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A B S T R A C T   

Nanocellulose application has been increasing owing to its appealing physicochemical properties. Monitoring of 
the crystallinity, surface topography, and reactivity of this high-aspect-ratio nanomaterial is crucial for efficient 
tissue engineering. Controlling macrophage polarization phenotype remains a challenge in regenerative medi
cine and tissue engineering. Herein, we monitored the effects of shape-regulated (rod and spherical) nano
cellulose on the macrophage modulatory potential of RAW 246.7 cells in vitro. Spherical nanocellulose (s-NC) 
exhibited higher thermal stability and biocompatibility than rod nanocellulose. Macrophage polarization was 
profoundly affected by nanocellulose topography and incubation period. M2 polarization was observed in vitro 
after 1 day of treatment with s-NC, followed by M1 polarization after treatment for longer periods. Transcriptome 
analysis similarly revealed that M1 polarization was dominant after 1 day h of incubation with both nano
cellulose types. These findings demonstrate that macrophage polarization can be controlled by selecting suitable 
nanocellulose shape and incubation time for desired applications.   

1. Introduction 

The success of a given tissue engineering approach is greatly influ
enced by the host immune system. The host immune response, which is 
activated within a few hours following the implantation of biomaterials, 
regulates their fate (Zhao et al., 2022). Therefore, implanted bio
materials with favorable immune responses can facilitate bone regen
eration (Batool et al., 2021; Zhu et al., 2021). Macrophages are immune 
cells that play an important role in inflammation and wound healing 
(Luu et al., 2015). They are susceptible to changes in the microenvi
ronment surrounding implanted biomaterials and exhibit a wide range 
of phenotypes (Rostam et al., 2016). M1 (classically activated) and M2 
(alternatively activated) are the two widely reported macrophage phe
notypes, and their polarization is profoundly influenced by the physi
cochemical and topographical properties of implanted biomaterials 
(Rostam et al., 2015). M1 macrophages exhibit pro-inflammatory and 
anti-tumor effects, whereas M2 macrophages have anti-inflammatory 
and wound-healing properties. Thus, macrophage polarization and the 
balance between M1 and M2 are necessary for improved tissue regen
eration. Giant body cell formation occurs in response to inappropriate 
polarization, reducing the effectiveness of implanted biomaterials 

(Zhang et al., 2020). M1 polarization can be achieved by treating 
monocyte cells with lipopolysaccharide, whereas M2 polarization can be 
accomplished by treating monocyte cells with interleukin (IL)-4 or IL-13 
(Proost et al., 2014; Verreck et al., 2004). M1 macrophages facilitate the 
production of various pro-inflammatory cytokines, including IL-6, IL-12, 
IL-1β, IL-23, and tumor necrosis factor-alpha (TNF-α), and upregulate 
the expression of chemokine (C–C motif) receptor 2 (CCR2), CCR7, and 
inducible nitric oxide synthase (iNOS) (Cantero-Navarro et al., 2021; 
Viola et al., 2019). M2 macrophages trigger the secretion of various anti- 
inflammatory cytokines, including IL-10 and transforming growth factor 
(TGF- β) (Miki et al., 2021). 

The development of biocompatible biomaterials for regenerative 
tissues has attracted considerable interest. Various materials, such as 
chitosan, poly (lactic acid), collagen, alginate, hyaluronic acid, and 
nanocellulose, have been widely used in tissue engineering applications 
owing to their attractive physicochemical properties and superior 
biocompatibility (Filippi et al., 2020; Luo et al., 2019). Nanocellulose 
has attracted significant interest in tissue engineering because of its 
favorable physicochemical properties, including large surface area, 
mechanical strength, low density, and good biocompatibility. It is a 
nanoform of repeating cellulose units connected by β-1,4-glycosidic 
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linkages (Chu et al., 2020). Cellulose nanocrystals (CNCs), cellulose 
nanofibrils (CNFs), and bacterial nanocellulose (BNC) are the three main 
types of nanocellulose, classified according to their structure and origin. 
Nanocellulose has distinct physicochemical properties (such as surface 
area and aspect ratio) and exerts varying effects on immune cells (Fer
reira et al., 2020; Luo et al., 2019). Understanding the biomaterial- 
mediated macrophage polarization process will aid the design and 
development of materials for tissue engineering. It has been widely 
established that biomaterial geometrical factors, such as shape, size, and 
surface chemistry, have significant effects on immune cells (Antmen 
et al., 2021; Mariani et al., 2019). The effects of CNCs on macrophage 
polarization have been previously reported, and studies have indicated 
that CNCs upregulate the expression of inflammatory cytokines, 
whereas carboxylated CNCs diminish the expression of inflammatory 
cytokines (Samulin Erdem et al., 2019). However, although nano
cellulose shape and size significantly affect macrophage polarization, 
the effects of shape-regulated nanocellulose on this process have not 
been reported. Therefore, monitoring the macrophage polarization of 
shape-regulated nanocellulose would contribute to improved tissue 
engineering. 

Herein, we investigated the effects of shape-regulated nanocellulose 
(spherical and rod) on the polarization of the murine macrophage cell 
line RAW 264.7 cells in vitro. To the best of our knowledge, this is the 
first comparative study that analyzed the dependence of macrophage 
polarization of RAW 264.7 cells on shape-regulated nanocellulose. The 
obtained nanocellulose was characterized using standard spectroscopic 
methods. The biocompatibility of shape-regulated nanocellulose was 
examined with human bone marrow-derived mesenchymal stem cells 
(hBMSCs) using the WST-8 assay. The mineralization potential of the 
prepared nanocellulose was also monitored. Transcriptome analysis was 
conducted to assess the possible macrophage polarization pathways 
induced by nanocellulose. Based on the obtained results, we hypothe
sized that nanocellulose geometry, and its properties could be easily 
determined by selecting suitable chemical reagents for the desired 
applications. 

2. Experimental section 

2.1. Materials 

All materials were used as obtained without further purifications. 
Potassium hydroxide (Sigma-Aldrich, St. Louis, MO, USA), sodium hy
droxide (Junsei Chemicals, Tokyo, Japan), sodium chlorite, ammonium 
persulfate (APS) (Daejung Chemicals, Busan, Republic of Korea), acetic 
acid (99.7 %), sulfuric acid (98.08 %), and hydrochloric acid (35 %) 
(mass/mass, Wako Chemicals, Osaka, Japan), were used in this experi
ment. The pine-wood powders (80 mesh, 177 μm) were collected from 
the local supplier. 

2.2. Extraction of spherical nanocellulose and CNCs 

Nanocellulose was extracted from pine wood powder through 
chemical treatment, as described in the Supplementary Information. A 
process flow diagram for cellulose extraction and purification from pine 
wood powders is also given in Fig. S1. Spherical nanocellulose (s-NC) 
was prepared as previously reported, using APS as an oxidizing reagent 
(Cheng et al., 2014). Briefly, extracted cellulose (5.0 g) was treated with 
1 M APS solution at 80 ◦C for 16 h. After quenching the oxidation using 
cold water, the mixture was dialyzed using a 12–14 kDa molecular 
weight cellulose tube against distilled water for 3–4 days. CNCs were 
extracted using sulfuric acid as the oxidizing reagent.(Sheltami et al., 
2012) Cellulose (4.0 g) was then treated with 60 wt% sulfuric acid so
lution at 45 ◦C for 50 min with continuous mechanical stirring. Subse
quently, the reaction was quenched by adding cold water, followed by 
dialysis using a 12–14 kDa molecular weight cellulose tube against 
distilled water for 3–4 days. The samples were then freeze-dried for 

further analysis. The yields of s-NC and CNCs were 32.2 % and 29.2 %, 
corresponding to 1.61 and 1.16 g, respectively. 

