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Mango industry processing disposes 40-60% of this fruit as residues, such as peels and
kernels. The exploration of bioproducts from these industrial rejects can reduce environmental
impact besides of producing high value-added materials. In this scenario, carboxymethyl
starch nanoparticles were produced from mango (Mangifera indica L.) kernel starch. These
nanoparticles were then decorated with thermoresponsive chains of the amino terminated
poly(N-isopropylacrylamide) (PNIPAM-NH,), with the intention of evaluating their applicability
in the biomedical area. Elemental analysis, Fourier transform infrared (FTIR) and 'H nuclear
magnetic resonance (NMR) spectroscopy confirmed successful grafting of PNIPAM-NH, onto the
carboxymethyl starch backbone. Scanning electron microscopy (SEM) images and dynamic light
scattering (DLS) data showed sizes of 100 and 112 nm in the dry state and of 744 and 598 nm in
the hydrated state, when the grafting degree (GD) was of 6 and 14.3%, respectively. The degree
of swelling was of 41,100 and 15,100% for GD of 6 and 14.3% respectively, suggesting that the
nanogels are suitable for drug incorporation. The toxicity of the nanogels to human adipose-derived
stem cells (ADSCs) and red blood cells (RBCs) was evaluated by lactate dehydrogenase (LDH),
alamarBlue and hemolysis assays. Both nanogels were non-cytotoxic and non-hemolytic, suggesting

the suitability of these biomaterials for cell- and blood-contacting applications.
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Introduction

The use of polysaccharides as matrices of nanogels in
biomedical applications has been increasingly studied, as this
strategy adds biologically favorable properties to the resulting
materials.' Starch, for example, commonly found in wheat,
corn, potato and cassava, is one of the polysaccharides most
widely used in the pharmaceutical industry.

In recent years, the increasing demand for starch in
food and non-food related applications has encouraged
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the development of unconventional starch sources, such
as fruit wastes. Mangoes exportation in 2019 reached
approximately 1531,594 tons worldwide. It is estimated that
40-60% of mango production is rejected as waste, in forms
such as peels and kernels. Almost 60% of the mango kernel
is due to starch on a dry weight basis. Then, mango kernel
constitutes a potential source of value-added products from
starch extraction.>®

The introduction of thermoresponsive polymers with
a lower critical solution (LCST) onto the polysaccharide
structure promotes the formation of derivatives with
improved properties when compared to unmodified
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starch.>%1° Poly(N-isopropylacrylamide) (PNIPAM)
is the most studied thermoresponsive polymer, with a
LCST at about 32 °C in water. Nanogels with PNIPAM
have found broad biomedical applications, including cell
encapsulation and transplantation, wound healing and
drug delivery.'"1

Some studies!®!® have reported the combination of
starch with PNIPAM, showing nanogels with improved
mechanical resistance and a degree of swelling up to
1,826%. However, expensive and/or complex routes were
employed, such as polymerization by using supercritical
carbon dioxide and single electron transfer living radical
polymerization (SET-LRP). In addition, no studies were
found on the biocompatibility investigation of these
nanogels.

Herein is proposed a simple and effective synthetic route
to obtain mango starch nanogels decorated with PNIPAM
chains, by a coupling reaction. The degree of swelling,
thermoresponsive properties and the biocompatibility of
the nanogels towards human adipose-derived stem cells
(ADSCs) and red blood cells (RBCs) were investigated.

