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Resumen 

La hidantoína de D,L-vailna, un nuevo derivado hidantóico de -aminoácido, con fórmula C6H10N2O2, ha sido sintetizado y 
caracterizado estructuralmente mediante las técnicas IR, RMN, y difracción de rayos-X. Los resultados espectroscópicos 

son consistentes con el esqueleto molecular. El patrón de difracción de rayos-X en polvo confirma la pureza de la muestra 

cristalina. El análisis por difractometría de cristal único indica que el compuesto cristaliza en el sistema monoclínico, grupo 

espacial P21/c (Nº14), con parámetros de celda unidad: a= 5,493(3) Å, b= 23,53(2) Å, c= 6,254(3) Å y β= 115,09(4)º, V= 

732,1(9) Å3, Z= 4. El empaquetamiento cristalino está estabilizado por enlaces de hidrógeno fuertes del tipo N--H···O entre 

los anillos hidantoinicos vecinos; formando los grafos: C(5), R2
2(8) y R4

4(16). Además, la estructura cristalina presenta en-

laces de hidrógeno no convencionales del tipo C5--H5···O2 e interacciones ··· entre los bordes del anillo hidantoína. La 
interacción de todos estos tipos de enlaces de hidrógeno, junto a fuerzas dispersivas presentes en las regiones donde se en-

cuentran los grupos isopropilos, estabilizan el eficiente empaquetamiento de la estructura con un índice de espacio ocupado 

de 66,3%. 

Palabras claves: α-aminoácidos; hidantoínas; difracción de rayos-X; estructura cristalina 

Abstract 

Synthesis and structural characterization of the D,L-valine hydantoin compound: The title compound, D,L-valine hy-

dantoin, a new -amino acid hydantoin derivative with formula C6H10N2O2 has been synthesized and structurally characte-
rized by FT-IR, NMR, and X-ray diffraction techniques. Spectroscopy results are consistent with the skeleton structure. 

 The powder X-ray diffraction data confirm the phase purity of the crystalline sample. Single-crystal X-ray diffraction anal-

ysis indicated that crystallizes in the monoclinic space group P21/c (N°14), Z= 4, and unit cell parameters a= 5.493(3) Å, b= 

23.53(2) Å, c= 6.254(3) Å, β= 115.09(4)°, V= 732.1(9). The crystalline packing is stabilized by strong hydrogen bonds of 

the N-- H···O type between the neighboring hydantoin rings; forming the graphs: C(5), R2
2(8) y R4

4(16). In addition, the 

crystalline structure presents unconventional hydrogen bonds of the C5-H5···O2 type and ··· interactions between the 
edges of the hydantoin ring. The interaction of all these types of hydrogen bonds, together with dispersive forces present in 

the regions where the isopropyl groups are found, stabilize the efficient packing of the structure with a space-occupied index 

of 66.3%. 

Keywords: α-amino acids; Hydantoins; X-ray diffraction; crystal structure 

 

Introducción 

Las hidantoínas o imidazolidina-2,4-dionas son compuestos 

con un anillo de imidazol que poseen grupos ceto en las posi-

ciones 2 y 4 (figura 1). Dependiendo de la naturaleza y el tipo 
de sustitución en el anillo heterocíclico, estos compuestos 

pueden mostrar actividad farmacéutica y biológica con una 

variedad de aplicaciones
1,3

. 

En particular, las hidantoínas sustituidas en la posición 5, 

como Norantoína (3-metil-5-fenilhidantoína), Mefenitoína (5-

etil-3-metil-5-fenilhidantoína), Nirvanol (5-etil-5-fenilhidan-

toína), Metetoína (5-etil-1-metil-5-fenilhidantoína) o Fenitoína 

(5,5-difenilhidantoína), son precursores valiosos de una gran 

variedad de sistemas heterocíclicos que están asociados con 
una amplia gama de actividades biológicas, incluida la anti-

arritmia
4
, anticonvulsivantes

5
 y agentes antitumorales

6
. La 

hidantoína 5,5-difenilhidantoína más conocida, la fenitoína, es 
un compuesto anticonvulsivo que tiene eficacia en el trata-

miento de la epilepsia convulsiva y psicomotora generaliza-

da
7
. 
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Fig. 1: Estructura química general de una hidantoína. 

Estos heterociclos se usan comúnmente como modelos en 

química combinatoria debido a que poseen un núcleo alta-

mente reactivo con cuatro posibles puntos de sustitución. Es-
tas moléculas poseen el mismo número de grupos donantes de 

enlaces de hidrógeno (NH de dos anillos) y átomos aceptores 

(dos carbonilo CO), adecuados para formar arquitecturas su-

pramoleculares a través de enlaces de hidrógeno, que a su vez 
desempeñan un papel clave en el reconocimiento molecular y 

la ingeniería de cristales
8,9

. Continuando con nuestros estudios 

estructurales de pequeñas moléculas biológicamente activas, 
incluyendo hidantoínas y tiohidantoínas

10-15
, en este trabajo 

reportamos la síntesis y caracterización estructural del nuevo 

compuesto hidantoína de D,L-valina. 

Parte experimental  

En la figura 2 se representa esquemáticamente la ruta de 

síntesis de la hidantoína de D,L-valina. El derivado se sin-

tetizó realizando algunas modificaciones de la ruta sintética 
Bucherer-Bergs propuestas en la literatura

10,11
.  Se disolvie-

ron 4mmol de la D,L-valina en 20 mL de agua destilada y 

se acidificó con unas gotas de HCl concentrado (37%) has-
ta alcanzar un pH por debajo de su punto isoeléctrico. A 

continuación, se añadieron 12 mmol de KOCN en una rela-

ción 1:3 respecto a la valina. Esta solución se sometió a 

calentamiento y agitación constante durante 4 horas a 60 
˚C. Una vez transcurrido el tiempo de reacción se dejó en-

friar la solución y se acidificó nuevamente con HCl hasta la 

formación del N-carbamoílo. El precipitado se disolvió en 

HCl hasta alcanzar un pH ácido (pH ≃ 1-2) y esta mezcla 

se sometió a reflujo durante 4 horas a 60 ˚C, con agitación 

constante, obteniéndose la hidantoína. El producto se re-

cristalizó por evaporación lenta de solvente en una mezcla 
etanol:agua en proporción 1:1. Luego de algunas semanas 

se obtuvieron cristales incoloros en forma de paralelepípe-

dos, óptimos para el estudio por difracción de rayos-X de 
cristal único. Punto de fusión: 140-142°C. 

 

Fig. 2: Ruta de síntesis de la hidantoína de D,L-valina. 

 

Fig. 3: Mecanismo de reacción propuesto para la formación de la 

hidantoína D,L-valina. 

En la figura 3 se muestra el mecanismo de reacción pro-

puesto para la síntesis del derivado hidantoína de D,L-

valina. La reacción consiste en la adición nucleofílica del 
carbono electrofílico de cianato de potasio sobre el nitró-

geno del grupo amina. El producto de reacción sufre un re-

ordenamiento intramolecular para formar el N-carbamoilo 
de la valina. Una vez obtenido el N-carbamoilo, este se so-

mete a reflujo bajo condiciones ácidas para lograr la des-

hidratación y ciclación del α-aminoácido, obteniendo así el 

anillo hidantoína sustituido en la posición 5 por un grupo 
isopropilo. 

El punto de fusión se midió en un aparato Electrothermal 

modelo 9100. 

El espectro infrarrojo (FT-IR) se midió en un equipo Per-

kin-Elmer 1600 en pastillas de KBr. Los espectros de reso-

nancia magnética nuclear RMN-
1
H y RMN-

13
C, se obtu-

vieron en un espectrómetro Bruker Avance DRX 400, uti-

lizando DMSO. 

Los datos de difracción de rayos-X en muestra policristali-

na se registraron en un difractómetro Siemens D5005 utili-
zando radiación de CuKα (λ = 1,5418 Å). Los datos se 

colectaron en un rango de 5-65º en 2θ con pasos de 0,02º y 

un tiempo de 10 segundos por paso. Se utilizó silicio como 
estándar externo. 
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La toma de datos de intensidad de difracción de rayos-X de 

cristal único se realizó, a temperatura ambiente, en un di-

fractómetro Rigaku AFC-7S, empleando radiación de Mo Kα 
(λ = 0,71073 Å) y detector Mercury-CCD, en un rango de 

1,7-28,1º en 2θ. 

Discusión de resultados 

Difracción de rayos-X en monocristal 

La estructura cristalina de la hidantoína D,L-valina se deter-

minó con métodos directos empleando el programa 

SHELXS
16

 y se refinó mediante cálculos de mínimos cuadra-

dos de matriz completa utilizando el programa SHELXL
17

. 

Los átomos de hidrógeno se colocaron en posiciones calcula-

das y tratados usando un modelo rígido con distancias C-H 

0,96-0,98 Å y Uiso(H) = 1,2 Ueq(C)], O-H 0,82 Uiso(H) = 
1,2 Ueq(O)], N-H 0,86 Å y Uiso(H)= 1,2 Ueq(N)]. Los datos 

cristalográficos aquí reportados se depositaron en la base de 

datos Cambridge Crystallographic Data Centre
18

 (www.ccdc. 
cam.ac.uk).  

En la tabla 1 se muestran los parámetros de celda y figuras de 

mérito del refinamiento. Los parámetros de celda concuerdan 

muy bien con los encontrados con difractometría de polvo, lo 
cual es un indicativo de la homogeneidad de la muestra crista-

lizada. 

Tabla 1. Datos cristalográficos de la hidantoína de D,L-valina obtenidos por difracción de rayos-X de monocristal. 1 

Código CCDC 2130728   

Fórmula C6H10N2O2 Temperatura (K) 293 

Peso molecular 142.16 Radiación (Å) MoKa (0.71070) 

Sistema cristalino Monoclínico Rango en 2θ 1.7 - 28.1 

Grupo espacial P21/c (N°14) Dcal (g/cm
3
) 1,290 

a (Å) 5,493(3) Mu(MoKa) (mm) 0,098 

b (Å) 23,53(2) F(000) 304 

c (Å) 6,254(3) Refl. únicas (Rint) 1237 (0,065) 

β (º) 115,09(4)° R(F2) [I > 2(I)] 0,0746 

Volumen (Å3) 732,1(9) wR(F2) [I > 2(I)] 0,2119 

Z 4 S 1,21 

 
La hidantoína D,L-valina cristaliza en una celda monoclínica 

con grupo espacial centrosimétrico P21/c (Nº14) y 4 unidades 

fórmula por celda unidad (Z=4). En la figura 4 se muestra la 
estructura molecular del compuesto. Las elipsoides se dibuja-

ron con una probabilidad del 50% y los átomos de hidrógeno 

se muestran como esferas con radio arbitrario.  

 
Fig. 4: Unidad asimétrica de la hidantoína D,L-valina. 

La estructura molecular de la hidantoína D,L-valina está 
constituida por un anillo heterocíclico de cinco miembros; 

con dos grupos carbonilos en las posiciones 2 y 4, dos nitró-
genos en las posiciones 1 y 3 y sustituido en la posición 5 por 

un grupo isopropilo. El átomo C5 es un centro quiral, sin 

embargo, en el arreglo cristalino coexisten la mezcla de enan-
tiómeros D- y L- relacionados por centros de inversión propio 

del grupo espacial centrosimétrico P21/c. 

En el anillo hidantoína, los enlaces C2-N1, C2-N3 y C4-N3, 

poseen distancias de 1,337(5) Å, 1,389(6) Å y 1,354(6) Å, 

siendo estos valores intermedios a las distancias reportadas 

para un enlace sencillo C-N (1,47 Å) y un enlace doble C=N 

(1.29 Å). Adicional a esto, el anillo hidantoínico es casi pla-
no, con una ligera desviación del átomo C5, con hibridación 

sp
3
 de 0,117(4)Å por encima del plano conformado por los 

átomos O2-O4-N1-N3-C2-C4. Estas características eviden-
cian la deslocalización de carga del anillo heterocíclico. 

El análisis de los ángulos torsionales de la hidantoína de la 

D,L-valina a través del enlace C5-C6, muestra que los gru-
pos CH3 unidos al carbono C6 se encuentran en una posi-

ción oblicua con respecto al grupo N-H unido al carbono 

C5 del anillo hidantoínico, formando un ángulo de torsión 

de 52,2(5)° para C7-C6-C5-N1 y -74,3(6)° para C8-C6-
C5-N1. Esta conformación se comparó con la hidantoína 

de la L-valina monohidratada reportada
17

 encontrando li-

geras diferencias en la conformación espacial de estos gru-
pos cuyos ángulos son 58,5(2)° y -67,6(2)°, respectiva-

mente.  

El empaquetamiento cristalino de la hidantoína D,L-valina, 
está estabilizado por interacciones de enlace de hidrógeno del 

tipo N--H···O y C--H···O, cuyos parámetros geométricos se 

resumen en la tabla 2. El bloque de construcción básico en 

empaquetamiento cristalino corresponde a dímeros imida-
imida a través de enlaces de hidrógeno del tipo N3--H3···O2 

descrito por el grafo R
2
2(8), donde enantiómeros D- y L- se 

relacionan simétricamente por centro de inversión. Estos 
dímeros se apilan a lo largo del eje c unidos por enlaces de 
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hidrógeno del tipo N1--H1···O4, descrito con el grafo C(5). 

La combinación de ambos enlaces construye un macrociclo 

descrito con el grafo R
4
4(16). Este arreglo da lugar a la for-

mación de cintas que se extienden de manera infinita a lo 

largo del eje c y se alternan con regiones hidrofóbicas a lo 

largo del eje b del cristal, tal como se muestra en la figura 
5(a). 

Adicional a esto, la cintas de dímeros imida-imida se unen a 

lo largo del eje a mediante interacciones de enlace de hidró-
geno no convencionales del tipo C5--H5···O2, construyendo 

anillos descrito por el grafo R
2
4(12), donde O2 actúa como 

aceptor bifurcado, tal como se observa en la figura 5(b). Este 

arreglo también es asistido por interacciones del tipo ··· 
con distancia de 3,529(6) Å entre bordes con carga deslocali-
zada del anillo hidantoína. Este tipo de enlace también se ha 

encontrado en algunas hidantoínas 5,5-sustituidas como la 5-

metil-5-fenilhidantoína
12

, y las tiohidantoínas de la valina
15

 y 

la tirosina
16

, respectivamente. El índice de empaquetamiento 
(KPI) de la hidantoína D,L-valina es de 66,3% sin espacios 

intersticiales disponibles para moléculas de solvente. 

Tabla 2. Parámetros geométricos de los enlaces de hidrógeno presentes en la hidantoína D,L-valina. 

D-H···A D-H (Å) H··A (Å) D··A(Å) D-H··A(º) 

N3-H3···O2a 0,860 1,980 2,817(5) 164,0 

N1-H1···O4b 0,860 2,060 2,912(5) 171,0 

C5-H5···O2c 0,980 2,480 3,295(7) 140,0 

Código de simetría: a 2-x,1-y,2-z; b x,y,-1+z; c -1+x,y,z.  

 
(a) 

 
(b) 

Fig. 5: Vista del empaquetamiento cristalino de la hidantoína D,L-valina en (a) el plano cb donde la región hidrofílica es estabilizada por 

enlaces de hidrógeno N3--H3···O2 y N1--H1···O4. (b) la diagonal [102] en la que dímeros imida-imida se apilan por interacciones de enlace 

de hidrógeno C5--H5···O2 e interacciones ··· a lo largo del eje a.  
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Difracción de rayos-X en muestras policristalinas (XRPD) 

El patrón de difracción indica la presencia de una sola fase 

(Figura 6a). En esta figura se compara el patrón experimental 
obtenido con el patrón calculado partir de la información de 

su estructura cristalina reportada en la base de datos de Cam-

bridge (CSD, versión 5.42, septiembre de 2021)
18

 para D,L-
valina (código VALIDL), la cual se corresponde con el patrón 

de polvo reportado, para el mismo amonoácido, en la base de 

datos de polvo del ICDD
19

 con código PDF-00-033-1954. 

La diferencia entre los patrones de polvo evidencia la forma-
ción de un nuevo compuesto. El indexado del patrón de di-

fracción se realizó utilizando el programa Dicvol06
20

. La 

hidantoína cristaliza cristaliza en una celda monoclínica con 

los parámetros de celda indicados en la tabla 3. Los figuras de 
mérito M(20)

21
 y F(20)

22
 indican la calidad del indexado. Las 

celdas obtenidas se refinaron sin modelo estructural por el 

método de Le Bail
23

 utilizando el programa Fullprof
24

. La 
figura 6b muestra el resultado del refinamiento observándose 

un buen ajuste entre los patrones observado y calculado para 

la hidantoína. Las figuras de mérito del refinamiento fueron 

Rexp = 6.69, Rp = 7.69, Rwp = 8.95, S = 1.3
24

. 

   1 
a)        b) 2 

Fig. 6: a) Patrón de difracción de la hidantoína D,L-valina comparada con la D,L-valina y b) Gráfica del ajuste final Le Bail. 3 

Tabla 3. Parámetros de celda unidad obtenidos para la hidantoína de D,L-valina luego del indexado.  4 

a (Å) b (Å) c (Å) β (º) V (Å3) M(20) F(20) 

5,4917 23,5226 6,2546 115,09 731,73 35,0 47,1 (0,0048) 

 
Fig. 7: FT-IR espectro del hidantoína D,L-valina. 

 

Espectroscopia infrarroja (FT-IR) 

En la figura 7 se observa el espectro FT-IR obtenido para la 

hidantoína de D,L-valina. En el espectro, se identifican las 

señales de vibración características de los grupos funcionales 
presentes en el compuesto estudiado.  

En la tabla 4 se resumen las bandas de absorción más signifi

cativas de dicho espectro. Se aprecia la vibración de tensión a 

3293 cm
-1 

correspondiente al grupo imida N-H ubicado en la 

posición 3. También se aprecian bandas de absorción que 

corresponden a vibraciones de tensión asimétrica y simétrica 
en 3182 cm

-1
 y 2964 cm

-1
 respectivamente, de los enlaces C-

H de los grupos metilo (CH3) presentes en la cadena isopropi-

lo. 
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Tabla 4. Asignaciones de las bandas características de la hidantoína 

D,L-valina. 

Banda  Frecuencia (cm
-1

) Asignación 

1 3293 Tensión N-H 

2 3182 Tensión asimétrica C-H 

3 2964 Tensión simétrica C-H 

4 1766 Tensión C=O 

5 1723 Tensión C=O 

6 1421 Deformación N-H en el plano 

También se observan las bandas correspondiente a la vibra-
ción de tensión de los dos grupos carbonilo C=O de la hidan-

toína en 1766 cm
-1
 y 1723 cm

-1
; la primera se debe al carboni-

lo sustituido en la posición 4 del anillo, mientras que la de 

menor frecuencia se debe al carbonilo en la posición 2; el 

desplazamiento de esta banda a menor frecuencia se debe a la 
contribución de dos estructura de resonancia con los pares 

libres del nitrógeno, haciendo que el doble enlace del carboni-

lo se debilite alargando la distancia C=O y ensanchando la 

banda. Además, se aprecia la señal de flexión débil del grupo 
N-H a una frecuencia de 1421cm

-1
. 

Resonancia magnética nuclear (RMN-
1
H y RMN-

13
C) 

En la figura 8 se muestran los espectros RMN-
1
H (a) y 

RMN-
13

C (b) para la hidantoína D,L-valina. Se obtuvie-

ron las siguientes señales de desplazamiento químico pa-

ra RMN-
1
H δ (ppm): N3-H3 imida en 10,0 (s, 1H), N1-

H1 urea en 6,0 (s, 1H), C5-H5 metino -CH en 4,52 (d, 
1H), C6-H6 isopropilo CH(CH3)2 en 2,65 (m, 1H), C7-

H7 y C8-H metilo CH3 en 0.91 (d, 6H). RMN-
13

C δ 

(ppm): 156,9 (C4), 173,5 (C2), 57,5 (C5), 30,8 (C6), 18,5 
(C7-C8. 

Los estudios espectroscópicos confirman el esqueleto 

molecular de la hidantoína D,L-valina. 

 
a) 

 
b) 

Fig. 8: Espectros RMN-
1
H (a) y RMN-

13
C (b) de la hidantoína de D,L-valina. 

 

Conclusiones 

El nuevo compuesto hidantoína de D,L-valina se sintetizó 
mediante la reacción de Bucherer-Bergs. Los datos espec-

troscópicos permitieron elucidar el esqueleto molecular del 

compuesto y fueron consistentes con los resultados estructu-
rales. La estructura fue determinada utilizando difracción de 

rayos-X en monocristal y cristaliza en el sistema monoclínico. 

El cristal está conformado por enantiómero D y L relacio-

nados simétricamente por el centro de inversión asociado 
al grupo espacial centrosimétrico P21/c. El empaquetamien-

to cristalino de la hidantoína D,L-valina está estabilizado por 

interacciones de enlaces de hidrógeno del tipo N--H···O y 
enlaces de hidrógeno no convencionales del tipo C5--

H5···O2,  así como interacciones ···. 
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Resumen 

Con el propósito de determinar la capacidad base o inicial de retención de fósforo en un suelo Argialbol, soporte de un 
establecimiento de engorde intensivo de Argentina, se tomaron muestras del mismo en profundidad y se analizaron sus 

características. Se realizaron ensayos de isotermas de adsorción de fósforo y los modelos de Langmuir, Freundlich, 

Temkin y Dubinin-Radushkevich fueron ajustados a los datos experimentales. Los tres horizontes superiores presentaron 

partículas con sitios de mayor afinidad y energía de enlace que las de los horizontes profundos. Se demostró una adsor-

ción favorable en todo el perfil, influenciada principalmente por variables como materia orgánica, arcilla y potasio. 

Palabras clave: arcilla; fósforo; isotermas de adsorción; materia orgánica; suelo 

Abstract 

Background capacity of phosphorus retention in a supporting soil of a feedlot. In order to determine the background 

capacity of phosphorus retention on an Argialboll soil, of a feedlot from Argentina, samples of it were taken in depth and 

its properties were analyzed. Phosphorus adsorption isotherms were performed and the Langmuir, Freundlich, Temkin 

and Dubinin-Radushkevich models were fitted to the experimental data. Particles with higher affinity and binding energy 

sites were exhibited for the three upper horizons than those of the lower horizons. A favorable adsorption was demon-

strated throughout the profile. Clay, organic matter and potassium were some of the main parameters influencing the 

process. 

Keywords: Adsorption isotherms; Clay; Organic matter; Phosphorus; Soil  
 

Introducción 

Es ampliamente difundido que la producción intensiva de 

ganado bovino (feedlot) aporta un gran volumen de estiércol 

sólido y líquido, y que uno de sus principales componentes es 

el fósforo (P). Cuando estos residuos son depositados en el 
suelo, el exceso de P puede migrar hacia cursos de agua su-

perficiales, y/o perderse verticalmente alcanzando la napa 

freática. En los cursos superficiales de agua, el enriqueci-
miento con P favorece el proceso de eutroficación, generando 

efectos adversos que limitan su funcionamiento ecosistémico. 

Para evitar los procesos de eutroficación derivados de las 

actividades de engorde a corral y para cumplimentar con las 
normativas vigentes nacionales

1
 e internacionales

2,3
 relacio-

nadas con la preservación del ambiente, se vienen realizando 

investigaciones para comprender las vías, los procesos y me-
canismos que determinan el movimiento de fósforo hacia los 

cursos de agua.  

La transferencia de P mediante escorrentía superficial y 

subsuperficial desde el estiércol hacia cuerpos de agua ha sido 
ampliamente investigada

4-9
, en tanto que las pérdidas de P a 

través de la matriz del suelo y por caminos preferenciales se 

han estudiado en menor grado. Considerando que en la región 

Pampa Ondulada la napa freática se interconecta con los 

cursos superficiales dentro de una gran red hidrológica, el 

movimiento vertical de P en el suelo merece atención dado 
que gobierna el traslado de P hacia la napa

10
 influyendo 

indirectamente en el proceso de eutroficación.  

La migración de P dentro del suelo se ve condicionada tanto 
por su propia movilidad como por las características del me-

dio en el que se encuentra, pudiendo ser evaluada mediante 

procesos de transporte de solutos y procesos de intercambio y 
transformación

11,12
. Los procesos de intercambio y transfor-

mación son aquellos que involucran reacciones físicas, quí-

micas y/o biológicas que determinan la liberación, retención, 

degradación y/o pérdida de un contaminante en el suelo. 
Ejemplos de ellos son los procesos de sorción-desorción, 

disolución-precipitación, inmovilización-mineralización, re-

acciones ácido-base, de óxido-reducción, complejación iónica 
y filtración física

13
.  

Los mecanismos de sorción-desorción son los que participan 

más activamente en la retención-liberación de este nutriente a 
la solución del suelo. Dichos mecanismos dependen entre 

otros factores de: la concentración de fosfatos y de P orgánico 

en la solución del suelo, la presencia de óxidos de hierro y 
aluminio y de carbonato de calcio, el pH, las condiciones 
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redox y el contenido de arcilla
14,15

. La materia orgánica (MO) 

incorporada con el estiércol determina que la concentración 

de ácidos orgánicos también sea otro factor de importancia a 
tener en cuenta

16-18
. 

El estudio de la capacidad de sorción de P de un suelo permi-

te entender qué capacidad tiene ese suelo para retener al nu-
triente y frenar así su salida del sistema. Las isotermas de 

adsorción permiten cuantificar la adsorción de P sobre la 

matriz del suelo a temperatura y presión constante, a través de 
la relación entre la cantidad del soluto sorbido y la concentra-

ción en el equilibrio del mismo
19

. La fórmula general de las 

isotermas explica que cuanto mayor sea la superficie ocupada 
con P adsorbido, menor será la energía con que ese P es rete-

nido por el sorbente
20

. A partir de las isotermas también se 

puede cuantificar la máxima capacidad de retención que per-

mite estimar el grado de saturación de ese suelo con el nu-
triente

18
. 