2.3. Spectroscopic characterizations 

The morphological characteristics of the extracted nanocellulose 
were examined by using the field emission transmission electron mi
croscope (FE-TEM) (JEM-2100F, Jeol, Japan) and atomic force micro
scope (AFM) (Nanoscope 5, Bruker, Germany). The surface charge of the 
synthesized nanocellulose was measured by using a zeta potential par
ticle size analyzer (Malvern, ZSP, United Kingdom). The Fourier trans
form infrared (FTIR) spectroscopy (Frontier, Perkin Elmer, UK) was used 
to assess the presence of the functional groups in s-NC and CNCs in the 
range of 4000–400 cm− 1 with a resolution of 4 cm− 1. The number of 
scans was 32 in FTIR measurement. The X-ray diffractometer (X’Pert 
PRO MPD, Philips, Eindhoven, Netherlands) was explored to evaluate 
the structural changes in s-NC and CNCs at operating voltage and cur
rent of 40 kV and 40 mA, with Cu Kα radiation (λ = 1.5414 A○), 
respectively. The crystallinity index (CI) of the extracted samples was 
calculated using the Segal method given in the equation below (Cheng 
et al., 2014). 

Crystallinity Index (CI) (%) =
I200 − Iam

I200
× 100  

where, I200 is peak intensity at (200) diffraction position, and Iam is 
minimum intensity between the (200) and (110) diffraction peaks. All 
intensity values were taken after subtracting the background signal 
measured without the samples. 

The thermal stability of the prepared nanocellulose was evaluated 
using a thermal analysis system (TA Instruments, SDT Q600) in the 
range of 40–600 ◦C with a heating rate of 10 ◦C/min in the nitrogen 
atmosphere. The X-ray photoelectron spectrometer (XPS) (K-Alpha+, 
Thermo Fischer, USA) was utilized to assess the surface chemistry of the 
prepared nanocellulose. The XPS spectra were recorded using AlKα 
source at a constant pass energy of 150 eV. The static sample charging of 
the recorded spectra was corrected with respect to the C1s peak at 284.8 
eV. 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP- 
OES, Agilent 5900, USA) was used to determine the ion (Ca2+ & PO4

3− )- 
binding potential of nanocellulose. For this, CaCl2 (100 mM) and 
phosphate buffer solutions were prepared using 2 % nitric acid solution. 
The nanocellulose concentrations were taken at 0.1 wt%. The 
nanocellulose-treated media were filtered after 24 h, and the concen
trations of the remaining ions were measured using ICP-OES. 

The surface charge densities (carboxylate and sulfate contents) on 
the prepared nanocellulose were examined through the electric con
ductivity titration method as described earlier, with some modifications 
(Saito & Isogai, 2004). Nanocellulose (0.054 g) was added to distilled 
water (10 mL) and 0.01 M NaCl (0.90 mL), followed by probe sonication 
for 10 min. The pH of the suspension was adjusted to 2.5–3.0 with 0.1 M 
HCl and/or 0.01 M NaOH solution. The conductivity curves were plotted 
against the consumed NaOH, and the endpoint was taken from the 
curve. The carboxylate and sulfate contents were determined by using 
the following equation. 

Carboxylate
/

sulfate contents
(

m mol
g

)

=
ΔV CNaOH

m  

where ΔV is the volume of NaOH at the endpoint, CNaOH is the con
centration of used NaOH, and m is the mass of nanocellulose used in the 
titration. 

2.4. Cytotoxicity of nanocellulose 

The culture processes for hBMSCs, Raw 264.7, and MG-63 are pro
vided in the Supplementary Information. The cytotoxicity of the 
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extracted nanocellulose was examined with hBMSCs using WST-8 assay 
method in 96-well plates after 1, 3, and 5 days of treatment. For this, 1 ×
104 cells were placed on the surface of nanocellulose and incubated for 
the desired periods in a 5 % CO2 incubator at 37 ◦C. The groups without 
nanocellulose treatment were taken as control. The old culture media 
were changed with fresh culture media after 3 days of treatment. After 
that, 10 μL of WST-8 dye was added to the cultured media, followed by 
incubation for 2 h to develop the formazan. The developed formazan 
was collected in a separate plate, and absorbance was measured with a 
spectrophotometer at 450 nm (Infinite® M Nano 200 Pro, TECAN, 
Switzerland). All tests were performed in triplicate (n = 3), and data are 
shown at mean optical density (OD) ± standard deviation (SD). Statis
tical significance was considered at *p < 0.05. The cytotoxicity of the 
extracted nanocellulose with RAW 246.7 was also examined in a similar 
process as described above. 

2.5. Cell morphology 

The morphological characteristics of hBMSCs with nanocellulose 
were examined by using an inverted fluorescence microscope (DMi8 
Series, Leica Microsystems, Germany) after 3 days of treatment. For this, 
the cells (2.0 × 104) were placed on the surface of nanocellulose and 
incubated for the desired periods. The groups without nanocellulose 
treatment were considered as control. After incubation, the cells were 
washed with PBS and treated with 4 % paraformaldehyde (PFA) (Sigma- 
Aldrich, USA) solution, followed by washing with PBS. The cells were 
then treated with 0.1 % Triton-X 100 for 10 min, and after that, they 
were incubated with 1 % bovine serum albumin (BSA) (Sigma-Aldrich, 
USA) for 60 min, followed by staining with 200 μL of Alexa Flor 488-con
jugated Phalloidin (F Actin Probe; Invitrogen, Thermo-Fischer Scientific, 
USA) for 20 min. The nuclei were stained by using 4, 6-diamino-2-phe
nylindole dihydrochloride (DAPI) (Sigma-Aldrich, USA) for 5 min. 
These cells were then treated with PBS to remove the excess stains and 
mounted by adding 1 drop of Prolong® Antifade mounting media 
(Invitrogen, Thermo-Fischer Scientific, USA). The morphological images 
were taken with the microscope. 

2.6. Mineralization and ALP activity of nanocellulose 

The mineralization efficiency of the extracted nanocellulose was 
examined by the Alizarin red staining (ARS) method after 7 and 14 days 
of treatment. For this, the cells (4.0 × 104) were placed on the surface of 
nanocellulose and incubated for the desired periods. The old osteogenic 
media were replaced with fresh osteogenic media every 3 days. The 
groups without nanocellulose treatment were taken as control. After 
incubation, the cells were washed with PBS solution and treated with 4 
% PFA solution at room temperature for 15 min to fix the cells, followed 
by washing with distilled water. Next, the cells were stained with 40 mM 
ARS (pH 4.2) solution and left for 30 min, and after that, the excess 
stains were eliminated by washing with distilled water. The photographs 
of the formed minerals were taken using a light microscope (Zeiss Op
tical Microscope, USA). A de-staining solution containing 10 % of 
cetylpyridinium chloride and 10 nM of sodium phosphate (Sigma- 
Aldrich, USA) was used to quantify the formed minerals. For this, the 
stained cells were treated with the de-staining solution, and absorbance 
was recorded at 562 nm by using a spectrophotometer. All the experi
ments were accomplished in triplicate (n = 3), and data are presented as 
mean OD ± SD. Statistical significance was considered at *p < 0.05. 

Alkaline phosphatase (ALP) activity of shape-dependent nano
cellulose was monitored with hBMSCs after 7 and 14 days of incubation 
(Patel, Dutta, Ganguly, Kim, & Lim, 2021). Briefly, 4.0 × 104 cells were 
incubated with nanocellulose for the desired periods. Next, the cells 
were incubated with human leukocyte alkaline phosphatase kit (Sigma- 
Aldrich, USA) as per the manufacturer’s protocols. The ALP activity was 
measured by using p-nitrophenyl phosphatase, and absorbance was 
taken at 405 nm using a spectrophotometer. 

