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Amphiphilic mannan, produced by the Michael addition of hydrophobic 1-hexadecanethiol to
vinyl methacrylated mannan, self-assembles in aqueous medium through hydrophobic interactions
among alkyl chains. Resultant nanogel is stable, spherical, polydisperse, with 50-140 nm mean
hydrodynamic diameter depending on the polymer degree of substitution, and nearly neutral nega-
tive surface charge. No cytotoxicity of mannan nanogel is detected up to about 0.4 mg/mL in mouse
embryo fibroblast cell line 3T3 and mouse bone marrow-derived macrophages (BMDM) using cell
proliferation, lactate dehydrogenase and Live/Dead assays. Comet assay, under the tested condi-
tions, reveals no DNA damage in fibroblasts but possible in BMDM. BMDM internalize the mannan
nanogel, which is observed in vesicles in the cytoplasm by confocal laser scanning microscopy.
Confocal colocalization image analysis denotes that the entrance and exit of nanogel and FM 4-64
might occur by the same processes — endocytosis and exocytosis — in BMDM. Physicochemical
characteristics, in vitro cytocompatibility and uptake of self-assembled mannan nanogel by mouse
BMDM are great signals of the potential applicability of this nanosystem for macrophages targeted
delivery of vaccines or drugs, acting as potential nanomedicines, always with the key goal of pre-
venting and/or treating diseases.
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1. INTRODUCTION

The performance of nanogels as carriers intended to
deliver biologically active agents to specific targets are
mainly regulated by their physicochemical properties.
These properties include hydrophilicity, surface charge,
size, shape, composition, concentration, and presence of
various ligands, which ultimately govern their interaction
with proteins, perturbation of the cell membranes, cell
activation, cellular uptake, intracellular localization and
removal of nanomaterials by cells, cell necrosis or apop-
tosis, gene regulation, effects on cell signaling, influence
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on the cellular electron transfer cascades, production of
cytokines, chemokines and reactive oxygen species.'™
Amphiphilic mannan, self-assembled in nanometer-
sized supramolecular hydrogels — i.e., hydrogel nanopar-
ticles or nanogels — were developed in previous work,*
aiming the drug targeted delivery to mannose recep-
tors expressed in the surface of antigen-presenting cells
(APC).>® Similarly, mannan-coated gelatin nanoparticles
targeted didanosine, an anti-HIV drug, to macrophages
both in vitro and in vivo.° Moreover, mannosylated chi-
tosan nanoparticle-based murine interleukin-12 (IL-12)
gene therapy suppressed cancer growth and angiogenesis,
and significantly induced cell cycle arrest and apoptosis in
BALB/c mice bearing CT-26 carcinoma cells.'” Mannose
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receptor participates in mannose receptor-mediated endo-
cytosis contributing to the host defense, providing a link-
age between innate and adaptive immunity.® !'~13 Plasmid
DNA encoding [3-galactosidase, used as a model anti-
gen, coated on the surface of mannan coated-nanoparticles
resulted in a significant enhancement in both antigen-
specific immunoglobulin G (IgG) titers and splenocyte
proliferation over ‘naked’ plasmid DNA alone upon topical
application in mice.'"* Cholesterol-bearing mannan (CHM)
complexed with human epidermal growth factor recep-
tor 2 (HER2) oncoprotein, encoded by the HER2/neu/c-
erbB2 oncogene, containing the 147 N-terminal amino
acids were able to induce CD8" CTL against HER2"
tumors and to strongly enhance the production of IgG anti-
bodies against HER2 in mice immunized subcutaneously.
Mice immunized with CHM-HER?2 before or early after
tumor challenge successfully rejected HER2-transfected
tumors. '3 16

