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Abstract Cellulose nanofibrils (CNFs), unique and

promising natural materials have gained significant

attention recently for biomedical applications, due to

their special biomechanical characteristics, surface

chemistry, good biocompatibility and low toxicity.

However, their long bio-persistence in the organism

may provoke immune reactions and this aspect of CNFs

has not been studied to date. Therefore, the aim of this

work was to examine and compare the cytocompatibil-

ity and immunomodulatory properties of CNFs in vitro.

CNFs (diameters of 10–70 nm; lengths of a few

microns) were prepared from Norway spruce (Picea
abies) by mechanical fibrillation and high pressure

homogenisation. L929 cells, rat thymocytes or human

peripheral blood mononuclear cells (PBMNCs) were

cultivated with CNFs. None of the six concentrations of

CNFs (31.25 µg/ml–1mg/ml) induced cytotoxicity and

oxidative stress in the L929 cells, nor induced necrosis

and apoptosis of thymocytes and PBMNCs. Higher

concentrations (250 µg/ml–1 mg/ml) slightly inhibited

the metabolic activities of the L929 cells as a

consequence of inhibited proliferation. The same con-

centrations of CNFs suppressed the proliferation of

PBMNCs to phytohemaglutinine, a T-cell mitogen, and

the process was followed by down-regulation of

interleukin-2 (IL-2) and interferon-γ production. The

highest concentration of CNFs inhibited IL-17A, but

increased IL-10 and IL-6 production. The secretion of

pro-inflammatory cytokines, IL-1β and tumor necrosis

factor-α as well as Th2 cytokine (IL-4), remained

unaltered. In conclusion, the results suggest that these

CNFs are cytocompatible nanomaterial, according to

current ISO criteria, with non-inflammatory and non-

immunogenic properties. Higher concentrations seem

to be tolerogenic to the immune system, a characteristic

very desirable for implantable biomaterials.
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Introduction

Nanofibrillated cellulose or cellulose nanofibrils

(CNFs) with diameters within the nanoscale range

and length of a fewmicrometers consists of alternating
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crystalline and amorphous domains of longitudinally-

oriented cellulose molecules. These molecules are

composed of β-1-4-glycosidically-linked anhydroglu-

cose units bearing three reactive hydroxyl groups, thus

creating a hydrophilic hydration shell around the

particles in an aqueous medium. As such, CNFs have

gained increasing attention recently due to their

comparatively low cost, high strength and stiffness,

combined with high aspect ratios, low weight, biode-

gradability and renewability, and their tendencies to

form colloidal liquid suspension. Such properties offer

numerous application opportunities in technical (as

reinforcing fillers in composites), food and pharma-

ceuticals (as additives and binders) or biomedical

(tissue engineering, cell therapy, diagnostics, carriers

and drug-delivering materials) sectors (Kalia et al.

2013; Habibi 2014; Lin and Dufresne 2014).

CNFs have been investigated as a promising

substrate for regenerative medicine and wound heal-

ing such as scaffolds for tissue-engineered meniscus,

blood vessels, and ligament or tendon substitutes

(Mathew et al. 2011, 2012; Jia et al. 2013; Mathew

et al. 2013; Lin and Dufresne 2014). The applicability

of CNFs as hemodialysis membranes (Ferraz et al.

2012, 2013), antimicrobial nanomaterials (Martins

et al. 2012; Liu et al. 2014) and in the pharmaceutical

industry as films for long-lasting sustained drug

delivery (Valo et al. 2011; Kolakovic et al. 2012) has

also been documented. In addition, the native CNF’s

hydrogel can be used as potential cell culture

scaffolds because it provides the desired 3D envi-

ronments for the growth and differentiation of human

hepatic cell lines (Bhattacharya et al. 2012), as well

as human pluripotent stem cells (Lou et al. 2014).

As commercial applications have approached,

questions have arisen about the safety and biocompat-

ibility of CNFs. Based on a few papers on the

biocompatibility of CNFs, it can be hypothesised that

this is a safe and biocompatible material (Lin and

Dufresne 2014). The first studies showed evidence that

highly crystalline regenerated cellulose did not induce

the immunological response in vivo in a canine model,

as judged by the absence of foreign body reaction

(Miyamoto et al. 1989). These results were in accor-

dance with in vitro studies showing that CNFs did not

induce toxicity of mouse and human fibroblasts

(Mathew et al. 2012; Alexandrescu et al. 2013; Hua

et al. 2014), mouse and human macrophages (Vartiai-

nen et al. 2011), human monocytic leukaemia cells

(Kollar et al. 2011) and human cervix carcinoma cells

(Pitkänen et al. 2014). Recently, in contrast, it seems

that cellulose nanocrystals (CNCs) thinner and much

shorter than CNFs, might be even toxic and pro-

inflammatory, after pulmonary exposition in vivo, as

judged by the accumulation of inflammatory cells

within the bronchoalveolar fluid and increased pro-

duction of pro-inflammatory cytokines and

chemokines (Yanamala et al. 2014). Such a phenom-

enon for CNCs was confirmed in a model of 3D human

lung cell culture in vitro. However, the cytotoxic and

inflammatory effect was slight, perhaps because the

applied concentrations of CNCs were low (5–30 µg/
ml) (Clift et al. 2011). Under different experimental

conditions, by using similar concentrations of CNCs

(up to 50 µg/ml, during 48 h of cultivation), Dong et al.

(2012) did not show their cytotoxicity against nine

different cell lines. A clear dose-dependent cytotoxic

effect of CNCs has been reported recently by Pereira

et al. (2013). They showed that needle-like CNCs,

prepared by acid hydrolysis of cotton cellulose fibers,

at very high concentrations (2mg–5mg/ml), decreased

the viability of bovine fibroblasts in vitro and up-

regulated the expression of stress- and apoptosis-

related molecules. However, lower concentrations (up

to 100 µg/ml) did not influence on cellular viability.