Experimental
Materials

Starch extracted from mango (Mangifera indica L.,
variety Tommy Atkins) kernel (SisGen: AD3DC70)
(Natal, Brazil) was purified and characterized previously
as having an amylose/amylopectin content of 25/75 wt.%
and a molecular weight (M,,) = 3.6 x 10% g mol~!
by gel permeation chromatography (GPC).!%:2°
N-Isopropylacrylamide (NIPAM), N-hydroxysuccinimide
(NHS), 2-aminoethanethiol hydrochloride (AET.HCI)
and 1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide
hydrochloride (EDC) were supplied by Sigma-Aldrich
(Sao Paulo, Brazil). Dimethylsulfoxide (DMSO),
monochloroacetic acid (CICH,COOH) and isopropyl
alcohol were obtained from Synth (Sdo Paulo, Brazil).
Hydrochloric acid 32% m/m (HCl) was supplied by
Proquimios (Rio de Janeiro, Brazil). Sodium hydroxide
(NaOH) was obtained from Isofar (Duque de Caxias,
Brazil). Glutaraldehyde was acquired from Riedel-de Haén
(Seelze, Germany) and potassium persulfate (KPS) was
obtained from Vetec (Sdo Paulo, Brazil). All the chemicals
were used without further purification.

Synthesis of starch-based nanogel

Starch (0.9 g) was added to 40 mL of DMSO/water
(75/25) and left under magnetic stirring for 24 h, at room
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temperature. The mixture was then heated to 60 °C and
1 mL of 1 M HCI was added to the system. After 30 min,
glutaraldehyde (0.1 g) was added and the reaction?!
was left to proceed for 2 h, at 60 °C, under mechanical
stirring. After this time, 100 mL of isopropyl alcohol was
added to quench the reaction. The precipitate was washed
with isopropyl alcohol/water (80/20) and then with pure
isopropyl alcohol. The product was dried in an oven, at
60 °C, for 24 h.

Synthesis of carboxymethyl starch (CMS)

Starch-based nanogel (1 g) was added to 30 mL
of DMSO and left under magnetic stirring, at room
temperature, for 24 h. Then, 20 mL of 5 M NaOH was
added, and the system was heated to 70 °C. After 30 min,
monochloroacetic acid (7 g) was added and the reaction
proceeded for 3 h, under mechanical stirring. The product
was purified through dialysis against distilled water
until the conductivity was close to 10 uS cm. Finally,
carboxymethylated starch (CMS) was recovered by
freeze-drying. A carboxymethylation degree (CD) of 29%
was determined by potentiometric titration, following the
methodology described elsewhere.?

Synthesis of PNIPAM-NH,

The amino-terminated poly(N-isopropylacrylamide)
(PNIPAM-NH,) was prepared by radical polymerization,
using the redox couple APS/AET.HC as initiators, inside of
a glove box (N, gas), according to the procedure described
previously by our research group.?® Total amino content
of 6.0 x 10* mol g on PNIPAM-NH, was determined by
potentiometric titration.

Synthesis of CMS-g-PNIPAM

Carboxymethylated starch (CMS) was added to 150 mL
of distilled water and left under magnetic stirring, for 24 h.
Separately, PNIPAM-NH, was solubilized in 150 mL of
distilled water, for 30 min. The two solutions were then
combined and homogenized under magnetic stirring. After
40 min, NHS and EDC were respectively added and the
reaction proceeded for 24 h, at room temperature (ca. 25 °C)
(Table 1). At the end of the reaction, the pH of the mixture
was adjusted to 2. After that, NaCl and isopropyl alcohol
were added to the system, until precipitation of the product
was obtained. The supernatant was withdrawn from the
vessel and the precipitate was dialyzed against distilled
water until the conductivity was close to 10 uS cm'. The
material was recovered by freeze-drying.
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Table 1. Feed reactant concentrations for the grafting reactions and their respective grafting degrees (GD)

Code _COOH/(mol L'y —NH,/(molL"y  EDC/(molL')  NHS/(mol L") GD*/ % Graf““% ;fﬁ“ency
0

CMS-g-PNIPAMI 1 1 2 6.0 20.7

CMS-g-PNIPAM2 1 2 2 14.3 493

“The grafting degree (GD) was determined by 'H NMR from equation 1: GD (%) = (Icys/6 Lyjaom) X 100. EDC: 1-ethyl-3-[3-(dimethylamino)propyl]

carbodiimide hydrochloride; NHS: N-hydroxysuccinimide.

Characterization

Elemental analysis

Elemental analysis was performed using a EuroEA
Elemental Analyser from EuroVector (Pavia, Italy). A
sample mass of about 1 mg was used in each analysis.
The sample was burned at 980 °C, using oxygen as the
combustion gas and helium as the mobile gas.

