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ABSTRACT Probing of cellular uptake and cytotoxicity was conducted for two fluorescent cellulose nanocrystals (CNCs): CNC-
fluorescein isothiocyanate (FITC) and newly synthesized CNC-rhodamine B isothiocyanate (RBITC). The positively charged CNC-RBITC
was uptaken by human embryonic kidney 293 (HEK 293) and Spodoptera frugiperda (Sf9) cells without affecting the cell membrane
integrity. The cell viability assay and cell-based impedance spectroscopy revealed no noticeably cytotoxic effect of the CNC-RBITC
conjugate. However, no significant internalization of negatively charged CNC-FITC was observed at physiological pH. Indeed, the
effector cells were surrounded by CNC-FITC, leading to eventual cell rupture. As the surface charge of CNC played an important role
in cellular uptake and cytotoxicity, facile surface functionalization together with observed noncytotoxicity rendered modified CNC as

a promising candidate for bioimaging and drug delivery systems.
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INTRODUCTION

ighly crystalline cellulose nanocrystal (CNC) has
I—I emerged as a novel material for a plethora of

important applications such as nanofillers, nano-
composites (1), surface coatings, regenerative medicine
(2),and drug delivery (3). With high purity and surface area,
biocompatible CNC with exceptional mechanical properties
is amenable to chemical modification. In brief, the terminal
OH groups on the glucose-based CNC provide facile surface
modification (4), i.e., CNC can be easily functionalized or
bioconjugated, resulting in a rich source of new materials
and platforms for diversified bioapplications including en-
zyme immobilizations (5).

For effective therapy, drugs and biomarkers are designed
to passively penetrate the cell membrane or to trigger active
transportation (6). Large hydrophilic biomolecules such as
nucleic acids and proteins cannot cross the cell membrane;
nevertheless, their internalization is controlled by endocy-
tosis (6). To date, mesoporous silica nanorods (7—9), metallic
nanoparticles (10—13), carbon nanotubes (14), and poly-
meric micelles (15—18) are biofunctionalized for effective
drug encapsulation, cellular internalization, and controlled
drug release. However, such nanomaterials, including car-
bon nanotubes, induce cytotoxicity due to metal impurities,
particle aggregation, and their long-term instability as well
as decomposition inside the cell. CNC has a rod shape with
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sizes in the range of 200—300 nm long and 5—50 nm wide
(19). This size range would allow for a prolonged circulation
of CNC in the bloodstream and sufficiently delays its clear-
ance by the mononuclear phagocytic-system (3, 20). With
its anticipated production and application at large scale,
bioeffects and safety of CNC to the environment and human
health must be thoroughly investigated in vitro before they
can be used in vivo. As an example, chitosan nanoparticles
are prepared from natural food sources; nevertheless, these
materials display unexpected antimicrobial activities be-
cause of their high surface area and charged effect (21).

This study describes the synthesis of two fluorescent
cellulose nanocrystals (CNCs), CNC-rhodamine B isothiocy-
anate (RBITC) and CNC-fluorescein isothiocyanate (FITC),
and investigates their ability to penetrate the membrane of
two different cell lines. Covalent conjugation, as opposed to
physical encapsulation, obviates the possibility of fluoro-
phores being leached out from the nanoparticles in physi-
ological milieu. The cytotoxicity and/or inhibitory effects of
CNC are also evaluated by cell-based impedance spectros-
copy and cell viability tests. Electric cell-substrate impedance
sensing (ECIS) has been proven as a predictor of cytotoxicity
to represent the overall cell response resulting from a variety
of inhibition mechanisms (22—26).

EXPERIMENTAL SECTION

Materials. Rhodamine B isothiocyanate (RBITC), fluorescein
isothiocyanate (FITC), 3-(4,5-dimethylthiazol-2-y)—2,5-diphenyl
tetrazolium bromide (MTT), trypan blue, and other reagents
were obtained from Sigma-Aldrich. Deionized water (18.2 MQ
cm) was obtained from Millipore Direct-Q5. HEK-293 cell line
derived from human embryonic kidney cells and Sf9 insect cell
line derived from the pupal ovarian tissue of Spodoptera fru-
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Scheme 1. Schematic Illustration for the Synthesis

of the CNC-RBITC Conjugate: (i) Epichlorohydrin,
NaOH, 60 °C; (ii) NH,OH, NaOH pH 12; (iii) RBITC or
FITC, Sodium Borate, Sodium Chloride, Ethylene
Glycol, Tartaric Acid, and Sucrose

(A) CNC-RBITC (B) CNC-FITC

giperda were chosen to assess the CNC-RBITC cellular localiza-
tion in mammalian and nonmammalian cells. F-17 and SE-900II
media (Invitrogen, Carlsbad, CA, USA) were used for HEK-293
and Sf9 cell maintenance in suspension cultures, respectively.
To avoid bacterial or fungal contamination, we added HyQ
antibiotic/antimycotic 100X solution (Thermo Scientific, Logan,
UT, USA) to the cell culture before addition of the CNC-labeled
material. Plates for cell uptake studies were obtained from
Corning (Corning, NY, USA).

