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Abstract Wood-derived TEMPO-oxidized cellu-
lose nanofibrils (CNFs) have potential as scaffolding 
for bone tissue engineering. Although biocompat-
ible, the material lacks osteoconductive and appro-
priate mechanical properties. Incorporation of nano-
hydroxyapatite (nHA) and modification of scaffold 
preparation methods could improve applicability. In 
this study, freeze-dried porous scaffolds were pre-
pared using a range of nHA (0, 20, 33, 50%) and CNF 
compositions. Not only the microarchitecture but also 
the chemical composition of the scaffolds was stud-
ied. Osteoblast-like osteosarcoma derived cells (Saos-
2) were cultured on the scaffolds and their responses 

(viability, attachment, proliferation, and osteogenic 
phenotype) to the different scaffolds were docu-
mented. The results show that incorporation of nHA 
influenced the microarchitecture, mechanical stiffness 
and surface properties of the scaffolds. Moreover, 
biological characterization demonstrated good cell 
viability in all the groups. However, the increase of 
nHA concentration beyond 20% does not offer further 
advantages. It is concluded that the incorporation of 
20% nHA resulted in the widest and most biomimetic 
pore size distribution, increased surface roughness 
and improved protein adsorption. These changes in 
material properties enhanced cell spreading and the 
osteogenic gene expression of osteoblast-like cells 
seeded on the scaffolds. Moreover, 20% nHA war-
rants further investigation as a potential scaffolding 
material for bone tissue engineering.
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Introduction

Functional bone implants are increasingly used in a 
wide range of surgical procedures, in trauma surgery, 
treatment of tumors, tooth loss and osteoporosis. 
Increasing life expectancy will lead to even greater 
demand for such procedures (Bharadwaz and Jayas-
uriya 2020). There is also an urgent need to develop 
efficient alternative treatment options to autografts 
and allografts, circumventing the inherent disad-
vantages of limited availability of tissue and innate 
immune responses.

Bone is a unique organ with the capacity to self-
repair and regenerate. However, some conditions pre-
sent barriers to adequate self-healing, such as large 
bone defects, pathological conditions, or infection 
(Tang et  al. 2016). Bones act as scaffolding for the 

body and are composed of two distinct forms of tis-
sues: one is porous and the other dense. The porous 
bone (cancellous or trabecular bone) is a sponge-like 
tissue with pore sizes in the range of 100–500  μm. 
Scaffolds developed for bone tissue engineering 
should be capable of replicating the natural porosity 
of the bone to support cell/tissue growth (Oryan et al. 
2014; Thavornyutikarn et al. 2014). Bone tissue com-
prises a small fraction of cells, surrounded by exten-
sive amounts of extracellular matrix (ECM). The 
ECM is a biocomposite of nanohydroxyapatite (nHA; 
 Ca10(PO4)6(OH)2), the major component of the min-
eral deposit and collagen, the most abundant organic 
component (Allori et al. 2008).

In analogy with collagen, cellulose is one of the 
world’s most abundant natural and renewable mate-
rials and the main building block of trees and other 
plants. In plants, cells are surrounded by an ECM 
in the form of a thick cell wall, composed of a net-
work of cellulose nanofibrils embedded in a highly 
cross-linked matrix of polysaccharides (Cosgrove 
2005). Cellulose is a polysaccharide biopolymer, 
free of animal and microbial origins. Because of its 
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nanostructure, biocompatibility, low cost and avail-
ability, it can replace collagen (Lin and Dufresne 
2014). Wood-based cellulose nanofibrils (CNFs) can 
be extracted stepwise from plants. Initially, a pulp-
ing process removes lignin and liberates the cel-
lulose pulp fibres, which can be further oxidized 
using 2,2,6,6,-tetramethylpiperidine-1-oxyl radical 
(TEMPO), followed by mechanical treatment, reduc-
ing the larger sized diameter of (µm) wood pulp cellu-
lose to smaller (nm) fibrils. (Lin and Dufresne 2014; 
Saito et  al. 2006) As a result of the TEMPO-medi-
ated oxidization isolation, CNFs are usually available 
in the form of gel-like materials (Masruchin et  al. 
2015). Our previous work with TEMPO-oxidized 
CNF hydrogels demonstrate suitable cell spreading 
and phenotypical morphology of fibroblasts (Rashad 
et al. 2017). However, all hydrogels, including CNFs, 
have poor mechanical properties and cannot stimu-
late bone-forming cells to form a mineralized matrix 
(Xavier et al. 2015).

Although a wide range of biopolymers and nHA 
scaffolds has been used for bone tissue engineer-
ing (Bharadwaz and Jayasuriya 2020), including 
the nanocomposites of cellulose and nHA (Ao et al. 
2017; Daugela et al. 2018; Feroz and Dias 2021; He 
et al. 2018; Hokmabad et al. 2019; Palaveniene et al. 
2019; Sofi et  al. 2021), the osteogenic properties of 
these scaffolds have not been thoroughly documented. 
In many of these studies cellulose was used merely 
as the filler component of another scaffolding mate-
rial, such as polycaprolactone, chitosan or collagen. 
Moreover, the effect of different nHA concentrations 
on the physicochemical properties of CNFs is not 
well documented.