Fourier-transform infrared spectroscopy (FTIR)

Infrared spectra were obtained using an FTIR model
IR Affinity-1 spectrophotometer from Shimadzu (Kyoto,
Japan). Spectra were analyzed with an attenuated total
reflectance (ATR) accessory and recorded at a spectral
range between 500 and 4000 cm’!, with a resolution of
4 cm and 34 scans.

Proton nuclear magnetic resonance ('H NMR)

'"H NMR spectra were obtained with a 600 MHz
BioSpin spectrometer from Bruker (Massachusetts, USA),
at 60 °C, using DMSO-d; as the solvent. The samples were
prepared at a polymer concentration of 20 g L' and the
chemical shifts were reported in ppm and calibrated against
tetramethylsilane (TMS) as standard.

The integration of the characteristic peaks of PNIPAM-
NH, (methyl protons) and CMS (anomeric proton) on the
spectra of the graft copolymers were employed to calculate
the grafting degree (GD), according to equation 1.3

I
GD(%):6ICH3 %100 1)
H

anom

where Iy, is the integration value of the methyl protons
and Iy _the integration value of the anomeric proton. The
9%GD represents the average number of PNIPAM chains
grafted per 100 anhydroglucose units.

Ultraviolet-visible (UV-Vis)

To evaluate the thermoresponsive behavior of the
samples in water, transmittance measurements were
performed on a Cary 50 Bio UV-Vis spectrophotometer
from Varian (Palo Alto, USA). The equipment operated at a

wavelength of 600 nm, on a temperature range of 25-40 °C,
at a polymer concentration of 5 g L.

Dynamic light scattering (DLS) and zeta potential
Dynamic light scattering and zeta potential analyses were
performed on a Brookhaven ZetaPlus instrument (New York,
USA), at 25 °C. CMS and CMS-g-PNIPAM copolymers
were dispersed in water, at a concentration of 1 g L. The
diameter of the samples was measured at a fixed angle of 90°.

Scanning electron microscopy (SEM)

The morphology of the nanogels was investigated
by scanning electron microscopy (SEM). One drop of
the aqueous suspension of the nanogel (0.33 g L') was
deposited on a silicate plate and dried in a desiccator at
25 °C for 24 h.» The plate was then coated with gold and
analyzed by field emission scanning electron microscopy
(FE-SEM) on an Auriga (New York, USA) model
microscope from Carl Zeiss.

Swelling behavior
The swelling degree (SW) was determined by using
equation 2:%628

SW (%) =100 X [(dyye/dyr)* = 1] 2

where d,, represents the hydrated particle diameter
obtained from DLS measurement and d,,, corresponds to
the dried particle diameter obtained from SEM.

In vitro tests

For in vitro tests using human materials, a previous
consent has been obtained from all subjects.

Cell culture

Human adipose-derived stem cells (ADSC) were isolated
by Prof Kimberly Cox-York of the Department of Food
Science and Human Nutrition (Colorado State University)
from abdominal and femoral subcutaneous adipose tissue
biopsies. The protocol for ADSC isolation from healthy
individuals was approved by Colorado State University
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Institutional Review Board.” The cells were cultured at
37 °C, in a 5% CO, atmosphere, in 175 cm?surface area
tissue-culture polystyrene flasks, using a growth media
(MEM Alpha Modification, HyCloneTM, with 10% fetal
bovine serum and 1% penicillin/streptomycin added). All
ADSC used in this study were below passage five. Before
cell seeding, nanogels were dispersed in growth media
and filtered using 0.22 pm membrane filters. The cells
were seeded into nanogel dispersions at a concentration
of 10,000 cells per well in 48-well plates, and they were
cultured at 37 °C in a 5% CO, atmosphere.” All tests were
performed in at least triplicate or quadruplicate (n = 3 or
n = 4). Cells cultured on tissue-culture polystyrene was
used as controls in all assays.

