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ABSTRACT: A significant amount of research toward commercial 
development of cellulose based nanoma:tenals (CNM) is now in progress 
with some po~ntfal applications, Using human A549 and THP-1 cells, we 
evalu.ited the biological responses of various CNMs, made out of sunilar 
material but \1/ith functional and morphological variations. While A.549 
ceJls displayed mmimal or no cytotoxic responses following exposure to 
CNMs, THP-1 celis were more susceptible to cytotoxicity, cellular damage 
and inflammatory responses. Further analysis of these biological responses 
evaluated mnng hierarchical clustering approaches was effective in 
discriminating (dis)-similarities of various CNM.q studied and identified 
potential inflammatory factors contributing to cytotoxidty. No correlation 
between cytotoxicity and surface propertie:; of Cl\'Ms was found . 'This 
study clearly highlights that, in ,:_d<lition to the source ;,11d characteristics of 
CNJv1s, cell type-speafic difference\ in the recognition/uptake of CN.Ms 
along with their mherent capability to respond to e1.temal stimuli are crucial for asses&ing the toxicity of CNf\.is. 

• INTRODUCTION 

In the field of nanotechnology, one of the most popular areas of 
current research and development, polymer-based nano­
composites, is gaining prominence in various industries such 
as transportation, construction, aerospace, and consumer 
products. Nanocomposite materials are the result of the 
combination of polymers and inorganic/ organic fillers at the 
nanometer scale. The extraordinary versatility of these new 
materials springs from the large selection of nanofillers­
nancpartides, fibers, gels, minerals, and metals-being used for 
reinforcement and enhancing properties of base materials. In 
the recent years, cellulose-based nanomaterials { CNM) have 
received a great deal of attention because of their outstanding 
characteristics such as nanoscale dimension, high surface area, 
hydrophilicity, biodegradability and increased tensile strength, 
stiffness, and strain compared to other nanoscale materials. 1

-
3 

CNMs can be produced from various sources indudin§ 
bacteria, wood, nonwoody plants and agricultural residues4

' 

and are extracted by two general methods: mechanical 
fibrillation and chemical hydrolysis.6

'
7 The corresponding 

products are referred to as cellulose nanofibrils { CNF) and 
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cellulose nanocrystals (CNC), respectively. While CNFs are 
fibrils and contain both amorphous and crystalline cellulosic 
regions, CNCs are stiff rod-like particles consisting of cellulose 
chain segments in a nearly perfect crystalline structure. 8 These 
novel CNMs are highly researched for their compatibility to 
serve as reinforcements in composites, replacing conventional 
materials such as glass fibers or inorganic fillers. However, the 
development of such high-performance nanocomposites 
requires surface functionalization and/ or chemical modification 
of CNMs to overcome their intrinsic hydrophilic nature and 
attain uniform dispersions/distributions in polymer matri­
ces.9'10 The main challenge lies in preserving the original 
morphology and maintaining the integrity of the CNCs and 
CNFs. Several approaches including lignin-coating, 11

-
13 

addition of surface charges, and surfactant or polymer grafting 
have been described to this end.14

-
18 Relatively little is known 

about the potential effects of these CNMs on the environment 
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and on human health, 19 which is important given the increasing 
rates of their production and great potential for various 
applications. 3•

20 

Research studies addressing the f-otential risk of inhalation 
exposure to CNCs are limited.2 

-
28 Several groups have 

investigated the cytotoxic effects of CNCs derived from several 
sources (wood, cotton, bacteria). While the majority of these 
studies have revealed no29

-
31 or only minor indications of 

toxicity24,z9
,32,

33 of CNCs in the concentration range 0-50 µg/ 
mL or up to 0.375 wt %, a dose-dependent cytotoxicity in in 
vitro studies for CNCs in the dose range 100-2000 µg/mL 
derived from cotton34

•
35 and acute inflammatory responses in 

mice upon pharyngeal aspiration to CNFs36 and CNCs37
•
38 

derived from wood at doses 50-240 µg/mouse was also 
observed. In some cases, despite no cytotoxic responses being 
found in vitro, a robust inflammatory response in mice was 
observed.36 Nonetheless, the toxicological properties of CNF 
and CNC nanomaterials have been found to be greatly 
influenced by particle size, shape, structure as well as surface 
charge, chemistry and properties. These ~roperties could in 
tum depend on the raw material source, 9 preprocessing of 
cellulose,40 isolation procedures,41 drying methods42 and also 
on the type of surface functionalization/ deposition techni­
ques.~'43,44 With the rapid increase in the development of novel 
CNCs and CNFs having important economic and technological 
advantages, it becomes crucial to systematically evaluate their 
safety before introducing them into the market. 

