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Tannic acid (TA) exhibits unique adsorption capacity, while cellulose nanofiber (CNF) has excellent properties as 

immobilization carrier. In this study, to combine the excellent properties of both TA and CNF, tannic acid-immobilized 

cellulose nanofiber (TA-CNF) was prepared by esterification, using butane-1,2,3,4-tetracarboxylic acid (BTCA). The 

simple esterification method achieved immobilization of TA on cellulose nanofibrils, which was verified by attenuated 

total reflection Fourier transform infrared spectroscopy. The average fiber diameter of TA-CNF was 4.7 nm, as 

determined by atomic force microscopy characterization. The protein adsorption capacities of TA-CNF and TA-

adsorbed CNF were compared, suggesting that the immobilization of TA on CNF is important for manifesting the 

protein adsorption capacity of TA. Since TA can adsorb various materials, besides proteins, TA-CNF may have the 

potential to expand the application of CNF as an immobilization carrier. 
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INTRODUCTION 

Cellulose is the most abundant biopolymer on 

earth and has attracted significant attention for 
nanoscale applications.1 The naturally derived 

cellulose nanomaterial, i.e., cellulose nanofiber 

(CNF), possesses typical nanomaterial properties, 

such as a high specific surface area, high 

mechanical durability, and high reactivity. 

Therefore, CNF can act as a carrier for the 

immobilization of proteins, metallic 
nanoparticles, drugs, etc.2–4 

Tannic acid (TA) is a water-soluble 

polyphenol, comprising gallic acid glucoside, 

which can be easily extracted from various 

plants.
5
 TA has been applied to protein 

immobilization, metal removal, drug delivery, and 

cytoprotection, due to its unique adsorption 

ability, owing to its di-galloyl ester groups, low 

price, and nontoxicity.6–9 However, for all these 

applications, water-soluble TA should be 

immobilized on a water-insoluble support.
10,11

 The 

preparation of TA-immobilized cellulose 

materials using chemically modified celluloses, 

such as cellulose acetate and alkali-treated 

cellulose, have been reported previously.12–14 The  

 

immobilization of TA on chemically modified 

cellulose has been investigated by several 
methods, such as crosslinking using 

epichlorohydrin as crosslinking agent and 

hydrogen bonding with poly(ethylene glycol).12–14 

Herein, we conducted the immobilization of 

TA on chemically unmodified cellulose via 

esterification using polycarboxylic acid. Butane-

1,2,3,4-tetracarboxylic acid (BTCA), a polyvalent 
carboxylic acid, has been extensively investigated 

as a crosslinking agent to introduce anti-wrinkle 

properties to cotton fabrics.15,16 The crosslinks are 

formed by esterification between the hydroxyl 

groups of cellulose and carboxyl groups of 

BTCA. If TA is also present in the same reaction 

system, it will form crosslinks with BTCA as well 

and will be immobilized onto the cellulose (Fig. 

1a).  

Further, crosslinking using BTCA introduces 

carboxyl groups into the cellulose (Fig. 1a). The 

introduction of a negatively charged substrate 

enables the preparation of fine CNFs, with widths 

in the order of several nanometers. Therefore, the 

methods used to prepare fine CNFs containing 



AKIO KUMAGAI and TAKASHI ENDO 

 
416 

carboxyl groups, phosphate groups, and sulfate 

groups were studied.
17-19

 If carboxyl groups are 
introduced by BTCA, the electrostatic repulsion 

between the carboxyl groups enables the 

nanofibrillation of the cellulose materials. 

Hydrogels and aerogels prepared by the direct 

adsorption of TA onto CNF and crosslinking it 

with other polymers, such as polyvinyl alcohol-

borax and cardanol-derived siloxane, have been 

reported in several studies.20,21 However, in this 

study, both the immobilization of TA and 

nanofibrillation were achieved using BTCA as 

crosslinking agent. The immobilization of TA on 

CNF was confirmed by attenuated total reflection 

Fourier transform infrared spectroscopy (ATR-

FTIR), and nanofibrillation was evaluated by 

microscopic observations. In addition, to evaluate 

the ability of the material to act as a support, the 

protein adsorption capacity of the TA-

immobilized CNF (TA-CNF) was studied as a 

function of the adsorption abilities of TA by 

performing a quartz crystal microbalance (QCM) 
analysis to evaluate the adsorption capacity. 

 

EXPERIMENTAL 
Materials 

Commercial cellulose powder (KC Flock W-400G, 

Nippon Paper Industries Co., Ltd., Japan), with an 

average particle size of 24 µm, was used as the starting 

material for preparing CNF. TA, BTCA, sodium 

hypophosphite (SHP), sodium hydroxide (NaOH) and 

other chemicals were of analytical grade and thus used 

without further purification, after being purchased 

from commercial sources. BTCA and SHP were used 

as esterification agent and catalyst, respectively. 

