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Abstract 

In parallel with the development of novel materials, such as cellulose nanofibers (CNFs), their effects on aquatic 
organisms should be evaluated. In ecotoxicity testing, concentration measurements are important to obtain accurate 
exposure concentrations; however, few studies have measured the concentration and dispersion state of CNFs in test 
solutions. Therefore, we evaluated the applicability of enzymatic and phenol–sulfuric acid methods for CNF quanti-
fication in ecotoxicity testing. In the enzymatic method, CNF content was determined by quantifying the d-glucose 
produced from the CNFs using cellulase with a glucose assay kit. Three types of cellulases were purchased, and impu-
rities such as d-glucose were identified and removed. The differences in CNF degradation efficiency among the cel-
lulases were evaluated, and a cellulase suitable for CNF degradation was selected. In the phenol–sulfuric acid method, 
a microplate-based method was employed to handle a large number of samples. We demonstrated that both the 
enzymatic and phenol–sulfuric acid methods could quantify CNFs in media for ecotoxicity testing. The enzymatic 
method was able to measure lower CNF concentrations (~ 1 mg/L) than the phenol–sulfuric acid method (~ 10 mg/L) 
and had less interference with CNF quantification by algae and non-cellulosic polysaccharides.
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Introduction
Cellulose nanofibers (CNFs) are plant-derived nanoma-
terials that contribute to a sustainable society. Owing 
to their unique properties, including thixotropy, high 
mechanical strength, elastic modulus, gas barrier prop-
erties, viscosity, and low thermal expansion, various 
applications have been proposed, such as structural and 
packaging materials, filters, coatings, foods, and cosmet-
ics [1–3]. As the production and use of CNFs expand, the 
amount of runoff into the environment and exposure to 

aquatic organisms are expected to increase. Therefore, 
the effects of CNFs on aquatic organisms should be eval-
uated in conjunction with their development.

Recently, ecotoxicity assessments of CNFs in aquatic 
organisms have been conducted [4–10]. However, few 
studies have measured the concentration and dispersion 
states of CNFs in test solutions. According to the Organi-
sation for Economic Co-operation and Development 
(OECD) test guidelines and guidance documents [11–
14], it is recommended to analyze the test concentrations 
at the beginning and end of the test if the concentrations 
are unlikely to remain within 80–120% of the nominal 
values. Because CNFs tend to agglomerate and sediment 
owing to their interaction with the components of the 
culture media [5, 7, 15], CNF concentration measure-
ments are particularly important for obtaining accurate 
exposure concentrations and conducting proper testing. 
For ecotoxicity testing, it is necessary to measure CNFs 
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at concentrations in the order of 1–100  mg/L [4–10]. 
Because algae, which contain cellulose as the major com-
ponent of their cell walls, are used in ecotoxicity studies 
as test subjects for algal growth inhibition tests or as food 
for Daphnia magna in D. magna reproduction tests, their 
contribution to CNF measurements must be consid-
ered. Furthermore, an easy and less expensive method is 
required to measure multiple samples.

Previously, we reported a method for the quantitative 
analysis of CNFs via enzymatic degradation [16]. Cellu-
lose is enzymatically degraded into d-glucose through 
the cooperative action of glycoside hydrolases. Cellu-
loses are depolymerized into cellooligosaccharides by 
endo-β-1,4-glucanases [17]. In addition, reducing and 
non-reducing end-specific cellobiohydrolases release 
cellobioses from the reducing and non-reducing ends 
of cellulose, respectively. The cellooligosaccharides and 
cellobiose produced are then degraded to d-glucose by 
β-glucosidases. In addition to these glycoside hydrolases, 
other enzymes, such as lytic polysaccharide monooxy-
genases, are also involved in the degradation of cellu-
lose [18]. The amount of cellulose, including CNFs, can 
be determined by quantifying d-glucose produced from 
cellulose using cellulase, which is a complex mixture 
including endo-β-1,4-glucanases, cellobiohydrolases, and 
β-glucosidases. Using a glucose assay kit to measure the 
glucose produced from CNFs, the amount of CNFs can 
be measured using a plate reader.

Another easy and inexpensive method applicable to 
CNF quantification is the phenol–sulfuric acid method, 
which is a colorimetric method widely used to determine 
total saccharides [19, 20]. Microplate-based phenol–sul-
furic acid methods have also been developed to handle 
large numbers of samples and reduce the use of hazard-
ous chemicals [21–25]. The amount of CNFs can also be 
measured using a plate reader [25].