The particles of the mannan nanogel are stable, spher-
ical, polydisperse, with mean hydrodynamic diameter or
z-average ranging between 50 and 140 nm depending
on the polymer degree of substitution, and with nearly
neutral negative surface charge or zeta potential, as pre-
viously studied.* Mannan nanogel spontaneously incorpo-
rated bovine serum albumin and curcumin indicating its
potential as delivery systems for therapeutic molecules.*
In the present work, the essential focus was to assess
nanomaterial cytocompatibility and to analyze the internal-
ization by macrophages. The mannan nanogel cytocompat-
ibility was tested in mouse embryo fibroblast cell line 3T3
and mouse bone marrow-derived macrophages (BMDM),
using the CellTiter 96° AQ,,s one-solution cell prolif-
eration assay, lactate dehydrogenase (LDH) cytotoxicity
detection kit™™S and LIVE/DEAD® viability/cytotoxicity
kit for mammalian cells. Genotoxicity was evaluated with
comet assay. Uptake of mannan nanogel labeled with a flu-
orochrome probe by the BMDM was studied by confocal
laser scanning microscopy (CLSM).

2. MATERIAL AND METHODS
2.1. Materials

Mannan-VMA-SC,, (VMA: vinyl methacrylate, SCq:
hydrophobic alkyl chain) was synthesized as described
previously.* According to the polymer degree of substi-
tution (DS), defined as the percentage of grafted acry-
late groups (DSyya) or alkyl chains (DS,¢) relative to
the mannose residues, samples of mannan-C,; nanogel
were named as MVC ,-DSyya-DS¢j6. Three batches were
studied: MVC,4-25-11, MVC4-25-22 and MVC,,-31-20.
Organic and inorganic reagents of laboratory grade were
purchased from Sigma and used without any further
purification. All cell culture products were of cell cul-
ture grade and purchased from Sigma, saving reported
exceptions.
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2.2. Preparation of Self-Assembled Mannan Nanogel

Each sterile stock colloidal dispersion of mannan-C,, was
prepared stirring the lyophilized mannan-C,; in phosphate
buffer saline, pH 7.4 (PBS), for 3-5 days at 50 °C, fol-
lowed by sterilized filtration (Orange; pore size 0.22 wm).
The nanogel formation was confirmed by dynamic light
scattering (DLS). The size distribution and zeta poten-
tial measurements were performed in a Malvern Zetasizer
NANO ZS (Malvern Instruments Limited, UK) as previ-
ously described.* Serial dilutions were prepared in ster-
ile apyrogenic PBS and final sample concentration was
adjusted diluting five times with culture medium.

2.3. Cell Culture
2.3.1. Fibroblast Cell Line 3T3

Mouse embryo fibroblast cell line 3T3 (ATCC CCL-
164) was grown in Dulbecco’s modified Eagle’s media
(DMEM,; 4.5 g/L glucose) supplemented with 10% new-
born calf serum (Invitrogen, UK), 100 IU/mL peni-
cillin and 0.1 mg/mL streptomycin at 37 °C in a 95%
humidified air containing 5% CO,. At confluence, fibrob-
lasts were harvested with 0.05% (w/v) trypsin-EDTA,
adjusted to the required concentration of viable cells
— determined using the Trypan blue exclusion assay,
indicative of plasma membrane integrity — and were
subcultivated in the same medium. Fibroblasts were
plated at 4 x 10° cells/200 uL/well for cell prolifera-
tion assay, 1x 10* cells/200 uL/well for LDH assay or
4x10° cells/200 wL/well for comet assay in 96-well
plates (Sarstedt, Canada) and 1 x 10° cells/2mL/well for
live/dead assay in 6-well plates (Sarstedt, Canada). Then
fibroblasts were incubated 5 h at 37 °C in a 95% humidi-
fied air containing 5% CO,.

2.3.2. Mouse BMDM

Female BALB/c mice (6-8 weeks old) were purchased
from Charles River (Barcelona, Spain). Animals were kept
at the animal facilities of the Institute Abel Salazar dur-
ing the experiments. Hiding and nesting materials were
provided as enrichment. Procedures involving mice were
performed according to the European Convention for the
Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (ETS 123) and 86/609/EEC
Directive and Portuguese rules (DL 129/92). In order to
obtain mouse BMDM femurs and tibias were collected
under aseptic conditions and flushed with Hanks’ bal-
anced salt solution. The resulting cell suspension was
centrifuged at 500 x g and resuspended in RPMI 1640
medium supplemented with 10 mM HEPES, 10% heat-
inactivated fetal bovine serum (FBS), 60 IU/mL peni-
cillin, 60 wg/mL streptomycin, 0.5 mM [-mercaptoethanol
(complete RPMI [cRPMI]), and 10% 1929 cell con-
ditioned medium (LCCM). To remove fibroblasts or

