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A B S T R A C T   

Surface-functionalized cellulose materials are developed for various purposes, including food additives and food 
contact materials. A new biologically relevant testing strategy has been developed based on guidance from the 
European Food Safety Authority to demonstrate the safety of several next-generation surface-functionalized 
cellulose materials. This strategy involves a complex three-stage simulated digestion to compare the health ef
fects of thirteen novel different types of cellulose. The physical and chemical properties of surface-functionalized 
fibrillated celluloses differed depending on the type, amount, and location of functional groups such as sulfonate, 
TEMPO-oxidized carboxy, and periodate-chlorite oxidized dicarboxylic acid celluloses. Despite exposure to 
gastrointestinal fluids, the celluloses maintained their physicochemical properties, such as negative surface 
charges and high length-to-width/thickness aspect ratios. An established intestinal co-culture model was used to 
measure cytotoxicity, barrier integrity, oxidative stress, and pro-inflammatory response to create a toxicological 
profile for these unique materials. We conclude that the C6 carboxylated cellulose nanofibrils by TEMPO- 
oxidation induced the most toxicity in the biological model used in this study and that the observed effects 
were most prominent at the 4-hour post-exposure time point.   

1. Introduction 

Cellulose nanomaterials (CNs), also called ‘nanocelluloses’, are cel
lulose nanocrystals (CNC) and cellulose nanofibrils (CNF) with rod and 
fibril diameter/width <100 nm. Related materials in this class of 
cellulose-based materials include microfibrillated (MFC) and micro
crystalline celluloses (MCC), which have external dimensions in the 
micrometer size scale. The abundant hydroxyl groups on the CNs’ sur
face give them inherent hydrophilicity and aqueous processibility. Still, 
they are incompatible and challenging to process with hydrophobic 
materials, such as composite materials, laminates, barrier films, and 
coatings being developed for food packaging. Such challenges have 
driven the development of novel functionalization of CNs via the reac
tion of their surface hydroxyls for improved compatibility with the 
organic polymers used in various commercial applications [1–3]. Over 
the past five years, the scientific community has focused on unmodified 
forms of CNF and CNC along with MFC to demonstrate their safety in 

manufacturing and food and consumer products [4–6]. However, little is 
known about functionalized CNs’ environmental or human health 
effects. 

Surface-functionalized CNs have already been used in some com
mercial products, with many more in development. One process attaches 
lignin to CNC and CNF surfaces, increasing the CNs’ hydrophobicity and 
compatibility with plastics and polymers [7]. These CNs are combined 
with plastic or rubber to make lightweight automotive parts using the 
“Kyoto Process,” which involves acetylating wood pulp before fibrilla
tion [8]. Another process functionalized TEMPO-CNF (a method to 
oxidize cellulose using 2,2,6,6-tetramethylpiperidine-1-oxyl radical) 
with metal nanoparticles for antimicrobial and deodorizing composites 
in absorbent diapers and sanitary napkins [9]. TEMPO-CNF is also used 
to manufacture oxygen barrier films, superabsorbent materials, and 
lightweight composites for automotive industries [10–12]. There are 
over 150 known ways to modify the surface of CNs, and researchers are 
working to develop sustainable methods and safer products [13–15]. 
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Humans are exposed to cellulose through dermal, inhalation, and 
ingestion routes [16–19]. For example, occupational workers may be 
exposed to aerosolized cellulose fibers while producing food packaging 
materials containing cellulose. While handling the final products, 
workers and consumers may also come into dermal contact with cellu
lose. During the storage or heating of food package materials, cellulose 
could migrate from the packaging into food and subsequently be 
ingested. Therefore, when novel surface-functionalized CNs are used in 
products, it is necessary to assess the safety of these materials and 
identify the potential risks. Researchers conducting toxicological as
sessments have found that the surface characteristics of engineered 
nanomaterials play a critical role in influencing environmental and 
human health effects [20–24]. 

Product safety can be evaluated through animal (in vivo) and cell (in 
vitro) based testing models [25–29]. While animal studies may be 
necessary in some cases, they are time and resource-intensive, leading to 
a growing demand for alternative ways to test the safety of new sub
stances. The U.S. Environmental Protection Agency and other organi
zations such as ECHA, EFSA, and Health Canada are dedicated to 
reducing and replacing animal testing with alternative strategies to 
promote safety. In vitro assessments have proven effective in demon
strating safety [30–33]. Through relevant testing, researchers can 
identify safer materials or manufacturing methods that are less likely to 
face regulatory hurdles and that can be adopted more quickly by the 
market [34–36]. 

This study aimed to identify the potential hazards of novel and 
conventional surface-functionalized cellulose-based materials [37–39]. 
The two-step approach used to achieve this goal was (1) to identify the 
most prominent surface functionalization for CNF with well-defined 
chemical and physical attributes proposed for use in composites and 
(2) to evaluate the safety of the twelve most representative surface- 
functionalized CNs for use in commercial products in the context of 

intentional or accidental ingestion. These results provide safety data to 
advance regulatory acceptance and commercial adoption. 

2. Materials and methods 

2.1. Experimental overview 

The design used for this study is explained in Fig. 1. MCF (University 
of Maine Process Development Center, Orono, ME, USA) was purchased 
as an unmodified reference cellulose material alongside twelve indus
trially relevant surface-functionalized CNs. Each material underwent 
standardized sample dispersion and simulated gastrointestinal digestion 
[39,40]. Before and after digestion, samples were characterized using 
dynamic light scattering (DLS) and inductively coupled plasma-mass 
spectrometry (ICP-MS). 

The CNs with functionalized surfaces were tested in a laboratory 
digestive system model composed of human intestinal epithelium Caco- 
2 cells, human colorectal adenocarcinoma mucus-producing HT-29 
cells, and human Burkitt lymphoma Raji B cells [41]. The effects of CNs 
were assessed by examining cytotoxicity via membrane disruption, 
cytoplasmic membrane barrier integrity, cellular pro-inflammatory 
response, and cellular oxidative stress response at two different post- 
exposure periods (15 min and 4 h). 