El riesgo potencial de contaminación de un curso de agua 

superficial y/o subterránea puede ser evaluado considerando 
la vulnerabilidad del medio y la carga del contaminante pre-

sente
21

. Mientras los residuos generados por los estableci-

mientos de engorde a corral (EEC) se caracterizan por tener 
una alta carga de P, la vulnerabilidad de cada ambiente es 

sitio-específica y necesita ser considerada en forma particular. 

Por consiguiente, en un sitio sobre el cual se asienta o se asen-
tará un EEC uno de los primeros aspectos a diagnosticar es la 

capacidad de retención química de nutrientes del suelo y, en 

este caso específico de P, para luego elaborar estrategias de 

manejo de los residuos. El objetivo entonces fue determinar la 
capacidad base o inicial de retención de fósforo (también 

llamada capacidad background) en un suelo Argialbol, sopor-

te de un EEC de la Pampa ondulada (Argentina), y estimar las 
variables edáficas que la favorecen. Esta información servirá 

como precedente en trabajos subsiguientes, en los cuales se 

espera evaluar cómo se ve afectada dicha capacidad cuando el 

suelo recibe aplicaciones de estiércol bovino.  

Materiales y métodos  

Área de estudio  

El estudio se realizó en un EEC de Argentina, ubicado en la 
provincia de Buenos Aires dentro de la región Pampa 

Ondulada. La principal actividad de este establecimiento es el 

engorde intensivo de bovinos a corral, principalmente de las 
razas Bradford y Brangus. Desde hace alrededor de 20 años 

mantiene una producción con una capacidad de hasta 12000 

animales por ciclo productivo. En cuanto a sus instalaciones, 

además de los corrales, cuenta con: lagunas, parcelas 

destinadas a la producción agrícola y forrajera, y con parcelas 

destinadas al apilamiento del estiércol sólido cuando es 
removido de los corrales, entre otras áreas.  

Los datos meteorológicos provistos por la Estación Meteo-

rológica Ezeiza AERO (Lat. -34°49’ Long. -58°32’) del Ser-
vicio Meteorológico Nacional

22
 para el período 1981-2010 

indicaron una temperatura media anual de 16,7ºC y una pre-

cipitación anual media de 1020 mm. 

La unidad taxonómica dominante del suelo en estudio es el 

Argialbol típico cuyo rasgo característico es la presencia de al 

menos un horizonte iluvial Bt. Según la carta de suelos
23

 los 
principales horizontes que lo conforman son: A (0-30 cm), E 

(30-40 cm), 2Bt1 (40-90 cm, en adelante Bt1), 2Bt2 (90-140 

cm, en adelante Bt2), 3BCt (140-180 cm, en adelante BCt). 

Muestreo  

Dentro del EEC se seleccionó una superficie destinada a la 
producción de forraje, que no recibió influencia de estiércol ni 

de efluentes. Allí se definieron cinco puntos de muestreo 

equidistantes entre sí (a más de 50 m), constituyendo cada 

uno de ellos una réplica. 

La recolección de muestras se realizó en forma sistemática, 

cada 10 cm desde la superficie hacia los horizontes más pro-

fundos; los estratos 80-90 cm, 150-160 cm y 160-170 cm no 
se muestrearon dado que sus características morfológicas se 

veían representadas por los demás estratos del horizonte al 

que pertenecían cada uno. Las muestras se acondicionaron en 

bolsas plásticas, se rotularon y llevaron al laboratorio. Luego 
se dejaron secar al aire, se molieron y tamizaron utilizando 

una malla de 2 mm de diámetro. Finalmente se las conservó 

en bolsas plásticas para posteriores análisis. 

Caracterización del suelo  

Para determinar la capacidad de retención de fosfatos del 

suelo del EEC fue necesario establecer previamente las pro-
piedades físicas y químicas del mismo. Las variables pH, P 

Bray, carbono orgánico (CO), nitrógeno Kjeldahl (NKj), 

carbonato de calcio equivalente (CaCO3 Eq), cationes inter-

cambiables (Na
+
, K

+
, Ca

2+
, Mg

2+
), capacidad de intercambio 

catiónico (CIC) y conductividad eléctrica (CE) fueron medi-

das siguiendo métodos estandarizados
24-25

, en el laboratorio 

de la cátedra de Química Inorgánica y Analítica de la Facul-
tad de Agronomía de la Universidad de Buenos Aires (FAU-

BA). En la tabla 1 se presentan algunas de las características 

analizadas. 

Tabla 1. Características físicas y químicas de los horizontes del perfil del suelo (valores medios junto a sus desvíos estándar). 

Variable                                       Horizonte  

Profundidad (cm) 

A  

(0-30) 

E  

(30-40) 

Bt1  

(40-90) 

Bt2  

(90-140) 

BCt  

(140-180) 

pH (en agua 1:2,5) 5,8±0,6 6,7±0,8 7,0±1,0 7,6±0,8 7,1±0,1 

CE (mS.cm-1) 0,36±0,19 0,38±0,25 0,59±0,24 0,54±0,15 0,41±0,02 

CO (%) 1,80±0,43 0,63±0,34 0,56±0,20 0,29±0,16 0,31±0,05 

P Bray (mg.kg-1) 6,5±5,2 2,3±1,8 2,1±1,6 2,0±1,2 2,9±0,5 

n* 15 5 19 12 2 

* El número de muestras depende de las réplicas y del espesor de cada horizonte muestreado. En algunos casos no se pudo contar con réplicas co-
mo en BCt. 
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Tabla 2. Clases texturales, composición de roca total, de la mineralogía de la fracción arcilla y contenido de hierro y aluminio del perfil del 

suelo. 

Horizonte Textura   

Roca Total   Filosilicatos Fe Al 

Qz Fel K Pl Fil Afb Amf   Sm I/M C g.100g-1 

A FL   xxx x xx xx x xx   xxx xxx x 2,13 4,03 

E FL   xxx x xx xx x xx   - xxx xx 2,34 4,10 

Bt1 AL   xxx x xx xx x xx   xxx xx x 4,66 9,73 

Bt2 FAL   xxx x xx xx x xx   xxx xx x 4,03 8,39 

BCt AL   xxx x xx xx x xx   xxx xx x 4,34 7,50 

FL: franco limosa; AL: arcillo limosa; FAL: franco arcillo limosa. Qz: cuarzo; Fel K: feldespatos potásicos; Pl: plagioclasas; Fil: filosilicatos; 

Afb: anfibol; Amf: amorfos; Sm: esmectita; I/M: illita/mica; C: caolinita. Contenido relativo: xxx: mayoritario; xx: minoritario; x: accesorio. 

 

Asimismo, en la tabla 2 se presenta la textura de los horizon-

tes
23

. El contenido de arcilla, limo y arena fue analizada por el 
método hidrométrico de Bouyoucos

24
 en la FAUBA.  

El estudio mineralógico por difracción de rayos X (difractó-

metro marca Philips, modelo X`Pert MPD, con tubo de rayos 
X de cobre, goniómetro vertical theta/2theta, monocromador 

secundario curvo de grafito) fue realizado por el instituto 

SEGEMAR (Servicio Geológico Minero Argentino), y tam-

bién se presenta en la tabla 2. En la composición mineralógica 
el contenido de filosilicatos dentro de la fracción de roca total 

es minoritario. La esmectita es un filosilicato que se expande 

libremente bajo condiciones de hidratación y deshidratación, 
y su espesor de capa varía de acuerdo al catión de intercambio 

y al grado de solvatación del espacio entre capas
19

. La illita es 

dominante en el loess pampeano
27

 y el menor contenido de 
illita/mica en horizontes Bt pudo deberse a la argiluviación y 

neoformación de arcilla esmectítica a partir de illita
28

. El es-

caso contenido de caolinita es propio de suelos de pradera de 

región templada
28

. El análisis del contenido de Fe y de Al 
recuperable, que incluye a sus respectivos óxidos amorfos 

(espectrometría de emisión atómica por plasma inductivo 

previa digestión débil bajo norma EPA 3050
26

) también fue 
realizado por el SEGEMAR y se observa en la tabla 2. 

Ensayo de isotermas de adsorción  

Para determinar la capacidad de retención de P del suelo se 
realizó un ensayo de isotermas de adsorción. Para ello, se 

analizó la concentración de P en la solución de equilibrio (C) 

por colorimetría a 680 nm, y se construyeron las isotermas 

trazando la cantidad de fosfato sorbida (Q) en función de la 
concentración en el equilibrio (C).  

Las isotermas fueron conducidas por una modificación de la 

técnica estándar propuesta por Nair et al. (1984)
29

. Se agitó 1 
g de suelo con solución KNO3 (0,03 M) que contiene fósforo 

en una concentración definida, en una relación suelo:solución 

de 1:10. Las concentraciones de P agregadas abarcaron un 

rango desde 6 hasta 155 mg P.L
-1
 como KH2PO4, consideran-

do que el proceso de adsorción se da a bajas concentracio-

nes
30,31

.  

Para mantener la fuerza iónica de la solución de equilibrio se 
trabajó con solución de KNO3. El estado de equilibrio se 

logró al cabo de 24 hs de agitación. Posteriormente se centri-

fugó y filtró con filtro de 0,45 µm. En el filtrado se analizó la 

concentración de P en la solución de equilibrio (C), por colo-
rimetría a 680 nm a partir del método de azul de molibdeno

32
.  

Los ensayos fueron conducidos por triplicado manteniendo el 

valor de pH original del suelo, a 25ºC. De esta manera, se 
contemplaron las principales variables que condicionan la 

adsorción: tiempo, concentración de P, temperatura y pH del 

medio
33

; relación suelo:solución, fuerza iónica y catión inter-

viniente, entre otros
29

. No se utilizó cloroformo para inhibir el 
crecimiento microbiano puesto que al producir la lisis celular 

puede incrementar la concentración de P disuelto en el sobre-

nadante, y porque así se representa mejor el ambiente natu-
ral

34
. 

Las isotermas fueron construidas trazando la cantidad de 

fosfato sorbida (Q) en función de la concentración en el equi-
librio (C) para estratos del suelo de 10 cm de espesor, desde 

la superficie hasta los 180 cm de profundidad; los ensayos de 

los estratos 80-90 cm, 150-160 cm y 160-170 cm no se reali-

zaron debido a que no fueron muestreados. 

Análisis de datos  

Los datos fueron analizados utilizando estadística descriptiva 
e inferencial, mediante el software InfoStat

35
. Para evaluar la 

presencia de diferencias significativas se realizaron análisis de 

varianza (α=0,05), y la comparación de medias se hizo con el 
test de Tukey (α=0,05).  

Se aplicaron modelos matemáticos a los valores experimen-

tales de las isotermas de adsorción, y se utilizó análisis de 
regresión lineal para evaluar el ajuste de los datos observados 

sobre los predichos. Para explicar la relación entre los 

parámetros de los modelos se realizaron análisis de 

correlación (Pearson) con un nivel de significancia de α=0,05, 
previo descarte de aquellas relaciones en las que se detectó 

presencia de multicolinealidad y de aquellos parámetros que 

no presentaron diferencias significativas a lo largo del perfil. 

Para estimar comportamientos de los parámetros de los 

modelos de las isotermas se establecieron ecuaciones de 

regresión lineal múltiple utilizando como variables 
predictoras las características edáficas relacionadas con la 

adsorción de P. Las ecuaciones fueron seleccionadas 

mediante el procedimiento Stepwise, con un valor de α=0,30 
para ingresar y α=0,10 para retener variables. Se establecieron 
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así ecuaciones con mínimo cuadrado medio del error, 

máximo ajuste, mínimo sesgo posible y sin efectos de 

multicolinealidad.  

Ajuste a modelos predictivos  

Los datos obtenidos mediante las isotermas fueron ajustados a 

los modelos de Langmuir, Freundlich, Temkin y Dubinin-
Radushkevich. 

Langmuir
19,34,36,37

:  

 𝑸 =
𝒌𝑳.𝑪.𝑸𝒎𝒂𝒙

𝟏+𝒌.𝑪
   Ec. 1 

que se expresa linealmente:  

 
𝑪

𝑸
=

𝟏

𝒌𝑳.𝑸𝒎𝒂𝒙
+

𝑪

𝑸𝒎𝒂𝒙
  Ec. 2 

donde: C= concentración de P en el equilibrio, después de 24 
hs de incubación, µg.ml

-1
; Q= cantidad de fósforo total sorbi-

do por la fase sólida, µg.g
-1
; kL= constante relacionada con la 

fuerza de enlace, ml.µg
-1
; Qmax= cantidad máxima de P que 

puede adsorberse, µg.g
-1
. 

Los supuestos de este modelo (Langmuir
19,34,36,37

) indican que: 

1) La energía de adsorción es constante, independientemente 

del grado de la superficie cubierta (considera una superficie 
homogénea); 2) La adsorción se produce en sitios específicos, 

sin interacción entre las moléculas adsorbidas; 3) La máxima 

adsorción se produce cuando se forma una capa monomole-
cular completa sobre todas las superficies adsorbentes y reac-

tivas; 4) La adsorción se produce principalmente por quimio-

sorción. Con los parámetros Qmax y kL también se puede 
calcular la máxima capacidad buffer de fosfatos (MCBP), 

como estableció Kuo en 1991
38

, cuyas unidades se expresan 

en ml.g
-1
 de P:  

 𝑴𝑪𝑩𝑷 = 𝑸𝒎𝒂𝒙 . 𝒌𝑳 Ec. 3 

y el factor de separación, R, que es la distancia entre la super-

ficie del sorbente y el sorbato, utilizando la concentración 

inicial de P agregada (C0): 

 𝑹 =
𝟏

𝟏+(𝟏+𝒌𝑳.𝑪𝟎)
  Ec. 4 

Freundlich
19,37,39,40

: 

 𝑸 = 𝒌𝑭 . 𝑪
𝟏
𝒏   Ec. 5 

que se expresa linealmente:  

 𝐥𝐨𝐠𝑸 =
𝟏

𝒏
. 𝒍𝒐𝒈𝑪 + 𝐥𝐨𝐠𝒌𝑭  Ec. 6  

donde: C= concentración de P en el equilibrio, después de 24 

hs de incubación, µg.ml
-1
; Q= cantidad de fósforo total sorbi-

do por la fase sólida, µg.g
-1

; kF= constante relacionada con la 

capacidad de retención de P; es la cantidad de P adsorbido por 
el suelo cuando C= 1, ml.g

-1
; n= constante relacionada con la 

afinidad entre el adsorbente y el adsorbato; adimensional. 

Los supuestos de este modelo (Freundlich
19,37,39,40

) indican 
que: 1) La energía de adsorción no es constante, depende del 

grado de la superficie cubierta (considera una superficie hete-

rogénea); 2) La adsorción se produce en sitios específicos, 

con interacción entre las moléculas adsorbidas; 3) Se puede 

aplicar a modelos multicapa. 

Temkin
37,39,41-44

: 

 𝑸 = 𝑩. 𝐥𝐧(𝑨. 𝑪)  Ec. 7 

que se expresa linealmente:  

 𝑸 = 𝒌𝑻 +𝑩. 𝒍𝒏𝑪  Ec. 8 

siendo 𝒌𝑻 = 𝑩. 𝐥𝐧𝑨 Ec. 9 

con 𝑩 =
𝑹 .  𝑻

𝒃
 Ec. 10 

y con 𝒍𝒏𝑨 =
−∆𝑮°

𝑹 .𝑻
 Ec. 11 

donde: C= concentración de P en el equilibrio, después de 24 

hs de incubación, µg.ml
-1
; Q= cantidad de fósforo total sorbi-

do por la fase sólida, µg.g
-1
; kT= constante de Temkin, es la 

cantidad de P adsorbido por el suelo cuando C= 1; B= cons-

tante relacionada con el calor de adsorción; es la intensidad de 

la adsorción, es decir, la capacidad de retención del P adsor-
bido; adimensional; A= constante de unión relacionada a la 

máxima energía de enlace en el equilibrio, ml.µg
-1
; R= cons-

tante universal de los gases, 8,314 J.K
-1
.mol

-1
; T= temperatura 

absoluta en grados Kelvin. Condiciones del experimento: 

25ºC; b= entalpia de adsorción, J.mol
−1

; ∆Gº= variación de la 

energía libre de Gibbs, J.mol
−1

.  

Los supuestos de este modelo (Temkin
37,39,41-44

) indican que: 
1) La distribución de las energías de enlace es uniforme hasta 

alcanzar un valor máximo; 2) El calor de adsorción decrece 

linealmente al aumentar la superficie que se recubre (conside-
ra una superficie heterogénea), debido a la repulsión entre el 

adsorbato y el adsorbente. A partir de los parámetros estima-

dos en el modelo se puede calcular la concentración de P en 

el equilibrio (C) cuando el P adsorbido Q= 0 (CPE0).  

Dubinin-Radushkevich (DR)
36,37,45,46

: 

 𝑸 = 𝑸𝒎𝒂𝒙𝑫𝑹. 𝒆(−𝒌𝑫𝑹 .𝜺𝟐) Ec.12 

que se expresa linealmente:  

 𝐥𝐧𝑸 = 𝐥𝐧𝑸𝒎𝒂𝒙𝐃𝐑 − 𝒌𝑫𝑹 . 𝜺𝟐  Ec. 13 

siendo 𝛆 = 𝑹. 𝑻. 𝐥𝐧(𝟏 + 𝟏.𝐂−𝟏 )  Ec. 14 

donde: C= concentración de P en el equilibrio, después de 24 

hs de incubación, µg.ml
-1
; Q= cantidad de fósforo total sorbi-

do por la fase sólida, µg.g
-1
; QmaxDR= capacidad de satura-

ción de una monocapa, µg.g
-1
; kDR= coeficiente de actividad 

relacionada con la energía de adsorción, mol
2
.J

-2
; ɛ= potencial 

de adsorción para solutos poco solubles en superficies sólidas 
microporosas de Polanyi; R= constante universal de los gases, 

8,314 J.K
-1
.mol

-1
; T= temperatura absoluta en grados Kelvin. 

Condiciones del experimento: 25ºC. 

Los supuestos de este modelo (Dubinin-Radushke-

vich
36,37,45,46

) indican que: 1) La energía de adsorción no es 

constante (considera una superficie heterogénea); 2) El adsor-
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bente tiene una estructura porosa bien desarrollada; los más 

relevantes son los microporos; 3) La adsorción se produce en 

multicapas. Este modelo es frecuentemente utilizado para 
distinguir si el fenómeno de adsorción es físico o químico a 

través del cálculo de la energía media de adsorción (E) por 

molécula de adsorbato. E representa la energía liberada cuan-
do se remueve una molécula adsorbida de una ubicación es-

pacial en el adsorbente y se calcula como: 

 𝑬 = 𝟏.   −𝟐𝒌𝑫𝑹   
−𝟏

  Ec. 15 

donde: kDR= constante de la isoterma, mol
2
.J

-2
; E= energía 

media de adsorción, J.mol
-1
.  

Resultados y discusión  

Capacidad de adsorción del suelo  

A partir del ensayo de adsorción de P se construyeron las 
isotermas que se observan en las figuras 1 y 1 bis. Puede 

apreciarse en todos los estratos que la concentración adsorbi-

da tiene un comportamiento ascendente ante el incremento de 
la concentración en la solución de equilibrio. Asimismo, el 

cálculo de la derivada de la función en distintos puntos de la 

curva permitió hallar, en la mayoría de los estratos, que su 

valor mínimo se alcanzaba cuando la concentración de P en el 
equilibrio se encontraba entre 30 y 47 µg.ml

-1
. Ese valor per-  

 

Fig. 1: Isotermas de adsorción de P en el suelo. Línea punteada: punto de la curva de mínima pendiente de la recta tangente. CC: Concentra-

ción. 
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Fig. 1 bis: Isotermas de adsorción de P en el suelo. Línea punteada: punto de la curva de mínima pendiente de la recta tangente. CC: Concen-

tración. 

 

mitió delimitar (línea punteada en la figura 1) dos zonas en el 

gráfico: una previa a la línea donde los datos de la concentra-

ción adsorbida se incrementaron logarítmicamente y presenta-

ron menor variabilidad (CV 1-21%); y una posterior a la línea 
donde los datos se incrementaron exponencialmente, con 

mayor variabilidad (CV 5-51%). Según Sui y Thompson 

(2000)
47

 citando a Larsen (1967)
48

, valores iguales o superio-

res a 20 µg.ml
-1
 de P en el equilibrio estarían favoreciendo las 

reacciones de precipitación antes que las de adsorción a la 
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rentes comportamientos observados desde la línea punteada, 

tanto en contenido como en variabilidad. Al respecto, García 

et al. (2006)
49

 en un suelo Argiudol de la región pampeana 
determinaron que por debajo de 29 µg.ml

-1
 de P en equilibrio, 

semejante a los hallados en este estudio (30 a 47 µg.ml
-1
), se 

establecen predominantemente los procesos de adsorción.  

Los datos experimentales fueron a su vez ajustados a los mo-

delos de Langmuir, Freundlich, Temkin y Dubinin-Radush-

kevich (DR), cuyos parámetros se sintetizan para cada hori-

zonte del suelo en la tabla 3. Estos parámetros fueron analiza-
dos mediante correlaciones; los coeficientes (r) y los valores p 

asociados se muestran en la tabla 4. 

Los resultados evidenciaron que los modelos de Langmuir 

(R
2
=0,96-0,99), Freundlich (R

2
=0,95-0,99) y Temkin 

(R
2
=0,89-0,97) ajustaron mejor a los datos observados que el 

modelo DR (R
2
=0,33-0,64), indicando que el fenómeno de 

adsorción puede darse tanto sobre superficies homogéneas 

como heterogéneas. En general, los modelos de Langmuir y 

de Freundlich son los que mejor ajustan a las isotermas de 
adsorción de P, seguidos por el de Temkin

50
, mientras que el 

de DR, aunque fue citado por Goldberg (2005)
51

 en adsorción 

de fosfatos, es generalmente utilizado para evaluar adsorción 

de iones metálicos sobre superficies microporosas
27,37,52

.  

Los valores medios de los parámetros que caracterizan al mo-

delo de Langmuir mostraron que la máxima capacidad de 

adsorción de P (Qmax) alcanzó un valor mínimo de 382 µg.g
-1
 

Tabla 3. Valores medios de los parámetros de los modelos de adsorción de P en el suelo.  

 

Horizontes A E Bt1 Bt2 BCt 

 
Profundidad (cm) (0-30) (30-40) (40-90) (90-140) (140-180) 

Modelo Parámetro 
     

Langmuir Qmax (µg.g-1) 418,8 ab 381,8 a 655,5 b 551,1 ab 458,3 ab 

kL (ml.µg-1) 0,089 a 0,082 a 0,096 a 0,060 a 0,044 a 

MCBP (ml.g-1) 36,1 ab 32,1 ab 56,3 b 32,4 ab 20,1 a 

R2 0,97* 
 

0,96* 
 

0,98* 
 

0,99* 
 

0,99** 
 

Freundlich kF (ml.g-1) 50,9 ab 53,6 ab 65,0 b 40,6 ab 25,5 a 

1/n 0,49 ab 0,43 a 0,55 ab 0,66 b 0,70 b 

R2 0,95* 
 

0,98* 
 

0,97* 
 

0,95* 
 

0,99** 
 

Temkin A (ml.µg-1) 1,10 a 1,13 a 1,14 a 0,93 a 0,81 a 

B 180,3 ab 159,2 a 260,7 c 233,3 bc 200,5 abc 

CPE0 (µg.ml-1) 0,82 a 0,82 a 0,79 a 0,88 a 0,81 a 

R2 0,91* 
 

0,91* 
 

0,89* 
 

0,94* 
 

0,97** 
 

DR± QmaxDR (µg.g-1) 267,5 a 247,6 a 350,8 b 299,8 ab 253,6 a 

kDR (mol2.kJ-2) -4.10-6 a -4,3.10-6 a -2,5.10-6 a -4.10-6 a -6.10-6 a 

E (kJ.mol-1) 377,6 ab 358,1 ab 527,9 b 382,6 ab 280,4 a 

R2 0,52*   0,33***   0,46*   0,53*   0,64*   

n 
 

9 
 

3 
 

9 
 

7 
 

2 
 

±: En el cálculo de los parámetros se consideraron valores de concentración media. n: número de muestras. Letras diferentes en una misma 

fila indican diferencias significativas con α=0,05. *: Significativo con α=0,01; **: Significativo con α=0,05; ***: Significativo con α=0,1. 

Tabla 4. Coeficientes de correlación (r) y valores p asociados entre los parámetros de los modelos de adsorción.   

  Qmax kL MCBP kF n B CPE0 A QmaxDR kDR E 

Qmax 1*       1,1.10-3       1,2.10-5     

kL   1     1,1.10-4   0,01     3,3.10-6 1,3.10-6 

MCBP     1   0,02   0,01   5,4.10-5     

kF       1 2,2.10-4       5,4.10-4     

n -0,57 0,65 0,41 0,63 1 2,3.10-4   2,2.10-5   0,02   

B         -0,62 1     2,5.10-7     

CPE0   -0,47 -0,46       1 0,01       

A         0,69   -0,49 1 0,04 4.10-7 4,1.10-7 

QmaxDR 0,71   0,67 0,59   0,79   0,37 1 1,7.10-4 9,3.10-6 

kDR   0,74     0,44     0,78 0,63 1   

E   0,76           0,78 0,71   1 

*Por encima de la diagonal: valores p. Por debajo de la diagonal: coeficientes de correlación (r). Sólo se 
muestran valores significativos con α=0,05. n=30. 