Preparation of Cellulose Nanocrystals (CNC). The CNC
suspension was prepared from enzyme treated flax fibers
according to a previously described procedure (5). In brief,
pectate lyase treated flax fibers were ground through a 20-mesh
screen down to 0.85 mm fiber size. The resulting flax fibers (0.5
g) were stirred in 20 mL of an acid mixture (65% H,SO4:65%
HNOs; at 3:1 v/v) and 10 mL of H,O, was added dropwise
(CAUTION: sulfuric acid reacts with H,O; to release heat, and thus
the reaction should be handled in the fume hood with precaution
and proper safety protection). The reaction was carried out at 45
°C for 3 h. After a 10-fold dilution with deionized water to
terminate the reaction, the suspension was centrifuged at 10 000
rpm, followed by extensive washing until the resulting pH was ~6.
The sample was then dialyzed against deionized water for 3 days
(Spectra/Por 4 dialysis tubing 12—14 kDa). The mixed bed ion-
exchange resin (Dowex MR —3) was added to the CNC suspension
and allowed to stand for 2 days and was removed by filtration
(Whatman 541). The colloidal solution was concentrated to ~15
mg/mL and sonicated for 35 min at room temperature. The CNC
solution was lyophilized to produce white flakes.

Synthesis and Purification of the CNC-FITC and CNC-RBITC
Conjugates. The synthetic route for these fluorescent CNCs is
described in Scheme 1, following literature procedures (27—29)
with minor modifications. CNC (100 mg) was reacted with
epichlorohydrin (6 mmol/g CNC) in 1 M NaOH for 2 h at 60 °C
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to introduce the epoxy groups on the OH groups of CNCs. The
reaction mixture was dialyzed (Spectra/Por 4 dialysis tubing
12—14 kDa) against deionized water to remove the unreacted
reagents. The reaction mixture was then heated with 50 %
(w/v) NaOH, 29.4 %, NH,OH, pH 12 (5 mL/g CNC) for 2 h at 60
°C, followed by dialysis until the pH reached 7. RBITC or FITC (0.32
mmol/g CNC) was reacted with the primary amine groups on CNC
in 50 mM sodium borate buffer solution, containing 5 mM ethylene
glycol tetraacetic acid, 50 mL/g CNC, 0.15 M NaCl, and 0.3 M
sucrose. The reaction mixture was stirred overnight in the dark
followed by dialysis until no noticeable free dye was detected by
fluorescence and UV/vis spectroscopy in the bulk water. The
suspension was sonicated for 10 min in an ice bath, and filtered
through a syringe filter (0.45 um) to remove any aggregates. The
final pH of the suspension (0.8 wt %) was 6.8.

Cellular Uptake of Fluorescently Labeled Cellulose Nano-
crystals. HEK-293 cells were cultivated at 37 °C in a CO,
controlled environment incubator in 12-well plates. Sf9 cells
were cultivated at 27 °C in 12-well plates. Sterile circular
coverslips (15 mm diameter) were placed inside each well prior
to cell addition. HEK 293 or Sf9 cells (1 mL, 1 x 10° cells/mL)
were added to each well followed by the addition of 10 uL HyQ
antibiotic/antimycotic 100X solution. Thereafter, 100 uL of CNC-
RBITC (1 mg/mL) was added per well. The 12-well plates were
incubated overnight under their respective conditions. The cells
were then washed with 1 mL of PBS, fixed with 4% paraform-
aldehyde in PBS for 15 min, washed twice with PBS, and
analyzed by confocal microscopy. For pH study, the growth
medium pH was adjusted either with HCl or NaOH. Cells were
incubated with CNC-FITC or CNC-RBITC for 8 h at the respective
pH, and then fixed for confocal microscope analysis.

