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A B S T R A C T

Chitosan, sodium alginate and gel of Aloe vera (Aloe barbadensis Miller) were employed for the preparation of
polyelectrolyte complexes at pH 4 and 6. FT-IR spectroscopy analysis showed evidence on complexes formation
and incorporation of the Aloe vera gel. The ζ potential determination of the polyelectrolyte complexes revealed
the presence of surface charges in the range of −20 to −24mV, which results in stable systems. The dynamic
moduli exhibited a high dependence on angular frequency, which is commonly found in solutions of macro-
molecules. The materials showed human fibroblast and lymphocyte viabilities up to 90% in agreement with null
cytotoxicity. The polyelectrolyte complexes at pH 6 with Ca2+ were stable, showed high water absorption,
satisfactory morphology, pore size and rigidity, characteristics that allowed significant human fibroblast mi-
gration in wound closure in vitro assays.

1. Introduction

Chitosan (CH) is a cationic polysaccharide with mucoadhesive, he-
mostatic and antimicrobial properties. Additionally, CH enhances
wound healing due to stimulation of fibroblast proliferation and pro-
duction of type III collagen (Panneerselvam, Merlin, Kalaivani, Baran, &
Rose, 2013).

The use of CH and alginate (ALG) macromolecular networks are
reported for several biomedical applications such as encapsulation,
incorporation, and release of cells, drugs, and therapeutic agents
(Lawrie et al., 2007; Simó, Fernández-Fernández, Vila-Crespo,
Ruipérez, & Rodríguez-Nogales, 2017). Another natural component that

has attracted increasing interest is the Aloe vera (Aloe barbadensis
Miller) gel (AV), which has been claimed as a wound healer, im-
munomodulatory and anti-inflammatory, as well as a promoter of
growth of epithelial tissue and activator of macrophage (Hamman,
2008). The biological activities of AV are mainly related to acemannan
(AC), which is composed of a long chain of acetylated mannose with
glucose and galactose residues (Simões, Nunes, Domingues, Coimbra, &
Domingues, 2012).

Blends of CH and AC gels have been reported by Escobedo-Lozano,
Domard, Velázquez, Goycoolea, and Argüelles-Monal (2015) to study
their mechanical, thermal and antibacterial properties. Other reports
include the production of membranes of AV and CH to study the
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adherence of L929 fibroblast-like cells (Silva, Caridade, Mano, and Reis
(2013), as well AV/CH/vitamin E microparticles produced by spray
drying for a second-degree burn mouse model (Garrastazu-Pereira
et al., 2014) or the production of 3D porous scaffold architectures of CH
and AV combined with collagen (Panneerselvam et al., 2013). Note-
worthy, the important features of these materials are highly dependent
on AV concentration such as the water absorption capacity, hydro-
philicity and in vitro enzymatic degradation as suggested by Pereira,
Carvalho, Gil, Mendes, and Bártolo (2013) in their work in AV-Ca-ALG
hydrogel films with several AV contents.

Nonetheless, despite of these reports on CH and AV, there is a lack
of information on the role of AV in the material formation, physico-
chemical and biological properties, and also in the characterization that
is an essential issue for application as might vary depending on the
batch. Moreover, there is no information, to the best of our knowledge,
on the incorporation of AV in PECs based on CH and ALG, nor the effect
of pH and Ca2+ on human dermal fibroblasts (HDF) migration and
viability of lymphocytes (HL) and HDF. Therefore, the aim of this study
was to prepare PECs by ionic interaction between CH, ALG, and AV,
which were fully characterized and studied in vitro with human cells,
fibroblasts and lymphocytes.

2. Materials and methods

2.1. Materials

Commercial chitosan (QCH), sodium alginate (ALG) and calcofluor
white were supplied by Sigma-Aldrich (St Louis MO USA). Another
chitosan sample (BCH) was produced from deacetylation of chitin ex-
tracted by a biological method (Pacheco et al., 2011). Dulbecco’s
Modified Eagle Medium (DMEM-F12), fetal bovine serum (FBS), phos-
phate buffer saline solution (PBS), collagenase type I, dispase II, anti-
biotic (penicillin/streptomycin), 0.25% trypsin-EDTA and Hank's ba-
lanced salt solution were supplied by Gibco (USA). LIVE/DEAD®

viability/cytotoxicity kit for mammalian cell (calcein-AM and ethidium
homodimer) and fluorescent secondary antibodies Alexa Fluor 594®

(A21207) and Alexa Fluor 488® (A11001) were purchased from Mole-
cular Probes, Invitrogen (USA). Primary antibodies anti-Collagen Type I
(ab6308), anti-tropoelastin (ab21600) and anti-fibroblasts surface
protein (ab11333) were acquired form Abcam plc (USA). 3-(4,5-di-
methyl-thiazol-2-yl)-2-5-diphenyltetrazolium bromide (MTT) (M2128,
10mg/mL aliquots), dimethyl sulfoxide (D2650), 4′,6-Diamidino-2-
phenylindole dihydrochloride (DAPI) and HPLC grade glucose, man-
nose, galactose, fructose were supplied by Sigma-Aldrich (USA). Iso-
propyl alcohol was supplied by J.T. Baker (Mexico).