2.2. Surface-functionalized cellulose nanomaterials 

Three representative chemical functionalities with varying reaction 
time and/or shear force were conducted to produce four levels of 
charges with respective dimensional attributes. Dissolving pulp was 
chemically modified by regio-selective C6 carboxylation by 2,2,6,6-tet
ramethylpyperidine-1-oxyl (TEMPO) mediated oxidation, C6 sulfation 
with chlorosulfonic acid, and C2, C3 carboxylation by sequential sodium 

Fig. 1. Experimental design as described by the flow of samples throughout the study. One reference material (MFC) and twelve surface-functionalized cellulose 
nanomaterials (Table 1) were cataloged, dispersed in ultrapure water in equivalent concentrations (maximum of 1 % (wt/v)), and labeled. All CN samples were 
digested in salivary, gastric, and intestinal fluids and characterized for hydrodynamic size, dispersity index, and zeta potential (Table 2). Image analyses were 
performed via atomic force microscopy (Fig. 3). Lastly, the digested CN samples were exposed to an in vitro intestinal co-culture model (Fig. 2) and assessed for 
induced biological activity (Figs. 4–10). 
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periodate‑sodium chlorite (PC) oxidation followed by high-speed 
blending into respective functionalized CNFs, TCNFs, PCCNFs, and 
SCNF. The details related to the production and characterization of 
TCNF by TEMPO oxidation, SCNF by chlorosulfonic acid sulfation, and 
PCCNF by periodate-chlorite oxidation can be found in Jiang et al 2013 
[42], Pingrey et al. 2022 [43], and Patterson et al. 2020 [44]. 

2.3. Preparation of cellulose suspensions 

Each sample was weighed on an analytical balance (Mettler Toledo, 
Columbus, OH, USA) and transferred to a centrifuge tube. Ultrapure 
water (MilliQ 18.2 Ohms) was added to create a 2 % cellulose suspen
sion for MFC, a 1 % cellulose suspension for the SCNFs, and a 0.6 % 
cellulose suspension for the TCNFs and PCCNFs (w/v) To ensure 
dispersion, each suspension was vortexed using a Vortex Genie 2 (Sci
entific Industries, Bohemia, NY, USA) for 10 min before testing as was 
previously reported [39,40]. The preparation method was determined to 
be the best dispersion technique for the cellulose materials [40]. Some 
analyses required additional dilutions, performed in cell culture medium 
unless otherwise stated. 

2.4. Physical and chemical characterization of cellulose suspensions 

Physical and chemical tests were conducted on the twelve cellulose 
suspensions. Dynamic light scattering with a Zetasizer Nanoseries Nano- 
ZS (Malvern Pananalytical, Almelo, Netherlands) was used to measure 
the hydrodynamic diameter (HDD), dispersity index (DI), and zeta po
tential (ζ potential). To ensure accuracy, the cellulose stock suspensions 
were diluted to 0.01 % with ultrapure water and placed in a disposable 
folded capillary cell DTS 1060 (Malvern Pananalytical, Almelo, 
Netherlands). For HDD and DI, each sample was scanned for 10 s, 11 
times, in triplicate using a 173

◦

backscatter angle in general-purpose 
mode. For zeta potential measurements, the Helmholtz–Smoluchowski 
model was used in the auto-report mode for 25 runs in triplicate for each 
sample. Each sample had a mean count rate >1000 counts per mea
surement to ensure accuracy [39]. Samples were run in triplicate. 

2.5. Metal impurities 

To prepare the samples, a hot block set at 95 ◦C was used along with a 
glass test tube containing 1 mL of each stock cellulose suspension. 
Concentrated nitric acid (HNO3, 4 mL) was added to the vessel, and a 
plastic watch glass was placed over the top. After 1 h, the samples were 
removed and allowed to cool at room temperature. The samples were 
diluted with water to 25 mL. Then 50 μL of sample were added to 2 % 
HNO3 and diluted to 10 mL. The sample digests were then placed in the 
autosampler and ran in triplicate along with an internal standard con
taining lithium, scandium, germanium, rhodium, indium, terbium, 
lutetium, and bismuth (Agilent, Santa Clara, CA, USA). Data acquisition 
and analysis were conducted using ICP-MS (Agilent 7900, Santa Clara, 
CA, USA) with MassHunter Software (Agilent). Samples were run in 
triplicate. 

2.6. Preparation for toxicity testing 

Cellulose samples were prepared at the following dose ranges via 
half-concentration serial dilutions: for MFC, the range was 2.0 %–0.2 % 
wt/vol; for SCNFs, the range was 1.0 %–0.2 % wt/vol; for TCNFs and 
PCCNFs, the range was 0.6 %–0.2 %. Dilutions were made using com
plete cell culture media (complete Dulbecco’s Modified Eagle Medium/ 
F-12 (Gibco)). 

To test how human digestion affects the functionalized cellulose 
samples, they were subjected to three types of gastric fluids in sequence: 
salivary, gastric, and intestinal. This process, known as three-step 
gastrointestinal digestion, follows guidelines set by EFSA and mimics 
the chemical conditions, enzymes, and salts found in the mouth, 

stomach, and intestinal compartment. Each step of the digestion process 
was prepared separately, with an electrolyte solution and appropriate 
enzymes added to mimic the physiological conditions. The final con
centrations of each component in the electrolyte solutions are listed in 
Supplemental Table 1. This information is based on research by Minekus 
et al. 2014 [39,45]. 

Simulated salivary fluid (SSF) was supplemented with human 
α-amylase (EC 3.2.1.1) to achieve a final concentration of 75 U/mL. 
Calcium chloride (CaCl2) and ultrapure water were added to achieve a 
final concentration of 0.75 mM. Cellulose samples were subjected to this 
phase of digestion for 2 min at 37 ◦C with pre-warmed reagents. Simu
lated gastric fluid (SGF) was supplemented with porcine pepsin from 
gastric mucosa (EC 3.4.23.1) to achieve a final concentration of 2000 U/ 
mL. Calcium chloride (0.075 mM) and phospholipids (0.17 mM) were 
added, and the fluid’s pH was adjusted to 3.0 with hydrochloric acid 
(HCl). Cellulose samples previously undergoing the SSF digestion phase 
were subjected to this SGF, diluted by half (volume) with the gastric 
fluid, and incubated for 2 h at 37 ◦C with gentle shaking. Simulated 
intestinal fluid (SIF) was initially pH adjusted to 7.0 with sodium hy
droxide (NaOH) and immediately followed by supplementation with 
pancreatin to achieve a final concentration of 100 U/mL (determined by 
trypsin activity assay), CaCl2 (0.3 mM), and bile (10 mM). Cellulose 
samples previously undergone the SSF and SGF digestion phases were 
subjected to SIF, diluted by half (volume) with the intestinal fluid, and 
incubated for 4 h at 37 ◦C. All simulated digested samples were stored at 
− 20 ◦C for up to 2 weeks. 