To address these issues, the aim of this study was 
to prepare and characterize biomimetic porous nano-
structured scaffolds for bone tissue engineering, by 
incorporating TEMPO-oxidized CNF hydrogels with 
different concentrations of nHA, an inorganic ceramic 
phase, to mimic closely the physiochemical nature of 
bone. We hypothesized that the addition of nanohy-
droxyapatite particles could act as nucleation sites for 
mineralization, thus improving the mechanical prop-
erties of the hydrogels, and affecting the porosity and 
pore sizes of the formed scaffolds. Freeze–dried scaf-
folds were prepared and evaluated for chemical com-
position, roughness, porosity, mechanical stiffness, 
swelling and protein adsorption. In addition, an oste-
oblast-like osteosarcoma-derived cell line (Saos-2) 

was used to evaluate the seeding efficiency, viability, 
proliferation, and osteoblast-like phenotype of cells 
seeded on the scaffolds.

Materials and methods

Preparation of CNF gel-like material

TEMPO-mediated oxidized nanocellulose gel 
was produced by chemical and mechanical treat-
ment of fully bleached, never-dried softwood kraft 
pulp, kindly donated by Södra Cell (Växjö, Swe-
den), as reported previously (Rashad et  al. 2017). 
Briefly, wood pulp was immersed in water contain-
ing 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO; 
Sigma-Aldrich, St. Louis, MO, USA) and sodium 
bromide. Then 2.5 mmol NaClO/g dry cellulose was 
slowly added to the slurry, at a constant pH of 10.5. 
One hour later, the pH was adjusted to 7 and metha-
nol was added to quench the oxidation. Finally, the 
cellulose was washed thoroughly until the conduc-
tivity of the filtrate was below 5 µS/cm. The oxi-
dized fibres were fibrillated using a Rannie 15 type 
12.56X homogenizer (APV, SPX Flow Technology). 
The content of carboxyl and aldehyde groups intro-
duced to the surface of the fibers was quantified by 
electric conductivity titration. The prepared samples 
had a solid content of 1.06 ± 0.01% and aldehyde and 
carboxyl groups of 211 ± 60 µmol/g and 764 ± 60 
µmol/g, respectively (Rashad et al. 2017).

Preparation of cellulose nano-hydroxyapatite gel and 
scaffolds

TEMPO-oxidized cellulose nanofibril (CNF) gel 
stock (1% solid content, RISE PFI, Trondheim, Nor-
way) was stirred for 15 min to achieve a homogenous 
suspension. Hydroxyapatite nanopowder (nHA; 
<200 nm, Sigma Aldrich, St. Louis, MO, USA) was 
weighed to reach final concentrations of 50%, 33%, 
20% and 0% w/w, mixed with distilled water, and 
stirred for 15 min. CNFs and nHA suspensions were 
then combined and stirred for 15  min to achieve a 
homogenous gel. The gel was cast in 48-well plates 
and leveled on a shaker for 10  min. The casts were 
frozen at − 20  °C for 24 h and then transferred to a 
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freeze–dryer for 48  h. The final scaffolds were cut 
into 2–3 mm-thick slices for further analysis.

Scanning electron microscopy and energy dispersive 
x-ray (EDX)

To study the surface morphology and to evaluate the 
Ca-P ratio, samples were analyzed by scanning elec-
tron microscopy (SEM) (Hitachi Analytical TableTop 
SEM TM3030, Hitachi, Tokyo, Japan) at 15 keV. The 
samples were gold sputtered (Sputter Coater 108 auto, 
Ted Pella INC. California, USA) before observation 
at two different magnifications (100× and 1000×). 
Elemental distribution analysis was undertaken by 
energy-dispersive X-ray spectroscopy (EDX), with 
the aforementioned apparatus. Elemental composi-
tion was recorded, and average values were calculated 
from 3 different randomly selected areas.

Fourier transform infrared spectrometry (FTIR)

Attenuated total reflection Fourier transform infrared 
spectrometry (ATR-FTIR; Spectrum One, Stamford, 
CT, USA; PerkinElmer, Waltham, MA, USA) was 
used to analyze chemical structures. Spectra were 
recorded at 2   cm−1 resolution with an average of 64 
scans from 4000–650  cm−1. Three measurements per 
group were taken (n = 3). Spectral data analysis, base-
line correction, normalization, and band area were 
recorded using Perkin Elmer Applications Spectrum 
software.

Atomic force microscopy (AFM)

The topography of nHA/CNFs scaffolds was analyzed 
with an atomic force microscope (MFP 3D; Asylum 
Research, Santa Barbara, CA, USA). The surfaces were 
scanned in contact mode with the scan direction per-
pendicular to the cantilever (probes: OMCL-AC240TS, 
Olympus Optical Co. Ltd., Tokyo, Japan). Height pro-
files were extracted after leveling and removing scan-
ning artifacts using Gwyddion.

Micro-computed tomography (µCT)

For micro-computed tomography (µCT), freeze–dried 
samples were scanned at 9 μm resolution, 40 kV and 
228 µA using the SkyScan 1172 µCT imaging sys-
tem (SkyScanVR v.1.5.23, Kontich, Belgium). Both 

the ROI and VOI were kept constant for each analysis 
group. 2D images were captured every 4° through 360° 
rotation and then reconstructed by Skyscan NRecon 
software, as reported previously (Ojansivu et al. 2019). 
Three replicas were used.