The aim of this study was 2-fold: (a) to evaluate the 
cytotoxicity, cellular damage and inflammatory responses of 
CNCs and CNFs isolated from woody biomass sources, 12

'
13 

and (b) to investigate whether the biological responses of 
lignin-coated (L-) hydrophobic forms of each type of CNMs 
are ( dis-)similar to their uncoated hydrophilic forms. The 
different CNMs (CNC, L-CNC, CNF, L-CNF) employed in 
this study allowed for the consideration of the role of 
morphology (crystals vs fibrils) and surface properties (hydro­
philic vs hydrophobic) in biological responses induced by 
CNCs and CNFs. The viability changes in A549 and THP-1 
cells, representing alveolar epithelial type-II cells and macro­
phages, were systematically evaluated, following exposure to 
four different CNMs in the concentration range 5 µg/mL to 
300 µg/mL for 24 and 72 h. The underlying mechanisms of 
cytotoxicity in each cell type were further investigated by 
assessing the release of lactate dehydrogenase (LDH) and 
various inflammatory cytokines in the cell culture supernatants. 
Finally, hierarchical clustering analysis was applied to determine 
and discriminate the cytotoxicity and inflammatory responses of 
the various CNMs in A549 and THP-1 cells. Studies such as 
this are essential for the development of future applications and 
safety assessment of CNMs and can stimulate more toxicologic 
evaluations of CNCs/CNFs and its derivatives. To the best of 
our knowledge, this is the first study that evaluated the toxicity 
responses of CNC and CNF compared to their lignin-coated 
forms isolated from woody biomass sources. 12

•
13 

a EXPERIMENT AL SECTION 
Materials. Microcrystalline cellulose (MCC, CAS. No: 9004-34-

6) powder and lipopolysaccharides from Escherichia coli Olll:B4 (LPS, 
CAS. No: L2630) were purchased from Sigma-Aldrich (Saint Louis, 
MO). An UICC standard crocidolite asbestos (ASB) was used as a 
positive well-characterized fiber control. Freeze-dried powders of CNF 
and CNC materials as well as proprietary lignin-coated, hydrophobic 
varieties of each (L-CNC or L-CNF) were obtained from American 
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Process Inc. (API), a company headquartered in Atlan~ Georgia. In 
the American Process AVAP Biorefinery pretreatment technology 
process, woody biomass is treated with sulfur dioxide and ethanol to 
produce the pulp that is then converted to CNC or CNF. 
Characteristics of the CNMs (CNC, CNF, L-CNC or L-CNF) used 
in the study are presented at API product specifications Web site 
(http://www.americanprocess.com/). 

Methods. Particle Preparation. Pour different types of CNMs, 
along with MCC as a negative control and LPS and ASB particles as 
positive controls, were employed in this study to compare and contrast 
their associated cellular toxicity. The various CNMs investigated 
included two types cellulose nanocrystals ( CNC and L-CNC) and two 
cellulose nanofibrils .( CNF and L-CNF). CNMs stock suspensions 
were made from freeze-dried powders obtained from API as well as 
ASB were prepared in United States Pharmacopeia (USP) grade water 
with pH adjusted to 7.0. The LPS stock suspensions were prepared 
using IX phosphate buffered saline. These stock solutions were further 
diluted and sterilized by autoclaving and were briefly sonicated (30 s) 
with a probe sonicator (Branson Sonifer 450, lOW continuous 
output). Bacterial endotoxin levels were also measured using a Peirce 
LAL Chromogenic Endotoxin Quantitation kit according to the 
manufacturer's instructions (Thermo Fisher Scientific, MA). The 
endotoxin concentration in the particles was determined by 
extrapolating the absorbance at 405 nm against the standard curve 
(E. coli strain 011:B4 endotoxin supplied with kit). All particle 
suspensions had an endotoxin level below the detection limit ( 0.01 
EU/ml). Each stock concentration was then serially diluted with 
corresponding type of medium for A549 and THP-1 cells to prepare 
desired test concentrations. A549 and THP-1 cells were then exposed 
to the same concentration range for each particle of interest ( S, 10, 25, 
SO, 100, 200, 300 µg/mL) prepared in 1%-DMEM and 1%-RPMI 
medium, respectively. 

Particle Characterization. C.:llulose nanocrystal solutions were 
prepared by suspending the as-received solid samples in water. 
Transmission electron microscopy (TEM) of all CNMs along with 
MCC and ASB were performed using a JEOL 1220 TEM, by diluting 
the stock suspensions in double-distilled filtered water, the dispersion 
was then dropcast onto Formvar-coated copper grids and allowed to 
air-dry for detailed examination. Optical microscopy samples of all 
CNMs were prepared by drop casting 5 µL of 5 mg/L on freshly 
cleaved mica. An Olympus IX81 inverted system microscope was 
utilized for optical imaging, and Image] employed for image processing 
and particle area determination. Particle length was calculated by 
considering the measured area as a circle and its corresponding 
diameter. Only the smallest 75% of particles were considered in 
determining area and diameter averages. Atomic force microscopy 
(AFM) samples were made by drop casting S µL of 1 g/L sample 
solution on freshly cleaved mica. AFM was accomplished using a 
Multimode scanning probe microscope with a Nanoscope Illa 
controller (Veeco) in tapping mode. An ACL probe (AppNano) 
was utilized at a frequency of 160-225 kHz, an amplitude set point of 
1.70-1.75 V, and a drive amplitude of 100-300 mV. The resulting 
images were processed using the Gwyddion software tool. 