Spectroscopy and Imaging. Fourier transform infrared (FTIR)
spectra were collected from 4000 to 400 cm™! for 64 scans at
a resolution of 4 cm™" using a Bruker Tensor 27 FTIR spectro-
photometer with samples run as KBr pellets. Fluorescence
measurement was performed in 400 uL cuvettes using a Spex-
Fluorolog spectrofluorometer (Horiba Jobin Yvon). The sample
containing RBITC was diluted 4-fold prior to scanning. Absor-
bance scans were performed on a Spectra-Max 250 microplate
reader, using 96-well quartz microplates (Molecular Devices, Sunny-
vale, CA). For TEM imaging, CNC (0.1 mg/mL) was suspended in
deionized water and sonicated to disperse the material. A well-
dispersed suspension (8 uL) was then dried on a Formvar-carbon
coated grid and analyzed. Low voltage transmission electron
microscopy (LVTEM) micrographs were obtained by a Delong
LVEM, low-voltage electron microscope (Soquelec, Montreal, QC,
Canada) operating in TEM mode at 5 kV.

Confocal images were acquired using a 63x/1.4NA Plan
Apochromat oil immersion DIC objective on a Zeiss LSM 5
Pascal confocal scan-head mounted on an Axiovert 200 M
microscope stand. Confocal scanning was performed in multi-
track mode using the following scan settings: 1024 x 1024 pixel
format, zoom factor 2, voxel dimensions (x,y,z) = 0.07 um x
0.07 um x 0.8 um, MBS = HFT 488/543/633, DBS1 = NFT545,
pixel dwell time of 1.28 us. Track-1 was configured to capture
the FITC in Channel 2 using a 505—530 nm band-pass filter.
The confocal pinhole aperture was set to 1.16 airy units (109
um). The photomultiplier tube (PMT) gain setting was 830 V with
an amplifier offset of 0.00 V. Track-2 was configured to capture
RBITC in Channel 1 using a 560 nm long-pass filter. The PMT
gain was 840 V with an offset of —0.13 V. No significant bleed-
through was detected using these channel settings on single-
stained control specimens. Z-stacks were acquired in 0.4 um
increments over a total distance of 10 um for all 3-dimensional
acquisitions except for R-293 image 2: R-293 z-stackl (total
sample thickness = 13.6 um) and Mix-insect z-stack (total
thickness = 26.4 um).

The zeta potential (§) of the nanomaterials (0.1 % w/v) at
different pHs was measured at 25 °C by a Zetasizer Nano ZS
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(Malvern Instruments, Malvern, Worcestershire, UK) fitted with
a high-concentration zeta potential cell (ZEN1010). In all mea-
surements, 40 V were applied across an electrode spacing of
16 mm. The final value is an average of five repeated measure-
ments for each sample.

Cell Viability. HEK-293 and Sf9 were cultivated in 125 mL
sterile shake flasks (Corning, NY, USA) with a 20 mL working
volume at a cell density of 1 x 10° cells/mL. The HyQ antibiotic/
antimycotic 100X solution, 200 uL, (Thermo Scientific, Logan,
UT, USA) was added to the cell culture to prevent bacterial or
fungal contamination. CNC-RBITC (2 mL, 1 mg/mL) or CNC-FITC
(2 mL, 1 mg/mL) was added to the cell cultures. Cell viability
was assessed by the trypan blue exclusion assay during the
course of experiments. In order to exclude any interaction
between trypan blue and CNC that might alter the viability
assay, Sf9 cells with different viabilities were nonspiked (nega-
tive control) or spiked with nonlabeled CNC. These effector cells
were analyzed by the trypan blue exclusion assay. The Sf9 cell
viability was modified by putting the cells under mild or severe
shear stress (vortexing) prior to the trypan blue assay. For the
MTT cell viability assay, MTT dissolved in phosphate-buffered
saline, pH 7.2, at 5 mg/mL was added to the Sf9 cells (40 uL/
well). After incubation at 27 °C for 2 h without (control) and in
the presence of different concentrations of CNC-RBITC and
CNC-FITC, cells were centrifuged at 350 g for 10 min and the
medium aspirated. The formazan crystals were dissolved in 200
uL of dimethyl sulfoxide (DMSO) and the absorbance was
measured at 570 nm in a micro plate reader. The viability of
Sf9 was calculated as cell viability (%) = average absorbance
of wells/average absorbance of control wells.

