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1  |  INTRODUC TION

Consumer awareness of the health benefits of food has sparked 
interest from food companies in using therapeutic herbal ingredi-
ents for the development of functional products (Espinosa- Páez 
et al., 2021). Amongst medicinal plants, mulberry (Morus spp.), 
chiefly its leaf is renowned for health- related properties due to its 
bioactive profile (He et al., 2020; Wen et al., 2019). Mulberry leaf ex-
tract has been extensively investigated this last decade regarding its 
antioxidant, neuroprotective, and anti- cancer effects among others 
(Dhiman et al., 2020; Wen et al., 2019). These findings add to evi-
dence that mulberry leaf extract might be regarded as a polyvalent 

bioactive ingredient. However, bioactive molecules are unstable in 
liquid media, thus in order to prolongate the shelf- life and to ease 
their utilization by food companies, it is imperative to transform 
them into powder by removing solvents present in these extracts 
(Çam et al., 2014; Costamagna et al., 2017). Furthermore, bioactive 
components are highly susceptible to epimerization in alkaline pH 
and at a high temperature which alters their bioactivity (Costamagna 
et al., 2017). In addition, phenolic compounds have a very bitter and 
astringent taste, making it difficult to use them as a nutraceutical 
or to incorporate them directly into food products (Costamagna 
et al., 2017; Pasrija et al., 2015). This drawback from a food engi-
neering point of view may be resolved through encapsulation, which 
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Abstract
The current study assesses the impact of encapsulation techniques (drying methods 
and carriers) on the release and intestinal permeability of mulberry leaf nutraceuti-
cals. The Papadopoulou model revealed that the significant delay (p < .05)	in	the	re-
lease of nutraceuticals by encapsulation is mainly due to carrier material. This finding 
was corroborated by Hixson and Crowell's models which showed that the polymer 
matrix is a limiting factor of release rate. Furthermore, the efflux ratio showed that 
encapsulation, chiefly the carrier material led to a change in the intestinal absorption 
mechanism of biocompounds by shifting it from active transport to passive diffusion. 
Hence, sodium carboxymethyl cellulose was found to be more suitable for the control 
released of mulberry leaf nutraceuticals during in vitro digestion. While maltodextrin 
led to better apparent permeability of biocompounds. With regard to drying tech-
niques, spray drying resulted in better control release and intestinal permeability of 
biocompounds than freeze drying.
Novelty impact statement: The significant delay in the release of nutraceuticals by 
encapsulation is mainly due to carrier material. Additionally, encapsulation, chiefly en-
capsulating agents led to a change in the intestinal absorption mechanism of biocom-
pounds by shifting it from active transport to passive diffusion. With regard to drying 
techniques, spray drying resulted in better control release and intestinal permeability 
of biocompounds than of freeze drying.
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is an efficient process usually used for plant- based health products 
to preserve the bioactivity of their nutraceutical microparticles for 
long period (Tchabo et al., 2019).

The kinetics release of bioactive compounds is frequently dis-
cussed qualitatively by means of concentration- time profiles, espe-
cially with regard to the amount of biocompounds released after a 
precise time period. Nevertheless, more useful information may be 
gleaned using mathematical processing of kinetic data, which helps 
to assess the effect of food processes on the release mechanism 
(Flores & Kong, 2017). Hence, various semi- empirical, empirical, or 
theoretical models which take in consideration dissolution, diffu-
sion, erosion, and swelling processes simultaneously have been de-
veloped to provide insight into the underlying release mechanism of 
entrapped biocompounds. However, some factors such as enzymes 
(amylase, pepsin, Pancreatin), electrolytes (sodium, calcium, sodium), 
bile salts, and pH may influence biocompounds to release from a 
matrix system.