Cell Culture and Exposure to CNMs. A549 cells (ATCC, CCL-
185 ), a human lu.'lg carcinoma epithelial cell line, and THP-1 cells, a 
pro-monocytic cell line, were employed for testing the cytotoxicity of 
different nanoparticles employed in this study. The cytotoxic effects of 
each nanomaterial in A549 and THP-1 cell lines was tested at seven 
different concentrations ranging from 5-300 µg/mL. The highest 
dose investigated (300 µg/mL) in 100 µL of media would result in 
0.0015 µg of deposited dose per cell (-2 million cells per 96 well­
plate). A human equivalent workplace exposure to similar burden in 
alveolar macropha~e and type-II cell can be achieved in -5 and -26 
years, respectively 5

'
46 at allowable exposure limits (5 mg/m3 of 

cellulose) defined by Occupational Safety & Health Administration 
( OSHA). These estimations included minute ventilation of 20 L/min 
and volume of9.6 m3/day (20 L/min X 0.001 m3/L X 60 min/h X 8 
h/ day) for a person working a 8 h shift, 47 an alveolar deposition 
fraction of -15%48

-
51 based on aerodynamic particle size, and the 

total number of alveolar macrophages and Type-II epithelial cells of 
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Figure 1. Characterization ofnanocrystalline and microcrystallinE cellulose samples. (A-E) AFM amplitude and (F-J) TEM images ofCNC (A,F), 
L-CNC (B,G), CNF (C,H), L-CNF (D, I) and MCC (EJ). Scale bar in all AFM and TEM images corresponds to 500 and 200 nm, respectively. 

5990 ± 1990 and 32 900 ± 13 600 million cells per lung for the 
humans.52 For more details, please refer to the Supporting 
Information. 

A549 cells were cultured in Dulbecco's Modified Eagle's MEdium 
(DMEM) with 4.5 g/L glucose (Lonza, Alpharetta, GA) supplemented 
with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Atlanta, GA), 
1 % L-glutamine (HyClone Life Technologies, Grand Island, NY), and 
1 % penicillin-streptomycin (PS) antibiotic (HyClone Life Technolo­
gies, Grand Island, NY) at 37 °C in 5% CO2 humidified incubator. 

THP-1 cells, were cultured in RPMI 1640 with L-glutamine and 25 
mM Hepes (Lonza, USA) supplemented with 10% FBS (Atlanta 
Biologicals, Atlanta, GA), 0.05 mM 2-mercaptoethanol, and 1 % PS at 
37 °C in 5% CO2 humidified incubator. Prior to seedmg the CEils in 
96-well plates, THP-1 cells were differentiated with PMA (phorbol 12-
myristate 13-acetate; Sigma-Aldrich, St. Louis, MO) at a concentration 
of 20 ng/mL in Roswell Park Memorial Institute (RPMI) 1640 + 10% 
FBS complete medium. 

A549 and THP-1 cells were seeded into 96-well plates ( Corning 
Incorporated Life Sciences, Tewksbury, MA), as a monolayer or at a 
nonconfluent cell density, 1 day prior to exposure under standard cell 
culture conditions in complete media. After allowing 24 h of cell 
attachment, plates were washed with 200 µL/well phosphate bu:ifered 
saline and the cells were treated with increasing concentrations of each 
particle of interest prepared in 100 µL of clear (without phenol red) 
DMEM media containing 1 % FBS + 1 % L-glutamine + 1 % PS for 24 
and 72 h. After 24 and 72 h incubation, the supematants from each 
exposure and cell type were collected and frozen at -80 °C for later 
use in measuring cytokine release and lactate dehydrogenase activity. 
Cytotoxicity of A549 and THP-1 was assessed using alamar blu? cell 
viability assay as outli.'led below. 

AlamarBlue Cell Viability Assay. The alamarBlue assay was carried 
out according to manufacturer's instructions (ThermoFischer 
Scientific). Briefly, after 24 and 72 h of post exposure to control or 
test particles and removing supernatants the cells were rinsed with 100 
µL/well of clear DMEM media, and 200 µL of alamarBlue solution 
(diluted 1:10 from stock solution) in fresh clear (without phenol red) 
DME.1\1 media (without FBS or supplements) were added to each well. 
Following 3 h incubation at 37 °C, the cell viability was measured by 
quantifying alamarBlue fluorescence at the excitation (J. .. ) and 
emission. (J.=) wavelength of 485 and 595 nm, respectively. Wells 
containing medium and alamarBlue without cells were used as blanks. 
The mean fluorescent units of eight replicates per each particle and cell 
type were calculated, and the mean blank values were subtracted from 
them for each exposure treatment. The final results were expresfed as 
relative viability of cells compared to that of control cells. 

Quantification of LOH Activity. The activity ofLDH in the cell free 
supematants was assayed spectrophotometrically by monitoring the 
reduction of nicotinamide adenine dmucleotide at 34-0 nm in the 
presence oflactate using a Lactate Dehydrogenase Reagent kit (PoL.-tte 
Scientific, Inc., Lincoln Park, MI). 

Measurement of Cytokines/Chemokine/Growth Factors. The 
secretion and levels of various cytokine, chemokine, and growth 

3466 

factors in the cell free supematants were determined by multiplex 
analysis using Bio-Plex Pro Human Cytokine 27-Plex Immunoassay kit 
(Bio-Rad Laboratories, CA, USA). This method simulta.'leously 
measures IL-lP, IL-Ira, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, 
IL-12 (p70), IL-131 IL-15, IL-17, IP-10, IFN-y, MCP-1 (MCAF), MIP­
la, MIP-1/;I, PDGF-BB, RANTES, TNF-a, FGF basic, Eotaxin, G­
CSF, GM-CSF, and VEGF. The principle of detection is based on an 
immunoassay configured on fluorescently dyed magnetic beads. 
Exactly 50 µL of A549 or THP-1 supematants were used for the 
measurements of cytokines/chernokines/growth factors. Bio-Plex 
Manager 6.1 software (Bio-Rad, Tokyo) was used to estimate the 
concentration of each of the cytokine/ chemokine/ growth factors 
based on their respective standard curves. 

