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Abstract: Cellulose nanocrystals (CNCs) have emerged as promising candidates for a number 

of bio-applications. Surface modification of CNCs continues to gain significant research interest 

as it imparts new properties to the surface of the nanocrystals for the design of multifunctional 

CNCs-based materials. A small chemical surface modification can potentially lead to drastic 

behavioral changes of cell-material interactions thereby affecting the intended bio-application. 

In this work, unmodified CNCs were covalently decorated with four different organic moieties 

such as a diaminobutane fragment, a cyclic oligosaccharide (b-cyclodextrin), a thermoresponsive 

polymer (poly[N-isopropylacrylamide]), and a cationic aminomethacrylamide-based polymer 

using different synthetic covalent methods. The effect of surface coatings of CNCs and the 

respective dose-response of the above organic moieties on the cell viability were evaluated on 

mammalian cell cultures (J774A.1 and MFC-7), using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide and lactate dehydrogenase assays. Overall, the results indicated that 

cells exposed to surface-coated CNCs for 24 h did not display major changes in cell viability, 

membrane permeability as well as cell morphology. However, with longer exposure, all these 

parameters were somewhat affected, which appears not to be correlated with either anionic or 

cationic surface coatings of CNCs used in this study.
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Introduction
With the rapid development of nanoscience and nanotechnology, cellulose has revived 

in the form of nanocelluloses with a pressing demand for their large-scale production 

for various potential high-end sustainable applications in diverse fields such as materials 

science, biomedicine, electronics, catalysis etc.1,2 Among the family of the nanocel-

luloses are cellulose nanocrystals (CNCs), which have recently gained significant 

interest in both academic and industrial research. CNCs are nanoscale-sized, needle- or 

rod-like particles typically derived from the acid hydrolysis of native cellulose under 

controlled conditions. Their high mechanical strength and unique physicochemical 

properties made them attractive building blocks for the development of new functional 

cellulose-based nanomaterials.3–5 Other than their perceived use in high-performance 

nanocomposites, CNCs have turned into promising materials for biomedical applica-

tions due to their special surface chemistry, environmental biodegradability, biocom-

patibility and low toxicity.6,7 The exposure to CNCs via occupational, environmental, 

consumer and biomedical arenas is expected to increase rapidly given the high interest 

in the large-scale production of CNCs (particularly wood-based CNCs) in order to 
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meet both academic and industrial research demands. CNCs 

possess high aspect ratio and stiffness similar to asbestos 

and carbonaceous fibers that have been linked with high 

toxicity.8 As such, recent efforts have focused on evaluating 

the health effects associated with CNCs exposures given 

the wide potential applications of CNCs in the biomedical 

fields such as drug and gene delivery, bioimaging, biosens-

ing, tissue engineering and enzyme/protein immobilization 

scaffolds.9 A recent review by Roman provides a detailed 

account on current literature on the pulmonary, oral, dermal 

and cytotoxicity of CNCs, which highlighted the importance 

of careful sample characterization and the exclusion of the 

interfering effects of endotoxins and cytotoxic contaminants 

during the assessment of the potential adverse health effects 

of CNCs.10 Shatkin and Kim proposed a life cycle risk assess-

ment (LCRA) framework called NANO LCRA that was 

employed for pre-commercial screening of selected appli-

cations of nanocelluloses (CNCs and cellulose nanofibrils). 

This systematic method identified and assessed the potential 

risks of nanocelluloses from occupational, consumer and 

environmental exposures throughout the product life cycle.11 

Camarero-Espinosa et al discussed the importance of how 

knowledge gained from studying the biological impact of 

other nanomaterials could provide a basis for future research 

strategies to assess the human health risks that could arise 

from the use of CNCs.12 With regard to the evaluation of 

the cytotoxicity effects of CNCs, several studies have been 

carried out using CNCs obtained from different cellulosic 

sources, preparation procedures as well as with a variety of 

cell lines.13–25 Most of these studies indicated CNCs to be 

non-toxic at low concentrations, while a few studies showed 

a dose-dependency of CNCs cytotoxicity.14,18,20,24,25 Discor-

dant results of CNCs cytotoxicity have also been reported, 

which could likely be caused by variations in experimental 

procedures, composition and size of nanoparticles employed, 

use of varying cellulosic sources and cell types.14,24 While a 

number of studies have focused mainly on the cytotoxicity of 

unmodified CNCs and/or fluorescently-labeled CNCs, there 

are still very limited data regarding the cytotoxicity assess-

ment of surface-modified CNCs, in particular, CNCs coated 

with structurally functional organic materials for diverse bio-

applications.15,22,26 Surface modification of CNCs is crucial for 

the synthesis of advanced and multifunctional CNCs-based 

materials and as such, it has been a subject of intense research 

in the past few years.27–29 However, a small chemical modifi-

cation can potentially lead to drastic behavioral changes of 

cell-material interactions. It is therefore crucial to evaluate 

the risks associated with surface-modified CNCs before the 

latter can be fully exploited for the intended bio-application. 