2.7. Shape-dependent macrophage polarization potential of nanocellulose 

The macrophage polarization effects of the extracted nanocellulose 
was examined in the presence of RAW 264.7 cells by monitoring 
morphological changes after 24 h of incubation using a light microscope 
(Zeiss Optical Microscope, USA). Thus, 2.0 × 104 RAW 264.7 cells were 
placed on the sample and incubated for the desired period. Groups not 
subjected to nanocellulose treatment were used as the control. The cells 
were then washed with phosphate-buffered saline (PBS) and images 
were captured to visualize the morphological changes in the cultured 
cells. The morphological changes were also monitored using bright field 
microscopy. Immunofluorescence (IF) was utilized to examine the 
morphology of RAW 264.7 cells with prepared nanocellulose after 1, 3, 
and 5 days of incubation. In brief, 2.0 × 104 cells were incubated with 
nanocellulose for the desired periods, followed by washing with PBS, 
and fixing with 3.7 % PFA solution for 15 min. The fixed cells were 
permeabilized using 0.1 % Triton X-100 for 10 min, followed by washing 
and blocking with 1 % BSA for 60 min. After that, cells were treated with 
200 μL Alexa Fluor-555 (F-actin probe) for 30 min. The nuclei were 
stained with 20 μL DAPI solution (1 mg/mL) for 2 min under dark 
conditions. The excess stains were removed by washing with PBS and 
covered with a mounting media and a glass coverslip. The images were 
captured using a fluorescence microscope at a magnification of 40 × . 

IF was used to assess the macrophage polarization effects of the 
extracted nanocellulose. The expression of various macrophage pheno
type markers (CD68, iNOS, CD86, and CD163) in RAW 264.7 cells was 
examined after 1, 3, and 5 days of incubation with the nanocellulose 
samples. To achieve this, RAW 264.7 cells (2.0 × 104) were placed on 
the surface of the nanocellulose and incubated for the desired period in 
DMEM media. Groups without nanocellulose treatment were used as the 
control. After incubation, the cells were washed twice with PBS and 
fixed by successive treatment with 3.7 % PFA solution for 15 min and 
absolute methanol for 10 min at room temperature. Next, the cells were 
blocked by treatment with 1 % bovine serum albumin (BSA) solution 
containing 5 μL Fc blocker (AAT Bioquest, USA) for 60 min. The cells 
were then incubated with specific antibodies against CD68, iNOS, CD86, 
and CD 163 at 4 ◦C for 12 h at a dilution of 1:500, followed by incubation 
with secondary antibodies (AF-555 and FITC) for 60 min. Excess anti
bodies were removed by washing with PBS. The nuclei were stained with 
DAPI at room temperature for 2 min, followed by washing with PBS. The 
cells were covered with a mounting medium and a glass coverslip. The 
morphology of the stained cells was analyzed using an inverted fluo
rescence microscope at a magnification of 40×. All the antibodies were 
purchased from Santa Cruz Biotechnology (SCBT) Inc. California, USA. 

2.8. Transcriptome analysis 

Transcriptome analysis was performed to monitor differentially 
expressed genes (DEGs) (ebiogen Inc. Seoul, South Korea) arising from 
treatment with the nanocellulose samples. The groups without nano
cellulose incubation were used as controls. Total RNA was extracted 
after 36 h of treatment with RNAzol reagent (Sigma-Aldrich, USA) and 
used to prepare the standard RNA library. QuantiSeq 3′ mRNA-Seq was 
performed using a next-generation RNA sequencer (Nova-Seq 6000, 
PE100 bp, CA, USA) for reference genome (mm 10, data base: UCHC) in 
Mus musculus. The raw data were analyzed using ExDEGA graphic 
software (ebiogen, Republic of Korea) and normalized to log2. Up- and 
down-regulated genes with fold changes of ≥2.0 and p values < 0.05 
were included in the statistical analysis. 

2.9. Antibody array and bioinformatics study 

The human cytokine antibody array (C5) was performed to analyze 
the expression profiles of Raw 264.7 cell secretome with nanocellulose 
as per the manufacturer’s guidelines. The densitometry data were ob
tained using ImageJ software (National Institutes of Health, USA 
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(http://imagej.nih.gov/ij/)) and utilized to compare different samples 
after background deduction and normalization against the positive 
control spots. The protein-protein interactions among the identified 
proteins were analyzed using STRING software (www.string-db.org). 

2.10. Statistical analysis 

Statistical analyses were performed with one-way ANOVA from 
OriginPro 9.0 software. The data are presented as mean ± SD. The 
control group was compared with the treated group, and statistical 
significance was taken at *p < 0.05, **p < 0.01, and ***p < 0.001. 

Fig. 1. (a) Schematic representation of the preparation of distinct nanocellulose (NC) samples and their macrophage polarization potential, (b) Proposed pathway for 
s-NC preparation with APS, (c) TEM images of (i) CNCs, and (ii) s-NC, and (d) AFM images of (i) CNCs, and (ii) s-NC. 
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3. Results and discussion 

3.1. Structural morphologies of extracted nanocellulose 

A schematic representation of the extraction of distinct nanocellulose 
and their ability to induce macrophage polarization is shown in Fig. 1a. 
APS was used to obtain s-NC from cellulose. It generated nanocellulose 
from cellulose but also oxidized the C6 hydroxyl groups and converted 
them into carboxylic groups (Fig. 1b). The principal mechanism of APS 
method for nanocellulose formation depends on the generation of free 
radicals (SO4•‾), hydrogen peroxide (H2O2), and hydrogen sulfate 
(HSO4‾) during heating. The generated free radical ions and hydrogen 
peroxide quickly penetrate the cellulose chains. These chemical moieties 
accelerate the hydrolysis process and oxidation of C6-hydroxyl groups of 
cellulose chains. APS also generates H+ ions during heating, which 
produces acidic environments in the reaction media. The generated H+

ions break the glycosylic bonds of cellulose chains, leading to depoly
merization similar to acid hydrolysis (Oun & Rhim, 2017; Yang et al., 
2020). 

The morphologies of extracted CNCs and s-NCs were examined using 
TEM, and the images are shown in Fig. 1c. The CNCs exhibited a typical 
needle-like morphological structure with an average length of 140 nm, 
which was consistent with previously reported values (Jin et al., 2016). 
The extracted CNCs demonstrated a crystalline morphology, suggesting 
the effective removal of amorphous regions from their structure during 
acid hydrolysis. Rounded morphological structures were observed for 
the APS-hydrolyzed cellulose, verifying the successful generation of s- 
NC. The diameter of the extracted s-NCs was 43 nm. The changes in the 
morphology of the extracted nanocellulose under varying oxidizing 
conditions were also examined using AFM. The AFM images of acid- 
hydrolyzed and APS-hydrolyzed nanocellulose are shown in Fig. 1d. A 
typical needle-like morphology with an average length of 150 nm was 

Fig. 2. (a) Zeta potential of the prepared NC, (b) Surface charge on the prepared nanocellulose, (c) Ion adsorption potential of the prepared NC determined using the 
ICP method, and (d–f) XPS spectra of the indicated nanocellulose in indicated survey regions. 
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observed in the CNC AFM image, which was consistent with the TEM 
results. The formation of s-NCs was clearly observed from the AFM 
image. This phenomenon was attributed to the rapid penetration of the 
SO4

.– active groups, generated by APS thermal hydrolysis, into the 
amorphous regions of cellulose resulting in hydrolysis of the 1,4-β 
glycosidic bonds in the cellulose structures (Lam et al., 2012). Thus, 
hydrolysis possibly occurred at the surface and inner side of the amor
phous zones, leading to the generation of s-NCs. 