Hierarchical Clustering Analysis Using R. Hierarchical agglomer­
ative (bottom up) clustering analysis using the R statistical package53 

was applied to the control group and the samples correspondmg to 
various concentrations of cellulose-based materials in THP-1 cells on 
the basis of their cytokine or cell viability responses at each post 
exposure time point investigated. A detailed cluster analysis of samples 
exposed to different types of CNMs ( e.g., crystals vs fibrils, liguin­
coated vs uncoated, micro vs nan<;>cellulose) and other positive 
controls (e.g., LPS, ASB) was performed using "Euclidean" distance 
similarity between the different samples and by employing complete 
(largest) linkage distance between the members of the clusters. The 
dendrogram, in each case, was generated by the R53 function hclust 
using a complete linkage clustering algorithm on Euclidean distance 
matrix. 

Statistical Analysis. Results were compared by one-way ANOVA 
using the all pairwise multiple comparison procedures (Holrn-Sidak 
method). All results are presented as mean + SEM P values ofless than 
0.05 were considered to indicate statistical significance. 

B RESULTS 

Characterization of Lignin-Coated and Uncoated 
CNM Samples. Representative AFM and TEM images of 
cellulose-based samples investigated in this study are shown in 
Figure 1. Both techniques confirm the nanofibril architecture or 
high-aspect ratio morphology adopted by all samples with the 
exception of MCC. MCC exhibited a more amorphous 
morphology. AFM imaging only allowed for the observation 
of fibrils with nanoscale widths. Except for their size, the 
different CNM samples, CNC, L-CNC, CNF and L-CNF, were 
very similar. The AFM-based widths of CNC, L-CNC, CNF, L­
CNF and MCC particles were 37 ± 7 nm, 47 ± 9 nm, 56 ± 14 
nm, 48 ± 20 run and 95 ± 41 run, respectively. The TEM­
based widths of CNC, L-CNC, CNF, and L-CNF particles were 
20 run, 20 nm, 50 nm, and 45 nm, respectively. Of the five 
CNMs investigated, MCC has the largest width, and CNC 
exhibited the smallest width, followed by L-CNC and L-CNF 
and then CNF. The particle lengths were not discernible using 
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either AFM or TEM. Because of the limited measurement view 
required to accurately measure :nanoparticle widths, we 
employed optical microscopy (Table SI) to further assess the 
characteristics of these CNMs. The spot area and diameter, 
determined using optical microscopy, of CNC were smaller 
compared to CNF. When needle-shaped nonspherical nano­
particles, tumbling in the suspension, interact with light or cast 
a spot on the surface, the spot dimensions (area and diameter) 
correspond to the average length of the nanoparticles. The spot 
dimensions of the different CNMs investigated were in the 
order: L-CNF < MCC < CNC < L-CNC < CNF. Intriguingly, 
the measurement of L-CNC was more and L-CNF was less 
compared to CNC and CNF, respectively. From this it can be 
concluded that lignin coating decreases the average lengths of 
CNF particles and increases the spot dimensions of the CNC 
particles. This conclusion is further supported by the TEM 
studies. While L-CNF particles are found to appear more 
dispersed when dried on a TEM/ AFM grid from aqueous 
solution compared to CNF, the dispersion of L-CNC is less 
compared to CNC (Figure 1). This suggests that depending on 
the CNM type and/ or its morphology, lignin can lead to 
differential agglomeration/aggregation influencing their phys­
icochemical properties in aqueous media. 

Viability of A549 and THP-1 cells. The cell viability of 
A549 and THP-1 cells upon exposure to different CNMs was 
quantitatively determined using alamarBlue assay (Figure 2), in 
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Figure 2. Viability of A549 and 1HP-l cells after exposure to various 
concentrations of cellulose based nanomaterials for 24 and 72 h. The 
data are represented as Mean± SEM (n ~ 5) of each sample. 

which the conversion of the reagent resazurin to resorufin by 
metabolically active cells is detected based on fluorescence. 
While the viability loss in most cases is dose-related in THP-1 
cells with the exception of CNF and MCC, the viability loss in 
A549 cells was only observed at high concentrations of ASB 
particles and at the 72 h post exposure time point. The effect of 
all cellulose nanomaterials on the viability of A549 cells was 
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very little and was close to untreated (0 µg/mL) control cells in 
each case. Exposure to 300 µg/mL of ASB particles induced a 
viability loss of -10% and -20% after 24 and 72 h exposure, 
respectively, in A549 cells. Even at the highest concentration of 
300 µg/mL, more than 90% of the A549 cells remain viable at 
both 24 and 72 h post exposure time points investigated. While 
the time point of exposure, with the exception of ASB particles, 
had little influence on the viability of A549 cells, THP-1 cells 
showed increased cytotoxicity after 72 h exposure to most of 
the particles compared to 24 h post exposure. Af the highest 
concentration tested, exposure to CNC, L-CNC, CNF and L­
CNF induced a cell viability loss of -20% - 30% at 24 h post 
exposure. At 24 h post exposure, ASB particles (300 µg/mL) 
treated THP-1 cells were 55% viable. The viability loss at 72 h 
post exposure to 300 µg/mL concentration of different 
cellulose nanomaterials and ASB particles was as follows: 
ASB» CNC = L-CNC = L-CNF > CNF = MCC. Overall, 
these results dearly indicate that size and lignin-coating as well 
as the type of CNM are all factors that influence the viability in 
THP-1 cells. For A549 cells no viability loss related to any of 
the CNMs investigated, as determined using alamarBlue assay, 
was observed. 