Cytotoxicity

The lactate dehydrogenase (LDH) assay was performed
after 1 day of culture to evaluate the toxicity of the
nanogels towards the cells. After 24 h of cell culture in
media containing the nanogel samples, 50 uL of media
with the samples was added to an equal amount of LDH
(Quantichrom™ BioAssay Systems, CA, USA) in a 96-well
plate, followed by an incubation of 30 min. The absorbance
of the solution in each well was measured at 490 and
680 nm (n = 4), using a plate reader (BMG LABTECH
FLUOstarOmega, Ortenburg, Germany).*

Cell viability

Cell viability was determined by alamarBlue® assay
(Promega G808A, Madison, WI, USA).’! Nanogel
dispersions were prepared in serum-supplemented tissue
culture medium and sterilized by filtration (0.22 pm,
Schleicher & Schuell, Dassel, Germany). After 4 and
7 days, 50 uL of CellTiter-Blue dye was added to 500 uL
of the sample in the culture media. After 8 h incubation
at 37 °C in 5% CO, atmosphere, the absorbance of each
sample was read in a microplate reader (Molecular Devices
Spectra Max M3, Sunnyvale, CA, USA) at 570 and 600 nm
to evaluate cell viability.

Hemolytic activity

The hemolytic activity of the polymers was determined.*!
8 mL of human blood, collected from a healthy donor in
heparinized tubes were centrifuged at 700 g, for 10 min.
Whole human blood was acquired through venipuncture
from healthy individuals, and formal assents were obtained
from the donors. Colorado State University Institutional
Review Board approved the protocol for blood isolation
from healthy participants. All experiments were conducted in
agreement with the National Institutes of Health’s “Guiding
Principles for Ethical Research” 24 The plasma was removed
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and the pellet was washed three times with cold phosphate
buffer solution (PBS, pH 7.4) by centrifugation at 700 g, for
10 min, and resuspended in 5 mL of the same buffer. 80 uL.
of red blood cells (RBC) suspension were added to 4 mL
of nanogel dispersions of 0.5 or 1.0 mg mL", also prepared
in PBS buffer, and were incubated for 60 min, at 37 °C, in
a shaker. The release of hemoglobin was determined, after
centrifugation, by photometric analysis of the supernatant
at 540 nm. Complete hemolysis was achieved using
0.2% Triton X-100 yielding the 100% control value. The
experiments were run in triplicate (n = 3).

Statistical analysis

All the experiments were carried out on at least triplicate
and the results are presented as mean + standard deviation.
The statistical differences were determined using one-way
analysis of variance (ANOVA) analysis (P < 0.05) with a
post-hoc Tukey’s HSD (honest significant difference) test.

Results and Discussion
Elemental analysis

Figure 1 shows the weight percentages of C, H, O and
N on the samples, determined by elemental analysis. As
expected, neither starch, crosslinked starch, nor CMS had
nitrogen. The introduction of PNIPAM chains onto CMS
was indicated by the presence of nitrogen in CMS-g-
PNIPAM1 and CMS-g-PNIPAM2.% Also, with the increase
in the feed amount of PNIPAM-NH,, the percentages of
C, H and N were increased, suggesting a higher grafting
degree for CMS-g-PNIPAM?2 than for CMS-g-PNIPAMI1.

60
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Figure 1. Weight percentages of C, H, and N atoms in starch, crosslinked-
starch, CMS, PNIPAM-NH,, CMS-g-PNIPAM1 and CMS-g-PNIPAM2.

c

Fourier-transform infrared spectroscopy (FTIR)

The FTIR spectra of starch and its derivatives (crosslinked-
starch, CMS, CMS-g-PNIPAM1 and CMS-g-PNIPAM2)
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(Figure 2) exhibit a peak at 3330 cm’!, attributed to O—H
stretching vibrations; a peak at 2920 cm’', corresponding
to C—H stretching and peak at around 1015 cm™, ascribed
to C—O stretching of the anydroglucose units.*** The CMS
spectrum also shows peaks at 1580 and 1392 cm!, which can
be attributed to the asymmetric symmetric stretch of COO-,
respectively, revealing the success of the carboxymethylation
on crosslinked-starch.*3