In this study, our aim was to evaluate the applicability 
of enzymatic and phenol–sulfuric acid methods for CNF 
quantification in CNF ecotoxicity testing. Our previous 
studies have shown that CNFs dispersed in pure water 
can be quantified by both the enzymatic and phenol–
sulfuric acid methods [16, 25]. However, the solutions in 
ecotoxicity tests contain media components and organ-
isms (and their food and excretions), which may interfere 
with the determination of CNFs. In addition, the optimal 
procedure for the determination of CNFs by enzymatic 
methods has not been well studied. In this study, three 
types of cellulases were purchased, and impurities such as 
d-glucose were identified and removed. The differences 
in CNF degradation efficiency among the cellulases were 
evaluated, and a cellulase suitable for CNF degradation 
was selected. We then evaluated whether CNFs could be 
quantified in the media used in the ecotoxicity tests. In 

addition, to evaluate the interference of algae and non-
cellulosic polysaccharides with CNF quantification, we 
examined whether d-glucose was produced from algae 
and non-cellulosic polysaccharides by cellulase treat-
ment. Similarly, using the phenol–sulfuric acid method, 
we evaluated whether CNFs could be quantified in the 
media used in the ecotoxicity tests. To evaluate the inter-
ference of algae with CNF quantification, we investigated 
the glucose-equivalent concentration of algae, which was 
measured using the phenol–sulfuric acid method. Based 
on these results, the advantages and disadvantages of the 
enzymatic and phenol–sulfuric acid methods for CNF 
quantification in CNF ecotoxicity testing are discussed.

Materials and methods
Materials
CNFs produced by the mechanical fibrillation of bleached 
hardwood kraft pulp (BHKP) and bleached softwood 
kraft pulp (BSKP) were provided by the Daio Paper Cor-
poration (Tokyo, Japan). Both BHKP- and BSKP-CNFs 
had a typical width and length of 20–100 nm and > 1 μm, 
respectively. The 2,2,6,6-tetramethylpiperidine-1-oxyl 
radical (TEMPO)-oxidized CNFs (TEMPO-CNFs) were 
provided by Nippon Paper Industries Co., Ltd. (Tokyo, 
Japan). TEMPO-CNFs had a sodium carboxylate con-
tent of 1.3–1.6 mmol/g and a typical width and length of 
3–4 nm and 0.1–1 μm, respectively.

The US Environmental Protection Agency (USEPA) 
moderately hard water [26], slightly modified by adding 
4.8 μg/L sodium selenite and 2 μg/L vitamin B12, which 
is used as the culture medium for D. magna, was pre-
pared as described previously [27]. The OECD culture 
medium used for the algal growth inhibition tests [11] 
was purchased from FUJIFILM Wako Pure Chemical 
Corp. (Osaka, Japan). Both media contained ions such as 
 Na+,  K+,  Ca2+,  Mg2+,  Cl−, and  SO4

2−.
CNF dispersions at a concentration of 1 g/L were pre-

pared by mixing as-obtained CNFs (10–30  g/L) with 
ultrapure water, USEPA moderately hard water, or OECD 
medium using an ultrasonic mixer (PR-1, Thinky Cor-
poration, Tokyo, Japan) at 300 rpm for 3 min for BHKP- 
and BSKP-CNFs and a planetary centrifugal mixer (ARE 
310, Thinky Corporation, Tokyo, Japan) at 1500 rpm for 
30 min for TEMPO-CNFs. CNF dispersions at each con-
centration were prepared by dilution and manual shaking 
(repeated inversion).