J. Biomed. Nanotechnol. 8, 1-9, 2012



Ferreira et al.

differentiated macrophages, cells were cultured, on cell
culture dishes (Sarstedt, Canada), overnight at 37 °C in
a 95% humidified air containing 5% CO,. Then, non-
adherent cells were collected with warm cRPMI, cen-
trifuged at 500 x g, ressuspended in cRPMI and distributed
2x 10* cells/200 uL/well in 96-well plates for cell
proliferation and LDH assays, 1 x 10° cells/l mL/well
in 24-well plates (Sarstedt, Canada) for comet assay,
2x10° cells/2 mL/well in 6-well plates for live/dead
assay, and 5 x 10° cells/1 mL/well in 24-well plates or
1 x 10° cells/2 mL/fluorodish (WPI, UK) for confocal stud-
ies. Cells were then incubated at 37 °C in a 95% humid-
ified air containing 5% CO,. Four days after seeding,
10% of LCCM was added, and the medium was renewed
on the seventh day. After 10 days in culture, cells were
completely differentiated into macrophages. This method
allows for the differentiation of a homogenous primary
culture of macrophages that retain the morphological,
physiological and surface markers characteristics of these
phagocytic cells.!”"?

2.4. Effect of Mannan Nanogel on Cell Viability and
Cell Proliferation

2.4.1. Cell Proliferation Assay

The cell viability was determined by CellTiter 96° AQ,...s
one-solution non-radioactive cell proliferation assay
(Promega, USA) composed by 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) and an electron coupling reagent
(phenazine methosulfate; PMS). Nanogel at different
concentrations was incubated with mouse fibroblast 3T3
cells and mouse BMDM, for 24 or 48 h at 37 °C, in a
95% humidified air containing 5% CO,. Then, each well
was washed with 100 uL of fresh cell culture medium
and MTS (20 nL) was added. After 1 h of incubation
in same conditions, MTS is bioreduced by dehydroge-
nase enzymes found in metabolically active cells into a
formazan product that is soluble in culture medium. The
UV absorbance of the formazan was measured at 490 nm
in an automated ELISA plate reader, which is directly
proportional to the number of living cells in culture. The
results were compared to a control prepared with the same
cell culture medium without the addition of nanogel. The
results are expressed as cell proliferation index (CPI) after
normalizing the viability of untreated cells to 100%.

2.4.2. LDH Assay

The cytotoxicity/cytolysis of mannan nanogel to mouse
fibroblast 3T3 cells and mouse BMDM, after 3 h and 20 h
of incubation at 37 °C, in a 95% humidified air containing
5% CO, was evaluated using LDH Cytotoxicity Detec-
tion Kit™'US (Roche, Germany), following the manufac-
turer instructions. Preliminary assays were carried out to
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determine the optimal cell concentration and to confirm
that nanogel did not interfere with the assay, using culture
medium with 1% of serum and without sodium pyruvate.
The results are expressed in absorbance values, after sub-
tracting the background control to the average of the trip-
licate samples and controls absorbance values, measured
at 490 nm in an automated ELISA, using as reference the
absorbance obtained at 620 nm.

2.4.3. Live/Dead Assay

The Live/Dead® viability/cytotoxicity kit for mammalian
cells (Invitrogen, UK) was used to determine mouse
fibroblast 3T3 cells and mouse BMDM viability in pres-
ence of nanogel incubated with cells at different concentra-
tions, for 24 h at 37 °C, in a 95% humidified air containing
5% CO,. At the end, 100 uL of a solution with 2 uM
calcein AM and 4 uM ethidium homodimer-1 in sterile
PBS was added to each well. After incubation for 3045
min in the same conditions as above, cells were visual-
ized in a fluorescence microscope Olympus BX-61 Fluo-
rescence Microscope (Olympus, Germany) coupled with a
DP70 digital camera (Melville, NY) using objective 10x.
Images were analyzed with Cell-P software (Olympus,
Germany).