2.7. Co-culture model assembly 

The biological model used for this study has been described previ
ously [46]. A depiction of the co-culture assembly is shown in Fig. 2. 
Each cell line was obtained from the American Type Culture Collection 
(ATCC) and maintained separately before co-culture. Human intestinal 
epithelium Caco-2 cells were utilized between passages 15–38, human 
colorectal adenocarcinoma mucus-producing HT29-MTX (HT-29) cells 
were utilized between passages 10–40, and human Burkitt lymphoma 
Raji B cells were utilized between passages 10–50 [46]. All cells were 
maintained in complete Dulbecco’s Modified Eagle Medium/F-12 
(Gibco) supplemented with 10 % heat-inactivated fetal bovine serum 
(Corning) and 1 % penicillin/streptomycin (Gibco) at a humidified 37 ◦C 
and 5 % CO2 atmosphere until 70–80 % confluent. Passaging of cells was 
performed with 0.25 % Trypsin-EDTA (Invitrogen) and 1× PBS (Gibco). 

The co-cultured cellular model was assembled in 12-well Trans
well™ polystyrene plates (Corning) and PET inserts with a pore diam
eter of 0.4 μm (Corning 3460). Raji B, Caco-2, and HT-29 cell lines were 

Cellulose material

INOCULATION
EXPOSURE

HT29-MTX (goblet cells)

Caco 2 (enterocytes)

Raji B cells

Caco 2 (microfold cells)

Fig. 2. The toxicological model used in these studies. Tri-culture assay pro
gression is divided into 2 phases. Phase one is the gradual transition of the Raji 
B cells into media representative of the entire tri-culture model (apical and 
basolateral sides). Phase two includes differentiating Caco-2 cells (induced by 
Raji B cells) into M cells and adding mucus-producing HT29-MTX cells. The 
image below depicts the final assembled model used in these studies. 
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plated in a 9:9:1 ratio, respectively, with 1.5 × 104 Raji B cells in the 
basolateral compartment and 1.5 × 104 Caco-2 cells in the apical 
chamber. Initial plating of only Raji B and Caco-2 cells for approximately 
5 days allowed for a sub-population of Caco-2 cells to differentiate into 
microfold cells (M-cells) before adding mucous-producing HT-29 cells. 
After differentiation, HT-29 cells were layered in the apical chamber at 
the ratio noted. The characterization of this advanced intestinal co- 
culture has been previously reported [39,47]. 

2.8. Cellulose exposure to cellular model 

Digested cellulose samples were resuspended in fresh warmed media 
and added to the apical chamber of 12-well Transwell plates, replacing 
aspirated media after 24 h post-HT-29 cell plating. Exposed plates were 
incubated at humidified 37 ◦C and 5 % CO2 atmosphere for either 15 
min or 4 h. Cell supernatant was collected for the lactate dehydrogenase 
(LDH) assay. In contrast, cells were harvested and lysed for interleukin-6 
(IL-6) and glutathione reductase (GR) assay detection. Vehicle controls 
included ultrapure deionized water and simulated gastric fluid (without 
cellulose). Positive controls were 1 % (v/v) Triton X-100 (Amresco, 
Solon, OH, USA) and 1 μM phorbol myristate acetate (PMA, Thermo) to 
elicit GR and IL-6 responses, respectively. 

2.9. Cytotoxicity via membrane disruption 

The concentration of lactate dehydrogenase (LDH) in tri-culture su
pernatant after digested cellulose exposure was quantified using 
CyQUANT LDH Cytotoxicity Assay kit (Invitrogen C20301). A 1× LDH 
positive (reaction) control was run parallel to Triton X-100 positive 
control. Sterile ultrapure water was used to quantify spontaneous LDH 
activity, and 10× lysis buffer was added to quantify the maximum LDH 
activity per kit recommendations. After post-exposure periods, the 

apical chamber supernatant was transferred to a 96-well flat-bottom 
plate (Thermo) in triplicate. The reaction mixture and stop solution 
were added to wells according to the assay kit, and absorbance was 
measured at 490 and 680 nm on a Biotek Epoch2 microplate reader. 
Percent (%) cytotoxicity was calculated for each well using the following 
equation:   

2.10. Cytoplasmic membrane barrier integrity 

Transepithelial electrical resistance (TEER) measurements were 
taken with an EVOM3 and STX2-PLUS electrode (World Precision In
struments Sarasota, Florida) on 12-well Transwell plates seeded with 
cells as noted previously. Complete tri-cultures were allowed to incubate 
for 24 h before TEER testing. Measurements were taken at three loca
tions in each Transwell insert and experiments were performed in trip
licate. Plates were allowed to equilibrate at room temperature for 15 
min before TEER testing to reduce variability in resistance measure
ments due to changing CO2 levels and temperature drift. TEER values 
were calculated by multiplying the resistance (in ohms) by the area of 
the Transwell insert (1.12 cm2). 

2.11. Cellular pro-inflammatory response 

Pro-inflammatory response marker IL-6 was quantified in pg/mL in 
cellulose-exposed cell lysates using an Enzyme-Linked Immunosorbent 
Assay (ELISA, BMS213–2, Invitrogen, Waltham, MA). Briefly, digested 
cellulose samples were added to the apical chamber for 15 min and 4 h at 
humidified 37 ◦C and 5 % CO2 atmosphere after which supernatant was 
removed. The basolateral chamber was aspirated and discarded for ease 
of lysing Caco-2 and HT-29 cells. Cells in the apical chamber were 

Table 1 
Functionalized cellulose nanofibril (CNF) identifiers, reaction parameters, and attributes. For the sample identifiers (IDs), SCNF refers to sulfate-CNF, TCNF refers to 
TEMPO-CNF, and PCCNF refers to periodate-chlorite-CNF. The a, b, c, and d notations represent four different functionalities within each CNF series. The stock 
concentrations were 1 w/v% for SCNF and 0.6 w/v% for TCNF and PCCNF.  