Enzymatic method for quantitative CNF measurement
Removal of impurities in cellulase
Commercial cellulases contain not only cellulose deg-
radation-related enzymes but also other low-molecu-
lar-weight compounds, such as d-glucose. Because the 
contamination of d-glucose on cellulase can affect the 
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quantification of cellulose, the contaminated d-glucose 
was removed by ultrafiltration. Three types of cellulases 
were purchased: cellulase enzyme blend Cellic CTec2 
(SAE0020, Sigma-Aldrich, St. Louis, MO, USA), cellu-
lase from Trichoderma sp. (C0615, Sigma-Aldrich), and 
cellulase from Aspergillus niger (C0057, Tokyo Chemi-
cal Industry, Tokyo, Japan). First, 0.2 g of cellulases were 
dissolved in 10 mL of 50 mM sodium acetate buffer (pH 
5.0), and insoluble matter was removed by centrifuga-
tion (10,000g, 10 min at 4 ℃). Then, 8 mL of each cellu-
lase solution was concentrated to approximately 0.5 mL 
using a 10-kDa cutoff ultrafiltration unit (Vivaspin Turbo 
15, Sartorius, Germany), and 7.5  mL of sodium 50  mM 
acetate buffer (pH 5.0) was added to each concentrated 
cellulase solution. The concentration and dilution proce-
dures were repeated five times to remove d-glucose and 
other low-molecular-weight compounds from the cellu-
lases. At each step, the d-glucose concentrations in the 
cellulases were measured using a LabAssay Glucose kit 
(638–50,971, FUJIFILM Wako Pure Chemical Corp.). 
Protein concentrations in cellulases were measured by 
UV absorbance (280 nm) using a NanoDrop spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).

Differences in degradation efficiency according to cellulase 
type
BHKP-, BSKP-, and TEMPO-CNFs were degraded using 
purified cellulases, as described below.

A 100-μL reaction mixture containing 2.5  g/L CNFs, 
20 mM sodium acetate buffer (pH 5.0), and 0.02 mg/mL 
cellulase (Cellic CTec2, Trichoderma sp. cellulase, or A. 
niger cellulase) was incubated at 50 ℃ for 4 h. After the 
reaction, the mixture was centrifuged at 1000g for 5 min, 
and the concentration of d-glucose produced in the 
supernatant was measured using a LabAssay Glucose kit.

Degradation efficiency with reaction time
BSKP- and TEMPO-CNFs were degraded using purified 
Cellic CTec2, and the concentration of d-glucose pro-
duced was measured chronologically, as described below.

First, 100  μL of reaction mixture containing 50  mg/L 
CNFs, 20  mM sodium acetate buffer (pH 5.0), and 
0.02  mg/mL Cellic CTec2 was incubated at 50 ℃ for 2, 
4, 6, or 24 h. After the reaction, the reaction mixture was 
incubated at 98 ℃ for 10 min to terminate the reaction. 
The concentration of the d-glucose produced was deter-
mined using a Glucose Colorimetric/Fluorometric Assay 
Kit (K606-100; BioVision, Waltham, MA, USA).

Quantification of CNFs in the ecotoxicity testing media
We evaluated whether CNFs could be quantified in the 
media used in the ecotoxicity tests. BSKP- and TEMPO-
CNFs were degraded using purified Cellic CTec2 in 

ultrapure water, USEPA moderately hard water, or OECD 
medium, as described below.

First, 94 μL of CNF dispersion (0, 0.78, 1.56, 3.12, 6.25, 
12.5, 25, and 50 mg/L) in ultrapure water, USEPA moder-
ately hard water, or OECD medium, prepared by dilution 
and manual shaking, was mixed with 4  μL of 500  mM 
sodium acetate buffer and 2 μL of 1 mg/mL Cellic CTec2 
and incubated at 50  ℃ for 20  h. After incubation, the 
d-glucose concentration was determined using a Glucose 
Colorimetric/Fluorometric Assay Kit.

Investigation of d‑glucose production from algae by cellulase 
treatment
To evaluate the interference of algae with CNF quanti-
fication using cellulase, we investigated d-glucose pro-
duction from algae by cellulase treatment. Raphidocelis 
subcapitata (NIES-35, National Institute for Environ-
mental Studies in Japan), which was used for the algal 
growth inhibition tests, and Chlorella vulgaris (Recent-
tec Corp., Tokyo, Japan), which was used as food for D. 
magna in the D. magna reproduction test, were degraded 
using purified Cellic CTec2. Ninety-four μL of algal dis-
persion (0, 2.81 ×  108, 5.63 ×  108, 1.13 ×  109, and 2.25 ×  109 
cells/L in OECD medium for R. subcapitata; 0, 2.5 ×  109, 
5.0 ×  109, 1.0 ×  1010, and 2.0 ×  1010 cells/L in USEPA mod-
erately hard water for C. vulgaris) was measured using 
the same method as the CNF quantification described 
in the previous section. The biomass concentration of R. 
subcapitata was set to correspond to the concentration 
of algae grown in 72-h algal growth inhibition tests (the 
order of 1 ×  109 cells/L [11]). In contrast, the biomass 
concentration of C. vulgaris was deliberately set higher 
than what is typically used as food for D. magna in the D. 
magna reproduction test (5 ×  108 cells/L [27]). This was 
done because it was difficult to detect a low concentra-
tion of C. vulgaris in a preliminary evaluation.