Our research team previously investigated the encapsulation 
of bioactive compounds from mulberry leaf, which demonstrated 
that maltodextrin and sodium carboxymethyl cellulose coupled 
with spray- dry or freeze- dry could be employed efficiently in the 
production of a bioactive ingredient powder (Tchabo et al., 2019; 
Tchabo, Ma, Kaptso, et al., 2018). Nevertheless, as aforemen-
tioned encapsulated biomolecules must be released and absorbed 
throughout oral- gastrointestinal digestion to exert their putative 
health benefits. The release of biological compounds is dependent 
on the encapsulating conditions (Kanha et al., 2021), thereby af-
fecting their absorption (González et al., 2020). However, there 
is a scarcity of studies on the impact of encapsulation techniques 
on the release, and the intestinal permeability of encapsulating 
biocompounds following in vitro oral- gastrointestinal digestion. 
Hence, considering the above- mentioned and the paucity of infor-
mation on the effects of matrix composition, encapsulation tech-
niques on the digestibility of encapsulated mulberry leaf extract 
powder, the present research aimed to assess the effects of drying 
methods and carrier materials on the in vitro oral- gastrointestinal 
release and ex vivo intestinal permeability of entrapped mulber-
ry's leaf biocompounds. Thus, an in vitro digestion approach, in-
cluding mouth and stomach phases, as well as an intestinal stage 
performed with everted gut sac model was used to investigate the 
impact of encapsulation techniques on the release and absorption 
mechanism of encapsulated and unencapsulated mulberry leaf bio-
active components.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

Mulberry leaves (var. Nong Sang 14, Morus alba L.) were harvested 
in Jiangsu province, China from the Zhenjiang mulberry variety 
nursery base. The list of materials used is tabularized in Supporting 
Information S1.

2.2  |  Methods

An aqueous mulberry leaf extract was obtained following the pro-
cedure reported by Tchabo, Ma, Kwaw, et al. (2018). Then, microen-
capsulated mulberry leaf extract powders were produced according 
to the method described by Tchabo, Ma, Kaptso, et al. (2018) and 
Tchabo et al. (2019), as summated in Supporting Information S2. In 
addition, lyophilized aqueous mulberry leaf extract without wall ma-
terial was considered as a control. The unencapsulated and encap-
sulated	mulberry	 leaf	extract	powders	 (MLEP)	were	kept	at	−29°C	
(within one week) before in vitro stimulated digestion.

2.3  |  In vitro stimulated digestion

An in vitro stimulated oral- gastrointestinal digestion was performed 
according to Caicedo- Lopez et al. (2019) with slight modification as 
tabulated in Supporting Information S3. A written informed consent 
was signed by four participants, and the in vitro stimulated digestion 
was carried out following the guidelines, which involved humans or 
animals in accordance with the care and use of laboratory animals as 
implemented by the Provincial Health Institute.

2.4  |  Nutraceutical release

The nutraceuticals release (Nre) of MLEP was related to the respec-
tive nutraceutical content of each sample, which was set at 100% 
and calculated as the percentage of bioactive compounds freeing at 
each preset time as follows:

where CMLEP is the nutraceutical content of MLEP and CPF is the 
nutraceutical content of the pellet (oral, gastric, or intestinal) fraction.

The Nre data were fitted to various mathematical models 
employed in the literature (Díaz- Bandera et al., 2015; Kavousi 
et al., 2018) as follows:

 

 

 

 

 

 

 

(1)Nre = 100∗
[(
CMLEP − CPF

)
∕CMLEP

]

(2)Papadopouloumodel:Mt ∕M∞ = 1 − e−(kt)
kl

(3)Zero − order model:Mt ∕M∞ = kt

(4)First − order model: Mt ∕M∞ = 1 − e−kt

(5)HiguchiModel: Mt ∕M∞ = kt1∕2

(6)Hixson − Crowell model: Mt ∕M∞ = 1 − (1−kt)3

(7)Korsmeyer − Peppasmodel:Mt ∕M∞ = ktn

(8)Peppas − Sahlin model: Mt ∕M∞ = kdt
m + krt

2m

(9)Kopchamodel: Mt ∕M∞ = At1∕2 + Bt
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where Mt is the quantity of nutraceutical compounds released at 
time t; M∞ is the maximum of nutraceuticals release; k is the release 
constant; kl is the lag period; n is the release exponent; kd is the diffu-
sion constant; kr is the relaxation constant; m is the Fickian diffusion 
exponent; A is the diffusional constant and B is the dissolution or 
erosional constant.

2.5  |  Intestinal permeability assays

2.5.1  |  Permeability	coefficients

The permeability coefficients were computed according to Caicedo- 
Lopez et al. (2019), based on the equations as follows:

 

 

where Papp (cm∕ s) is the apparent permeability coefficient, 
dQ∕dt (g ∕ s) is the amount of nutraceutical transported across the 
intestinal membrane per unit time A

(
cm2

)
 represents the intesti-

nal mucosal area surface available for permeation, C0 (mg∕g db) is 
the initial content of nutraceuticals at the apical side (outside the 
everted gut sac), Papp B to A (cm∕ s) is the apparent permeability coef-
ficient from the basolateral to apical, Papp A to B (cm∕ s) is the apparent 
permeability coefficient from the apical to basolateral, Papp net is the 
and ER is the efflux ratio.