Herein, the objective of this study is to synthesize and 

assess the cytotoxicity of 4 modified CNCs having differ-

ent surface molecular architectures (ranging from a simple 

organic moiety to complex polymeric structures) and surface 

charges (anionic and cationic). In this work, the surface of 

CNCs was covalently decorated with different functional 

moieties such as a diaminobutane fragment, a cyclic oli-

gosaccharide (b-cyclodextrin [b-CD]), a thermoresponsive 

polymer (poly(N-isopropylacrylamide)(poly[NIPAAm])), 

and a cationic aminomethacrylamide-based polymer to 

generate CNCs with 4 distinct modified surfaces, termed as 

CNCs-AMINE, CNCs-b-CD, CNCs-poly(NIPAAm), and 

CNCs-poly(N-[3-aminopropyl]methacrylamide [APMA]) 

(Scheme 1). The choice of the above grafted materials is 

based on their potential use in the biomedical field and to the 

best of our knowledge, this is the first report of their detailed 

toxic effects in mammalian cell lines such as J774A.1 (mouse 

monocyte cells) and MCF-7 (human breast adenocarcinoma 

cells). In-vitro studies are rapid and cost-effective means to 

assess cytotoxicity of materials and select the most effective 

ones for further studies in vivo.

Experimental materials
For the purpose of this work, CNCs was obtained from 

Innotech Alberta (previously Alberta Innovates Technol-

ogy Futures), a research institute based in AB, Canada. The 

fibers were prepared by subjecting Whatman™ cotton filter 

paper to acid hydrolysis using concentrated sulfuric acid. 

A detailed preparation method is described elsewhere.30 

Acetone, copper (I) bromide, b-cyclodextrin, deuterium 

oxide, 1,3-diaminopropane, epichlorohydrin (99%), ethanol, 

hydrochloric acid, hydroquinone, methacrylic anhydride, 

methanol, N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 

(PMDETA), 2-propanol and tetrahydrofuran (99%) were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). Uranyl 

acetate (dihydrate, 99.6%) and transmission electron micros-

copy (TEM) grids (400 mesh) were purchased from Electron 

Microscopy Sciences (Hatfield, PA, USA). Cell lines (mouse 

monocyte [macrophage] cells [J774A.1] and human breast 

adenocarcinoma cells [MCF-7]) were obtained from Ameri-

can Type Culture Collection (ATCC, Manassas, VA, USA).

Synthesis of anionic-modified CNCs 
(CNCs-AMINE, CNCs-poly(NIPAAm), 
CNCs-b-CD)
Both CNCs-AMINE and CNCs-poly(NIPAAm) were pre-

pared previously in our laboratory and their syntheses and 
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characterization were fully described elsewhere.31,32 CNCs 

grafted with b-cyclodextrin (CNCs-b-CD) was synthesized 

according to a previously reported one-step procedure using 

epichlorohydrin as a coupling reagent under alkaline condi-

tions with slight modifications (Lin and Dufresne 2013).33 

b-CD (10.35 g, 9.12 mmol) was added to an aqueous 

NaOH solution (4 g NaOH in 20 mL of distilled water). A 

 homogeneous suspension of CNCs (1 g in 20 mL of distilled 

water) was then added in the b-CD alkaline solution, and the 

mixture was stirred for 30 min. The desired amount of epi-

chlorohydrin (5.96 mL, 76 mmol) was added into the reaction 

mixture, and the reaction was heated at 40°C for 6 h. The 

Scheme 1 Synthesis of surface-modified CNCs (A) anionic CNCs-AMINE, (B) anionic CNCs-b-CD, (C) anionic CNCs-poly(NIPAAm) and cationic CNCs-poly(APMA).
Abbreviations: AMINE, amino-functionalized; CNCs, cellulose nanocrystals; CNCs-b-CD, CNCs grafted with b-cyclodextrin; poly-(APMA), poly-(N-3-aminopropyl)
methacrylamide; poly-(NIPAAm), poly(N-isopropylacrylamide); rt, room temperature; EDC, N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide; NHS, N-hydroxysuccinimide; 
MES, 2-(N-Morpholino)ethanesulfonic acid; THF, tetrahydrofuran; DMAP, 4-(Dimethyamino)pyridine; PMDETA, N,N,N′ ,N″ ,N″-pentamethyldiethylenetriamine.
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epichlorohydrin/cyclodextrin molar ratio was controlled at 