Investigation of d‑glucose production from non‑cellulosic 
polysaccharides by cellulase treatment
To evaluate the influence of non-cellulosic polysaccha-
rides, which are potentially derived from living organ-
isms, on the quantification of CNFs using cellulase, we 
examined whether d-glucose is produced from non-cel-
lulosic polysaccharides, including xylan (monosaccharide 
composition: xylose and glucuronic acid, main chain gly-
cosidic linkage: β-1,4), (1,3)(1,4)-β-glucan (monosaccha-
ride composition: glucose, main chain glycosidic linkage: 
β-1,4 and β-1,3), starch (monosaccharide composition: 
glucose, main chain glycosidic linkage: α-1,4 and α-1,6), 
curdlan (monosaccharide composition: glucose, main 
chain glycosidic linkage: β-1,3), glucomannan (monosac-
charide composition: glucose and mannose, main chain 
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glycosidic linkage: β-1,4), or xyloglucan, by cellulase 
treatment.

A 20-μL reaction mixture containing 50  mM sodium 
acetate buffer (pH 5.0), 0.5 mg/mL purified Cellic CTec2, 
and 0.5  mg/mL polysaccharide: BSKP-CNFs, beech 
wood xylan (Sigma-Aldrich), barley (1,3)(1,4)-β-glucan 
(Megazyme, Wicklow, Ireland), tamarind seed xyloglu-
can (Megazyme), potato starch (FUJIFILM Wako Pure 
Chemical Corp.), curdlan from Alcaligenes faecalis (Meg-
azyme), or konjac glucomannan (Megazyme), was incu-
bated at 50 ℃ for 20 h. After the reaction, the d-glucose 
concentrations of the reaction products were measured 

using a LabAssay Glucose kit. Cellic CTec2-treated poly-
saccharides were analyzed by thin-layer chromatography 
(TLC) using a silica gel-coated glass TLC plate (Merck, 
Darmstadt, Germany), developing solvent (2-propanol: 
acetic acid: water = 4:1:1), and coloring reagent (ethanol: 
p-anisaldehyde: acetic acid: sulfuric acid = 96:2.6:1:3.6).

Phenol–sulfuric acid method for quantitative CNF 
measurement
Quantification of CNFs in the ecotoxicity testing media
We evaluated whether CNFs could be quantified in the 
media for ecotoxicity tests using the microplate-based 
phenol–sulfuric acid method. BSKP- and TEMPO-CNFs 
in ultrapure water, USEPA moderately hard water, or 
OECD medium were measured using the microplate-
based phenol–sulfuric acid method described in our 
previous study [25]. Namely, 30 μL of CNF dispersion (0, 
12.5, 25, 50, and 100  mg/L) in ultrapure water, USEPA 
moderately hard water, or OECD medium was added to 
each well of a 96-well flat-bottom microplate (1-1601-
06, Violamo, AS ONE, Osaka, Japan), followed by 150 μL 
of concentrated sulfuric acid (96.0–98.0%, super spe-
cial grade, FUJIFILM Wako Pure Chemical Corp.). The 
microplate was heated at 90  °C and shaken at 600  rpm 
for 15 min in a thermomixer (ThermoMixer® C, Eppen-
dorf, Hamburg, Germany) and then cooled to room 
temperature using a block bath (CDB-105, AS ONE) at 
4  °C for 2.5  min. The microplate was ultrasonicated for 
10  s to remove air bubbles and read on a plate reader 
(SpectraMax ABS  Plus®, Molecular Devices, San Jose, 
CA, USA) at an absorbance of 490  nm to obtain the 
background absorbance before the color reaction with 
phenol. Then, 30  μL of 5% phenol solution (guaranteed 

Fig. 1 Elimination of d-glucose from cellulases by ultrafiltration. 
Concentration and dilution of cellulase solutions (Cellic CTec2, 
cellulase from Trichoderma sp., or cellulase from A. niger) were 
repeated five times

Fig. 2 Differences in degradation efficiency according to cellulase 
type. BHKP-, BSKP-, and TEMPO-CNFs were degraded by Cellic CTec2, 
Trichoderma sp. cellulase, or A. niger cellulase. Error bars: standard 
deviations (n = 3)