2.5.2  |  Predictive	permeability	screening

The predictive permeability and intuitive intestinal absorption 
prediction of MLPE nutraceuticals were assessed according to 
Luzardo- Ocampo et al. (2020). The nutraceuticals SMILES files 
obtained from PubChem database (https://pubch em.ncbi.nlm.nih.
gov/) were used to determine the predicted bioavailability radar, 
the probabilities of nutraceuticals to cross the epithelial barrier in 
the caco- 2 cells monolayer model, and their reported human intes-
tinal absorption using the admetSAR 2.0 software (http://lmmd.
ecust.edu.cn/admet sar2). The “Boiled Egg” diagram was carried out 
from the WLOGP (Wildman & Crippen atomistic interpretation of 
the fragmental system) versus TPSA (topological polar surface area) 
plots using the SwissADME (http://www.swiss adme.ch/index.php).

2.6  |  Nutraceutical's characterization

The nutraceuticals were identified and quantified following the 
reported procedure of Tchabo, Ma, Kwaw, et al. (2018) using a 

high- performance liquid chromatography Shimadzu apparatus 
(Kyoto, Japan) compose of a photodiode array detector SPD- M20A, 
pump	LC-	20AB,	degasser	DGU-	20A5R,	autosampler	SIL	20 AC,	col-
umn	oven	CTO-		20 AC,	system	controller	SCL-	10A,	LC	Solution	soft-
ware,	 and	 a	250 × 4.6 mm,	5 μm C18 column ZORBAX- SB (Agilent, 
Santa Clara, USA). The contents were expressed in mg of nutra-
ceutical per g of the dry base. The biocomponents identified and 
quantified	were	clustered	as	the	sum	of	flavonols	(∑FC),	the	sum	of	
phenolic	acids	(∑PAC)	and	the	sum	of	nutraceuticals	(∑NC).

2.7  |  Statistical analysis

All the in vitro and ex vivo experiments, as well as assays, were 
performed thrice. The statistical difference among means was as-
sessed by means of Tukey– Kramer test at a 5% significance level 
using Minitab 19 (Minitab Inc., 296 Pennsylvania, USA). The release 
kinetic data were fitted with OriginPro 2020 software (OriginLab, 
Northampton, USA).

3  |  RESULTS AND DISCUSSION

3.1  |  Mathematical modeling of in vitro release 
kinetics of nutraceuticals

3.1.1  |  Nutraceutical's	release

In order to assess the impact of encapsulation on the release 
behavior of biocompounds from MLEP as a function of car-
rier materials and drying techniques, a modified first- order 
kinetic modeling based on Weibull distribution proposed by 
Papadopoulou et al. (2006) was performed. That model has been 
employed by Díaz- Bandera et al. (2015) to evaluate the effect of 
encapsulating agents on the release kinetics of polyphenols and 
dissolution of spray- dried Hibiscus sabdariffa L. extract. The high 
values (Adj- R2 > .88)	of	 the	 coefficient	of	determination	and	 low	
values	of	the	standard	error	 (SE < 0.07)	for	each	MLEP	tabulated	
in Table 1, revealed that the nutraceuticals release process obeys 
the Weibull model with the first- order probabilistic forecast. The 
Papadopoulou model outcomes (Table 1) highlighted significant 
differences in the behavior of MLEPs during bioactive compounds 
release. With regard to the unencapsulated MLEP (Supporting 
Information S4),	 it	 can	 be	 seen	 that	 the	 release	 of	 ∑NC,	 at	 the	
steady- state (M∞), attained a maximum of 90.81% (with 97.65% for 
∑PAC,	88.03%	for	∑FC,	for	97.23%	for	DNJ,	and	98.85%	for	GABA).	
This can be attributed to its dissolution in the digestion fluids as 
stated by Díaz- Bandera et al. (2015). Moreover, the release behav-
ior of MLEPs might be ascribed to water- microparticles interaction 
due to the amorphous physical condition of MLEP that led to the 
enhancement of its solubility (Zokti et al., 2016). Furthermore, it 
was noted that at M∞, the encapsulated samples released signifi-
cantly less nutraceuticals (p < .05)	than	the	unencapsulated	sample 