3.2. Surface potential and functional groups in extracted nanocellulose 

The zeta potential (ζ) was measured to examine the surface charge of 
the extracted nanocellulose generated under varying oxidizing condi
tions, and the obtained values are presented in Fig. 2a. Surface charge 
plays a significant role in the stability and re-dispersion of nanomaterials 
in different solvents. The zeta potentials of CNC and s-NC were − 25.9 
and − 36.0 mV, respectively, suggesting the presence of charged func
tional groups in their structures. The zeta potential of the CNCs origi
nates from the presence of sulfate ester/sulfonic acid groups resulting 
from sulfuric acid hydrolysis, and it facilitates the dispersion and sta
bility of CNCs in solvents (Niu et al., 2017). The zeta potential of APS- 
hydrolyzed s-NC was higher than that of the CNCs, and this may be 
attributed to the longer duration of oxidation (18 h), which led to the 
generation of negatively charged functional groups in their structure. 
Cheng et al. observed a lower zeta potential in nanocellulose from lyo
cell fibers obtained through APS hydrolysis, compared with that in 
nanocellulose generated through acid hydrolysis, suggesting that the 
magnitude of the zeta potential is also affected by the nanocellulose 
source (Cheng et al., 2014). 

We measured the surface charge density of the prepared nano
cellulose in terms of sulfate and carboxylate contents by using the 
electric conductivity titration method, and the results are shown in 
Fig. 2b. The s-NC showed enhanced conductance potential to CNCs, 
which could be attributed to the more charged functional groups 
generated in nanocellulose through APS oxidation and hydrolysis. The 
surface charges were 0.129, and 0.185 mmol g− 1 for CNCs and s-NC, 
respectively. The surface charge, which influences the zeta potential is 
crucial for nanomaterials stability in suspension and is also a significant 
factor in the adsorption of nanomaterials on the surface of cells (Ras
mussen et al., 2020). It has been observed that carboxylated nano
materials with a higher surface charge showed greater cellular uptake 
due to the favorable interactions between carbonyl-rich chains and cell 
membranes. Hosseinidoust and coworkers assessed the effects of nano
cellulose surface charge on the cellular activity of different cells, 
including HeLa and macrophages, and noted that nanocellulose having 
surface charge densities above the threshold limits demonstrated cyto
toxicity (Hosseinidoust et al., 2015). Therefore, it is believed that 
nanocellulose generated through APS treatment with a suitable surface 
charge could significantly accelerate cellular activity, compared with 
that generated through acid hydrolysis. 

Using ICP, we further examined the ion-(Ca2+ and PO4
3− ) binding 

potential of the CNCs and s-NC by determining the surface charge on 
nanocellulose, and the results are shown in Fig. 2c. We examined the 
concentrations of the ions remaining in the treated media using ICP. A 
lower concentration of Ca2+ ions (39.85 ± 0.14 ppm) was observed for 
the s-NC-treated groups, compared with that for the CNC (40.0 ± 0.16 
ppm) groups in solution, suggesting increased binding of the positively 
charged Ca2+ ions for the former. The lower concentration of Ca2+ ions 
in the s-NC-treated groups could be attributed to the higher zeta po
tential of s-NC (− 36.06 mV), which promoted the adsorption of posi
tively charged ions and decreased their concentration in the media. 
Furthermore, the phosphate ion concentration was higher in media 
treated with s-NC (13.71 ± 0.13 ppm) than in the media treated with 
CNCs (9.45 ± 0.14 ppm). This could be attributed to the high negative 
zeta potential of s-NC, which made it repel negatively charged phos
phate ions. 

We also performed the XPS analysis to assess the functional groups in 
the prepared nanocellulose, and the low-resolution results are given in 
Fig. S2a–b. The CNCs exhibited survey peaks at 285.3 eV and 533.4 eV, 
whereas s-NC showed peaks at 285.3 eV and 532.2 eV, which are 
attributed to the presence of C(1s) and O(1s), respectively. The change 
in the position of survey peaks of the nanocellulose materials could be 
attributed to the different electronic environments induced by the 
functional groups. The high-resolution XPS spectrum of C(1s) of CNCs is 
shown in Fig. 2d. It can be prominently deconvoluted into three peaks at 
283.5, 285.1, and 286.3 eV due to C–C/C–H, C–O, and O–C–O 
groups, respectively (Abdellah et al., 2018). The high resolution XPS 
spectrum of S(2p) of CNCs is shown in Fig. 2e. A prominent peak was 
observed at 167.9 eV, demonstrating the presence of sulfate functional 
groups through acid hydrolysis in the structure. The high-resolution XPS 
spectrum of C(1s) of s-NC is given in Fig. 2f. Compared with that of 
CNCs, the high-resolution XPS spectrum of C(1s) of s-NC was signifi
cantly more fitted into four peaks at 283.7, 285.3, 286.6, and 287.3 eV, 
which could be attributed to the C–C/C–H, C–O, O–C–O, and 
O–C––O groups, respectively. The additional survey peak at 287.3 eV in 
s-NC indicated the carboxylate functional groups in the structure. 
However, no significant peak was observed in the survey regions of 
164–175 eV in s-NC, demonstrating the lack of sulfate functional groups 
in the structure. The high-resolution XPS spectrum of S(2p) of s-NC is 
shown in Fig. S2c. These results indicate that the nanocellulose func
tionalities, and consequently their properties, can be tuned by selecting 
suitable chemical moieties for required applications. 

3.3. Chemical structure of extracted nanocellulose 

FTIR spectroscopy is a powerful analytical tool used to assess the 
availability of functional groups in samples. The various functional 
groups present in the extracted nanocellulose obtained under distinct 
oxidation conditions were identified using FTIR spectroscopy, and the 
obtained spectra are shown in Fig. 3a. The characteristic absorption 
peaks at 3328, 2893, 1633, and 1021 cm− 1 in the spectra of cellulose, 
CNCs, and s-NC were attributed to O–H and C–H stretching vibrations, 
adsorbed water, and C–O functional groups of the polysaccharides, 
respectively (Aguayo et al., 2018). Furthermore, the extracted cellulose 
did not give rise to an absorption peak at 1500 cm− 1, suggesting the 
complete removal of non-cellulosic components (lignin) during chemi
cal treatment (Patel, Dutta, Ganguly, & Lim, 2021). The CNCs and s-NC 
demonstrated absorption peaks similar to those of cellulose, suggesting 
that no significant structural changes occurred in cellulose under the 
different oxidizing conditions. The appearance of an additional ab
sorption peak at 1106 cm− 1 in the spectrum of CNCs was attributed to 
the presence of sulfate functional groups, originating from acid hydro
lysis (Radha et al., 2015). The FTIR spectrum of s-NC exhibited a new 
absorption peak at 1734 cm− 1, indicating the existence of C––O func
tional groups generated through carboxylation of the cellulose moiety 
during APS treatment (Cheng et al., 2014). The generation of active 
carbonyl functional groups by cellulose makes it an attractive nano
material for the development of high-performance and flexible com
posite materials. 

Cellulose contains intra- and intermolecular hydrogen linkages, 
which play a significant role in the assembly of the crystalline structure. 
The crystalline structures of the extracted cellulose, CNCs, and s-NC, 
were analyzed using X-ray diffraction analysis, and the obtained pat
terns are shown in Fig. 3b. Cellulose and s-NC exhibited three diffraction 
peaks at 11.9◦, 20.0◦, and 21.5◦, suggesting the presence of a cellulose II 
arrangement in their structure. However, CNCs exhibited diffraction 
peaks at 14.7◦, 16.2◦, and 22.5◦, indicating the presence of cellulose I in 
their structure (Kim et al., 2021). It is well known that cellulose presents 
distinct polymorphic structures, namely cellulose I, II, III, and IV. Of 
these, cellulose I and II are the most stable and are often used in various 
applications. Each polymorph has distinct physicochemical properties 
that depend on the synthesis process (Gong et al., 2017). Thus, acid 
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hydrolysis facilitated the formation of cellulose I, whereas APS hydro
lysis favored the formation of the cellulose II polymorph structure. The 
CI values for cellulose, CNCs, and s-NC were 76.19 %, 93.41 %, and 
94.01 %, respectively. The CI value of s-NC was slightly higher than that 
of CNCs, suggesting that greater hydrolysis of the amorphous regions of 
cellulose occurred through the APS oxidizing reagent than that through 
sulfuric acid. Therefore, it is possible to obtain nanocellulose with 
different morphological characteristics and crystallinity by tuning the 
reaction conditions or reagents used for the synthesis. 