Sample ID Reagent, concentration (mmol/g), 
time (min) 

Blending time 
(min) 

Charge 
(mmol/g) 

Thickness 
(nm) 

Width 
(nm) 

Length 
(nm) 

SCNFa HSO3Cl, 1, 30  30  1.49 1.2 ± 0.5 
n = 153 

3.2 ± 0.9 
n = 56 

693 ± 330 
n = 166 

SCNFb HSO3Cl, 1.25, 45  30  1.84 1.5 ± 0.4 
n = 250 

4.0 ± 1.0 
n = 73 

577 ± 294 
n = 175 

SCNFc HSO3Cl, 1.5, 60  5  2.23 1.5 ± 0.5 
n = 100 

3.2 ± 0.7 
n = 103 

501 ± 295 
n = 100 

SCNFd HSO3Cl, 1.5, 60  30  2.23 1.3 ± 0.3 
n = 100 

NA 365 ± 194 
n = 100 

TCNFa NaClO, 3, 30  30  1.10 1.6 ± 0.9 
n = 100 

6.5 ± 2.2 
n = 50 

551 ± 200 
n = 50 

TCNFb NaClO, 5, 50  10  1.42 1.7 ± 0.7 
n = 100 

6.1 ± 1.6 
n = 47 

486 ± 174 
n = 50 

TCNFc NaClO, 5, 60  30  1.42 1.3 ± 0.7 
n = 100 

4.6 ± 1.6 
n = 30 

530 ± 145 
n = 50 

TCNFd NaClO, 8, 80  30  1.48 1.8 ± 0.7 
n = 100 

4.9 ± 2.0 
n = 50 

486 ± 206 
n = 50 

PCCNFa NaIO4, 3.08, 4; 
NaClO2, 6.16, 30  

30  0.72 2.7 ± 0.9 
n = 37 

5.9 ± 1.6 
n = 50 

452 ± 162 
n = 30 

PCCNFb NaIO4, 3.08,4 
NaClO2, 6.16, 9 h  

30  0.82 2.5 ± 1.2 
n = 52 

5.7 ± 1.6 
n = 47 

533 ± 275 
n = 30 

PCCNFc NaIO4, 3.08, 4; 
NaClO2, 6.16, 12 h  

30  0.91 2.4 ± 1.1 
n = 30 

5.5 ± 1.6 
n = 30 

381 ± 150 
n = 30 

PCCNFd NaIO4, 4.62, 4; 
NaClO2, 6.16, 6 h  

30  1.04 2.1 ± 0.9 
n = 30 

5.6 ± 1.7 
n = 50 

344 ± 170 
n = 30  

%Cytotoxicity = ⌊
Cellulose exposure LDH activity − Spontaneous LDH activity

Maximum LDH activity − Spontaneous LDH activity
⌋×100   
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washed 2X with cold sterile 1X PBS (Gibco). Transwell inserts were 
treated with cold RIPA lysis and extraction buffer (Thermo) and allowed 
to sit on ice for 10 min. The cell lysate was collected in 1 mL micro
centrifuge tubes and centrifuged for 10 min at 12,000 x RPM at 15 ◦C 
(Eppendorf 5810). The pellet was discarded, and the supernatant was 
stored at − 80 ◦C until use [39,48]. 

2.12. Cellular oxidative stress response 

Glutathione reductase (GR) activity, an indicator of oxidative stress, 
was measured fluorescently utilizing an immunoactivity kit (Invitrogen 
EIAGRF). Hydrogen peroxide (H2O2), a known inducer of oxidative 
stress, was used as a positive control. Lysate was collected with RIPA 
buffer on ice and measured for GR activity per the manufacturer’s 
protocol. Fluorescence was read at excitation and emission wavelengths 
of 390 and 510 nm, respectively. Data was analyzed utilizing a four- 
parameter curve. 

2.13. Statistical analyses 

Pairwise differences were determined using analysis of ordinary one- 
way ANOVA and a two-sample t-test assuming equal variance. All sta
tistical analyses were performed in Prism 8.3.0 (GraphPad, San Diego, 

CA, USA). The study included three replicates performed in triplicate (n 
of 9) for the biochemical assays. 

A thorough 2-step statistical analysis was conducted to analyze the 
LDH, IL-6, and GR data sets. First, the slope values of each cellulose were 
compared with their respective controls. Then, the estimates were 
evaluated along with the confidence interval. The slope value estimates 
translate to a measure of the sensitivity of the response. The further the 
value is from the vertical line, the more sensitive the cells are to cellu
lose’s dose. In step 2, the mean values of each cellulose were compared 
with their respective controls and plotted as estimates of confidence. The 
mean value estimates translate to a measure of the potency of the 
response. The further the value is from the vertical line, the more sen
sitive the cells are to the biological endpoint. 

3. Results and discussion 

3.1. Cellulose physical and chemical characterization 

The three-chemical functionalization of C6 carboxylation (R-COOH), 
C6 sulfation (R-SO2OH), and C2, C3 carboxylation (R-COOH) was con
ducted under varied reagent to cellulose molar ratios and lengths of time 
followed by blending provided widest extents of reaction range, denoted 
by 3–4 levels of charges, and nanofibril dimensions (Table 1). SCNF 
series exhibited the highest charge, averaging − 1.95, followed by the 
TCNF series at − 1.36 and the PCCNF series at − 0.873. Furthermore, it 
was observed that the length of individual fibrils decreased for the SCNF 
and PCCNF series as reaction time and blending time increased whereas 
TCNF showed no clear trend with respect to rection and blending vari
ables. Closer observation of nanofibril morphology showed more indi
vidualized SCNF and TCNF and consistently more heterogeneous PCCNF 
fibril dimensions (Fig. 3). The varied productivities of these three re
actions and blending process were also evident by the CNF yields in the 
supernatant (centrifugation 5000 RPM, 15 min) in the order of highest 
yielding sulfation (99 to 100 %), then TEMPO oxidation (82.1 to 100 %), 
and PC oxidation (49.3 to 100 %). These three properties (fibril surface 
functionality, charge, and length) can be related to the observed toxi
cological outcomes. Lastly, no trace metals were detected in any 
samples. 