2.4.4. Comet Assay

Nanogel at different concentrations was incubated with
mouse fibroblast 3T3 cells and mouse BMDM, for 24 or
48 h at 37 °C, in a 95% humidified air containing 5% CO,.
After the period of incubation, fibroblasts were harvested
with 0.05% (w/v) trypsin-EDTA and macrophages were
mechanically harvested, and washed three times with ice
cold PBS, pH 7.4. Cell viability, determined by trypan blue
exclusion, was higher than 80% in all cases. The alkaline
version of the comet assay was performed as described
by Singh et al.?’ with minor modifications. Briefly, cells
collected by centrifugation (7500 x g for 3 min) and sus-
pended in 120 puL of 0.6% low melting point agarose in
PBS were dropped onto a frosted slide precoated with a
layer of 1% normal melting point agarose. Slides were
placed on ice for 4 min and allowed to solidify. Coverslips
were then removed and slides were immersed in freshly
prepared lysing solution (2.5 M NaCl, 100 mM Na,EDTA,
10 mM TrisBase, 10 M NaOH, pH 10) for 1 h at 4 °C,
in the dark. After lysis, slides were washed with ice water
and placed on a horizontal electrophoresis tank in an ice
bath. The tank was filled with freshly made alkaline elec-
trophoresis solution (1 mM Na,EDTA, 300 mM NaOH,
pH 13) to cover the slides, that were left for 20 min in the
dark to allow DNA unwinding and alkalilabile site expres-
sion. Electrophoresis was carried out for 20 min at 30 V
and 300 mA (1 V/cm). The slides were then washed for 10
min with 1 mL of neutralizing solution (0.4 M TrisBase,
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pH 7.5). After neutralization, gels were dried overnight in
the dark. Then in the dark the gels were rehydrated with
ice cold water and stained with ethidium bromide solu-
tion (20 pwg/mL) for 20 min. After staining the slides were
washed twice with ice cold bidistilled water for 20 min
and dried. Before observation with the fluorescence micro-
scope the dried slide was rehydrated and covered with
a coverslip. Two slides were prepared for each treatment
with nanogel and a ‘blind’ scorer examined 100 randomly
selected cells per replicate using a magnification of 400x.
Image capture by an on-line CCD camera and analysis
were performed with Comet Assay IV software (Percep-
tive Instruments).

2.5. Uptake of Mannan Nanogel by the BMDM

2.5.1. Mannan Nanogel Labeled with SAMSA
Fluorescein

Synthesis of mannan-C,, labeled with 5-((2-(and-3)-
S-(acetylmercapto)succinoyl)amino)fluorescein  (SAMSA
fluorescein; Molecular Probes, Invitrogen) was based on
the reaction between the thiol group of SAMSA fluores-
cein with the grafted methacrylate not substituted with C,4
of MVC-31-20, as previously described.* Labeling did
not affect the properties of the nanogel, as estimated by
DLS.

2.6. Confocal Studies

In order to evaluate the phagocytic activity, mouse BMDM
(5 x 10° cells/well) were seeded on coverslips (Sarstedt,
Canada) and stimulated with and without lipopolysaccha-
ride (LPS from E. coli; 100 ng/mL) and interferon-vy
(IFN-v; 1 ng/mL; R&D systems). Then, the macrophages
were incubated with or without mannan nanogel labeled
with SAMSA fluorescein (0.1 mg/mL; emission wave-
length (A,,) 519 nm) for 6 h. The coverslips were washed
twice with PBS and cells were fixed with methanol abso-
lute (=20 °C) for 10 min. Following PBS washing (twice),
nuclei were stained with 4’-6-diamidino-2-phenylindole
(DAPI; (A,,) 461 nm) using vectashield mounting medium
(Vector Laboratories) as an anti-fading. Z-series of cells
with 284.90 nm Z spacing between image planes, with 5x
optical zoom and 512 x 512 pixel size were obtained using
confocal laser scanning microscope Leica SP2 AOBS SE
(Leica Microsystems, Germany), an inverted microscope
Leica DMIRE2 equipped with objective HC PL. APO Lbl.
Blue 63x with a numerical aperture of 1.40 Oil LEICA,
and confocal software LCS 2.61 (Leica Microsystems,
Germany).