The thermal stability of the extracted nanocellulose was analyzed 
with thermogravimetric analysis (TGA), and the results are shown in 
Fig. 3c. Cellulose and s-NC exhibited a one-step degradation pattern, 
whereas CNCs underwent two-step thermal degradation. The degrada
tion temperatures at which 10 % weight loss occurred in cellulose, CNCs, 
and s-NC were 263, 190, and 251 ◦C, respectively. The decrease in the 
thermal stability of CNCs and s-NC, compared with that of cellulose, can 
be attributed to the presence of heat-sensitive sulfate and carboxylic 
groups in their backbones, respectively. Heat-sensitive functional 
groups facilitate the initial degradation process and activation (Nan 
et al., 2017; Sharma & Varma, 2014). Sulfate groups are more sensitive 
to heat than carboxylic groups, and hence the sulfate groups have lower 
thermal stability than the carboxylic groups. The existence of heat- 
sensitive sulfate and carboxylic functional groups in the CNCs and s- 
NC was deduced from the FTIR results described above (Fig. 3a). The 
degradation temperature in the region of 265–410 ◦C is associated with 
the cleavage of glycosidic linkages, and is indicative of the degree of 
polymerization. This process generates carbon dioxide, water vapor, and 
other chemical moieties. The carbon residues in cellulose, CNCs, and s- 
NC accounted for 19 %, 30 %, and 13 %, respectively. The higher con
tent of carbon residues in CNCs can be attributed to rapid dehydration 

resulting from the presence of sulfate groups, and this facilitates 
increased formation of carbon residues at a higher temperature (Merlini 
et al., 2020). 

3.4. Cytotoxicity of extracted nanocellulose 

The cytotoxicity of the extracted nanocellulose was assessed using 
the WST-8 assay with hBMSCs at various concentrations (20, 40, 60, 80, 
and 100 μg/100 mL) and specific time intervals, and the results are 
shown in Fig. 4a and b. The hBMSCs and media not treated with 
nanocellulose were used as controls. Nanocellulose-treated groups 
exhibited greater cellular activity than the control after 1 d of treatment. 
This was further enhanced with incubation time (5 d), indicating 
favorable conditions for cellular activity (DeLoid et al., 2019). The s-NC- 
treated groups demonstrated higher cell viability than the CNC-treated 
groups throughout the incubation period, suggesting their superior 
biocompatibility. The enhanced cellular activity in the s-NC-treated 
groups can be attributed to favorable topographical properties of s-NC, 
compared with those of CNCs, which promoted cellular activity. It is 
well established that the biological activity of nanomaterials is pro
foundly affected by their surface chemistry, size, and shape (Bai et al., 
2019). Zhang et al. examined the shape-dependent cytotoxicity of poly 
(lactic-co-glycolic acid)/poly (ethylene glycol) (PLGA/PEG) nano
particles in human cells. They observed that needle-shaped nano
particles exert significant cytotoxicity toward human cells, compared 
with their spherical counterparts due to the rupture of the lysosomal 
membrane (Zhang et al., 2017). Therefore, it is anticipated that s-NC 
will provide better conditions for cellular activity than its CNCs coun
terpart. The cell viability was highest at 80 μg/100 mL of s-NC, sug
gesting that this an optimal concentration for cellular activity. Based on 

Fig. 3. (a) FTIR spectra, (b) XRD patterns, and (c) TGA curves of the NC samples.  
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these findings, 80 μg/100 mL of nanocellulose was used for further 
studies. 

The morphological characteristics of the hBMSCs after 3 d of incu
bation with nanocellulose were examined using a fluorescence micro
scope, and the obtained images are presented in Fig. 4c. Groups not 
treated with nanocellulose were used as the control. The cells appeared 
healthy and elongated in shape and were connected to each other. The 
cell densities were higher in the nanocellulose-treated groups than in the 
control group, suggesting that the material has a favorable biocompat
ibility. Furthermore, cell density was higher in the s-NC-incubated 
groups than in the CNC-treated groups, indicating the superior cyto
compatibility of the former. This finding is consistent with the cell 
viability results. 

3.5. Mineralization and ALP potentials of nanocellulose 

The mineralization efficiency of the prepared nanocellulose was 
assessed using the ARS method after 7 and 14 d of incubation with 
hBMSCs, and the results are shown in Fig. 5a. Groups not treated with 
nanocellulose were used as the control. We used 80 μg/100 mL of 
nanocellulose for this study because of the improved cellular activity of 
hBMSCs at this concentration. A higher degree of mineral nodule for
mation was observed in the nanocellulose-treated groups than in the 
control group after 7 d of incubation, demonstrating their superior 
mineralization potential. Mineralized nodule formation further 
increased with increasing incubation period (14 d), indicating improved 
mineralization potential. The improved mineralization in nanocellulose 
is attributed to the presence of active hydroxyl (–OH) functional groups 
in its backbone, which facilitates apatite formation through interactions 

Fig. 4. Cytotoxicity evaluation of the NC samples. Cell viability of hBMSCs treated with (a) CNCs, (b) s-NC at varying concentrations and at indicated periods. (c) 
Inverted fluorescence microscopy images showing hBMSC morphologies resulting from 3 d of treatment with the indicated NC. 
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with cations (Chen et al., 2015). A number of factors, such as shape, size, 
surface topography, and availability of active functional groups in bio
materials, play significant roles in apatite deposition (Patel, Dutta, Shin, 
Ganguly, & Lim, 2021). The s-NC-treated groups exhibited greater 
mineral deposition than the CNC-treated groups under all treatment 
conditions (7 and 14 d), indicating their superior mineralization effi
ciency. The higher mineralization potential of s-NCs can be attributed to 
their structural features. A greater concentration of negative charges 
was present on the surface of NC (ζ, − 36.0 mV) than on CNC (− 25.9 
mV), leading to stronger interactions with cations and increased mineral 
deposition. Gorgieva et al. reported improved mineral deposition in 
phosphonated cellulose nanofibers owing to the strong ionic interactions 
between charged phosphate ions and calcium ions, resulting in 
enhanced apatite deposition (Gorgieva et al., 2017). The quantitative 
values of the deposited minerals were also determined, and the results 
are shown in Fig. 5b. Mineral deposition was higher in the 
nanocellulose-incubated groups than in the control group after 7 and 14 
d of treatment, demonstrating the mineralization enhancing properties 
of nanocellulose. These results indicated the superior mineralization 
induction potential of s-NC, suggesting its applicability in bone tissue 
engineering, as biomaterials used for bone repair and regeneration 

should facilitate mineralization. 
The osteogenic potential of extracted nanocellulose was investigated 

in terms of ALP activity, to explore its potential use in bone tissue en
gineering. ALP is considered an important indicator of early-stage 
osteogenesis (Maturavongsadit et al., 2021). The ALP enzyme activity 
of hBMSCs after 7 and 14 d of treatment with extracted nanocellulose is 
shown in Fig. 5c. Groups not treated with nanocellulose treatment were 
used as the control. We employed 80 μg/100 mL of nanocellulose for this 
study because of the enhanced cellular activity of hBMSCs at this con
centration. Nanocellulose-treated groups showed higher ALP activity 
than the control after 7 d of incubation, which increased after 14 d of 
incubation, this demonstrated that nanocellulose has the ability to 
promote osteogenic differentiation. The higher ALP activity in the 
presence of nanocellulose can be attributed to the existence of active 
hydroxyl (–OH) functional groups, which facilitated ALP activity (Guo 
et al., 2020). Furthermore, the ALP activity was higher in s-NC-treated 
groups than in those treated with CNCs under all treatment conditions, 
demonstrating its superior osteogenic differentiation. This distinction 
can be attributed to the enhanced cellular activity of s-NC-treated 
hBMSCs. It is well established that ALP activity is profoundly affected by 
the shape and size of the introduced nanomaterials. Li et al. investigated 

Fig. 5. Mineralization potentials of the developed NCs. (a) Optical images of the minerals formed after 7 and 14 d of incubation with the developed NCs, (b) 
Quantitative values for the formed minerals, and (c) ALP activity observed after treatment with the developed NCs at indicated periods. 
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the effects of shape- and size-regulated gold nanoparticles (AuNPs) 
coated with bovine serum albumin on ALP activity. They found that 
spherical AuNPs promoted ALP activity to a higher extent than the other 
shapes as a result of improved cellular activity (Li et al., 2016). 