64 Ileana Ciapparelli, Alicia Fabrizio de Iorio, Ana García / Avances en Química, 16(3), 57-69 (2021) 
 

 

en el horizonte eluvial E y un máximo de 656 µg.g
-1
 en el 

estrato Bt1 debido a su mayor contenido de arcilla y de óxi-

dos de Fe y Al (tabla 2); partículas que favorecen los procesos 
de fijación por adsorción específica (intercambio de HPO4

2-

/H2PO4
-
 por OH

-
 de los óxidos de Fe y Al) o no específica 

(atracción electrostática sobre las láminas de los filosilica-
tos)

18,19
. De modo similar, el mayor valor de QmaxDR se obtu-

vo en el horizonte Bt1 (p<0,05), y los menores valores en los 

estratos A, E y BCt. Aunque los parámetros Qmax y QmaxDR 

se relacionan significativamente (r=0,71, p<0,05; tabla 4), se 
define a Qmax de Langmuir como la cantidad máxima de P 

que puede adsorberse en una capa monomolecular completa 

dado que este modelo alcanzó un mejor ajuste a los datos que 
el de DR. De esta manera, según la clasificación de Juo y Fox 

(1977)
53

, el suelo posee una capacidad media de adsorción 

(100-500 µg.g
-1
) con una tendencia hacia valores superiores 

(500-1000 µg.g
-1
) en los horizontes Bt. Sharpley (1982)

54
 

evaluó la capacidad de sorción en superficie de 20 suelos y 

encontró valores de Qmax muy similares a los de este estudio. 

En cuanto a los estratos más profundos del perfil, García et al. 
(2006)

49
 determinaron un valor de Qmax de 740 µg.g

-1
 en un 

suelo Argiudol de la región Pampeana, semejante al alcanza-

do en este trabajo para el horizonte Bt1.  

Las constantes relativas a la energía de enlace (kL, A, y kDR) no 

presentaron diferencias significativas entre horizontes 

(p>0,05; tabla 3). El parámetro E calculado a través de la 

ecuación de DR evidenció valores de energía media de adsor-
ción entre 280 y 528 kJ.mol

-1
, con datos superiores en el hori-

zonte Bt1 e inferiores en el BCt (p<0,05). Valores de E entre 

40 y 800 kJ.mol
-1
 de P-PO4

3-
 ubican a este tipo de adsorción 

como quimisorción, caracterizada por ser sitio-específica, 

producirse generalmente en una monocapa, y ser poco rever-

sible
55

. Los altos valores del horizonte Bt1 se corresponden 
con la acumulación de arcilla y de Fe y Al que caracterizan a 

ese estrato (tabla 2).  

La constante asociada con el calor de adsorción, B, mostró un 

valor medio en el horizonte Bt1 superior (p<0,05) al de los 
horizontes A y E. Dicha constante indica que cuando su valor 

es mayor, a temperatura constante, menor es la entalpía de 

adsorción (Ec. 10), evidenciando un bajo costo energético 
para retener fosfatos. Valores semejantes de B (tabla 3) se 

hallaron en los trabajos de Mendoza (1986)
39

, Afsar et al. 

(2012b)
56

 y Afsar y Hossain (2012)
57

 en suelos con porcenta-
jes de arcilla entre 17 y 47%. Por otra parte, el cálculo de la 

variación de la energía libre de Gibbs (Ec. 11) indica que la 

adsorción se produce espontáneamente (∆G<0) sólo en los 

tres primeros horizontes de este suelo. 

El kF del modelo de Freundlich, que se define como la capa-

cidad de adsorción cuando la concentración en el equilibrio es 

de 1 µg P.ml
-1
,
 
fue superior (p<0,05) en el horizonte Bt1 e 

inferior en el estrato profundo (140-180 cm). Esto coincide 

precisamente con la mayor y menor capacidad de saturación 

dado por QmaxDR (r= 0,59) y con la energía media de adsor-

ción E (r=0,90) de cada estrato. Los valores kF de este trabajo 
fueron similares a los determinados por López Camelo et al. 

(1984)
58

, Mendoza (1986)
39

 y Zamuner y Culot (1999)
59

 en 

suelos Molisoles y Vertisoles.  

Por otra parte, el CPE0 (Temkin), que indica la concentración 
de P en el equilibrio cuando la cantidad de P adsorbido es 0, 

presentó valores que oscilaron entre 0,79 y 0,88 µgP.ml
-1
. 

Pose et al. (2013)
60

 también hallaron una concentración infe-
rior a la unidad en un suelo Molisol de Buenos Aires no afec-

tado por estiércol, de 0,24 µgP.ml
-1
. No obstante, analizando 

el CPE0 del sitio afectado por estiércol (corral de engorde), 

los autores informaron que dicha concentración se incremen-
taba a 19 µgP.ml

-1
, sugiriendo así que el suelo puede presen-

tar mayor riesgo de pérdida de P por escurrimiento que el 

sitio no afectado
60

. Considerando entonces que el CPE0 del 
suelo no impactado con estiércol (0,79-0,88 µgP.ml

-1
), supera 

el valor de concentración de P total en agua para protección 

de la vida acuática (entre 0,035 y 0,1 µg.ml
-1
)
3
, podría ocurrir 

que ante determinados eventos lluviosos este nutriente se 

movilice y alcance los cuerpos de agua cercanos. Situación 

que se agravaría en un suelo de un EEC impactado con estiér-

col, presentando un mayor riesgo de pérdida del nutriente al 
ambiente. 

En la figura 2 se observa el factor de separación, R, que entre 

la superficie del sorbente (partículas de arcilla, óxidos e 
hidróxidos, MO) y el sorbato (P-PO4

3-
) disminuye a medida 

que se incrementa la concentración de P agregada, dado que 

se van ocupando cada vez más los sitios de adsorción. Tam-

bién se aprecia que los tres horizontes superiores (A, E, Bt1) 
siguen el mismo comportamiento. Valores de R entre 0 y 1 

demarcan una adsorción favorable sobre la superficie de las 

partículas de suelo
37

. Por otra parte, la inversa de la afinidad 
(1.n

-1
) entre el adsorbente y el adsorbato mostró una tendencia 

hacia valores más bajos en los horizontes superiores. Por 

consiguiente, si bien la adsorción es favorable en todo el per-
fil, los estratos superiores son los que presentan sitios con 

mayor afinidad (n) y mayor energía de enlace (kL) por lo que 

el factor R tiende a ser menor (horizontes A, E, Bt1, figura 2); 

posiblemente esto es debido a la tendencia hacia mayores  

 

Fig. 2: Factor R medio para cada horizonte en función de las 

concentraciones aplicadas de P. Hz.: Horizonte. nHz A= 45; nHz E= 

15; nHz Bt1= 45; nHz Bt2= 35; nHz BCt= 10. 
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contenidos de CO respecto de los horizontes inferiores, lo que 

a su vez determina una adsorción espontánea (∆G<0) de P en 

esos sitios. López Camelo et al. (1984)
58

, Mendoza (1986)
39

 y 
Zamuner y Culot (1999)

59
 también hallaron valores entre 0,4 

y 0,9 para la constante 1.n
-1

 en suelos Molisoles de Argentina. 

En relación a la máxima capacidad buffer de fosfatos 
(MCBP) se ha establecido que cuando dicho parámetro au-

menta, también se incrementa la capacidad para resistir los 

cambios de la concentración de P en la solución del suelo
62

. 

Por consiguiente, este parámetro permite caracterizar al perfil 
general del suelo con una capacidad buffer muy baja (10-50 

ml.g
-1
), excepto el estrato Bt1 con una MCBP baja (50-100 

ml.g
-1
), de acuerdo a la clasificación de Moody y Bolland 

(1999)
61

. El valor medio de MCBP en la superficie de este 

suelo fue similar al determinado por Mendoza (1991)
63

 en 

suelos Argialboles, de 36 ml.g
-1
, y se encontró dentro del 

rango publicado por Bolaño de Daniel (1984)
64

, entre 23 y 50 

ml.g
-1
. Asimismo, el valor medio del horizonte Bt1 se rela-

ciona con su contenido de filosilicatos y de óxidos de Fe y Al 

(tablas 1 y 2). Dado que horizontes con diferentes caracterís-
ticas físicas y químicas (tablas 1 y 2) pueden tener la misma 

MCBP (por ejemplo, los horizontes E y Bt2, tabla 3), cuando 

se analizan las reacciones de adsorción es necesario conside-
rar, además de la cantidad de sitios disponibles, la energía con 

que dichos sitios pueden retener al nutriente. Relaciones sig-

nificativas de MCBP con QmaxDR y E (r=0,67, r=0,94) sus-

tentan este concepto. 

De acuerdo a la tabla 4, hay horizontes con gran cantidad de 

sitios de adsorción (Qmax) pero de baja afinidad (n, r=0,54), 

y por ende, de bajo calor intercambiado con el ambiente (b) 

para adsorber fosfatos (r=0,94). Estas características son las 

que definen a los horizontes profundos. Así, el fosfato prove-
niente de aplicaciones de estiércol al suelo que migre en el 

perfil y no llegue a ser retenido por el horizonte Bt1 (horizon-

te que presentó la mayor MCBP de los estratos del suelo bajo 
estudio) continuará desplazándose verticalmente, dado que 

los horizontes subsiguientes poseen menor cantidad de sitios 

de sorción y de baja energía de enlace (tabla 3). 

Relación entre la capacidad de adsorción de P y las carac-
terísticas edáficas  

Con el propósito de comprender qué factores edáficos están 

involucrados en la retención del elemento, se establecieron 
ecuaciones matemáticas que permiten estimar los parámetros 

de los modelos de adsorción a partir de ellos. Dichas ecuacio-

nes se presentan en la tabla 5 y allí se puede observar que sólo 
aquellas que estiman los parámetros QmaxDR y B alcanzaron 

un ajuste a los datos superior al 60%, mientras todas las de-

más ajustaron por debajo de ese valor.  

La máxima capacidad de adsorción de P puede ser explicada 
casi en un 70% por el contenido de MO (representada por el 

NKj) y de arcilla según la ecuación que estima Qmax de DR 

(Ec. 24). Ambos participan contribuyendo significativamente 
(p<0,05) con una gran superficie específica donde pueden 

sorberse los iones fosfato. Asimismo, la MO a través de sus 

diversos grupos funcionales también influye en la disponibili-

dad de esos sitios, ya que puede ocuparlos por reacciones de 
adsorción o bien por reacciones de intercambio de ligando 

con el fosfato
64

.  

Tabla 5. Ecuaciones matemáticas que explican los parámetros de los modelos a partir de las características edáficas del perfil del suelo. 

Parámetros de los modelos estimados n R
2
 p-valor* Ec. 

Langmuir  
 

  

𝑄𝑚𝑎𝑥 = 120,18 + 11,17.𝐴𝑟𝑐𝑖𝑙𝑙𝑎+ 95,12.𝐶𝑂  28 0,43 0,0008; 0,1029 16 

𝑘𝐿 = 0,11 + 0,01.𝐾+ + 1,1. 10−3 . 𝐴𝑟𝑐𝑖𝑙𝑙𝑎− 2,3. 10−4. 𝐶𝐸  29 0,46 0,0246; 0,1190; 0,0023 17 

𝑀𝐶𝐵𝑃 = 22,70 + 7,48.𝐾+ 29 0,38 0,0004 18 

Freundlich  
 

  

𝑘𝐹 = 36,77 + 6,47.𝐾+  29 0,32 0,0013 19 

1 𝑛 = 0,26 + 0,01.𝐶𝑎2+ − 0,03.𝐾+ + 6,0. 10−4 .𝐶𝐸  29 0,51 0,1279; 0,0347; 0,0001 20 

Temkin  
 

  

𝐵 = 52,92 + 13,78.𝐴𝑙 + 19,66.𝐶𝑂 + 0,13.𝐶𝐸  29 0,65 0,0027; 0,0983; 0,0550 21 

𝐴 = 0,95 + 1,91.𝑁𝐾𝑗 + 0,02.𝐴𝑟𝑐𝑖𝑙𝑙𝑎− 1,6. 10−3. 𝐶𝐸  29 0,46 0,0257; 0,0006; 0,0003 22 

𝐶𝑃𝐸0 = 0,72 + 0,01.𝐶𝑎𝐶𝑂3𝐸𝑞 − 0,01.𝐶𝑎2+− 0,10.𝑁𝑎+ + 3,8. 10−4. 𝐶𝐸 29 0,42 0,0704; 0,0230; 0,0182; 0,0359 23 

DR  
 

  

𝑄𝑚𝑎𝑥𝐷𝑅 = 149,03 + 417,14.𝑁𝐾𝑗 + 4,16.𝐴𝑟𝑐𝑖𝑙𝑙𝑎  29 0,69 0,0013; <0,0001 24 

𝑘𝐷𝑅 =  −5,2. 10−6 + 6,5. 10−7. 𝐾+  29 0,30 0,0022 25 

𝐸 = 343,62 + 40,39.𝐾+ + 4,77.𝐴𝑟𝑐𝑖𝑙𝑙𝑎− 0,41.𝐶𝐸 29 0,56 0,0021; 0,0193; 0,0416 26 

Unidades: NKj, Arcilla, Al, CO, CaCO3Eq en %; CE en µS.cm-1; Na+, K+ y Ca2+ en meq.100g-1. *Valores p de cada variable. 

 

La ecuación que estima la constante B de Temkin alcanzó un 

ajuste a los datos del 65% (Ec. 21), e indica que dicha cons-

tante se incrementa significativamente (p<0,05) con el conte-
nido de Al, pero también con el aporte de MO (representada 

por el CO) y de sales (p<0,1). Dentro del suelo, el Al se en-

cuentra formando iones complejos con ácidos orgánicos
65

, y 

formando óxidos e hidróxidos cuya carga superficial es pH 

dependiente
19

, entre otros compuestos. Estos óxidos e 

hidróxidos libres de Al y el borde los silicatos laminares se 
caracterizan por presentar un punto de carga cero (PCC) ele-

vado (por ej.: PCC gibsita= 9,8)
66

. Si bien en el suelo estos 

compuestos de Al se presentan muchas veces asociados a 
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silicatos laminares, reduciendo su PCC por compensación de 

cargas
67

, en el rango de pH estudiado se caracterizan por pre-

sentar una densidad de cargas positivas en superficie que 
facilitan la adsorción de fosfatos. Así, los horizontes con ma-

yor proporción de compuestos de aluminio y de MO requie-

ren una menor entalpía de adsorción (b) de fosfatos (B se 
relaciona inversamente con b) dado que poseen mayor canti-

dad de sitios (rQmax=0,94, rQmaxDR=0,79, p<0,05; tabla 4) favo-

rables a la sorción de los mismos. La presencia de sales tam-

bién reduce la entalpía de adsorción, posiblemente debido al 
aumento de la fuerza iónica de la solución

65,68
. 

En este suelo, cuyo pH osciló entre 5,8 y 7,6 (tabla 1), se 

destaca que los iones también intervienen en la adsorción del 
nutriente (Ec. 17-20, 23, 25-26). Particularmente, el catión 

potasio podría actuar como un intermediario del proceso, 

favoreciendo significativamente (p<0,05) la formación de 
enlaces de mayor energía y afinidad (n) que inciden a su vez 

en la capacidad buffer del mismo (Ec. 17-20, 25-26). La con-

centración de este ion en la solución del suelo o fijado elec-

trostáticamente sobre la superficie coloidal contribuye a la 
reducción del potencial eléctrico negativo, facilitando así la 

adsorción de P
65

. Se destaca asimismo que los feldespatos 

potásicos (tabla 2) forman parte de la mineralogía de este 
suelo. 

Los cationes calcio y sodio, de radios iónicos inferiores al 

potasio, parecen incidir reduciendo significativamente (p < 

0,05) el CPE0 (Ec. 23); posiblemente también se comporten 
como intermediarios del proceso, habilitando nuevos sitios de 

unión, aunque de menor afinidad que con el K
+
 (Ec. 20). Por 

el contrario, el CaCO3 no reduciría el CPE0 (Ec. 23) dentro 
de las concentraciones de P ensayadas en este suelo, dado que 

en las isotermas a muy bajas concentraciones se favorecen las 

reacciones reversibles de adsorción
30

 mientras que las de 
precipitación y coprecipitación, en las que estaría involucrado 

el CaCO3, se producen a mayores concentraciones.  

Asimismo, las sales al incrementar la fuerza iónica de la solu-

ción reducen (p<0,05) la energía de enlace (Ec. 17, 22, 26) y 
la afinidad (Ec. 20) por lo que podrían generar enlaces débiles 

entre el sorbato y el sorbente favoreciendo la concentración 

del nutriente en la solución de equilibrio (Ec. 23), y así una 
mayor posibilidad de pérdida hacia el ambiente. 

Conclusiones 

A partir de este trabajo se ha podido estimar la máxima capa-
cidad de adsorción de un suelo Argialbol de la Pampa Ondu-

lada argentina, cuya función es la de sostén de un EEC. Los 

resultados indicaron que si bien la adsorción de P es favorable 

en todo el perfil, los estratos superiores (A, E, Bt1) son los 
que presentaron partículas con sitios de mayor afinidad y 

energía de enlace que las de los horizontes profundos. La MO 

y las partículas de tamaño arcilla intervienen este resultado 
proveyendo los sitios de adsorción de P, mientras que los 

cationes como el K
+
 podrían actuar como intermediarios de la 

reacción. Por consiguiente, el fosfato proveniente del estiércol 

que ingrese al suelo, si no llega a ser retenido por el primer 

horizonte Bt (mayor capacidad buffer), continuará desplazán-

dose verticalmente, pudiendo salir del sistema al llegar a la 

napa. Además, dado que los valores del CPE0 superaron a los 
valores guías de P total en agua para protección de la vida 

acuática, es posible que el suelo del EEC efectivamente im-

pactado con estiércol presente mayor riesgo de pérdida de P 
al ambiente. 
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Resumo 

Estudo fitoquímico e atividades biológicas in vitro dos extratos de Chlorella vulgaris, Chlorella pyrenoidosa e Chlorella 

minutíssima. O estudo teve como objetivo a triagem de compostos fitoquímicos e avaliação das atividades biológicas dos ex-

tratos de Chlorella vulgaris, Chlorella pyrenoidosa e Chlorella minutissima (aquoso e hidroetanólico). Foi realizado fitoquími-
ca, varredura em espectrofotometria, fenólicos e flavonoides totais, eliminação do radical DPPH e a atividade antioxidante to-

tal, atividade antibacteriana foi realizada sobre Staphylococcus aureus, Escherichia coli, Salmonella sorovar Enteritidis e 

Thyphymurium e citotóxica sobre Artemia salina. Os extratos exibiram a presença de diversos grupos fitoquímicos, alto con-

teúdo de flavonoides e fenólicos totais, expressivas atividades redutoras para DPPH e %AA. A inibição foi positiva para cepas 

bacterianas e baixa atividade citotóxica. 

Palavras-chave: Atividade antioxidante; Compostos fenólicos, Clorofilas; Escherichia coli; Staphylococcus aureus. 

Abstract 

The study aimed to screen phytochemicals and evaluate the biological activities of Chlorella vulgaris, Chlorella pyrenoidosa 
and Chlorella minutissima extracts (aqueous and hydroethanolic). Phytochemistry, spectrophotometric scanning, total phenol-

ics and flavonoids, DPPH radical scavenging and total antioxidant activity were performed, antibacterial activity was per-

formed on Staphylococcus aureus, Escherichia coli, Salmonella serovar Enteritidis and Thyphymurium and cytotoxic on Ar-

temia salina. The extracts showed the presence of several phytochemical groups, high content of flavonoids and total phenolics, 

expressive reducing activities for DPPH and %AA. Inhibition was positive for bacterial strains and low cytotoxic activity. 

Keywords: Antioxidant activity; Chlorophylls; Escherichia coli; Phenol compounds; Staphylococcus aureus. 

 

Introducción 

Chlorella Beijerinck is a genus of eukaryotic green unicellular 

microalgae that shows spherical shape ≈ 2 to 10 μm (diame-
ter) with high photosynthesis capacity, fast reproduction re-

quiring only sunlight, CO2, water and a small amount of nu-

trients
1,2

. According by Huss et al.
3
 the lack of obvious mor-

phological characters combined with an exclusively asexual 

reproductive cycle by means of autospores has caused consi-

derable problems in the taxonomic description and identifica-

tion of Chlorella species. Currently, this diverse genus 
presents remarkable phylogenetic studies that support the 

morphological characteristics of the species of green microal-

gae included in Chlorella. According by Andrade et al.
1
 the 

name Chlorella derived from the Greek “chloros” and from 

the Latin “ella”, which mean green and small. Chlorella mi-

croalgae have been present on earth since the pre-Cambrian 

period around 2.5 billion years ago. Japan is currently the 

world leader in Chlorella microalgae consumption. 

Chlorella species live in freshwater and marine ecosystems 
having bioactive compounds such as proteins, vitamins, chlo-

rophyllian pigments, polyunsaturated fatty acids, sterols and 

especially polyphenolics being represented by phloroglucinol, 

p-coumaric acid, ferulic acid and apigenin
4
, which makes this 

genus very interesting from a health-beneficial point of view, 

being used as forage, in medicine and as food additives
1,5

.  

The different species of this genus such as Chlorella vulgaris, 

Chlorella pyrenoidosa and Chlorella minutissima have a very 
diversified chemical constitution, although they share in 

common several polysaccharide molecules, involved in bio-

mailto:antonio.menezes@estudante.ifgoiano.edu.br
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logical activities such as antioxidants, antifungals, antibacte-

rials, antivirals, antitumor, cytotoxic and anti-radiation 

agent
6,7

. In addition to the countless biological activities, this 

group of green microalgae are nutritional sources of proteins, 
lipids (palmitoleic, oleic, linoleic, α-linoleic, γ-linoleic, and 

homo γ-linoleic), chlorophylls (a, b and c), β-carotene, soluble 

vitamins, choline, dietary fiber and mineral salts such as iron, 
calcium, potassium, magnesium and phosphorous

8,9
. 

The green microalgae Chlorella have experienced a strong 

surge in their applications last years, but are still not fully 
exploited as source resource in medical, biological, biotechno-

logical process, and agricultural science. This growing know-

ledge generates a large number of considerable studies, how-

ever, little is known about the numerous and potential biologi-
cal activities with photo-protective action, antioxidant for 

numerous free radicals, especially reactive oxygen species 

such as singlet, antibacterial and cytotoxic oxygen
7,9-11

.  

The present research work was planned to examine the phyto-

chemical and bioactive compounds of C. vulgaris, C. pyre-

noidosa and C. minutissima marine algae extracts. 

Material and methods 

The reagents used were ethanol (LSchemicals, Brazil), 

iodine (Synth, Brazil), mercury II sulfate (Synth, Brazil), 

petroleum ether (Neon, Brazil), acetone (Neon, Brazil), 
Folin-Ciocalteu reagent (Sigma Aldrich, Singapore), ferric 

chloride (Neon, India), aluminum chloride (Neon, China), 

quercetin (Gemini, India), 2,2-diphenyl-1-picrylhydrazyl 

(Sigma Aldrich, Singapore), linoleic acid (Vetec, Brazil), 
sodium chloride (Neon, India), count plate agar (Kasvi, 

U.S.A), chlorophyll a (Sigma Aldrich, China), chlorophyll 

b (Sigma Aldrich, China), chlorophyll c (Sigma Aldrich, 
China), xanthophyll (Sigma Aldrich, Singapore), β-

carotene (Sigma Aldrich, Singapore), sodium carbonate 

(Neon, China), gallic acid (Sigma Aldrich, Singapore), 

sodium nitrate (Neon, China), sodium hydroxide (Neon, 
Brazil), 3,5-di-tert-4-butylhydroxytoluene (Sigma Aldrich, 

Singapore), potassium phosphate (Neon, India), azithromy-

cin, cephalexin and tigecycline (CenterLab, Brazil) and 
Tween 20 (Sigma Aldrich, U.S.A). 

The three Chlorella algae species were supplied in the form of 

lyophilized powder: C. vulgaris by Qingdao Fraken Interna-
tional Trading Co. Ltd. (China); C. pyrenoidosa by Qingdao 

Hilda-Jingyi Trading Co. Ltd (China) and C. minutissima by 

Xi'an Tongze Biotech Co. Ltd (China). The identification of 

Chlorella species was carried out using a dichotomous key for 
the Chlorella genus, HPLC and UV, and certification rules the 

ISO, FDA, HACCP and Kosher. Initially, they were dried in 

an oven 50 ± 2 °C and crushed in a mill (7lab, Mod. Mi-
cro910, Brazil). The powder obtained was stored in an amber 

bottle in a refrigerator at -12 °C. 150 g of powdered samples 

were separately extracted by reflux using destilled water and 
70% ethanol as the solvents for 12 h. The aqueous extract was 

reduced in a hot bath at 80 ± 5 °C, and the hydroethanolic 

extract was reduced in a rotary evaporator with reduced pres-

sure. Then, the extracts were frozen and lyophilized until con-

stant mass according by Sembiring et al.
12

.  

Phytochemical tests were carried out on the aqueous and hy-

droethanolic extracts for qualitative determination according 
to Sembiring et al.

12
, Madike et al.

13
, and Mehdi et al.

14
. The 

three algae materials were tested for groups of alkaloid, flavo-

noid, tannin, saponin, quinone, terpenoid and steroids, reduc-
ing sugars and non-reducing sugars, resins, amino acids, cou-

marins, glycosides, purines, organic acids, aromatic and ali-

phatic, phenolics, xanthoproteins, leucoanthocianins, polysac-
charides, phlobatannins, carboxylic acids and oxylates.  

Analysis by thin-layer chromatography (TLC) was performed 

on chromatoplates (Xtra SIL G/UV254). Five (5 µL) of the 

algae extract was added 1 cm from the lower edge of the 
chromatoplate. Then, the plate was transferred to a vat for 

chromatography. The chromatographic run was stopped when 

the mixture reached 1 cm from the upper edge of the chroma-
toplate. The development system consists of a mixture of 

ethanol: petroleum ether: acetone in a 1:1:1 volume ratio. 

