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Controlling the degradation of cellulose scaffolds with Malaprade 
oxidation for tissue engineering 
Wichchulada Chimpibula,b , Tadashi Nakaji-Hirabayashic, Xida Yuanb, Kazuaki Matsumura*b 

This study was conducted to develop biodegradable cellulose scaffolds by oxidising porous cellulose sponges for tissue 
engineering applications. Cellulose powder was dissolved in ionic liquid using a salt leaching method, and porous cellulose 
scaffolds of various pore sizes were prepared. The scaffolds were oxidised with periodate to introduce aldehyde at a rate 
controlled by the periodate concentration. Oxidised scaffolds exhibited weight loss in cell culture medium, but not in 
phosphate buffer. Therefore, we confirmed that Schiff base formation between the aldehyde and amino groups through a 
Maillard reaction triggered cellulose molecular degradation. The degradation rate was controlled by the oxidation degree, 
whereas the aldehyde content controlled protein adsorption and cell proliferation. Additionally, in vivo implantation tests 
revealed that optimising the oxidation ratio not only improved biodegradability but also reduced inflammation. In conclusion, 
our results suggest that simple oxidised cellulose is useful as a low-toxicity biodegradable scaffold. 

INTRODUCTION 

The pinnacle of tissue engineering is regenerating a patient’s 
own tissues and organs by using medical technology to promote 
self-healing1. Three important tissue engineering tools are stem 
cells, scaffolds, and biological signal molecules such as growth 
factors2. The biomaterials in scaffolds play an important role in 
many cellular activities, such as cell attachment and migration, 
delivery and retention of cells, and diffusion of vital cell 
nutrients3. Scaffolds not only play a role in cell growth, but also 
serve as receptor sites for biological and physical stimuli that 
promote the regeneration of surrounding tissues4. Scaffold 
materials must have specific properties such as high levels of 
pore interconnectivity, porosity, biocompatibility, and 
biodegradability5. Over the past several decades, researchers 
have focused on developing scaffold materials from 
biodegradable polymers such as aliphatic polyesters6,7 of 
polylactic acid and polycaprolactone or from naturally derived 
polymers of proteins, polypeptides,8 and polysaccharides9. 
Synthetic biodegradable polymers can be easily designed but 
tend to have low biocompatibility. In contrast, naturally derived 
polymers have low toxicity and can be easily chemically 
modified, but they are difficult to purify, and their properties 
fluctuate across different batches.  
Of the natural polysaccharide biopolymers, cellulose is the most 
abundant, and can be processed into a variety of forms5,10,11. 
Recently, cellulose nanofibers have been studied as next-
generation biomedical materials because of their eco-efficiency, 
environmental degradability, and reinforcing effects when 

incorporated into various plastics12–14. Because of its linear and 
regular structure and hydroxyl groups, cellulose can form 
ordered crystalline structure. As a result, it is difficult for 
cellulose to dissolve in physiological conditions. Additionally, 
cellulose cannot be degraded in the human body owing to the 
lack of cellulase. This is one of the limitations of using cellulose 
as a biomaterial, as the long-term presence of foreign materials 
in the body can induce inflammation.  
Researchers have attempted to overcome this limitation by 
chemically modifying cellulose to decrease its crystallinity and 
increase its biodegradability15,16. Chemically modifying cellulose 
by oxidation enhances the specific properties of different 
cellulose types, leads to the generation of products with added 
value, and modulates the chemical behaviour of cellulose and 
its macroscopic properties15. The introduction of carboxyl 
groups using nitric dioxide was reported in 194217, and oxidised 
cellulose containing carboxyl groups has many beneficial 
medical applications18. For instance, 2,2,6,6,-
tetramethylpiperidine-1-oxyl-mediated oxidation is used to 
create cellulose nanofibers19. This process enables the 
development of uniform hydrogels for soft tissue scaffolds and 
drug delivery carriers. The Malaprade oxidation reaction is 
another popular and facile oxidation process that oxidises 1,2-
diols into dialdehydes or diketones20. As polysaccharides have 
many 1,2-diol moieties, this reaction is frequently used for 
many applications, including the production of oxygen-barrier 
coating materials for cellulose21. Periodate oxidation of 
cellulose results in the formation of two aldehyde groups per 
glucose unit22, forming 2,3-dialdehyde cellulose. These 
aldehydes can be utilised to further modify cell adhesion 
moeities23. 
In our previous study24–28, we prepared aldehyde-containing 
dextran using the Malaprade oxidation reaction. Dextran is one 
of the most widely available polysaccharides in nature, with low 
toxicity, high biodegradability, and easy chemical modification. 
Aldehyde-containing dextran reacts easily with amine 
compounds, and the aldehydes form Schiff bases. This reaction 
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is used to develop bioadhesives29,30, drug delivery carriers27, 
and cell scaffolds31. We discovered, by using 2-D nuclear 
magnetic resonance imaging, that Schiff base formation leading 
to chemical cross-linking also triggered the main chain 
degradation of dextran via a Maillard reaction26. In the present 
study, we hypothesised that biodegradability can be increased 
in cellulose, which has the same repeating glucose unit as 
dextran, through reactions involving amine compounds in the 
human body, and aimed to create degradable cell scaffolds. We 
characterised oxidised cellulose scaffolds and investigated their 
biodegradability under physiological conditions, their 
cytocompatibility, and their in vivo tissue compatibility for 
tissue engineering applications. This is the first study to produce 
these types of cellulose scaffolds showing amine compound-
reactive degradation in the human body. This unique molecular 
design may be useful for producing naturally derived stimuli-
responsive biodegradable biomaterials. 
  