about 9 to avoid self-cross-linking of b-CD as suggested by 

Zhao et al34 and Lin and Dufresne33 The mixture was centri-

fuged at 12,000 rpm for 20 min and washed repeatedly with 

distilled water to ensure removal of both ungrafted b-CD 

and residual NaOH. For high purity sample, the product was 

resuspended in water and dialyzed against deionized water 

for 1 week. The suspension was subsequently freeze-dried 

to afford a white powder (1.152 g). The grafting efficiency 

of b-CD on CNCs was evaluated using the method of weight 

measurement. Three grafting experiments were repeated for 

an average grafting efficiency of 15.1 wt %, which was in 

close agreement with previously reported values.33

Synthesis of cationic-modified CNCs
Preparation of the cationic monomer, APMA 
hydrochloride
APMA hydrochloride was synthesized using a mild and pro-

tecting group-free modified version of a previously reported 

procedure.35 1,3-diaminopropane (8 mL, 96 mmol) in MeOH 

(50 mL) was added to a stirred solution of 1,3-diaminopro-

pane dihydrochloride (13.3 g, 90 mmol) in distilled water 

(75 mL) at 0°C. After stirring the reaction mixture for 1 h, 

methacrylic anhydride (28 mL, 184 mmol) and a few crys-

tals of hydroquinone in MeOH (50 mL) were subsequently 

added dropwise. The reaction mixture was allowed to warm 

to room temperature and was stirred for 24 h in the dark, 

after which concentrated hydrochloric acid (25 mL) was 

added dropwise and stirring was maintained for another 2 

h. Removal of solvent under vacuum, followed by washing 

with acetone produced the crude off-white residue, which 

upon recrystallization using hot 2-propanol gave rise to the 

desired APMA hydrochloride as a white solid in 52% yield:1 

H NMR (D
2
O, 400 MHz) δ 1.78 (s, 3H), 1.78–1.75 (m, 2H), 

2.88 (t, J=7.5 Hz, 2H), 3.22 (t, J=6.8 Hz, 2H), 5.32 (s, 1H), 

5.56 (s, 1H) (Figure S1);13 C NMR (D
2
O, 100 MHz) δ 17.5, 

26.6, 36.1, 36.9, 121.2, 138.8, 172.2 ppm (Figure S2).

Preparation of cationic CNCs-
poly(APMA)
The initiator modified-CNCs (CNCs-BriB) was prepared 

according to our previously reported procedure using a 

5:3 ratio of 2-bromoisobutyryl bromide to anhydroglucose 

units (AGU) in CNCs.36 CNCs-BriB was then grafted with 

the cationic monomer poly(APMA) via surface-initiated 

single-electron transfer living radical polymerization (SI-

SET-LRP) technique at a ratio of monomer to AGU:(APMA/

AGU)=50:3. The preparation of CNCs-poly(APMA) is as 

follows: CNCs-BriB (350 mg) was dispersed in a H
2
O:MeOH 

solvent mixture (100 mL, 1:1) in a 250 mL Schlenk flask. 

After degassing the reaction mixture under N
2
 gas, APMA 

hydrochloride (8.94 g, 50 mmol) and copper (I) bromide 

(0.143 g, 1 mmol) were added. The suspension was degassed 

again before addition of PMDETA (0.209 mL, 1 mmol) and 

reaction mixture was stirred for 24 h at room temperature. The 

resulting poly(APMA)-grafted CNCs was then centrifuged 

(3×12,000 rpm at 10°C for 20 min) with 1:3 H
2
O:MeOH. 

The residual solid was resuspended in water and dialyzed 

against deionized water for 1 week with daily changes of 

deionized water. The suspension was then freeze-dried to 

afford a white flaky solid.

Instrumentations
Fourier transform infrared spectroscopy 
(FT-IR)
FT-IR spectra were acquired on a Varian FT-IR spectropho-

tometer (FTS-7000; Agilent Technologies, Santa Clara, CA, 

USA) using freeze-dried samples at room temperature under 

continuous nitrogen purging. Potassium bromide (previously 

dried in an oven at 150°C) pellets were prepared by grinding 

and compressing about 2% of the CNCs samples in potas-

sium bromide. Spectra in the range of 4000–400 cm−1 were 

obtained with a resolution of 4 cm−1 by cumulating 32 scans.

Dynamic light scattering (DLS) and zeta 
potential measurements
DLS and zeta potential measurements were carried out using 

a Malvern Zetasizer Nano-S instrument (Malvern Instru-

ments Inc., Westborough, MA, USA). This instrument is 

equipped with a 4.0 mW He-Ne laser (λ=633 nm) and an 

avalanche photodiode detector and works at a 173° scatter-

ing angle. Prior to the measurements, the CNCs suspensions 

(0.1 wt %) were equilibrated at room temperature for 10 min 

in a temperature-regulated cell at 25.0±0.1°C. Comparative 

effective hydrodynamic diameters and size distributions were 

obtained using DLS. The reported d
hyd

 (hydrodynamic size) 

is effective diameter based upon the intensity of scattered 

light. Both DLS and zeta (ζ) potential measurements were 

performed at neutral pH. Triplicates were measured for each 

sample, and averages are reported.