2.2. CH and ALG characterization

Degree of acetylation (DA) of CH was determined by proton nuclear
magnetic resonance (1H NMR) spectroscopy in a Bruker (Advance III
500, Germany) at 200MHz using 3-(trimethylsilyl) propionic acid as
the internal reference. Powder X-ray diffraction (PXRD) spectra were
acquired in a Bruker D-8 Advance diffractometer (Germany) in air at
room temperature (25 °C) with one-dimensional positive silicon de-
tector (Bruker Lynxeye, Germany). Diffraction intensity as a function of
2θ angles was measured between 5 and 70°, with a 2θ step of 0.02037°
and 0.4 s per point. Percentage of crystallinity was calculated according
to Abduo, Nagy, and Elsabee (2008). Viscosity average molecular
weight (Mv) for CHs were determined from their intrinsic viscosities
using 0.25M acetic acid/0.25M sodium acetate solution and measured
with Ubbelohde capillary viscometer according to Pacheco et al.
(2011). Apparent viscosity of ALG 2wt% aqueous solution was de-
termined at 20 rpm and at 20 °C in a Brookfield DVI viscometer
(Brookfield Engineering Middleborough, MA USA).

2.3. AV and AC extraction and characterization

AV was prepared from the inner part of three-year-old plants col-
lected in 2014 from a plantation in the city of Toluca (Mexico). Fresh
leaves of 28 cm in average length were washed with distilled water.
Plant skin was separated from the parenchymal tissue as described by
Silva, Popa et al. (2013). The gel was washed with deionized water to
remove the exudates from its surfaces. Then, cut into small cubes and
placed in a glass container for homogenization with a hand blender
(Phillips, USA), filtered (40 μm) and stored at 3 °C (± 1 °C) until use.
AC was extracted from AV (10mL) by precipitation in ethanol (anhy-
drous) (30mL) at 8 °C during 24 h, followed by centrifugation at
1126 rpm in a Thermo Fisher Sorvall Legend XT/XF (Waltham MA,
USA) for 15min at 4 °C. The pellet was mixed in deionized water and
stirred with mechanical agitation at 8 °C for 24 h. Subsequently, the
suspension was filtered (0.45 μm) and lyophilized (Ni, Turner, Yates, &
Tizard, 2004).

Viscoelastic properties of the AV were determined at 25 °C using
amplitude oscillatory shear (SAOS) tests in a ARES-RFS III TA-
Instruments rheometer (New Castle DE, USA) with grooved parallel
plates of 25mm diameter and 1.00, 1.60 and 1.65mm gaps. Strain
sweeps (0.1-100% strain) were performed at a constant angular fre-
quency (1 Hz) to determine the extension of the linear viscoelasticity
zone (ZLV). A strain of 1% was chosen to perform frequency sweeps at
0.1–100 rad/s. Storage modulus (G’), and the loss modulus (G”) were
recorded as a function of frequency.

Concentrations of free sugars fructose, glucose, mannose and ga-
lactose in AV gel were determined by liquid chromatography by in an
Agilent 1260 infinity (Santa Clara, CA, USA) HPLC equipped with an
autosampler, a refractive index detector and a SHODEX Asahipak
NH2P-50 (4.6 mm×250mm) column (Showa Denko Tokyo, Japan)
with acetonitrile/water (75:25) mobile phase in 0.6 mL/min flow at
25 °C (Bozzi, Perrin, Austin, & Arce Vera, 2007). AV and AC (10mg)
were dissolved in deuterium oxide (0.7 mL), and the degree of acet-
ylation (DA) was determined by 1H NMR (Chokboribal et al., 2015).

2.4. Determination of polyelectrolyte complex (PEC) composition

ALG was hydrated with deionized water during 1 h and added to a
CH solution in acetic acid (0.1M). In a typical procedure, the AV was
added to the CH/ALG solution and mixed in vortex for 30 s. Then, the
blend was homogenized with an Ultra-Turrax (IKA Staufen, Germany)
at 7000 rpm for 1min. pH was adjusted at 4 or 6 by the addition of
NaOH (1 N) and sonicated (Branson, Danbury CT, USA) for 10min to
eliminate air bubbles and stored at 3 °C prior to use.

Weight ratios in PECs were AV=30 vol% (0.345 wt%), 2, 2.5, 3 wt
% for CH and 0.5, 1 and 2wt% for ALG. Average pore size diameter
(APS) was determined by scanning electron microscopy (SEM) using
ImageJ software with a minimum of 20 determinations for each sample
(Schneider, Rasband, & Eliceiri, 2012). Black areas in the micrographs
represent the pores, and white areas assigned to solid surfaces. PECs
were prepared with QCH or BCH (2%), ALG (2%) and AV (30%) at a
weight ratio of 0.46:0.46:0.08 and adjusting at pH 4 and 6, CQCH-4,
CBCH-4, CQCH-6, and CBCH-6. CaCl2 (1 mM) was added to PECs pre-
pared at pH 6 to give CQCH-6-Ca and CBCH-6-Ca. CH-ALG complexes
(2 wt%) were also produced at pH 4 and 6 as control samples and la-
beled as BQCH-4, BBCH-4, BQCH-6, BBCH-6, BQCH-6-Ca, and BBCH-6-
Ca.