Fig. 3 Chronological degradation of CNFs using cellulase. 
BSKP- and TEMPO-CNFs were degraded by Cellic CTec2 for 2, 4, 6, 
and 20 h. Error bars: standard deviations (n = 3)
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reagent, FUJIFILM Wako Pure Chemical Corp.) was 
added to each well of the microplate, and the mixture was 
shaken at 600 rpm for 5 min at 25 °C in a thermomixer. 
After allowing the plate to rest for 60  min, it was read 
again on a plate reader to obtain the absorbance after the 
reaction with phenol. The absorbance due to the color 
reaction with phenol was obtained from the difference 
in absorbance before and after the phenol reaction. The 
d(+)-glucose (guaranteed reagent, FUJIFILM Wako Pure 
Chemical Corp.) was measured in the same manner to 
obtain glucose-equivalent concentrations. Outliers were 
removed based on the modified Thompson’s tau test (95% 
confidence level).

Investigation of glucose‑equivalent concentration of algae 
measured by the phenol–sulfuric acid method
To evaluate the interference of algae with CNF quan-
tification, we investigated the glucose-equivalent con-
centration of algae, which was measured using the 
phenol–sulfuric acid method. R. subcapitata in OECD 
medium (0, 2.81 ×  108, 5.63 ×  108, 1.13 ×  109, and 
2.25 ×  109 cells/L) and C. vulgaris in USEPA moder-
ately hard water (0, 1.25 ×  1010, 2.5 ×  1010, 5.0 ×  1010, and 
1.0 ×  1011 cells/L) were measured using the same method 
as the CNF quantification described in the previous sec-
tion. The biomass concentration of C. vulgaris was delib-
erately set higher than what is typically used as food for 
D. magna in the D. magna reproduction test (5 ×  108 
cells/L [27]) because it was difficult to detect the low con-
centration of C. vulgaris in a preliminary evaluation.

Results and discussion
Enzymatic method for quantitative CNF measurement
Removal of impurities in cellulase
Before ultrafiltration, A. niger cellulase and Cellic 
CTec2 contained high levels of d-glucose. In contrast, 
Trichoderma sp. cellulase contained less d-glucose. 
After five cycles of ultrafiltration, the concentrations 
of d-glucose in A. niger cellulase, Cellic CTec2, and 
Trichoderma sp. cellulase decreased to less than 0.04 mg/
mL (Fig. 1). After purification, the amount of glucose in 
Cellic CTec2 and Trichoderma sp. cellulase was almost 
the same, whereas that in A. niger cellulase was slightly 
higher. However, the glucose concentration of cellulases 
could be reduced to the extent that it did not affect the 
subsequent quantitative CNF experiments (below the 
detection limit of the glucose assay kit).

Fig. 4 Quantitative measurement of CNFs using the enzymatic 
method. CNFs in ultrapure water (a), USEPA moderately hard water 
(b), and OECD medium (c) were measured using the enzymatic 
method. Error bars: standard deviations (n = 3)

◂
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Differences in degradation efficiency according to cellulase 
type
The BHKP-, BSKP-, and TEMPO-CNFs were degraded 
using the purified cellulases: Cellic CTec2, Trichoderma 
sp. cellulase, and A. niger cellulase (Fig.  2). Among 
these cellulases, Cellic CTec2 produced d-glucose more 
efficiently than the others, indicating that Cellic CTec2 is 
suitable for the degradation and quantification of CNFs 
under our assay conditions. The d-glucose production 
efficiency of TEMPO-CNFs was much lower than that of 
BHKP- and BSKP-CNFs, suggesting that the oxidation of 
cellulose negatively affects the degradation of cellulases 
and/or determination of the d-glucose concentration.

Degradation efficiency with reaction time
Figure  3 shows the relationship between the reaction 
time and the concentration of d-glucose produced from 
BSKP- and TEMPO-CNFs using purified Cellic CTec2. 
The d-glucose concentration increased during the first 
6  h of the reaction and hardly increased after 6  h. This 
result indicates that 20  h was sufficient to degrade the 
CNFs. After 20  h, BSKP-CNFs were almost completely 
degraded into d-glucose. Approximately 46  mg/L of 
d-glucose was produced from 50  mg/L of BSKP-CNFs 
(Fig. 3). This result is reasonable because BSKP contains 
hemicellulose. In contrast, because some glucopyranosyl 
residues were oxidized in TEMPO-CNFs, only 25  mg/L 
d-glucose was produced from 50  mg/L TEMPO-CNFs. 
In addition, it is possible that the TEMPO-mediated 
oxidization of cellulose interferes with cellulose 
degradation by cellulases. We confirmed that pH 5.0–5.5 
was suitable for the activity of purified Cellic CTec2, and 
0.05 mg/mL of cellulase was sufficient for the degradation 
of CNFs (data not shown).