Scanning transmission electron 
microscopy (STEM)
High resolution scanning electron microscopy (SEM) with 

a Hitachi model S-4800 or S-5500 apparatus equipped with 
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a field emission source and operating at an accelerating 

voltage of 30 kV in the transmission mode SEM was used 

to investigate the morphologies of the samples. The latter 

were prepared by depositing a drop of the filtered colloidal 

suspension on a TEM grid for 3 min and the excess liquid 

was wicked off using filter paper. After drying the TEM 

grid at room temperature for 3 min, a drop of uranyl acetate 

solution (2 wt % in water) was deposited on the grid for 5 

min for staining and the excess solution was removed using 

filter paper. Imaging was carried out on samples previously 

dried for at least 24 h at room temperature.

Cell culture and cytotoxicity assays
Cell culture
The culture of mouse monocyte (macrophage) cells (J774A.1; 

ATCC) was carried out in Roswell Park Memorial Institute 

1640 medium supplemented with 10% fetal bovine serum 

(FBS), penicillin, streptomycin and L-glutamine. Human 

breast adenocarcinoma cells (MCF-7; ATCC) were cultured 

in DMEM medium, supplemented with 10% FBS, essential 

amino acids (0.1 mM), insulin (10 ug/mL), sodium pyruvate 

(1 mM), penicillin, streptomycin and L-glutamine. Both cell 

lines were incubated at 37°C in a 5% CO
2
-supplemented 

atmosphere for at least 24 h before the appropriate treatments.

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay
The cytotoxicity of the unmodified CNCs and its derivatives 

was assessed by a MTT assay. J774A.1 and MCF-7 cells 

were seeded in 96-well plates at a density of 5×105 cells/

mL. After 24 h, they were treated with unmodified CNCs 

and its derivatives at 10, 25, 50 and 100 µg/mL, for 24 h or 

48 h. After suspending all the compounds in sterile PBS, the 

medium was removed and the wells were filled with fresh 

culture medium with 0.5 mg/mL MTT. After 30 min for 

J774A.1 and 45 min for MCF-7, the medium was removed 

and the insoluble crystals were solubilized with 200 µL/well 

of dimethyl sulfoxide. The absorbance was measured at 570 

nm using a Synergy H1 Hybrid Multi-Mode Microplate 

Reader (BioTek, Winoski, VT, USA).

Lactate dehydrogenase (LDH) assay
Unmodified and modified CNCs were suspended as described 

in MTT assay, and J774A.1 and MCF-7 cells were also 

seeded and treated as in MTT assay. The maximum LDH 

activity was obtained with cells treated with triton 1% for 

30 min. The spontaneous control activity was obtained from 

untreated cells. LDH-released activity in all conditions was 

assessed in the cell-free supernatants (medium) accord-

ing to the manufacturer’s instruction (Promega, Madison, 

WI, USA), spectrophotometrically at 490 nm in a Synergy 

H1 Hybrid Multi-Mode Microplate Reader (BioTek). The 

percentage of cytotoxicity was calculated according to the 

following formula,

% Cytotoxicity =  Compound-treated LDH activity – Spontaneous LDH activity × 100

 Maximum LDH activity –  Spontaneous LDH activity

Statistical analysis
Data were analyzed by 2-way analysis of variance and post 

hoc Dunnett’s multiple comparison test (GraphPad Prism, 

La Jolla, CA, USA), and significant differences were con-

sidered at p<0.01.

Results and discussion
Synthesis and characterization of anionic- 
and cationic-modified CNCs
Amino-functionalized CNCs (CNCs-AMINE) was prepared 

using simple covalent chemistry via a mild 2-step synthetic 

approach. The primary alcohol of CNCs was first oxidized 

via (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl-mediated 

oxidation to the corresponding carboxylated CNCs. Sub-

sequently, amidation (1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide/N-hydroxysuccinimide-mediated coupling) 

with 1,4-diaminobutane afforded the desired CNCs-AMINE 

(Scheme 1). The chemical and morphological features of 

CNCs-AMINE were extensively analyzed using a combina-

tion of analytical, spectroscopic, and microscopic techniques 

as previously described.31 The presence of the amino group on 

the surface of CNCs represents a versatile reactive functional 

group for a number of bioconjugation strategies as required 

for bio-applications.