It is obvious that cytotoxicity, as a key parameter of

nanocellulose biocompatibility depends on its nano-

structural properties, applied concentrations, study

models, cell types and exposure times, but many other

factors may influence this process such as shape,

surface area, charge, source of nanocellulose and the

mode of its preparation, degree of agglomeration in

culture media, examined biological parameters and

assays (Dugan et al. 2013; Kalia et al. 2013; Habibi

2014; Lin and Dufresne 2014). Moreover, biocompat-

ibility is not the only parameter to be investigated

before the clinical applications of biomaterials. Within

this context, the response of the immune system, as a

key protective component of the organism, is of

particular importance, as cellulose fibrils have lengthy

bio-persistence in the body and thus may provoke

immune reactions (Tatrai et al. 1996; Muhle et al.

1997; Dugan et al. 2013; Lin and Dufresne 2014).

To date, almost nothing is known about the

adaptive immune responses of any type of nanocel-

lulose, particularly wood-derived CNFs. Therefore,

the aim of our study was to examine the cytocom-

patibility of CNFs using two different cell lines, by
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screening cell death, mitochondrial activity, oxidative

stress and proliferation, as well as their capabilities to

modulate the immune response using an in vitro

model of human mitogen-activated peripheral blood

mononuclear cells (PBMNCs).

Materials and methods

Preparation and characterisation of CNFs

Bleached dissolving cellulose (also called dissolving

pulp) fromNorway spruce (Picea abies) with very high
(95 %) cellulose content and (4.75 %) hemicellulose

and low lignin content was supplied by Domsjo

Fabriker AB, Sweden, and used as starting material.

Cellulose fibres were dispersed in distilled water at a

2 wt% concentration suspension by using the Silverson

L4RT mechanical blender (England) at 6,000 rpm for

15 min. CNFs were then isolated by mechanical

fibrillation using an ultrafine grinder (MKCA 6–3 from

Masuko, Japan) at 1,440 rpm for 30 min, followed by a

high pressure homogeniser (Model 2000, APV, Den-

mark) as described in Jonoobi et al. (2014). The

chemical composition of the CNFs obtained was

considered to be same as the raw material as no

chemical treatments were carried out during the

fibrillation process. The CNFs’ suspensions were

stored in a refrigerator until further use.

Produced CNFs were evaluated by atomic force

microscopy (AFM) (Nanoscope V, Veeco, USA).

The cellulose suspensions were diluted with water

and dried on a freshly cleaved mica plate. The

equipment was operated in tapping mode using

etched silicon probes (FESP, Veeco, USA) at a

resonance frequency of about70 kHz and a spring

constant of 1–5 N/m.

The ζ-potential and average size measurements of

the CNFs were performed in a 0.01 M phosphate

buffered saline (PBS of Sigma-Aldrich powder

P3813, containing 0.138 M NaCl and 0.0027 M

KCl) solution at pH 7.4 by a Nano ZS ZEN 3600,

Malvern instruments Ltd., UK, using the laser of

633 nm and a field of 40 V across the nominal

electrode spacing of 16 mm. All measurements were

carried out at 25 ± 1 °C using the refractive index

(1.33 vs. 1.48) and viscosity (0.8872 vs. 1.48 cP) of

water versus cellulose for data analysis, being

performed with Malvern Zetasizer Software 7.02.

Each measurement was comprised of at least three

runs. The influence of CNFs concentration and

sonication conditions (time and amplitude) of disper-

sions on the ζ-potential and average size was

preliminary evaluated in order to ascertain the

relevance and validity of the data. Finally, the

samples being prepared as 0.05 % w/v solutions in

PBS and additionally diluted to 0.005 % w/v with

Milli-Q water, were sonicated for 2 min at 25 %

amplitude before ζ-potential analysis using a SON-

ICS Vibra cell™ VCX 750 ultrasonic processor,

Sonics & Materials, Inc., USA. The measurements

were done in triplicate and the average data reported.

The ζ-potential of the CNFs with average size of

33,165 ± 2,516 nm in PBS was estimated to be

−23.84 ± 6.54 mV, being attributed to partly

dissociated terminal-located carboxylic (-COO-) acid

groups.

Preparation of CNFs for cell cultures

The starting preparation of CNFs was 2 % solution in

deionized water (20 mg/ml). Before the experiment,

the samples of CNFs were sterilized in an autoclave

at 121 °C during 20 min and then sonicated in an

ultrasonic bath for 10 min. The concentrations used in

the cell cultures ranged from 31.25 µg/ml to 1 mg/ml,

and were prepared in a complete RPMI medium

consisting of a basic RPMI 1640 medium (Sigma,

Munich, Germany) supplemented with 2 mM L-

glutamine (Sigma), 20 µg/ml gentamicin, 100 U/ml

penicillin, 100 mg/ml streptomycin (all antibiotics

from ICN, Costa Mesa, CA, USA), 50 μM 2-

mercaptoethanol (Sigma), and 10 % heat inactivated

fetal calf serum (FCS), (PAA Laboratories Vienna,

Austria). The level of endotoxin in the highest

concentration of CNFs, as determined by the Limulus

Amebocyte Lysate (LAL) test was 0.32 EU/ml.

In order to assess the morphology, fresh suspen-

sions of CNFs (250 μg/ml) or suspensions of CNFs

cultivated in a complete culture medium for 24 h,

were centrifuged onto glass microscopic slides using

a cytocentrifuge (Thermo Fisher Scientific Inc., MA,

USA). After drying, the glass slides were stained with

Calcofluor white (Sigma) according to the manufac-

turer’s protocol and analyzed with an epifluorescence

microscope (Nikon Eclipse 5i equipped with a Nikon

DXM1200C Camera, Tokyo, Japan) using UV-2A

filter (EX 330-380, DM 400, BA 420).
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L929 cells

L929 cells, an immortalized fibroblast cell-line, were

obtained from ATCC (Rockwell, MD, USA) and kept

in liquid nitrogen. After defrosting, the cells were

propagated in the complete RPMI medium.