3.6. Shape-regulated macrophage polarization of nanocellulose 

Evaluating the cytocompatibility of biomaterials is essential for 
tissue-engineering applications. The cytocompatibility of the extracted 
nanocellulose was monitored in RAW 264.7 cells after 1 day of treat
ment, and the results are presented in Fig. 6a. The groups not treated 
with nanocellulose treatment were used as the control. Herein, we uti
lized 80 μg/100 mL of nanocellulose to assess their cytocompatibility 
with RAW 264.7, due to enhanced viability of hBMSCs at this concen
tration. The nanocellulose-treated groups displayed improved viability 
than the control, suggesting a positive effect on cell proliferation. The 
viability of RAW 264.7 cells was higher in s-NC treated groups than in 
those treated with CNC; hence, s-NC is a superior promoter of cellular 
activity. The macrophage polarization efficiency of nanocellulose is 
closely associated with its biocompatibility because macrophages react 
first upon the incorporation of nanomaterials in cellular environments. 
The macrophage polarization efficiency of nanocellulose was assessed in 
RAW 264.7 cells after 1, 3, and 5 days of treatment, and the resulting 
phase contrast (bright field) morphologies of the cultured RAW 264.7 
cells are shown in Fig. 6b. The media devoid of nanocellulose were used 
as the control. Herein, we used 80 μg/100 mL of nanocellulose to 

examine macrophage polarization due to enhanced cellular activity at 
this concentration. A nearly spherical cell morphology, characteristic of 
monocyte structures, was observed in the control cells. In contrast, the 
nanocellulose-treated groups contained some elongated cells, suggesting 
the polarization-inducing capacity of nanocellulose. Furthermore, the 
densities of the elongated cells were higher in the s-NC-treated groups 
than in the CNC-treated groups, demonstrating the superior macrophage 
(M2) polarization potential of s-NC. Various factors, including the 
physicochemical properties of implanted biomaterials, local microen
vironments, and other signal sources, can significantly influence the 
differentiation of macrophage phenotypes (Gao et al., 2021). Various 
nanomaterials, such as metal ions (Ag, Au), metal oxides (ZnO, TiO2), 
and carbon nanotubes, have demonstrated the ability to induce 
macrophage polarization, and most nanomaterials favor M1 polariza
tion (Samulin Erdem et al., 2019). Monocyte polarization occurs after 
biomaterial implantation or microbial infections. Macrophage polari
zation from classically activated pro-inflammatory M1 to alternatively 
activated regenerative M2 is favorable for improved tissue regeneration 
(Nishiguchi & Taguchi, 2020). The CNC-treated groups predominantly 
exhibited rounded morphologies, indicative of the M1 phenotype. In 
contrast, stretched and elongated cell morphologies were observed in s- 
NC-treated groups, suggesting the occurrence of the M2 phenotype 
(Rostam et al., 2017). Vereyken et al. described a similar relationship 
between macrophage activation and morphological changes. They 
found that M1 macrophages presented rounded and flat morphologies, 
whereas M2 macrophages exhibited stretched and elongated structures 

Fig. 6. (a) Cytotoxicity of the developed NCs against RAW 264.7 cells observed after 1 day of incubation, (b) Changes in the morphologies of the cultured RAW 264.7 
cells at indicated periods, (c) Actin morphology of the cultured RAW 264.7 cells at indicated periods, and (d) % Polarization of macrophages occurring after 1 day of 
treatment with both NCs. 
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(Vereyken et al., 2011). The percentage of M2 macrophage polarization 
was higher in s-NC-treated groups than in those treated with CNCs after 
1 day, indicating the superior macrophage polarization potential of the 
former. 

We determined the aspect ratio (ratio length/width) of the RAW 
264.7 cells after 1 day of incubation to examine the morphological 
changes. The aspect ratio was 1.08, 1.47, and 3.05 for the control, CNCs, 
and s-NC treated groups, respectively. The higher aspect ratio in s-NC 
treated groups further suggests elongated morphology of RAW 264.7 
cells, which is characteristic morphology for M2 polarization (Mon
dadori et al., 2023). Therefore, monitoring the changes in cell 
morphology can help to effectively evaluate the macrophage activation 
status. We examined the morphological changes after 3 and 5 d of in
cubation with s-NC and CNC to assess their effects on macrophage po
larization. Interestingly, the s-NC-treated groups showed a higher 
proportion of cells with rounded and flat morphology than those treated 
with CNCs, and this indicated the superior M1 polarization efficiency of 
s-NC. M2 polarization potential was only observed with s-NC after 24 h 
of incubation. The CNC-treated groups contained some flat and elon
gated cells, indicating M2 polarization ability. These results indicate 
that macrophage polarization is profoundly affected by the nano
material shape and incubation period. To support these findings, we 
additionally captured the fluorescence images of the RAW 264.7 cells 
after 1, 3, and 5 days of incubation, and the morphologies are given in 
Fig. 6c. The groups without nanocellulose treatment were taken as 
control. The nanocellulose-treated group’s exhibit more elongated 
morphology than the control, showing its polarization ability. The 
density of elongated cells was high in s-NC treated groups compared to 
CNCs, indicating its greater M2 polarization potential after 1 day of 
incubation. Interestingly, the population density of elongated cells was 

decreased in the s-NC treated group vis-à-vis CNCs groups with 
increasing incubation periods (3, and 5 days), suggesting its M1 polar
ization ability. These findings are consistent with the results obtained by 
the phase contrast images. The change in the morphology of the cultured 
RAW 264.7 cells was also visualized by optical microscope, and the 
obtained morphologies are given in Fig. S3. The morphological changes 
were consistent with the results obtained by the phase contrast images, 
showing that macrophage polarization was significantly affected by the 
topography of materials and culture periods. The macrophage polari
zation ability of nanocellulose was also quantitatively assessed by 
monitoring the morphological changes (optical images) in the macro
phages after 1 day of incubation using ImageJ software. The results are 
shown in Fig. 6d. The s-NC treated groups show greater M2 polarization 
tendency than CNCs treated groups after 1 day of incubation. 