Membrane Integrity and Damage. The membrane 
damage of cells upon nanopartide exposures leads to the 
release of the intracellular LDH into the cell culture medium. 
Therefore, LDH levels in the cell supernatants was used to 
assess the cell membrane integrity upon exposure to cellulose 
materials. The LDH levels in the cell culture medium of A549 
and THP-1 cells at 72 h post exposure to various CNMs and 
ASB particles, estimated as percent of control, are shown in 
Figure 3 and listed in Table S2. No release of LDH was 
detected at 72 h post exposure to various cellulose-based 
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Figure 3. Cellular or membrane damage measured as lactate 
dehydrogenase (LDH) leakage in the supematants of A549 and 
1HP-l cells after 72 h exposure. The data are represented as percent 
of control (Mean± SEM, n 2:: 5) of each exposed sample compared to 
the mean absolute values (U/1) from water-exposed controls. 
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materials in A549 cells. However, a dose-dependent increase in 
the LDH levels was found in A549 cells treated with ASB 
particles for 72 h (Figure 3). Exposure to even high 
concentrations of cellulose-based materials did not induce 
LDH leakage in A549 cells. In the case of THP-1 cells, the 
LDH levels of CNC and ASB treated cells showed a dose­
dependent increase compared to the control cells (Figure 3). 
Exposure to 200 µg/rnL of CNC and ASB particles in THP-1 
cells induced an increase of -119% and -270% in the LDH 
levels after 72 h. Moreover, the LDH levels of lignin-coated 
cellulose nanomaterials were higher than that of control cells, 
albeit only at high concentrations tested. For example, at L­
CNC and L-CNF concentration of 200 µg/mL, the LDH 
leakage level is increased by -60% and 40%, respectively. Most 
importantly, the LDH levels of all of the different cellulose 
materials investigated in this study, with the exception of CNC 
in THP-1 cells, were lower in both A549 and THP-1 cells than 
that of the control cells (Figure 3 and Table S2). Overall, these 
results suggest a protective role of these materials against LDH 
leakage in both A549 and THP-1 cells, albeit with the exception 
of CNC and lignin-coated particles at high concentrations. 

Inflammatory Cytokine Responses. In THP-1 cells, 
exposure to MCC, followed by L-CNC and then CNF had the 
overall least effect in inflammatory responses after both 24 and 
72 h post exposure (Figure 4 and S2). After treating THP-1 
cells for 24 h with 50 µg/rnL of MCC or L-CNC or CNF, a 

Figure 4. Cytokines and chemokines responses upon exposure to 
various cellulose based nanomaterials in THP-1 cells. The cytokines 
and chemokines levels at (A) 24 hand (B) 72 h post exposure to 50 
µg/ml of various CNMs in the THP-1 cell supernatants. These 
measurements were performed using Bio-Plex Pro Human Cytokine 
27-Plex lmmunoassay kit, composed of a combination of pro- and anti­
inflammatory cytokines with a subset of chemokines. The data is 
presented as percent change (Mean± SEM, n ~ S) compared to the 
mean absolute values from water-exposed controls. 
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-significant increase in lLl/J, :MIP-la, and MIP-1/J levels was 
observed. In addition, exposing THP-1 cells to 50 µg/mL ofL­
CNC or CNF for 24 h also increased the levels of IL6 and 
IL15. Interestingly, none of the cytokines measured were found 
to be elevated after 72 h post exposure to MCC, CNF or L­
CNC (Table S3). By contrast, exposure to CNC and L-CNF 
induced a robust inflammatory response both at 24 and 72 h 
compared to other cellulose,based materials investigated in this 
study. While treatment with 50 µg/rnL of CNC or L-CNF for 
24 h induced the increased levels of ILl/J, IL2, IL4, IL6, ILS, 
IL9, IL15, IL17, GCSF, IFNy, Eotaxin, MIPla, MIPl/J, and 
TNFa in THP-1 cells (Figure 4A and S2), an increase in 
additional cytokines including ILlRa, ILlO, IL13, and PDGF­
BB was found after 72 h post exposure in THP-1 cells (Figure 
4B). The significant increase observed in the levels ofIPlO and 
Rantes at 24 and 72 h (Figure 4A) and the levels of ILS, IL7, 
MCPl and FGF-basic at 72 h (Figure 4B) were unique to 
CNC-treated THP-1 cells compared to other cellulose-based 
particles. The inflammatory responses found upon exposure to 
CNC in THP-1 cells were similar to that of LPS (50 µg/rnL) 
treatment in these cells (Table S3, S4). Overall the 
inflammatory responses in THP-1 cells upon exposure to 
different cellulose materials investigated were in the order: 
CNC > L-CNF > CNF ~ L-CNC ~ MCC. 

Of the five different cellulose-based materials tested, 
exposure to MCC indicated the overall greatest effect in 
inflammatory responses in A549 cells both after 24 and 72 h 
post exposure (Figure 5). The only exception to this was that a 
significant increase in ILl 7 and FGF-basic levels was only 
observed after 24 h post exposure to L-CNC, CNF, and L-CNF 
(Figure SA). However, the levels of 1L8 and GM-CSF were 
found to be significantly increased in the A549 cell supernatants 
following 24 h post exposure to all cellulose particles tested. 
While the levels of the cytokines ILlRa, IFNy and MIP-la 
were unique to MCC treated A549 cells after 24 h post 
exposure, an increase in in ILlO was observed upon exposure to 
both CNC and MCC (Figure SA). In contrast the cytokine 
responses after treating A549 cells for 72 h with 50 µg/rnL of 
CNC, L-CNC, CNF or L-CNF materials were much similar to 
MCC (Figure SB). Interestingly, several cytokines including 
IL1Ra, ILS, IL9 and MIP-la were similarly increased between 
different CNMs and MCC particles. In summary, the cytokine 
responses upon exposure to various cellulose-based materials, at 
the doses investigated in this study, were much less compared 
to the LPS treatment (positive control), in both A549 and 
THP-1 cells and at all post exposure time points (Table S4). 