Morphological analysis

L929 cells (1 9 104 cell/well) were incubated in the

complete RPMI medium in 24-well plates (Sarstedt,

Nümbrecht, Germany) with different concentrations

of CNFs (31.25 µg/ml–1 mg/ml). The cells without

CNFs served as negative controls, whereas L929 cells

treated with 1 % Triton X-100 (Sigma) were positive

controls. After 48 h, the following morphological

characteristics were analyzed by an inverted light

microscope (IX51; Olympus, Tokyo, Japan): shape,

proliferation rate, attachment to plastic, vacuolization

of the cytoplasm, signs of cell death.

Viability and apoptosis

After morphological analysis, the cells, cultivated

with six different concentrations of CNFs (31.25 µg/
ml–1 mg/ml) or without CNFs, were washed twice

with PBS and detached from the plastic by using

0.25 % trypsin in PBS. The viability was determined

by staining the cells with propidium iodide (PI)

(Sigma) 20 µg/ml in PBS. The analysis was done

within 5 min by using a cytofluorometer (CyFlow

Cube 6, Partec GmbH, Münster, Germany). PI+ cells

were considered as necrotic cells. The percentage of

viable cells was determined by subtracting the

percentage of necrotic cells from 100 %.

Apoptosis was determined by staining L929 cells,

in suspension with PI (50 µg/mL dissolved in a

hypotonic citric/Triton-X buffer) using flow cytom-

etry as described for necrosis assay. The cells with

hypodiploid nuclei (sub-G0 pick) represented apop-

totic cells. At least 5,000 cells were analyzed and the

results are expressed as mean percentage of apoptotic

cells from triplicate measurements.

MTT asay

L929 cells, seeded in 96-well plates (Sarstedt)

(0.5 9 104 cells/well, in triplicates), were incubated

for 24 h before the test in 100 µl of complete RPMI

medium. Then the medium was removed and 200 µl
of CNF suspensions (31.25 μg/ml–1 mg/ml) were

added, followed by centrifugation of the plates

(500 g, 10 min) to allow better contact of the

nanomaterials with the adherent cells. The L929 cells

were cultivated for 48 h in an incubator with 5 % CO2

at 37 °C. The wells with L929 cells, cultivated in

medium alone, served as negative controls, whereas

the wells treated with 1 % Triton X-100 (Sigma)

during the final 2 h were positive controls.

The metabolic activity of the L929 cells was

determined by a colorimetric assay (Tada et al. 1986).

At first, the supernatants of the cells’ cultures were

removed and solutions of 3-[4,5 dimethyl-thiazol-

2lyl]-2.5 diphenyl tetrazolium bromide (MTT)

(Sigma) (100 μl/well, final concentration 500 μg/
ml), were added to each well. Wells with an MTT

solution without the cells served as blank controls.

The additional controls were those wells with differ-

ent concentrations of CNFs without cells. The wells

were incubated with MTT for 4 h in an incubator at

37 °C with 5 % CO2. Then 100 μl 0.01 N HCl/10 %

sodiumdodecyl-sulphate (SDS) (Merck, Darmstadt,

Germany) was added to each of the 96-wells to

dissolve formazan overnight. The next day the plates

were centrifuged at 800 g for 10 min in order to pellet

any remaining CNFs. After that, the supernatants

were transferred to new plates and the optical density

(OD) of the developed color was read at 570 nm

(ELISA reader, Behring II). The results were

expressed as the relative metabolic activity compared

to the corresponding negative controls.

Metabolic activity ¼ ððOD of cells cultivated

with CNFs� OD of corresponding CNFs

cultivated without cellsÞ=ðOD of cells cultivated

without CNFs� OD of control medium

cultivated without cellsÞÞ � 100:

Detection of reactive oxygen species

CNFs (250 µg/ml–1 mg/ml) were added to the mono-

layer of L929 cells, which were seeded in 24 well plates

(Sarstedt) (5 9 104/well) 1 day before the test, and the

cultures were incubated for an additional 48 h. The cells

treated with CuCl2 (50 µM; Sigma) in complete RPMI

mediumfor 1hwereused as apositive control. In order to

assess oxidative stress, the monolayers of L929 cells
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werewashedcarefully twicewithPBS, to remove loosely

adherent CNFs. The cells were then collected by

trypsinisation, washed in Hanks’ Balanced Salt solution

(HBSS), and incubated subsequently with dihydrorhod-

amine 123 (DHR123; 25 µM; Invitrogen Carlsbad, CA,

USA) in a HBSS buffer for 20 min at room temperature.

Then the cells were fixedwith 0.5%paraphormaldehyde

and analysed byflowcytometry (CyFlowCube 6, Partec)

within 1 h.

Determination of glutathione (GSH) and lactate
dehydrogenase (LDH)

L929 cells (59 104cell/well)were incubated for 24 h in

complete RPMI medium in 24-well plates (Sarstedt).

Afterwards, the medium was removed carefully and

the cells were treated with different concentrations of

CNFs (31.25 µg/ml–1 mg/ml). The cells treated with

1 % Triton X-100 (Sigma) during the last 2 h were

positive controls. After 48 h, supernatants were

removed, centrifuged at 800 g for 10 min to remove

any remaining CNFs and then analysed for LDH

activity, using a LDH kit (Bayer Diagnostics Corpo-

ration) adapted to the auto analyser (ADVIA 1800,

Siemens AG, Erlangen, Germany). L929 cells were

washed carefully twice with PBS to remove CNFs,

harvested by trypsinisation, washed, counted and used

in the GSH assay. LDH activity was normalized to the

equal number of L929 cells (1 9 104).

The GSH levels were measured by an enzymatic

recycling method described in detail by Rahman et al.

(2007). This assay is based on the reaction of GSH

with 5,5-Dithiobis (2-nitrobenzoic acid) (DTNB) that

forms the yellow derivative 5´-thio-2-nitrobenzoic

acid (TNB). The rate of TNB formation is directly

proportional to the concentration of GSH. The optical

density changes were measured at 405 nm using a

Synergy HT multi-modal plate reader (Bio-Tec

Instruments, Inc., Winooski, VT). The values were

expressed as percentages of GSH activity relative to

the control used as 100 %.

