised understanding of the current interpretation
of qBEI data. More importantly, the inverse correlation between
wt%Ca and vol% nanochannels indicates an “inert” role of nano-
channels in mineral exchange as opposed to the “active” role of
the LCN, where the nanochannels are suggested to provide addi-
tional pathways for mineral ion and small molecule transport
throughout bone matrix without accumulating mineral in the
vicinity of perinanochannel zones.

Interconnected nanochannel structures with similar diame-
ters (�30 to 50 nm) have been reported recently in mineralizing
turkey leg tendon(15) and at the mouse bone-cartilage inter-
face.(17) The size/diameter of these nanochannels, though dis-
covered in different species and types of mineralized tissues, is
one order of magnitude smaller than that of human bone cana-
liculi.(36,44) The organization of the nanochannels in the tissue
volumes examined in the present study appeared to be aniso-
tropic and highly directional where a single nanochannel could
be micrometers long before intersecting with another nano-
channel (Fig. 2). This observation is in line with the reported data
from turkey leg tendon, where the nanochannels are unidirec-
tional and parallel to each other as well as to the collagen fibrils
comprising this tissue.(15) The finding is also consistent with
results from the mouse bone-cartilage interface, where the
nanochannels are in principle aligned with the CL plane.(17)

One interesting feature of the nanochannels is their heteroge-
neous appearance in the mineralized tissue matrix, where the
cement lines contained far fewer nanochannels compared with
the lamellar bone (Figs. 2 and 3). Such heterogeneity was also
found in the study of the mouse bone-cartilage interface,
although the cement lines were reportedly devoid of any nano-
channels.(17) This difference is perhaps attributable to variations
in organic components of the cement lines in mouse and human
bones. Concerning the volume fraction of the nanochannels or
nanochannel volume, human cortical bone, on average, con-
tained more nanochannels in a fixed tissue volume compared
with that in mouse bone (�10% versus 4%).(17) Despite these

morphological differences between the nanochannels found in
such varying biological systems (human bone, turkey leg tendon,
the mouse bone-cartilage interface), their several shared com-
mon features of small nanochannel size, the extent to which
the nanochannel network penetrates the extracellular matrix
(vol% nanochannels), and the anisotropic arrangement of the
nanochannel network (directionality) imply a ubiquitous nature
of the nanochannels in biomineralized tissues.

The presence of these fine nanochannels has significant
impact on the qBEI measurement. Numerous studies have used
qBEI to characterize the mineralization heterogeneity in human
bone at a microscopic scale.(27,45) Such variation in mineral con-
centration is also evident in the present study, where the calcium
content (wt% Ca) ranges from 23% to 27% within one ROI, when
the CL is excluded from consideration (Fig. 3), and from 22% to
28% across the 10 ROIs analyzed here (Fig. 4A). However, the
imaging resolution of qBEI is limited in distinguishingmineraliza-
tion heterogeneity at the nanometer scale. In this regard, an
example in the current study is represented by the CL, the tissue
component of the human cortical bone separating newer
osteons from older interstitial bone (Fig. 3). Although the precise
material composition of the CL is still incompletely
understood,(46,47) there is a general agreement that the CL con-
tains a higher mineral content compared with that of lamellar
bone, a conclusion supported by previous qBEI, energy-
dispersive X-ray spectroscopy, and X-ray fluorescence tomogra-
phy work,(40,48,49) and also confirmed in the present qBEI study
demonstrating hypermineralization of the CL in human femoral
cortical bone (Fig. 3). However, within the same volume mea-
sured here by qBEI, it is interesting to note that the gray level
of individual pixels obtained using EsB during FIB-SEM imaging
appears to be similar to that from the lamellar bone (Figs. 2
and 5; Supplemental Fig. S4). The only noticeable difference
between the cement lines and lamellar bone is their different
levels of nanochannel volume. Therefore, a possible explanation
for the measured hypermineralized state of cement lines may be
their fewer constituent nanochannels (yielding lower nanochan-
nel volume) rather than the degree of mineralization of the
organic matrix.