2.5. Physicochemical characterization of the PECs

FTIR spectra (4000 to 650 cm−1) of freeze-dried PEC samples were
acquired in a Perkin Elmer 100 spectrometer (Waltham MA, USA) with
attenuated total reflectance Fourier transform infrared (ATR-FTIR) as
the average of 32 scans and at a resolution of 4 cm−1. Each component
was also lyophilized and mixed at the same concentration than the PEC
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as control samples without ionic interactions and analyzed by FTIR. ζ
potentials of 1 wt% ALG, 0.1 wt% AV, 0.5 vol% CH, as well as 0.7 wt%
CQCH-4, CBCH-4, CQCH-6 and CBCH-6 in 0.3 M acetic acid/0.2M so-
dium acetate solution were measured using a Zetasizer Nano Series
instrument (Malvern Instruments Worcestershire, UK). Viscoelastic
properties of PECs were determined using the conditions explained in
Section 2.3. Dried materials (5 mg) were suspended in 3mL of phos-
phate buffer (pH 7.2) with 10 μL of calcofluor white-reagent (CWR) and
vortexed for 20 s. After 2 h of reaction, samples were centrifuged at
5000 rpm for 10min and pellet was observed in a microscope with
fluorescent light (Carl Zeiss, Germany) and analyzed by ImageJ soft-
ware (Zhang et al., 2015). SEM analyses were performed in a JSM-
7600F SE microscope (Jeol Co. Ltd., Tokyo, Japan) with low magnifi-
cation mode and at 15 kV accelerating voltage with samples mounted
on carbon sample holders sputtered with gold in high vacuum (Denton
Vacuum DESK IV Moorestown NJ, USA). Swelling capacities and weight
loss determinations for PECs were conducted by immersion in DMEM-
F12 (5mL) containing 0.1 g of dry sample at 37 °C and monitored
during 24 h. Swollen sample weights were measured after removing the
excess of surface water with filter paper. Percentage of swelling capa-
city (S) at equilibrium was determined by Eq. (1).

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×S (w w )
w

1000

0 (1)

where w is the sample weight, and w0 is the initial dry weight.
Weight loss (WL) was calculated from the initial dry weight (w0)

and the final dry weight (wf) subtracting the weight of DMEM-F12 salts
(wsalts = 5.34mg/mL) by Eq. (2).

⎜ ⎟= ⎛
⎝

− − ⎞
⎠

×WL (w (w w ))
w

1000 f salts

0 (2)

2.6. HDF and HL viabilities

HDFs were isolated from foreskin biopsies of pediatric patients with
parental informed consent and the process was approved by the
Institutional Committee on Human Research of the Instituto Nacional
de Rehabilitacion Luis Guillermo Ibarra Ibarra (Mexico) (Project reg-
istry INR-1112). Foreskin biopsies were washed in penicillin-strepto-
mycin 10 vol% solution in PBS (1X PBS, pH=7.4), adipose tissue was
removed and the dermis was separated from the epidermis using dis-
pase II. Then, epidermis was discarded and dermis was digested in
collagenase Type I to isolate the HDFs. Cells were seeded in culture
flasks and cultured with DMEM-F12 supplemented with 10 vol% FBS
and 1vol% penicillin-streptomycin. Culture medium was changed every
two days until 80% cell confluence. Cultures were incubated at 37 °C,
80% relative humidity and 5% of CO2 unless stated otherwise. 80%
confluent cells were rinsed with PBS and treated with 0.05% trypsin-
EDTA to collect them from flasks. Cell pellet was collected after cen-
trifugation, suspended in supplemented DMEM-F12 and seeded in cul-
ture flasks for cell expansion until passage 3–4, when HDFs were used
for viability and wound closure (scratch) assays. Expanded HDFs were
recollected, centrifuged, seeded in 24-well culture plates at a 1.8×104

cells/cm2 and cultured with supplemented DMEM-F12 at 37 °C and 5%
CO2 atmosphere until 90% cell confluence. Then, cell culture medium
was removed and 2.0mL of PEC:supplemented DMEM-F12 solution at a
ratio of 1:1.5 (v:v) was added. Samples were cultured and cell viability
was assessed at 24 h. PECs were used as gels and sterilized by ultra-
violet radiation (λ=254 nm) for 40min before the addition to culture
wells. Positive control samples corresponded to HDF cultured with a
mixture of DMEM-F12:supplemented DMEM-F12 in a 1:1.5 volume
ratio for all in vitro experiments. Cell viability in 24 h culture was as-
sessed qualitatively using the LIVE/DEAD® Viability/Cytotoxicity kit;
samples were rinsed with PBS and calcein-AM/ethidium homodimer
was added according and incubated for 40min at 37 °C. Samples were

rinsed with PBS and observed in the microscope (Axio Observer Carl
Zeiss). Images were processed using the AxioVision© software. Cell
viability was assessed quantitatively by evaluation of cell metabolic
activity using MTT reagent. Samples of HDFs cultured overnight in
PEC:supplemented DMEM-F12 were rinsed twice with PBS, and MTT
solution (0.5 mg/mL) was added. HDFs were incubated for 4 h. Later
on, DMSO: isopropyl alcohol 1:1 solution was added and the absor-
bance of colored formazan crystals dissolution was measured at 540 nm
with a plate reader (DTX 800 Multimode Detector, Beckman Culture).
Cell growth (X) was calculated according to Eq. (3).

⎜ ⎟= ⎛
⎝

⎞
⎠

×X OD
OD

100s

b (3)

where ODs is the optical density of sample and ODb is the optical
density of the blank (cells cultured with DMEM-F12:supplemented-
DMEM-F12 solution without PEC).

Fibroblastic phenotype of isolated HDFs was corroborated by cell
morphologies upon culture and immunofluorescence assays against fi-
broblasts surface protein antibody, collagen Type I and elastin as pre-
viously reported by Velasquillo et al. (2017). Briefly, cells in passage
3–4 were seeded in 48-well culture plates (in addition to cells seeded in
24-well culture plates for PECs studies), cultured for 7 days, fixed with
PFA (2 vol%), permeabilized with 0.3 wt% triton, blocked with 1 wt%
albumin and independently incubated overnight with primary anti-
bodies against either collagen Type I (ab6308; 1:500), tropoelastin
(ab21600; 1:100) or fibroblasts surface protein (ab11333; 2:100). Pri-
mary antibodies were removed and samples were incubated at 37 °C
with Alexa Fluor 594® (A21207; 1:300) or Alexa Fluor 488® (A11001;
1:300). Cells nuclei were counterstained with DAPI. Finally, samples
were washed and examined by microscopy.