Mechanical testing

Young’s Modulus (n = 6) was used to calculate ten-
sile strength, using a universal tensile testing machine 
(MTS, 858 Mini Bionix II instrument, Eden Prairie, 
MN, USA) at room temperature and a tensile displace-
ment rate of 0.1 mm  s−1.

Swelling

Freeze dried samples (n = 5) were weighed and 
immersed in water for 30 min, 1, 2, 4, 8, 24 and 48 h. 
At each timepoint, the samples were removed from the 
water and excess water was removed. The samples were 
then weighed. Dry weight,  w0, of the scaffolds was 
used to calculate the weight increase in water uptake, 
where  wt represents the weight of a swollen scaffold at 
the timepoint.

Protein adsorption

Cut samples (n = 5) were autoclaved and soaked 
for 24 h in 1 ml of 15% fetal bovine serum (Sigma-
Aldrich) in McCoy’s 5  A (ATCC, Manassas, VA, 
USA). The samples were incubated at 37 °C and 5% 
 CO2, then washed with Dulbecco’s phosphate-buff-
ered saline (DPBS; Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA), immersed in 1 ml of 2% 
sodium dodecyl sulfate (Sigma Aldrich, St. Louis, 
MO, USA) and incubated overnight at room tem-
perature. To measure protein adsorption, a Pierce™ 
BCA Protein Assay Kit (Thermo Fisher Scientific) 
was used as per the manufacturer’s instructions. The 
absorbance was read at 562 nm, using a multimode 
microplate reader (Varioskan™ LUX, VLBL00D0, 
Thermo Fisher Scientific).

Swelling (%) =
wt − w

0

w
0

× 100
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Biological characterization

Osteoblast-like cells derived from a human osteo-
sarcoma cell line (Saos-2 cells) were obtained from 
ATCC (Manassas, VA, USA) and maintained as 
well as expanded in McCoy’s 5 A medium, sup-
plemented with 1% penicillin-streptomycin (P/S; 
Thermo Fisher Scientific, Gibco™, 10 000 U/mL) 
and 15% FBS (GM). To investigate the biologi-
cal effects of the different scaffolds, 1 ×  105 Saos-2 
cells were seeded on top of autoclaved and medium 
pre-soaked scaffolds. To study the osteogenic 
potential of the different nHA concentrations, scaf-
folds were cultured in osteogenic medium (OM) 
(GM + L-ascorbic acid 173 µM; dexamethasone 10 
nM; β-glycerophosphate 10 mM, Sigma Aldrich).

After seeding, the cells were allowed to attach 
for 4  h and the scaffolds were transferred to new 
wells. The cells attached to the bottom of the wells 
(unattached to the scaffold) were quantified using 
AlamarBlue assay (AlamarBlue HS, Invitrogen—
Thermo Fisher Scientific) as per the manufacturer’s 
instructions. Three replicas from each group were 
incubated at 37 °C while protected from direct light. 
Controls for background (containing OM only), and 
100% efficiency (2D culture) were used. The fluo-
rescence (excitation at 540 nm, emission at 570 nm) 
was read with a microplate reader. The seeding effi-
ciency was calculated as follows.

The viability of Saos-2 cells was evaluated using a 
Live/Dead (L/D) Viability/Cytotoxicity Kit for mam-
malian cells (Invitrogen, Thermo Fisher Scientific). 
After washing with DPBS, a solution of DPBS con-
taining Calcein AM (667 nM) and Ethidium homodi-
mer-1 (333 nM) was added to cover the scaffolds. 
The samples were incubated in the dark for 40  min 
at RT. The samples were then washed with DPBS 
and imaged under a fluorescent microscope (Nikon 
Eclipse Ti, Tokyo, Japan). The viability of the cells 
was assessed on days 1, 7, 14 and 21.

The proliferation profile of Saos-2 cells was stud-
ied on days 1, 4, 7 and 14 (n = 6). Scaffolds were 
collected, washed with DPBS, frozen at − 80 °C in 
a lysate solution (0.1% Triton X-100, 300µL), and 
thawed twice. The samples were then sonicated (30 s 
on ice) and vortexed. Finally, 20 µL were pipetted 

Seeding efficiency(%) =
(Seeded cells − escaped cells)

Seeded cells
× 100

from the supernatant and added to 180 µL of the 
Quant-iT PicoGreen dsDNA Reagent (Invitrogen—
Thermo Fisher Scientific) working solution, as per 
the manufacturer’s instructions. The results were read 
with a microplate reader at 485/535 nm.

To examine the morphology of both the scaffold 
surface and the Saos-2 cells on the scaffolds, sam-
ples were collected on days 1 and 7 and washed twice 
with DPBS. The scaffolds were fixed for 30 min with 
3% glutaraldehyde 0.02  M Na-cacodylic buffer with 
sucrose, washed twice for 5 min with 0.1 M Na-caco-
dylic buffer with sucrose and once with 1:1 diluent 
with distilled water. The samples were then dehy-
drated to 100% ethanol in 5  min cycles and left to 
air dry. Next, the samples were sputter-coated with a 
100 Å layer of gold and imaged in a scanning electron 
microscope (SEM) (Phenom XL Desktop, Thermo 
Fisher Scientific).