The influence of nanochannel volume on measured calcium
content is also clearly demonstrated in lamellar bone regions
(Figs. 3 and 4A), where wt% Ca is largely dependent on vol%
nanochannels. This observation suggests that the interpretation
of a qBEI measurement is far more complex than what was pre-
viously considered. Conventionally, the conversion from back-
scattered gray level to calcium content using qBEI is
dependent on the assumption that bone is a two-phase material
comprised of collagen and hydroxyapatite. The current study,
however, clearly demonstrates that qBEI is determined by not
only the presence and content of collagen and mineral but also
the inclusion of the nanochannel network. Thus, there is a need
to think of bone as at least a three-phase material, consisting of
collagen, hydroxyapatite, and nanochannels, when interpreting
qBEI results. Based on the “three-phase” system, a linear equa-
tion has been developed to correlate wt% Ca and vol% nano-
channels, leading to the extrapolation of the degree of
mineralization associated with collagen fibrils excluding the
nanochannels and the volume fraction ratio between hydroxy-
apatite and collagen (VHA=VCol). The derived hydroxyapatite/
collagen volume fraction ratio has a narrow range (Fig. 4B) and
is consistent with reported literature values,(50) whereas the
values of wt% Ca of the collagen fibrils are significantly higher
than the reported values in human bone based on standardized
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evaluation of qBEI.(27) The conventional interpretation of a qBEI
measurement thus underestimates the “true” degree of mineral-
ization of the organic matrix.

A linear correlation between calcium content and nanochan-
nel volume was found across the 10 ROIs analyzed in this study
(Fig. 4A and Supplemental Fig. S2). In contrast to the positive cor-
relation found between the local calcium concentration and LCN
volume in bone as shown in the work by Roschger and
colleagues,(31) the inverse correlation found between calcium
content and nanochannel volume in the present study implies
an “inert” network where matrix mineralization is independent
of the nanochannels. More specifically, the nanochannels simply
represent the extracellular matrix devoid of mineralized colla-
gen, and consequently the qBEI signal would vary according to
the density of the nanochannel network. In contrast to the sug-
gested “active” role of the LCN in mineral exchange, where ele-
vated levels of calcium were found in the vicinity of the
canaliculi and thus provided immediate mineral access to
osteocytes,(31) the nanochannels do not appear to accumulate
calcium in the perinanochannel zones. This concept of an “inert”
nanochannel network is consistent with the recent proposal that
nanochannels form during tissue maturation as the remnants of
the peripheral spaces between progressively growing mineral
ellipsoids.(17) These ellipsoidal mineral structures, which have
also been termed as “tesselles,”(51-53) have been recently
described and systematically reviewed in a variety of biominera-
lized tissues.(51,53,54) A point may be raised as to whether nano-
channels remain a persistent feature of bone throughout its life
or whether they may be reduced or eliminated as matrix miner-
alization progresses. The data here present no immediate evi-
dence to address this question. However, the observation in
this study that “older bone” typically maintains a higher calcium
content suggests that such bone is generally associated with
decreased nanochannel volume. Speculatively, then, nanochan-
nel volume decreases with the progression of mineralization.
Because all the measured volumes, including those of interstitial
bone but with the exception of the cement line, in the present
investigation were found to contain nanochannels, it appears
unlikely that the nanochannels are completely eliminated in
the mature bone tissues.

The potential role of the nanochannels in mineralization was
further elaborated through a calculated mass density of nano-
channel content. Despite data scattered over a wide range, it
was shown that the nanochannels could accommodate PMMA,
the embedment resin for the bone specimen, as a possible infil-
trating constituent (Fig. 4B). This measurement suggests that
there is a possibility that the nanochannels are spaces between
mineralized collagen fibrils that could provide pathways for ion
and mineral precursor transport. Based on calculation of ρNC ,
the possibility cannot be excluded that nanochannels may be
comprised of various organic molecules rather than being only
empty and passive extracellular space. In this instance, more rig-
orous chemical analysis will be required to identify definitive
nanochannel composition. In the absence of such information
nonetheless, the collective data found in this study have pro-
vided evidence for the presence of nanochannels. A plausible
conception is that nanochannels could provide pathways com-
plementary to those of the LCN in conducting ions and small
molecules to the bone extracellular matrix. In this proposed con-
sideration, the nanochannels assist in transport of those ions and
small molecules to the farthest reaches of the matrix that are
inaccessible to the LCN network because of its size constraints.
Being much smaller than the LCN pathways, the nanochannels

have the capacity to penetrate the matrix to greater distances
and extent, delivering the ions and small molecules to their tar-
get, the nascent and growing mineral ellipsoids. Thus, conceptu-
ally, there would be transport of solutes through the
nanochannel network as a means of maintaining and sustaining
mineral homeostasis of bone. Definitive evidence that might
document these speculative features of the nanochannels is
not yet forthcoming.