For the HL viability determination, blood samples from seven con-
sent 26 years-old average age healthy donors were taken using hepar-
inized syringes. 0.5mL of whole blood was added to Nunc tubes that
contained 2.5mL of 5a Modified McCoy medium with 4wt% of phy-
tohaemaglutinin and 0.4 wt% antibiotic solutions (penicillin-strepto-
mycin). The addition of phytohaemaglutinin to HL culture agglutinates
erythrocytes and leucocytes, as well as stimulates lymphocytes (Dao-
Thi et al., 1996). Cultures were incubated for 24 h. Then, transferred to
Petri dishes (5 cm diameter) containing the sterilized PECs and in-
cubated for 48 h. Cells were re-suspended in PBS and centrifuged at
1500 rpm for 10min. A 75 μL aliquot of the buffy coat was transferred
to another tube and incubated with erythrocyte lysis buffer for 15min.
Microscopic observations corroborated the HL morphologies at 24 and
48 h of culture. HLs pellets were treated as previously described for
MTT assay and neutral red (NR) assay (Repetto, Del Peso, & Zurita,
2008). HL viability with MTT and NR assays were calculated according
to Eq. (3).

2.7. Evaluation of HDFs migration

The effect of PECs and their components (CH, ALG and AV) on the
HDF migration was assessed by the in vitro scratch assay. Expanded
HDFs in passage 3–4 were recollected from culture flasks, centrifuged,
seeded in 12-well culture plates at a 1.8×104 cells/cm2 and incubated
with supplemented DMEM-F12 until 90% cell confluence. To perform
the scratch assays, culture medium was removed and scratch was
formed on the 90% confluent HDF monolayers using a pipet tip of
approximately 900 μm width. Samples were rinsed with supplemented-
DMEM-F12 to remove cells debris. CH, ALG, AV or PECs-supplemented
DMEM-F12 solutions were added, and samples were incubated over-
night. Images of the scratch areas were acquired before and after
overnight incubation using a phase contrast microscope (Axiovert 25
Carl Zeiss) and analyzed using the TScratch software (Gebäck, Schulz,
Koumoutsakos, & Detmar, 2009).
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2.8. Statistical analyses

Experimental data were processed by analysis of variance for ba-
lanced data (ANOVA) for two-factor interactions with Tukey-Kramer
multiple comparisons of means test (p≤ 0.05). Experiments were
conducted by triplicate. Results of biological assays were expressed as
means and their standard deviation.

3. Results and discussion

3.1. CH, ALG, AV and AC characterization

The viscometric molecular weight and DA of QCH were
Mv= 216.4 kDa and DA=20%, respectively, which were higher than
that for BCH (Mv= 140.7 kDa and DA=9%). Nonetheless, BCH pre-
sented greater crystallinity (64%) than QCH (46%) notwithstanding the
high DA of QCH. According to the previous work by Pacheco et al.
(2011) the chitosan obtained from biological chitin preserved the
crystalline structure with relatively large crystallites than that by the
chemical process. The XRD pattern of ALG shows a semi-crystalline
structure with two diffraction peaks at 2θ=14.6° and 21.5° with 18%
of crystallinity and apparent viscosity of 122 ± 5.6 mPas, corre-
sponding to a low molecular weight ALG.

AV is the leaf parenchyma that contains mostly water (> 98%) and
polysaccharides such as, pectins, cellulose, hemicellulose, gluco-
mannan, AC and mannose derivatives (Bozzi et al., 2007). The sugar
composition of AV and AC, shown in Table 1, displayed glucose,
mannose and galactose contents as the most abundant monosaccharides
in both AV and AC. These results are in agreement with previous reports
on the characterization of AV and AC (Ni et al., 2004; Bozzi et al.,
2007). The signals in the AV 1HNMR spectra at 5.4 ppm, 4.2 ppm and 2-
2.4 ppm were assigned to glucose, malic acid, and AC, respectively (see
Supplementary data 1) (Bozzi et al., 2007).

The AC content in AV was 19mg/100mg of AV in dry basis, which
is in the adequate range for isolated AC (at least 10% wt/wt) according
to Bozzi et al. (2007). The DA of 38% in AC was higher than the 18%
previously reported by Escobedo-Lozano et al. (2015), while DA of AV
was 12% (see Supplementary data 1 for 1HNMR spectra of AC and AV).
Noteworthy, DA plays a key role in the structure and biological prop-
erties; fully deacetylation alters ACs conformation and thereby de-
creases the bioactivity for induction of cell proliferation and gene ex-
pression of vascular endothelial growth factor and Collagen I
(Chokboribal et al., 2015).

3.2. Effect of CH and ALG concentration on PECs formation and
physicochemical properties

The APS was determined in each PEC formulation varying QCH and
ALG concentrations keeping AV at 30% (0.345 wt%) and the results are
shown in Supplementary data 2. Generally, finding the best hydrogel
microarchitecture toward adequate APS for cell ingrowth, migration,
and secretion of extracellular matrix (ECM) in tissue regeneration is
challenging. In this regard, optimum pore size for regeneration of adult
mammalian skin has been reported in the 20–125 μm range (Annabi

et al., 2010). However, best proliferation and ECM production was
observed between 250 and 500 μm in genipin-crosslinked gelatin scaf-
folds (Lien, Ko, & Huang 2009). In the present work, the increment in
CH concentration increased the APS, 2% (138 ± 45.4 μm) and 2.5%
(97.5 ± 50.2 μm), with significant differences to that with 3%
(524.3 ± 50.86 μm). The ALG concentration displayed similar effect,
when 0.5% of ALG, the APS was significantly smaller (24.5 ± 45.8 μm)
than those at 1% (422.4 ± 41.7 μm) and 2% (249.7± 71.7 μm). The
statistical analysis shows four groups with significant differences
among CH:ALG ratios in 30% AV formulations: i) 2:0.5 (2.82 μm),
2.5:0.5(15.56 μm) and 3:0.50 (42.6 μm); ii) 2:1 (86.9 μm); iii) 2.5:1
(179.3 μm) and 2:2 (249.7 μm); iv) 3:1(1031.3 μm). The PEC formula-
tion group iii presented suitable APS, which was in agreement to Lien
et al. (2009) and Annabi et al. (2010). Therefore, 30% AV, 2% CH, and
2% ALG blend was selected for further experimentation.