(10)Papp = (dQ∕dt)
(
1∕AC0

)

(11)Papp net =
|||
Papp B to A − Papp A to B

|||

(12)ER = Papp B to A ∕Papp A to B
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TA B L E  1 Kinetic	parameters	of	Papadopoulou	model	obtained	from	the	release	curves	of	nutraceuticals	of	mulberry	leaf	extract	powder

Nutraceuticals MLEP Adj R2 M∞ SE M∞ kp SE k kL SE kL

CHA FD 0.985 9.7E+1a 3.5E- 3 2.7E- 2a 1.8E- 3 6.3E- 1b 3.3E- 2

FDMD 0.992 8.2E+1c 3.2E- 2 1.1E- 2b 3.7E- 4 7.5E- 1b 3.1E- 2

SDMD 0.995 8.3E+1b 3.7E- 2 1.1E- 2b 2.8E- 4 7.6E- 1b 2.6E- 2

FDCMC 0.979 7.2E+1e 9.4E- 3 4.5E- 3c 1.5E- 4 1.4E+0a 9.4E- 2

SDCMC 0.965 7.5E+1d 2.0E- 3 4.6E- 3c 1.8E- 4 1.5E+0a 1.3E- 1

CA FD 0.991 9.9E+1a 1.1E- 3 3.5E- 2a 1.9E- 3 6.0E- 1b 2.4E- 2

FDMD 0.990 8.0E+1c 6.1E- 2 1.2E- 2b 4.5E- 4 7.2E- 1b 3.3E- 2

SDMD 0.996 8.4E+1b 1.0E- 2 1.2E- 2b 2.6E- 4 7.5E- 1b 2.1E- 2

FDCMC 0.969 7.6E+1e 2.3E- 2 4.6E- 3c 2.1E- 4 1.1E+0a 8.7E- 2

SDCMC 0.934 8.0E+1d 5.2E- 3 4.6E- 3c 2.9E- 4 1.2E+0a 1.3E- 1

∑PAC FD 0.988 9.8E+1a 2.7E- 3 3.0E- 2a 1.8E- 3 6.2E- 1b 2.9E- 2

FDMD 0.992 8.1E+1c 4.1E- 2 1.1E- 2b 3.9E- 4 7.4E- 1b 3.1E- 2

SDMD 0.995 8.3E+1b 2.9E- 2 1.1E- 2b 2.6E- 4 7.6E- 1b 2.3E- 2

FDCMC 0.977 7.4E+1e 1.4E- 2 4.5E- 3c 1.6E- 4 1.3E+0a 8.9E- 2

SDCMC 0.958 7.7E+1d 3.0E- 3 4.6E- 3c 2.0E- 4 1.4E+0a 1.3E- 1

K3M FD 0.990 9.3E+1a 2.4E- 2 3.0E- 2a 1.6E- 3 4.8E- 1b 1.7E- 2

FDMD 0.993 7.4E+1c 4.7E- 2 9.1E- 3b 2.9E- 4 6.2E- 1b 2.2E- 2

SDMD 0.998 7.6E+1b 2.3E- 2 8.7E- 3b 1.5E- 4 6.0E- 1b 1.1E- 2

FDCMC 0.973 5.7E+1e 6.6E- 3 3.3E- 3c 1.8E- 4 1.2E+0a 9.0E- 2

SDCMC 0.960 6.0E+1d 2.4E- 2 3.6E- 3c 1.9E- 4 1.4E+0a 1.2E- 1

K3R FD 0.989 9.1E+1a 2.6E- 2 2.7E- 2a 1.5E- 3 4.8E- 1b 1.7E- 2

FDMD 0.997 7.2E+1c 5.5E- 2 6.5E- 3b 1.2E- 4 6.4E- 1b 1.3E- 2

SDMD 0.989 7.8E+1b 2.8E- 2 7.2E- 3b 2.7E- 4 6.2E- 1b 2.6E- 2

FDCMC 0.963 5.0E+1e 5.2E- 2 2.6E- 3c 2.1E- 4 1.1E+0a 8.8E- 2

SDCMC 0.937 5.4E+1d 1.0E- 2 2.8E- 3c 2.6E- 4 1.1E+0a 1.2E- 1

K3G FD 0.994 8.8E+1a 4.0E- 2 2.5E- 2a 9.6E- 4 4.3E- 1b 1.0E- 2

FDMD 0.997 7.3E+1c 5.2E- 2 7.8E- 3b 1.7E- 4 6.1E- 1b 1.5E- 2

SDMD 0.997 7.5E+1b 4.3E- 2 7.7E- 3b 1.5E- 4 5.6E- 1b 1.1E- 2

FDCMC 0.976 5.5E+1e 3.9E- 2 3.0E- 3c 1.7E- 4 1.1E+0a 7.1E- 2

SDCMC 0.962 5.9E+1d 2.2E- 2 3.4E- 3c 2.0E- 4 1.3E+0a 1.1E- 1

K7G FD 0.988 9.0E+1a 9.5E- 3 3.2E- 2a 1.8E- 3 4.5E- 1b 1.6E- 2

FDMD 0.998 7.8E+1c 3.4E- 2 8.6E- 3b 1.4E- 4 6.1E- 1b 1.1E- 2

SDMD 0.996 7.8E+1b 9.4E- 3 8.3E- 3b 2.0E- 4 5.5E- 1b 1.4E- 2

FDCMC 0.966 6.0E+1e 3.9E- 2 3.3E- 3c 2.1E- 4 1.0E+0a 8.3E- 2