 

Preparation of TA-CNF 
An aqueous solution of TA, BTCA and SHP was 

prepared at room temperature by stirring, using a 

magnetic stirrer. Cellulose powder (1 wt%) was 

dispersed in the prepared solution, at a weight ratio 

similar to that of TA (CNF/TA/BTCA/SHP = 

1:1:1:0.5), and stirred for 1 h. The cellulose powder 

suspension was filtered through a 

polytetrafluoroethylene membrane filter (H010A090C, 

pore size: 0.1 µm, Advantec Toyo Co., Ltd., Japan) 

under suction for 15 min. The separated cellulose 

powder was dried in a constant-temperature drying 

oven (ONW-300S, AzOne Co., Japan) at 80 °C for 10 

min, and then cured at 160 °C for 10 min in the oven to 

facilitate the esterification with TA. Then, the cured 

cellulose powder was dispersed in distilled water and 

washed via centrifugation three times at room 

temperature. Sodium hydroxide (NaOH) solution (0.1 

N) was added to the washed cellulose powder 

suspension until its pH reached 10. Subsequently, the 

excess NaOH was washed away with distilled water by 

suction filtration. The modified cellulose powder 

dispersed in distilled water was adjusted to 1 wt%. 

Then, fibrillation of the corresponding 1% modified 

cellulose powder solution was performed using a high-

pressure homogenizer (Masscomizer MMX-L100, 

Masuko Sangyo Co., Ltd., Japan) at a pressure of ~200 

MPa, five times. Unmodified CNF was prepared by 

high-pressure homogenization under similar conditions 

using commercial cellulose powder. Because of the 

difficulties in its direct homogenization, the cellulose 

powder was first fibrillated by a disk mill, according to 

a method reported in another study.
22

 To prepare the 

TA-adsorbed CNF, unmodified CNF was dispersed in 

water at a CNF/TA weight ratio of 1:1, stirred for 1 h, 

and then washed with distilled water by suction 

filtration. 

 

Characterization 

The morphologies of the prepared CNF were 

observed using field-emission scanning electron 

microscopy (FE-SEM) (S-4800, Hitachi High-

Technologies Co., Japan) at 1 kV. The sample for FE-

SEM was freeze-dried with tert-butyl alcohol 

substitution and fixed with osmium tetroxide. Atomic 

force microscopy (AFM) (JSPM-5200, JEOL Co., Ltd., 

Japan) in tapping mode, using aluminum reflex-coated 

silicon cantilevers (PPP-NCHR, NanoWorld AG, 

Switzerland), was used to evaluate the fiber diameter. 

ATR-FTIR spectroscopy was performed using a FT-IR 

spectrometer (Spectrum GX, PerkinElmer Co., Ltd., 

USA) to confirm the immobilization of TA on CNF by 

esterification via BTCA. 

 

Evaluation of protein adsorption capacity 

QCM apparatus (Q-Sense E1, Biolin Scientific AB, 

Sweden) was used for investigating the protein 

adsorption to TA-CNF. A TA-CNF-coated QCM gold 

sensor (QSX 301, Biolin Scientific AB, Sweden) was 

prepared using a centrifuged supernatant of 0.1 wt% 

TA-CNF suspension, according to the previously 

described procedure.
22

 

The TA-CNF-coated sensor was assembled in the 

QCM flow chamber, and Milli-Q water was pumped 

through the chamber. Once the frequency profile of the 

sensor reached stability, 0.05 mg/mL of bovine serum 

albumin (BSA) was introduced and adsorbed for 30 

min. Thereafter, Milli-Q water was introduced for 20 

min to wash the non-specifically adsorbed BSA. The 

temperature was set to 25 °C and the flow rate to 50 

µL/min in all the cases. QCM analyses were also 

conducted using an unmodified CNF-coated sensor 

and TA-adsorbed CNF-coated sensor. 

 

RESULTS AND DISCUSSION 

This study set out to prepare TA-CNF to 

expand the application of CNF as an 

immobilization carrier. The proposed reaction for 
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preparing TA-CNF using BTCA as an 

esterification agent is shown in Figure 1a. The 
carboxyl groups in BTCA form ester bonds with 

the hydroxyl groups on cellulose or TA. Since 

BTCA has multiple carboxyl groups, it can form 

ester bonds with two or more cellulose or TA 

molecules, leading to the crosslinking of 

celluloses and the immobilization of TA on CNF. 

The immobilization of TA on CNF was confirmed 

by ATR-FTIR (Fig. 1b and 1c). 

The ATR-FTIR spectra for the unmodified 

CNF and TA-adsorbed CNF were compared to 

that of TA-CNF. The main difference between the 

unmodified CNF and TA-CNF was the 

appearance of a peak at 1716 cm
-1

, which can be 

attributed to the carbonyl band of the TA ester and 

the carboxyl carbonyl band of BTCA. The peak at 

1610 cm-1, which can be attributed to the C=C 

stretching vibration of the TA aromatic ring, was 

also observed in the spectrum of TA-CNF. These 

peaks were also observed in the spectrum of TA-

adsorbed CNF, but disappeared after the NaOH 
treatment performed during the preparation of 

TA-CNF (Fig. 1c). However, for TA-CNF, the 

peak corresponding to the carbonyl band (1716 

cm
-1

) remained, and the peak at 1580 cm
-1

, which 

can be attributed to the carboxylate carbonyl band 
of BTCA, was observed (Fig. 1c). When TA-CNF 

is treated with the solution of higher pH (NaOH), 

the free carboxyl groups of TA-CNF are 

converted to carboxylate anions. Therefore, the 

ATR-FTIR spectra confirmed the immobilization 

of TA on CNF by esterification with BTCA. 