EXPERIMENTAL SECTION 
Materials 
 Cellulose microcrystalline powder (20 μm) was purchased 
from Sigma Aldrich (St. Louis, MO, USA). Sodium periodate, di-
sodium hydrogen phosphate, sodium di-hydrogen phosphate, 
glycine, starch soluble, 1-butyl-3-metylimidazolium chloride 
(BMIMCl), and all other chemical reagents were obtained from 
Nacalai Tesque, Inc. (Kyoto, Japan). 
Scaffold fabrication 
 Cellulose (0.323 g) was dissolved in BMIMCl (2.15 g) by 
heating at 100°C for 24 h and then adding 30-60 wt % of sodium 
chloride with particle sizes 52–450 µm as a porogen. The 
resulting cellulose paste was cooled to 25°C and then 
sandwiched between silicon moulds (diameter: 10 mm, 
thickness: 3 mm). The paste was kept at room temperature for 
7 d to form a gel-like material. The BMIMCl and NaCl crystals 
were removed by washing with distilled water and freeze-dried 
to form a porous scaffold. The surface of the cellulose scaffold 
was characterised by coating with palladium particles using a 
sputter coater and observed using scanning electron 
microscopy (SEM) (S4100, Hitachi High-Tech Corp., Tokyo, 
Japan). Porosity was estimated from the density of the cellulose 
scaffolds (𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠) by assuming 1460 kg m−3 as the 
density of cellulose (𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐), using the formula32,33 
 

porosity = 1−  
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 

The density of the scaffold was calculated by measuring its 
weight and dividing it by its volume. Mean pore size was 
determined using the average of 25 pores analysed by ImageJ 
software (National Institutes of Health, Bethesda, MD, USA). 
Oxidation of cellulose scaffold 
 The obtained porous cellulose scaffolds were immersed in 
10 mL of distilled water with various amounts of sodium 
periodate (0–2.5 g) at 50°C. The reaction proceeded at 50°C for 
1 h with gentle stirring. The oxidised cellulose scaffold was 
washed with distilled water three times and then freeze-dried.  
Determination of aldehyde introduction to cellulose 
 The aldehydes introduced to oxidised cellulose were 
evaluated by simple iodimetry24. One hundred milligrams of 
oxidised cellulose was added to an I2 solution (20 mL, 0.05 
mol/L), followed by addition of NaOH (20 mL, 1 mol/L). The 
oxidation reaction proceeded for 15 min. After adding H2SO4 (15 
mL, 6.25 v/v%), the I2 consumption was measured by titration 