Hierarchical Clustering Analysis (HCA) of Cellular 
Toxicity and Inflammatory Responses in THP-1 Cells. 
HCA was applied to the data in Tables S3 and S4 to highlight 
the differences between the various cellulose-based material 
treatments in THP-1 cells. The dendrograms after 24 and 72 h 
post exposure to 50 µg/rnL ()f CNC, L-CNC, CNF, L-CNF, 
MCC, and LPS are shown in Figure 6. Both dendrograms 
indicate that the Euclidean distance between CNC cluster and 
other treatments is quite large, clearly suggesting that the 
average cytokine responses after CNC exposure are quite 
different from the other cellulose materials studied. At 72 h a 
clear separation of CNC and L-CNF from the L-CNC, CNF, 
and MCC, in close clustering to the control group, was 
observed. While no clear separation of fibrils versus crystals or 
amorphous materials was observed at 72 h, the dendrogram at 
24 h seems to separate CNF and L-CNF from L-CNC and 
MCC materials (Figure 6A). The distance of LPS treatment, a 
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Figure 5, Cytokines and chemokines responses upon exposure to 
various cellulose based nanomaterials in A549 cells. The cytokines and 
chemokines ievels at (A) 24 h and (B) 72 h post exposure to 50 µg/ 
mL various CNMs in the A549 cell supernatants. These measurements 
were performed using Bio-Plex Pro Human Cytokine 27-Plex 
Immunoassay kit, composed of a combination of pro- and anti­
inflammatory cytokines with a subset of chemokines. The data is 
presented as percent change (Mean± SEM, n ~ S) compared to the 
mean absolute values from water-exposed controls. 

A- ,-1 I 
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Figure 6. Hierarchical duster',ng analysis dendrograms of cytokine 
responses in THP-1 cells treated with different crystalline nano/micro­
cellulose (CNC, L-CNC, MCC) and nanocellulose fiber (CNF, L­
CNF) materials. The samples of THP-1 cells exposed to difi'ere!!t 
concentrations oflignin-coated and uncoated CNC and NCF materials 
along with respective controls (MCC and LPS) were clustered based 
on the Euclidean distance metric and complete linkage clustering 
method at (A) 24 h ;;nd (B) 72 h post exposure fane points. The 
samples in the dendrogram were reordered based on their ( dis­
)similarities in cytokines responses, measured in supematants at each 
post exposure time point. Each branch in the dendrogram shows the 
similarity between samples, i.e., the shorter the branch, the more 
similar. 

positive inflammatory control, from any of the clusters/ 
treatment in THP-1 cells was large at both post exposure 
time points, clearly suggesting increased mean cytokine 
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MM 
responses in THP-1 cells compared to all cellulose-based 
materials investigated as part of this study. 

Additionally, the application of HCA to the cell viability 
responses also indicated similar clustering to that of cytokine 
responses (Figure Sl). The resulting HCA dendrograms after 
24 h post exposure to various concentrations ( O, 25, 50, 100, 
200, and 300 µg/mL) of CNC, L-CNC, CNF, L-CNF, MCC, 
crocidolite and LPS indicated a clear separation between all 
cellulose-based materials and the two positive controls, LPS and 
crocidolite (Figure Sl, cluster in orange). In addition, the 
dendrogram further appears to separate the controls or no toxic 
treatments (Figure Sl, green cluster) from cellulose-based 
material treatments, especially at high concentrations (Figure 
Sl, blue cluster). Importantly at 72 h post exposure time point, 
all concentrations of CNC, with the exception of 25 µg/mL, 
along with L-CNF and L-CNC at the highest concentration 
tested were clustered together with LPS or ASB samples. Also, 
at 72 h post exposure, two major clusters separating controls 
and other cellulose-based particles ( CNF, L-CNF, L-CNC, 
MCC) was observed, further suggesting a clear demarcation 
between untreated and cells treated with cellulose-based 
nanomaterials. All samples corresponding to CNF, L-CNC, 
and L-CNF particles at all concentrations (with the exception 
of highest concentration for lignin-coated materials) studied in 
THP-1 cells were clustered together with MCC, while CNC­
based materials were found to be segregated with positive 
controls, in particular ASB. Moreover, the close clustering 
between CNC with either LPS and/or ASB particles clearly 
suggests that inflammatory and cell viability responses of CNCs 
can be unequivocally separated from other materiais tested as 
part of this study. Overall, these results indicate that functional 
and morphological (dis)-similarities in CNMs could be 
determined based on their cytokine and cellular viability 
responses. 