In addition to the aforementioned starch peaks, the FTIR
spectra of the copolymers also exhibit the characteristic peaks
of PNIPAM: at 1626 cm™, due to C=0 stretching (amide I);
at 1530 cm’!, ascribed to N—H stretching (amide II); and
at 1371 and 1366 cm, corresponding to the symmetric
bend (or umbrella bend) of isopropyl groups. These peaks
indicate that the introduction of PNIPAM grafts onto CMS
was successful 38

(a) (b) nv:n””
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Figure 2. FTIR (ATR) spectra of (a) starch, crosslinked-starch, and CMS,
(b) PNIPAM-NH,, CMS-g-PNIPAM1 and CMS-g-PNIPAM2.

Proton nuclear magnetic resonance ('H NMR)

The 'H NMR spectrum of CMS (Figure 3) exhibits
peaks at 5.0-5.5 ppm, attributed to anomeric protons (1,1”)
from alpha 1-4 and alpha 1-6 glycosidic carbon bonds. The
other hydrogens appeared at the 3.0-4.5 ppm region.**!

The '"HNMR spectrum of PNIPAM-NH, shows an intense
peak at 1.06 ppm, attributed to the methyl groups (a). The
methylene and methinic hydrogens (b and c) are observed
at 1.45 and 1.99 ppm, respectively. The hydrogen d is
observed at 3.85 ppm and the N—H appears at 6.98 ppm (e)."

CMS-g-PNIPAMI displays the characteristic peaks of
both CMS and PNIPAM on 'H NMR spectrum, evidencing
the grafting of PNIPAM-NH, onto carboxymethyl starch.
CMS-g-PNIPAM?2 presents a similar spectral feature (data
not shown). The CMS-g-PNIPAM2 copolymer has a GD
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Figure 3. '"H NMR spectra (600 MHz, DMSO-d,) of CMS, PNIPAM-NH,
and CMS-g-PNIPAM1 (with magnification).

of 14.3%, whereas CMS-g-PNIPAM1 has a GD of 6%, as
determined by equation 1. This indicates that increasing
the feed molar amount of PNIPAM-NH, during synthesis
increases the grafting degree of the copolymer, as also
observed by elemental analysis.>***

UV-Vis

Figure 4 displays the transmittance versus temperature
curves for CMS, PNIPAM-NH, and their derivatives in
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Figure 4. Thermoresponsive behavior in water of CMS, PNIPAM-NH,, CMS-g-PNIPAM1 and CMS-g-PNIPAM?2 and the visual appearance of the

dispersion of CMS-g-PNIPAM1 before and after heating.

water, at a polymer concentration of 5 g L. As expected,
CMS did not exhibit a thermoresponsive behavior in water
and the transmittance remained constant throughout the
25-40 °C heating process. On the other hand, PNIPAM, as
a thermoresponsive polymer, has a cloud point temperature
(Tep) of 33 °C. The initial transmittance of CMS was lower
than the one of PNIPAM-NH,, because CMS particles only
swell in water, whereas PNIPAM-NH, chains are highly
soluble in the solvent. For this reason, the introduction of
the thermoresponsive chains onto CMS particles makes
them more translucent in water.

It can be seen from Figure 4 that the copolymers have
aTcp at 35 °C, from which the copolymers precipitate. As
temperature rises, the grafted PNIPAM chains dehydrate
and polymer-solvent hydrogen bonds decrease, while
polymer-polymer associations become stronger, leading
the particles to collapse.**

Dynamic light scattering (DLS) and zeta potential

Table 2 presents zeta potential and the diameter of

CMS, CMS-g-PNIPAM1 and CMS-g-PNIPAM?2 in water.
CMS exhibits a negative charge of —28.3 mV, due to the
presence of the COO~ groups in water. The introduction
of PNIPAM chains onto CMS reduces the zeta potential,
due to the grafting reaction on the carboxymethyl groups
of CMS. Also, as expected, the copolymer with a higher
grafting degree has the lower zeta potential.