Given the possible role of the nanochannels in ion and small
molecule transport throughout the skeleton and the astonishing
comparison in certain basic physical parameters of the nano-
channels to the LCN of human bone (Table 1), it is valuable to
consider the nanochannel system for simulation in the context
of mechanotransduction.(5,55) Many studies have shown that
the morphology and connectivity of the LCN influence the liquid
mass transport and flow velocities inside the LCN and thus signif-
icantly impact cellular physiology.(56,57) The nanochannels could,
in a similar or complementary manner to that of the LCN,
increase the extent and efficiency of distribution and transporta-
tion of ions and small molecules throughout the mineralizing tis-
sue. To date, however, virtually all simulations of permeability of
human bone porosities have been limited to vascular and LCN
pores.(22,44,58,59) The discovery of a subcanalicular network in
bone reported in the present study is an additional factor in this
context. It should be noted that nanoscale porosity that gives
rise to bone poroelasticity and interstitial fluid permeability has
been noted in the published literature.(44) Such porosity in bone,
characterized by small spaces of various sizes that are discon-
nected and isolated in the bone matrix, is quite different and
not to be confused with the nanochannels, which are found
and described here as interconnected conduit-like structures
forming an extensive network throughout the bone matrix and
complementary to the LCN. Considering the fine size, the sub-
stantial surface area and the complexity of the network of nano-
channels described here, a comprehensive simulation model
that incorporates porosities across several length scales (for
example, Haversian canals, the LCN, and nanochannels) would
be extremely challenging to develop, yet it could potentially
shed new light at an unprecedented structural level on the criti-
cal character of ion and small molecule transport in human bone.

This study involved a limited number of human donor speci-
mens, few analyzed samples, and only selected ROIs, which were
restricted for investigation principally because of the time-
consuming approach of imaging by means of 3D FIB-SEM.
Despite these shortcomings, the summary results of the present
work were consistent across all tissue volumes that were exam-
ined, and the collected data showed a clear correlation between
the calcium content and nanochannel volume of the samples.
That being said, future studies including larger and more diverse
sample groups of different sex, age, and anatomical location
should be conducted to verify the findings reported here. Addi-
tionally, osteoid and poorly mineralized regions (below 17.5 wt
% Ca) were not included in the current study because of the
inherent nature of the samples (old age) and the technical
restrictions of qBEI.(60) Therefore, the outcome of this study does
not necessarily extrapolate to newly mineralized regions and/or
the mineralization front of femoral cortical bone specimens.
A further concern was considerable scattering of the data points
in the correlation plots between calcium content and nanochan-
nel volume, a result which led to a wide range of values in the
estimated mass density of nanochannels. This scattering could
be attributed to variations in the degree of mineralization of
the collagen fibrils themselves as well as uncertainty in the
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electron interaction volume with the specimen under qBEI. How-
ever, the inverse correlation between the calcium content and
nanochannel volume persists even when the evaluation of nano-
channel volume was adjusted from a tissue volume depth of
500 nm to 1 μm (data not shown). Finally, questions may arise
about potential artifacts that may be caused by either sample
preparation or the FIB-SEM imaging technique itself. Considering
that the nanochannel morphologies presented in this study are
comparable to those obtained in the earlier turkey leg tendon
study,(15) in which the tissue was prepared by both traditional
chemical fixation and high-pressure freezing followed by freeze
substitution, it is unlikely that the human bone nanochannels
found here were induced by the methodologies of the current
study. In addition, the lack of nanochannels in the cement line
supports the notion that the nanochannels are true biological
and not artifactual structural features.

In conclusion, an interconnected nanochannel network found in
human femoral cortical bone was shown to be correlated with the
calcium content measured by qBEI. Based on this correlation, it was
suggested that bonematerial be reconsidered as a three-phase sys-
tem, mainly comprised of collagen, mineral (hydroxyapatite), and
nanochannels, when estimates of its local calcium content are
made based on gray level measurements from backscattered elec-
tron imaging. The work presented here also highlights the hetero-
geneity in bone tissue mineralization at the nanometer scale.
Finally, the data have implications for understanding the means
by which mineral ions and/or mineral precursors may be trans-
ported through the extracellular milieu. In this instance, the nano-
channels may provide conduits and pathways complementary to
those of the LCN. Additional studies of human bone to elaborate
the precise chemical composition within the nanochannels, the for-
mation and development of the nanochannels, and the mineral
propagation putatively associated with the nanochannels will
describe more completely the exact role of nanochannels in the
onset and progression of bone mineralization.
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