Quantification of CNFs in the ecotoxicity testing media
We evaluated whether CNFs could be quantified in 
the media for ecotoxicity tests using an enzymatic 
method. Both the BSKP- and TEMPO-CNFs were 
quantitatively detectable in ultrapure water (Fig.  4a), 
USEPA moderately hard water (Fig.  4b), and OECD 
medium (Fig.  4c). The d-glucose production efficiency 
of BSKP-CNFs in USEPA moderately hard water and 
OECD medium was almost the same as that in ultrapure 
water. In contrast, the d-glucose production efficiency 
of TEMPO-CNFs in USEPA moderately hard water and 
OECD medium was lower than that in ultrapure water, 
and USEPA moderately hard water negatively affected the 
quantification of TEMPO-CNFs. We speculate that the 
ions present in the media affected the conditions of the 
TEMPO-CNFs [28, 29] and the decomposition efficiency 
by cellulase.

The standard deviation (σ) of the glucose concentra-
tion of the blank sample (0  mg/L of CNFs) was 0.02–
0.08  mg/L (n = 6 for each medium). From these values 
and the slopes of the graphs (a) in Fig.  4, the detection 
limits (DL) calculated using the formula DL = 3.3σ/a [30] 
were 0.09–0.3  mg/L for BSKP-CNFs and 0.2–0.6  mg/L 
for TEMPO-CNFs. In Fig.  4, we used a simple linear 
approximation; however, a curvilinear approximation 
may be more appropriate because the response tends to 
decrease slightly at higher concentrations.

Fig. 5 Glucose production from algae by the enzymatic method. 
Raphidocelis subcapitata (a) and Chlorella vulgaris (b) were measured 
using the enzymatic method. Error bars: standard deviations (n = 3–4)
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Fig. 6 Degradation of non-cellulosic polysaccharides using cellulase. BSKP-CNFs, xylan, (1,3)(1,4)-β-glucan, xyloglucan, starch, curdlan, 
and glucomannan were treated with Cellic CTec2 for 20 h. After the treatment, the reaction products were analyzed using a glucose concentration 
assay kit (a) and TLC (b)
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Investigation of d‑glucose production from algae by cellulase 
treatment
To evaluate the interference of algae with CNF 
quantification using cellulase, we investigated 
d-glucose production from algae by cellulase treatment 
(Fig.  5). The amount of d-glucose produced per algal 
cell (i.e., the slope of the graph) was 2.4 ×  10–10  mg/
cell for R. subcapitata (Fig.  5a) and 8.4 ×  10–11  mg/
cell for C. vulgaris (Fig.  5b). Typically, in a 72-h algal 
growth inhibition test, the biomass concentration of R. 
subcapitata increases to the order of 1 ×  109 cells/L [11], 
which corresponds to ~ 0.2 mg/L of d-glucose according 
to the result in Fig.  5a. This glucose concentration was 
near the lower end of the typical concentration range for 
CNFs in ecotoxicity studies (on the order of 1–100 mg/L 
[4–10]). Therefore, the interference of R. subcapitata 
with CNF quantification should be considered when 
measuring low CNF concentrations. In contrast, the 
biomass concentration of C. vulgaris as food for D. magna 
is 5 ×  108 cells/L in the D. magna reproduction test [27], 
which corresponds to ~ 0.04 mg/L of d-glucose according 
to the result in Fig.  5b. This glucose concentration was 
well below the typical range of CNF concentrations in 
ecotoxicity studies. Therefore, the interference of C. 
vulgaris with CNF quantification was negligible.