Proliferation assay

L929 cells (3 9 104/well of 24-well plate (Sarstedt))

were plated with different concentrations of CNFs

(31.25 µg/ml–1 mg/ml) or without CNFs (control) for

48 h in an incubator with 5 % CO2. The cultures were

pulsed with [3H]-thymidine for the last 8 h (1 μCi/

well, Amersham, Buckinghamshire, UK). Before

harvesting, the cells were detached from the wells

by treatment with 0.25 % trypsin in PBS for 10 min.

Radioactivity was measured by using a Beckman

scintillation counter and expressed as counts per

minute (cpm) of triplicates. The values were

expressed as relative proliferation (%) compared to

control (L929 cells without CNFs) used as 100 %.

Thymocytes

Thymocytes were prepared from thymuses of Albino

Oxford (AO) rats, 10 weeks old. These rodents were

bred in aVivariumof the Institute forMedicalResearch,

Military Medical Academy (MMA), Belgrade, Serbia,

under standard conditions and their use for the exper-

iments was in accordance with the European

Community Guidelines for the Use of Experimental

Animals (Directive 2010/63/EU), approved by the

Ethical Committee of the MMA. The rats were killed

using ether and their thymuses removed aseptically and

placed in Petri dishes. The thymocytes were released by

pressing the thymus with a syringe plague, followed by

filtration of the cellular suspension using a pre-separa-

tion filter with a pore size of 30 µm. The viability of the

thymocytes as determined by 1 % of Trypan blue

staining, was higher than 95 %.

Apoptosis assays

The thymocytes were seeded in 96-well plates

(Sarstedt) (1 9 106 cells/well) and cultivated in

200 µl of complete RPMI medium with different

concentrations of CNFs (31.25 µg/ml–1 mg/ml) or

without CNFs (control medium alone) for 24 h. After

that apoptosis was assessed using a morphological

method after staining of the cells with 0.5 % Türk

solution (Colic et al. 2000) or by Annexin-V-FTIC/PI

kit (Invitrogen) followed by flow cytometry analysis.

For morphological evaluation of apoptosis 10 µl
cell suspension was mixed with 30 µl Türk solution.

The solution fixes and stains the nuclei, enabling a

clear distinction between the chromatin structure in

viable and apoptotic cells. Cells were analyzed using

a light microscope (Olympus) and thymocytes with

condensed chromatin or fragmented condensed nuclei

were considered as apoptotic cells. At least 500 cells

were examined in each sample and the results are

expressed as percentages.
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The flow cytometric method was performed

exactly by instructions of the manufacturer. This test

enables identification of early apoptotic (Annexin-V-

FITC+/PI-) cells, late apoptotic/ secondary necrotic

(Annexin-V-FITC+/PI+) cells, and primary necrotic

(Annexin-V-FITC-/PI+) cells.

Peripheral blood mononuclear cells

The PBMNCs were obtained from the buffy coats of 6

healthy volunteers upon obtaining a signed informed

consent. Buffy coat was diluted 3 times with PBS and

carefully layered on density gradient (Lymphoprep,

PAA). After centrifugation (1000 g, 20 min) at room

temperature, the interface layer consisting of mono-

nuclear cells was collected. Cells were washed four

times by low-speed centrifugation (130 g, 8 min) with

PBS at room temperature in order to remove remain-

ing platelets. Finally, the cells were resuspended in

complete RPMI medium and cell number as well as

viability was assessed under a light microscope

(Olimpus) using Trypan blue staining. The PBMNCs

were afterwards used in cell culture assays.

[3H]-thymidine uptake assay

Human PBMNCs (3 9 105/well of 96-well plate

(Sarstedt)) (n = 6) were stimulated with phytohem-

agglutinin (PHA) (32 µg/ml) alone or PHA with

different concentrations of CNFs (31.25 µg/ml–1 mg/

ml) for 72 h in an incubator with 5 % CO2. The

cultures were pulsed with [3H]-thymidine for the last

18 h (1 μCi/well, Amersham). At the end of the

cultivation period the cells were harvested and the

radioactivity (expressed as cpm) was counted using a

Beckman scintillation counter. The values were

expressed as relative proliferation (%) compared to

control (PHA-stimulated cells without CNFs) used as

100 %. Parallel cultures were setup for the detection

of cytokines in culture supernatants after 48 h of

cultivation. The supernatants were collected, centri-

fuged and frozen until cytokine analysis was done,

whereas the cells were counted by light microscopy.

Apoptosis and necrosis

PHA stimulated PBMNC cultures, cultivated as

described above, were collected and washed twice

by low-speed centrifugation (130 g, 8 min) to remove

CNFs remaining in the supernatant. After that, the

cells were counted and stained with either PI in PBS

(as described for L929 necrosis assay) or PI in

hypotonic citrate buffer (as described for L929

apoptosis assay). Flow cytometric analysis was

performed on CyFlow Cube 6 (Partec) analyzer

(5,000 cells were analyzed per sample).

Detection of cytokines

The levels of IL-1β, IL-2, IL-6, IL-4, IL-10, IL-17A,
TNF-α and IFN-γ were determined in supernatants of

PHA-stimulated PBMCs cultures. The levels of

cytokines were determined using the commercial

sandwich ELISA kits (R&D System), according to

the manufacturer’s protocol. The unknown concen-

trations of cytokines were calculated from the

standard curve obtained with known concentrations

of corresponding cytokines. The values of cytokines

were additionally normalized to the equal number

(1 9 105) of cells.

Statistical analysis

The results are presented as the mean ± standard

deviation (SD) of 3–6 independent experiments as

indicated in Figure legends. The parametric tests

were used to evaluate the differences between the

experimental and corresponding control samples, if

the data followed Gaussian distribution. Otherwise

non-parametric tests were carried out. Values at

p \ 0.05 or less were considered significant statis-

tically. All statistical analysis was performed in

Graph Pad Prism 5 software (La Jolla, CA, USA).