Electric Cell-Substrate Impedance Sensing (ECIS). CNC was
also assessed for its plausible cytotoxic or inhibitory effects
using an ECIS system (Applied Biophysics, Troy, NY) with an
insect cell model as previously reported (22). In brief, con-
canavalin A (Con A, 0.40 mL, 0.5 mg/mL, prepared fresh daily
in 50 mM PBS, pH 7.4, with the aid of sonication for 1 h) was
added into each of 8 wells of a sensing chip (8W1E, Applied
Biophysics, Troy, NY) to coat the detecting gold electrodes (250
um diameter). After protein adsorption (~30—60 min), the wells
were washed 3 times with 0.85% NaCl and 0.4 mL of serum-
free SF-900 I medium (Gibco BRL, Canadian Life Technologies,
Burlington, ON, Canada) was placed in each well. The imped-
ance baseline was monitored for | =2 hat27 °C in a humidified
chamber. The wells were emptied before adding the insect cell
suspension containing CNC. Spodoptera frugiperda Sf9 cells in
serum-free SF-900 II medium were inoculated at an initial cell
density of 0.4 x 10° cells/mL and grown to the midexponential
phase of 2.5—3 x 10° cells/mL. The resulting cells were asepti-
cally centrifuged at 1,500 rpm for 4 min and the pellets were
thereafter suspended at a cell concentration of 3 x 10° cells/
mL in a fresh medium. CNC (10 mg/mL stock) derived from
pectate-lyase treated flax was added (2.5—50 uL) to 1.5 mL of
the above cell suspension giving a concentration range of
17—=333 ug/mL, before adding 0.4 mL of this mixture to 2 or 3
wells to test for possible cytotoxic/inhibitory effects. Five con-
centrations including a control were tested at the same time and
the CNC sample was analyzed 3 different times. Similar experi-
ments were conducted with CNC-FITC and CNC-RBITC. Detailed
information of the experimental procedure and the estimation
of the inhibition concentration (ECISs) can be found elsewhere
(22, 23).

RESULTS AND DISCUSSION

Characterization of Cellulose Nanocrystal
(CNC) and the CNC-RBITC Conjugate. A CNC sus-
pension was extracted from pectate lyase treated flax fibers
by a modified acid hydrolysis method, which allowed for in
situ purification and bleaching of the fibers during the
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FIGURE 1. TEM micrographs of pristine cellulose nanocrystals (CNC)
show individual crystals with an average dimension of 10—20 nm
wide and 120—300 nm long.

preparation of CNC (5). The preparation produced individual
and aggregated rod-like crystalline cellulose fragments,
ranging from 10 to 20 nm in diameter with corresponding
lengths of about 120—300 nm (Figure 1). FTIR spectra of the
CNC showed absorption bands that were typical for cellulosic
materials. The presence of signals at 1429, 1163, 1111, and
897 cm™! indicated that the CNC was primarily in the form
of cellulose Ig (30), i.e., there was no significant change of
the conformation of the cellulose structure (see Figure S1 in
the Supporting Information). For the observation of CNC by
fluorescence spectroscopy, CNC was covalently conjugated
with the RBITC fluorescent probe through an epoxy-medi-
ated coupling reaction (Scheme 1). The resulting CNC-RBITC
conjugate was thoroughly washed and dialyzed to remove
unreacted dye, which might be adsorbed on the conjugate.
Covalent conjugation between RBITC and CNC was con-
firmed by comparing CNC-RBITC against a blended mixture
of CNC and RBITC on a thin layer chromatography plate
(TLC). RBITC from the blended mixture behaved like the free
dye and migrated on the TLC plate (R = 0.78, CHCl5:CH5OH
9:1), whereas CNC-RBITC was retained at the base. Evi-
dently, the organic phase could not wash away or dissociate
RBITC when it was conjugated with CNC. Figure 2A shows
the apparent color difference between the free RBITC (cen-
ter) and the CNC-RBITC conjugates (right). The CNC-RBITC
conjugate preserved the same rodlike shape of the pristine
CNC with the dimensions of individual and aggregated rod-
like crystalline cellulose fragments, with the same average
dimensions (length and diameter) as pristine CNC (Figure
2B). The UV/vis spectra of the CNC-RBITC dispersion as well
as the RBITC solution are shown in Figure 2C. For the
former, the main 560-nm absorption band was attributed
to the RBITC monomer, whereas the small 528 nm band,
lying to the short-wavelength side of the monomer band,
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FIGURE 2. (A) Photograph of an aqueous suspension of CNC, 1 wt % (left), free RBITC (center), and CNC-RBITC, 0.5 wt % (right). (B) TEM
micrograph of CNC-RBITC. (C) UV/vis absorption spectra of an aqueous suspension of pristine CNC (blue), aqueous solution of RBITC (black),
and an aqueous suspension of CNC-RBITC (red). (D) Fluorescent spectra of an aqueous solution of RBITC (blue) and an aqueous suspension

of CNC-RBITC (black) (0.03 wt %, pH 6.4).