Investigation of d‑glucose production from non‑cellulosic 
polysaccharides by cellulase treatment
In addition to cellulose, some polysaccharides also 
contain glucose residues. For example, xyloglucan, which 
is found in plant cell walls and seeds, has β-1,4-glucan as 
the main chain, and α-1,6-linked d-xylopyranosyl side 
chains are attached to the main chain glucopyranosyl 
residues. In addition to d-xylose, other saccharides, 
such as d-galactose and l-fucose, are attached to the 
side chains of xyloglucan. To evaluate the interference of 
non-cellulosic polysaccharides with CNF quantification 
using cellulase, we investigated d-glucose production 
from non-cellulosic polysaccharides by cellulase 
treatment. No considerable amount of d-glucose 
was produced from xylan, xyloglucan, or starch after 
cellulase treatment (Fig.  6a). Upon cellulase treatment, 
xylan and xyloglucan were degraded into d-xylose and 
xyloglucan oligosaccharides, respectively (Fig.  6b). 
In contrast, d-glucose was produced by cellulase 
from (1,3)(1,4)-β-glucan, curdlan, and glucomannan, 
suggesting that Cellic CTec2 has hydrolytic activity 

Fig. 7 Quantitative measurement of CNFs using the phenol–sulfuric 
acid method. CNFs in ultrapure water (a), USEPA moderately hard 
water (b), and OECD medium (c) were measured using the phenol–
sulfuric acid method. Error bars: standard deviations (n = 4–5)

◂
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toward these polysaccharides. In particular, because (1,3)
(1,4)-β-glucan is structurally similar to cellulose, it could 
not be distinguished from cellulose in this experimental 
method.

Phenol–sulfuric acid method for quantitative CNF 
measurement
Quantification of CNFs in the ecotoxicity testing media
We evaluated whether CNFs could be quantified in the 
media for ecotoxicity tests using the phenol–sulfuric 
acid method. Both the BSKP- and TEMPO-CNFs were 
quantitatively detectable in ultrapure water (Fig.  7a), 
USEPA moderately hard water (Fig.  7b), and OECD 
medium (Fig.  7c). The glucose-equivalent concentration 
per CNF concentration (i.e., the slope of the graph) 
for BSKP-CNFs was 1.1–1.2. This result is considered 
reasonable, given that the ratio of the molar mass of 
glucose (180  g/mol) to the molar mass of the glucose 
residue in cellulose (162  g/mol) is 1.1. In contrast, the 
glucose-equivalent concentration per CNF concentration 
for TEMPO-CNFs was 0.70–0.78. This result is also 
considered reasonable, given that the TEMPO-CNFs 
had a sodium carboxylate content of 1.3–1.6  mmol/g. 
Additionally, approximately 1/4 of the TEMPO-CNFs 
was composed of glucuronic acid residues, which have 
low reactivity in the phenol–sulfuric acid method [31, 
32].

The standard deviation (σ) of the glucose-equivalent 
concentration of the blank sample (0 mg/L of CNFs) was 
1.1–1.8  mg/L. From these values and the slopes of the 
graphs (a) in Fig. 7, the detection limits (DL) calculated 
using the formula DL = 3.3σ/a [30] were 3–6  mg/L for 
BSKP-CNFs and 5–8 mg/L for TEMPO-CNFs.Fig. 8 Glucose-equivalent concentration of algae measured 

by the phenol–sulfuric acid method. Raphidocelis subcapitata (a) 
and Chlorella vulgaris (b) were measured using the phenol–sulfuric 
acid method. Error bars: standard deviations (n = 3–5)

Table 1 Advantages and disadvantages of the enzymatic and sulfuric acid methods for CNF quantification

Enzymatic method Phenol–sulfuric acid method

Lower limit of measurable concentration ~ 1 mg/L ~ 10 mg/L

Time required for measurement ~ 24 h ~ 2 h

Required reagents Cellulase, glucose assay kit (somewhat costly) Phenol, sulfuric acid (deleteri-
ous substances)

Interference by algae Low High

Interference by non-cellulosic polysaccharides Low High
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Investigation of glucose‑equivalent concentration of algae 
measured by the phenol–sulfuric acid method
To evaluate the interference of algae with CNF 
quantification, we investigated the glucose-equivalent 
concentration of algae using the phenol–sulfuric acid 
method (Fig.  8). The glucose-equivalent concentration 
per algal concentration (i.e., the slope of the graph) 
was 5.6 ×  10–9  mg/cell for R. subcapitata (Fig.  8a) and 
9.1 ×  10–10 mg/cell for C. vulgaris (Fig. 8b). These values 
were more than 10 times higher than those of the 
enzymatic method (the slope of the graphs in Fig.  5), 
indicating that the phenol–sulfuric acid method is 
more responsive to algae than the enzymatic method. 
This result is reasonable because the enzymatic method 
measures cellulose specifically and depends on the 
accessibility of cellulase to cellulose, whereas the phenol–
sulfuric acid method measures all polysaccharides.