Figure 2 shows the morphologies of the three 

differently prepared CNFs, as observed by FE-

SEM. There was no significant change in the 

morphology between the unmodified CNF and 

TA-adsorbed CNF (Fig. 2a and 2b). In contrast, 

TA-CNF had a finer and looser structure than 

those of the unmodified CNF and TA-adsorbed 

CNF (Fig. 2c). In addition, the fiber diameters 

estimated by AFM were of 4.7 ± 1.4 nm for TA-

CNF (Fig. 2f) and 14.8 ± 2.9 nm for unmodified 

CNF and TA-adsorbed CNF (Fig. 2d and 2e). The 

diameter of TA-CNF was close to that of CNF 

prepared by another chemical treatment, such as 

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
oxidation.17 That is, esterification via BTCA 

achieved not only the immobilization of TA, but 

also the nanofibrillation of cellulose materials.  

 

 
 

Figure 1: Reaction between TA and cellulose using BTCA as esterification agent (a), ATR-FTIR spectra of TA, TA-

adsorbed CNF, TA-CNF, and CNF before (b) and after (c) sodium hydroxide treatments 
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Figure 2: FE-SEM images of freeze-dried CNF (a–c), AFM height images of CNF (d–f); 

CNF (a and d), TA-adsorbed CNF (b and e), TA-CNF (c and f) 

 

 
Figure 3: QCM changes in the frequency of adsorption of BSA on CNF, TA-adsorbed CNF, and TA-CNF 

 

As shown in Figure 1a, carboxyl groups were 

also introduced in TA-CNF, when TA was 

immobilized on cellulose using BTCA. 

Previously, the nanofibrillation of wood powder 

was achieved by the introduction of carboxyl 

groups by esterification with maleic anhydride, 

which is a dicarboxylic acid.23 The electrostatic 

repulsion caused by the introduction of carboxyl 

groups on TA-CNF might be the reason suggested 

to contribute to the finer nanofibrillation of 

cellulose materials. 

To evaluate the adsorption capacity of the 
prepared TA-CNF, the protein-adsorption 

property of the TA-CNF in water was evaluated 

by QCM analysis. QCM monitored the real-time 

change in mass on the surface of the 

nanomaterials caused by the interaction with and 

the adsorption of other materials.
22,24

 Figure 3 

shows the temporal changes in the TA-CNF-

coated sensor frequency when a BSA solution 

flowed through the chamber attached to the 

sensor. The negative frequency shifts indicate 

mass deposition in general. The decrease in the 

frequency of TA-CNF showed an obvious 

adsorption of BSA onto TA-CNF. The frequency 

behavior of unmodified CNF indicated that the 

adsorption of BSA onto the neat CNF was minor 

(Fig. 3). Additionally, no obvious increase in the 

frequency behavior after the water inflow was 

observed, indicating no release of non-specifically 
adsorbed BSA, and that BSA is specifically 

adsorbed on TA-CNF. QCM results indicated that 

a protein adsorption capacity was imparted to 

CNF by the immobilized TA. For comparison, the 

adsorption of BSA onto the TA-adsorbed CNF 

was also evaluated by QCM (Fig. 3). The 
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frequency change showed that the BSA 

adsorption of TA-CNF was nearly 30 times higher 
than that of TA-adsorbed CNF. As shown in the 

ATR-FTIR results (Fig. 1b and 1c), the TA is not 

sufficiently retained in the CNF by simple 

adsorption and is desorbed relatively easily. 

Therefore, the QCM results suggested that the 

immobilization of TA on CNF contributed to the 

expression of the protein adsorption capacity of 

TA-CNF. It is also thought that the increase in the 

specific surface area by nanofibrillation also plays 

a role in improving the adsorption of BSA. In this 

study, we only evaluated the adsorption capacity 

of the surface of a TA-CNF thin film on the QCM 

sensor. However, since CNF can be processed 

into various forms, such as films, hydrogels and 

aerogels,13,14,21 it may be possible to prepare 

various support materials from TA-CNF. 

 

CONCLUSION 
Herein, we have proposed a simple, novel 

method for achieving the nanofibrillation of 
cellulose and the immobilization of specific 

chemical substrates on cellulose by esterification, 

using polycarboxylic acid. In this study, TA, 

which has a unique adsorption capacity, was 

immobilized on CNF to take advantage of the 

excellent properties of CNF as an immobilization 

carrier. The prepared TA-CNF had a better protein 
adsorption capacity than TA-adsorbed CNF. Since 

TA can adsorb various materials, including 

metallic ions, cationic dyes, and pharmacological 

materials, besides proteins, the use of TA-CNF 

may expand the application potential of CNF as 

an immobilization carrier. Further, this simple 

method of immobilizing specific chemical 

substrates on CNF can potentially be applied for 

preparing various types of CNFs with specific 

properties based on the immobilized chemical 

substrate. 
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