with 0.1 mol/L Na2S2O3 using a drop of aqueous 20 w/w% starch 
solution as an indicator. One mole of aldehyde group reacts 
with one mole of I2 under alkaline conditions, leading to the 
formation of carboxylic acid, and one mole of I2 reacts with two 
moles of S2O3 2– ions. For each titration, readings were recorded 
in triplicate. The aldehyde amount introduced per gram of 
cellulose was calculated, and the values were converted to 
percent aldehyde introduced per glucose repeating unit. Upon 
the oxidation of all the glucose units, two aldehydes would have 
been introduced per unit. Therefore, the maximum % aldehyde 
introduced is 200 %. 
Degradation of oxidised cellulose scaffold in vitro 
 Degradation of the oxidised cellulose scaffold was examined 
with respect to weight loss. Weight loss of the initially weighed 
oxidised cellulose scaffold (W0) was monitored as a function of 
incubation time in both 5% glycine solution and cell culture 
medium (Dulbecco’s modified Eagle’s medium) (DMEM; Sigma 
Aldrich) containing 10% foetal bovine serum (FBS) at room 
temperature. At specified time intervals, oxidised cellulose 
scaffolds were removed from either the 5% glycine solution or 
DMEM and then dried and weighed (Wt). The weight loss ratio 
was defined as 100% × (W0 - Wt)/W0. In addition, the 
morphology of the remaining scaffold after degradation was 
investigated by SEM. The functional groups in the products 
were confirmed using a FT/IR-4200 spectrophotometer (JASCO, 
Tokyo Japan) in 4000−400 cm−1. Before and after 16 h 
immersion in 5 % glycine solution, oxidised cellulose samples 
were washed using water and air-dried, and then measured 
directly using an attenuated total reflection (ATR) accessory. 
Protein adsorption  
Protein adsorption was performed by incubating the oxidised 
cellulose scaffolds with a 250-µm mean pore size in DMEM 
containing 10% FBS. Oxidised cellulose scaffolds of 1.0 cm in 
diameter and 0.3 cm in thickness, without cells, were incubated 
for 1 d in DMEM. The scaffolds were washed three times with 
phosphate-buffered saline (PBS) and then incubated with 0.1 
mL sodium dodecyl sulphate solution for 1 h at 37°C. The 
amount of protein adsorbed was calculated from the 
concentration of protein in the supernatant using a commercial 
bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, 
Waltham, MA, USA) with bovine serum albumin as a standard. 
In the BCA assay, peptides containing three or more amino acid 
residues form a purple-coloured chelate complex with cupric 
ions (Cu2+) in an alkaline environment containing sodium 
potassium tartrate. 
Cell growth investigation 
 We investigated cell proliferation on oxidised cellulose 
scaffolds with a mean pore size of 250 µm to evaluate the effect 
of the oxidation degree on cell growth. Before culturing the cells 
on the scaffolds, the scaffolds were sterilised by soaking in 70% 
ethanol; the ethanol solution was removed by washing the 
scaffolds three times with sterilised distilled water and then 
drying. The scaffolds were placed in a 12-well plate, and 2-mL 
human bone marrow mesenchymal stem cell (MSCs)34 
suspension (2.5 × 105 cells/mL) was added to the wells 
containing the scaffolds. Cells were cultured with the oxidised 
cellulose scaffolds for 3, 5, or 7 days in a CO2 incubator, without 
stirring, at 37°C. Cell numbers were counted using the CCK-8 kit 
(Dojindo Molecular Technologies, Kumamoto, Japan). MSCs 
were cultured in accordance with the regulations of the Life 
Science Committee of Japan Advanced Institute of Science and 
Technology. 
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Morphology of cells on oxidised cellulose scaffolds 
  MSCs (2.5 × 105 cells/scaffold) were seeded onto oxidised 
cellulose scaffolds and analysed by SEM after 2 weeks of culture 
to observe the morphology of cells on the scaffolds. The 
oxidised cellulose scaffolds with cells were dried by blotting 
with absorbent papers and then washed with PBS (pH 7.4). Cells 
were fixed with glutaraldehyde (4% v/v in PBS) for 24 h at room 
temperature. The glutaraldehyde was discarded, and oxidised 
cellulose scaffolds with cells were washed with PBS. The 
oxidised cellulose scaffolds with cells were subjected to 
dehydration in sequential dehydration in graded ethanol (60%, 
70%, 80%, 90%, and 100%). The scaffolds were removed, dried, 
and stored at 4°C until imaging. The scaffolds with cells were 
coated with palladium prior to SEM observation. 
Animal implantation 
 Oxidised cellulose scaffolds were implanted under the skin 
of the flanks of rats (Sprague-Dawley rats, 9 weeks of age, male) 
under sterile conditions in a clean room. All experiments were 
performed according to the guidelines of the Animal Welfare 
Committee of the University of Toyama. The oxidised cellulose 
scaffolds were sterilised by soaking in 70% (v/v) ethanol for 15 
min and washing with PBS (pH 7.4) three times for 10 min. 
Before implantation, the hair was removed by shaving. All rats 
were anaesthetised with 2% isoflurane. All oxidised cellulose 
scaffolds (diameter: 10 mm, thickness: 3 mm) were 
subcutaneously implanted (N=6 rats; one implant per rat). The 
body weights of the rats were regularly measured until 1 month 
after implantation. The rats were sacrificed after either 1 week, 
1 month, or 3 months. At harvest, the implantation sites were 
cut in a manner that retained the full thickness of the 
implantation site. 
Histological analysis 
 Specimens were fixed with 4% p-formaldehyde solution 
overnight and immersed in 30% sucrose in PBS for 2–4 d. They 
were then dehydrated by sequential dehydration in graded 
ethanol (70%, 80%, and 90%) for 1 h. After immersion in 100% 
ethanol for 20 min, the samples were submerged in a xylene-
ethanol mixture of a 3:1 ratio of xylene-to-ethanol for 30 min, 
100% xylene for 3 min (twice), 1:1 xylene-to-paraffin mixture at 
65–75 °C for 30 min, and 100% paraffin for 30 min (three times). 
Next, the specimens were immersed in paraffin solution at 65°C 