The internalization of nanogel by BMDM plated in flu-
orodish (WPI, UK) was followed by the CLSM. Live
cells nuclei’ were labeled with DAPI (0.05 mg/mL) for
3 min at room temperature in cRPMI. After washing,
cells were incubated for 20 min with 20 uM FM 4-64®
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(Molecular Probes, Invitrogen, A, 618 nm) in cRPML
Membranes are intensely red-fluorescent labeled when FM
4-64 inserts into the outer leaflet of the surface membrane.
FM 4-64 is frequently used in endocytosis and exocyto-
sis studies in eukaryotic cells because it is water-soluble,
nontoxic to cells and virtually nonfluorescent in aque-
ous media. Propidium iodide (PI, 1 wg/mL) was added
to the medium to evaluate the viability of the cells. The
plate was then placed on the stage of the confocal laser
scanning microscope (OLYMPUS FluoView™ — FV1000)
at 37 °C and 5% CO,. A representative area of the
fluorodish was selected at random and control picture
was obtained. Labeled nanogel was then added into the
medium (0.1 mg/mL). Five z-series with 0.98 um Z spac-
ing between image planes and time-series with 15 min
interval were obtained using 3 lasers (405 nm, 488 nm
and 559 nm) in the three narrow bandwidth emission fil-
ter, sequential acquisition and kalman filter mode, 40x
objective with a numerical aperture of 0.9, 2x optical
zoom, and 640 x 640 pixel size with four detectors. To fol-
low the exocytosis of the nanogel, the incubating medium
was carefully removed from the fluorodish, washed three
times with PBS and then filled with fresh medium with PI.
Another series of time scans were obtained as described
before. All confocal images were obtained under identical
scan settings. Control specimens were prepared with each
fluorochrome separately and in the absence of staining
for excitation cross-talk and emission bleed-through anal-
ysis, and autofluorescence characterization, respectively.
In time lapses, threshold-based analysis (annotation) mea-
surements were performed with software Olympus Flu-
oView1000 (FV viewer v.2.0), after removing unspecific
events generated by noise and background, using a two-
dimensional scatterplot of intensity ranges of red channel
versus green channel, where thresholds were defined using
the controls results. Colocalization coefficient in total pix-
els area (Cy, correspondent to the ratio between colocal-
ized pixels and total number of pixels) was calculated in
two-color — red and green corresponding to FM 4-64 and
labeled nanogel — two-dimensional microscopic images.
Reported values of C; for each time correspond to mean
obtained using “regions of interest” (ROIs) corresponding
to cytoplasm of 45 cells.

2.7. Statistical Analysis

Statistical significance of the cytotoxicity and genotoxicity
results was determined by one-way analysis of variance
(ANOVA) with Dunnett’s post-test using GraphPad Prism
version 4.00 for Windows (GraphPad Software, San Diego
California USA). Statistical significant differences within
results obtained with each concentration of nanogels in
comparison with the control at same incubation period
were labeled with a single asterisk (p < 0.05) and with
two asterisks (p < 0.01).
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Table I. Size and zeta potential measurements obtained in DLS for
mannan nanogel at 1 mg/mL in PBS.

MVC,-25-11 MVC,,-25-22 MVC,,-31-20

Z-average (nm) 50.7+0.9 564+1.5 109.0+2.9
Polydispersity Index (PdI)0.589+0.010 0.4314+0.010 0.43140.056
Zeta potential (mV) —849+1.71 —1049+£3.76 —-7.294+0.37

(mean+£S.D., n = 10).

3. RESULTS AND DISCUSSION
3.1. Cytocompatibility of Mannan Nanogel

Self-assembled amphiphilic mannan nanogel, with dif-
ferent DS 4 - MVC-25-11 and MVC(-25-22 - and
different DSyys - MVC,4-25-22 and MVC 4-31-20, corre-
sponding to different nanogel size (Table I), were selected
to study the cytocompatibility of the nanogel using cell
proliferation, LDH and Live/Dead assays.