Cyclodextrins (CD), a series of cyclic oligosaccharides, 

have emerged as attractive building blocks for pharmaceuti-

cal and biomedical applications due to their inherent abil-

ity to host biologically active molecules and protect them 

from the external environment.37 As such, CNCs surfaces 

were covalently33 and non-covalently38 modified with CD 

for the design of drug delivery carriers. However, the lack 

of current cytotoxicity data of CNCs grafted with b-CD 

further motivated us to synthesize this material following 

the reported procedure of Lin and Dufresne.33 CNCs-b-CD 

was obtained by reaction of unmodified CNCs with b-CD 

in the presence of epichlorohydrin as coupling agent under 

alkaline condition (Scheme 1). The success of the covalent 

grafting reaction was confirmed by FT-IR spectroscopy with 
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decrease in peak intensities located at 1163, 1113, and 1059 

cm−1 as well as peak broadening at 1031 cm−1 (C-O stretching 

band) (Figure 1C and S3 for peak expansion).33 An average 

grafting efficiency of 15.1 wt% of b-CD covalently grafted 

on the surface of CNCs was obtained based on the method 

of weight measurement. Both FT-IR and grafting efficiency 

results were in good agreement with previously reported 

values.33 While the above 2 synthetic routes for preparation 

of anionic-modified CNCs (CNCs-AMINE and CNCs-b-CD) 

involved simple conjugation chemistries, we further included 

in our study an anionic and a cationic surface-modified 

CNCs possessing different polymeric architectures using 

living radical polymerization technique. CNCs modified with 

polymeric structures will be useful in further assessing the 

effect of different surface chemistries on the cytotoxicity of 

modified CNCs. Polymer grafting on the surface of CNCs can 

impart its desired properties to CNCs for the development of 

“smart” materials for biomedical applications. CNCs grafted 

with poly(N-isopropylacrylamide) (CNCs-poly(NIPAAm)) 

was prepared and characterized as previously described in 

our laboratory using the SI-SET-LRP technique (Scheme 1).32 

Poly(NIPAAm) is the polymer of choice in this study given 

its thermoresponsive nature as well as its wide applications 

in drug delivery and tissue engineering.39 SET-LRP is an 

emerging robust and versatile polymerization method for 

designing functional materials with complex molecular 

architectures in a facile manner.40 Cationic APMA has been 

previously employed as functional component in the design 

of drug delivery carriers41,42 and thus, makes it an attractive 

polymeric material to be coated on the surface of CNCs 

as well as evaluating its potential cytotoxicity. Using the 

same SI-SET-LRP approach, the novel CNCs-poly(APMA) 

was prepared and characterized for its chemical and mor-

phological features using a combination of spectroscopic, 

microscopic and analytical techniques. When compared 

with unmodified CNCs (Figure 1A), FT-IR analysis of the 

purified CNCs-poly(APMA) displayed new FT-IR peaks 

typical for the amide stretch (1638 cm−1) and amine bend 

(1538 cm−1) (Figure 1B).36 Upon polymerization, the anionic 

surface of unmodified CNCs turned cationic as evidenced by 

zeta potential measurements (Table 1). Elemental analysis 

of CNCs-poly(APMA) indicated an increase in the carbon 

content and presence of nitrogen that further supported the 

successful grafting of polymer brushes from the surface of 

CNCs (Table S1).

Figure 1 FT-IR of (A) unmodified CNCs, (B) CNCs-poly(APMA), (C) CNCs-b-CD.
Abbreviations: CNCs, cellulose nanocrystals; CNCs-b-CD, CNCs grafted with b-cyclodextrin; FT-IR, Fourier transform infrared spectroscopy; poly(APMA), poly(N-3-
aminopropyl)methacrylamide; poly(NIPAAm), poly(N-isopropylacrylamide).
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Table 1 DLS and ζ-potentials for anionic and cationic surface-
modified CNCs

Sample Hydrodynamic  
diameter (nm)

z-potentials (mV)

Unmodified CNCs 87.2±1.2 −58.2±0.5
CNCs-AMINE 125.4±0.2 −26.0±2.0
CNCs-b-CD 131.3±0.3 −28.1±1.5
CNCs-poly(NIPAAm) 126.9±0.4 −22.4±1.5
CNCs-poly(APMA) 154.6±3.6 +45.2±1.3

Note: Data presented as mean ± SD.
Abbreviations: AMINE, amino-functionalized; CNC, cellulose nanocrystals; CNCs-
b-CD, CNCs grafted with b-cyclodextrin poly(APMA), poly(N-3-aminopropyl)
methacrylamide; poly(NIPAAm), poly(N-isopropylacrylamide);DLS,Dynamic light 
scattering.
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STEM was used to visualize the morphologies of the 

unmodified and modified CNCs (Figure 2). The STEM 

images of the unmodified and modified CNCs showed well-

dispersed rod-like nanoparticles with size around 100–300 

nm in length and 10–20 nm in diameter. In addition to STEM 

analyses, DLS was used to obtain comparative apparent 

particle sizes of the modified CNCs as depicted in Table 1. 

However, it is important to note that DLS is routinely used to 

measure hydrodynamic size of spherical particles and thus, 

the obtained results do not represent the actual dimensions.

Given the importance of highly purified materials for the 

correct interpretation of biological results, all the synthe-

sized modified CNCs were extensively purified by repeated 

centrifugation and dialysis to ensure efficient removal of 

unreacted reagents, monomers, and homopolymers prior to 

all analyses.