and cooled in an ice bath to solidify the paraffin containing the 
tissue samples.  
Paraffin sections (thickness: 10 μm) were prepared using a 
microtome (RM2235, Leica Biosystems, Wetzlar, Germany) and 
affixed to glass slides. These glass slides were immersed two 
times for 3 min in xylene to remove the paraffin. Next, the slides 
were immersed in ethanol twice for 2 min each, 90% ethanol for 
2 min, 80% ethanol for 2 min, and 70% ethanol for 2 min. Finally, 
the samples were immersed in water for 30 min and dried 
overnight at room temperature. 
Tissue sections on the slides were treated with blocking reagent 
(20% Blocking One (Nacalai Tesque) in PBS) for 2 h. Next, a 
blocking solution containing anti-monocyte/macrophage 
antibodies (1:100; mouse monoclonal (ED1) IgG1, Millipore, 
Temecula, CA, USA) was incubated with the tissue sections for 
2 h. After washing with PBS, tissue sections were stained with 
anti-mouse IgG1-Alexa 594 antibody (Thermo Fisher Scientific) 
and Hoechst33258 (Dojindo) for 30 min; these samples were 
then washed with PBS. The localisation of secondary antibody 
was analysed with a fluorescence microscope (IX70, Olympus 
Optical Co. Ltd., Tokyo, Japan). 

 
RESULTS AND DISCUSSION  
Cellulose scaffold characterisation 
When the 15 w/w% cellulose BMIMCl solution was heated to 
100°C for 24 h, a transparent homogenous material with high 
viscosity was obtained. For scaffold formation, the homogenous 
cellulose mixture was kept at room temperature for 1 week. The 
excess ionic liquid leached out was removed from the material 
for 7 d during the scaffold formation process. The cellulose 
scaffold was purified by washing with distilled water to remove 
excess ionic liquid. Figure 1 shows the cellulose scaffold without 
NaCl crystals as a porogen before and after leaching with 
distilled water. Before leaching, the cellulose scaffold was 
transparent and hard (Figure 1A), whereas after leaching, it 
became turbid and firm in shape (Figure 1B). 
When NaCl crystals were incorporated into the cellulose 
BMIMCl solution, porous scaffolds were obtained after the 
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leaching process35. Figure 2 shows SEM images of the 
interconnected pores in the cellulose scaffold with differences 
in the mean pore size, which increased after adding sodium 
chloride as a porogen. The pore size increased with increasing 
NaCl particle sizes. According to our SEM observations, the pore 
sizes ranged from approximately 50 to 250 µm (Table S1). In 
samples without NaCl, the pore size was less than 2 or 3 µm, 
suggesting that cell penetration was impossible. Moreover, the 
NaCl content in the cellulose scaffold varied from 30w/w% to 
60w/w%, which was correlated with an NaCl mean pore size of 
250 µm (Figure S1, Table S2). Porosity could be controlled 
between 60-70% (Table S3). It has been reported that a pore 
size of around 300 µm is optimal in collagen cell scaffolds, and 
our results were consistent with this finding,36 as they indicated 
that the mean pore size in the cellulose scaffold increased as the 
NaCl content increased (Table S2). Therefore, the cellulose 
concentration decreased as the NaCl content increased. As the 
concentration of cellulose decreased, the scaffold cohesiveness 
decreased and tended to have a more porous structure. In 
addition, incomplete dispersion of cellulose due to the high 
concentration of NaCl further expanded the interconnected 
pore size.  