Cell proliferation assay using MTS is a colorimetric,
easy, fast and safe assay that measures the mitochondrial
metabolic activity.?""?2 MTS assay (Fig. 1) showed that,

m24h m4g8h
120 -
& 80 4
T
o
40 1
0 -
MVC16-25-11 MVC16-25-22 MVC16-31-20
(mgimL)
3T3
m24h wm4gh
120
£ 80 4
T
(6]
40 1
G -
MVC16-25-11 MVC16-25-22 MVC16-31-20
(mg/mL)
BEMDM

Fig. 1. Effect of mannan nanogel, at the indicated concentrations, in
mouse embryo fibroblast 3T3 cells and BMDM, assessed with the MTS
assay. Results correspond to the mean =+ standard deviation (S.D.) of the
cell proliferation index (CPIL *p < 0.05 and **p < 0.01), obtained for the
different groups at 24 h and 48 h of incubation with mannan nanogel at
the indicated concentrations. The results shown are from one experiment,
representative of three independent experiments performed in triplicate.
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after 24 h of incubation, the viability of mouse embryo
fibroblast 3T3 was not significantly affected by any of
the concentrations of the three batches of mannan nanogel
used. After 48 h of incubation, the toxicity of the nanogel
was dose dependent and significant for the higher concen-
trations of each batch. Fibroblasts proliferated normally.
The viability of mouse BMDM after 24 h of incubation
was overall not affected by the nanogel, being significantly
reduced only for MVC 4-25-11 at 0.05 mg/mL, where the
CPI was close to 75%. After 48 h of incubation, the viabil-
ity in the majority of treatments was similar to the control,
with the CPI close to 100%, except for MVC, 4-31-20 at
0.4 mg/mL, where it was close to 75%. Fibroblasts and
macrophages had the typical flattened and spread morphol-
ogy and no cell death was noticed at any concentration of
nanogel used.

LDH assay is a non-radioactive, precise, fast and simple
colorimetric assay suitable for high-throughput quantifi-
cation of cell death and lysis, based on measurement of

u3h m20h

Absorbance

MVC16-25-11 MvC16-25-22 |MVC16-31-20
(mg/mL)
3T3
m3h m20h

Absorbance

MVC16-25-11 MVC16-31-20

MVC16-25-22
(mg/mL)
BMDM

Fig. 2. Cytotoxic effect of mannan nanogel, at the indicated concentra-
tions, in mouse embryo fibroblast 3T3 cells and BMDM, assessed with
the LDH assay. Results represent the mean+S.D. (n =3 per group) of
the obtained absorbance measurements at 3 h and 20 h of incubation
of the different nanogel samples, low control (Low C) and high control
(High C), as indicated. Statistical significant differences (p < 0.01) within
results were obtained with all tested concentrations of different nanogel
samples in comparison with the High C, at same incubation period, for
both fibroblasts and macrophages. The results shown are from one exper-
iment, representative of two independent experiments.
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EMDM
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Fig. 3. Fluorescence images of mouse embryo fibroblast 3T3 cells (left)
and BMDM (right) stained using a Live/Dead® viability/cytotoxicity kit
at 24 h of incubation in absence (control) or presence of mannan nanogel.
Live cells are stained in green and dead cells are stained in red (scale
bar =200 pm).
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LDH activity released from the cytosol of cells with dam-
aged plasma membranes. LDH assay (Fig. 2) was used
to evaluate the cytotoxicity of mannan nanogel in smaller
periods of incubation. All treatments originated values of
absorbance similar to low control, which determines the
LDH activity released from the untreated healthy cells and
corresponds to the spontaneous LDH release. Results were
significantly (p < 0.01) lower than the high control, which
determines the maximum releasable LDH activity in the
cells and corresponds to the maximum LDH release.

The nontoxicity of mannan nanogel to mouse embryo
fibroblast 3T3 cells and mouse BMDM, after 24 h of incu-
bation, was further confirmed by Live/Dead assay (Fig. 3).
The Live/Dead assay is a two-color fluorescence cell via-
bility assay, that measures intracellular esterase activity
and plasma membrane integrity, based on the simultane-
ous determination of live (green fluorescence) and dead
cells (red fluorescence) with two probes, which are cal-
cein, a polyanionic dye retained within living cells, and
an ethidium bromide homodimer dye that enters the cells
through damaged membranes, binding to nucleic acids, but
is excluded by the intact plasma membrane of living cells.
Only morphological changes were detected in life mouse
BMDM for MVC,(-25-22 at 0.7 mg/mL and MVC,,-31-20
at 0.4 mg/mL, where the number of dead cells was slightly
bigger when compared with the control.