was assigned to the aggregate absorption maximum. This
was quite different from the absorption spectrum of the free
RBITC solution with a maximal absorbance at 549 nm and
a shoulder at 514 nm. With respect to fluorescence spec-
troscopy, both CNC-RBITC and free RBITC displayed the
same excitation wavelength (540 nm). However, the fluo-
rescence emission of CNC-RBITC occurred at 584 nm com-
pared to 577 nm for the free RBITC aqueous solution (Figure
2D). The red shift and the significant decrease in fluores-
cence emission quantum yield as reflected by the absorption
and fluorescence studies of RBITC could be attributed to the
covalent attachment to CNC (31).

Cellular Uptake Study. Confocal microscopy was
then used to investigate the cellular uptake of CNC-RBITC
by HEK 293 and Sf9 cells (Figure 3). The cellular uptake of
CNC-RBITC by HEK 293 cells (lower panel) and Sf9 cells
(upper panel) was similar except for higher intensity in the
second case. Such results indicated that CNC-RBITC was able
to penetrate the cell membrane. The favorable electrostatic
interaction between the cationic amino-terminated CNC-
RBITC and the anionic cellular membrane could be the
rationale behind such a high uptake (32). A video z-stacking
imaging mode allows the visualization of the intracellular
distribution of CNC-RBITC in the cell (Video 1). The distribu-
tion pattern revealed that CNC-RBITC was primarily dis-
persed through the cytoplasm, though some of CNC-RBITC
was confined into the vesicular structure. No significant CNC-
RBITC was present on the nucleus of both cell lines, indicat-
ing less interaction between these nanocrystals and the
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nuclear membrane. The fluorescence pattern observed for
CNC-RBITC was unlikely related to the redistribution of free
RBITC cleaved from the CNC conjugate since a different
pattern was observed when the cells were incubated with
free RBITC (data not shown). The morphological evidence
shows some cells accumulated CNC-RBITC in endosomal/
lysosomal compartments, favored by the cationic nature of
the CNC-RBITC. Other studies suggest that cationic nano-
particles can penetrate the cellular membrane by making
transient holes without causing substantial membrane dis-
ruption (33, 34).

Roman and co-workers have synthesized CNC-FITC and
reported an insignificant uptake of this conjugate by human
brain microvascular endothelial cells (HBMECS) (3, 27). To
further address this issue in our study, we compared the
cellular uptake capability of CNC-RBITC and CNC-FITC. A
mixture of both conjugates (1 mg/mL each) was used in this
competitive assay. Fluorescent and mixed-field confocal
images showed that CNC-RBITC was capable of penetrating
the cell membrane (Figure 4). In contrast, CNC-FITC formed
aggregates only around the cells and could not permeate the
cells. There was no significant uptake of the CNC-FITC
bioconjugate by both cell lines at physiological pH. Such
behavior could be the result of “repulsive forces” between
the anionic hydroxyl-terminated CNC-FITC and the anionic
cellular membrane, compared to more favorable electro-
static interaction between the cationic amino-terminated
CNC-RBITC and the anionic cellular membrane. This was an
important finding because the cellular uptake of CNC could
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FIGURE 3. Confocal images of Sf9 cells treated with 0.1 mg/mL CNC-RBITC (upper panel) and HEK 293 cells treated with 0.1 mg/mL CNC-
RBITC (lower panel): (A, D) bright field; (B, E) fluorescent field; (C, F) superimposed fields.

FIGURE 4. Confocal images of §f9 cells incubated with a mixture of 0.1 mg/mL CNC-RBITC and 0.1 mg/mL CNC-FITC. (A) FITC fluorescence
field, (B) RBITC fluorescence field, and (C) both FITC and RBITC fluorescence fields.

be readily controlled by fine-tuning the surface functionality
of CNC. The dimensions and the aggregation pattern of CNC
did not change after modification with both FITC and RBITC
as attested by TEM imaging (see Figure S2 in the Supporting
Information). In addition, the label loading was similar in
both cases: 0.033 mmol/g CNC and 0.032 mmol/g CNC for
FITC and RBITC, respectively (27).