Osteogenic potential of the seeded cells

After osteogenic induction, the alkaline phosphatase 
(ALP) activity of the seeded cells was determined 
on days 1, 7 and 14 (n = 6). Scaffolds were collected, 
washed with DPBS, frozen at − 80 °C in lysate solu-
tion (0.1% Triton X-100, 300µL) and thawed twice. 
To assess the results, a 1:1 ratio of the sample and 
p-Nitrophenyl Phosphate Liquid Substrate System 
(Sigma Aldrich) was transferred to 96-wells and incu-
bated for 15 min at 37 °C. A solution of 1.0 M NaOH 
was added to each sample to stop the reaction before 
measuring the absorbance at 405  nm. Finally, the 
ALP activity was normalized to the DNA content in 
each scaffold.

To investigate osteogenic gene expression, samples 
(n = 6) were collected on days 7 and 21, washed with 
DPBS and frozen to − 80 °C before RNA extraction. 
The samples were then thawed and processed with 
a Maxwell RSC simplyRNA Cells Kit (Promega, 
Madison, WI, USA) according to the manufacturer’s 
instructions. The RNA concentration and quality 
were measured with a spectrophotometer (Nanodrop 
ND-1000, Nanodrop Technologies, Wilmington, 
DE, USA). Complementary DNA was then synthe-
sized with High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems Thermo Fisher Scien-
tific, Waltham, MA, US). Finally, the quantitative 
real-time polymerase chain reaction (qRT-PCR) was 
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determined with the StepOne™ RT-PCR System 
(Applied Biosystems), using the TaqMan Fast pro-
gram (×40: 95 °C, 1 s – 60 °C, 20 s), and the TaqMan 
Fast Universal PCR Master Mix (Applied Biosys-
tems). The following genes were chosen as indicators 
of osteogenic commitment: runt-related transcrip-
tion factor 2 (RUNX2, Hs01047973_m1), alkaline 
phosphatase (ALP, Hs01029144_m1), collagen type 
I (COLI; COLIA2, Hs01028956_m1), osteopontin 
(OP; SPP1, Hs00960942_m1) and osteocalcin (OCN; 
BGLAP, Hs01587814_g1) (Thermo Fisher Scien-
tific). Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH; Hs02758991_g1Thermo Fisher Scientific) 
served as an endogenous control. The  2(−ΔΔCt) method 
was used to determine relative quantification of gene 
expression. Gene expression levels were calculated 
by comparison with GAPDH and normalized to the 
expression level in the control group (0%) on day 7. 
The mean ΔΔCt values were subjected to statistical 
analysis (Livak and Schmittgen 2001).

Statistical analysis

Chemical composition, µCT, swelling and protein 
adsorption data are represented as mean ± SD. For 
mechanical testing, seeding efficiency, proliferation, 
normalized ALP activity and gene expression, statis-
tical analysis was undertaken using IBM SPSS Statis-
tics (Version 28.0.1.1) and Prism software (GraphPad 
software, San Diego, CA, USA). One-way ANOVA 
with Tukey was used to test significance among the 
four groups. Paired student’s T-test was used to test 
significance between timepoints. The differences 
were considered statistically significant at p < 0.05.

Results and discussion

Scaffold preparation

The mixed gel casts used in scaffold preparation 
are presented in Fig.  1a. Here the increase in nano-
hydroxyapatite (nHA) concentration can be seen as 
an increased opacity in the casts. The gels are vis-
ibly even and are considered successful homogenous 
mixtures. The freeze–dried samples are presented in 
Fig. 1b. After freeze–drying the samples were visibly 
similar to one another.

Differences in scaffold composition

Energy dispersive X-ray analysis (EDX) was used 
to confirm the elemental composition of the sam-
ples in terms of calcium (Ca) and phosphorous (P). 
As shown in Fig. 2a, the results confirm the success-
ful mixing and a clear difference among the groups, 
reflecting the lack of Ca and P in the pure cellulose 
nanofibril (CNF) scaffolds.

FTIR was used to investigate the interaction 
between CNFs and nHA (Fig.  2b). The CNF sam-
ples had distinct peaks at 1604, 1420, 1370, 1320, 
1160, 1057, 1033 and 668  cm−1. The peaks at 1604 
and 1420  cm−1 are related to the stretching of the car-
boxylate group (Rashad et al. 2017, Masruchin et al. 
2015, Soni et al. 2015), whereas the 1370 shows C–H 

Fig. 1  Sample preparation from mixed gel (a), to freeze–dried 
and cut scaffolds (b). Scale bar 12 mm
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bending (Soni et  al. 2015). Moreover, the C–O–C 
asymmetric stretching vibration at the β-glycosidic 
linkage, which was connected to the cellulose chain, 
was identified as the source of the peak at 1160 
 cm−1 (Palaveniene et  al. 2019). The peaks at 1320, 
1057 and 1033  cm−1 were related to C–O stretching 
(Daugela et  al. 2018; Masruchin et  al. 2015). The 
results also show the C–OH bending at 668  cm−1 (El 
Idrissi et al. 2022).