The alkaline comet assay (or single cell gel elec-
trophoresis assay) is a useful technique for the evaluation
of DNA damage at the single cell level and is a sensitive
biological indicator in the evaluation of the genotoxicity in
cell lines or primary cells.?>?® The comet assay is based on
the ability of negatively charged loops/fragments of DNA
to be drawn through an agarose gel under the force of an
electric field. The extent of DNA migration is dependent
on the DNA damage within cells.??’ The advantages of
using the comet assay, comparatively to other genotoxic-
ity tests, include its high sensitivity for detecting low lev-
els of both single and double stranded breaks in damaged

Table II. DNA damage in mouse embryo fibroblast 3T3 cells and
BMDM caused by mannan nanogel at 0.1 and 0.4 mg/mL in comparison
with control (untreated cells) after 24 h and 48 h of incubation, expressed
in tail DNA intensity (%). The results shown are from one representative
experiment preformed in duplicate.

Tail DNA intensity (%)

MVC,,-31-20
control 0.1 mg/mL 0.4 mg/mL
3T3
24 h 3.03+3.86 2.04+£2.34 2.51+£2.82
48 h 2.37+4.36 5.05+4.48 4.83+£5.49
BMDM

24 h 9.76 £9.84 13.77£11.63 26.48 £19.45*
48 h 7.39£12.80 16.00 £ 13.07** 8.78+9.23

(mean+S.D., **p < 0.01).
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9.52 ym

Fig. 4. Confocal images of mouse BMDM incubated 6 h without
(a) and with (b) mannan nanogel labeled with SAMSA fluorescein at
0.1 mg/mL (green fluorescence). Nuclei of fixed cells are stained with
DAPI (blue fluorescence). Images correspond to a central Z-stack of a
representative experiment preformed in duplicate.

DNA, the requirement for small numbers of eukaryotic
cells per sample, flexibility, low cost, and ease and rapid
of application.?6-28

Comet assay has been described as a reproducible assay
to evaluate nanoparticles genotoxicity.”>** Upon fluores-
cent staining, a ‘Comet’-like structure is visualized with a
circular head and a tail extending toward the anode due to
the overall negative charge of DNA damaged. The geno-
toxicity caused by mannan nanogel at 0.1 and 0.4 mg/mL
was evaluated in comparison to control (untreated cells)
after 24 h and 48 h of incubation, attending the tail inten-
sity (%), which is expected to be proportional to the level
of single strand breaks, crosslinks and alkalilabile sites
(Table II). The nanogel does not induce DNA damage
in mouse embryo fibroblast 3T3 cells under the concen-
trations tested, as the negative control and samples with
nanogel presented similar results. A statistically signifi-
cant (p < 0.01) induction of DNA damage was observed
in mouse BMDM after 24 h of exposure to 0.4 mg/mL and
after 48 h of exposure to 0.1 mg/mL of mannan nanogel
as compared to the respective control cells.

Table III. Colocalization coefficient C; calculated by confocal image
analysis throughout the entrance and exit of mannan nanogel and FM
4-64 in cytoplasm of mouse BMDM.

Entrance Exit

time (h) Cr time (h) Cr
Control 0.00 0 0.50
0.5 0.19 0.25 0.46
0.75 0.39 0.5 0.42
1 0.34 0.75 0.43
1.25 0.28 1 0.43
1.5 0.38

1.75 0.40

2 0.43

2.25 0.46

2.5 0.41

2.75 0.45

3 0.51
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3.2. Uptake of Mannan Nanogel by the BMDM

The full viability of cells was ensured for the exper-
imental concentration of 0.1 mg/mL used throughout
confocal studies. Z-series confocal images of fixed phago-
cytic BMDM revealed that mannan nanogel is internalized
in presence of LPS/IFN-vy. Upon internalization mannan
nanogel labeled with SAMSA fluorescein (in green) is
apparently present in vesicles, as could be inferred from
the non-even distribution over the cytoplasm, and con-
centration of the fluorescence in internalized structures
(Fig. 4). Similar internalization results were obtained in
the absence of LPS/IFN-vy (data not shown).