 
Aldehyde introduction to oxidised cellulose scaffolds 
 The aldehyde content of oxidised cellulose scaffolds 
increased with the concentration of NaIO4 at a constant time of 
oxidation (Figure 3, Table S4). Aldehyde introduction depends 
on the concentration of periodate, time, and temperature. We 
performed the reaction at 50°C for the fixed time; most studies 
using the oxidation of cellulose to yield 2,3 dialdehyde cellulose 
were carried out at temperatures of 55°C or below. Above 55°C, 
the periodate is unstable and deteriorates to liberate iodine, 
making it difficult to accurately determine the amount of 
periodate consumption. The reaction proceeds very slowly 
when conducted at room temperature or below 35°C. Verma 
and Kulkarni37 reported that oxidising cellulose at different 
temperatures affects the percentage of cellulose converted to 
2,3 dialdehyde cellulose, and that at 55°C, the percentage of 
cellulose converted to 2,3 dialdehyde cellulose is more than 
that converted at 35°C. Because of the loss of the crystalline 
structure of cellulose powder during the fabrication of cellulose 

scaffolds5, the cellulose becomes more susceptible to the 
reaction with periodate. In this study, we denoted aldehyde- 
containing cellulose as X% Ald-Cel (e.g., 0% Ald-Cel, 21.7% Ald-
Cel) based on the aldehyde content per glucose unit. Mean pore 
size and porosity showed no significant changes due to 
oxidation (Table S1, S3). 
 
Degradation of oxidised cellulose scaffolds in vitro 
 The degradation of oxidised cellulose scaffolds was 
investigated by measuring their weight loss in 5% glycine. We 
used glycine to confirm that the degradation of cellulose 
occurred in the same manner as in the oxidised dextran case via 
Schiff base formation reaction between the aldehyde in the Ald-
Cel and amino group in the glycine26. The percent weight loss of 
oxidised cellulose scaffolds in 5% glycine solution is shown in 
Figure 4. 

  The results indicated that the degradation rate of the 
oxidised cellulose scaffold depended on the degree of oxidation. 
Interestingly, the 43.3% Ald-Cel scaffold degraded the fastest, 
with complete degradation occurring after 45 min. In contrast, 
the 0%Ald-Cel scaffold exhibited only a slight weight loss, 
possibly due to the detachment of small fragments from the 
bulk scaffold during the degradation assay. For the 37.7%, 
33.4%, and 21.7% Ald-Cel scaffolds, degradation was complete 
after 1, 2, and 4 h, respectively. However, the 10.4% Ald-Cel 
scaffold exhibited partial degradation (approximately 80%) 
after 16 h. In 5% glycine solution, the aldehyde content was too 
high to control the degradation of cell scaffolds; therefore, we 
measured the degradation of cellulose with less introduced 
aldehyde. Accordingly, the degradation times of 0%, 0.9%, 1.3%, 
and 1.9% Ald-Cel scaffolds in 5% glycine solution for 8 weeks 
were measured (Figure S2). After 8 weeks, 56.3%, 37.4%, and 
31.9% degradation was observed in the 1.9%, 1.3%, and 0.9% 
Ald-Cel scaffolds, respectively. The degradation rate increased 
almost linearly, suggesting that the cellulose scaffolds were 
uniformly oxidised by the introduced aldehyde, and not only on 
the surface. However, when using scaffolds for cell culture and 
tissue engineering, they must be degraded under physiological 
conditions. Therefore, we checked the degradability in culture 
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medium, which mimics the human body fluid containing amino 
acids and proteins. 

 When 0–33.4% Ald-Cel scaffolds were immersed in DMEM 
with 10% FBS at 37°C in a CO2 incubator without stirring for 8 
weeks, the 21.7% and 33.4% Ald-Cel scaffolds degraded the 
fastest, being fully degraded after about 15 days. The 0%, 5.6%, 
10.4%, and 14.8% Ald-Cel scaffolds were partially degraded, 
with 7.8%, 32.1%, 48.9%, and 83.0% weight loss after 32 days, 
respectively (Figure 5A). Importantly, all Ald-Cel scaffolds had 
low degradation ratios after immersion in PBS for 32 days 
(Figure 5B). Further, we used FTIR for the measurement of 
various aldehyde containing cellulose before and after 
immersion in glycine solution (Figure 6). Figure 6A showed that 
even 10.4% Ald-Cel did not show a peak at around 1730 cm-1, a 
characteristic peak of carbonyl stretching from aldehyde groups, 
due to the formation of hemiacetals38. After immersion in 
glycine solution, especially in 10.4%Ald-Cel, the band at 1650 
cm-1 indicating a Schiff base formation, was detected. In the 
Maillard reaction pathway after Schiff base formation, 
secondary amines could be obtained via Amadori 
rearrangement (N-H stretching 3200cm-1, N-H bending 1600 cm-