The pure nHA (Figs.  2b and 100%) had distinct 
peaks at 1087, 1020 and 962   cm−1, which were 
attributed to the stretching vibration of P–O of the 
 PO4

3− group (Daugela et al. 2018; Palaveniene et al. 
2019). At these peaks the absorption increased with 
increasing nHA incorporation. In addition, the domi-
nation of nHA in relation to CNFs can be seen in 
the shift of the most substantial peak of the CNFs 
(1033   cm−1) towards the strongest peak in nHA 
(1020  cm−1).

In addition to the EDX and FTIR analysis, the 
increase in nHA concentration is visible in the images 
from the scanning electron microscope (SEM) and 

atomic force microscopy (AFM) (Fig.  3a, b). CNFs 
alone (0%) present a very smooth surface in the 
SEM image, but when the nHA is incorporated, the 
increase in surface roughness is discernible as white 
specks on the CNF backbone. In the AFM images, the 
size variation in the CNFs is also visible. Although 
thin (nanoscale) in nature, the length of the fibres 
varies hugely (nano-microscale), as also shown pre-
viously (Rashad et al. 2018). Although the relatively 
even distribution of nHA particles is visible in both 
SEM and AFM images, agglomerates of CNFs and 
nHA can be discerned. The 0% nHA samples had 
a surface roughness of around 700 nm, whereas the 
surface roughness of the 50%, 33% and 20% samples 
was over 1 μm.

Scaffold microarchitecture changed with material 
composition

The micro-computed tomography (µCT) results illus-
trate the presence of nHA (Fig. 4a) and its effects on 
scaffold microarchitecture (Fig. 4b–d). In accordance 
with the EDX, in the µCT the scaffolds become more 
radiopaque with increasing nHA content, as calcium 
absorbs the x-rays efficiently. While the scaffold with 
50% nHA showed the highest density, the pure nano-
cellulose scaffold was radiolucent.

All four groups presented a high total porosity 
(73.9–93%) and reached 100% interconnectivity. The 
highest total porosity was achieved with CNFs alone 
(93% ± 3.59, Fig. 4b), whereas the highest object sur-
face area (2104.03  mm2 ± 84.22) was seen with the 
50% nHA. This is directly related to the amount of 
dry matter in the scaffold, as the specific surface (sur-
face/object volume ratio) decreases with nHA addi-
tion. In the literature, the importance of total poros-
ity, describing the percentage volume of void in a 
scaffold, is frequently mentioned  (Karageorgiou and 
Kaplan 2005). However, in some studies, values as 
low as 50% are reported (Entezari et al. 2019; Rath-
eesh et  al. 2021) while others are higher at 70–90% 
(Mygind et  al. 2007; Whang et  al. 1999; Sicchieri 
et al. 2012). It should be noted that this parameter is 
rarely compared in the experimental set-up, although 
its relationship to, for example, mechanical stiffness 
is widely accepted. The scaffolds in the current study 
exhibit high total porosity and interconnectivity, the 
flow of fluids through interconnected pores. In other 
words, the scaffolds provide large, connected surface 

Fig. 2  a EDX analysis of chemical composition showing cal-
cium (Ca) and phosphorous (P), normalized to weight (n = 3). 
b  FTIR-spectrum of nHA (0–100%) and CNF composition 
(n = 3)
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areas, facilitating cell seeding, migration, and nutrient 
and oxygen flow throughout the structures (Bobbert 
and Zadpoor 2017; Entezari et al. 2019).

As expected, mechanical stiffness (Fig.  4c) fol-
lowed the trend of total porosity. The samples with 
highest porosity (0% nHA) had the lowest modulus 
(0.188  MPa ± 0.041). The 50% nHA samples had 
significantly higher mechanical stiffness than all 

other groups (0.601  MPa ± 0.155). Young’s modu-
lus for trabecular bone is 0.05–0.5 GPa, a  103-fold 
difference from the mechanical stiffness recorded in 
the current study (Hutmacher et al. 2007). However, 
compared to previous work on the hydrogel nature 
of CNFs, Young’s modulus increased  102-fold after 
freeze–drying (Syverud et al. 2014). In addition, the 

Fig. 3  a SEM scan of 
the different groups, scale 
bar 50 μm (n = 3). b AFM 
images of the CNF-nHA 
groups, scale bar 30 μm
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mechanical stiffness increased significantly with nHA 
incorporation above 33%.

Pore size, expressed as the diameter of a single unit 
of void, is closely associated with porosity, but sets 
the scale of the environment that cells sense in a scaf-
fold (Bobbert and Zadpoor 2017; Huri et  al. 2014). 
In the current study, 20% nHA resulted in the widest 
range of pore size distribution (9–422 μm). However, 
with increasing nHA, the pore size became smaller, 
and the distribution became narrower. Consequently, 
the 50% nHA had the smallest pore size and distri-
bution (9 − < 206  μm, Fig.  4d). The pre-freezing 
temperature of − 20  °C used in scaffold preparation 
affects the median pore size achieved (Petrauskaite 
et al. 2016; Haugh et al. 2010; Murphy et al. 2010). 
Compared to lower temperatures (and therefore, faster 
freezing), such as − 80  °C, the chosen temperature 
enables the expansion of water (Petrauskaite et  al. 
2016). As a result, the nucleation and the formation of 
ice crystals is larger in size, directly affecting the size 
of formed pores (Haugh et  al. 2010). The decrease 
in pore size associated with incorporation of nHA is 
commonly reported in studies on freeze–dried scaf-
folds (Hokmabad et al. 2019; Kim et al. 2005; Pala-
veniene et  al. 2019). On the other hand, the greater 
pore size distribution of the 20% nHA in the current 
study indicates a CNF-nHA ratio-specific interaction, 
enabling enlarged nucleation and ice crystal forma-
tion during the pre-freezing step. It could be specu-
lated that the same does not occur at higher nHA con-
centrations because of higher dry matter content in 
the composition of the scaffolding.