In live cells studies, cell viability was guaranteed at all
confocal conditions and parameters, such as lasers inten-
sity, temperature, CO,, fluoroprobes concentration, time of
incubation, number z-series and time-series. In the absence
of nanogel (control) cells labeled with DAPI, FM 4-64 and
PI showed residual cell death randomly distributed in all
fluorodish over time analysis (data not shown).

The visual-based evaluation of the extent of colocaliza-
tion is prone to error and bias, as the ‘amount of yel-
low’ resultant from the superposition of one fluorescence
image, pseudo-colored ‘green’, on image two, colored
‘red’ depends on the brightness of the merged images, the
monitor settings, as well as the viewer’s perception. Qual-
itative colocalization based on an image-overlay method
was not possible due to the lower resultant green signal
from the labeled nanogel when compared with the red
signal intensity of FM 4-64. Therefore the colocalization
was quantified in cytoplasm by image analysis. Colocal-
ization can be explained as an existence of the signal
generated by two or more different fluorochromes at the
same three-dimensional volume, voxel, when examining
multichannel fluorescence microscopy images of a sample
region. The colocalization of two or more markers within
cellular structures gives information about structural and
functional characteristics of the molecular populations®
but not necessarily means molecular interaction or func-
tional relationship. Colocalization coefficient in total pixels
area (Cp) obtained by threshold-based analysis (annota-
tion) increased over time when cells were incubated with
nanogel and FM 4-64 in culture medium showing the
entrance of labeled nanogel and of FM 4-64 to the cyto-
plasm of the viable cells. When nanogel and FM 4-64 were
removed and cells were incubated in fresh medium, C;
reduced over time of incubation denoting the exit of both
FM 4-64 and labeled nanogel from the cells. One hour was
not enough for cells to release all previously internalized
nanogel and FM 4-64 (Table III and Fig. 5). According
to the C; values the entrance and exit of nanogel and FM
4-64 in BMDM are associated. As FM 4-64 is a marker of
endocytosis and exocytosis in eukaryotic cells, it is plau-
sible that mannan nanogel entrance and exit in BMDM
occurs by the same processes. More studies are necessary

7

3710114V HOHV3S34H



RESEARCH ARTICLE

Self-Assembled Mannan Nanogel: Cytocompatibility and Cell Localization

Ferreira et al.

Fig. 5. Confocal microscopy analysis of entrance and exit of mannan nanogel using live mouse BMDM. Confocal images at a certain Z-stack (scale
bar = 10 um) of a representative experiment of three independent experiments: (a) control cells labeled with DAPI (blue fluorescence) and FM 4-64
(red fluorescence); (b) cells after 3 h of incubation with the nanogel at 0.1 mg/mL (green fluorescence) and FM 4-64 present in culture medium;
(c) cells after 1 h of incubation in fresh culture medium. PI was used to screen the viability of the cells.

to better understand the macrophage uptake mechanism of
mannan nanogel.

4. CONCLUSIONS

The mannan nanogel is biocompatible to mouse embryo
fibroblast 3T3 cells and mouse BMDM. Essentially, no
cytotoxic effect was observed with mannan nanogel up
to about 0.4 mg/mL in in vitro experiments using MTS,
LDH, Live/Dead assays, and no significant differences
were caused by differences in the DS of batches. Cell sur-
vival rate only dropped significantly at higher tested con-
centration after 48 h of incubation. Comet assay, under
tested conditions, revealed no DNA damage in mouse
embryo fibroblast 3T3 cells but possible DNA damage in
mouse BMDM. Upon internalization by mouse BMDM
mannan nanogel is localized in vesicles, as judged by the
non-even distribution over the cytoplasm, and concentra-
tion of the fluorescence in internalized structures. Exit
of nanogel from the mouse BMDM was observed when
cells were incubated in fresh medium. Confocal colocal-
ization image analysis denotes that the entrance and exit of
nanogel and FM 4-64 might occur by the same processes
— endocytosis and exocytosis — in BMDM.
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