Table 1
Sugar composition of AV and AC in dry basis.

Sugar content (mg monosaccharide/100mg)

Fructose Manose Galactose Glucose Total

AVa 0.51 ± 0.0002 0.91 ± 0.022 0.77 ± 0.001 2.86 ± 0.027 5.05
ACb,c 14.20 ± 0.004 25.35 ± 0.016 16.95 ± 0.013 39.43 ± 0.062 95.92

a DA=12 ± 1% and 11.5mg AV/ml.
b 19mg AC/100mg AV.
c DA=38 ± 1.32%.

3.5 4.0 4.55.5 6.0
-30

-25

-20

-15

-10

-5

0

CQCH-4 
CBCH-4 
CQCH-6 
CBCH-6 
CQCH-6-Ca 
CBCH-6-Ca 

B

A A

B

A,B A
A

pH

2 4 6 8
-40

-30

-20

-10

0

10

20

30
QCH 
BCH 
AV 
ALG 

A
C C C

B
A

A

E E D
C

B
A

D

C
A C B C

E

A
C

E
B

D

Fig. 1. ζ Potential of polysaccharides (A) and PECs (B) determined at several pH.
Different letters in a plot or histogram mean that the groups are significantly different
according to multiple comparisons of means Tukey-Kramer test (p≤ 0.05).
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The ζ potential values of QCH and BCH (Fig. 1) showed a poly-
cationic behavior, although BCH ζ potential was significantly higher
than that for QCH. This might be ascribed to the lower content of acetyl
groups and, the consequently enhanced amine protonation. For both
samples, the ζ potential increased as the medium became acidic, and at
neutral pH, the ζ potential of CH was significantly reduced. Contrarily,
ALG exhibited a polyanionic behavior in the range of pH 2.0-8.0 owing
to dissociation of the carboxylic moiety. The AV displays a polycationic
behavior at pH 2 (+4.7mV) and polyanionic at the 3.0–8.0 pH range
(−13 at −16mV), which substantiates that the particles tend to ac-
quire negative charges at alkaline pH. AV ionic behavior is mainly at-
tributed to pectin, while AC and other components have no ionic
charges.

The ζ potential values of PECs prepared at pH 4 and 6 displayed a
polyanionic behavior in the −20 to −24mV range (Fig. 1), indicating
components with negative surface charges, ALG and AV. In accordance
with the core-shell PEC model proposed for CH-ALG complexes, small
non-aggregating particles prevailed in our materials thereby the poly-
anion might form a stabilizing shell around the particles (Sæther,
Holme, Maurstad, Smidrød, & Stokke, 2008). The ζ potential values of
PECs prepared with BCH were lower than those with QCH indicating
that BCH increased system stability. A plausible explanation for this
experimental evidence is the higher DA and Mv of QCH (DA=20% and
Mv= 216.4 kDa) than values for BCH (DA=9% and Mv= 140.7 kDa).
CH molecular weight affects the rate and the extent of binding to ALG
beads. According to this, a lower degree of polymerization displays a
rapid diffusion into the gel, while CH with higher Mv only binds to ALG
bead surface. Additionally, the presence of acetyl groups significantly
decreased the binding among CH and ALG (Gåserød, Smidsrød, & Skjåk-
Bræk, 1998), and consequently, the higher DA the smaller the binding
between CH and ALG. The formation of PECs prepared at physiological
pH (ca. 7.4) was considered for further experimentation on human cell
viabilities however, this approach was ruled out because it induced
flocculation. The loss in stability due to the less protonated CH, and the
remaining protonated groups available for interaction might lead to
overall weaker electrostatic interactions at pH 7 (Sæther, Holme,
Maurstad, Smidrød, & Stokke, 2008).

On the other hand, FTIR spectra of PECs and its individual com-
ponents are shown in Fig. 2. For BCH and QCH, the NH3

+ group dis-
plays the stretching vibration band at 3300 cm−1 and those of asym-
metrical and symmetrical bending at 1600 and 1421 cm−1,
respectively. The characteristic band at 1650 cm−1 was assigned to the
eC]O group of the acetylated fraction of CH, which was more intense
for QCH than for BCH concomitantly with the measured DA (Table 1).
The AV spectrum shows a band at 3300 cm−1 assigned to the eOeH
stretching with its bending vibration at 1028 cm−1 appointed to glu-
cans. The band at 2923 cm−1 corresponds to eCeH stretching, and C]
O vibrations observed at 1728 cm−1 are due to stretching of the acetyl
ester (Chang, Chen, & Feng, 2011). The band at 1589 cm−1 is assigned
to carboxylate, and CeOe stretching vibration of acetyl ester group at
1241 cm−1 and that at 1064 cm−1 to mannose according to
Kačuráková, Capek, Sasinková, Wellnerb, and Ebringerová (2000). The
ALG presents the characteristic functional group eOC]O with a broad
band due to the asymmetrical stretching near 1595 cm−1 and a nar-
rower band due to the symmetrical stretching at 1406 cm−1. The
sharpening of the band at 1598 cm−1 in PEC spectra is attributed to the
ionic interaction of the carboxylate groups of polyanionic ALG with
−NH3

+ groups of polycationic CH (Abreu, Bianchini, Forte, & Kist,
2008). This change might lead to the disappearance of the band at
1728 cm−1 of AV in the PECs, possibly as a result of hydrogen bond
interactions of AV with CHs, accordingly to the lowest weight ratio of
AV in PEC, which is 0.08 while for CH and ALG are of 0.46, respec-
tively. It is worth mentioning that a band at 1240 cm−1 assigned to
concerted stretching-bend vibrations of eCeOH bond of carboxyl group
appeared in FTIR spectra of the mixtures of components (Fig. 2B) but
not in PEC spectra.