After development, the plate is air dried, marked the center of 
the pigment point, measured the distance traveled by the sol-

vent front and the distance traveled by each pigment. The 

Retardation factors (Rfs) are then calculated. Chlorophyll (a), 

chlorophyll (b), Chlorophyll (c), xanthophyll and β-carotene 
standards were used for Rfs comparison

15
. 

The total phenolic contents were determined according to 

colorimetric Folin-Ciocalteu method as described by Labiad et 
al.

16
 (modified). Aliquot containing 0.5 mL of sample solution 

was mixed with 2.5 mL of Folin-Ciocalteu reagent diluted 

with distilled water (1:9, v/v), followed by the addition of 5 

mL of sodium carbonate (7.5%, w/v). The solution was stored 
in a dark room for 60 min., and the absorbance (Abs) was 

measured at 765 nm using a UV-Vis spectrophotometer (Bel-

Photonics, Mod. M-51, Italy) and a glass cuvette (5 mL). The 
standard curve of gallic acid is obtained under the same condi-

tions as above using solutions with a range of concentrations 

between 0-500 mg.L
-1
, which were prepared in 96% ethanol, 

and R
2
 = 0.9997. The total phenolic content was measured as 

gallic acid equivalents (mg GAE g
-1
 dry extract algae). 

Flavonoid contents were measured using a modified colorime-

tric method described by Labiad et al.
16

. Aliquot containing 
0.25 mL of algae extract solution was added to a test tube 

containing 1.25 mL of distilled water. Then, 0.075 mL of an 

aqueous sodium nitrite solution (5%, w/v) was added to the 
mixture and maintained for 5 min. Then, 0.15 mL of an alu-

minum chloride solution (10%, w/v) was added and homoge-

nized for 1 min. After 6 min., 0.5 mL of 1 M sodium hydrox-
ide was finally added. The solution was diluted with 0.275 mL 

of distilled water, and homogenized for 5 min. The absor-

bance (Abs) of the final solution was measured at 510 nm; the 

standard curve of quercetin was obtained under the same con-
ditions as above, using solutions with a range of concentra-

tions between 0-650 mg L
-1
, prepared in 96% ethanol and R

2
 

= 0.9991. The total flavonoid content is expressed as mg 
quercetin equivalent (QE g

-1
 of dry extract algae). 
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2,2-Diphenyl-1-picrylhydrazyl (DPPH) scavenging ability 

assay was used to evaluate the antioxidant activity of each 

algae extract. Test was conducted in a 96-well plate according 

to Sembiring et al.
12

 (modified). 20 µL stock solution for each 
algae extract was prepared at different concentrations (be-

tween 5-2.000 ppm, v/v) and 180 µL of DPPH solution 0.147 

mmol.mL
-1
 were added to each well. After 60 min incubation 

at room temperature in dark room, absorbance was read at 517 

nm using the micro-plate reader of UV-Vis spectrophotome-

ter. Hydroethanol solution was used as blank. The scavenging 
ability (%) was calculated according to equation (1), and as-

corbic acid and 3,5-di-tert-4-butylhydroxy-toluene (BHT) was 

used as positive standards.  

                            (Abs standard – Abs crude extract) 

% reduction = -------------------------------------------         Eq. 1 

Abs standard*100  

All tests were performed in triplicate. Concentrations of algae 

extract samples resulting in 50% inhibition on DPPH (IC50 

value, expressed in µg.mL
-1
) were calculated. 

The antioxidant activity (%AA) of Chlorella algae extracts 
was determined according to the thiocyanate method proposed 

of Mitsuda et al.
17

 and described by Gulçin et al.
18

 10 mg of 

lyophilized water extracts were dissolved in 10 mL water. 10 
mg of each algae hydroethanolic extract were dissolved in 10 

mL hydroethanolic solution (between 5-100 µg.mL
-1

) or stan-

dard samples in 2.5 mL of potassium phosphate solution buf-

fer (0.04 M, pH 7.0), was added to 2.5 mL linoleic acid emul-
sion. The 50 mL linoleic acid emulsion consists of 175 µg 

Tween 20, 155 µL linoleic acid, and 0.04 M potassium phos-

phate buffer. 50 mL control contains 25 mL linoleic acid 
emulsion and 25 mL potassium phosphate buffer. The solu-

tion was incubated at 37 ± 2 °C in tubes assay in the dark 

roon. After, the solution was stirred for 3 min., the peroxide 
value was determined by reading the Abs at 500 nm in a spec-

trophotometer UV-Vis. Therefore, high Abs indicates high 

linoleic acid oxidation. Solutions without added extracts or 

standards were used as control. All data are the average of 
quadruplicate analyses. The inhibition percentage of lipid 

peroxidation was calculated by following equation 2: 

% Inhibition = (A0 – A1/A0)*100           Eq. 2 

where: A0 = Abs of the control reaction; A1 = Abs in the pres-

ence of the samples. 

Antibacterial activity was determined according to Tuama and 

Mohammed
19

 (modified). The antibacterial assay was investi-

gated applying the standard agar well diffusion. The assay 

pathogens S. aureus (ATCC 25923), E. coli (ATCC 25922), 
S. serovar Enteritidis (ATCC 13076) and S. serovar Thyphy-

murium (ATCC 14028) were uniformly homogenized on 

count plate agar (CPA) using sterile Drigalski-spreader, then, 
five wells of 9 mm diameter were made using sterile well tip. 

50 µL of different concentrations were added to each well (25, 

50, 75, and 100 µg.mL
-1
). Then, the plates were incubated at 

36 ± 2 °C for 36 h for the bacterial strains; after incubation the 

zones of inhibition were recorded. A minimum 5 mm antibi-

osis halo was determined using a digital caliper (Eda, Mod. 

8”, China).  

The photo-protection activity was adopted as the methodology 

described by Medeiros et al.
20

 (modified). The critical wave-
length scan was obtained scanning from 250 to 400 nm in a 

UV-Vis spectrophotometer, using a 1 cm single-field quartz 

cuvette. Artemia salina cytotoxic assay was conducted in 
according to Silva et al.

21
, as proposed by Meyer et al.

22
 (mod-

ified). Each algae extract (20 mg) was dissolved in 2 mL of 

hydroethanolic solution (45%, v/v) and samples of this solu-
tion (500, 375, 250, 125, 50 and 25 µL) were transferred, in 

triplicate, to the 5 mL vials. After total removal of the solvent, 

5 mL of a saline solution (NaCl, 0.38 g.L
-1
), was added in 

each of the bottles, resulting in final concentrations of 1.000, 
750, 500, 250, 100 and 50 μg.mL

-1
. Larvae of A. salina nauplii 

type (10 per vials) were added and after of 12 h contact, the 

survivors were counted. As a negative control, saline aqueous 
solution (0.38 g.L

-1
) was used. The lethal concentration LC50 

(expressed in µg.mL
-1
) was derived from the best fit line ob-

tained by linear regression analysis. 

Assays for total phenolics and flavonoids, DPPH free radical 

reduction and total antioxidant activity (%AA) and antibac-

terial activity were performed in quadruplicate. When signifi-

cant differences were observed, they were analyzed using the 
Duncan’s test (p < 5%) using the Statistica software (SPSS). 

Results and discussion 

In this study, aqueous and hydroethanolic extracts of three 
algae of the Chlorella genus exhibited a rich and varied com-

plexity of positive phytochemical groups that are involved in 

several biological activities of therapeutic use such as alkalo-

ids, flavonoids, tannins, saponins, reducing sugars, amino 
acids, glycosides, organic acids, aromatics, phenolics, xantho-

proteins and polysaccharides (Table 1). The aqueous extracts 

of Chlorella exhibited the highest number of positive phyto-
chemical groups.  

Kannan et al.
23

 studied the seaweed genera Gracilaria (G. 

corticata) and Spirulina (S. platensis) where also through 
TLC they found positive results for alkaloids, flavonoids, 

glycosides, phenols and saponins similar to this study with the 

genus Chlorella. Phytochemical screening of Caulerpa race-

mosa exposed the presence of alkaloids, phenolics, flavonoids 
and steroids in the study by Srivastav et al.

24
. Algae in several 

families and genera share relatively common phytochemical 

groups, which are important both for these organisms and for 
food and medicinal use. 

Several phytochemical groups of special metabolism in algae 

have important biological activities, such as cytotoxic agents 
(tannins), analgesic and anti inflammatory (terpenoids), anti 

inflammatory, estrogenic, antimicrobial, antiallergic, antioxi-

dant, vascular and cytotoxic antitumor (flavonoids), conges-

tive heart failure and cardiac arrhythmia (glycosides), and 
antibacterial and antifungal saponins

25
.  

Chlorella algae extracts were tested for the presence of chlo- 
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Table 1. The phytochemical of aqueous and hydroethanolic of C. 

vulgaris, C. pyrenoidosa and C. minutissima extracts. 

 

Phytochemical 

Type extract 

Aqueous Hydroethanolic 

1 2 3 1 2 3 

Alkaloids + + + - - - 

Flavonoids + + + + + + 

Tannins* + + + - - - 

Saponins  + + + - - - 

Quinones - - - - - - 

Terpenoids and Steroids + + + + + + 

Reducing sugars + + + - - - 

Non-reducing sugars - + + + + - 

Resins + + + + + - 

Amino acids + + + - - - 

Coumarins - + - - - - 

Glycosides - + + + + + 

Purines - - - - - - 

Organic acids + + + + + + 

Aromatics and Aliphatics** + + + + + + 

Phenolics  + + + + + + 

Xanhoproteins + + + - - - 

Leucoanthocyanins - - - - - - 

Polysaccharides + + + - - - 

Phlobatannins - - - - - - 

Carboxylic acids - - - - - - 

Oxylates - - - - - - 

Notes: C. vulgaris (1). C. pyrenoidosa (2). C. minutissima (3). 
*Tannins (Green). **Positive result for aliphatic substances. (-) 

absent. (+) presence. Source: Authors, 2021.  

rophyll a, chlorophyll b, chlorophyll c xanthophyll and β-
carotene using the TLC technique. Table 2 shows the Rfs 

obtained, which indicate high separation efficiency by method 
used. It is suggested that the mobile phase constituted by etha-

nol, petroleum ether and acetone played an important role in 

this step of separation of compounds for Chlorella. Similar 

effects to this study were reported during the separation of 
pigments and other important groups of molecules performed 

by Jeffrey
26

 for several species of seaweed using classical 

planar chromatography (paper) and mobile phases acetone, 
ethyl ether, ethanol, pyridine and carbon disulphide. 

Pigment separation occurred exhibiting the following pattern 

for chlorophyll a (blue spots), chlorophyll b (greenish yellow), 
chlorophyll c (light green), xanthophyll (yellow spots), chlo-

rophyll degradation products (grey spots) and β-carotene at 

the highest point, being similar when compared to the stan-
dards. According by Kannan et al.

23
, Mendiola et al.

27
 and 

Kannan et al.
28

, a lot phytomolecules have been recognized in 

algae extracts equivalent to various carotenoids formerly 

known in S. platensis microalgae along with numerous degra-
dation products. 

The pigments observed in the three Chlorella samples in this 
study corroborate the research by Mello et al.

29
, where re-

searchers discuss the purpose of these pigments such as chlo- 

Table 2. Rfs values for separation on TLC, the monodimensional 

method of aqueous and hydroethanolic of C. vulgaris, C. pyrenoido-

sa and C. minutissima extracts.  

Identified  

component 

Rfs values of algae extracts* 

 Aqueous extract Hydroethanolic ex-

tract 

 1 2 3 1 2 3 

Chlorophyll a 2.01 2.09 2.13 1.96 1.90 1.99 

Chlorophyll b 1.83 1.86 1.82 1.80 1.78 1.85 

Chlorophyll c 0.55 0.91 0.77 0.69 0.60 0.72 

Xantophile  5.53 5.60 5.49 5.40 5.55 5.60 

β-carotene 7.30 7.21 7.34 7.28 7.26 7.31 

Notes: *Rfs values are dimensionless. (1) C. vulgaris, (2) C. pyre-
noidosa, (3) C. minutissima. Source: Authors, 2021. 

rophylls, xanthophylls and carotenoids that, in addition to 
being large and complex molecules, also participate in the 

absorption of electromagnetic radiation, playing an important 

role in the conversion of solar energy into chemical energy. 

The aqueous extracts of Chlorella in this study showed simi-
larity although at different band intensities in the UV-Vis 

spectrophotometric analysis (Figure 1-A). In Figure 1-B, a 

similar behavior can be observed both for the extracts of C. 
vulgaris and C. pyrenoidosa and different for C. minutissima, 

which showed similarity with the aqueous extracts. Although 

extracts showed differences in UV-Vis bands (with both ex-
tracting solvents), all of them showed absorption bands related 

to groups composed of chlorophylls a (600-700 ~10 nm), b 

(400-500 ~10 nm) and c (450-500 ~10 nm), xanthophylls 

(400-700 ~10 nm) and β-carotene (300-500 ~50 nm) corrobo-
rating the TLC analysis.  

It is noteworthy that the index on the quantitative or qualita-

tive rate of chlorophylls varies according to the absorption of 
light by the alga, and that the bands with higher intensities 

generally occur between 645 to 663 nm, where still in Figure 

1 (A and B) it is possible to see such statement proposed by 
Tamburic et al.

30
. Also in the study by Tamburic et al.

30
 and 

Oliveira et al.
31

, bands with medium to high intensities tell 

about the health of these organisms, where bands with low 

and no intensity between this UV-Vis range are highly indica-
tives of damage to cell culture due to discoloration. Thus, this 

study demonstrates that the three Chlorella species analyzed 

have a high degree of pigmentation, thus, exhibiting excellent 
quality in the health of these marine organisms.  

Hydroethanolic extracts are the best option for obtaining β-

carotene, due to its molecular conformation and the mixture of 

non-toxic solvents. In Figure 1 (B) UV-Vis spectra show ho-
mogeneity and absorption between 300-550 ~50 nm in C. 

pyrenoidosa, C. minutissima and C. vulgaris (superimposed 

on C. pyrenoidosa as described above). As discussed by Hor-
nero-Méndez and Britton

32
, β-carotene is an important source 

of vitamin A, in addition to presenting high photoprotective 

activity against harmful damage from energizing radiation 
emitted in UV wavelengths (A, B and C) both for algae and 
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for humans using photoprotective emulsions, preventing these 

energy sources from damaging several biomolecules, includ-

ing promoting the appearance of skin cancers and premature 

aging. According Silva et al.
21

 the carotenoids identified in 
these microalgae are astaxanthin, zeaxanthin, violaxanthin, 

and lutein which are already industrially produced synthetical-

ly for use in a variety of food products and cosmetics. 

This has been also discussed by Rinawati et al.
33

, who also 

analyzed by UV-Vis spectrophotometry the content of chloro-

phylls and carotenoids in algae. The chlorophyll content in 
microalgae in the logarithmic phase was: C. vulgaris 200-

1.500 mg.L
-1
, Nannochloropsis sp. 100-500 g.L

-1
, Porphyri-

dium cruentum 500-800 g.L
-1
 and Spirulina platensis 1.000-

3.500 mg.L
-1
 and for stationary phases microalgae C. vulgaris 

100-1.000 mg.L
-1
, Nannochloropsis sp. 200-500 g.L

-1
, P. 

cruentum 900-2.000 mg.L
-1
 and S. platensis 2.000-6.000 mg. 

L
-1
. While the carotenoid content of microalgae in the loga-

rithmic phase of C. vulgaris 10-40 g.L
-1
, Nannochloropsis sp. 

 
Fig. 1: UV-Vis spectra between 450-900 nm of the aqueous (A) and 

hydroethanolic (B) extracts of C. vulgaris, C. pyrenoidosa and C. 

minutissima. The C. vulgaris scan line is superimposed on the C. 
pyrenoidosa line in (B). Source: Authors, 2021.  

10-60 g.L
-1
, P. cruentum 10-60 ug.L

-1
 and S. platensis 20-40 

ug.L
-1
 and for stationary phases microalgae C. vulgaris 10-50 

g.L
-1
, Nannochloropsis sp. 10-70 g.L

-1
, P. cruentum 70-130 

ug.L
-1
 and S. platensis 20-1.100 mg.L

-1
.  

All Chlorella extracts in both extracting solvents showed 

remarkable extraction of total phenolic compounds (Table 3). 

Among the samples of aqueous extracts of C. vulgaris and C. 
minutissima there was no significant difference according to 

Duncan's test, although they showed higher values compared 

to the other extracts. Similar extraction results were also ob-
served for total flavonoids, however, the hydroethanolic ex-

tract of C. minutissima had a higher flavonoid content com-

pared to the other extracts, showing a statistically significant 

difference. Again, it is observed in this study that water as an 
extracting solvent proves to be the best option for obtaining 

these groups of compounds with notable antioxidant activities. 

Our values for phenolic compounds were higher than those 
obtained by Miranda et al.

34
 evaluating the methanol extract 

of C. vulgaris with a value of 24.95 mg in 100 g
-1
 of dry alga 

matter, and 0.65 to 3.17 mg GAE 100 g
-1
 by the study in C. 

vulgaris extracts
7
. Results similar to those of this study were 

obtained by Siddhanta et al.
35

 investigating the extract of the 

seaweed Himanthalia enlongata with high levels of phenolic 

compounds of 151.3 mg GAE 100 g
-1
 and flavonoids of 42.5 

mg QE 100 g
-1
 of dry extract. 

Potential DPPH free radical reducing activity was also veri-

fied for all aqueous and hydroethanolic extracts of Chlorella. 
Among the other extracts, the C. pyrenoidosa extract showed 

greater reduction capacity, which could be due to the numer-

ous phytochemical classes (Table 1) verified in the qualitative 

test. The algae aqueous and hydroethanolic extracts showed 
high antioxidant activity but some lesser than the antioxidant 

ascorbic acid and BHT (IC50 1.97 ± 0.06 and 3.14 ± 0.09 

µg.mL
-1
). Similar results were obtained by Miranda et al.

34
 for 

the methanolic extract of C. vulgaris cultivated at 30 °C, 

which presented higher antioxidant activity = 85%, quite simi-

lar to BHT = 86%. By the Rancimat test (lipid medium) two 
fractions of methanolic extracts showed much higher antioxi-

dant activity with induction times > 37.50 h at 60 °C and 11.5 

h at 100 °C. According to the researchers, salicylic, transcin-

namic, synaptic, chlorogenic, and caffeine phenolic com-
pounds found in the methanolic extract of Chlorella may be 

responsible for its greater antioxidant activity. 

Table 3. Total phenolic content, flavonoid content, DPPH radical reduction and antioxidant activity found for the studied algae.  

Assay Results 

Aqueous extract Hydroethanolic extracts 

 1 2 3 1 2 3 

TPC (mg GAE.g-1) 187.32±0.63a 133.18±0.21b 182.09±0.33a 117.11±0.39c 100±0.93cd 121±0.15c 

TFC (mg QE.g-1) 56.66±0.21b 51.72±0.19b 62.27±0.60c 61.15±0.95c 53.09±1.02b 72.04±1.07a 

DPPH (IC50 µg.mL
-1

) 99.15±0.26c 87.77±0.98b 94.18±0.19c 178.09±0.18e 190.44±1.00f 156.01±0.93d 

%AA (%AA) 81.17±1.26d 86.09±1.60c 83.20±2.09d 90.56±1.97b 97.90±1.99a 90.18±2.84b 

Notes: TPC = Total phenolic compounds. TFC = Total flavonoid compounds. DPPH = Free radical reduction expressed as 
50% Inhibition Concentration. %AA = Percentage of antioxidant activity. (1) C. vulgaris. (2) C. pyrenoidosa. (3) C. minu-

tissima. Equal letters on the same line do not differ significantly by Duncan's test (p < 5%). Source: Authors, 2021. 
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Among the studies that corroborate our results we can men-
tion the study by Yu et al.

6
 with C. vulgaris, where it was 

observed a high DPPH reducing activity ranging from 60.01 

to 65.1%. Song et al.
36

 also studied algae extracts of the Chlo-
rella sp., attributing the antioxidant potential on polysaccha-

ride compounds with removal of 49.10% of the DPPH radical, 

56.60% for the hydroxyl radical and 32.10% for the superox-

ide radical. Hu et al.
37

 also found potential DPPH radical re-
duction activity on C. pyrenoidosa extracts with a reduction 

between 29.67 to 54.16%. These studies corroborate our re-

sults, demonstrating the formidable antioxidant activity of the 
algae C. vulgaris, C. pyrenoidosa and C. minutissima extracts 

obtained in different organic solvents. 

Important antioxidant activities are reported for several sea-
weed extracts, Kannan et al.

23
 were also successful for metha-

nolic extracts of the algae G. corticata and S. platensis with 

significant reduction using the free radical method by Fenton 

reagent, with reduction values equal to 50% and 94.4%, re-
spectively. Also by these authors, an important reduction val-

ue over the DPPH free radical was observed between 53.8-

70.4% and 51.8-64.7% for the methanol extracts of the algae 
G. corticata and S. platensis, respectively, resulting in values 

similar to those obtained in this study for the three Chlorella 

species. It is suggested that numerous phytochemical groups 
are involved in the antioxidant activity, which is also proposed 

by Premalatha et al.
38

 who evaluated the extracts of the algae 

Ulva fasciata and Chaetomorpha antenniana as potential 

reducing agents in the DPPH assay, and the same was re-
ported for the extract of H. enlongata by Siddhanta et al.

35
 

with IC50 = 0.125 µg.mL
-1
. 

When evaluating extracts in determining their capacities to 
reduce free radicals, it should always be verified in more than 

one method, therefore, this study verified this biological activ-

ity in the %AA assay where Chlorella extracts presented a 

reduction rate higher than 81%. It was observed through Dun-
can’s test that the hydroethanolic extract of C. pyrenoidosa 

97% presented the highest antioxidant activity for this model 

(%AA). Additionally the numerous species of algae capable 
of reducing free radicals present protective barriers characte-

ristics against oxidative stress by reactive species in the envi-

ronment and in the cellular production in living organisms. 

The oxidative stress, which in turn result in oxidative damage 
of cellular components in the form of lipid peroxidation, pro-

tein denaturation or DNA conjugation finally cell death
7
. Fur-

thermore, oxidative stress has been associated with many 
diseases such as neural degeneration, Parkinson’s and Alz-

heimer disease, AIDS, and aging and cardiovascular diseases, 

and cancer
7
. 

Chlorella aqueous and hydroethanolic extracts showed poten-
tial capacity to inhibit S. aureus and E. coli strains at the high-

est concentrations 75-100 µg.mL
-1
 which proved to be dose-

dependent (Table 4). For the hydroethanolic extracts of C. 
vulgaris and C. pyrenoidosa, a slight inhibition activity on S. 

serovar Enteritidis was observed, although no statistically 

significant difference was observed in both extracts and con-
centrations 75-100 µg.mL

-1
 by Duncan's test. Although Chlo-

rella extracts have shown potential values as natural antibac-

terial agents, the synthetic antibacterial references azithromy-

cin, cephalexin and Tigecycline are still the best options in 
combating these bacteria of interest to health, according to 

manufacturers (CenterLab, Brazil). 

Uma et al.
39

 found antibacterial activity superior than this 
study for S. aureus between 6-25 mm, E. coli between 9-21.4 

mm; high sensitivity was also verified on strains of Klebsiella 

pneumoniae, Pseudomonas, Vibrio cholerae and Streptococ-
cus pyogenes, in extracts of C. vulgaris from different extract-

ing solvents. Algae extracts act in different ways, as it is a 

natural product obtained in different parts of the world. Possi-

bly the difference between the results of antibiosis on the 
tested bacteria has an influence on colony health, biological 

activities and environmental variation. Pratt et al.
40

 attributes 

high sensitization activity to chlorellin against a large and 
complex group of potentially pathological microorganisms, 

especially Gram-positives and Gram-negatives bacteria: S. 

aureus, S. pyogenes, Bacillus subtilis, Bacterium coli and 

Pseudomonas pyocyanea (P. aeruginosa). 

Marines algae are potential source organisms with important 

special functions that can symbolize functional clues in the 

development of new pharmaceutical drugs, as well as poten-
tial improvements over their use in the form of herbal medi 

cines. According Dhargalkar and Verlecar
41

 the marine algae  

Table 4. Antibacterial activity on Staphylococcus aureus, Escherichia coli, Salmonella serovar Enteritidis and Salmonella serovar Thyphy-

murium by aqueous and hydroethanolic of C. vulgaris, C. pyrenoidosa and C. minutissima extracts.  

 

Microorganisms 

Inhibition zone (mm) 

Aqueous extracts Hydroethanolic extracts 

25, 50, 75, and 100 µg.mL
-1

 25, 50, 75, and 100 µg.mL
-1 

1 1 2 1 2 3 
aS. aureus 0c/0c/0c/10b 0c/0c/8b/11b 0c/0c/9b/11b 0c/0c/8b/11b 0c/0c/9b/11b 0c/0c/8b/10b 
bE. coli 0d/0d/6c/8c 0c/0c/0c/7b 0c/0c/8b/10b 0c/0c/0c/7b 0c/0c/8b/10b 0c/0c/0c/0c 
cS. serovar Enteritidis 0b/0b/0b/0b 0c/0c/0c/6b 0c/0c/7b/9b 0c/0c/0c/6b 0c/0c/7b/9b 0c/0c/0c/0c 
cS. serovar Thyphymurium  0b/0b/0b/0b 0b/0b/0b/0b 0b/0b/0b/0b 0b/0b/0b/0b 0b/0b/0b/0b 0b/0b/0b/0b 

Note: (1) C. vulgaris. (2) C. pyrenoidosa. (3) C. minutissima. aAzithromycin, bCephalexin and cTigecycline. Antibiotics: S. 

aureus 23a mm, E. coli 28a mm, S. serovar Thyphymurium 28a mm, S. serovar Enteritidis 27a mm. Equal letters on the 
same line do not differ statistically by Duncan's test (p < 5%). Source: Authors, 2021. 
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products likes fibers execute a diverse array of functions such 
as antioxidant agents, anticoagulant, antimutagenic and anti-

tumor.  