The effective diameter of carboxymethyl starch in
water is 496 nm, which increases after the particles are
decorated with PNIPAM chains. The higher diameter of
CMS-g-PNIPAM1, when compared to CMS-g-PNIPAM?2
is attributed to the higher amount of COO~ groups on
CMS-g-PNIPAM1, which promotes a higher swelling in
water.

Scanning electron microscopy (SEM)

Figure 5 shows the morphology of the copolymers on
a dried state. CMS-g-PNIPAM1 and CMS-g-PNIPAM2
exhibit a globular structure, with sizes of 100 and 112 nm,
respectively. These are much smaller than the diameters
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Table 2. Zeta potential and diameter of CMS, CMS-g-PNIPAM1 and
CMS-g-PNIPAM?2 in water

Code Zeta potential / mV Diameter / nm
CMS -283+1.8 496 £ 18
CMS-g-PNIPAM1 -16.9+0.2 744 £ 27
CMS-g-PNIPAM2 -132+£04 598 +8.7

CMS: carboxymethyl starch.

obtained by DLS, for the swollen state. From these data, it is
possible to determine a degree of swelling (SW) of 41,100
and 15,100% for CMS-g-PNIPAM1 and CMS-g-PNIPAM2,
respectively. The higher SW of CMS-g-PNIPAM1 occurs
due to its higher zeta potential (—16.9 + 0.2), that promotes
greater water absorption.

200 nm EHT= 500kvV  Mag= 20.00KX
WD=49mm Pixel Size = 5.729 nm

200 nm EHT= 500kv Mag= 20.00KX
WD=41mm Pixel Size = 5.729 nm

CMS-g-PNIPAM2

Figure 5. Micrographs obtained by FE-SEM with a magnification of
20,000 times of CMS-g-PNIPAM1 and CMS-g-PNIPAM2.

The high degree of swelling suggests that the
nanogels are suitable for drug incorporation. At human
body temperature, hydrophobic molecules would remain
trapped inside the gel by hydrophobic associations with
the isopropyl groups of PNIPAM. Hydrophilic molecules
would make hydrogens bonds with the stiff polysaccharide
core of the nanogels while the PNIPAM shell undergoes
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a temperature triggered contraction, trapping the small
molecules.

In vitro tests

Human adipose-derived stem cells (ADSCs) were
chosen for biocompatibility testing because adipose tissue
is an abundant and accessible source of stem cells. While
in the bone marrow the proportion is approximately 1 stem
cell for every 25,000, in adipose tissue the stem cells it
corresponds to approximately 2% of the total resident cells.
Human adipose-derived stem cells have been shown to
be biologically similar, but not identical, to bone marrow
mesenchymal stem cells. Also, human adipose-derived stem
cells have been demonstrated to differentiate into a broad
spectrum of different cell lineages, such as bone, cartilage,
endothelium, liver, and neural cells, which make them a
versatile and reliable source.

The cytotoxicity of the nanogels was estimated by
the reaction method with the enzyme LDH, to evaluate
the number of cells that would lyse or die in the culture
media containing the nanogels. Analyzing an aliquot of the
culture media containing cells, reacting with a tetrazolium
salt and reading at 490 nm, the absorbance values are
correlated to cytotoxicity of the material. The LDH
enzyme, which is a cytosolic enzyme, only is released to
the extracellular medium and can be quantified if the cell
was lysed, indicating toxicity of the nanogels. To calculate
the cytotoxicity percentage of the nanogels, a control of
cells in culture media on polystyrene and lysis buffer was
used as 100% cytotoxicity and negative control with cells
in culture media on polystyrene was used to compare the
samples. None of the nanogels were considered cytotoxic
since there is no statistical difference to the control and none
of them presented cytotoxicity percentages greater than
15%.? CMS-g-PNIPAM?2 at 1.0 mg mL™"! has the lowest
value of cytotoxicity, which can be correlated to the higher
GD of PNIPAM on this nanogel, since this polymer can
improve cell compatibility on surfaces.*4”