1, C-N stretching 1110-1120 cm-1). Furthermore, CH2 containing 

Maillard reaction products (osone, etc.) can be detected at 1510 
and 1410cm-1 (C-H bending)26,39,40. In a previous study, oxidised 
dextran did not degrade in PBS because Malaprade oxidation 
itself was unable to degrade the dextran chain26. These results 
strongly indicate that scaffold degradation is triggered by a 
Schiff base formation reaction and occurs through a Maillard 
reaction, similar to the observations of a previous study on 
oxidised dextran26. This is consistent with the results of the 0.9 
and 1.9% Ald-Cel scaffolds in 5% glycine, in which less Maillard 
reaction products could be found using FTIR but showed less 
degradation in the present study (Figure S2).  

 
There have been many reports of the biodegradability of 
oxidised cellulose; for example, some studies used 
tris(hydroxymethyl)aminomethane buffer (containing an amino 
group) for the degradation assay41. In such a case, degradation 
may be initiated through the reaction between the aldehyde 
and amine in the buffer solution. It was also reported that highly 
oxidised cellulose can be water-soluble in hot water42. This 
finding applies to aqueous nanomaterials; however, our ability 
to control degradability in PBS was minimal, and degradation 
began as soon as the Ald-Cels were immersed in the amine-
containing solution. The Ald-Cels are stimuli-responsive 
degradable scaffolds and can be degraded in response to 
protein molecules in the human body. 
  In addition, 0% and 5.6% Ald-Cel scaffolds with a mean pore 
size of 250 µm were immersed in DMEM to investigate the 

Figure 6. FTIR spectra of Ald-Cel scaffolds (A) before 
and (B) after immersion in 5 % glycine for 16 h. 
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scaffold morphology degradation after 1 and 2 weeks. The SEM 
images illustrate the time-dependent morphological changes in 
both 0% and 5.6% Ald-Cel scaffolds (Figure 6). After both 1 and 
2 weeks, the 0%Ald-Cel scaffold morphology showed no 
significant changes (Figure 7A, 7B); however, significant 
morphological changes in 5.6% Ald-Cel scaffolds were observed 
after 2 weeks (Figure 7C, 7D), as the destruction of the internal 
scaffold structure changed the surface morphology. Ideally, a 
scaffold would become completely degraded and replaced with 
regenerated extra cellular matrix, eliminating the need for 
surgical removal of the scaffold, although the scaffold should be 
degraded at a controlled rate. Sung et al. studied the effect of 
the degradation rate on cell viability and cell migration43, and 

showed that rapid degradation negatively affects cell viability 
and cell migration both in vitro and in vivo. 
 We found that the degradation of Ald-Cel scaffolds depends 
on the degree of oxidation. The results suggest that the Ald-Cel 
scaffold degradation rate was affected by the concentration of 
aldehyde groups and accelerated scaffold degradation 
compared to non-oxidised cellulose scaffolds. In addition, we 
studied the degradation of Ald-Cel scaffolds in DMEM to mimic 
the conditions of fluids in the human body. The results aligned 
with the degradation behaviour in 5% glycine. Interestingly, the 
degradation rate in DMEM was slower than that in 5% glycine 
because the amino group content in 5% glycine is much higher 
than that in DMEM.  
 
Protein adsorption 
The interaction between cells and proteins is directly related to 
cell differentiation, growth, adhesion, migration, and apoptosis. 
Adsorption of proteins to the scaffolds was evaluated to 
understand cell behaviour on scaffolds. Figure 8 shows the 
protein adsorption of 0%, 5.6%, 14.8%, and 21.7% Ald-Cel 
scaffolds with a mean pore size of 250 µm. The 21.7%Ald-Cel 
scaffold had the highest level of protein adsorption (1.16 × 103 
µg/scaffold). This indicates that protein adsorption increased in 
response to the increase in oxidation degree. Because of the 
Malaprade reaction, which results in a large amount of 
aldehyde groups, the amine groups react with the aldehyde 
groups via a Schiff base reaction. In contrast, the hydroxyl group 
in the glucopyranose ring cannot react with the amine groups, 
and therefore may not induce protein interaction. 