The twelve surface-functionalized CNs and unmodified MFC were 
analyzed after suspension in ultrapure water and exposure to a simu
lated 3-phase digestion fluid. The unmodified MFC measured at 14,400 
nm in water. Each surface functionalization produced measurements of 
varying sizes, with TEMPO oxidation producing the largest values, fol
lowed by periodate-chlorite oxidation and sulfonation. All thirteen CN 
samples showed high polydispersity when suspended in water. The zeta 
potential measurements indicated the surface charge of fibril agglom
erate in suspension, with TEMPO oxidation producing the most negative 
zeta potential, followed by periodate-chlorite oxidation and sulfonation. 
However, when comparing the CN samples suspended in water to the 
same materials suspended in simulated digestion fluid, many hydrody
namic diameters and dispersity indices decreased. Additionally, the zeta 
potential measurements became less negative. Digesting the CNs before 
inoculation to cells altered some physicochemical properties consistent 
with other published reports [37–39,49,50]. 

3.2. Cytotoxicity assessment 

We performed a cytotoxicity evaluation using an intestinal cell 
model to assess its response to CNs in simulated digestion fluid, Fig. 4. 
The test measures lactate dehydrogenase (LDH) cytoplasmic enzyme 
activity, which increases after plasma membrane damage due to 
apoptosis or necrosis. We tested different cellulose concentrations and 
normalized the LDH activity to a standard. Pairwise differences were 
determined using analysis of ordinary one-way ANOVA and a two- 
sample t-test assuming equal variance. The results showed that none 
of the cellulose treatments caused significant cytotoxic responses 

Table 2 
Characterization of the twelve surface-functionalized and unmodified MFC. The 
table reports the average hydrodynamic diameter (HDD) ± the standard devi
ation, dispersity index (DI) ± the standard deviation, and zeta potential (ZP) ±
the standard deviation for samples in ultrapure water vs after simulated 
digestion.  

Sample 
ID 

In ultrapure water After simulated digestion 

HDD 
(nm) 

DI 
(unitless) 

ZP 
(mV) 

HDD 
(nm) 

DI 
(unitless) 

ZP 
(mV) 

MFC 14,410 
± 1047 

0.827 ±
0.16 

− 33 ±
0.945 

977.4 
±

154.6 

0.750 ±
0.068 

− 25.2 
± 0.321 

SCNFa 846.6 ±
250.9 

0.965 ±
0.061 

− 61.2 
± 6.59 

436.5 
±

32.48 

0.453 ±
0.052 

− 39.1 
± 2.12 

SCNFb 1172 ±
322.2 

0.978 ±
0.038 

− 36.6 
± 3.66 

403.2 
± 17.5 

0.498 ±
0.032 

− 46.2 
± 0.265 

SCNFc 478.2 ±
82.55 

0.792 ±
0.103 

− 48.7 
± 1.32 

771.5 
±

21.38 

0.522 ±
0.007 

− 43.4 
± 0.757 

SCNFd 817.1 ±
22.42 

0.825 ±
0.05 

-43.4 
± 1.56 

789.1 
±

80.96 

0.601 ±
0.037 

− 36.6 
± 2.02 

TCNFa 1448 ±
217.3 

0.980 ±
0.035 

− 60.9 
± 3.74 

522.3 
±

23.52 

0.526 ±
0.123 

− 38.8 
± 1.42 

TCNFb 1163 ±
167.4 

1.000 ± 0 − 53.9 
± 0.643 

489.3 
±

63.23 

0.551 ±
0.05 

− 37.9 
± 1.25 

TCNFc 602.4 ±
40.6 

0.886 ±
0.054 

− 57.3 
± 1.89 

477.5 
±

51.43 

0.602 ±
0.02 

− 39.6 
± 1.42 

TCNFd 625.6 ±
53.75 

0.867 ±
0.084 

− 53.2 
± 3.57 

455.7 
±

35.29 

0.540 ±
0.029 

− 41.6 
± 0.643 

PCCNFa 247.5 ±
1.484 

0.449 ±
0.004 

-53.6 
± 0.4 

814.4 
±

54.53 

0.701 ±
0.108 

− 39.7 
± 2.32 

PCCNFb 741.8 ±
9.877 

0.548 ±
0.026 

-50.4 
± 3.35 

745.3 
±

44.91 

0.561 ±
0.056 

− 42.4 
± 1.29 

PCCNFc 531.7 ±
17.33 

0.801 ±
0.209 

− 50.6 
± 0.306 

731.4 
±

37.55 

0.566 ±
0.039 

-37.7 
± 1.37 

PCCNFd 1275 ±
61.85 

0.641 ±
0.02 

-50.5 
± 0.907 

821.8 
±

166.5 

0.631 ±
0.085 

− 41.7 
± 1.71  
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compared to untreated or vehicle controls. 
In addition to assessing the LDH activity, we analyzed the data to 

determine if the cellular response to cellulose exposure differs among 
the treatments (Fig. 5). This analysis was performed by comparing the 
confidence interval overlaps of the mean values. Responses were noted 
as different when the value did not overlap with the CI of the untreated 
cells (UT). Pairwise differences were determined using analysis of 
variance (ANOVA) and Tukey’s Honestly Significant differences (HSD) 
test. Furthermore, we investigated whether the cellular response to 
cellulose differs among exposure concentrations within the same treat
ment. This analysis compared the confidence interval overlaps of the 
slope values from a linear model with untreated cells (UT) as a reference 
group. Responses were noted as different from UT when the value did 
not overlap with 0. 

Results from the confidence interval analyses of the mean (i.e., po
tency) for the LDH activity assays showed that the positive control was 
statistically significant for the 15-minute and 4-hour time points. Ana
lyses of slope (i.e., sensitivity to cellulose treatments/type across dose) 
for the LDH activity assays showed that only the positive control (Triton 
X) was statistically significant for the 15-minute exposure timepoint. 