pH Effect. The pH effect on the cellular uptake of the
two fluorescent nanofibers in the growth medium was then
examined during the course of incubation. The surface
modification of CNC with different charged groups resulted
in different & potentials. The overall surface charge of the
nanoparticles was dependent on the functional group present
on their surface, being positive for CNC-RBITC (§{ = 8.7 mV)
and negative for CNC-FITC ({ = —46.4 mV). The average
C-potential of pristine CNC was —31.3 mV. Generally, for
surface modified nanoparticles, the dissociation of an acidic
group, e.g., a carboxylic acid moiety, results in a negatively
charged surface, whereas the dissociation of a basic group
on a nanoparticle surface will yield a positively charged
surface (35). Altering the medium pH will alter the surface
charge of nanoparticles, which in turn affects the binding
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between nanoparticles and cellular substituents, and eventu-
ally the cell internalization mechanisms (36, 37). This altered
charge distribution of the nanoparticles could be beneficial
for drug/fluorescent probe carrier systems, because the
charge-tunable nanoparticles might enhance the accumula-
tion efficiency in the target cells (38).

The cellular uptake of negatively charged CNC-FITC dis-
played strong pH-dependency (Figure 5A, B). At physiologi-
cal and basic pH (6.5 and 8.0), the total uptake by Sf9 and
HEK 293 was insignificant; however, at pH ~ 5, the fibers
were presumably in the protonated form and became
membrane permeable. For CNC-RBITC, the particles were
insensitive to pH, which facilitated the total internalization
at the three examined pHs. The internalization rate as
reflected by fluorescence intensity increased exponentially
and approached a plateau after 3 h into the experiment
(Figure 5C,D). The fluorescence intensity inside the cell was
slightly higher at pH 5 with CNC-RBITC, demonstrating that
positively charged nanoparticles were endocytosed faster
than neutral or negative nanoparticles (39). Notice that both
cell lines tended to aggregate at pH ~8 and the fluorescence
intensity started decreasing after 5 h. To correlate this strong
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FIGURE 5. Effect of incubation time on CNC-FITC (0.1 mg/mL) with (A) §f9 cells and (B) HEK-293 cells and CNC-RBITC (0.1 mg/mL) with (C)
Sf9 cells and (D) HEK-293 cells at different extracellular pHs. Cells were incubated with the nanofibers in growth medium at pH 5.0, 6.5 (Sf9
cells), 7.0 (HEK-293 cells), and 8.0 for a total time of 8 h. The fluorescence was measured in the lysate of the cells using a 96-well microplate
reader. Each data point represents the average + standard error of three experiments (cell density of 1 x 10° cells/mL).

Table 1. {-Potential As a Function of pH for
CNC-FITC and CNC-RBITC (0.1% w/v) at 25°C
(n=5, £ 0.05)

C-potential (mV)

pH CNC-FITC CNC-RBITC
5.0 =39 9.0
7.0 —46.4 8.7
8.0 —48.7 8.6

pH effect with the surface charge of the nanomaterials, the
C-potential was measured for both CNC-FITC and CNC-RBITC
at the three pHs tested in this study. The results indicated
that, while no significant change was observed for CNC-
RBITC, the pH exhibited a pronounced effect on the -po-
tential of CNC-FITC at pH 5 ({ = —3.9 mV) compared to (§
= —46.4, — 48.7 mV) at pH 7 and 8, respectively (Table 1).

Confocal fluorescence microscopy was used to confirm
the dissimilar responses of the two modified CNC nanopar-
ticles to pH variation. Figure 5 compares the internalization
pattern of CNC-FITC (upper) and CNC-RBITC (lower) by the
S/f9 cell line at two different pHs. At pH 5, both nanoparticles
(CNC-FITC and CNC-RBITC) were able to permeate the cell
membrane (Figure 6A). However, at pH 6.5, only CNC-RBITC
was internalized by cells, meanwhile CNC-FITC did not show
any significant presence inside the cells (Figure 6B). Although
both CNC-FITC and CNC-RBITC were internalized by Sf9 cells
at pH 5, this pH was not suitable for cell growth as the cell
viability was adversely affected after long incubation periods
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regardless of which nanoparticles were assessed. Literature
studies indicate that surface charge characteristics may
determine the fate of nanoparticles in cells. Surface func-
tionalization of gold nanoparticles with PEG results in ef-
ficient internalization in endosomes and cytosol, and local-
ization in the nuclear region (40). Poly(bL-lactide-co-
glycolide) nanoparticles are known to be ingested by cells
by endocytosis (41, 42). A change in surface charge from
negative to positive of the PLGA nanoparticles results in
cytoplasmic delivery of the incorporated drugs. Apparently,
the positive surface charge provokes the escape of the
endosomes into the cellular cytoplasm. In contrast, nega-
tively charged polystyrene nanoparticles remain in the
endosomal compartment of the smooth muscle cells, i.e.,
they do not reach the cytosol (41).