According by Siddhanta et al.
35

 and Kannan et al.
23

 many 
bioactive and pharmacologically important compounds such 

as alginate, carrageen and agar are obtained from marine algae 

and treatment used in herbal medicine and pharmacy, and 

microbiology studies. 

According to Bobin et al.
42

 and Violante et al.
43

 one of the 

factors that determine the photoprotection activity and effec-

tiveness of a natural product is directly involved in terms of its 
chemical composition, consecutively its activity in absorbing 

high energy waves such as UV, in addition to the molar ex-

tinction coefficient and solubility. The UV critical wave assay 
is an in vitro test that in numerous studies has shown to be a 

pleasant option due to its simplicity and speed when compared 

to in vivo assays. In this essay Mansur et al.
44

, Ferrari
45

 and 

Violante et al.
43

 address the correlation of absorption of a 
certain compound, isolated or not, on the erythematogenous 

effect caused by UV radiation.  

The aqueous extracts exhibited bands of medium intensity in 
the scan between the critical wavelengths in the UVC, where 

C. vulgaris presented two bands, a broad one at 259 nm and a 

smaller one at 268 nm, still at 259 nm C. pyrenoidosa and C 
minutissima showed similar bands, although at different ab-

sorption intensities (Figure 2). Hydroethanolic extracts be-

haved heterogeneously when compared to aqueous extracts, 

where C. minutissima exhibited a strong and broad band with 
maximum absorption at 268 nm, followed by hydroethanolic 

extract of C. vulgaris with maximum absorption at 259 nm 

and C. pyrenoidosa at 268 nm. 

Synthetic chemical filters show maximum absorption in re-

gions other than UV, for UVC between 100-290 nm, for UVB 

the range comprises between 290-320 nm, UVA between 

320-400 nm
43,46

. Algae have a special absorption capacity in 
the ultraviolet region due to their constitution on photosyn-

thetic pigments. Furthermore, the photoprotection activity is 

not exclusively on pigments, an important portion involves 
groups of phytomolecules such as flavonoids, tannins, anthra-

quinones, alkaloids and polyphenols
43,47

. 

The topical photoprotective activity using emulsions conju-
gated with extracts proven to act as a temporary barrier on the 

dermis, reduces the incidence of certain types of cancers such 

as non-melanoma and melanoma
48

. The melanoma type origi-

nates from cells responsible for melanin synthesis and the 
non-melanin type is found in sun-exposed areas of the body, 

such as the neck, arms, ears and face
49

. 

Chlorella aqueous extracts exhibited higher median lethal 
concentration activity (LC50) with values of 931.50; 929.26 

and 838.07 µg.mL
-1
 for C. vulgaris, C. pyrenoidosa and C. 

minutissima, respectively. The hydroethanolic extracts exhi 
bited a low median lethal concentration (LC50) with values of 

1.177; 1.213 and 1.158 µg.mL
-1
, respectively for C. vulgaris, 

C. pyrenoidosa and C. minutissima. 

 
Fig. 2: UV 250 to 400 nm scanning spectrum critical for aqueous 

(A) and hydroethanol (B) extracts of C. vulgaris, C. pyrenoidosa and 

C. minutissima. Source: Authors, 2021. 

According to Calazans et al.
50

 and Meyer et al.
22

 natural ex-

tracts that present LC50 values higher than 1.000 µg.mL
-1
 are 

considered non-toxic, and values lower than 1.000 µg.mL
-1

 

are considered potentially toxic. Thus, it is observed that all 

aqueous extracts exhibited weak, although positive lethal 
cytotoxicity against A. salina. The hydroethanolic extracts, on 

the other hand, presented values higher than the recommended 

1.000 µg.mL
-1
 and were considered non-toxic. 

It is worth noting that there is little literature on toxicity of 
eukaryotic microalgae on cell lines and A. salina, while a 

larger number of papers deal with cyanobacteria. Nicolai et 

al.
51

 evaluated several algae extracts, and among them com-
mercial strains of C. vulgaris were considered non-toxic and 

suitable for feeding in studies in the European Union, in addi-

tion, of these in vitro studies they did not demonstrate toxicity 
neither for fibroblasts nor for A. salina. Although our study 

showed values below 1.000 µg.mL
-1
, the extracts are safe for 

food use due to very low toxicity. 

Conclusions 

In this study aqueous and hydroethanolic extracts of green 

microalgae Chlorella vulgaris, Chlorella pyrenoidosa and 

Chlorella minutissima showed a great variety of special bioac-
tive compounds, especially alkaloids, flavonoids, terpnoids 

and steroids, organic acids and phenols. Furthermore, these 

extracts showed variation in their antioxidant potential (DPPH 

and %AA), especially in hydroethanolic extracts. This anti-
oxidant capacity was significantly correlated with their quan-

titative of total phenolic and flavonoid contents. Results of the 

UV-Vis supercritical wave test and the low cytotoxic activity 
shown in the biological test with A. salina indicate that Chlo-
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rella extracts have high potential as a photoprotective mate-

rials and transmitting confidence for their possible use in vari-

ous industrial segments such as the food, pharmaceutical and 

biological. However, future studies are needed to evaluate the 
feasibility of C. vulgaris, C. pyrenoidosa and C. minutissima 

extracts for developing potent antioxidant, photoprotective, 

antibacterial and cytotoxic drugs. 
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Abstract 

In this work, the main approaches for the preparation of encapsulating matrices using chitosan-containing formulations have 

been reviewed. Various methodologies have been considered, such as physical intermolecular bonds and chemical cross-

linking reactions, including the click reactions which have become novel in the cross-linking of systems containing this biopo-

lymer. Likewise, the formation of different macroscopic assemblies such as spheroids, vesicles, layer by layer polycomplexes, 

etc., has been addressed. In the final part of the work, the main achievements reported with these matrices in the encapsulation 

of cells, both eukaryotic and prokaryotic, are discussed, emphasizing their potential applications and perspectives in different 

fields as medicine (treatment of traumatic diseases, diabetes, venous diseases, tissue regeneration, transplantation and toler-

ance); food (administration of probiotics); industrial applications (bioethanol production); etc. 

Keywords: Cell encapsulating matrices; Click reaction; chemical crosslinking; ionotropic gelation 

Resumen 

Encapsulación de células usando quitosano: aspectos químicos y aplicaciones. En este trabajo se han revisado los principa-
les enfoques para la preparación de matrices encapsulantes utilizando formulaciones que contienen quitosano. Se han conside-

rado diversas metodologías, como las uniones intermoleculares físicas y las reacciones químicas de entrecruzamiento, inclui-

das las reacciones click, las cuales se han vuelto una novedad en la reticulación de sistemas que contienen este biopolímero. 

Asimismo, se ha abordado la formación de diferentes ensamblajes macroscópicos como esferoides, vesículas, policomplejos 

capa a capa, etc. En la parte final del trabajo se discuten los principales logros reportados con estas matrices en el encapsulado 

de células, tanto eucariotas como procariotas, enfatizando sus potenciales aplicaciones y perspectivas en diferentes campos 

como la medicina (tratamiento de enfermedades traumáticas, diabetes, enfermedades venosas, regeneración de tejidos, tras-

plante y tolerancia); en la industria alimentaria (administración de probióticos); aplicaciones industriales (producción de bio-

etanol); etc. 

Palabras claves: Matrices encapsulantes de células; reacción click; reacciones de entrecruzamiento; gelación inotrópica 

 

Introduction 

Cell encapsulation basically consists of confining living cells 

within non-living matrices in order to protect their physical 

integrity, preserving also their normal metabolic activities, for 
their subsequent transit or use in risky environments for them. 

The method was proposed for the first time by Chang in the 

60s of the previous century, showing different experimental 
approaches that allow it to be achived

1
. 

One of the main reasons for the encapsulation of cells is the 

protection that the encapsulating coating gives them, which is 
usually formed by a partially permeable polymeric membrane 

artificially created. Thus, in the case of transplanted cells, 

encapsulation could prevent their rejection if it manages to 

"hide" them from the host's immune system (a process known 

as immunoisolation), without the need to use immunosup-

pressants
2
. 

Research on new systems for cell encapsulation, or the im-

provement of already known systems, will always be very 

topical because the results are potentially applicable in the 
treatment of disorders associated with various diseases such 

as diabetes, neurological degeneration, hemophilia, cancer, 

kidney failure, etc.
3-5

. In a broader sense, the search for new 
matrices for the encapsulation of proteins, peptides, DNA, 

cells, and even microorganisms, has been oriented towards 

mailto:clarez@ula.ve
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the use of biomaterials such as polysaccharides, i.e., algi-

nates
6
, agarose

7
, chitosan

8
 (see chemical structures in figure 

1); proteins, i.e., gelatin
9
, collagen

10
, silk fiber

11
; polynucleo-

tides (RNA and DNA
12

) and some biodegradable polymers 

such as polylactic and polyglycolic acids and their copoly-

mers
13

 and polyhydroxyalkanoates
14

 (see chemical structures 
in figure 2). Among the current most important reasons for 

the preference of these materials is their biodegradability, 

since it is intended that they not only be able to transport cells 

but also allow the design of controlled release systems to-
wards well pre-established therapeutic targets. 

 
(a) Alginate  

 
(b) Agarose 

 
(c) Chitosan 

Fig. 1: Chemical structure of some polysaccharides employed in the 
cell encapsulation. 

          

 
(a) Polylactic acid        (b) Polyglycolic acid       (c) Polyhydroxyalcanoate 

Fig. 2: Chemical structure of some biodegradable polymers em-

ployed in the cell encapsulation. 

In this work, the main approaches using chitosan-containing 

formulations for the encapsulation of cells are reviewed. Dif-
ferent methodologies have been considered for the formation 

of the encapsulating matrix, such as physical and chemical 

cross-linking reactions, including click reactions. Likewise, 

the formation of different macroscopic structures such as 
spheroids, vesicles, layer-by-layer polycomplexes, etc., has 

been addressed. On the other hand, a brief discussion of the 

main achievements reported for the chitosan-containing ma-
trices obtained during encapsulation of both, eukaryotic and 

prokaryotic cells, is also presented, emphasizing their poten-

tial applications. 

Chemical aspects of the encapsulation of cells using chito-

san 

Chitosan is a highly versatile polysaccharide which is usually 

obtained by deacetylation of chitin, a relatively inexpensive 
material routinely extracted from industrial crustacean 

processing wastes. However, for applications in the health 

field, in recent years there has been a tendency to produce it 

from fungi to minimize the intoxication risks associated to 
marine product derivatives

15
. It is considered a prominent 

candidate for the encapsulation of a diversity of materials
16

, 

including cells, to be used in living systems because it has 
adequate properties for these purposes, such as its non-

toxicity, biodegradability, and biocompatibility
17,18

. However, 

it is essential to consider that for such uses it is necessary to 
work with materials of high degrees of purity. 

From a chemical point of view, some relevant chitosan-

characteristic reactions can be established in this kind of ap-

plications. Thus, encapsulation of materials within envelopes 
or matrices containing chitosan in their composition can be 

achieved using various experimental approaches, such as: 

- Formation of three-dimensional networks generated by 
intermolecular crosslinking due to physical interactions, 

which can be of various nature (hydrophobic
19

, hydrogen 

bonds
19

, molecular entanglement
20

, ionic interactions
21

, 
etc.).  

- Three-dimensional networks formation caused by covalent 

bonds linking different polymer chains, which can be 
achieved through chemical reactions that do not include 

crosslinking agents
22

 or that require their presence, wheth-

er they are low or high molecular weight
23

. Among these 
reactions have recently been included the so-called ―click 

reactions‖, also known as orthogonal reactions
24

, based on 

chitosan derivatives which are specially prepared for such 

purposes. 

One of the most exploited characteristics of chitosan for this 
type of application is its cationic nature in aqueous acidic 

medium, which is enhanced in some derivatives such as qua-

ternary ammonium salts in a wide pH range. This cationic 

character allows its electrostatic interaction with materials 
carrying anionic residues, as it has been shown in the prepara-

tion of microspheres encapsulating solutions of an anionic 

polyelectrolyte obtained by oxidation of the polysaccharide 
scleroglucan (generating pendant carboxylate residues along 

its chain) within a skin formed by the chitosan/scleroglycan 

polyelectrolyte complex
25

. Spheres are formed by simply 
dropping a polyanion solution into a chitosan solution in an 

acid medium. Similarly, the encapsulation of chitosan solu-

tions within the skin formed by the polyelectrolyte complex 

of both biopolymers is also possible. An idealized picture of 
this type of sphere is shown in figure 3.  
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Fig. 3: Idealized structure of a sphere formed by interfacial poly-

complexation of chitosan and a polyanion when a drop of chitosan 

solution is dropped into the polyanion solution. 

Some of the most common experimental methods of encapsu-

lation that have been reported using containing-chitosan for-
mulations are: spheres formation by ionotropic crosslinking, 

i.e., a suspension of cells in a aqueous chitosan solution is 

dropped over an aqueous solution of sodium tripolyphosphate 

(STPP) under agitation
26

; cell assemblies confined between 
layers of chitosan (built layer by layer)

27
; preparation of the 

gelling mixture containing the cells and its subsequent cova-

lent crosslinking by various chemical routes, i.e., polymeriza-
tion reactions with thermal initiation

28
; bioorthogonal reac-

tions, in which the experimental conditions must be refined in 

order to achieve functional materials (considering the com-
plex biological mixtures employed and the presence of living 

cells)
29

; etc. 

Chitosan cross-linking processes in the formation of encapsu-

lating matrices  

A great variety of cross-linking processes using chitosan-

containing formulations have been reported in the formation 

of encapsulating matrices. A summary of the most common 
ones is presented in the following sections.  

Cross-linking by physical interactions:  

- Precipitation due to pH change: neutralization of an acidic 
aqueous solution of chitosan (Q-NH3

+
 A

—
(ac)) with a base 

(NaOH) leads to decreasing of chitosan cationic groups, fa-

voring hydrogen bonding and/or hydrophobic interactions and 

causing its precipitation according to the following reactions:  

Q-NH2 (chitosan) + HA(ac)  Q-NH3
+
A

—
(ac)  

 (preparation of a chitosan acidic aqueous solution) 

Q-NH3
+
A

—
(ac) + NaOH(ac)  Q-NH2↓ + Na

+
A

—
(ac) + H2O-  

     (neutralization and precipitation) 

- Aggregation by changing the solvent properties: addition of 

a miscible solvent (but less polar than water such as 1,2-

propanediol) to an aqueous solution of chitosan, in acid me-
dium, causes changes in the properties of the solvent, whose 

dielectric constant becomes lower
19

, unfailingly leading to 

gelation if right conditions are reached. As in the previous 
case, hydrogen bonding and hydrophobic interactions will be 

favored under the new conditions. 

- Aggregation due to temperature changes: when the tempera-

ture of aqueous solutions of specific chitosan derivatives is 
increased, hydrophobic aggregates are formed due to the oc-

currence of a conformational transition which causes gelling 

of the system, i.e., aqueous solutions of poly(isopropyl-
acrylamide)-grafted chitosan undergo gelling around 29.5 

°C
30

. 

- Ionotropic cross-linking: neutralization of the cationic 
charges of chitosan with low molecular weight polyanions, 

such as STPP, generates spherically assembled hydrogels 

with controllable size. The occurrence of this kind of process 

has also been reported with other similar polyanions, i.e., 
adenosine triphosphate (ATP), trisodium citrate, and sodium 

sulfate
31

 (see structures in figure 4). 

 
Fig. 4: Chemical structure of some low molecular weight polya-

nions used as crosslinking agents in ionotropic hydrogelation.  

- Formation of polyelectrolyte complexes (PEC): neutraliza-

tion of electrical charges of opposite sign (positive in chitosan 

and negative in polyanions) generates composite materials 

known as chitosan-based polyelectrolyte complexes
32,33

, 
which are also denominated as ―chitoplexes‖

34
. An important 

group of these materials, mainly due to their natural origin, 

are the so-called polyplexes, in which the polyanionic part 
would be made up of nucleic acids, i.e., plasmidic DNA

35
. 

Chitosan chemical cross-linking:  

- Through hydroxyl groups: a specific example of this type of 

reaction is its cross-linking with epichlorohydrin
36

; however, 
it is important to consider that to achieve the selective reac-

tion of the -OH groups in chitosan, usually the primary hy-

droxyls of the C6 carbon, the amine groups must be previous-
ly protected by reactions such as phthaloylation

37
 and forma-

tion of Schiff bases with aryl-aldehydes
38

, which allow their 

subsequent regeneration. The use of methanesulfonic acid as 
a solvent has also been reported as a method of protecting 

amine groups
39

. Other reactions that can lead to cross-linking 

through the -OH groups, after protection of the amine groups, 

are reactions with diacyl halides, i.e., adipoyl chloride
39

. 
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- Through amine groups: the most frequently reported cova-

lent cross-linking reaction of chitosan, through the amine 

groups present on carbon C2, is the formation of Schiff bases 
with dialdehydes. In this regard, cross-linking using glutaral-

dehyde has been one of the most studied reactions (see sim-

plified scheme in figure 5), although it has not yet been fully 
understood due to the complexity involved in this multifac-

torial process
40

. Although other dialdehydes have also been 

used for this purpose, such as glyoxal (figure 6a)
41

, the current 

emphasis has been moving to some related compounds, espe-
cially those of natural origin, such as genipin (figure 6b)

42
 and 

vanillin (figure 6c)
43

, seeking to reduce toxic effects of alde-

hydes, among other things; nevertheless, it should be noted 

that cross-linking with this kind of compounds also proceeds 

through complex mechanisms. Macromolecular dialdehydes 
has also been assayed to chemical cross-linking of chitosan, 

i.e., scleroglucan-dialdehyde (figure 6d) obtained by the Ma-

laprade reaction of scleroglucan (oxidation with potassium 
periodate of the polysaccharide produced by fungi of the ge-

nus Sclerotium)
25

. Similarly, a very interesting cross-linking 

reaction has been achieved using a chitosan-dialdehyde (fig-

ure 6e) generated by this same reaction to obtain a cross-
linking material containing only chitosan and its dialdehyde 

derivative
44

.  

 
Fig. 5: Simplified scheme of the cross-linking reaction of chitosan with glutaraldehyde via Schiff base formation. The subsequent reduction of 
the imines and glutaraldehyde structures that can coexist in aqueous solutions are also shown. 

 

 
Fig. 6: Chemical structure of some compounds used in the chemical 
cross-linking of chitosan through the amine group at the C2 carbon: 

(a) glyoxal, (b) genipin and (c) vanillin, (d) scleroglycan-dialdehyde 

and (e) chitosan-dialdehyde. 

- Through pendant groups added by derivatization: addition of 

new pendant groups to the chitosan polymer chain can lead to 
new cross-linking reactions, which allow to obtain novel ma-

terials and open new horizons to the versatility of chitosan as a 

material for use in bioapplications. Generation of these pen-

dant groups can be achieved through a wide variety of chito-
san modification reactions, many of which can already be 

considered routine reactions, through both: amine group at the 

C2 carbon (acylation, alkylation, quaternization, phosphoryla-
tion, sulfation, etc.) as well as hydroxyl groups at C3 and C6 

carbons (acylation, alkylation, silylation, halogenation, azida-

tion, etc.)
45

. These derivatives can be subsequently manipu-
lated to establish new processes for cell encapsulation, i.e., 

coupling of the derivative from 5-azido pentanoic acid and 

chitosan with ethoxylated glycerol tripropiolate through a 

click reaction (figure 7), whose product has been assayed with 
good results in mesenchymal cell encapsulation

24
. Thus, click 

reactions have increased the prospects for chitosan as promis-

ing materials for such applications
29,46

. 
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Fig. 7: Chemical cross-linking via click reaction between the deriva-
tive from 5-azido pentanoic acid/chitosan (a) and the ethoxylated 

glycerol tripropiolate (b). 

Cell encapsulation using chitosan 

Chitosan derivatives, and their combinations with other natu

ral and synthetic polymers, are among the most studied poly-

meric materials for cell encapsulation
47–52

. Various types of 

eukaryotic and prokaryotic cells have been used in numerous 
studies of cell encapsulation with these biopolymers (figures 

8-10). Encapsulation of some eukaryotic cells such as chon-

drocytes
53,54

, fibroblasts
47,55

, stem cells
56

, mesenchymal cells
57

, 
hepatocytes

58
, erythrocytes

59
, pancreatic β-cells

60
, cardiomyo-

cytes
61

, etc., have served as the basis for studies focused on 

cell therapy for the treatment of certain pathologies
48,49,62–65

, 

transplantation and immune tolerance
50,59,65–68

, tissue regenera-
tion

47,68
 and industrial applications

69
. On the other hand, the 

encapsulation of bacteria
70–76

 has been focused mainly on the 

oral administration of probiotics
70

 and the treatment of some 
diseases

53
. Each of these topics will be briefly discussed in the 

following sections. 

Eukaryote cells encapsulation 

Pathology treatments: chitosan has been used as encapsulating 

material for mesenchymal stem cells (MSCs) in the treatment 

of traumatic diseases in which a traumatic injury has occurred, 

i.e., in the spinal cord (figure 8A); chitosan not only maintains 
the cellular viability of MSCs but also allows these cells to 

release vesicles and extracellular trophic factors (growth fac-

tors, chemokines, and cytokines), as well as maintain their 
antioxidant characteristics

48
. MSCs appear to exert a paracrine 

action that can therapeutically enhance spinal cord regenera-

tion, limiting glial cicatrization
76

, reducing cell death at the 

injured site
77

, and acting as  

 

Fig. 8: Encapsulation of eukaryotic cells in chitosan-based systems for treatment of some pathologies. A. Traumatic diseases: the re-

lease of trophic factors and extracellular vesicles by MSCs promotes the regeneration of the nervous tissue; B. Venous diseases: encap-

sulated MSCs release paracrine factors that modulate inflammation, angiogenesis, and tissue remodeling; C. Metabolic diseases such as 

diabetes: encapsulated pancreatic β-cells could be used as a controlled insulin delivery system for the control of blood glucose; D. Neu-

rodegenerative diseases: encapsulation of some neurotransmitter-secreting cells, such as PC12 cells, would be used as a strategy for the 

treatment of diseases associated with neurotransmitter deficiency or secretory cell dysfunction. 
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Fig. 9: Encapsulation of eukaryotic cells in chitosan-based systems for tissue transplantation and regeneration: A. Erythrocyte transfusion: 
encapsulation of erythrocytes expressing surface antigens could prevent the antibodies binding to them and, consequently, attenuate recogni-

tion of the system host immune; B. Pancreatic cell implantation: encapsulation of β-cells would inhibit the adhesion of antibodies to these 

cells, preventing citotoxicity mediated by natural killer (NK) and CD8 + T cells; C. Tissue regeneration: the encapsulation of different types of 

cells could be a strategy for the regeneration of various tissues (cartilage, nervous system, bone, heart muscle, etc.). 

 

a carrier of signal molecules that regulate cell-to-cell and cell-

extracellular matrix communications
48

. Together with MSCs, 

chitosan could orchestrate the modulation of inflammation, 
promoting the establishment of a less hostile environment 

after traumatic injury and, subsequently, the survival of trans-

planted cells
48

. 

In other cases, such as diabetes and venous diseases, the injec-

tion of heat-sensitive hydrogels of chitosan/collagen/β-

glycerophosphate (β-GP) containing three-dimensional sphe-
roidal mesenchymal stem cells (3D MSC) has been studied to 

accelerate the healing of chronic wounds
62

 (figure 8B). The 

combination of these polymers promotes a conducive envi-

ronment for encapsulated MSCs, especially accelerating the 
adhesion, proliferation, secretion, and expression of paracrine 

factors, such as vascular endothelial growth factor A (VEG-

Fa), angiopoietin 1 (Ang1), factor 1 derived from stromal cells 
(SDF1) and its chemokine receptor 4 with CXC motif 

(CXCR4) which, in addition, to reduce inflammation, also 

promote angiogenesis, re-epithelializa-tion and tissue remode-

ling in the wound
78

.  

Besides being proposed for the treatment of venous insuffi-

ciency linked to diabetes, encapsulation of pancreatic β-cells 

in microcapsules of alginate/chitosan (AC) and algi-

nate/chitosan/PEG (ACPEG) could be used as a delivery sys-

tem for insulin-controlled release for blood glucose control 

(figure 8C)
49

. These materials could represent a suitable sys-
tem for pancreatic cell support and insulin secretion. Its per-

meable-selective nature allows the diffusion of nutrients ant 

the production and release of insulin
49

, offering a therapeutic 
alternative to traditional treatments of insulin injections and 

diet. Encapsulation of PC12 cells with chitosan has been 

evaluated (figure 8D) as a therapeutic strategy for neurode-
generative diseases associated with the loss of dopamine in 

the cerebral striatum, i.e., Parkinson's disease
79

. PC12 is a 

dopamine-secreting cell line of great interest in studies of 

neuroprotective models for Parkinson's disease
80,81

. Besides 
promoting the viability of PC12 cells, its encapsulation with 

chitosan stimulates them to produce and release catechola-

mines and their precursors, such as L-dopa and dopamine, 
even four weeks after encapsulation

80
. The difference in the 

secretory capacities of these encapsulated cells is attributed to 

a possible chitosan interaction with some adhesion molecules 

present on the cell surface
80

. Therefore, the use of dopamine-
secreting cells can be considered as a strategy for treatments 

of Parkinson's and other diseases associated with dopamine 

deficiency or secretory cell dysfunction
82,83

. Transplantation 
and tolerance: microencapsulation is considered a very 
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promising tool for immuno-isolation in transplantation and 

immune tolerance studies
84

. In addition to re-presenting an 

alternative to the chronic suppression of the patient's im-
mune system, which makes these patients vulnerable to 

other diseases, the encapsulation of living cells serves as an 

immuno-permeable barrier, increasing cell viability after 
transplantation. Additionally, these encapsulation systems 

act as selectively permeable barriers, allowing the free dif-

fusion of nutrients and metabolic waste, and improving cell 

survival
84

. 