Cell viability analysis of surface-modified 
CNCs
The potential applicability of cellulose-based nanomateri-

als for biomedical purposes is rapidly emerging, therefore, 

it is crucial that cytotoxicity studies of modified CNCs are 

performed in parallel with characterization of these newly 

synthesized nanomaterials. The cytotoxicity of unmodified 

and modified CNCs was assessed using both MTT and LDH 

assays on 2 different cell lines, J774A.1 and MCF-7. The 

cytotoxicity assay using MTT is based on the conversion 

of MTT into formazan crystals by living cells, indicating 

mitochondrial activity that can be associated with per-

centage of viable cells.43 Results from the MTT assay in 

J774A.1 cells with 24 h of treatment showed that CNCs-

poly(NIPAAm) was the only modified CNCs to significantly 

decrease cell viability at the intermediate dose (50 µg/mL). 

At the highest concentration (100 µg/mL), CNCs-AMINE 

and CNCs-poly(APMA) also had a significantly decreased 

cell viability similar to previously observed with CNCs-

poly(N-[2-aminoethylmethacrylamide]).36 CNCs-b-CD, 

as well as unmodified CNCs, did not affect cell viability 

Figure 2 STEM images of unmodified and modified CNCs: (A) unmodified CNCs, 
(B) CNCs-AMINE, (C) CNCs-poly(NIPAAm), and (D) CNCs-poly(APMA).
Note: Scale bar=100 nm.
Abbreviations: AMINE, amino-functionalized; CNCs, cellulose nanocrystals; 
CNCs-b-CD, CNCs grafted with b-cyclodextrin; poly(APMA), poly(N-3-
aminopropyl)methacrylamide; poly(NIPAAm), poly(N-isopropylacrylamide); STEM, 
scanning transmission electron microscopy.

A B

C D

Figure 3 Cytotoxicity of unmodified and modified CNCs on J774A.1 (A) and   MCF- 
7 (B) cells.
Notes: After 24 h of treatment, cell viability was determined by MTT assay. Data 
are expressed as percentage of control (non-treated cells, 100% viability) using the 
mean value and SD from triplicate experiments. *p<0.01 compared to control.
Abbreviations: AMINE, amino-functionalized; CNCs, cellulose nanocrystals; 
CNCs-b-CD, CNCs grafted with b-cyclodextrin; MTT, 4,5-dimethylthiazol-2-yl-2,5-
diphenyltetrazolium bromide; poly(APMA), poly(N-3-aminopropyl)methacrylamide; 
poly(NIPAAm), poly(N-isopropylacrylamide).
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under these tested  conditions (Figure 3A). In MCF-7 cells, 

CNCs-AMINE and CNCs-b-CD did not affect cell viability 

nor increased the conversion of MTT into formazan with 24 

h of treatment. However, CNCs-poly(NIPAAm) increased 

the conversion of MTT into formazan, even at the lowest 

 concentration (Figure 3B). A similar effect was also observed 

with CNCs grafted with poly(N-[2-aminoethylmethacryl-

amide]).36 Some studies have indicated that the quantity of 

formazan crystals produced is not solely dependent on cell 

number.44,45 The MTT assay is based on the conversion of 

the tetrazolium dye to formazan mainly by mitochondrial 

succinic dehydrogenases. However, cytosolic enzymes such 

as nicotinamide adenine dinucleotide (NADH) reductase 

and flavin oxidase may also play a role in this conversion.46 

In addition, the rate of conversion to formazan has been 

shown to be linked to the cellular metabolic activity as well 

as the number of mitochondria present in the cell. Therefore, 

larger cells with more mitochondria have a higher rate of 

tetrazolium conversion.47 As such, this apparent increase 

in percentage of viable cells seen in MCF-7 cells might be 

explained by a potential effect in increases on mitochondrial 

activity, which is not necessarily associated with increases 

in cell viability and proliferation.

We also performed LDH activity assay, which indirectly 

assessed membrane permeability. LDH is a cytosolic enzyme 

present in many different types of cells and its release to cell 

medium can be used as an indication of plasma membrane 

damage. The released LDH can be quantified in the medium 

by a coupled enzymatic reaction. Initially, LDH catalyzes the 

conversion of lactate to pyruvate via reduction of NAD + to 

NADH. Subsequently, diaphorase uses NADH to reduce a 

tetrazolium salt (INT) to a red formazan product. Therefore, 

the level of formazan formation is directly proportional 

to the amount of released LDH in the medium, which is 

related to membrane damage.48,49 The 24 h exposure data 

did not demonstrate any significant differences on the LDH 

activity between medium from control (untreated cells) and 

from cells treated with unmodified and modified CNCs, in 

both cell lines (data not shown). Next, we decided to verify 

whether these cellulose-based nanomaterials somehow 

developed cytotoxicity over time, by increasing the incuba-

tion time to 48 h, in both cell lines. Again, depending on cell 

type, the modified CNCs displayed substantial differences 

on the level of toxicity. Data from MTT assay showed that 

cell viability of J774A.1 was slightly diminished, but statisti-

cally significant in almost all concentrations of CNCs tested, 

including unmodified CNCs (Figure 4A). Interestingly, in 

MCF-7 cell line, CNCs-AMINE was the only modified 

CNCs that showed a significant degree of cytotoxicity at all 

concentrations, but not in a dose-dependent manner. Since 

this effect is only observed with MTT assay and not with 

LDH assay, it implies that it is not related to membrane 

damage. The effect on increased conversion of MTT into 

formazan in MCF-7 cells is no longer observed for all the 

CNCs (Figure 4B).