Swelling and protein adsorption

The swelling and protein adsorption data are pre-
sented in Fig. 5. All groups demonstrated high water 
uptake: the highest was in the 0% nHA after 48  h 
incubation (5983 ± 454%). Water uptake decreased 
with further nHA incorporation, with the lowest 
swelling in the 50% nHA after 48  h (3472 ± 293%) 
(Fig. 5a). The decrease in swelling can be attributed 
to the decreasing total porosity associated with incor-
poration of nHA (Fig. 4b).

A similar trend was observed for protein adsorp-
tion. The 0% nHA samples could adsorb the 
highest amount of proteins per object surface 
area (0.379 ± 0.086  µg/mm2) provided by FBS 
(Fig.  5b). The 20% nHA showed similar results 

(0.361 ± 0.089  µg/mm2), whereas the samples with 
higher concentrations of nHA did not perform as well 
(33%: 0.288 ± 0.034 µg/mm2; 50%: 0.276 ± 0.018 µg/
mm2). These results are of interest because the CNF 
scaffold alone had a smoother surface topography 
(Fig. 3a and b – 0%) and one of the smallest surface 
areas (Fig.  4b). However, 0% nHA had the highest 
specific surface and could present more favourable 
surface chemistry, such as carboxyl groups (McClary 
et al. 2000).

Seeding efficiency, viability, and proliferation of 
Saos-2 cells

The viability, seeding efficiency and proliferation are 
presented in Fig. 6. In all groups, seeding efficiency 
(Fig. 6a) was relatively low, ranging from 40 to 60%. 
This could be due to the highly porous and intercon-
nected structure, leading to cells flowing through 
the scaffold by gravity before adherence. The high-
est initial cell numbers were recorded for 20% nHA 
(57.82 ± 7.71%).

Even with the variation in initial cell numbers, 
there is little difference in relative proliferation on 
day 1 (Fig. 6b). However, from day 7 even significant 
differences can be seen, where 0% nHA outperforms 
50% nHA. The highest relative cell proliferation 
occurs on day 14 (20% nHA), which is significantly 
higher than all the other groups. In addition, all 
groups presented high cell viability (Fig.  6c) over 
4 days, indicating an initial nontoxic effect of the 
scaffolds.

The differences in seeding efficiency and prolif-
eration are closely related to the material and surface 
properties. Both swelling and protein adsorption are 
desirable biological responses. Swelling, or water 
uptake, aids cell seeding, nutrient uptake, ion flow 
and waste exchange, both in  vitro and in  vivo. Pro-
tein adsorption can make the scaffolding a preferred 
site, attractive for cells such as osteoblasts to adhere 
and spread (Wilson et  al. 2005). Yang et  al. (2013) 
described the mechanism of cells interacting with 
materials with the concept of “protein adsorption—
cell behaviour”. It was shown that adhesion of cells 
is related to the presence of adsorbed proteins con-
taining RGD-peptide motifs, to which cell surface 
integrins bind. Although manufacturers do not report 
the protein content of commercial FBS, the general 
ingredients and variation in content are reported in 
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the literature (Lee et  al. 2022). Of the over 90 pro-
teins identified in FBS, fibronectin and vitronectin are 
those most frequently discussed with reference to cell 
adhesion and spreading (Hayman et  al. 1985; Wil-
son et al. 2005). When this is related to the scaffold 
material in use, Webster et  al. (2001) demonstrated 
increased adsorption of vitronectin to both calcium 
and nano phased alumina surfaces. This was corrob-
orated by Kilpadi et  al. (2001), reporting increased 
fibronectin and vitronectin adsorption to hydroxyapa-
tite compared to commercial metals used as hard-
tissue materials. Therefore, although the quantity of 
adsorbed protein might be greater in the 0% scaffold 
surface, the quality might be better in nHA-incorpo-
rated scaffolds, because of the material properties.

The 20% nHA demonstrates more effective cell 
attachment and proliferation, most likely due to the 
largest pore size distribution (Fig.  4d), high water 
uptake (Fig.  5a) and theoretically higher preferable 
protein adsorption qualities. Murphy et  al. (2010) 
suggested that a smaller pore size (85–120 μm) would 
decrease cell filtration and migration, limiting cells to 
aggregate more on the outer perimeters of a scaffold. 
This could explain the lowest proliferation on 50% 
nHA.

It was of interest to note that despite high porosity, 
high specific surface area, water uptake and protein 
adsorption, the 0% nHA scaffold did not demonstrate 
superior results. Therefore, it could be argued, that 
incorporating nHA into the scaffolds offers advan-
tages through increased surface roughness (Deli-
gianni et al. 2001) and the aforementioned beneficial 
protein adsorption.