The broad eOH stretching band at 3300–3050 cm−1 substantiates
the presence of hydrogen bonding (Fig. 2A and B) which is related to
the complex mixture of polysaccharides, such as pectin, cellulose, and
AC glycoproteins in AV (Bozzi et al., 2007).

The FTIR-ATR spectra of mixtures of lyophilized components
showed bands at 1730 cm−1 assigned to the carbonyl group of AV in all
the combinations (Fig. 2B). Thus, the disappearance of this band in the
PECs from aqueous solution confirms that water allows a close inter-
action among components, and therefore the formation of hydrogen
bonds in agreement with Berger et al. (2004).

3.2.1. Rheological behavior
The shear viscosities of AV, CH, and ALG decreased with an in-

creasing shear rate corresponding to a non-Newtonian fluid with a
shear thinning behavior (see Supplementary data 3 Viscosity and dy-
namic viscoelastic behavior of AV). On the other hand, the extension of
the ZLV for PECs showed typical behavior of flowing materials without
any gel character from a rheological standpoint; thus, revealing no real
crossing of the G’ and G” curves (Supplementary data 4 for ZLV of
PECs). The variation of dynamic moduli with angular frequency carried
out to determine the viscoelastic behavior of the PECs, displayed for all
samples an increase with angular frequency, and G” was always greater
than G’ (Fig. 3). The PECs prepared at pH 4 (Fig. 3A), CQCH-4 and
CBCH-4, had similar loss modulus, whereas for complexes prepared at
pH 6, G” of CQCH-6 was higher than CBCH-6, which might be asso-
ciated to the higher DA of QCH than BCH (Table 1). The dynamic
moduli were less dependent on the frequency at pH 6 which suggests
the presence of increasingly rigid structures. Structure rigidity might be
attributed to electrostatic interactions between the amino groups of CH
and the acid groups of ALG.

It is important to note that ALG is known to form gels in the pre-
sence of divalent cations, e.g. Ca2+, which act as cross-linkers between
the functional groups of alginate chains and the carboxyl groups of the
polyuronic acid residues, mainly polyguluronic, as depicted by the “egg
box” model (Yang, Campanella, Hamaker, Zhang, & Gu, 2013). The G
content and the length of the block sequence in the ALG chain con-
tribute to gel-forming ability and gel strength. The presence of Ca2+ in
G-rich ALG lead to strong but brittle gels while M-rich ALG gels are
weak but elastic. Although CBCH-6-Ca and CQCH-6-Ca presented si-
milar values of viscous modulus and G” greater than G’ (Fig. 3), dy-
namic moduli were not congruent at high frequencies as reported
Zhang et al. (2015). The concentration of Ca2+ ions (1mM) was not
sufficient to form true gels, i.e. gels supporting their weight. However,
this concentration of Ca2+ was chosen due to human cell compatibility
of PECs, in which divalent ions are used at concentrations lower than
1mM in order to avoid cell metabolic disturbance (Bunse et al., 2013).
Additionally, it has been reported that ECM rigidity regulates fibroblast
behavior by inducing focal adhesions on soft (400 Pa) and stiff
(5000 Pa) cross-linked polyacrylamide gels. HDFs grew significantly
better on rigid than soft gels although it adhered similarly in soft and
stiff gels. Focal complexes among cells and rigid gels are formed and
might contribute to aberrant epithelial tissue behavior by influencing
integrin adhesions, which were higher on those with stiff matrix than
those with the soft matrix (Paszek et al., 2005). The storage moduli of
PECs observed in this study ranged from G’=0.01 to 100 Pa, which is
in the same order of magnitude of the soft cross-linked polyacrylamide
gels (400 Pa).

3.3. Morphology of PECs

3.3.1. Fluorescence microscopic analysis
The fluorescence signals of PECs-CWR labeled complex in Fig. 4

evidence the formation of microgels in the system due to the interaction
of CWR with 1,4-β−glucans as CH inducing fluorescence. This ob-
servation confirms the presence of incipient networks, possibly micro-
gels instead of three-dimensional networks. The microgels have been
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Fig. 2. FTIR-ATR spectra of CH, ALG, AV and PECs at pH 4, pH 6 with and without Ca2+ ions (A) and mixtures of lyophilized components (B).
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Fig. 3. The dynamic oscillatory behavior of PECs at pH 4, pH 6 with and without Ca2+: A) storage modulus Ǵ and B) loss modulus Ǵ́ as a function of angular frequency.

Fig. 4. Images of PECs labeled with CWR and observed in fluorescence microscopy (10x), excitation and emission wavelengths, 370 and 440 nm, respectively: A) CQCH-4, B) CBCH-4; C)
CQCH-6; D) CBCH-6; E) CQCH-6-Ca; F) CBCH-6-Ca.