Aggregation and Cell Viability. The aggregation
pattern and the cell viability test were performed and the
results indicated a nontoxic effect of CNC-RBITC on the two
cell lines. The addition of CNC-RBITC to the cell cultures
triggered cellular aggregation and this behavior was ob-
served in both cell lines, being more evident in Sf9 cells.
HEK-293 cells aggregated in small clusters having only a few
cells (Figure 7B), whereas Sf9 cells showed more tendency
to aggregate forming massive cellular clusters, and scarce
“free cells” (Figure 7D). No aggregation was observed when
CNC-RBITC was not added to the cell cultures (Figure 7A,C).
On the basis of these results, a cell viability test was
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FIGURE 6. Mixed field and fluorescence-microscopy images comparing the uptake of CNC-FITC (upper) with CNC-RBITC (lower) by Sf9 cells
at (A) pH 5 and (B) pH 6.5. Cells were incubated with CNC-FITC or CNC-RBITC during 3 h at respective pH, and then fixed for confocal microscope

measurement.

FIGURE 7. Cellular aggregation by the addition of CNC-RBITC (0.1
mg/mL). (A) HEK-293 cells control cultures (no CNC-RBITC). (B) HEK-
293 cells 24 h after CNC-RBITC addition. (C) Sf9 cells control cultures
(no CNC-RBITC). (D) Sf9 cells 24 h after CNC-RBITC addition.

performed through the time-course of the cellular uptake
study to assess whether CNC-RBITC or CNC-FITC might have
an impact on the cell membrane integrity and therefore the
cell viability. The trypan blue exclusion assay confirmed that
HEK-293 viability did not decrease 24 h after the CNC-RBITC
addition, i.e., these nanocrystals exhibited no impact in
either cell viability or the membrane integrity (Figure 8).
Similar results were observed for Sf9 cells, indicating no
cytotoxic effects of the CNC-RBITC during the time-course
of the cellular uptake study. In contrast, CNC-FITC exhibited
cytotoxic effects almost immediately after incubation and
the cell viability started decreasing dramatically after 5 h in
both cell lines. HEK-293 was slightly more affected (71 % of
viability) than Sf9 cells (77 % of viability). The assay was not
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FIGURE 8. (A) A trypan blue Sf9 and (B) HEK-293 cell viability
profiles of control (A), and after addition of CNC-RBITC (CJ) or CNC-
FITC (e) (0.1 mg/mL). Each data point represents the average + SE
of three viability measurements (cell density of 1 x 10° cells/mL).
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FIGURE 9. MTT cell viability profile of Sf9 after exposure to different
concentrations of CNC-FITC and CNC-RBITC. Each data point rep-
resents the average + SE of three viability measurements (cell
density of 1 x 10° cells/mL).

interrupted by a possible adsorption of the trypan blue dye
on CNC since there was no significant difference in viability
between Sf9 cells both spiked and nonspiked with unlabeled
CNC (see Figure S3 in the Supporting Information).

The MTT assay was also performed to further support our
results. The cell viability profile of Sf9 as a response to
increasing concentrations of CNC-FITC and CNC-RBITC after
24 h exposure is shown in Figure 9. Similar to the trypan
blue assay, at 30 ug/mL CNC-RBITC, the cell viability did not
significantly change compared to the control (within the
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FIGURE 10. Resistance response change (AKQ) of Sf9 cells to different concentrations of (A) CNC, (B) CNC-FITC, and (C) CNC-RBITC. (D) The
ECISs value (n = 3, &= SEM) obtained for the three conjugates was derived from data sets (A, B, and C) by using the time response function
f(C, t) to construct a series of inhibition curves at any given time ¢, (>2.5 h) for different CNC concentrations (16.7—333 ug/mL).

experimental error margins). At 100 ug/mL CNC-RBITC, the
cell viability slightly decreased to 90 % . However, CNC-FITC
displayed an immediate impact on the cells and the viability
was 59% at 30 ug/mL and 32 % at100 ug/mL. At higher
concentrations (300 ug/mL) the cell viability was 29% for
CNC-FITC compared to 66 % for CNC-RBITC. These results
confirmed the non toxicity of CNC-RBITC compared to CNC-
FITC at concentrations below 100 ug/mL.