Results

Characterisations of CNFs

The AFM height image, amplitude image and the

measurement of diameters from height image (Fig. 1)

showed CNFs that were well separated or partially

separated ones, as well as those regions where the

nanofibrils were even bundled together. Therefore the

typical diameters of the nanofibrils measured from

well isolated regions had a diameter of 10–35 nm,

whereas some aggregated nanofibrils with diameters

as high as 70 nm were also found. The study showed
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that the isolated material has two-dimensional nano-

entities with the diameter in nanoscale and the

lengths in micron scale ([10 μm).

In order to assess the behavior of CNFs in the

complete RPMI medium, CNF suspensions were

centrifuged onto microscopic slides before and after

cultivation in the culture medium for 24 h and the

spins were stained with Calcofluor white. The

analysis by fluorescence microscopy showed that,

except for the presence of fine fibrils, different in

lengths, and the fibro-reticular structures, the samples

consisted of clumped fibrils and cellulose aggregates,

different in sizes and irregularly shaped. These

characteristics also well correlated with the ζ-size
measurements. No significant differences in mor-

phology were seen between the freshly prepared and

cultivated CNFs (Fig. 2).

Cytocompatibility of CNFs

The cytocompatibility of CNFs was studied by

cultivating different concentrations of CNFs with

L929 cells. After an incubation time (48 h), the

cultures were analysed by inverted light microscopy

(Olympus). The control L929 cells almost reached

confluence and some of them showed mitotic activity

(Fig. 3a). The culture of L929 cells with CNFs

showed intact cell morphology without signs of

cytopathic effect (degeneration, vacuolization of

cytoplasm, detachment from the plastic or morpho-

logical signs of cell death) (Fig. 3b), which were

clearly visible in positive control cultures (Fig. 3c).

However, in cultures with higher concentrations of

CNFs, (250 µg/ml–1 mg/ml), of which the highest

one covered the L929 monolayers almost completely,

a reduced number of cells was detected (Fig. 3b). The

microscopic examination demonstrated that mostly

fine, reticular structures of CNFs were attached to the

L929 cells, whereas mostly aggregated and bundled

CNFs floated within the medium above the cells.

The MTT assay confirmed that the L929 cells,

cultivated with higher concentrations of CNFs

showed a dose-dependent decrease in the metabolic

activity (Fig. 3d). The inhibition of MTT activity

with the highest concentration of CNFs was

24.2 ± 6.4 %. The process was not associated with

cell death, as concluded by the absence of LDH

Fig. 1 The AFM height image (a), the measurement of diameters from height image (b) and amplitude image (c) of CNFs

Fig. 2 Fluorescent microscopic analysis of CNFs. CNFs’ spins

were stained with Calcofluor white and analysed by an epi-

fluorescent microscope under UV excitation 330-385 nm. Note

fine fibrillar structures, but also larger and smaller aggregates

of CNFs
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release (Fig. 3e), cell necrosis (0.8 ± 0.4 % necrotic

L929 cells using 1 mg/ml of CNFs versus

0.9 ± 0.5 % necrotic cells in control cultures) and

apoptosis (1.2 ± 0.2 % apoptotic cells in the presence

of 1 mg/ml of CNFs versus 1.1 ± 0.4 % apoptotic

cells in control cultures). However, these findings

correlated with decreased proliferation of L929 cells,

as revealed by [3H]-thymidine incorporation (Fig. 3f).

The inhibition of proliferation using the highest

concentration of CNFs was 22.6 ± 6.5 %.

In order to see whether inhibition of cellular

proliferation in the presence of higher concentrations

of CNFs is associated with oxidative stress, we

performed colorimetric and flow-cytometric assays.

The results presented in Fig. 4 showed that both GSH

levels and DHR123 fluorescence in L929 cultures

were not altered, even in the presence of the highest

(1 mg/ml) concentrations of CNFs.

The cytotoxic assay was extended on rat thymo-

cytes, a type of non-proliferating cells, by measuring

apoptosis. Apoptosis of thymocytes was detected by

using the morphological method (staining of cells

with Türk solution) and by Annexin V-FITC/PI

staining assay (flow cytometry). As shown in Fig. 5a,

the spontaneous apoptosis of thymocytes was high,

but neither concentration of CNFs enhanced apopto-

sis of thymocytes. Similar results were obtained using

flow cytometry (Fig. 5b). As seen neither concentra-

tion of CNFs significantly modulate the percentage of

early apoptotic (Annexin-V-FITC+/PI-) cells and late

apoptotic/secondary necrotic (Annexin-V-FITC+/

PI+) cells, nor induced primary necrosis (Annexin-

V-FITC-/PI+) of thymocytes.

Immunomodulatory properties of CNFs

The study related to the immunomodulatory proper-

ties of CNFs was performed on human PBMNCs

stimulated with PHA, a T-cell mitogen. The cells

were cultivated for 3 days with different concentra-

tions of CNFs or in a control medium alone and then

the proliferation was measured. The results presented

Fig. 3 Cytocompatibility of CNFs studied on L929 cells. L929

cells were cultivated with different concentrations of CNFs for

48 h. a Intact morphology of negative control culture, b
reduced proliferation of cells in the presence of 500 μg/ml of

CNFs, c cell death in the presence of Triton X-100 (positive

control - PC). d MTT assay, e LDH assay, f [3H]-thymidine

uptake assay. Values for MTT and [3H]-thymidine uptake

assays are given as percentages of control (mean ± SD; n = 5),

whereas results for LDH assay are normalized to equal number

of L929 cells (1 9 104) and presented as mean ± SD; n = 4.

*p \ 0.05; **p \ 0.01; ***p \ 0.001 compared to

corresponding controls (L929 cells cultivated alone)
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in Fig. 6a show that higher concentrations of CNFs

(250 µg/ml–1 mg/ml) inhibited the proliferative

response of PBMNCs to PHA in a dose-dependent

manner. The anti-proliferative activity of CNFs was

not a consequence of their cytotoxicity, as neither the

percentage of apoptotic cells (Fig. 6b) nor the

percentage of necrotic cells (Fig. 6c) significantly

differed compared to the control cells.