3.3. Gastrointestinal barrier integrity impairment 

Next, we assessed the effects of surface-functionalized CNs on 
cellular barrier integrity using transepithelial electrical resistance 
(TEER) (Fig. 6). TEER values indicate membrane barrier integrity in 
endothelial/epithelial cell layers. The gastrointestinal tract’s epithelial 
layer acts as a barrier to underlying tissues. Therefore, disruption of this 
membrane could lead to unwanted health effects, adding to the 

toxicological profile of compounds studied. Barrier integrity and tight 
junction stability are regarded as indicators that correlate between in 
vitro to in vivo models [51–53]. A decrease in resistance indicates 
decreased barrier integrity and cytoplasmic membrane disruption. Daily 
post-exposure measurements for eight days indicated a steady increase 
in electrical resistance; linear regression was used to model the data. The 
untreated control cells (UT) exhibited 390–450 Ω cm2 readings on day 8, 
whereas the positive control exhibited 170–205 Ω cm2 readings. Across 
the three cellulose functionalization types (i.e., SCNFs, TCNFs, and 
PCCNFs), we observed that as the functionalization density and charge 
increased, the cellular barrier resistance of exposed cells decreased. 
Statistically, three of the four PCCNFs, two of the four TCNFs and one of 
the SCNFs significantly reduced barrier integrity compared to the un
treated sample at day 8 post-exposure (Fig. 6E). 

Further analyses included a comparison of a linear fit slope. There 
was little change in slope among the 12 functionalized CNs, but many 
CNs induced lower resistance compared to the untreated slope. Esti
mates indicate deviation of treatment slope from untreated slope 
(Fig. 6F gray shaded area) and from vehicle control (blue shaded area). 
While there was greater overlap of confidence intervals upon the com
parison of treated slopes to untreated slopes than to vehicle control, all 
values fall within the two controls except for the positive control and 
MCF. 

3.4. Pro-inflammatory response 

We measured the impact of surface-functionalized CNs on the in
flammatory response of gut cells (Fig. 7). An ELISA was utilized to 
determine the pro-inflammatory cytokine interleukin 6 (IL-6) produced 

Fig. 3. The atomic force microscopy (AFM) images of three functionalized cellulose nanofibrils. Asylum Research MFP-3D AFM was used with OMCL-AC160TS 
standard silicon probes with a nominal tip radius of 7 nm and a spring constant of 26 N/m. To collect surface profiles, a few drops of diluted SCNF dispersion 
(approximately 0.0001 wt%) were placed on freshly cleaved mica discs, allowed to dry, and then analyzed under ambient conditions using tapping mode. The scale 
bar is 1 μm. 
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by the cells. IL-6 activity was normalized to untreated cells, and com
parisons were made for the 12 functionalized CNs to the untreated cells 
and the vehicle control. Most of the unmodified (MFC) samples caused a 
significant difference in IL-6 levels compared to UT. 

In contrast, approximately half of the 15-minute and none of the 4- 
hour exposures were significant compared to the VC. In the SCNF se
ries, 15-minute exposure exhibited more significant effects on IL-6 levels 
than 4-hour exposure. Conversely, within the TCNF series, 4 h of 
exposure resulted in more significant effects than 15 min. Similar effects 
were observed in the PCCNF series for both durations of exposure. 
Overall, treatments exhibited more significant effects within a 15-min
ute exposure period than a 4-hour exposure period compared to the VC. 

In addition to reporting the IL-6 expression, an analysis was con
ducted to determine whether the cellular response to cellulose exposure 

differs among the treatments (Fig. 8). The means (i.e., potency) and 
slopes (i.e., sensitivity) for surface-functionalized CN treatments were 
compared. Means were not considered statistically different from UT if 
they overlapped with 1 and not statistically different from VC if they 
overlapped with the VC range (shaded blue). Slopes were not considered 
statistically significant if overlapped with 0 (UT). 

Results from the confidence interval analysis of IL-6 mean (i.e., the 
potency of treatment) found that the following treatments were statis
tically significant upon comparison to UT: MFC, SCNFa, and PCCNFa for 
15 min; SCNFa, SCNFc, TCNFa, TCNFb, TCNFc, and PCCNFa at 4 h. 
Comparing the IL-6 mean to VC, none of the cellulose treatments were 
significant. Results from the confidence interval analysis of IL-6 slope (i. 
e., sensitivity to treatment across dose) found that only TCNF at 4-hour 
exposure was significant. 

Fig. 4. The cytotoxicity induced after exposure to digested surface-functionalized cellulose nanomaterials in the co-cultured gastrointestinal in vitro model was 
measured by lactate dehydrogenase (LDH). LDH values were normalized to untreated control cell populations and expressed at.% cytotoxicity. The first column 
includes data collected after the 15-minute post-exposure period, and the second column includes data collected after the 4-hr post-exposure period. Individual 
graphs include (A and B) controls [untreated cells (UT), simulated gastrointestinal fluid (VC: vehicle control), and 1 % (v/v) Triton X-100 (PC: positive control), and 
unmodified cellulose material (MFC: unmodified cellulose fiber)]; (C and D) sulfonate surface-functionalized CNs (SCNF); (E and F) TEMPO surface-functionalized 
CNs (TCNF); (G and H) periodate-chlorite surface-functionalized CNs (PCCNF). Significance was defined where *P < 0.05 for untreated cells compared to CN ex
posures. þP 0.05 for vehicle control cells compared to CN exposures. Values include three replicates performed in triplicate (n = 9). 
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3.5. Oxidative stress assessment 

The influence of surface-functionalized CNs on the oxidative stress 
response of intestinal cells was assessed via a glutathione reductase 
fluorescent activity kit, which measured the levels of glutathione 
reductase (GR), an antioxidant enzyme produced by the cells. Results 
(Fig. 9) were normalized to untreated cells and compared to the UT and 
VC for significance. 