Some studies have suggested that cell encapsulation with 

this polymer is a novel and effective strategy in tissue en-

gineering
50,59,65-68,79 

(figure 9). Cell transplantation has been 
proposed as a strategy for the immuno-camouflage of liv-

ing and functional red blood cells
69

. Encapsulation of eryt-

hrocytes in ACPEG capsules could be used to prevent the 
binding of antibodies to red blood cells and, consequently, 

to attenuate the recognition of the host's immune system
69 

 

(figure 9A) This strategy would be a great advance in trans-

fusion therapies, since it would allow the production of 
universal red blood cells, without the use of specific en-

zymes for the elimination of surface antigens
85,86

. Further-

more, it would be a great advantage in transfusion thera-
pies, especially for rare blood groups

86
 or in regions where 

the frequency of certain blood groups is very low
11

. Trans-

plantation of encapsulated pancreatic β-cells in chitosan-

based systems in the treatment of diabetes, additionally to 
being an alternative for the production of insulin, would 

function as a barrier minimizing the damage induced by the 

inflammatory responses to the transplanted cells
49 

(figure 
9A), contributing to longer life and function during a xeno-

geneic transplantation
53

. A similar situation can occur for 

Parkinson's disease, where encapsulation of cells such as 
PC12 will not only allow the controlled release of dopa-

mine but would also be a method to safely confine these 

tumor cells and isolate them from the immune system
79

.  

It should be noted that the immuno-isolating capacity of 
chitosan microencapsulation is not only attributed to the 

ability to inhibit the adhesion of antibodies (including IgG) 

to the transplanted cells
55

, but also to the prevention of 
cytotoxicity mediated by natural T killer cells (NK) and 

CD8
+50

 (figure 9B). These cells are crucial in the vertebrate 

immune system because they act as regulatory agents of the 
alloimmune response in transplanted patients

89-91
. Notably, 

CD8
+
 cells can escape to the immunosuppressive effects of 

drugs such as cyclosporin and rapamycin
91

, whereby cell 

encapsulation with polymers such as chitosan could be an 
alternative for immune suppression therapy in transplanted 

patients because of an attenuating effect on immune cells 

escaping of immunosuppressive drugs effects could be 
additionally obtained. 

Tissue regeneration: due to its biological properties, chito-

san has been widely studied as a very promising material in 

regenerative medicine, being used as scaffolds or platforms 

for the repair and/or regeneration of various tissues, includ-

ing skin, bone, liver, cartilage, nerves, and muscle
81

 (figure 

8C). 

Cartilage regeneration: encapsulation of chondrocytes with 

chitosan-containing systems is considered a great tool in 

tissue engineering and orthopedics
53,92-95

. The covering 
obtained with chitosan/hyaluronic acid (HA) fulfilling a 

temporary function of extracellular matrix (ECM) and 

creates a favorable chondrogenic microenvironment due to 

the promotion of deposition of cartilaginous extracellular 
matrix (CCEM) components by encapsulated chondro-

cytes
93

, facilitating adhesion and uniform distribution of 

chondrocytes at the implant site
53,94

 (figure 9C.1). Further-
more, proliferative activity and differentiation of chondro-

cytes are stimulated by the presence of these polymers
93

. It 

should be noted that the encapsulation of adipose tissue-
derived stromal cells (ADSC) with chitosan/β-glycero-

phosphate/starch has been considered as an alternative for 

the regeneration of cartilage tissue; encapsulation of these 

cells with these polymers promotes chondrocytic differen-
tiation and CEM accumulation

95
.  

Nervous system regeneration: several studies have eva-

luated the encapsulation of neuronal stem cells (NMCs) 
with chitosan derivatives as a strategy for the repair of 

nervous tissue
96,97

 (figure 9C.1). In murine nerve cells en-

capsulation studies and injection of neural progenitors-

spheroid-type aggregates with self-healing hydrogels (SH-
H) of glycol-chitosan and benzaldehyde-difunc-tionalized 

PEG, at both ends (DF-PEG), induced proliferation and 

differentiation to neuron-like cells was observed. In addi-
tion, cells encapsulated with SH-Hs had the ability to rege-

nerate and rescue neural function in the central nervous 

system (CNS) of a zebrafish embryo neural injury model 
(Danio rerio), caused by exposure to ethanol

96
. Similarly, 

the SH-Hs treatment loaded with spheroid neural stem cells 

(NSCs), additionally to restoring neuronal functions, had a 

positive influence on the development and hatching rate of 
treated embryos. The advantage of these neural progenitors 

encapsulated with SH-Hs could be attributed to their ability 

to fill physical spaces associated with injurie
97

 and facilitate 
metabolism, oxygen availability, migration and cell-cell 

communication, creating an adequate microenvironment 

for the proliferation of encapsulated NSCs
96,97

. On the other 
hand, the encapsulation of Schwann cells (SCs) with chito-

san has also been studied
98

 (figure 9C.1). SCs are glial cells 

that play an important role in the regeneration of the in-

jured peripheral nervous system (PNS)
99

. In this study, the 
sciatic nerve regeneration was evaluated in vivo using ar-

tificial neural guide channels of poly-L-lactic acid con-

tained with SCs and curcumin encapsulated in chitosan 
nanoparticles

98
. Treatment with these nanoparticles induced 

a significant increase in the number of axons in the injured 

sciatic nerve, as well as a restoration of motor and sensory 

function
99

.  
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In these systems, SCs would play an important role in 

nerve regeneration through the release of neurotrophic fac-

tors, i.e., neurotrophic factor derived from the glial ell line 
(GDNF)

100
 and growth factors such as nerve growth factor 

(NGF)
101

, which contribute to the myelination process, 

promotion of growth and axonal elongation, as well as 
survival of neurons

100,101
 (figure 9C.1). On the other hand, 

curcumin would act as a factor to decrease apoptosis
98

 and 

stimulate the proliferation of SCs
102

 and, consequently, 

improve the regeneration and functional recovery of injured 
nerve. Encapsulation and transplantation of SCs together 

with compounds that facilitate their activity could have a 

great influence on the therapeutic activity of these cells, 
notably improving neuronal regeneration therapy. 

Bone regeneration: the encapsulation of osteoblasts with chi-

tosan hydrogels has been proposed as a method to transport 
osteoblast cells in bone disorders treatments

103
 (figure C.3). A 

greater adhesion, proliferation, and expression of type 1 colla-

gen (collagen more abundant in the vertebrate ECM) was 

achieved through the manufacture of a 3D tracing system to 
make tissue scaffolds based on pure chitosan and chitosan 

cross-linked with pectin and genipin, as well as a higher mine-

ralization activity in osteoblast cells in vitro
103

. Likewise, 
some reports based on the encapsulation of stromal MSCs 

derived from human bone marrow (BM-MSCs), which can 

self-renew and differentiate into multiple cell lines, demon-

strated that its encapsulation in chitosan/dextran hydrogels not 
only maintained their viability but could also differentiate into 

adipocytes and osteocytes
104

. Similarly, encapsulation of BM-

MSCs together with osteogenic factors, such as bone morpho-
genic protein-2 (BMP2), in chitosan/poly (ε-caprolactone) 

heat-sensitive gels have a positive effect on osteogenesis and 

bone matrix formation
105 

(figure 9C.3). More importantly, the 
encapsulation of these MSCs not only influences their prolife-

ration and differentiation, but they could also serve as an al-

ternative to take advantage of some signaling pathway, such 

as the stromal cell-derived factor-1 (SDF-1)/CXC receptor 4 
(CXCR4) route, very important in the process of mobilization 

and relocation or "homing" of MSCs
106,107

. Studies focused on 

MSCs derived from human adipose tissue (hASCs) revealed 
that after being injected and promoted the over-expression of 

their chemokine receptor CXC type 4 (CXCR4) these cells 

had the ability to respond and migrate towards the derived 
stromal cell factor (SDF-1a), which was released from a in-

jectable thermosensitive hydrogels of chitosan/ glycerolphos-

phate/ hydroxylethylcellulose (CH/GP/ HEC)
107

. The expres-

sion of CXCR4 in cells and the concomitant release of its 
ligand SDF-1a from CH/GP/HEC hydrogels led to increased 

localization/retention of hASCs
107

. In addition to the massive 

infiltration of hASCs, in response to SDF-1a, a process of 
close vascularization was observed, which could indicate that 

these hydrogels would act as optimal supports for the migra-

tion of endogenous cells, which could facilitate repair and 

regeneration of tissues. 

Regeneration of cardiac muscle tissue: options for the treat-

ment of myocardial infarction are very limited
62

 due to the 

inability of the mature myocardium to regenerate
109

. However, 
encapsulation of cardiac cells (cardiomyocytes and myoblasts) 

in photo-crosslinkable hydrogels, obtained from azidobenzoic 

acid-chitosan- and acryloyl-poly(ethylene glycol)-RGDS (Az-
chitosan/Acr-PEG-RGDS), was evaluated as an alternative for 

regeneration of cardiac tissue (figure 9C.4), obtaining evi-

dence of adhesion, proliferation and differentiation of encap-

sulated C2C12 myoblasts
62

. Likewise, a high viability of neo-
natal rat cardiomyocytes encapsulated in these photo-

crosslinkable hydrogels was observed. Importantly, when 

adhesion of these hydrogels in the cardiac tissue was eva-
luated, it was evident that they remained adhered in the differ-

ent parts of the heart where were applied, both on the surface 

(epicardium) and within the ventricle, a relevant fact for the 
treatment of myocardial infarction

62
.  

Other applications: chitosan microencapsulation of some 

yeasts has also been studied for therapeutic and industrial 

purposes
76,110,111

. Encapsulation of the probiotic Saccharomyc-
es boulardii in alginate/chitosan (AC) microspheres showed to 

have positive effects on its survival, protecting it from acid 

degradation and accelerating its transit through the gastroin-
testinal tract

76
; the use of this yeast with similar microencapsu-

lation systems could be of great application not only for the 

therapies of inflammatory bowel diseases
112

 but also for infec-

tious enteritis
113

 and enterocolopathies associated with Clo-
stridium difficile

114
. On the other hand, the use of algi-

nate/chitosan/alginate (ACA) and genipin/alginate/chitosan 

(GAC) has been proposed for industrial applications as an 
attractive method for the encapsulation of yeasts in the pro-

duction of bioethanol
111

; these systems would improve the 

stability of the cells and the tolerance to the inhibitors, increas-
ing the amount of biomass inside the reactor and decreasing 

the cost of recovery, as well as recycling and subsequent 

processing of the cells. Apparently, encapsulation with sys-

tems such as ACA and GAC attenuates the effect of ethanol 
concentration on yeast growth, which would imply a protec-

tive action related to tolerance to stress conditions in the cul-

ture. 

Encapsulation of bacteria 

Administration of probiotics: one of the main challenges in 

supplementing food with probiotics is that these can remain 
active in different environmental conditions. In addition to 

resisting oxygen exposure while functional food products are 

in storage, probiotics must face up to the host's harsh gastroin-

testinal conditions (such as gastric pH, bile salts, and en-
zymes) once ingested

115,116
. Thus, microencapsulation is clas-

sified as one of the main solutions for the preservation of pro-

biotics, especially that based on some polymers such as chito-
san

71,116-119
. Chitosan has been used in the protection of probi-

otic cells mainly as a coating/covering, and not as the capsule 

itself
72,73,120

. Some studies carried out with different bacterial 

strains have shown that the use of alginate microcapsules  
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Fig. 10: Encapsulation of prokaryotic cells in systems containing chitosan. A. Probiotic protection would allow the storage and protec-

tion of the organism in different environmental conditions: A.1 Efficient protection of probiotics in extreme conditions of stomach pH, 
bile and digestive enzymes, resulting in a greater number of viable cells in the intestine, A.2 Confinement of probiotics could contri-

bute to the stability of the microorganism in food matrices; B. Encapsulation of probiotics could be used in the treatment of some pa-

thologies such as: B.1 Bowel inflammatory diseases taking advantage of its anti-inflammatory effect, B.2 Disorders associated with 

chronic kidney diseases, i.e., uremia, through overexpression and release of recombinant urease in genetically modified bacteria. 

 

coated with chitosan is the best option for the storage and 

protection of probiotic bacteria, such as Lactobacillus and 

Bifidobacterium spp., under different experimental condi-

tions
64,65,67

. Furthermore, chitosan-coated pectin capsules have 
been reported to efficiently protect Lactobacillus casei CIMB 

30185 from extreme stomach pH conditions, resulting in in-

creased numbers of viable cells in the intestine
68

. 

In addition to protecting or improving the efficiency of the 

probiotic, some symbiotic encapsulation systems based on 

chitosan have been developed
71

. In these systems, contrary 

to others, a prebiotic or a specific carbon source of this is 
added

120
 (figures 10A and 10B) which, in addition to serv-

ing as a substrate, can contribute to the stability and surviv-

al of the probiotic. A study using symbiotic systems based 
on AC/L. casei/selenium-enriched green tea (TVS) showed 

that the presence of TVS increases the probiotic survival at 

a storage temperature of 4 °C, under experimentally simu-
lated gastric and bile solution conditions

71
. Similarly, the 

co-encapsulation of anthocyanins with L. casei, in addition 

to having a positive effect on the survival of the probiotic 

in simulated gastric conditions, improves the stability of the 
microorganism in food matrices such as yogurt

121
. Fur-

thermore, the use of other prebiotics such as inulin and 

starch has been reported in the co-encapsulation of lactic 

bacteria such as Lactobacillus acidophilus
122,123

. Compre-

hensively considered, these studies prompt that chitosan 
encapsulation and/or coating systems can lead to remarka-

ble advances in the development of food and nutraceutical 

ingredients with markedly improved functionalities. 

Treatment of diseases: the encapsulation of bacterial cells 

in AC gels has been proposed as an oral therapy strategy 

for some disorders such as inflammatory bowel diseases 

(Crohn's disease and ulcerative colitis) and uremia
63,64

 (fig-
ures 10B.1 and 10B.2, respectively). Encapsulation of bac-

teria such as Escherichia coli strain Nissle 1917 (EcN), an 

organism with probiotic properties, was shown to have an 
anti-inflammatory and immunomodulatory effect in a coli-

tis rat model
64

. The anti-inflammatory effect of probiotics 

is attributed to the modulation of the immune system in the 
intestinal micro-environment

124
, specifically through the 

modulation of the function of some immune cells, such as 

dendritic cells (DCs) and macrophages, and intestinal epi-

thelial cells, mediating the activation of pattern recognition 
receptors (PRR) such as Toll-like receptors (TLR) ex-

pressed on cell surfaces
125

. Probiotic binding to some of the 
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TLRs, i.e., TLR2, can inhibit the secretion of cytokines and 

pro-inflammatory mediators, such as monocyte chemoat-

tractant protein 1 (MCP1), tumor necrosis factor-alpha 
(TNF-α), interleukins (IL-6, IL-2), but in turn promotes an 

increased expression of anti-inflammatory cytokines (IL-

10)
64,125,126

 (figure 10B.1) through the regulation of some 
signaling pathways, such as the NF-κB pathway and others 

such as that one triggered by mitogen-activated protein 

kinases (MAP kinases)
127

. Furthermore, some molecules 

produced and released by organisms such as bifidobacilli 
and lactobacilli, also known as postbiotics, can contribute 

to the anti-inflammatory effect of these organisms. These 

molecules, which are mainly short-chain fatty acids 
(SCFA), in particular propionate, acetate and butyrate, 

apparently exert their action by binding to specific recep-

tors on intestinal epithelial cells (figure 10B.1). Association 
with these receptors induces the inhibition of the NF-κB 

signaling pathway and the production of pro-inflammatory 

cytokines by macrophages
128,129

. Similarly, these fatty acids 

can promote the induction of differentiation and expansion 
of regulatory T cells

130
. The encapsulation of some postbio-

tics with chitosan would be an alternative for the therapy of 

inflammatory diseases in immune-deficient patients, which 
could be affected by the administration of bacteria. This 

could become an interesting topic of study in the very near 

future. 

In the treatment of uremia, a disorder associated with 
chronic kidney diseases, a genetically manipulated strain of 

a Escherichia coli DH5 harboring the gene encoding urease 

was used as a model for in vitro and in vivo evaluation of 
the ACA microcapsules in oral therapy of this disease; 

these studies revealed that encapsulation not only had a 

protective effect on the survival of cells in the gastric envi-
ronment but also that encapsulated cells could remove urea 

from the medium
63

 (figure 10B.2), suggesting that micro-

encapsulation could allow safe and effective oral adminis-

tration of live bacterial cells for various clinical applica-
tions (figure 10B.2). 

Concluding Remarks 

Cell encapsulation has become a remarkably successful 
tool whose utilization seems to extend into different bio-

technological fields given its potential to improve key as-

pects of in vitro and in vivo cell cultures, including prolife-
ration and differentiation processes, especially in terms of 

providing greater protection to cells and avoid its recogni-

tion by the defense mechanism of the hosts. After 70 years 

of its initial implementation, it can be said that cell encap-
sulation is here to stay. Moreover, the development of new 

and exciting biomaterials over time, which has accelerated 

dramatically in recent years, seems to guarantee new suc-
cesses in the years to come.  

The valuable biological properties of chitosan, derived 

from its natural origin, have allowed its approval as an 

excipient by the European and American pharmacopoeia 

(chitosan hydrochloride
131

 and chitosan
132

, respectively). 

Thus, being chitosan a biomaterial so widely studied for 
promising applications in areas related to biotechnology 

such as biomedicine, food, agriculture, etc., it is believed 

that there will be a significant growth in research on new 
processes for obtaining it with higher purity indices and 

from new sources, as well as also in the preparation of de-

rivatives specially designed to achieve specific objectives 

in cell encapsulation. In this context, click reactions can be 
seen as one the most logical routes to obtain new encapsu-

lation methods using chitosan derivatives, although this 

field remains practically virgin due to the existence of a 
wide variety of others chemical reactions that could theo-

retically be incorporated into this scheme but they are still 

awaiting their experimental trial.  
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Resumen 

Existe interés mundial en reemplazar los combustibles fósiles por fuentes renovables. La primera generación de biorrefi-

nerías se basó en la utilización de cultivos alimentarios, lo que generó un debate sobre alimentos contra combustible y 

una sostenibilidad cuestionable. Para superar esto, se propuso el uso de materias primas lignocelulósicas incluyendo des-

de cultivos no alimentarios hasta residuos y desechos agro-forestales. Atendiendo a esta premisa, se realizó una revisión 

bibliográfica sobre el uso de residuos lignocelulósicos de segunda generación para la producción de bioproductos. Se in-

vestigó acerca de los procesos de transformación empleados, los bioproductos obtenidos y la cantidad de residuos de este 

tipo que están disponibles en Latinoamérica para su uso. El aprovechamiento de este tipo de residuos brinda una oportu-

nidad para el desarrollo de la región al utilizar materia prima de bajo costo para la obtención de productos con valor agre-
gado. 

Palabras claves: Biomasa; Bioproducto; Biorrefinerías; Residuos agrícolas. 

Abstract 

Lignocellulosic waste as a second generation raw material in biorefining processes. There is global interest in replac-
ing fossil fuels with renewable sources. The first generation of biorefineries relied on the utilization of food crops, spark-

ing a debate on food versus fuel and questionable sustainability. To overcome this, the use of lignocellulosic raw mate-

rials was proposed, ranging from non-food crops to agro-forestry residues and waste. Based on this premise, a biblio-

graphic review was carried out on the use of second-generation lignocellulosic waste for the production of bioproducts. It 

was investigated about the transformation processes used, the bioproducts obtained and the amount of waste of this type 

that are available in Latin America for use. The exploitation of this type of waste provides an opportunity for the devel-

opment of the region by using low-cost raw materials to obtain products with added value. 

Keywords: Biomass; Bioproduct; Biorefinery; Agricultural waste. 

 

Introducción 

El petróleo es un recurso fósil que existe desde la antigüedad, 

con el cual se han obtenido combustibles, fertilizantes, telas, 
detergentes, pinturas, plásticos, entre otros, demandados por la 

sociedad. El proceso de extracción, refinación y procesamien-

to del petróleo, requerido para la producción de diversos pro-
ductos, ha generado consecuencias desfavorables a lo largo de 

los años en la calidad del aire, agua y suelo, visible además en 

los efectos del cambio climático. 

De acuerdo a Sarmiento
1
, los compromisos ambientales como 

el convenio de Viena para la protección de la capa de ozono, 

el protocolo de Montreal, el protocolo de Kioto y el convenio 

marco de cambio climático, han impulsado en la actualidad 
medidas para sustituir las fuentes convencionales de produc-

ción de energía por otras de origen renovable, de modo que 

sean sustentables.  

Una de ellas es la biomasa, presente en fuentes animales, ve-

getales, silvicultura e industrias conexas, así como en la frac-

ción biodegradable de los residuos industriales y municipales
2
. 

Es un recurso constituido por carbono e hidrógeno, a partir de 
los cuales se puede obtener energía, combustibles y productos 

químicos
3
. 

La biomasa lignocelulósica está conformada principalmente 
por celulosa (38-50%), hemicelulosa (23-32 %) y lignina (15-

25 %)
4
. Dentro de esta clasificación están los residuos agríco-

las e industriales, entre los cuales están la cáscara de arroz
5
, 

bagazo de caña de azúcar
6
, rastrojo de maíz

7
, pseudotallo del 

plátano
8
, residuos de palma africana

9
, cáscara y semillas de 

naranja
4
. Otra parte de la biomasa lignocelulósica está presen-

te en los residuos forestales, de la silvicultura, cultivos energé-

ticos y algunos residuos sólidos. Estos tienden a ser una op-

ción viable para la producción de energía, debido a que las 
materias primas lignocelulósicas no compiten con los cultivos 
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alimentarios y además tienen un precio más competitivo que 

las materias primas agrícolas convencionales
10

.  

La biorrefinación de biomasa residual también permite obte-
ner diferentes subproductos de calidad que se procesan en la 

actualidad en la industria química
11

. Para ello, se han desarro-

llado nuevos procedimientos de síntesis orientados a una pro-
ducción eficiente de bioproductos de segunda generación con 

un alto valor añadido. 

Dentro de este contexto se desarrolló la presente revisión bi-
bliográfica, con el propósito de conocer los residuos lignoce-

lulósicos utilizados en la actualidad, los productos generados a 

partir de ella, las rutas de procesamiento existentes, además 

del potencial que tiene Latinoamérica (LA) como generadora 
de residuos de este tipo. Para tal fin se consultaron fuentes 

primarias y secundarias publicadas en los últimos años, selec-

cionando en primer lugar las de alto impacto. Se utilizó como 
motor de búsqueda Google Scholar, empleando como pala-

bras clave: bioproductos, residuos lignocelulósicos y biorrefi-

nería. 

Materia prima de segunda generación 

Se define como materia prima de segunda generación a las 
fuentes agrícolas y forestales que no son parte de la alimenta-

ción y que además, son eficientes para la obtención de energía 

verde o renovable, lo que reduce la generación de gases de 
efecto invernadero (GEI) en el ambiente y contribuye a la 

disminución de contaminantes atmosféricos considerando 

todo su ciclo de vida
12-16

. Es un tipo de biomasa constituida en 

primer lugar por celulosa, que se define como un polisacárido 
compuesto por un solo tipo de monosacárido

17
. La celulosa es 

un producto biosintético de plantas, algunos animales y bacte-

rias. Es el polímero más abundante de la naturaleza y tiene 
una estructura similar a una larga cadena lineal compuesta de 

unidades de glucopiranosilo con enlaces β-D (1,4)
18

.  

La hemicelulosa es otro de los componentes que forman una 

estructura polimérica compleja, ramificada y consiste en la 
unión de diferentes unidades de azúcares: pentosas, hexosas y 

ácidos de estos azúcares
19

. Además, la hemicelulosa es un 

heteropolisacárido ramificado que interactúa con cadenas de 
celulosa y a veces se puede encontrar como un material de 

reticulación entre celulosa y lignina, principalmente impar-

tiendo estabilidad estructural mejorada a la pared celular
20

. 
Finalmente está la lignina, que se encuentra unida a la celulosa 

y hemicelulosa. Su diversidad estructural, compuesta princi-

palmente por tres tipos de fenilpropano (p-hidroxifenil, guaia-

cil y siringil), unidos entre ellos por enlaces éter y carbono-
carbono, además de su heterogenicidad química, dificultan su 

biodigestibilidad
21

. La composición de algunos residuos lig-

nocelulósicos se presentan en la tabla 1.  

Estos residuos no sólo son abundantes y económicos, sino que 

además son fuente de diversos azúcares poliméricos: glucosa 

(celulosa) y xilosa (hemicelulosa), que se pueden convertir 
por vía química o biotecnológica en productos de gran valor 

como azúcares, etanol, distintos productos químicos y enzi-

mas
31

.  