The supernatants of the PHA-stimulated cultures

were analysed for the presence of pro-inflammatory

cytokines (IL-1β, TNF-α, IL-6). CNFs, at any of the

concentrations tested, did not significantly modulate

the production of IL-1β (Fig. 7a) and TNF-α (Fig. 7b).
The highest concentration of nanocellulose increased

the production of IL-6, whereas other concentrations

were non-modulatory (Fig. 7c).

The levels of the four main Th cytokines: IFN-γ
(Th1), IL-4 (Th2), IL-17A (Th17), IL-10 (T regula-

tory cytokines; Tregs) and IL-2 (a main T-cell growth

factor) were also determined in the supernatants of

PHA-stimulated PBMNC cultures. CNFs, at concen-

trations of 250, 500 µg/ml and 1 mg/ml inhibited the

production of IL-2 (Fig. 7d) and IFN-γ (Fig. 7e),

dose dependently. The highest concentration of CNFs

inhibited the levels of IL-17A (Fig. 7f), whereas the

levels of IL-4 (Fig. 7g) and IL-10 (Fig. 7h) were not

significantly changed. A similar modulatory effect of

CNFs on cytokine levels was observed when the

levels of cytokines were normalised to equal numbers

(1x105) of cells in the cultures. An exception was the

elevated level of IL-10 in the presence of the highest

concentration of CNFs.

Discussion

In this paper, we studied the cytocompatibility and

immunomodulatory properties of CNFs using differ-

ent in vitro cell models. The cytotoxicity studies

demonstrated that CNFs, even at high concentrations,

(1 mg/ml), were not toxic for L929 cells, rat

thymocytes, and human PBMNCs, as neither cell

death nor significant oxidative stress were induced.

However, a significant down-modulatory effect on T-

cell functions was observed and this is the first report

about the capabilities of CNFs to modulate the

adaptive immune response.

The initial cytocompatibility study was performed

on a permanent fibroblast cell line, based on recom-

mendations by ISO10993-5 (2009) for testing the

cytotoxic activity of medical devices, including

biomaterials. We studied the responses of L929

fibroblastic cells to different concentrations of CNFs,

by measuring LDH release, apoptosis and necrosis as

signs of cell death, morphological changes of cells in

Fig. 4 Effect of CNFs on oxidative stress of L929 cells. L929

cells were incubated in the absence or presence of different

concentrations of CNFs for 48 h. The cells treated with CuCl2
(50 µM) for 1 h were used as a positive control. To assess ROS

production (a), cells were incubated with DHR123 in a HBSS

buffer for 20 min, fixed with 0.5 % paraphormaldehyde and

analysed by flow cytometry. The results are presented as the

representative histograms from three experiments. The num-

bers represent mean fluorescent intensity. Intracellular GSH

levels (b) were determined using an enzymatic recycling

method based on the reaction of GSH with DTNB. The data are

showed as percentages relative to control (mean ± SD, n = 3)
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Fig. 5 Effect of CNFs on

the apoptosis of rat

thymocytes. Thymocytes

were cultivated with

different concentrations of

CNFs or in a control

medium, for 24 h. After

that, the cells were stained

with Türk solution and

analyzed by a light

microscope. a Values are

given as percentages of

apoptotic cells (mean ± SD,

n = 3 different

experiments). In addition,

cells were stained with

Annexin-V-FITC/PI, and

analysed by flow cytometry.

The representative density

plots from one out of three

experiments with similar

results are presented (b)

Fig. 6 Effect of CNFs on proliferation, apoptosis and necrosis

of human PBMNCs. PBMNCs were cultivated with PHA alone

or with PHA in the presence of different concentrations of

CNFs. After 72 h, cell proliferation (a), apoptosis (b) and

necrosis (c) were determined. Values are given as mean ± SD

(n = 6). *p \ 0.05; **p \ 0.01; ***p \ 0.001 compared to

corresponding controls
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the cultures and their proliferation. The cells culti-

vated with CNFs had preserved morphology without

signs of cell death but at higher concentrations a

slight inhibition of cellular proliferation was detected,

as judged by decreased metabolic activities of the

L929 cells and reduced [3H]-thymidine uptake. The

inhibition of cell proliferation with the highest

concentration (1 mg/ml), which is very high for

Fig. 7 Effect of CNFs on pro-inflammatory and Th cytokine

production in PBMNCs cultures. PBMNCs were stimulated

with PHA alone or with different concentrations of CNFs for

72 h. The levels of pro-inflammatory cytokines: IL-1β (a),
TNF-α (b), IL-6 (c) and Th cytokines: IL-2 (d), IFN-γ (e), IL-

17A (f), IL-4 (g), IL-10 (h) were measured by ELISA in the

culture supernatants. Cytokine concentrations are presented as

mean levels ± SD or mean levels ± SD normalized to 1 9 105

cells (n = 3). *p\ 0.05; **p\ 0.01; ***p\ 0.001 compared

to corresponding controls

Cellulose (2015) 22:763–778 773

123



cytocompatibility testing, did not exceed 30 %. The

inhibition of metabolic activity proliferation of L929

cells was probably not a consequence of induced

oxidative stress as neither the levels of glutathione as

an oxidative stress protective molecule (Rahman

et al. 2007) nor the increase in DHR-123 fluorescence

as an indicator of a generation of intracellular

reactive oxygen species (Chen and Junger 2012),

were modified by CNFs.

Regarding the toxicity of CNFs, no changes in the

cell viability or morphology of human monocytes and

mouse macrophages (Vartiainen et al. 2011), as well

as human cervix carcinoma (HeLa229) cells (Pitkä-

nen et al. 2014) were observed. In addition, the

cytotoxicity of CNFs has been published by Alex-

andrescu et al. (2013) using mouse 3T3 fibroblasts.