Probing Cytotoxicity Effect by ECIS. A series of
experiments was carried out with ECIS to quantify any
plausible effect of CNC-FITC, CNC-RBITC, as well as the
pristine CNC. The attachment and spreading of Sf9 cells
attached to the surface of a gold electrode precoated with
Con A would be affected by the presence of toxic/inhibitory
compounds, resulting in a disruption of the current flow at
the substratum level. The Sf9 cell suspension was mixed with
CNC-FITC, CNC-RBITC, or CNC at different concentrations
and allowed to spread on Con A-coated gold surfaces. As
expected, the inhibitory effect was concentration dependent
for all three conjugates tested. There was no significant effect
up to 5 ug/mL CNC; however, at 33 ug/mL, inhibition was
easily observed and the effect was amplified as the concen-
tration increased to 200 ug/mL (Figure 10A). Within the first
few hours, the resistance profiles were already different from
the control (without CNC). It was likely that after the initial
adherence of the cells CNC interfered with the cell spreading
as the cells were not as well spread on the electrode surface,
which could result from the negative charge present on the
CNC surface. The inhibitory effect could occur at the level
of the extracellular matrix (ECM) or protein coating. At 200
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ug/mL, the cells were spherical compared to the well spread
Sf9 cells observed in the absence of the CNC. Similar
inhibitory effects have been reported for Antrodia campho-
rata isolates and destruxins from Metarhizium anisopliae
(23, 24). CNC-FITC showed a comparable pattern to pristine
CNC and the inhibitory effect was observed immediately
after incubation (16.7 ug/mL) as shown in Figure 10B. At the
highest concentration (133 ug/mL), the cells on the electrode
surface were spherical compared to the wells without CNC-
FITC. In the presence of CNC-RBITC (Figure 10C), the inhibi-
tory effect was much less pronounced compared to CNC or
CNC-FITC as inhibition was only apparent between 30—50
ug/mL. At very high concentrations of CNC-RBITC (>333 ug/
mL) the shape of the cells was spherical. Thus, the positive
charge related to the CNC-RBITC displayed a less detrimental
effect on the cell spreading on the gold surface.

The half-inhibition concentration (ECISs) for the three
cases was calculated from the data obtained in Figures
10A—C. The time response function f(C, t) was used to
construct a series of inhibition curves at any given time ¢,
(>2.5h) for different CNC concentrations (16.7—333 ug/mL)
used (23). The normalized time response function decreased
as expected as the concentration of CNC (=16.7 ug/mL)
increased for all exposure times considered (figure not
shown). Figure 10D shows the relationship between the half-
inhibition concentration and exposure time, with the aver-
age and standard error on the mean (SEM) given for three
runs. The enhanced inhibition of either CNC or CNC-FITC
on the cells compared to CNC-RBITC could be easily ob-
served from the measurements of ECIS5, immediately after
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Sf9 cell addition. Although the effect could be seen im-
mediately, ECIS5, values were calculated starting at 2.5 h.
ECIS5, values slowly decreased and reached a plateau after
15—20 h. The resulting ECIS5, values were 61 £ 2.4, 45 +
4.6, and 224 £+ 6.3 ug/mL for CNC, CNC-FITC, and CNC-
RBITC, respectively. In comparison to CNC-FITC, the inhibi-
tion due to CNC-RBITC on Sf9 cells was significantly lower,
in agreement with that of the cell viability and confocal
imaging assays.

CONCLUSIONS

In brief, we have demonstrated the ability of functional-
ized CNC to penetrate cells, with no indication of cytotox-
icity. CNC could be considered as a new generation of drug
nanocarriers or bioimaging probes considering its high
surface area of 150 m?/g (43). The surface charge of CNC
could be tuned for penetration inside the cell without causing
cellular damage. CNC-RBITC was uptaken by HEK 293 and
Sf9 cells without affecting the cell membrane integrity,
whereas no significant internalization of CNC-FITC was
noted at physiological pH. CNC-RBITC exhibited no notice-
able cytotoxicity at the studied concentrations on the two
celllines under investigation. As a natural material with good
tolerance by the body, cellulose has been routinely used in
medical and pharmaceutical applications. CNCs possess
reactive functional groups on their surface to which drugs,
nanoparticles, or targeting molecules could be attached.
Such features, together with noncytotoxicity and membrane
permeability, make them perfect candidates for develop-
ment of a new generation of optical bioimaging and drug
delivery systems.
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