To further verify the macrophage polarization inducing capacity of 
the extracted nanocellulose, we examined the expression of different cell 
markers, including CD63, CD68, iNOS, and CD163 after 1 day treatment 
using fluorescence microscopy, and the results are shown in Fig. 7a. The 
groups without nanocellulose incubation were considered as control. 
CD63, CD68, and iNOS are characteristic cell markers for the M1 
phenotype, whereas CD163 is associated with cell markers for M2 
phenotype. (Han et al., 2021; Lisi et al., 2017). The expression of CD63, 
CD68, and iNOS markers was higher in the CNC-treated groups after 1 
day of incubation than in the s-NC group, indicating M1 polarization. In 
contrast, upregulation of the CD163 marker occurred in the presence of 
s-NC, which is indicative of M2 polarization. Additionally, elongated cell 
morphologies were also visualized in s-NC treated groups, showing their 
M2 polarization potential. The staining intensities of CD63, CD68, iNOS, 
and CD163 markers were measured using ImageJ software, and the 
corresponding normalized intensities are given in Fig. 7b. The CD63, 

Fig. 7. (a) Immunofluorescence morphologies of RAW 246.7 cells incubated with the indicated NC showing respective surface markers after 1 day of incubation, (b) 
The quantitative values of the expressed surface marker after 1 day of incubation, (c) Immunofluorescence morphologies of RAW 246.7 cells incubated with the 
indicated NC showing respective surface markers after 3 days of incubation, and (d) fluorescence intensities of the indicated surface markers observed after 3 days of 
incubation with the NC samples. 
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CD68, and iNOS intensities were higher in CNCs treated groups 
compared to the s-NC treated groups, demonstrating its M1 polarization 
inducing ability. The CD163 staining intensity was higher in the s-NC- 
treated groups than in those treated with CNC, indicating its M2 po
larization potential. These findings are consistent with the morpholog
ical changes observed in macrophages after one day of incubation with 
the nanocellulose samples, as shown in Fig. 6b. The fluorescence mor
phologies of the cultured RAW 264.7 cells were also taken after 3 days of 
incubation and the images are shown in Fig. 7c. The expression of CD63, 
CD68, and iNOS markers was higher in the s-NC treated groups after 3 
days of incubation than CNCs groups, indicating M1 polarization. In 
contrast, down-regulation of the CD163 marker occurred with s-NC 
treated groups than CNCs, suggesting the switching of macrophage po
larization ability (M2 → M1) of s-NC after 3 days of incubation. The 
quantitative intensity value of the expressed markers was also deter
mined using ImageJ, and the values are presented in Fig. 7d. A decrease 
in CD163 intensity was observed in s-NC treated groups than CNCs, 
demonstrating its switching polarization potential. Purcu and coworkers 

also observed that the macrophage polarization ability was profoundly 
affected by the stimulation time (Haziot et al., 2022). We further 
monitored the effects of macrophage-derived conditioned media (M- 
CM) on MG-63 cell viability after 1 day of incubation to evaluate the pro- 
inflammatory behavior, and the results are shown in Fig. S4. Groups not 
treated with M-CM were used as the control. A decrease in cell viability 
was observed in the M-CM-treated cells, compared with the control, 
indicating the inflammatory potential of M-CM. This effect was more 
pronounced in the case of s-NC M-CM than in CNC M-CM, indicating an 
enhanced inflammatory response. The decrease in MG-63 cell viability 
could be attributed to the generation of reactive oxygen species (ROS), 
which caused cell death. s-NC can possibly induce a higher degree of 
ROS generation than CNCs due to its greater surface charge. Based on 
these results, it can be concluded that the nanomaterial shape signifi
cantly affects macrophage polarization, and selecting an appropriate 
shape can contribute to effective tissue engineering. 

Fig. 8. (a) Transcriptome analysis of differentially expressed macrophage polarized markers, (b) Differentially expressed cytokines, (c) Differentially expressed 
chemokines, (d) Activation of indicated signaling pathways associated with macrophage polarization, and (e) heat-map profile of the expressed/secreted markers, 
cytokines or chemokines obtained after 36 h of incubation with both NCs (Statistical analysis were taken *p ˂ 0.05). 
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3.7. Transcriptome analysis 

We further performed transcriptome RNA sequencing (RNA-seq) 
analysis to validate our findings regarding macrophage polarization 
induced by the distinct nanocelluloses after 36 h of incubation. RNA-seq 
is a powerful approach for the precise quantification of differentially 
expressed transcripts, including mRNA, non-coding genes, and proteins 
(Corchete et al., 2020). 

The differentially expressed macrophage-polarization surface 
markers, including iNOS, IL1R1, CD68, TGM2, and CD206, are shown in 
Fig. 8a. iNOS and IL1R1 are considered important M1 polarization 
surface markers and their expression was significantly higher in s-NC- 
treated groups than in the CNC-treated groups and the control, 
demonstrating that the spherical topology of nanocellulose favors M1 
polarization to a higher degree than its rod counterpart. TGM2, an M2 
polarization surface marker, was also upregulated, but its expression 
level was lower than that of iNOS. CD206, an important M2 marker, was 
significantly downregulated in the s-NC-treated groups than in the CNC- 
treated groups, indicating its non-M2 polarization ability. Macrophage 
polarization is profoundly affected by various factors, such as local 
microenvironments, nanomaterial stiffness, porosity, and topography 
(Yunna et al., 2020). The greater M1 polarization capacity of s-NC, 
compared with that of CNCs, is attributed to its topography and higher 
negative surface charge. The highly negatively charged s-NC possibly 
adsorbed the positively charged ions/groups from the DMEM medium, 
as observed in the ICP-OES results, leading to the creation of a positively 
charged layer over the s-NC surface. The macrophage surface is nega
tively charged, attracting positively charged moieties. Therefore, the 
uptake of s-NC was higher than that of CNCs, which triggered M1 po
larization. Initially (within 24 h), M2 polarization occurred with s-NC 
treatment, and this can be attributed to the reduced uptake of s-NC, 
which stimulates the macrophages toward M2 polarization (Reichel 
et al., 2019). Therefore, understanding the mechanisms through which 
nanomaterials affect the inflammatory response and macrophage po
larization will contribute to the development of an effective strategy for 
improving tissue engineering. 

We analyzed the secretion levels of various M1 and M2 cytokines, 
including IL-1β, STAT 1, TNF-α, IL-RB1, IR12RB2, STAT6, IL10, and 
TGF-β1, in the presence of the two nanocellulose samples (Fig. 8b). IL-1β 
and STAT1 are secreted during M1 macrophage polarization, and their 
secretion levels were significantly higher in the s-NC-treated groups than 
in the CNC-treated and control groups. The enhanced secretion of these 
cytokines was attributed to increased M1 macrophage polarization 
(Fig. 8a). IL10 and TGF-β1 are important cytokines secreted during M2 
polarization. These cytokines were also secreted by the nanocellulose- 
treated groups. However, their secretion levels were significantly 
lower than those of IL-1β and STAT1 cytokines for both nanocellulose 
types, suggesting macrophage polarization toward the M1 phenotype. 
We examined the secreted chemokines (C–C motif) ligand (CCL), 
including CCL3, CCL4, CCL5, CCL9, CCL17, CCL22, CXCL10, and 
CXCL16, in the presence of each nanocellulose (Fig. 8c). Chemokines are 
considered crucial markers for characterizing macrophage polarization. 
Chemokines CCL3–5 and CCL9 are expressed during M1 macrophage 
polarization, whereas CCL17, CCL22, CXCL10, and CXCL16 are associ
ated with M2 phenotypes (Miao et al., 2017). The expression levels of 
CCL3, CCL5, and CCL9 were significantly higher in the s-NC-treated 
groups than in the CNC-treated and control groups. The higher expres
sion levels of these chemokines in s-NC-incubated media further 
confirmed its M1-polarization-inducing ability. 