R. Gallardo-Rivera et al. Carbohydrate Polymers 192 (2018) 84–94

90



reported as crosslinked hydrogel particles of small dimension, char-
acterized by its high water content, biocompatibility, and adjustable
chemical and mechanical properties (Zhang et al., 2015). Microgels of
carboxymethyl cellulose crosslinked to sodium trimetaphosphate and
lysozyme were observed with the fluorescence signal from fluorescein
isothiocyanate-labeled lysozyme with particle size ranged from 10 to
20 μm (Zhang et al., 2015). The present work displays irregular mi-
crogel particles at pH 4 with average diameters of 42.4 μm and 12.8 μm
for CQCH-4 and CBCH-4, respectively, whereas at pH 6, a reduction of
microgel diameter sizes were observed with 10.8 μm, 18.7 μm and
12.9 μm for CQCH-6, CBCH-6 and CQCH-6-Ca, respectively. The smal-
lest diameter size was 1.5 μm for CBCH-6-Ca; which points out that the
DA in BCH might promote a higher interaction than that with QCH, as
evidenced by the ζ potential analyses (Fig. 1).

3.3.2. SEM analysis
The SEM of CQCH and CBCH at pH 4 and 6 had no significant

differences on APS in a range of 165 and 216 μm (Fig. 5). CQCH and
CBCH at pH 4 and pH 6 showed disordered morphology with rough and
lamellar structures (Fig. 5A–D). The CBCH with Ca+2 ions (Fig. 5F)
presented a relatively smooth porous structure, whereas CQCH with
Ca+2 (Fig. 5E) had a macro rough porous network. Moreover, the
structure of the PECs was strongly influenced by the amount of Ca+2

ions, thus leading to a more compact, homogeneous and less dense
structure than PECs without this cation. The differences in morphology
of PECs at pH 6 with and without Ca2+ might be due to DA because
CQCH-6-Ca had higher DA than CBCH-6-Ca; therefore, the individual
interactions with ALG were weaker than those of CBCH resulting in a
tridimensional network. Noteworthy, rough surface could be of benefit
for cell growth and tissue healing because rougher PECs can adhere to
the wounded tissue leading to larger contact surface thereby increasing
the contact time (Garrastazu-Pereira et al., 2014).

Fig. 5. SEM micrographs of PECs: A) CQCH-4, B) CBCH-4, C) CQCH-6, D) CBCH-6, E) CQCH-6-Ca, F) CBCH-6-Ca.

R. Gallardo-Rivera et al. Carbohydrate Polymers 192 (2018) 84–94

91



3.4. Swelling capacities and degradation studies of the PECs

PECs displayed a fast swelling reaching the equilibrium in 1 h and
remained stable up to 24 h (see Supplementary data 5). The CQCH-6
was however an exception reaching the steady state in ca. 24 h, whereas
CQCH-4 and CQCH-6-Ca decreased S(%) after this time due to PEC
dissolutions. The swelling in PECs might be ascribed to their chemical
composition, which contains hydrophilic polysaccharides. Therefore,
PECs exhibited considerable swelling (ca. 30-fold) which provides high
moisturization, an important feature for wound-dressing interface but
also for absorption of any excess of exudate, when not properly re-
moved, can support microbial growth (Pereira et al., 2013).

The degradation profiles of PECs showed that CQCH and CBCH
samples at pH 4 and 6 displayed significant differences in weight loss
(see Supplementary data 6). PECs at pH 4 had higher weight loss than
that at pH 6, which might be due to the acidity that promoted CH
dissolution. CQCH-6-Ca degradation was significantly higher than
CBCH-6-Ca, which is consistent with the morphology observed by SEM
(Fig. 5E). The preservation of molecular weight and crystalline struc-
ture of BCH produced materials with low degradation rate regardless
the low DA. It can be seen that CQCH-6-Ca presented a network
structure with certain porosity at low concentration (1mM) of Ca+2

ions that might favour its rapid dissolution. The use of calcium content
higher than 1mM in the PECs could improve the properties although
Lansdown (2002) reported the suppression of proliferation of kerati-
nocytes during the wound healing process with concentration above
1.4 mM. Thus, higher Ca2+ concentrations were not attempted.

3.5. Evaluation of cell viability assay and migration of HDF cultured with
polysaccharides and PECs

Cells isolated from the dermis layer of foreskin biopsies (HDFs)
showed the characteristic fusiform morphology of adhered fibroblasts
upon culture, positively expressed characteristic proteins of fibroblasts’

ECM, collagen Type I and elastin, and were positive for expression of
the fibroblast surface protein (Supplementary data 7). These results
corroborated the fibroblastic phenotype of the cells isolated from
foreskin biopsies (HDF); cells that were used to study the biological
response to the PECs and their components (AV, ALG and CH). Cell
viabilities of HDF cultured with the polysaccharides and PECs were
studied with the calcein-AM test. The fluorescence images of calcein-
AM/ethidium homodimer assays for HDFs cultured showed that their
cell viability was negatively impacted by pH, showing a higher per-
centage of dead cells (over total number of cells) at pH 4 (Fig. 6A,B,G &
H) than those at pH 6 (Fig. 6C–G,I–L). The morphology of HDF was also
affected at pH 4, losing their characteristic shape, whereas at pH 6
HDFs displayed elongated and fusiform, which is consistent with the
statistically significant (p≤ 0.05) differences of cell viabilities among
CH and PECs at pH 4 and 6. Polysaccharides and PECs with pH 4 were
not suitable to promote cell viability, which ranged from 45 to 99%, for
polysaccharides at acidic pH cell viability was lower than 30%. Note-
worthy, the AV at pH 6 displayed significant positive effects on cell
cultures compared to those determined with BCH, QCH and ALG
(Supplementary data 8. Images of cell migration in scratch assay of
QCH-6, BCH-6, ALG-6 and AV-6). HDFs migration with ALG and AV
showed a higher closure of the scratch (wound) than those cultured
with QCH-6 and BCH-6. There was also an effect on morphology since
HDFs displayed their characteristic fusiform when were cultured with
ALG-6 and AV-6, in contrast, cells displayed a more rounded mor-
phology when cultured with QCH-6 and BCH-6. In fact, scratch closure
was higher with AV than ALG-6. AV had consistently a positive con-
tribution of cell viability in AV-6-Ca, keeping in mind that this treat-
ment belong to the same group of materials with high cell compatibility
and significantly higher than blends of CH/ALG and Ca2+. The effect of
AV might be explained by the synergistic action with the AC in agree-
ment with Hamman (2008) who reported enhanced cell proliferation,
expression of growth factors involved in skin reparation and production
of extracellular matrix (ECM) proteins. The AC is capable of binding to