• DISCUSSION 
A large number of in vivo/in vitro studies reported, for the most 
part on cellulosic materials, were performed on a Eiarticular cell 
type or on a specific type of CNM.22

'29•30•34,35,39, - 56 Because 
of differences in experimental setup as well as processing/ 
manufacturing procedures and sources of raw materials, it 
becomes difficult to compare and contrast the toxicity of 
various CNMs (e.g., crystals vs fibrils, wood vs algae vs cotton) 
resulting from such studies. Here, we evaluated and compared 
the toxicity of four different types CNMs all derived from 
woody biomass, having similar chemical composition but with 
different morphologies (fibrous vs crystalline) and/or coatings 
(uncoated vs lignin-coated), in A549 and THP-1 cells under 
equivalent experimental conditions. Overall results demon­
strated that CNMs can elicit significant cytotoxic effects and 
increased inflammatory responses in vitro, albeit in a cell-type 
dependent manner and significantly less than the positive 
controls ( e.g., ASB, LPS) at all concentrations considered in the 
current study. 

Clear differences in the magnitude of cell viability and 
inflammatory responses in human THP-1 and A549 cells, 
representing the macrophages and alveolar-type-II cells in the 
lungs, was observed upon exposure to CNJ.\.fa. Alveolar 
macrophages (M<I>) and alveolar epithelial cells act as the 
first line of defense against inhaled nanoparticles and play a key 
role in regulating inflammatory responses in the lungs. Of the 
two cell types studied, THP-1 cells exhibited pronounced 
cytotoxic and inflammatory responses upon exposure to CNMs. 
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While a dose-dependent cytotoxicity was seen in THP-1 cells, 
no significant cytotoxicity in A549 cells upon exposure to CNC, 
CNF, L-CNC, L-CNF, and MCC was found at used 
concentration/time points investigated (Figure 2). Addition­
ally, the release of inflammatory cytokine responses in both cell 
types, upon exposure to various CNMs, were also in good 
agreement with cytotoxic responses (Figure 4 and 5 and Table 
S3). In particular, CNC nanopartides induced a more robust 
inflammatory response compared to L-CNC, CNF, and L­
CNF. The differential viability and inflammatory responses of 
the A549 and THP-1 cells reported in this study could be 
attributed to their different capacity of specific/ nonspecific 
interactions with CNMs and their ability to respond to external 
stimuli. Most importantly, the function of phagocytosis that 
characterizes macrophage cells, but not alveolar epithelial cells, 
should be considered as a possibility that helps explain the 
higher sensitivity of THP-1 cells to CNMs. This possibility is 
further supported by previous studies that reported similar 
findinfs/conclusions in response to metal nanopartides,57 

LPS, 5 and particulate matter exposures. 59 Despite the minimal 
response upon treating A549 cells with CNMs, it is important 
to understand the role of inflammatory mediators/factors 
released by THP-1 cells on A549 cells and their crucial role in 
the in vivo scenario, the entire lungs. 

Of important note in this study is also that the biological 
responses following exposure to CNC and CNF nanomaterials 
are different than the response to CNMs upon lignin-coating in 
THP-1 cells. The comparison of the various CNMs employed 
revealed significant differences in the magnitude of the 
inflammatory or cytotoxic responses (Figure 2 and Table S3). 
In particular, compared to CNF, greater cytotoxicity and 
prominent increases in inflammatory cytokines were found 
upon exposure to CNC in THP-1 cells. The observation that 
CNF was less inflammatory can be correlated with CNF 
nanofibrils morphology compared to the crystalline/needle-like 
structure of CNC particles is inconsistent when their biological 
responses to their respective lignin-coated forms are consid­
ered. The inflammatory and cellular toxicity responses upon 
exposure to L-CNC, a hydrophobic lignin-coated form of CNC, 
were less prominent compared to L-CNF (Table S3, Figure 2), 
in contrast to what was observed for CNC and CNF materials. 
Also, a change in the nanoscale dimensions of both CNC and 
CNF materials was observed upon lignin-coating and indicated 
differential self-assembling and/ or agglomeration upon dis­
persion in water and/ or cell culture media. While lignin-coating 
increased the spot area and spot diameter of CNC particles 
indicating agglomeration, the dispersion of lignin-coated CNF 
particles in water decreased their particle dimensions (Table Sl 
and Figure 1). Nonetheless, the observed changes in biological 
responses upon exposure to various CNMs investigated, 
irrespective of lignin-coating, are in fact in good agreement 
with their overall relative nanoscale dimensions (Figure I, S3 
and Table SI). Overall, this study continues to support the 
notion that the toxicity of CNMs, in general, may be related to 
their physical-chemical-structural characteristics.56 Even though 
other factors including media composition could play a 
significant role in CNM induced toxicity, the NP-dependent 
toxicity differences observed within each cell type highlights the 
importance of considering the physical-chemical-structural 
char~cteristics. It is important to note that the CNMs 
inve5tigated in thls study, despite their nanocryst;illine 
structure, are much larger in their width compared to CNCs 
isolated from other sources such as wood, cotton, and 
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bacteria.37

•
60

•
61 Taken together, this study suggests that the 

association between CNM exposures and biological responses 
is complex and could be dependent on the type, size, and 
structure of CNMs and the specificity of cells to recognize and 
respond to them.56 

A recent study reported an immunomodulatory potential of 
cellulose and demonstrated cellulose-mediated activation of 
toll-like receptor (TLR) dependent pathways, primarily 
involving TLR2 and TLR4 receptors, in THP-1 cells.62 Of all 
the known TLRs, TLR4 acts as signal-transducing recetor for 
LPS, a Gram-negative bacterial cell wall component.63