The authors used different approaches, also according

ISO10993-5 (2009), by examining the viability and

morphology of 3T3 cells which were grown on

compact samples of CNFs from wood (different

preparation of Eucaliptus and Pinus radiata), in direct
contact, as well as the effect of elution extracts from

these specimens (indirect contact) on the metabolic

activity and proliferation of 3T3 fibroblasts. Both

approaches clearly indicated that cell membrane

integrity, cell mitochondrial activity, but also the

DNA proliferation, remained unchanged during the

tests suggesting that these neat cellulose nanostruc-

tured materials were not toxic against fibroblasts

cells. In another recent study, Hua et al. (2014)

investigated cytocompatibility of unmodified, cation-

ized and anionized nanofibrillated cellulose from

wood on human dermal fibroblasts using indirect and

direct cell tests. In the indirect test, no cytotoxic

effects were observed, whereas the direct contact test

showed that cationic modified-CNFs demonstrated

better cytocompatibility than unmodified and anionic

modified-CNFs.

Pereira et al. (2013) have confirmed recently that

cotton CNCs, at concentrations between 2 µg/ml -

100 µg/ml, do not cause the death of bovine

fibroblasts, whereas those within the ranges between

200 µg/ml – 1 mg/ml are slightly inhibitory, similarly

as we found with wood-derived CNFs. Significant

cytotoxicity of these CNCs was obtained using very

high concentrations (2–5 mg/ml) and this process was

associated with increased expressions of stress-

related genes, such as heat shock protein 70 and

peroxiredoxin-1 as well as the gene coding B-cell

leukemia associated X protein, an apoptosis-promot-

ing molecule.

Our results are also comparable to those published

by Moreira et al. (2009) who showed that bacterial

nanocellulose at concentrations between 100 µg/ml –

1,000 µg/ml reduced the proliferation of 3T3 fibro-

blasts and CHO cells by about 15–20 % after 72 h of

cultivation. They did not observe any difference in

cellular morphology, similarly as our microscopic

analysis revealed. Slight inhibition of cellular prolif-

eration was documented upon cultivation of cells

either on bacterial nanocellulose membranes (Back-

dahl et al. 2006) or on nanocomposites prepared by

partial dissolution of CNFs (Mathew et al. 2012). It is

interesting that the liquid extract prepared by condi-

tioning a nanocomposite consisting of CNFs and

collagen fibrils, did not induce cytotoxicity of the 3T3

cells. However, when used as a solid substrate, the

nanocomposite slowed-down the proliferation of

human ligament and endothelial cells initially, but

supported the cellular proliferation afterwards (Ma-

thew et al. 2013).

Although, according to ISO10993-5 (2009), inhib-

ited proliferation up to 30 %, as was the case in our

study, is not considered as a cytotoxic phenomenon

and such a material is classified as biocompatible, the

results may be interpreted with caution. The reason

for inhibited cellular proliferation in the presence of

CNFs is hard to explain but further research should be

focused on the specific surface chemistry, especially

on the protein exchanges on the surfaces of the CNFs

because such properties significantly affect the inter-

actions of different nanoparticles with mammalian

cells (Monopoli et al. 2011). In addition, high

concentrations of CNFs used in the cultivation assay

with adherent cells may disturb cell growth by their

physical properties. The aggregation of CNFs in cell

culture media and its kinetics may also influence the

results, therefore real effective concentrations of

CNFs are difficult to measure. One way to remove

aggregates is fractionation as reported by Pitkänen

et al. (2014). They showed that smallest fractions of

CNFs are not cytotoxic for adherent HeLa229 cells,

but their behavior in adherent and potentially in cell

suspension cultures should be further investigated.

Proliferating cells are not always suitable for

cytotoxicity studies, especially when the toxic

potential of the examined materials is very low.

Therefore, we used rat thymocytes as a type of non-
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proliferating lymphocytes. These cells were chosen

based on our previous publication about their higher

sensitivity to the toxic effect of smart materials than

L929 cells (Čolić et al. 2010). Thymocytes rapidly

die in cultures by apoptosis and the process is

significantly enhanced by different noxious stimuli

(Deng et al. 1999). However, our results clearly

showed that even at the highest dose, apoptosis of

thymocytes did not significantly differ from the

negative control. CNFs did not induce necrosis of

thymocytes, too. Cumulatively, these and previous

results on L929 cells, according to ISO10993-5

(2009) classification of cytotoxicity, suggest that

CNFs, even at high concentrations (1 mg/ml) are a

cytocompatible nanomaterial.

The most significant part of our results concerned

the effects of CNFs on T-cell functions in a model of

human PBMNCs stimulated with PHA. It is known

that PHA is a T-cell mitogen, which stimulates the

proliferation of T-cells in the presence of accessory

cells, predominantly monocytes and blood dendritic

cells. By cross-linking T-cell receptor and various

activating molecules on T-cells and accessory cells,

PHA provides necessary receptor-transmitted signals

and those mediated by soluble cytokines, thus

allowing transcription of key factors for T-cell

growth (O’Flynn et al. 1985; Mihajlovic et al.

2014). We demonstrated that CNFs at higher con-

centrations, inhibited the T-cell proliferation and the

suppressive effect with the highest concentration was

about 40 %. The inhibition of T-cell proliferation is

an immunological phenomenon, not related to cell

death, but associated with a significant decrease in

IL-2 production. It can be hypothesized that sup-

pressed proliferation of T-cells was due to lower

production of IL-2, because this cytokine is a crucial

T-cell growth factor (Boyman and Sprent 2012).

However, it remains to be studied weather CNFs

exert this effect directly, by acting on T-cells, or

indirectly, through accessory cells.

We believe that the down-regulating effect of

CNFs on T-cell activation is predominantly mediated

by accessory cells, as these cells are the first immune

cells that come into contact with foreign materials.