Fig. 6. Fluorescence images of stained HDF with calcein-AM (green) and ethidium homodimer (red). HDFs grew with the following PECs: A) QCH-4, B) BCH-4, C) QCH-6, D) BCH-6, E)
QCH-6-Ca, F) BCH-6-Ca, G) CQCH-4, H) CBCH-4, I) CQCH-6, J) CBCH-6, K) CQCH-6-Ca and, L) CBCH-6-Ca. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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mannose receptors in the surface of fibroblasts triggering cell pro-
liferation and growth factors enhancement. Other studies have also
demonstrated that AC improves HDFs proliferation by enhanced cyclin
D1 protein expression via translational regulation (Thunyakitpisal,
Ruangpornvisuti, Kengkwasing, Chokboribal, & Sangvanich 2017).
Nevertheless, viability was not significantly different in our samples

among cell cultures treated with PECs prepared with either BCH or
QCH at pH 6. The PECs at pH 6 with and without Ca2+ ions had cell
viability greater than 90%, suggesting that these materials and poly-
saccharides (BCH, QCH, AV or ALG) at pH 6 are biocompatible with
HDFs regardless the Ca2+ (Fig. 7A).

Fig. 7B shows the percentage of wound closure after culturing with
polysaccharides, PECs at pH 4 or 6 with and without Ca2+ ions. Ad-
ditionally, the wound closure of cell cultures with polysaccharides (CH,
ALG or AV) at pH 6 is also evidenced. The CBCH-ALG and CQCH-ALG at
pH 4, including polysaccharides, exhibited lower wound closure and
even negative values than those at pH 6, due to pH damage to the cells.
In conclusion, AV combined with Ca2+ produced a positive significant
effect on HDFs migration. A plausible explanation for these results is the
regulation at gene and protein expression levels of basic fibroblasts and
transforming β1 growth factors, which are related to wound healing
(Hormozi, Assaei, & Beigi Boroujeni, 2017). On the other hand, the
PECs with added calcium also presented significant differences en-
hancement on wound closure. In this regard, Lansdown (2002) reported
that Ca2+ is involved in epidermis reconstruction owing to its ability of
modulation of cell proliferation, motility and maturation. Furthermore,
CH could also have a positive effect on cell migration due to the pre-
sence of the N-acetyl-D-glucosamine units, the main glycosaminoglycan
present in the ECM (Frantz, Stewart, & Weaver, 2010). In the present
study, the wound closure (%) was significantly higher for BCH-6 than
QCH-6, this might be explained by lower DA in BCH than QCH, which
could enhance the HDFs migration as a result of CH degradation in
chitooligomers with low DA (Minagawa, Okamura, Shigemasa, Minami,
& Okamoto, 2007). However, this effect was not significant on cell
migration (p≤ 0.05) with PECs added with Ca2+ ions (Supplementary
data 9. Images of cell migration in scratch assay).

3.5.1. HLs viability
The cell viability was also evaluated by culture of HLs upon in-

cubation with the PECs because these are cellular components of per-
ipheral blood, which interact cell to cell as immune response. HLs are
employed in immunotherapy as immunological adjuvants against an-
tigens on the tumor surface like prostate cancer cells (Florczyk et al.,
2012). The AC has been reported to enhance cytokine release, activate
macrophages and stimulate interaction among them and lymphocytes
(Simões et al., 2012). Fig. 7C presents the percentage of cell viability of
HLs determined with MTT assay, which was up to 80% without sig-
nificant difference among PECs prepared at pH 6 (p > 0.05). There-
fore, there was no evidence of mitochondrial damage as only active
mitochondria cleaved the tetrazolium ring of MTT reagent. Ad-
ditionally, there were no significant differences of HLs viabilities among
materials according to NR assay (p > 0.05). This substantiated that
cell lysosomes kept their integrity and bound to the NR dye. The suc-
cessful survival of HLs when cultured with PECs might be explained by
the release of components with chemical resemblance to the poly-
saccharides of the ECM, such as glycosaminoglycan (Frantz et al.,
2010).

4. Conclusions

PECs composed of CH, AV and ALG have been successfully prepared
and characterized for potential application in wound healing. The PECs
with entrapped active components of AV offer advantages in the wound
healing process such as stability, morphology, water absorption, pore
size and rigidity. CQCH-6, CBCH-6 and CQCH-6-Ca and CBCH-6-Ca
samples produce a high percentage of HDFs viablity. Remarkably, the
AV blended with PECs had a positive effect on cell viability and mi-
gration. The PECs prepared at pH 4 presented best physicochemical
properties notwithstanding significant reductions on HDFs and HLs
viabilities. Importantly, none of these PECs displayed cytotoxicity to
HLs confirming their biocompatibility and only CQCH-6-Ca presented
some diminution on cell viability.
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Fig. 7. PECs evaluation on HDFs viabilities (A), percent of wound closure after 24 h of
culture (B), HLs viability determined by MTT and NR assays (C). Different letters in
histogram mean that the groups are significantly different according to multiple com-
parisons of means Tukey-Kramer test (p≤ 0.05).
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