Differences in cell morphology disclosed by SEM

SEM images of cell-cultured samples are presented 
in Fig.  7. All groups show attachment on day 1, 
with distinct cell bodies and nuclei. However, dif-
ferences in cell morphology can be seen among the 
groups. In the 0% nHA samples, the cells are more 
spindle-like. In contrast, the cells attached on nHA 
samples are more polygonal on day 1. The differences 
become more distinct on day 7. On the 0% nHA, the 
cells maintain their spindle-like shapes whereas on 
the 20% nHA the cells are completely spread out 
over the scaffold surface in a sheet-like formation. A 
similar appearance can be noted on 33% nHA, with a 
decreasing trend on the 50% nHA, where the ellipti-
cal shape of the cell nuclei can still be discerned.

In accordance with the blank SEM and AFM 
results (Fig. 3a, b), the scaffolds with nHA exhibited 
greater surface roughness than the smooth surface of 
cellulose without nHA. It is of interest to note that 
the surface roughness can also be seen from the cell 
morphology, as the cells lie and anchor tightly on the 
nHA particles. Similar morphology and anchoring 

Fig. 4  a µCT images of the different scaffolds (n = 3). b Com-
parative data on total porosity, object surface and specific 
surface (n = 3). c  Mechanical stiffness (n = 6). Differences 
between groups: *p < 0.05, **p < 0.01, ***p < 0.001. d  Pore 
size distribution (n = 3)

◂

Fig. 5  a Swelling measured in  dH2O for 48 h (n = 5). b Protein adsorption over surface area for 24 h (n = 5)
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Fig. 6  a Seeding efficiency 
measured after 4 h (n = 3). 
b Proliferation measured 
on days 1, 7 and 14. The 
results are presented 
relative to 0% group on 
day 1 (n = 6). Differences 
between groups are labeled 
as *p < 0.05, **p < 0.01, 
***p < 0.001. c Viability 
of the cells on day 1 and 
day 4: live (cyanide), dead 
(magenta) and scaffold 
structure (grey). Scale bar 
500 μm
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Fig. 7  SEM imaging of 
Saos-2 cells on top of the 
scaffolds on day 1 and day 
7. Cells are indicated with 
white arrows. Scale bar 
10 μm
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were reported by Daugela et al. (2018) with cellulose/
nHA scaffolds. In all but the 0% nHA samples, the 
cells seem to continue to spread, from day 1 to day 
7. Based on the SEM images, the cells seem to pre-
fer the 20% nHA group over others, although similar 

cellular spreading can be observed in the 33% group. 
This is supported by comparing the mechanism of 
adhesion to smooth surfaces and a micron- or sub-
micron scale environment. Zhu et  al. (2004) dem-
onstrated that a smooth surface prevents filopodia 

Fig. 8  Relative ALP activity on days 1, 7, and 14 is normal-
ized to the amount of DNA (n = 6). Differences between 
groups are labeled as *p < 0.05, **p < 0.01, ***p < 0.001. 
Expression of osteogenic genes: RUNX2, ALP, COL-I, OP 

and OCN on days 7 and 21, common legend. The results 
are relative to the D7 0% nHA samples (n = 6). Differences 
between groups are non-significant. Differences between time-
points: *p < 0.05, **p < 0.01, ***p < 0.001
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formation, but filopodia scan the environment in 
numbers and when micro- or submicroscale cues are 
provided, they will mature into lamellopodia with 
enhanced cell attachment.

Moreover, Deligianni et  al. (2001) studied differ-
ent surface roughness properties on hydroxyapatite 
discs and concluded that increasing surface rough-
ness enhanced cell adhesion and proliferation. Simi-
larly, Hokmabad et al. (2019) studied ethyl cellulose-
grafted-poly(ε-caprolactone) alginate nanofibrous 
scaffolds incorporated with nHA and recorded 
improved attachment and proliferation. Here it can 
be concluded that the nHA incorporation enhanced 
attachment and morphology of the cells through sur-
face roughness.

Osteogenic phenotype expression

The normalized alkaline phosphatase (ALP) activ-
ity and osteogenic gene expressions are presented in 
Fig. 8. The ALP activity is at its highest level on day 
1 in all the groups and decreases steadily to day 14. 
This could be explained by a longer expansion time 
before Saos-2 cells were seeded onto the scaffolds. 
The 50% nHA demonstrated the highest ALP activ-
ity on day 1 through the timepoints. However, the 
only significant difference among the groups could be 
found on day 7, between the 0% and the 50% nHA.

With reference to selected osteogenic markers, 
there were no significant inter-group differences. 
However, differences were detected between time-
points. For example, for the 20% nHA alone, ALP and 
OCN expression increased significantly from day 7 
to day 21. Moreover, in both the 20% and 33% nHA 
groups, there were significant increases in expression 
of the early osteoblastic transcription factor RUNX2 
between the timepoints. Moreover, all groups exhib-
ited significant increases in expression of OP and 
COL-I over time.