The dry weight of the algae per cell is not constant, but 
assuming 2 ×  10–8–4 ×  10–8  mg/cell [11], the percentage 
of glucose-equivalent mass was calculated as 14–28% 
(= 5.6 ×  10–9 divided by 2 ×  10–8–4 ×  10–8) for R. subcapi-
tata and 2–5% (= 9.1 ×  10–10 divided by 2 ×  10–8–4 ×  10–8) 
for C. vulgaris, which is consistent with the range of 
reported values for cellulose content in algae [33].

Typically, in a 72-h algal growth inhibition test, the 
biomass concentration of R. subcapitata increases to 
the order of 1 ×  109 cells/L [11], which corresponds 
to ~ 6 mg/L of d-glucose, as shown in Fig. 8a. This algae-
derived glucose-equivalent concentration can interfere 
with the quantification of CNFs using the phenol–sulfu-
ric acid method. In contrast, the biomass concentration 
of C. vulgaris as food for D. magna is 5 ×  108 cells/L in 
the D. magna reproduction test [27], which corresponds 
to ~ 0.5  mg/L of d-glucose according to the result in 
Fig. 8b. This algae-derived glucose-equivalent concentra-
tion was below the detection limit of the phenol–sulfu-
ric acid method and, therefore, is not likely to interfere 
with CNF determination using the phenol–sulfuric acid 
method.

Comparison of enzymatic and phenol–sulfuric acid 
methods
Table  1 summarizes the advantages and disadvantages 
of the enzymatic and phenol–sulfuric acid methods for 
CNF quantification. The lower limit of the measurable 
concentration was ~ 1  mg/L for the enzymatic method 
and ~ 10  mg/L for the phenol–sulfuric acid method; 
therefore, the enzymatic method can measure lower con-
centrations. However, the phenol–sulfuric acid method 
requires less time for the measurements. The phenol–
sulfuric acid method also requires the use of deleterious 
substances, such as phenol and sulfuric acid. In contrast, 
the enzymatic method requires a glucose assay kit, which 

is somewhat costly. Compared to the phenol–sulfuric 
acid method, the enzymatic method showed less interfer-
ence with CNF quantification by algae and non-cellulosic 
polysaccharides.

Thus, both methods have advantages and disad-
vantages. For CNF ecotoxicity testing, it is necessary 
to measure CNFs at concentrations in the order of 
1–100  mg/L [4–10]. Therefore, we recommend using 
the phenol–sulfuric acid method when measuring CNF 
concentrations higher than several tens of mg/L and the 
enzymatic method when measuring CNF concentrations 
lower than several tens of mg/L.

Conclusions
We evaluated the applicability of enzymatic and phe-
nol-sulfuric acid methods as easy and inexpensive 
CNF quantification methods for ecotoxicity testing. 
In the enzymatic method, the CNF content was deter-
mined by quantifying the d-glucose produced from 
the CNFs using cellulase. Commercially available cel-
lulases were found to contain d-glucose, but ultrafil-
tration adequately removed the d-glucose. Among the 
three cellulases (Cellic CTec2, Trichoderma sp. cellu-
lase, and A. niger cellulase), Cellic CTec2 was suitable 
for the degradation and quantification of CNFs. We 
demonstrated that both the enzymatic and phenol-sul-
furic acid methods could quantify CNFs in media for 
ecotoxicity testing (USEPA moderately hard water and 
OECD medium), which contain ions such as  Na+,  K+, 
 Ca2+,  Mg2+,  Cl−, and  SO4

2−. The enzymatic method was 
able to measure lower CNF concentrations (~1  mg/L) 
than the phenol-sulfuric acid method (~10  mg/L) and 
had less interference with CNF quantification by algae 
and non-cellulosic polysaccharides. However, the phe-
nol-sulfuric acid method requires less time for meas-
urement, and the enzymatic method requires a glucose 
assay kit, which is costly. Therefore, we recommend 
using the phenol-sulfuric acid method when measuring 
CNF concentrations higher than several tens of mg/L 
and the enzymatic method when measuring CNF con-
centrations lower than several tens of mg/L. Both meth-
ods would be useful not only for the determination of 
CNFs in ecotoxicity studies but also for the determi-
nation of other celluloses in other media. Because the 
enzymatic method has a high specificity for measuring 
cellulose, it is considered useful for quantifying cel-
lulose in the presence of organic substances and most 
polysaccharides.
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