Tabla 1. Composición de residuos lignocelulósicos 

Residuo 
Celulosa 

(%) 

Hemicelulosa 

(%) 

Lignina 

(%) 

Cáscara de plátano
22

 29,00 + 3,61 26,67 +1,53 19,17 + 0,68 

Cáscara de yuca
22

 28,67 + 1,53 6,67 + 2,08 19,75 + 0,64 

Cáscara de limón
23

 21,60 6,00 8,90 

Cáscara de mandarina
23

 20,20 7,80 9,10 

Cáscara de naranja
23

 23,50 10,40 7,60 

Paja de trigo
24

 38,70 30,00 12,40 

Vaina de arveja
24

 44,90 28,40 15,10 

Bagazo de maíz
24

 28,30 25,00 10,10 

Raquis de palma africana
25,26

 46,14 +1,05 2,28 + 0,22 26,31 + 2,81 

Hojas de yuca
27

 40,90 15,63 ND 

Tallos de yuca
27, 28

 39,83 13,00 11,80 

Bagazo de caña
29

 32,7 + 0,7 21,3 + 1,3 15,3 + 0,5 

Cascarilla de arroz
29

 34,4 +0,1 9,5 + 0,2 22,1 + 0,4 

Asserín
29

 36,6 + 0,9 7,0 + 0,7 38,8 + 0,5 

Residuos de poda
30

 35,52 ND 45,45 

ND: No determinado  

Productos biobasados y procesos de transformación 

El desarrollo de productos biobasados se lleva a cabo bajo un 
modelo bioeconómico de producción piramidal o circuito de 

cascada, que busca el crecimiento económico a la vez que 

minimiza los impactos negativos en el ambiente y la sociedad. 

Este concepto se enfoca en la reducción de la cantidad de 
residuos para dar un valor más prolongado, mediante la crea-

ción de plantas de producción integradas que utilizan biomasa 

o materias primas derivadas de la biomasa y con ello producir 
una gama de productos de valor agregado y energía

32
.  

Los productos de base biológica son diversos y entre ellos se 

encuentran: bioetanol, biobutanol, biohidrógeno, biodiesel, 
bioenergía, bioplástico, biometanol, bioaceite, biofertilizante, 

biogás y otros bioproductos, a partir de diferentes residuos 

lignocelulósicos (tabla 2).  

Tabla 2. Productos obtenidos a partir de residuos lignocelulósicos 

Productos Residuos agrícolas 

Bioetanol Corteza del cacao
32

 

Pasto mombaza
34

 

Cáscara de piña
35

 

Paja de arroz
36

 

Mazorcas de maíz
37

 

Tallo de yuca
38

 

Biobutanol Rastrojo de maíz
39

 

Bagazo de la caña de azúcar
40

 

Biohidrógeno Cáscara de naranja y plátano
41

 

Rastrojo de maíz
42

 

Residuos de frutas
43

 

Biometanol Residuos de la palma de aceite
44

 

Bionergía Residuos agroindustriales
45

 

Madera de eucalipto y residuos de cultivo de café
46

 

Residuo de arroz
47

 

Bioplástico Cascarilla de cacao y bagazo de caña de azúcar
48

 

Residuo de la caña de azúcar
49

 

Pectina de fruta de pitahaya
50

 

Semilla de aguacate
51

 

Cáscara de yuca
52

 

Cáscaras del plátano
53

 

Bioaceite Residuo del plátano
54

 

Residuos de semillas
55

 

Residuos de la piel de naranja
56

 

Biofertilizante y 

Biogás 

Residuos de alimentos
57

 

Residuos hortofrutícolas
58

 

Residuos agrícolas
59
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Representa una opción futurista para hacer frente a los desa-

fíos globales, asociados con el desarrollo de una economía 

baja en carbono, para reducir el agotamiento de los recursos 

no renovables y el cambio climático
33

. 

Los biocombustibles de segunda generación se producen a 

partir de biomasa lignocelulósica, que es la única fuente reno-

vable que contiene carbono e hidrógeno y está disponible en 
grandes cantidades a un coste relativamente bajo

60
. Su uso 

reduce los impactos ambientales y representa una fuente alter-

na al uso de hidrocarburos, para cumplir la demanda energéti-
ca actual a nivel nacional y mundial

61,62
. 

El bioetanol se puede producir a partir de fermentación, por la 

acción de microorganismos como Saccharomyces cerevi-

siae
63

. El biobutanol se produce a través de la fermentación 
anaeróbica con acetona-butanol-etanol (ABE)

64,65
. En la actua-

lidad, el biohidrógeno se obtiene por medio de procesos foto-

sintéticos y fermentativos, haciendo uso de biomasa y bacte-
rias anaeróbicas. Es un proceso que se puede llevar a cabo a 

temperatura y presión ambiente, lo que lo hace idóneo para la 

producción a largo plazo
64,66

. Estos biocombustibles, dada su 
biodegradabilidad, no toxicidad y estar libres de azufre y 

aromáticos, presentan ventajas frente al combustible conven-

cional. Emiten menos contaminantes atmosféricos y gases de 

efecto invernadero distintos de los óxidos de nitrógeno
67,68

. 

Los plásticos de base biológica (bioplásticos) son una alterna-

tiva a los plásticos derivados de la industria petroquímica 

debido a su potencial biodegradabilidad y su origen a partir de 
fuentes renovables

69
. En la actualidad se producen mayorita-

riamente a partir de residuos industriales y urbanos con alta 

carga de materia orgánica, aunque también pueden producirse 

a partir de gases como el CO o el CO2
70

. 

Los biofertilizantes son sustancias que contienen microorga-

nismos vivos que, al ser aplicados a semillas, superficies de 

plantas o suelo, colonizan la rizósfera o el interior de la planta 
y promueve su crecimiento aumentando el suministro o la 

disponibilidad de nutrientes primarios
71

.  

La producción de biogás es una tecnología bien establecida 
principalmente para la generación de energía renovable y 

también para la valorización de residuos orgánicos. El biogás 

es el producto final de un proceso biológico, la llamada diges-

tión anaeróbica, en el que diferentes microorganismos siguen 
diversas vías metabólicas para descomponer la materia orgá-

nica
72

. 

En general la biomasa lignocelulosa presente en algunos resi-
duos, puede transformarse usando diversas técnicas físicas, 

térmicas, fisicoquímicas, químicas y biológicas o sus combi-

naciones
73 

(figura 1). Se incluyen en este caso procesos como 
la combustión, pirólisis, gasificación y licuefacción

74.
. 

Biorrefinerías de segunda generación 

Las biorrefinerías son complejos industriales que usan la bio-

masa como insumo principal y tienen un concepto de fun-  

 

Fig. 1: Procesos de transformación de biomasa.  

cionamiento similar a las refinerías de petróleo, donde se pro-
ducen múltiples productos. Según los procesos separativos las 

biorrefinerías pueden ser de cuatro tipos: cultivo entero, insu-

mos lignocelulósicos, verdes y plataforma syngas. Otra distin-
ción señala la existencia de biorefinerías de primera genera-

ción, segunda generación e integradas
75,76

. 

Una biorrefinería lignocelulósica es aquella instalación de 

ingeniería de procesos y biotecnología que se encarga del 
procesamiento de biomasa lignocelulósica, para la obtención 

de productos de base biológica
77

. Los procesos de transforma-

ción incluyen la recolección y almacenamiento de la biomasa 
recolectada, pretratamiento y transporte de la biomasa proce-

sada
78

. La conversión bioquímica de biomasas lignocelulósi-

cas implica la hidrólisis de carbohidratos en azúcares solubles, 
seguida de fermentación microbiana o digestión anaeróbica 

directa con o sin fermentación, mientras que la ruta termo-

química implica combustión directa, pirólisis, gasificación o 

torrefacción
79

. 

Las biorrefinerías de segunda generación (2G) han mostrado 

gran potencial para convertir desechos lignocelulósicos en 

combustibles, energía y otros productos de valor agregado. Un 
ejemplo de ello es la brasileña GranBio, donde se emplean un 

conjunto de tecnologías (pre-tratamiento, hidrólisis enzimática 

y fermentación), para la transformación de residuos de la caña 
de azúcar en etanol 2G

80
. Por su parte la canadiense Iogen 

Corporation, utiliza residuos agrícolas para producir biogás 

como combustible del sector transporte
81

. Enerkem, en Ca-

nadá, transforma los residuos sólidos urbanos no reciclables y 
no compostables, a través de un proceso de preparación, gasi-

ficación, limpieza de gas de síntesis y conversión catalítica, en 

etanol para el sector transporte y metanol para aplicaciones 
químicas

82,83
. Otro caso es el de Bioliq®, quien emplea bio-

masa residual (residuos de la agricultura, la silvicultura o el 

paisajismo), para obtener gas de síntesis y productos quími-

cos, mediante pirólisis rápida y refinación a escala indus-
trial

82,84
. 

Se necesitan procesos avanzados para la transformación de 

biomasa lignocelulósica en bioproductos, donde el material se 
fraccione mediante tecnologías respetuosas con el ambiente

85
.  

Sin embargo, existen diversas barreras por superar y lograr 

una exitosa operación y rentabilidad
86

. 
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Latinoamérica como generadora de residuos lignocelulósi-

cos 

Latinoamérica es una de las regiones con mayor diversidad 

biológica y disponibilidad de biomasa en el mundo. Debido 
a su privilegiada ubicación geográfica cuenta con buen 

suelo, clima adecuado, tierras disponibles y bajos costos 

laborales; siendo la combinación perfecta para la produción 
de bioproductos

87
. 

Cada año se generan en LA gran cantidad de productos 

agrícolas, residuos sólidos forestales y urbanos, con gran 
potencial de ser convertidos en productos con valor agre-

gado
88

. El proyecto S2Biom estimó que para el año 2030, se 

necesitará un total de 476 millones de toneladas de biomasa 

lignocelulósica, para cubrir la demanda de bioproductos re-
queridos por la sociedad

79
.Aunque se desconoce de la exis-

tencia de un registro oficial de las cantidades de residuos 

disponibles por tipo y por nación, se pueden usar las esti-
maciones de la FAO para Centroamérica y Suramérica, 

concernientes a las cantidades de CH4 que se generan por 

quema de residuos agrícolas (figura 2). 

 
Fig. 2: Emisiones de CH4 por quema de residuos. Elaborado con 
información reportada por la FAO89

  

Toda esta biomasa que es quemada, podría ser útil en procesos 

de biorrefinación. Especialmente en la labor agrícola se gene-
ran residuos de diferentes partes del cultivo, que contienen 

propiedades aprovechables debidas a la presencia de nutrien-

tes y materiales orgánicos en su composición
17

. 

En los últimos años LA ha registrado un notable crecimiento 

en la labor agropecuaria, enfocada hacia la sostenibilidad en el 

ámbito ambiental y las desigualdades socioeconómicas
85

. Así 
mismo la región registra un aumento en la superficie de tierra 

cultivable, pasando de 7,21% en el año 2014 a 7,72% en el 

2018
86

. Específicamente sudamericana se caracteriza por ser 

productor de caña de azúcar, arroz, maíz, papa, plátano, bana-
no, naranja y yuca. Otros productos como el aceite de palma y 

la soya se obtienen solamente en 5 países del área. En el caso 

de la soya, Brasil y Argentina, son líderes mundiales en este 
rubro

90
. 

El potencial que contienen estos residuos, representa una al-

ternativa prometedora para la producción de nuevos productos 

de manera sustentable. Sin embargo, un alto rendimiento de 

transformación de la materia prima y un mínimo costo del 
residuo, son requisitos básicos para el éxito de la utilización 

de la biomasa en las biorrefinerías
91

.  

Pese a que los residuos lignocelulosos han jugado un papel 
importante en la implementación de una biorrefinería, en el 

contexto de la bioeconomía circular
92

, es necesaria una canti-

dad significativa de residuos para alcanzar altos volúmenes de 
productos en los procesos de producción

29
.Aunque en LA se 

han desarrollado e implementado tecnologías de conversión 

de residuos lignocelulósicos, se necesitan más esfuerzos, tanto 

en la investigación como a nivel de política de Estado, para 
lograr tratar los grandes volúmenes de desechos generados en 

la región y con ello abastecer la demanda regional de biopro-

ductos
93

. 

Conclusiones 

Los residuos lignocelulósicos son biomasas constituidas prin-

cipalmente por celulosa y hemicelulosa, las cuales son fuentes 
de azúcares capaces de ser transformadas a través de procesos 

químicos, biotecnológicos o una combinación de ellos, en una 

variedad de productos que comúnmente se obtienen a partir de 

recursos fósiles. En los últimos años se han desarrollado bio-
rrefinerías lignocelulósicas y de segunda generación, como 

industria emergente para el procesamiento de este tipo de 

recursos. Existen algunos casos de éxito en el mundo, donde 
se emplean residuos de este tipo para la obtención de produc-

tos de 2G. Aunque Latinoamérica es una región privilegiada 

para la actividad agrícola y, por ende, hay una abundante ge-

neración de residuos lignocelulósicos, aún se requieren es-
fuerzos de investigación, inversión y políticos para su aprove-

chamiento. El uso adecuado de estos recursos representa una 

oportunidad para la región, no sólo desde el punto de vista 
ambiental sino también comercial y de generación de nuevos 

empleos, si se logra la implementación de biorrefinerías para 

la producción de productos a gran escala. 
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Abstract 

In this work, the main approaches for the preparation of encapsulating matrices using chitosan-containing formulations have 

been reviewed. Various methodologies have been considered, such as physical intermolecular bonds and chemical cross-

linking reactions, including the click reactions which have become novel in the cross-linking of systems containing this biopo-

lymer. Likewise, the formation of different macroscopic assemblies such as spheroids, vesicles, layer by layer polycomplexes, 

etc., has been addressed. In the final part of the work, the main achievements reported with these matrices in the encapsulation 

of cells, both eukaryotic and prokaryotic, are discussed, emphasizing their potential applications and perspectives in different 

fields as medicine (treatment of traumatic diseases, diabetes, venous diseases, tissue regeneration, transplantation and toler-

ance); food (administration of probiotics); industrial applications (bioethanol production); etc. 

Keywords: Cell encapsulating matrices; Click reaction; chemical crosslinking; ionotropic gelation 

Resumen 

Encapsulación de células usando quitosano: aspectos químicos y aplicaciones. En este trabajo se han revisado los principa-
les enfoques para la preparación de matrices encapsulantes utilizando formulaciones que contienen quitosano. Se han conside-

rado diversas metodologías, como las uniones intermoleculares físicas y las reacciones químicas de entrecruzamiento, inclui-

das las reacciones click, las cuales se han vuelto una novedad en la reticulación de sistemas que contienen este biopolímero. 

Asimismo, se ha abordado la formación de diferentes ensamblajes macroscópicos como esferoides, vesículas, policomplejos 

capa a capa, etc. En la parte final del trabajo se discuten los principales logros reportados con estas matrices en el encapsulado 

de células, tanto eucariotas como procariotas, enfatizando sus potenciales aplicaciones y perspectivas en diferentes campos 

como la medicina (tratamiento de enfermedades traumáticas, diabetes, enfermedades venosas, regeneración de tejidos, tras-

plante y tolerancia); en la industria alimentaria (administración de probióticos); aplicaciones industriales (producción de bio-

etanol); etc. 

Palabras claves: Matrices encapsulantes de células; reacción click; reacciones de entrecruzamiento; gelación inotrópica 

 

Introduction 

Cell encapsulation basically consists of confining living cells 

within non-living matrices in order to protect their physical 

integrity, preserving also their normal metabolic activities, for 
their subsequent transit or use in risky environments for them. 

The method was proposed for the first time by Chang in the 

60s of the previous century, showing different experimental 
approaches that allow it to be achived

1
. 

One of the main reasons for the encapsulation of cells is the 

protection that the encapsulating coating gives them, which is 
usually formed by a partially permeable polymeric membrane 

artificially created. Thus, in the case of transplanted cells, 

encapsulation could prevent their rejection if it manages to 

"hide" them from the host's immune system (a process known 

as immunoisolation), without the need to use immunosup-

pressants
2
. 

Research on new systems for cell encapsulation, or the im-

provement of already known systems, will always be very 

topical because the results are potentially applicable in the 
treatment of disorders associated with various diseases such 

as diabetes, neurological degeneration, hemophilia, cancer, 

kidney failure, etc.
3-5

. In a broader sense, the search for new 
matrices for the encapsulation of proteins, peptides, DNA, 

cells, and even microorganisms, has been oriented towards 

mailto:clarez@ula.ve
mailto:larezcristobal@gmail.com
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the use of biomaterials such as polysaccharides, i.e., algi-

nates
6
, agarose

7
, chitosan

8
 (see chemical structures in figure 

1); proteins, i.e., gelatin
9
, collagen

10
, silk fiber

11
; polynucleo-

tides (RNA and DNA
12

) and some biodegradable polymers 

such as polylactic and polyglycolic acids and their copoly-

mers
13

 and polyhydroxyalkanoates
14

 (see chemical structures 
in figure 2). Among the current most important reasons for 

the preference of these materials is their biodegradability, 

since it is intended that they not only be able to transport cells 

but also allow the design of controlled release systems to-
wards well pre-established therapeutic targets. 

 
(a) Alginate  

 
(b) Agarose 

 
(c) Chitosan 

Fig. 1: Chemical structure of some polysaccharides employed in the 
cell encapsulation. 

          

 
(a) Polylactic acid        (b) Polyglycolic acid       (c) Polyhydroxyalcanoate 

Fig. 2: Chemical structure of some biodegradable polymers em-

ployed in the cell encapsulation. 

In this work, the main approaches using chitosan-containing 

formulations for the encapsulation of cells are reviewed. Dif-
ferent methodologies have been considered for the formation 

of the encapsulating matrix, such as physical and chemical 

cross-linking reactions, including click reactions. Likewise, 

the formation of different macroscopic structures such as 
spheroids, vesicles, layer-by-layer polycomplexes, etc., has 

been addressed. On the other hand, a brief discussion of the 

main achievements reported for the chitosan-containing ma-
trices obtained during encapsulation of both, eukaryotic and 

prokaryotic cells, is also presented, emphasizing their poten-

tial applications. 

Chemical aspects of the encapsulation of cells using chito-

san 

Chitosan is a highly versatile polysaccharide which is usually 

obtained by deacetylation of chitin, a relatively inexpensive 
material routinely extracted from industrial crustacean 

processing wastes. However, for applications in the health 

field, in recent years there has been a tendency to produce it 

from fungi to minimize the intoxication risks associated to 
marine product derivatives

15
. It is considered a prominent 

candidate for the encapsulation of a diversity of materials
16

, 

including cells, to be used in living systems because it has 
adequate properties for these purposes, such as its non-

toxicity, biodegradability, and biocompatibility
17,18

. However, 

it is essential to consider that for such uses it is necessary to 
work with materials of high degrees of purity. 

From a chemical point of view, some relevant chitosan-

characteristic reactions can be established in this kind of ap-

plications. Thus, encapsulation of materials within envelopes 
or matrices containing chitosan in their composition can be 

achieved using various experimental approaches, such as: 

- Formation of three-dimensional networks generated by 
intermolecular crosslinking due to physical interactions, 

which can be of various nature (hydrophobic
19

, hydrogen 

bonds
19

, molecular entanglement
20

, ionic interactions
21

, 
etc.).  

- Three-dimensional networks formation caused by covalent 

bonds linking different polymer chains, which can be 
achieved through chemical reactions that do not include 

crosslinking agents
22

 or that require their presence, wheth-

er they are low or high molecular weight
23

. Among these 
reactions have recently been included the so-called ―click 

reactions‖, also known as orthogonal reactions
24

, based on 

chitosan derivatives which are specially prepared for such 

purposes. 

One of the most exploited characteristics of chitosan for this 
type of application is its cationic nature in aqueous acidic 

medium, which is enhanced in some derivatives such as qua-

ternary ammonium salts in a wide pH range. This cationic 

character allows its electrostatic interaction with materials 
carrying anionic residues, as it has been shown in the prepara-

tion of microspheres encapsulating solutions of an anionic 

polyelectrolyte obtained by oxidation of the polysaccharide 
scleroglucan (generating pendant carboxylate residues along 

its chain) within a skin formed by the chitosan/scleroglycan 

polyelectrolyte complex
25

. Spheres are formed by simply 
dropping a polyanion solution into a chitosan solution in an 

acid medium. Similarly, the encapsulation of chitosan solu-

tions within the skin formed by the polyelectrolyte complex 

of both biopolymers is also possible. An idealized picture of 
this type of sphere is shown in figure 3.  
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Fig. 3: Idealized structure of a sphere formed by interfacial poly-

complexation of chitosan and a polyanion when a drop of chitosan 

solution is dropped into the polyanion solution. 

Some of the most common experimental methods of encapsu-

lation that have been reported using containing-chitosan for-
mulations are: spheres formation by ionotropic crosslinking, 

i.e., a suspension of cells in a aqueous chitosan solution is 

dropped over an aqueous solution of sodium tripolyphosphate 

(STPP) under agitation
26

; cell assemblies confined between 
layers of chitosan (built layer by layer)

27
; preparation of the 

gelling mixture containing the cells and its subsequent cova-

lent crosslinking by various chemical routes, i.e., polymeriza-
tion reactions with thermal initiation

28
; bioorthogonal reac-

tions, in which the experimental conditions must be refined in 

order to achieve functional materials (considering the com-
plex biological mixtures employed and the presence of living 

cells)
29

; etc. 

Chitosan cross-linking processes in the formation of encapsu-

lating matrices  

A great variety of cross-linking processes using chitosan-

containing formulations have been reported in the formation 

of encapsulating matrices. A summary of the most common 
ones is presented in the following sections.  

Cross-linking by physical interactions:  

- Precipitation due to pH change: neutralization of an acidic 
aqueous solution of chitosan (Q-NH3

+
 A

—
(ac)) with a base 

(NaOH) leads to decreasing of chitosan cationic groups, fa-

voring hydrogen bonding and/or hydrophobic interactions and 

causing its precipitation according to the following reactions:  

Q-NH2 (chitosan) + HA(ac)  Q-NH3
+
A

—
(ac)  

 (preparation of a chitosan acidic aqueous solution) 

Q-NH3
+
A

—
(ac) + NaOH(ac)  Q-NH2↓ + Na

+
A

—
(ac) + H2O-  

     (neutralization and precipitation) 

- Aggregation by changing the solvent properties: addition of 

a miscible solvent (but less polar than water such as 1,2-

propanediol) to an aqueous solution of chitosan, in acid me-
dium, causes changes in the properties of the solvent, whose 

dielectric constant becomes lower
19

, unfailingly leading to 

gelation if right conditions are reached. As in the previous 
case, hydrogen bonding and hydrophobic interactions will be 

favored under the new conditions. 

- Aggregation due to temperature changes: when the tempera-

ture of aqueous solutions of specific chitosan derivatives is 
increased, hydrophobic aggregates are formed due to the oc-

currence of a conformational transition which causes gelling 

of the system, i.e., aqueous solutions of poly(isopropyl-
acrylamide)-grafted chitosan undergo gelling around 29.5 

°C
30

. 

- Ionotropic cross-linking: neutralization of the cationic 
charges of chitosan with low molecular weight polyanions, 

such as STPP, generates spherically assembled hydrogels 

with controllable size. The occurrence of this kind of process 

has also been reported with other similar polyanions, i.e., 
adenosine triphosphate (ATP), trisodium citrate, and sodium 

sulfate
31

 (see structures in figure 4). 

 
Fig. 4: Chemical structure of some low molecular weight polya-

nions used as crosslinking agents in ionotropic hydrogelation.  

- Formation of polyelectrolyte complexes (PEC): neutraliza-

tion of electrical charges of opposite sign (positive in chitosan 

and negative in polyanions) generates composite materials 

known as chitosan-based polyelectrolyte complexes
32,33

, 
which are also denominated as ―chitoplexes‖

34
. An important 

group of these materials, mainly due to their natural origin, 

are the so-called polyplexes, in which the polyanionic part 
would be made up of nucleic acids, i.e., plasmidic DNA

35
. 

Chitosan chemical cross-linking:  

- Through hydroxyl groups: a specific example of this type of 

reaction is its cross-linking with epichlorohydrin
36

; however, 
it is important to consider that to achieve the selective reac-

tion of the -OH groups in chitosan, usually the primary hy-

droxyls of the C6 carbon, the amine groups must be previous-
ly protected by reactions such as phthaloylation

37
 and forma-

tion of Schiff bases with aryl-aldehydes
38

, which allow their 

subsequent regeneration. The use of methanesulfonic acid as 
a solvent has also been reported as a method of protecting 

amine groups
39

. Other reactions that can lead to cross-linking 

through the -OH groups, after protection of the amine groups, 

are reactions with diacyl halides, i.e., adipoyl chloride
39

. 
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- Through amine groups: the most frequently reported cova-

lent cross-linking reaction of chitosan, through the amine 

groups present on carbon C2, is the formation of Schiff bases 
with dialdehydes. In this regard, cross-linking using glutaral-

dehyde has been one of the most studied reactions (see sim-

plified scheme in figure 5), although it has not yet been fully 
understood due to the complexity involved in this multifac-

torial process
40

. Although other dialdehydes have also been 

used for this purpose, such as glyoxal (figure 6a)
41

, the current 

emphasis has been moving to some related compounds, espe-
cially those of natural origin, such as genipin (figure 6b)

42
 and 

vanillin (figure 6c)
43

, seeking to reduce toxic effects of alde-

hydes, among other things; nevertheless, it should be noted 

that cross-linking with this kind of compounds also proceeds 

through complex mechanisms. Macromolecular dialdehydes 
has also been assayed to chemical cross-linking of chitosan, 

i.e., scleroglucan-dialdehyde (figure 6d) obtained by the Ma-

laprade reaction of scleroglucan (oxidation with potassium 
periodate of the polysaccharide produced by fungi of the ge-

nus Sclerotium)
25

. Similarly, a very interesting cross-linking 

reaction has been achieved using a chitosan-dialdehyde (fig-

ure 6e) generated by this same reaction to obtain a cross-
linking material containing only chitosan and its dialdehyde 

derivative
44

.  