 
Effect of oxidation degree on cell growth 
 MSCs were cultured with 0%, 5.6%, 14.8%, and 21.7% Ald-
Cel scaffolds for 1, 3, 5, and 7 days (Figure 9). The 21.7%Ald-Cel 
scaffolds showed the highest cell numbers, with approximately 
6.65 × 105 cells/scaffold at the day 7. At the same day, the 0%, 
5.6%, and 14.8% Ald-Cel scaffolds had 3.95 × 105, 4.13 × 105, and 
5.20 × 105 cells/scaffold, respectively. These results indicate 
that on the first day, many cells could not attach to the scaffolds 
with lower oxidation rates, leading to slow proliferation. This 
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agrees with the results of a prior study suggesting that native 
cellulose promotes low levels of cell growth44. In contrast, 
21.7%Ald-Cel exhibited significant cell adhesion after 1 d of 
culturing. Thus, the cell numbers may have increased as the 
degree of oxidation in the scaffolds increased. 
The reaction of cells with aldehyde-containing scaffolds may 
have two effects. Because of the increased protein adsorption 
to oxidised cellulose, cells attach to the surface via adsorbed 
cellular adhesive proteins such as laminin and fibronectin45. In 
fact, before cells adhere, adsorption of cellular adhesive 
proteins to the polymer surface occurs. Subsequently, cells with 
attached proteins adhere to the polymer surface. Hence, cell 
growth is correlated with protein adsorption. The results of our 
study indicated that cellular adhesive proteins attached to the 
oxidised cellulose without denaturing and maintained their 
properties. Another possibility, according to a previous report46, 
is that cells attach to the surface via a reaction between 
aldehydes and cell surface proteins. However, damage to the 
cells caused by the reaction would be negligible compared to 
that in the proliferation results. 
  
The biocompatibility of 0% and 21.7% Ald-Cel scaffolds was also 
examined. SEM photographs of MSCs cultured on the 0%Ald-Cel 
(Figure 10A) and 21.7%Ald-Cel (Figure 10B) after 2-week culture 
show that cells adhered more densely to the surfaces of 
21.7%Ald-Cel scaffolds, indicating that the oxidised cellulose 
scaffold promoted MSC growth. Generally, aldehyde groups 
have high cytotoxicity because of their high reactivity. However, 
in the previous study, polysaccharide aldehydes did not exhibit 
such high toxicity because most aldehyde groups adopted the 
hemiacetal structure for stabilization23. This may explain the 
high cytocompatibility of the Ald-Cels. 
 
Animal testing 
 The Ald-Cel scaffolds were subcutaneously implanted into 
the backs of rats. The rats were sacrificed after 1 week, 1 month, 
or 3 months. We measured the changes in the rats’ body 
weights until 1 month after the day of surgery (Figure S3). We 
observed nearly the same weight increase in all groups, 
suggesting that no specific damage occurred from the oxidation 
of cellulose. Figure 11 shows haematoxylin and eosin (H&E) 
staining of the tissue sections. Figures 11A–C illustrate the 
interaction between 0%Ald-Cel scaffolds and host tissue. After 
1 week, the morphology of scaffolds was not clearly visible 
because of high levels of inflammation and bleeding following 
surgery. For the 0%Ald-Cel scaffolds after 1 and 3 months 
(Figures 11B, C), the scaffold structure was maintained. Cellular 
infiltration of the scaffold (Figure 11B) was not observed after 1 
month; after 3 months, cells partially infiltrated the scaffold. 
The cells had accumulated around the outside and near the 
edge of the scaffold. Inflammation of the host tissue was not 
clearly visible because it had been encapsulated by fibrous 
tissue, a normal host response to non-degradable materials 
after 3 months47 (Figure 11C). 