Upon 48 h of incubation with unmodified and modified 

CNCs, the level of LDH activity detected in the medium of 

MCF-7 cells was no different among groups (data not shown). 

However, in the medium of J774A.1 cells, we observed sig-

nificant differences in LDH activity between control (non-

Figure 4 Cytotoxicity of unmodified and modified CNCs on J774A.1 (A) and MCF-
7 (B) cells.
Notes: After 48 h of treatment, cell viability was determined by MTT assay. Data 
are expressed as percentage of control (non-treated cells, 100% viability) using the 
mean value and SD from triplicate experiments. *p<0.01 compared to control.
Abbreviations: AMINE, amino-functionalized; CNCs, cellulose nanocrystals; 
CNCs-b-CD, CNCs grafted with b-cyclodextrin; MTT, 4,5-dimethylthiazol-
2-yl-2,5-diphenyltetrazolium bromide; poly-(APMA), poly-(N-3-aminopropyl)
methacrylamide; poly-(NIPAAm), poly(N-isopropylacrylamide).
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treated cells) and the modified CNCs-treated groups. With a 

longer incubation time, CNCs-poly(NIPAAm) exhibited the 

least increases in the membrane permeability of the cells, 

since only at 100 µg/mL LDH activity was significantly 

detected in the medium. The other modified CNCs, however, 

started to show effects on membrane permeability with 

concentration as low as 10 µg/mL. Surprisingly,  CNC-b-CD 

showed the strongest effect on the increases in LDH activity 

at all concentrations tested (Figure 5).

CD are complex cyclic oligosaccharides with a hydro-

phobic cavity. As a consequence, they are widely used by the 

pharmaceutical industry as drug carriers to increase water 

solubility of numerous hydrophobic molecules.50 However, 

the hydrophobicity of CD can also cause this polymer to 

interact with lipophilic macromolecules, such as cholesterol 

and fatty acids in the biological milieu. In fact, the major-

ity of research involving CD has focused on their ability to 

manipulate lipid (phospholipids and cholesterol) composition 

in different cells because these lipophilic macromolecules 

can be easily entrapped inside the cavity of CD.51 Thus, a 

potential explanation for CNCs-b-CD to have the greatest 

effect on the increase of the LDH activity in the cell culture 

medium may be due to its ability to interact with lipids in the 

cell membrane therefore affecting membrane permeability. 

Although some modified CNCs caused a mild decrease in 

J774A.1 cell viability at 24 h of treatment, the bright field 

microscopy images revealed that none of the modified CNCs 

Figure 5 Cytotoxicity of unmodified and modified CNCs on J774A.1 cells.
Notes: After 48 h of treatment, cell viability was determined by LDH assay. Data 
are expressed as percentage of cytotoxicity over the control using the mean value 
and SD from triplicate experiments. *p<0.01 compared to control.
Abbreviations: CNCs, cellulose nanocrystals; CNCs-b-CD, CNCs grafted with 
b-cyclodextrin; LDH, lactate dehydrogenase; poly-(APMA), poly-(N-3-aminopropyl)
methacrylamide; poly-(NIPAAm), poly(N-isopropylacrylamide).
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(50 µg/mL) caused major changes in cell morphology, despite 

all of them interacting with the cells by mainly forming a 

“cluster” of cells surrounding the nanomaterial (Figure 6, 

first column, white arrows). Interestingly, CNCs-AMINE 

did not only evoke this “cell cluster” effect, but also showed 

that the small needle-like particles were spread over the cells 

(Figure 6, first column, third panel, black arrows). At 48 h, 

however, we observed some changes in cell morphology 

with most of the treatments. At this time point, treatment 

with CNCs-AMINE caused the cells to be enlarged and the 

images suggested that the small needle-like particles were 

interacting with the cell membrane most likely by penetrating 

into the cells (Figure 6, second column, third panel, black 

arrows). Interestingly, this modified CNCs was the only 

one that did not decrease J774A.1 cell viability at 50 µg/

mL dose, as shown with the MTT assay ([Figure 4A], white 

bars). CNCs-poly(NIPAAm) induced the most prominent 

change in the morphology of the J774A.1 cells after 48 h of 

treatment, as observed by enlargement and elongation of the 

cells (Figure 6, second column, bottom panel, red arrows).