Cell viability of the nanogels was evaluated in vitro by
using alamarBlue reagent. Living cells maintain a reducing
environment within their cytoplasm and mitochondria, being
able to reduce active agent of alamarBlue (resazurin dye),
resulting in a quantifiable color change from blue to pink.
The number of living cells is proportional to the absorption
of the dye. Figure 6b shows the reduction percentage of
alamarBlue for the cells in media containing the nanogels
after 4 and 7 days of cell culture, at polymer concentrations
of 0.5 and 1.0 mg mL"". The alamarBlue reduction percentage
was calculated by using negative control values having only
the culture medium and the dye. All nanogels have lower
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Figure 6. Percentage of cytotoxicity of the nanogels (a) and cell viability after 4 and 7 days of cell culture represented as percentage reduction of
alamarBlue (b). Values represent mean + standard deviation (n = 4). ****p < 0.0001 and “ns” p > 0.05, compared to tissue culture polystyrene (control).
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Figure 7. RBCs treated with CMS-g-PNIPAM 1, CMS-g-PNIPAM2, PBS (0% of hemolysis) and Triton X-100 (100% of hemolysis) (a); percent hemolysis
caused by nanogels at concentration of 0.5 and 1.0 mg mL"' (b). Values represent mean + standard deviation (n = 3). **#¥p < 0.0001, *p < 0.05 and “ns”

p 2 0.05, compared to control.

percentages of alamarBlue reduction when compared to the
control. However, after 7 days of growth, all experimental
samples have about 50% alamarBlue reduction, indicating
that the cells maintain an environment of growth and
proliferation.’'*® There is no statistical difference between
CMS-g-PNIPAM1 and CMS-g-PNIPAM?2 samples, which
suggests that both nanogels are non-toxic and can be used
for the development of cell contacting materials.

A hemolysis assay is an indispensable initial step in
evaluating the blood compatibility of polymeric materials
that contact blood to identify severe acute toxic reactions
in human red blood cells (RBCs) in vivo.* The hemolysis
of RBCs was evaluated after incubation with nanogel
suspensions in PBS and compared to Triton X-100 (100%
hemolysis) and to pure PBS (0% hemolysis) (Figure 7).
Cytotoxicity for RBCs is indicated when there is over
10% hemolysis.’! None of the designed nanogels were
hemolytic at the concentrations tested, showing less than
4% hemolysis and clear solutions, with no visible released
haemoglobin.’**! This behavior is extremely favorable for

blood-contacting applications, like cardiovascular devices,
orthopedic implants and drug delivery systems.>>>*

Conclusions

In this work, thermoresponsive particles based on
mango starch were successfully prepared in water, by using
EDC/NHS as coupling agents of the reaction between
amino terminated PNIPAM and carboxymethyl starch.
Elementary analysis showed nitrogen in the composition
of the samples after the coupling reaction, indicating
the incorporation of PNIPAM onto the CMS nanogel.
The FTIR and 'H NMR spectra of the CMS-g-PNIPAM
copolymers displayed the characteristic peaks of both CMS
and PNIPAM, further evidencing the grafting reaction. The
integration of the peaks found in '"H NMR showed a higher
grafting degree to the copolymer prepared with a higher
amount of PNIPAM-NH, added to the feed. This result was
also supported by the zeta potential results. As a result,
CMS acquired thermoresponsive properties.
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The high degree of swelling of CMS-g-PNIPAMI
(41,100%) and CMS-g-PNIPAM2 (15,100%) suggests
a high capacity to incorporate small molecules into the
nanogels. Despite of all nanogels had lower percentages
of alamarBlue reduction when compared to the control,
all experimental samples had about 50% alamarBlue
reduction after 7 days of growth, indicating that the cells
maintain an environment of growth and proliferation. Both
of them showed no toxicity for ADSCs and non-hemolytic
activity for human RBCs, which makes the mango starch-
based copolymers non-toxic and suitable materials for
contact with ADSCs and RBCs. All of these properties
combined make these thermoresponsive particles promising
candidates for biomedical applications.
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