CNFs are micron in length and thus hardly phago-

cytable by monocytes/macrophages and dendritic

cells. Dong et al. (2012) showed that the uptake of

CNCs by both phagocytic and non-phagocytic cells,

which are much smaller in diameter and shorter in

length than CNFs, was minimal at less than 3 and

1 %, respectively. Such phenomenon might be due to

repulsive forces between the negatively-charged

nanocrystals and cell membrane. Other authors (Clift

et al. 2011) have demonstrated that cotton-derived

CNCs enter the phagocytic cells through a form of

endocytosis and upon internalisation the nanofibers

are localised within endosomal vesicles. Whether

some small fragments of CNFs, that can be formed

during the preparation and ultrasonic treatment of

CNFs, use the same pathway to enter the phagocytic

cells remains to be studied. It is less likely that CNFs

cause a form of frustrated phagocytosis, which is

typical for crocidolite asbestos fibres (Clift et al.

2011), but rather the nanofibrils interact with cell

receptors on immune cells by mechanisms that are as

yet unexplored.

We believe that the contacts of CNFs with

membranous receptors on immune cells are of crucial

importance for immunomodulation. In this context, it

is worth mentioning that our culture model is not

quite suitable for adherent cells such as L929 cells

due to the formation of floating CNF aggregates. The

reason for that could be the presence of not fully

dissociated weak carboxylic (–COO−) acids groups

on nanofibrils, terminally located. However, when

using cell suspension cultures such as PHA-stimu-

lated PBMNC clusters or dendritic cells (the study in

progress), a much higher quantity of CNFs interacted

with the cells and the contacts were more visible

when the samples were stained with Calcofluor white

(data not shown). Calcofluor white is a fluorescence

dye that stains cellulose and chitin fibres and is used

in microbiology for identifying fungi in biological

samples. This dye has been used for the first time in

this work for staining CNFs and we found that this is

an excellent tool for the microscopic examinations

and characterisations of CNFs.

Unchanged production of TNF-α and IL-1β, two of
the main pro-inflammatory cytokines produced pre-

dominantly by phagocytic cells upon phagocytosis/

endocytosis of foreign materials, favours the hypoth-

esis that CNFs do not enter phagocytes. These

findings are in accordance with those published by

Vartiainen et al. (2011) who demonstrated that

microfibrillated cellulose did not caused any effects

on TNF-α and IL-1β expression in a mouse mono-

cytic cell line (RAW 264.7 cells) and human

monocyte derived macrophages. In addition, it has
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been shown that microfibrillated nanocellulose was

unable to trigger the production of TNF-α by human

macrophage-like THP-1 cells, nor to modify the

lipopolysaccharide (LPS)-induced production of

TNF-α (Kollar et al. 2011), in contrast to microcrys-

talline nanocellulose, which significantly blocked the

LPS-stimulated TNF-α secretion. Although our study

should be extended to examine the effect of CNFs on

the production of pro-inflammatory cytokines by

isolated macrophages and dendritic cells, the findings

that the secretion of both TNF-α and IL-1β in

PBMNC cultures was unchanged by CNFs indicate

that this wood-derived nanocellulose did not trigger

the inflammatory response. This is very important if

CNFs could be used for promoting wound healing

(Ryšavá et al. 2003), where the inflammatory type of

macrophages should be silenced (Adamson 2009).

We showed for the first time the ability of CNFs to

modulate the immune responses of Th cells in vitro

by modulating the production of Th cytokines. It is

known that upon antigenic stimulation, which was

mimicked in our study by polyclonal T-cell stimula-

tion in the presence of PHA, CD4+ T-cells can be

polarised to various effector subsets, each of them

characterised by the production of subset- specific

cytokines. Four Th subsets (Th1, Th2, Th17 and

Tregs) are well characterized in terms of their

phenotypic properties and functions (Zhu et al.

2010). Th1 cells, by producing IFN-γ, are key

players in the eradication of intracellular infections.

Th2 cells, which produce IL-4, IL-5 and IL-13, are

involved in anti-helmintic infections and allergy

diseases. Th17 cells produce IL-17 and IL-22 cyto-

kines, and from amongst them IL-17A is the more

important for immunity against extracellular bacteria

and fungi. Th1 and Th17 cells have been thought to

be responsible for many autoimmune diseases by

promoting different inflammatory reactions. Tregs

cytokines, particularly IL-10 and TGF-β, are immu-

nomodulary cytokines responsible for down-

regulation of the immune response and the induction

of tolerance both to self and foreign antigens (Long

and Buckner 2011; Ouyang et al. 2011).

We showed that CNFs inhibited Th1 and Th17

responses as estimated by decreased production of IFN-

γ and IL-17A by PHA-stimulated lymphocytes, respec-

tively. The inhibition of IFN-γ was stronger than IL-

17A. As both cytokines exert the pro-inflammatory

activity, our findings may be relevant for using CNFs as

an anti-inflammatory biomaterial. Such properties could

be additionally potentiated by increased production of

IL-10, the key anti-inflammatory and immunoregula-

tory cytokine. IL-10 is produced by various cell subsets,

including Tregs and phagocytic cells (Ouyang et al.

2011). Our previous paper showed that gold nanopar-

ticles acted down-modulatory on the immune response

by increasing the production of IL-10 and subsequent

down-regulation of IL-12 and IL-23 by dendritic cells

(Tomic et al. 2014), which are Th1- and Th17-inducing

cytokines, respectively (Čolić et al. 2009; Zhu et al.

2010). Such mechanisms may also be involved in

tolerance induction by CNFs, which is the aim of our

ongoing study. Based on all these findings it can be

postulated that the effect of CNFs on the immune

response is associated primarily with tolerance induc-

tion by activating Tregs and the production of

immunoregulatory cytokines. IL-6, a pro- and anti-

inflammatory cytokine (Wolf et al. 2014), which was

also up-regulated by CNFs, may act synergistically

with IL-10 in immunoregulation.

In conclusion, our results suggest that wood-based

nanofibrillated cellulose can be considered as a

cytocompatible material with tolerogenic potential

on the immune system. Both properties are very

desirable for the clinical application of nanocellulose.

It remains to study the mechanisms involved in these

immunoregulatory processes in more detail, by

focusing on antigen-presenting cells.
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