 
Fig. 5: Simplified scheme of the cross-linking reaction of chitosan with glutaraldehyde via Schiff base formation. The subsequent reduction of 
the imines and glutaraldehyde structures that can coexist in aqueous solutions are also shown. 

 

 
Fig. 6: Chemical structure of some compounds used in the chemical 
cross-linking of chitosan through the amine group at the C2 carbon: 

(a) glyoxal, (b) genipin and (c) vanillin, (d) scleroglycan-dialdehyde 

and (e) chitosan-dialdehyde. 

- Through pendant groups added by derivatization: addition of 

new pendant groups to the chitosan polymer chain can lead to 
new cross-linking reactions, which allow to obtain novel ma-

terials and open new horizons to the versatility of chitosan as a 

material for use in bioapplications. Generation of these pen-

dant groups can be achieved through a wide variety of chito-
san modification reactions, many of which can already be 

considered routine reactions, through both: amine group at the 

C2 carbon (acylation, alkylation, quaternization, phosphoryla-
tion, sulfation, etc.) as well as hydroxyl groups at C3 and C6 

carbons (acylation, alkylation, silylation, halogenation, azida-

tion, etc.)
45

. These derivatives can be subsequently manipu-
lated to establish new processes for cell encapsulation, i.e., 

coupling of the derivative from 5-azido pentanoic acid and 

chitosan with ethoxylated glycerol tripropiolate through a 

click reaction (figure 7), whose product has been assayed with 
good results in mesenchymal cell encapsulation

24
. Thus, click 

reactions have increased the prospects for chitosan as promis-

ing materials for such applications
29,46

. 
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Fig. 7: Chemical cross-linking via click reaction between the deriva-
tive from 5-azido pentanoic acid/chitosan (a) and the ethoxylated 

glycerol tripropiolate (b). 

Cell encapsulation using chitosan 

Chitosan derivatives, and their combinations with other natu

ral and synthetic polymers, are among the most studied poly-

meric materials for cell encapsulation
47–52

. Various types of 

eukaryotic and prokaryotic cells have been used in numerous 
studies of cell encapsulation with these biopolymers (figures 

8-10). Encapsulation of some eukaryotic cells such as chon-

drocytes
53,54

, fibroblasts
47,55

, stem cells
56

, mesenchymal cells
57

, 
hepatocytes

58
, erythrocytes

59
, pancreatic β-cells

60
, cardiomyo-

cytes
61

, etc., have served as the basis for studies focused on 

cell therapy for the treatment of certain pathologies
48,49,62–65

, 

transplantation and immune tolerance
50,59,65–68

, tissue regenera-
tion

47,68
 and industrial applications

69
. On the other hand, the 

encapsulation of bacteria
70–76

 has been focused mainly on the 

oral administration of probiotics
70

 and the treatment of some 
diseases

53
. Each of these topics will be briefly discussed in the 

following sections. 

Eukaryote cells encapsulation 

Pathology treatments: chitosan has been used as encapsulating 

material for mesenchymal stem cells (MSCs) in the treatment 

of traumatic diseases in which a traumatic injury has occurred, 

i.e., in the spinal cord (figure 8A); chitosan not only maintains 
the cellular viability of MSCs but also allows these cells to 

release vesicles and extracellular trophic factors (growth fac-

tors, chemokines, and cytokines), as well as maintain their 
antioxidant characteristics

48
. MSCs appear to exert a paracrine 

action that can therapeutically enhance spinal cord regenera-

tion, limiting glial cicatrization
76

, reducing cell death at the 

injured site
77

, and acting as  

 

Fig. 8: Encapsulation of eukaryotic cells in chitosan-based systems for treatment of some pathologies. A. Traumatic diseases: the re-

lease of trophic factors and extracellular vesicles by MSCs promotes the regeneration of the nervous tissue; B. Venous diseases: encap-

sulated MSCs release paracrine factors that modulate inflammation, angiogenesis, and tissue remodeling; C. Metabolic diseases such as 

diabetes: encapsulated pancreatic β-cells could be used as a controlled insulin delivery system for the control of blood glucose; D. Neu-

rodegenerative diseases: encapsulation of some neurotransmitter-secreting cells, such as PC12 cells, would be used as a strategy for the 

treatment of diseases associated with neurotransmitter deficiency or secretory cell dysfunction. 
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Fig. 9: Encapsulation of eukaryotic cells in chitosan-based systems for tissue transplantation and regeneration: A. Erythrocyte transfusion: 
encapsulation of erythrocytes expressing surface antigens could prevent the antibodies binding to them and, consequently, attenuate recogni-

tion of the system host immune; B. Pancreatic cell implantation: encapsulation of β-cells would inhibit the adhesion of antibodies to these 

cells, preventing citotoxicity mediated by natural killer (NK) and CD8 + T cells; C. Tissue regeneration: the encapsulation of different types of 

cells could be a strategy for the regeneration of various tissues (cartilage, nervous system, bone, heart muscle, etc.). 

 

a carrier of signal molecules that regulate cell-to-cell and cell-

extracellular matrix communications
48

. Together with MSCs, 

chitosan could orchestrate the modulation of inflammation, 
promoting the establishment of a less hostile environment 

after traumatic injury and, subsequently, the survival of trans-

planted cells
48

. 

In other cases, such as diabetes and venous diseases, the injec-

tion of heat-sensitive hydrogels of chitosan/collagen/β-

glycerophosphate (β-GP) containing three-dimensional sphe-
roidal mesenchymal stem cells (3D MSC) has been studied to 

accelerate the healing of chronic wounds
62

 (figure 8B). The 

combination of these polymers promotes a conducive envi-

ronment for encapsulated MSCs, especially accelerating the 
adhesion, proliferation, secretion, and expression of paracrine 

factors, such as vascular endothelial growth factor A (VEG-

Fa), angiopoietin 1 (Ang1), factor 1 derived from stromal cells 
(SDF1) and its chemokine receptor 4 with CXC motif 

(CXCR4) which, in addition, to reduce inflammation, also 

promote angiogenesis, re-epithelializa-tion and tissue remode-

ling in the wound
78

.  

Besides being proposed for the treatment of venous insuffi-

ciency linked to diabetes, encapsulation of pancreatic β-cells 

in microcapsules of alginate/chitosan (AC) and algi-

nate/chitosan/PEG (ACPEG) could be used as a delivery sys-

tem for insulin-controlled release for blood glucose control 

(figure 8C)
49

. These materials could represent a suitable sys-
tem for pancreatic cell support and insulin secretion. Its per-

meable-selective nature allows the diffusion of nutrients ant 

the production and release of insulin
49

, offering a therapeutic 
alternative to traditional treatments of insulin injections and 

diet. Encapsulation of PC12 cells with chitosan has been 

evaluated (figure 8D) as a therapeutic strategy for neurode-
generative diseases associated with the loss of dopamine in 

the cerebral striatum, i.e., Parkinson's disease
79

. PC12 is a 

dopamine-secreting cell line of great interest in studies of 

neuroprotective models for Parkinson's disease
80,81

. Besides 
promoting the viability of PC12 cells, its encapsulation with 

chitosan stimulates them to produce and release catechola-

mines and their precursors, such as L-dopa and dopamine, 
even four weeks after encapsulation

80
. The difference in the 

secretory capacities of these encapsulated cells is attributed to 

a possible chitosan interaction with some adhesion molecules 

present on the cell surface
80

. Therefore, the use of dopamine-
secreting cells can be considered as a strategy for treatments 

of Parkinson's and other diseases associated with dopamine 

deficiency or secretory cell dysfunction
82,83

. Transplantation 
and tolerance: microencapsulation is considered a very 
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promising tool for immuno-isolation in transplantation and 

immune tolerance studies
84

. In addition to re-presenting an 

alternative to the chronic suppression of the patient's im-
mune system, which makes these patients vulnerable to 

other diseases, the encapsulation of living cells serves as an 

immuno-permeable barrier, increasing cell viability after 
transplantation. Additionally, these encapsulation systems 

act as selectively permeable barriers, allowing the free dif-

fusion of nutrients and metabolic waste, and improving cell 

survival
84

. 

Some studies have suggested that cell encapsulation with 

this polymer is a novel and effective strategy in tissue en-

gineering
50,59,65-68,79 

(figure 9). Cell transplantation has been 
proposed as a strategy for the immuno-camouflage of liv-

ing and functional red blood cells
69

. Encapsulation of eryt-

hrocytes in ACPEG capsules could be used to prevent the 
binding of antibodies to red blood cells and, consequently, 

to attenuate the recognition of the host's immune system
69 

 

(figure 9A) This strategy would be a great advance in trans-

fusion therapies, since it would allow the production of 
universal red blood cells, without the use of specific en-

zymes for the elimination of surface antigens
85,86

. Further-

more, it would be a great advantage in transfusion thera-
pies, especially for rare blood groups

86
 or in regions where 

the frequency of certain blood groups is very low
11

. Trans-

plantation of encapsulated pancreatic β-cells in chitosan-

based systems in the treatment of diabetes, additionally to 
being an alternative for the production of insulin, would 

function as a barrier minimizing the damage induced by the 

inflammatory responses to the transplanted cells
49 

(figure 
9A), contributing to longer life and function during a xeno-

geneic transplantation
53

. A similar situation can occur for 

Parkinson's disease, where encapsulation of cells such as 
PC12 will not only allow the controlled release of dopa-

mine but would also be a method to safely confine these 

tumor cells and isolate them from the immune system
79

.  

It should be noted that the immuno-isolating capacity of 
chitosan microencapsulation is not only attributed to the 

ability to inhibit the adhesion of antibodies (including IgG) 

to the transplanted cells
55

, but also to the prevention of 
cytotoxicity mediated by natural T killer cells (NK) and 

CD8
+50

 (figure 9B). These cells are crucial in the vertebrate 

immune system because they act as regulatory agents of the 
alloimmune response in transplanted patients

89-91
. Notably, 

CD8
+
 cells can escape to the immunosuppressive effects of 

drugs such as cyclosporin and rapamycin
91

, whereby cell 

encapsulation with polymers such as chitosan could be an 
alternative for immune suppression therapy in transplanted 

patients because of an attenuating effect on immune cells 

escaping of immunosuppressive drugs effects could be 
additionally obtained. 

Tissue regeneration: due to its biological properties, chito-

san has been widely studied as a very promising material in 

regenerative medicine, being used as scaffolds or platforms 

for the repair and/or regeneration of various tissues, includ-

ing skin, bone, liver, cartilage, nerves, and muscle
81

 (figure 

8C). 

Cartilage regeneration: encapsulation of chondrocytes with 

chitosan-containing systems is considered a great tool in 

tissue engineering and orthopedics
53,92-95

. The covering 
obtained with chitosan/hyaluronic acid (HA) fulfilling a 

temporary function of extracellular matrix (ECM) and 

creates a favorable chondrogenic microenvironment due to 

the promotion of deposition of cartilaginous extracellular 
matrix (CCEM) components by encapsulated chondro-

cytes
93

, facilitating adhesion and uniform distribution of 

chondrocytes at the implant site
53,94

 (figure 9C.1). Further-
more, proliferative activity and differentiation of chondro-

cytes are stimulated by the presence of these polymers
93

. It 

should be noted that the encapsulation of adipose tissue-
derived stromal cells (ADSC) with chitosan/β-glycero-

phosphate/starch has been considered as an alternative for 

the regeneration of cartilage tissue; encapsulation of these 

cells with these polymers promotes chondrocytic differen-
tiation and CEM accumulation

95
.  

Nervous system regeneration: several studies have eva-

luated the encapsulation of neuronal stem cells (NMCs) 
with chitosan derivatives as a strategy for the repair of 

nervous tissue
96,97

 (figure 9C.1). In murine nerve cells en-

capsulation studies and injection of neural progenitors-

spheroid-type aggregates with self-healing hydrogels (SH-
H) of glycol-chitosan and benzaldehyde-difunc-tionalized 

PEG, at both ends (DF-PEG), induced proliferation and 

differentiation to neuron-like cells was observed. In addi-
tion, cells encapsulated with SH-Hs had the ability to rege-

nerate and rescue neural function in the central nervous 

system (CNS) of a zebrafish embryo neural injury model 
(Danio rerio), caused by exposure to ethanol

96
. Similarly, 

the SH-Hs treatment loaded with spheroid neural stem cells 

(NSCs), additionally to restoring neuronal functions, had a 

positive influence on the development and hatching rate of 
treated embryos. The advantage of these neural progenitors 

encapsulated with SH-Hs could be attributed to their ability 

to fill physical spaces associated with injurie
97

 and facilitate 
metabolism, oxygen availability, migration and cell-cell 

communication, creating an adequate microenvironment 

for the proliferation of encapsulated NSCs
96,97

. On the other 
hand, the encapsulation of Schwann cells (SCs) with chito-

san has also been studied
98

 (figure 9C.1). SCs are glial cells 

that play an important role in the regeneration of the in-

jured peripheral nervous system (PNS)
99

. In this study, the 
sciatic nerve regeneration was evaluated in vivo using ar-

tificial neural guide channels of poly-L-lactic acid con-

tained with SCs and curcumin encapsulated in chitosan 
nanoparticles

98
. Treatment with these nanoparticles induced 

a significant increase in the number of axons in the injured 

sciatic nerve, as well as a restoration of motor and sensory 

function
99

.  
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In these systems, SCs would play an important role in 

nerve regeneration through the release of neurotrophic fac-

tors, i.e., neurotrophic factor derived from the glial ell line 
(GDNF)

100
 and growth factors such as nerve growth factor 

(NGF)
101

, which contribute to the myelination process, 

promotion of growth and axonal elongation, as well as 
survival of neurons

100,101
 (figure 9C.1). On the other hand, 

curcumin would act as a factor to decrease apoptosis
98

 and 

stimulate the proliferation of SCs
102

 and, consequently, 

improve the regeneration and functional recovery of injured 
nerve. Encapsulation and transplantation of SCs together 

with compounds that facilitate their activity could have a 

great influence on the therapeutic activity of these cells, 
notably improving neuronal regeneration therapy. 

Bone regeneration: the encapsulation of osteoblasts with chi-

tosan hydrogels has been proposed as a method to transport 
osteoblast cells in bone disorders treatments

103
 (figure C.3). A 

greater adhesion, proliferation, and expression of type 1 colla-

gen (collagen more abundant in the vertebrate ECM) was 

achieved through the manufacture of a 3D tracing system to 
make tissue scaffolds based on pure chitosan and chitosan 

cross-linked with pectin and genipin, as well as a higher mine-

ralization activity in osteoblast cells in vitro
103

. Likewise, 
some reports based on the encapsulation of stromal MSCs 

derived from human bone marrow (BM-MSCs), which can 

self-renew and differentiate into multiple cell lines, demon-

strated that its encapsulation in chitosan/dextran hydrogels not 
only maintained their viability but could also differentiate into 

adipocytes and osteocytes
104

. Similarly, encapsulation of BM-

MSCs together with osteogenic factors, such as bone morpho-
genic protein-2 (BMP2), in chitosan/poly (ε-caprolactone) 

heat-sensitive gels have a positive effect on osteogenesis and 

bone matrix formation
105 

(figure 9C.3). More importantly, the 
encapsulation of these MSCs not only influences their prolife-

ration and differentiation, but they could also serve as an al-

ternative to take advantage of some signaling pathway, such 

as the stromal cell-derived factor-1 (SDF-1)/CXC receptor 4 
(CXCR4) route, very important in the process of mobilization 

and relocation or "homing" of MSCs
106,107

. Studies focused on 

MSCs derived from human adipose tissue (hASCs) revealed 
that after being injected and promoted the over-expression of 

their chemokine receptor CXC type 4 (CXCR4) these cells 

had the ability to respond and migrate towards the derived 
stromal cell factor (SDF-1a), which was released from a in-

jectable thermosensitive hydrogels of chitosan/ glycerolphos-

phate/ hydroxylethylcellulose (CH/GP/ HEC)
107

. The expres-

sion of CXCR4 in cells and the concomitant release of its 
ligand SDF-1a from CH/GP/HEC hydrogels led to increased 

localization/retention of hASCs
107

. In addition to the massive 

infiltration of hASCs, in response to SDF-1a, a process of 
close vascularization was observed, which could indicate that 

these hydrogels would act as optimal supports for the migra-

tion of endogenous cells, which could facilitate repair and 

regeneration of tissues. 

Regeneration of cardiac muscle tissue: options for the treat-

ment of myocardial infarction are very limited
62

 due to the 

inability of the mature myocardium to regenerate
109

. However, 
encapsulation of cardiac cells (cardiomyocytes and myoblasts) 

in photo-crosslinkable hydrogels, obtained from azidobenzoic 

acid-chitosan- and acryloyl-poly(ethylene glycol)-RGDS (Az-
chitosan/Acr-PEG-RGDS), was evaluated as an alternative for 

regeneration of cardiac tissue (figure 9C.4), obtaining evi-

dence of adhesion, proliferation and differentiation of encap-

sulated C2C12 myoblasts
62

. Likewise, a high viability of neo-
natal rat cardiomyocytes encapsulated in these photo-

crosslinkable hydrogels was observed. Importantly, when 

adhesion of these hydrogels in the cardiac tissue was eva-
luated, it was evident that they remained adhered in the differ-

ent parts of the heart where were applied, both on the surface 

(epicardium) and within the ventricle, a relevant fact for the 
treatment of myocardial infarction

62
.  

Other applications: chitosan microencapsulation of some 

yeasts has also been studied for therapeutic and industrial 

purposes
76,110,111

. Encapsulation of the probiotic Saccharomyc-
es boulardii in alginate/chitosan (AC) microspheres showed to 

have positive effects on its survival, protecting it from acid 

degradation and accelerating its transit through the gastroin-
testinal tract

76
; the use of this yeast with similar microencapsu-

lation systems could be of great application not only for the 

therapies of inflammatory bowel diseases
112

 but also for infec-

tious enteritis
113

 and enterocolopathies associated with Clo-
stridium difficile

114
. On the other hand, the use of algi-

nate/chitosan/alginate (ACA) and genipin/alginate/chitosan 

(GAC) has been proposed for industrial applications as an 
attractive method for the encapsulation of yeasts in the pro-

duction of bioethanol
111

; these systems would improve the 

stability of the cells and the tolerance to the inhibitors, increas-
ing the amount of biomass inside the reactor and decreasing 

the cost of recovery, as well as recycling and subsequent 

processing of the cells. Apparently, encapsulation with sys-

tems such as ACA and GAC attenuates the effect of ethanol 
concentration on yeast growth, which would imply a protec-

tive action related to tolerance to stress conditions in the cul-

ture. 

Encapsulation of bacteria 

Administration of probiotics: one of the main challenges in 

supplementing food with probiotics is that these can remain 
active in different environmental conditions. In addition to 

resisting oxygen exposure while functional food products are 

in storage, probiotics must face up to the host's harsh gastroin-

testinal conditions (such as gastric pH, bile salts, and en-
zymes) once ingested

115,116
. Thus, microencapsulation is clas-

sified as one of the main solutions for the preservation of pro-

biotics, especially that based on some polymers such as chito-
san

71,116-119
. Chitosan has been used in the protection of probi-

otic cells mainly as a coating/covering, and not as the capsule 

itself
72,73,120

. Some studies carried out with different bacterial 

strains have shown that the use of alginate microcapsules  
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Fig. 10: Encapsulation of prokaryotic cells in systems containing chitosan. A. Probiotic protection would allow the storage and protec-

tion of the organism in different environmental conditions: A.1 Efficient protection of probiotics in extreme conditions of stomach pH, 
bile and digestive enzymes, resulting in a greater number of viable cells in the intestine, A.2 Confinement of probiotics could contri-

bute to the stability of the microorganism in food matrices; B. Encapsulation of probiotics could be used in the treatment of some pa-

thologies such as: B.1 Bowel inflammatory diseases taking advantage of its anti-inflammatory effect, B.2 Disorders associated with 

chronic kidney diseases, i.e., uremia, through overexpression and release of recombinant urease in genetically modified bacteria. 

 

coated with chitosan is the best option for the storage and 

protection of probiotic bacteria, such as Lactobacillus and 

Bifidobacterium spp., under different experimental condi-

tions
64,65,67

. Furthermore, chitosan-coated pectin capsules have 
been reported to efficiently protect Lactobacillus casei CIMB 

30185 from extreme stomach pH conditions, resulting in in-

creased numbers of viable cells in the intestine
68

. 

In addition to protecting or improving the efficiency of the 

probiotic, some symbiotic encapsulation systems based on 

chitosan have been developed
71

. In these systems, contrary 

to others, a prebiotic or a specific carbon source of this is 
added

120
 (figures 10A and 10B) which, in addition to serv-

ing as a substrate, can contribute to the stability and surviv-

al of the probiotic. A study using symbiotic systems based 
on AC/L. casei/selenium-enriched green tea (TVS) showed 

that the presence of TVS increases the probiotic survival at 

a storage temperature of 4 °C, under experimentally simu-
lated gastric and bile solution conditions

71
. Similarly, the 

co-encapsulation of anthocyanins with L. casei, in addition 

to having a positive effect on the survival of the probiotic 

in simulated gastric conditions, improves the stability of the 
microorganism in food matrices such as yogurt

121
. Fur-

thermore, the use of other prebiotics such as inulin and 

starch has been reported in the co-encapsulation of lactic 

bacteria such as Lactobacillus acidophilus
122,123

. Compre-

hensively considered, these studies prompt that chitosan 
encapsulation and/or coating systems can lead to remarka-

ble advances in the development of food and nutraceutical 

ingredients with markedly improved functionalities. 

Treatment of diseases: the encapsulation of bacterial cells 

in AC gels has been proposed as an oral therapy strategy 

for some disorders such as inflammatory bowel diseases 

(Crohn's disease and ulcerative colitis) and uremia
63,64

 (fig-
ures 10B.1 and 10B.2, respectively). Encapsulation of bac-

teria such as Escherichia coli strain Nissle 1917 (EcN), an 

organism with probiotic properties, was shown to have an 
anti-inflammatory and immunomodulatory effect in a coli-

tis rat model
64

. The anti-inflammatory effect of probiotics 

is attributed to the modulation of the immune system in the 
intestinal micro-environment

124
, specifically through the 

modulation of the function of some immune cells, such as 

dendritic cells (DCs) and macrophages, and intestinal epi-

thelial cells, mediating the activation of pattern recognition 
receptors (PRR) such as Toll-like receptors (TLR) ex-

pressed on cell surfaces
125

. Probiotic binding to some of the 
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TLRs, i.e., TLR2, can inhibit the secretion of cytokines and 

pro-inflammatory mediators, such as monocyte chemoat-

tractant protein 1 (MCP1), tumor necrosis factor-alpha 
(TNF-α), interleukins (IL-6, IL-2), but in turn promotes an 

increased expression of anti-inflammatory cytokines (IL-

10)
64,125,126

 (figure 10B.1) through the regulation of some 
signaling pathways, such as the NF-κB pathway and others 

such as that one triggered by mitogen-activated protein 

kinases (MAP kinases)
127

. Furthermore, some molecules 

produced and released by organisms such as bifidobacilli 
and lactobacilli, also known as postbiotics, can contribute 

to the anti-inflammatory effect of these organisms. These 

molecules, which are mainly short-chain fatty acids 
(SCFA), in particular propionate, acetate and butyrate, 

apparently exert their action by binding to specific recep-

tors on intestinal epithelial cells (figure 10B.1). Association 
with these receptors induces the inhibition of the NF-κB 

signaling pathway and the production of pro-inflammatory 

cytokines by macrophages
128,129

. Similarly, these fatty acids 

can promote the induction of differentiation and expansion 
of regulatory T cells

130
. The encapsulation of some postbio-

tics with chitosan would be an alternative for the therapy of 

inflammatory diseases in immune-deficient patients, which 
could be affected by the administration of bacteria. This 

could become an interesting topic of study in the very near 

future. 

In the treatment of uremia, a disorder associated with 
chronic kidney diseases, a genetically manipulated strain of 

a Escherichia coli DH5 harboring the gene encoding urease 

was used as a model for in vitro and in vivo evaluation of 
the ACA microcapsules in oral therapy of this disease; 

these studies revealed that encapsulation not only had a 

protective effect on the survival of cells in the gastric envi-
ronment but also that encapsulated cells could remove urea 

from the medium
63

 (figure 10B.2), suggesting that micro-

encapsulation could allow safe and effective oral adminis-

tration of live bacterial cells for various clinical applica-
tions (figure 10B.2). 

Concluding Remarks 

Cell encapsulation has become a remarkably successful 
tool whose utilization seems to extend into different bio-

technological fields given its potential to improve key as-

pects of in vitro and in vivo cell cultures, including prolife-
ration and differentiation processes, especially in terms of 

providing greater protection to cells and avoid its recogni-

tion by the defense mechanism of the hosts. After 70 years 

of its initial implementation, it can be said that cell encap-
sulation is here to stay. Moreover, the development of new 

and exciting biomaterials over time, which has accelerated 

dramatically in recent years, seems to guarantee new suc-
cesses in the years to come.  

The valuable biological properties of chitosan, derived 

from its natural origin, have allowed its approval as an 

excipient by the European and American pharmacopoeia 

(chitosan hydrochloride
131

 and chitosan
132

, respectively). 

Thus, being chitosan a biomaterial so widely studied for 
promising applications in areas related to biotechnology 

such as biomedicine, food, agriculture, etc., it is believed 

that there will be a significant growth in research on new 
processes for obtaining it with higher purity indices and 

from new sources, as well as also in the preparation of de-

rivatives specially designed to achieve specific objectives 

in cell encapsulation. In this context, click reactions can be 
seen as one the most logical routes to obtain new encapsu-

lation methods using chitosan derivatives, although this 

field remains practically virgin due to the existence of a 
wide variety of others chemical reactions that could theo-

retically be incorporated into this scheme but they are still 

awaiting their experimental trial.  
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