GR increased slightly in the unmodified MFC series as MFC con
centration decreased for 15-min exposures, where most were statisti
cally significant compared to UT but not to VC. MFC 4 h exposure did not 
elicit a significant overall response in GR, and there was no discernible 

trend. In the SCNF series, a noticeable decrease was observed after 15 
min from SCNFa-d, with SCNFa exhibiting statistical significance 
compared to UT across all doses. Although only a few TCNF materials 
exhibited effects following a 15-minute exposure, many 4-hour expo
sures showed statistical significance compared to the untreated (UT) and 
vehicle control (VC) groups. Similarly, in the PCCNF series, PCCNFa, 
was more significant compared to UT and VC after 4 h. 

In addition to reporting the glutathione reductase expression, an 
analysis of the mean and slope of CN exposures was conducted to 
determine whether the cellular response to cellulose exposure differs 
among the treatments (Fig. 10). Results from the confidence interval 
analysis of GR mean (i.e., the potency of treatment) found the following 

Fig. 5. LDH mean and slope estimates with 95 % confidence intervals (normalized to LDH standard). (A-B) LDH mean vs. cellulose type (potency); intervals that 
overlap with UT are not significantly different (cannot reject the null hypothesis); significant: Triton X at 15 min and 4 h. The shaded blue bar indicates the vehicle 
control (VC) comparison range (C–D) LDH slope (change over concentration) vs. cellulose type (sensitivity) from the linear model with UT as the reference group; 
intervals that contain 0 (intersecting the dotted line) are not significantly different (cannot reject the null hypothesis); significant: Triton X at 15 min. 
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Fig. 6. The barrier integrity of an in vitro gastrointestinal co-culture model after exposure to digested surface-functionalized cellulose nanomaterials, as measured by 
transepithelial electrical resistance (TEER, Ω cm2). TEER is plotted vs. time for (A) control samples [untreated cells (UT), simulated gastrointestinal fluid (VC: vehicle 
control), 1 mM phorbol myristate acetate (PMA, PC: positive control), and unmodified cellulose material [MFC: cellulose fiber, 2 %]; (B) the sulfonate surface- 
functionalized CNs [SCNF a-d]; (C) the TEMPO surface-functionalized CNs [TCNF a-d]; (D) the periodate-chlorite surface-functionalized CNs [PCCNF a-d]. (E) A 
comparison of each CN treatment at 8 days post-exposure [*p < 0.05 for treatment vs UT]. (F) The slope estimates with 95 % confidence intervals from linear 
regression, with UT as a reference group (gray shaded). Light blue shading is the confidence interval for the vehicle control. 
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treatments were statistically significant to UT: Triton X, SCNFa, SCNFb, 
and TCNFd for 15 min; Triton X, SCNFb, SCNFc, SCNFd, TCNFa, TCNFb, 
TCNFc, and TCNFd for 4 h. Comparison of GR mean to VC reduced the 
significant differences to Triton X, SCNFa for 15 min and Triton X, 
SCNFb, TCNFa, TCNFb, TCNFc, and TCNFd for 4 h exposure. There is 
less significance when responses are compared to the simulated diges
tive fluid (VC) effect than to the untreated cells. Results from the con
fidence interval analysis of GR slope (i.e., sensitivity to treatment across 

dose) found the following treatments were statistically significant: 
Triton X for the 15-minute exposure; SCNFa, TCNFa, and TCNFd for 4- 
hour exposures. 

This study highlights some challenges when performing toxicity 
screening of functionalized cellulose fibrils. First, cellulose fibrils may 
aggregate or agglomerate in cell culture media, and characterizing the 
degree of agglomeration is difficult [54]. Second, the absorption ca
pacity varies for each type of cellulose moiety, and the increase in 

Fig. 7. The cellular pro-inflammatory response of digested surface-functionalized cellulose nanomaterials co-cultured gastrointestinal in vitro model measured by 
interleukin 6 (IL-6). IL-6 values were normalized to untreated control cell populations. The left panel includes data collected after a 15-minute post-exposure period, 
and the right panel includes data collected after a 4-hour post-exposure period. Individual graphs include (A and F) controls [untreated cells (UT), simulated 
gastrointestinal fluid (VC: vehicle control), and 1 mM phorbol myristate acetate (PMA, PC: positive control)]; (B and G) unmodified cellulose material [MFC: 
microfibrillated cellulose]; (C and H) sulfonate surface-functionalized CNs [SCNF]; (D and I) TEMPO surface-functionalized CNs [TCNF]; (E and J) periodate-chlorite 
surface-functionalized CNs [PCCNF]. *P < 0.05 for untreated cells compared to CN exposures. + P < 0.05 for vehicle control treated cells compared to CN exposures. 
Values include three replicates performed in triplicate (n = 9). 
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physicochemical properties can promote adduct formation [55]. Third, 
as the acute studies did not yield significant results for the tested end
points, we propose evaluating other toxicological endpoints over longer 
exposure periods [56]. 

While challenges have been identified, we also cite distinct advan
tages in the model used and data collected. First, our method was pre
cisely designed to investigate high-level effects through a high- 
throughput screening assay [46]. Second, the design provides the ease 
and ability to test a wide range of cellulose compounds in a manner that 
better represents a human gut model; specifically, the addition of mul
tiple cell layers in the model produces a biologically relevant condition 
for exposure. Third, simulated gastrointestinal digestion allows us to see 
how the cellulose moieties are modified chemically and physically 
before cell exposure. EFSA and other researchers acknowledge that the 
simulated digestion process is an acceptable approach for screening 
level testing of food ingredients [39]. 

The results of this study reveal the strategy needed to continue 
functionalized cellulose environmental health and safety research in the 
immediate future. Comparing a positively charged cellulose moiety to 

the negatively charged versions tested presently and extending the 
exposure periods from acute to chronic will help decipher absorption 
and distribution properties in vivo and adsorption, adduct formation, 
and uptake properties in vitro. Additional data exploring the down
stream molecular effects are also needed [57–60]. 

This study examined how surface chemistry impacts toxicity by 
combining two important endeavors: standardized methods for physi
cochemical characterization and utilization of a standard alternative 
testing protocol for diverse CNs, including unmodified MFC and surface- 
functionalized materials. The synthesized CNs with tailored differences 
in physical and chemical properties (surface chemistry, charge density, 
morphology) were evaluated for induced toxicological responses 
(Table 3). The effects of different doses and post-exposure times of cel
lulose products on an in vitro model were monitored. Data collected from 
these experiments provide a comprehensive overview of the potential 
toxicological effects of CNs on the gastrointestinal system via the 
ingestion exposure route. 