 In the case of the 5.6% Ald-Cel scaffolds after 1 and 3 
months (Figure 11E, 11F), the cells moderately infiltrated the 
scaffold, and a few cells spread around the scaffold. However, 
degradation of the scaffold did not occur, despite initial 
inflammation (Figure 11E). The 5.6%Ald-Cel scaffolds, after 3 
months, exhibited a large number of infiltrated cells. 
Meanwhile, inflammation persisted for 3 months (Figure 11F). 
 Interestingly, the 14.8%Ald-Cel scaffolds exhibited high 
levels of degradation with low levels of inflammation after 1 and 
3 months (Figure 11H, I). After 1 month, nearly all cells had 
infiltrated the scaffolds with high levels of degradation, 
although the scaffolds caused less inflammation in the host 
tissue (Figure 11H). Subsequently, the 14.8%Ald-Cel scaffolds 
were nearly fully degraded after 3 months, although the inner 
structure of the scaffold remained intact (black arrow in Figure 
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11I). Moreover, the host tissue at the centre of the scaffold and 
adjacent area became plenary compared with host tissue 
without implantation (Figure 11I). 
 The degradation of the 21.7% Ald-Cel scaffolds after 1 
month was more pronounced than that of the 5.6% and 14.8% 
Ald-Cel scaffolds, leaving few remaining scaffold structures. 
After 1 month, the scaffolds became lean and small (black arrow 
in Figure 11K). A large number of cells spread within the scaffold 
(Figure 11K). However, the host tissue exhibited high levels of 
inflammation that persisted throughout the 3-month 
observation period. After 3 months, the 21.7% Ald-Cel scaffolds 
became tattered and divided into three specimens (black arrow 
in Figure 11L), suggesting that the scaffold had undergone 
intense degradation. The high level of inflammation in the host 
tissue was attributed to the high degree of oxidation of the 
scaffold. Generally, aldehyde groups have high toxicity, because 
of their high reactivity, and cause severe inflammation48. 
However, aldehydes in polysaccharides can form a hemiacetal 
structure with neighbouring hydroxyl groups to reduce 
reactivity and toxicity. Although oxidised cellulose has pro-
inflammatory activity, this only applies to its wound healing and 
anti-haemorrhage properties49,50. 
Moreover, inflammation caused by Ald-Cel scaffold 
implantation was observed by performing immuno-staining of 

macrophages (Figure 12). At 1 week after implantation, the 
14.8% and 21.7% Ald-Cel scaffolds exhibited high levels of 
inflammation (red spots) surrounding the outside of the 
scaffolds (white dashed line) (Figures 12G, J) because only 1 
week had passed since the operation. At 1 month after 
implantation, the 5.6% Ald-Cel scaffold caused significant 
inflammation in the host tissue that had infiltrated the scaffold 
(Figure 12E). After 3 months, inflammation remained in all Ald-
Cel scaffolds (Figure 12C, F, I, L). Interestingly, the 14.8%Ald-Cel 
scaffolds showed the lowest level of inflammation after 3 
months (Figure 12I). This result was further supported by and 
correlated with the results of H&E staining. It was reported that 
Maillard reaction products derived from sugars and amino acids 
exhibit antioxidant and anti-inflammatory activities51. The anti-
inflammatory activities of the Maillard reaction products and 
pro-inflammatory activity of the aldehydes may counteract 
each other in the optimal formulation of oxidised cellulose.  
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These in vivo results indicate that the biocompatibility of 
oxidised cellulose depends significantly on the aldehyde 
content. Cytocompatibility was higher with higher aldehyde 
content because of protein adhesion. However, faster 
degradation through the Maillard reaction may have induced 
inflammation when the aldehyde content was higher. It was 
likely that the degradation products stimulated the 
macrophages. These results suggest that 14.8% Ald-Cel is an 
appropriate oxidised cellulose with suitable levels of 
biodegradability, cytocompatibility, and in vivo tissue 
compatibility. Therefore, although the oxidation ratio of 
cellulose was optimised, Ald-Cel scaffolds may be useful in 
tissue engineering applications because of their 
biocompatibility, cell adhesion, and controllable 
biodegradability. Studies focused on bone tissue engineering 
using oxidised cellulose are currently ongoing in our group, and 
the results will be presented in due course. 
 
CONCLUSION  
In this study, we observed that the degradability of oxidised 
cellulose in the presence of amine compounds depended on the 
aldehyde introduction ratio. Oxidised cellulose had good 
protein adhesion and cell growth on its surface. In vivo tissue 
reactions showed high levels of inflammation caused by 

oxidised cellulose because of fast degradation, but 
inflammation was controlled by the aldehyde content. Optimal 
aldehyde contents (14.8% Ald-Cel) produced low levels of 
inflammation and moderate levels of degradation in vivo. 
Although further studies such as nuclear magnetic resonance or 
molecular weight analysis of cellulose materials are needed to 
understand degradation at the molecular level, this study 
demonstrated that the biodegradability of cellulose could be 
controlled by oxidation and that biodegradable scaffolds 
introduced under certain physiological conditions can be useful 
as tissue engineering materials. 
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