Overall, our results indicate that “cell clustering” effect 

and changes in cell morphology are cellular phenomena not 

necessarily directly related to decreases in cell viability. We 

do not exclude the possibility that these modifications will 

not lead to cell toxicity with more prolonged treatment with 

these nanomaterials. However, an early study with different 

preparations of carbon nanotubes (CNTs) showed that after 

long exposure (3 days of treatment), suspended CNT-bundles 

were less cytotoxic than CNT-agglomerates or asbestos in 

mesothelial cell morphology (MSTO-211H). The cytotoxic-

ity apparently correlated with changes in cell morphology 

caused by CNT-agglomerates and asbestos, but not with CNT-

bundles. The authors conclude that the CNT-agglomerates are 

bigger, stiffer and more solid (similar to asbestos) than the 

CNT-bundles and these structural differences of the CNTs 

are the reason for cytotoxic response of the cells compared 

with asbestos.52 Overall, our results indicated that there is no 

direct correlation with decreases in cell viability and increases 

in cell permeability with ζ-potential or relative size (sphere-

equivalent hydrodynamic diameter) of our surface-modified 

CNCs. This observation is consistent with the previously 

published work where neither the size nor the surface charge 

of the ZnO nanoparticles affected their cytotoxicity against 

U373MG cells.53 However, we do not exclude the possibility 

that the short length of CNCs derivative may contribute to 

less nanomaterial agglomeration or cell clustering formation 

around the CNCs and therefore better distribution onto the 

cell surface, resulting in less cytotoxicity.

Conclusion
This study examined the impact of surface organic coatings 

of CNCs on mammalian cell viability. Four different organic 

functional moieties ranging from simple organic molecules 

to complex polymeric structures were covalently conjugated 

on the surface of CNCs using different synthetic strategies. 

The in vitro toxicity of the modified CNCs using MTT and 

LDH assays was assessed on 2 different cell lines, J774A.1 

and MCF-7, and unmodified and modified CNCs displayed 

marginal, but statistically significant decreases in cell viabil-

ity depending on cell type and the period of incubation. 

Overall, the results indicated that cells exposed to surface-

coated CNCs for 24 h did not show major changes in cell 

viability, membrane permeability as well as cell morphology. 

However, at longer exposures, this scenario changed and more 

in-depth toxicological studies are needed to fully evaluate the 

biological interactions and safety of these surface-modified 

CNCs in humans and other mammals, as well as evaluation 

of immunogenicity, since some of the effects on biological 

systems are not directly related to cytotoxicity.
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Supplementary materials
Fourier transform infrared spectroscopy peak expansion 

of CNCs-b-CD; 1H NMR and 13C NMR spectra of APMA; 

elemental analysis of CNCs-poly(APMA).

FT-IR spectroscopy of CNCs-b-CD
Elemental analysis
The percent carbon (C), hydrogen (H), nitrogen (N) and 

sulphur (S) contents (%) of the unmodified and cationic 

nanocrystalline cellulose were determined by Carlo Erba 

CHNS-O EA1108 Elemental Analyzer (Thermo Scientific, 

Figure S1 1H NMR of cationic monomer APMA.
Abbreviation: APMA, poly(N-3-aminopropyl)methacrylamide; 1H NMR, proton nuclear magnetic resonance.

Waltham, MA, USA). The remaining sample was assumed 

to be oxygen (O).

Nuclear magnetic resonance (NMR)
The NMR spectra were recorded on a Bruker 400 MHz 

spectrometer (Bruker, Billerica, MA, USA). The NMR data 

is presented as follows: chemical shift δ (ppm), multiplicity, 

coupling constant and integration. The following abbre-

viations were used to explain the multiplicities: s=singlet, 

d=doublet, t=triplet. The 1H NMR and 13C NMR spectra were 

calibrated using 3-(trimethylsilyl)-1-propanesulfonic acid 

sodium salt (TMS=0.0) as the internal reference.

Table S1 Elemental analysis of unmodified CNCs and CNCs-poly(APMA)

Sample C H N S Oa

Unmodified CNCs 41.3 6.1 0.0 0.7 51.9
CNCs-poly(APMA) 42.0 6.4 3.1 0.5 48.0

Note: aO%=100% – (% C+% H+% N+% S).
Abbreviations: CNCs, cellulose nanocrystals; poly(APMA), poly(N-3-aminopropyl)methacrylamide.
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Figure S2 13C NMR data of cationic monomer APMA.
Abbreviation: APMA, poly(N-3-aminopropyl)methacrylamide; 13C NMR, carbon nuclear magnetic resonance.

Figure S3 FT-IR of freeze-dried sample of CNCs-b-CD showing peak expansion of key peaks.
Note: Green line: unmodified CNCs, red line: CNCs-poly(APMA),  blue line: CNCs-b-CD.
Abbreviations: CNCs, cellulose nanocrystals; CNCs-b-CD, CNCs grafted with b-cyclodextrin; FT-IR, Fourier transform infrared spectroscopy.
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