Bone formation is generally described as having 
three phases: proliferation, early differentiation with 
extracellular matrix maturation (ECM) and miner-
alization (Vimalraj et  al. 2015; Huang et  al. 2007). 
Runx2, an early osteogenic marker, is one of the most 
important transcription factors in the initial process 
of osteogenesis. Among the important effects, it acti-
vates other osteoblast differentiation marker genes, 
such as ALP, COL-I, OP and OCN (Vimalraj et  al. 
2015). When the differentiation process shifts from 

proliferation to ECM maturation, ALP expression 
peaks in parallel with collagenous ECM formation 
(Lian and Stein 1995). ALP is a membrane-bound 
enzyme with an evident role in ECM mineralization, 
facilitating the calcification of collagen (Price et  al. 
2009; Murshed and McKee 2010). At this stage of 
osteogenic differentiation, however, the expression of 
both ALP and COL-I are required. In the last phase, 
in addition to the calcium phosphate mineral deposi-
tion, there is increased production of osteopontin and 
osteocalcin, proteins associated with the mineralized 
matrix (Beck and Knecht 2003; He et al. 2010). OP 
gene expression is also found at low levels in the 
early proliferative phase, whereas OCN is associated 
only with mineralization (Lian and Stein 1995).

When relating the gene expression results from 
the current study to the phases of osteogenic differ-
entiation, only the 20% nHA follows through from 
beginning to end. Despite the significant increase 
in Runx2 expression with the 33% nHA, it does not 
seem to be adequate to stimulate the process fur-
ther into increased OCN expression. It could also be 
argued that the increase of Runx2 expression is rel-
atively late, but there are also reports of late Runx2 
expression in the mineralization phase (Lian and 
Stein 1995). However, when observing ALP activity 
and osteogenic gene expression, the type of cell used 
should be taken into account. Saos-2 cells are already 
osteoblast-like cells and should be evaluated for 
osteogenic phenotype rather than osteogenic differen-
tiation. Therefore, we can accept earlier ALP activ-
ity, which might not correlate directly with Runx2 and 
ALP expression (Czekanska et al. 2014). Of all gene 
expressions, the greatest fold change was recorded for 
OP. This correlates with a report that inorganic phos-
phate stimulates the expression of OP in osteoblasts 
(Beck and Knecht 2003). However, as there is also 
a significant increase with the 0% nHA, the increase 
is most likely stimulated by the osteogenic medium 
supplement, β-glycerophosphate, not the nHA in the 
scaffolds.

With reference to the osteogenic gene expression 
results of the current study, the achieved micro-
architecture of the scaffolds should be considered. 
The reported ideal pore size for osteogenic activ-
ity and bone formation varies greatly in the litera-
ture, for both in  vitro and in  vivo studies. Mygind 
et  al. (2007) suggested a preference for a smaller 
pore size of 200 μm in vitro and this was supported 
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by Brennan et  al. (2019). However, contradictory 
results are reported by Huri et  al. (2014) and Sic-
chieri et  al. (2012) with preferred pore sizes of 
1000–1500 μm and 850–1200 μm, respectively. The 
variation is not as pronounced in in  vivo studies. 
While Tsuruga et al. (1997) and Whang et al. (1999) 
agreed on a pore size of 300–400  μm, two dec-
ades later Sicchieri et al. (2012) and Entezari et al. 
(2019) suggest ranges of 470–590 and 390–590 μm, 
respectively. However, a new approach to pore 
size range has recently been introduced: bimodal 
pore design, alternating smaller pores with larger 
ones to induce osteogenic differentiation in  vitro 
and bone formation in  vivo. In these more recent 
reports, there is closer agreement on pore sizes. In 
an in  vivo study, Brennan et  al. (2019) presented 
a bimodal design in which pore size alternated 
from 390 to 590 μm. In an in vitro study, Ratheesh 
et  al. (2021) investigated pore sizes alternating 
from 100 to 530  μm. In the current study the bio-
mimetic scaffolds have a range of pore sizes. The 
50% nHA shows a narrower distribution, with the 
smaller pore size of 100 μm. However, on the 20% 
nHA scaffolding, pore size was more widely distrib-
uted, with both smaller (100–200  μm) and larger 
pores (350–400 μm), This material could be catego-
rized as bimodal, although it presents a variety of 
pore sizes instead of two. The preferred pore size 
for osteogenic phenotype expression stated in the 
literature is in accordance with the gene expression 
results of 20% nHA in the current study.

Conclusions

Incorporating increasing amounts of nHA (0%, 20%, 
33%, 50%) to CNF matrix modified the physical and 
biological properties of biomimetic freeze–dried scaf-
folds. While surface roughness, porosity, mechanical 
stiffness, swelling and protein adsorption correlate 
linearly with increasing nHA concentration, the pore 
size distribution did not follow the trend. In addition, 
the biological characterization revealed that nHA 
incorporation over 20% did not offer further advan-
tages. The composite scaffolds supported cell prolif-
eration and osteoblastic phenotype without cytotoxic-
ity, with favourable responses to surface properties.

Inter-group comparison shows that 20% nHA 
seems to be superior in terms of favourable pore size 

properties, observed cell morphology and osteogenic 
gene expression. The results imply that 20% nHA 
scaffolding has the greatest potential for further bio-
mimetic bone tissue engineering investigations.
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