For the potency analyses, the effects of the exposure groups that 
included a cellulose material were compared to those of the untreated, 

Fig. 8. IL-6 mean and slope estimates with 95 % confidence intervals were normalized to untreated cells (UT). (A-B) Mean IL-6 activity for 15-minute and 4-hour 
exposure; intervals that contain 1 (intersecting the dotted line) are not significantly different from UT. The shaded blue bar indicates the VC comparison range. 
(C–D) The slope of IL-6 activity over dose vs cellulose type for 15 min and 4 h of exposure; intervals that contain 0 (intersecting the dotted line) are not significantly 
different from UT. 
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where the effect value is represented as the mean response over all 
doses. For the sensitivity analyses, the effects of the exposure groups that 
included a cellulose material were compared to those of the untreated 
cells, where the effect value is represented as the slope of the dose- 
response relationship. Overall, the data indicated greater differences 
in the 4-hour exposure compared to the 15-minute exposures for all 
endpoints. SCNF and TCNF demonstrated a more significant influence 
than PCCNF at both time points, implying that these chemical compo
sitions induce more substantial biological disruption. Most types influ
enced IL-6 mean, SCNF and PCCNF showed up earlier (some 15 min, 
some 4 h), while TCNF came in later (all 4 h). SCNF and TCNF affected 
GR, but again SCNF seemed to have a slightly earlier effect than TCNF. 

None of the types affected LDH. We conclude that the TEMPO func
tionalizing of CNF (i.e., TEMPO-CNF (a method to oxidize cellulose using 
2,2,6,6-tetramethylpiperidine-1-oxyl radical) induces a slightly delayed 
biological response. 

These results are incorporated into the safer-by-design toolbox which 
was designed to be a screening tool for new functionalized CN, enabling 
side-by-side assessments or “read across” comparisons with conven
tional unmodified cellulose [39]. Ultimately, these efforts enable 
effective safety communication with regulatory agencies and industries. 
The data also prove valuable when addressing other safety concerns 
related to commercial applications, encompassing various exposure 
routes. These include inhaling dried cellulose during manufacturing or 

Fig. 9. The cellular oxidative stress response of digested surface-functionalized cellulose nanomaterials co-cultured gastrointestinal in vitro model measured by 
glutathione reductase (GR). GR values were normalized to untreated control cell populations. The left panel includes data collected after 15 15-minute post-exposure 
period, and the right panel includes data collected after 4-hour post-exposure period. Individual graphs include (A and F) controls [untreated cells (UT), simulated 
gastrointestinal fluid (VC: vehicle control), and 1 % (v/v) Triton X100 (PC: positive control)]; (B and G) unmodified microfibrillated cellulose [MFC]; (C and H) 
sulfonate surface-functionalized CNs [SCNF]; (D and I) TEMPO surface-functionalized CNs [TCNF]; (E and J) periodate-chlorite surface-functionalized CNs [PCCNF]. 
Significance was defined where *P < 0.05 for untreated cells compared to CN exposures. + P < 0.05 for vehicle control cells compared to CN exposures. Values 
include three replicates performed in triplicate (n = 9). 
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Fig. 10. Glutathione reductase slope vs. mean estimates of confidence. (A-B) GR vs. Cellulose Type. Estimated means with confidence intervals of GR expression vs. 
treatment, normalized to untreated cells. Intervals that contain 1 (intersecting the dotted line) are not significantly different (cannot reject the null hypothesis). The 
shaded blue bar indicates the VC comparison range. Sig (C–D) GR vs. Concentration. Estimated slopes with confidence intervals of GR expression vs. treatment 
concentration, normalized to untreated cells. Intervals that contain 0 (intersecting the dotted line) are not significantly different (cannot reject the null hypothesis). 

Table 3 
Statistically significant differences between each treatment versus untreated cells for mean (potency) and slope (sensitivity) across IL-6, GR, and LDH endpoints. Blue 
indicates a negative difference compared to untreated; red indicates a positive difference compared to untreated; gray indicates that the comparison is not applicable. 

TREATMENT
15 min exposure 4 hr exposure

IL-6 GR LDH IL-6 GR LDH
Potency Sensitivity Potency Sensitivity Potency Sensitivity Potency Sensitivity Potency Sensitivity Potency Sensitivity

Pos. control
MFC
SCNFa
SCNFb
SCNFc
SCNFd
TCNFa
TCNFb
TCNFc
TCNFd
PCCNFa
PCCNFb
PCCNFc
PCCNFd
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incorporation into building materials, potential dermal or ocular expo
sure through cosmetics, and the environmental impact of using modified 
celluloses in remediation processes. Exploring additional methods for 
assessing safety through these other exposure scenarios is necessary. 

4. Conclusion 

Our ongoing work examines the characteristics and effects of the 
most industrial-relevant and well-defined functionalization of cellulose 
via sulfation (chlorosulfonic acid hydrolyzed) and carboxylation 
(TEMPO-oxidized, periodate-chlorite oxidized) CNFs produced from 
high cellulose content dissolving pulp. We determined that the C6 
carboxylated cellulose nanofibrils by TEMPO-oxidation induced the 
most toxicity in the biological model used in this study and that the 
observed effects were most prominent at the 4-hour post-exposure time 
points. These oral exposure safety findings using a three-dimensional 
gastrointestinal cell-based model provide a safety assessment and path 
forward for developing new cellulose materials. 

The surface functionalities of CNs are critical to forming composite 
materials, laminates, barrier films, and coatings for food packaging 
applications. Several facile surface functionalized CNs have been 
demonstrated, and innovative CN production methods, such as maleic 
acid hydrolysis, have been developed to reduce the disadvantages of 
sulfuric acid hydrolyzed and TEMPO-oxidized CN production [61]. 
Despite promising new production methods and products, the impact on 
safety and toxicity in food packaging modifications has yet to be 
discovered. Therefore, our findings offer valuable data to researchers 
who aim to develop safer commercial cellulose products. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2024.132603. 
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