-
6 Upon 

treatment, LPS is shown to trigger a rapid inflammatory 
response through the release of several pro-inflammatory 
cytokines/chemokines including IL-IP, IL-6, IL-81 and 
TNFa. 18 Similarly, a time-dependent increase in the expression 
of IL-IP, IL-6, TNFa, and IL-8 in THP-1 cells, and IL-8 in 
A549 cells, along with other inflammatory mediators was also 
observed in this study. Most importantly, the found expression 
of ILl-P and TNFa in THP-1, but not in A549 cells, further 
validates and highlights their critical roles and mechanisms in 
regulating inflammatory/immune responses in the lungs. Both 
IL-1 and TNF-a act as potent inducers of chemokine 
production by many cell types, including pulmonary epithelial 
cells. While IL-8 triggers neutrophil migration, other chemo­
kines such as RANTES, MCP-1 and MIP-la/P-increased 
upon exposure to LPS in both A549 and THP-1 cells-trigger 
chemotactic and costimulatory effects on phagocytic and 
immune cells. Surprisingly, the overall inflammatory responses 
induced by CNMs (with the exception of MCC) in THP-1 
cells, but not in A549 cells, indicated similarities to LPS, albeit 
to a much lesser extent at all doses investigated. Of note is also 
the dose clustering of the overall biological responses of CNC 
and L-CNF to LPS at 72 h post exposure (Figure 6 and SI), 
highlighting the possibility that CNMs can be potential ligands 
for TLRs. LPS exposure induced decreased cell viability, 
increased cellular damage, and inflammatory responses in both 
A549 and THP-1 cells. However, these cellular changes were 
only observed for THP-1 cells in the case of CNMs (Figure 2). 
It is well-known that LPS recognition is through TLR4 
mechanism and it is expressed in both THP-1 and A549 cells. 
Hence, no or low toxicity of CNMs in A549, compared to 
THP-1 cells, could be due to differences in the expression of 
TLR receptors and mechanisms that recognize LPS and other 
pathogen associated molecular patterns. Predominantly, CNMs 
have a repeating molecular pattern that is analogous, in many 
ways, to other TLR ligands such as chitin, P-glucans, mannans, 
and various microbial/fungal/plant cell wall components 
(Figure 7). In fact, a recent study demonstrated that biological 
responses to chitin ( a polysaccharide found in fungi/insects/ 
crustaceans) is mediated via MyD88-dependent and TLR2-
dependent mechanisms and also revealed that chitin does not 
interact with TLR-4, further highlighting the specificity of 
TLR2 in recognizing chitin.67 Based on the dose structural 
resemblance of CNC to chitin fragments (Figure 7), we 
speculate that TLR2 receptors, and not TLR4, could play a key 
role in initiating biological responses of CNMs. Even though 
TLRs are the most extensively studied pattern recognition 
receptors (PRR), accumulating evidence also suggests that 
scavenger and C-type lectin PRRs play critical roles in the 
innate immune defense.68

-
7° For example, the C-type lectin 

receptor, Dectin-1 collaborates with TLR2 to activate macro­
phages exposed to P-glucans71 and chitin.72 Thus, one cannot 
exclude the potential involvement of 0th.er cell surface PRRs, 
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Figure 7. Schema highlighting the si.'nilarities in the repeating 
structural units of CNMs and other biological materials and suggesting 
the potential i.'lvolvement of various surface pattern recognition 
receptors in recognizing the cellulose-based nanomaterials. 

such as mannose and dectin receptors, for CNM recognition 
and regulation of inflammatory and/ or immune responses 
(Figure 7). Further studies aimed at defining and exploring the 
functional interactions between different CNMs and the PRRs 
are needed to validate these notions. 

• CONCLUSIONS 
In summary, this study demonstrates that the cytotoxic and 
inflammatory responses upon exposure to different CNMs, 
isolated from woody biomass, were cell-type specific and were 
further dependent on the type, size, and morphology of the 
CNl\{s, In contrast to A549 cells that indicated no or low 
toxicity to CNMs, exposure to CNMs, in particular CNC and 
L-CNF, elicited a dose-dependent cytotoxic and inflammatory 
responses in THP-1 cells. All CNMs at the doses investigated 
(5-300 µg/mL) as part of this study were found to be either 
nontoxic or less toxic compared to either fibrous ASB particles 
or to an inflammatory microbial cell wall component, LPS. In 
addition, the results comparing hydrophilic CNC or CNF with 
their respective hydrophobic lignin-coated forms, clearly 
showed differential agglomeration effects for each CNM type. 
Nonetheless, the data presented in this study indicates that, 
despite its biodurability and biocompatibility in vivo, CNCs can 
elicit adverse effects in vitro, albeit in a cell-type dependent 
manner. While in-depth toxicological studies employing 
sophisticated in vitro (e.g., 3D coculture models)31 or ex vivo 
models is still required to assess the potential health effects 
associated with CNMs, the use of monocultures could still be 
useful to determine the role of each cell-type in triggering 
biological responses and their relevance in the lungs. Moreover, 
the findings presented are limited to the type of CNMs, cells 
and conditions investigated in this study, and great care should 
be taken when generalizing our findings to other CNC and 
CNF types, isolated from different sources and those 
employing different extraction and fabrication methods. The 
size, shape, aspect ratio, stiffness, and surface properties of 
CNMs can vary significantly depending on the raw materitl and 
production methods and can in turn influence their interactions 
with cells and subsequent biological responses (Figure S3 ). 
More studies that evaluate the mechanistic details of CNM 
interactions with cells31

'
56 and that consider multiple target 

organ-specific cell types in parallel are necessary for under­
standing the toxicological profiles of CNCs and CNF 
exposures, and are currently underway. 
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