We further monitored the activated signaling pathways involved in 
macrophage polarization in the presence of the distinct nanocellulose. 
The activation of various signaling pathways, including STAT1, NF-kB, 
STAT3, and STAT6, is shown in Fig. 8d. STAT1 and NF-kB are associ
ated with the activation of M1 macrophages, whereas STAT3 and STAT6 
are associated with the activation of the signaling pathways for M2 
polarization. The results indicated that nanocellulose predominantly 

activated STAT1, indicating the activation of M1 signaling pathways. 
This effect was more pronounced with s-NC than CNCs, which suggested 
an enhanced triggering of M1 polarization. Previous studies have 
demonstrated that cellular uptake widely influences macrophage po
larization. Yen et al. reported that the macrophage polarization induced 
by gold (Au) and silver (Ag) nanoparticles differed owing to dissimilar 
cellular uptake processes (Yen et al., 2009). The heat map profile data 
for nanocellulose-activated macrophage polarization are presented in 
Fig. 8e. The overexpression of M1-associated cytokines and chemokines, 
such as IL-1β, CCL3, CCL5, and CCL9, occurred in the nanocellulose- 
treated groups, and they were expressed to a greater extent in s-NC- 
treated groups, indicating that s-NC showed a greater M1 polarization 
potential than CNCs. Significant downregulation of various markers, 
including ASPM, PLK1, RNASE4, RGS2, GAS6, and KLF2, was also 
observed in the nanocellulose-treated groups, demonstrating their sup
pressor potential toward the markers. These markers play a crucial role 
in cancer and neurodegenerative diseases. Therefore, it is possible to 
control macrophage polarization induced by nanocellulose by selecting 
the appropriate nanocellulose shape and incubation time for desired 
applications. 

3.8. Antibody array and bioinformatics study 

We further performed the cytokine antibody array C5 analysis to 
assess the macrophage polarization ability shape-regulated nano
cellulose with RAW 264.7 cells after 5 days of treatment and the results 
are shown in Fig. 9a. The groups without nanocellulose treatment were 
considered as control. It is well-known that different cytokines are 
secreted by the host immune cells with the response of foreign materials. 
The nanocellulose-treated array membranes show more intense spots 
compared to the control, demonstrating its polarization potential. The s- 
NC-treated group’s exhibit more intense spots of TNF-α, IL-1α, IL-1β, IL- 
12, and IP-10 (CXCL 10) than CNCs treated groups. These cytokines and 
chemokines are upregulated during M1 polarization. It has been previ
ously reported that the M2 macrophage polarization predominantly 
occurred by downregulating the signals of different cytokines, such as 
IL-4, Il-10, IL-13, IL-33, and TGF- β. IL-13 directly induces M2 macro
phage polarization (Yao et al., 2019). The s-NC-treated groups also 
showed these spots on the membrane surface. However, their intensities 
were lower than M1-associated cytokines. The quantitative values of 
these secreted cytokines are shown (Fig. 9b). The fold changes in 
secreted cytokines associated with M1 macrophage polarization were 
greater in s-NC treated groups, demonstrating a higher M1 polarization 
potential of the treated nanocellulose. The secretion level of IL-13 
cytokine is lower in s-NC, which directly triggers the M2 polarization 
phage, further suggesting its M2 down-regulation potential. These 
findings are consistent with the cytokines analyzed by transcriptome 
RNA sequencing (RNA-seq). Additionally enhanced secretion of neuro
trophic factors including, BDNF and NT-3 was also observed in s-NC 
treated groups, which plays significant roles in neurogenesis, remyeli
nation, and brain repair (Li et al., 2017). However, their fold changes 
were lower than cytokines associated with M1 macrophage polarization. 
Based on the secreted cytokines/chemokines, we performed the bio in
formation analysis, and the data are shown in Fig. 9c. The responses 
were related with inflammation, defense, and immunity, which are 
characteristics of M1 polarization. These findings indicated that M1 
polarization has predominantly occurred after 5 days of incubation with 
s-NC than CNCs. 

Furthermore, we examined the activation of receptors, including 
interferon-gamma (IFN-γ), nucleotide-binding oligomerization domain 
2 (NOD2), interferon-induced protein with tetratricopeptide repeats 1 
(IFIT1), and RAC-beta serine/threonine-protein kinase-2 (AKT2), in the 
presence of the two nanocelluloses, and the results are shown in 
Fig. 10a. IFN-γ, NOD2, and IFIT1 are associated with the activation of 
M1 signaling pathways, whereas AKT2 is responsible for M2 activation 
(Ismail, 2020). The activation of M1-associated receptors, IFN-γ, and in 
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particular, IFIT1, occurred in the nanocellulose-treated groups and not 
in the control, indicating the M1-triggering capability of nanocellulose. 
These receptors were activated to a higher degree in the presence of s-NC 
than in the presence of CNCs, demonstrating the activation potential of 
s-NC toward M1 receptors. Based on these findings, a possible mecha
nism for nanocellulose-induced macrophage polarization is presented in 
Fig. 10b. The negative zeta potential of s-NC attracts positively charged 
species, including proteins, resulting in the creation of an electrical 
double layer, wherein the outer layer is positively charged. The posi
tively charged outer layer interacts with the negatively charged 
macrophage membrane, leading to the activation of various signaling 
pathways, such as STAT1 through the IFN-γ receptor and NOD2, which 
promote M1 macrophage polarization. The highlighted section in 
Fig. 10c shows a possible M1 polarization pathway. However, further 
studies are required to validate the postulated mechanism. 

4. Conclusion 

Nanocellulose is considered a promising nanomaterial for tissue 
engineering applications owing to its superior physicochemical 

properties and biocompatibility. Shape-regulated nanocellulose (CNCs 
and s-NC) was developed from pine wood and characterized using 
various spectroscopic techniques. Sulfuric acid hydrolysis of pine-wood- 
derived cellulose facilitated the formation of the cellulose I polymorph, 
whereas APS hydrolysis favored the formation of cellulose II; the crys
tallinity indices of the two polymorphs were 93.41 % and 94.01 %, 
respectively. s-NCs exhibited a higher zeta potential and charge than 
CNCs. The thermal stability of CNCs was found to be lower than that of s- 
NC because of the presence of heat-sensitive sulfate functional groups in 
CNC. The cytocompatibility of extracted CNCs and s-NC was evaluated 
using hBMSCs, and this was significantly affected by the surface 
topography and concentration of the nanocellulose materials. Treatment 
with s-NC resulted in higher cell viability than that with CNC at the same 
concentration, indicating the superior biocompatibility of s-NC. 
Enhanced mineralization and ALP activity were observed in the s-NC- 
treated groups, compared with that in the CNC-treated groups, indi
cating the osteogenic potential of the former. The macrophage polari
zation of RAW 264.7 cells was also examined after treatment with the 
extracted nanocellulose materials, and the results showed that it was 
profoundly affected by the nanocellulose size. CNCs favored M1 

Fig. 9. (a) The proteomic analysis of the secreted cytokines/chemokines with RAW 264.7 cells in the presence of nanocellulose, (b) The quantitative values of the 
secreted cytokines/chemokines after 5 days of incubation, and (c) The bioinformatics analysis for the secreted cytokines/chemokines after 5 days of treatment. 
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polarization, whereas incubation with s-NC led to M2 polarization after 
24 h. However, after prolonged culturing (3 and 5 d) with s-NC, 
switching of M2 → M1 polarization was observed. M2 polarization is 
favorable for bone tissue engineering, and hence, selecting nano
materials with a topography that favors M2 polarization is critical for 
regenerative tissue applications. Transcriptome analysis data obtained 
after 36 h of incubation with each of the nanocellulose materials simi
larly indicated that s-NC is a more effective inducer of M1 polarization 
than CNCs. Based on these findings, we can conclude that the ability of 
nanocellulose to induce macrophage polarization is profoundly affected 
by its physicochemical properties, including shape and surface charge, 
as well as by the incubation period. A significant decrease in MG-63 cell 
viability occurred in s-NC-treated M-CM after 1 day of incubation, 
demonstrating its pro-inflammatory properties, which contributed to 
cancer cell death. The biological responses were predominantly associ
ated with inflammation, defense, and immunity, which are character
istics of M1 polarization. The study demonstrated that it is possible to 
control macrophage polarization by applying appropriate nanocellulose 
shape and size as well as incubation period. Therefore, we hypothesized 
that nanocellulose geometry and properties can be easily modified with 
the appropriate chemical moieties for the required applications. How
ever, more detailed studies, including in vivo responses, are required to 
validate our findings. 
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