SDCMC 0.959 6.1E+1d 9.4E- 3 3.3E- 3c 2.3E- 4 1.0E+0a 9.1E- 2

Q3R FD 0.980 8.1E+1a 6.8E- 3 1.3E- 2a 8.4E- 4 4.4E- 1b 2.1E- 2

FDMD 0.993 6.4E+1c 9.2E- 3 5.3E- 3b 1.8E- 4 6.1E- 1b 2.2E- 2

SDMD 0.998 6.7E+1b 1.2E- 2 5.4E- 3b 8.9E- 5 6.2E- 1b 1.1E- 2

FDCMC 0.974 6.6E+1e 3.0E- 2 4.2E- 3b 1.0E- 4 2.4E+0a 1.6E- 1

SDCMC 0.973 7.4E+1d 1.7E- 3 4.5E- 3b 9.0E- 5 2.8E+0a 1.9E- 1

Q3M FD 0.987 8.6E+1a 3.2E- 2 1.8E- 2a 9.6E- 4 5.0E- 1b 2.0E- 2

FDMD 0.992 6.8E+1c 3.6E- 2 6.7E- 3b 2.2E- 4 6.4E- 1b 2.5E- 2

SDMD 0.996 7.0E+1b 3.8E- 2 6.9E- 3b 1.5E- 4 6.4E- 1b 1.6E- 2

FDCMC 0.989 3.7E+1e 3.5E- 2 2.0E- 3c 1.1E- 4 1.1E+0a 5.2E- 2

SDCMC 0.984 4.1E+1d 8.0E- 3 2.4E- 3c 1.3E- 4 1.3E+0a 7.2E- 2
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(Table 1), depicting the capacity of the encapsulation process to 
withhold the biomolecules of MLEP. Additionally, with respect 
to the encapsulating conditions, the low M∞ values observed for 
sodium carboxymethyl cellulose and spray- dry highlighted their 
better ability to retain nutraceuticals as compared to maltodextrin 
and freeze dry. Taking into account the constant rate (kp), it was 
observed that the unencapsulated sample showed the lowest kp 
value followed by statistically similar groups formed by encapsu-
lated samples with maltodextrin, and then samples embedded in 
sodium carboxymethyl cellulose (Table 1). Furthermore, with ref-
erence to the Lag period (kL), there was no statistical differences 
(p < .05)	between	unencapsulated	samples	and	entrapped	samples	
with maltodextrin. On the contrary, encapsulated samples with 
sodium carboxymethyl cellulose showed the highest kL. This be-
havior of carrier materials could be due to the hydrophilic nature, 
and high solubility of maltodextrin leading to the fast release of 

nutraceuticals. However, the high molecular weight and low water 
solubility of carboxymethyl cellulose may have caused the delay in 
the release of bioactive components. This trend has been reported 
by Zokti et al. (2016). However, drying techniques were found to 
have no significant impact (p < .05)	on	kp and kL depending on the 
type of support materials applied.

3.1.2  |  In	vitro	release	mechanism

A biphasic release behavior was observed in the release profile 
graphs (Supporting Information S4) for all the systems studied. The 
first zone (oral phase) corresponded to an initial rapid release of the 
uncovered nutraceuticals (superficial) on the surface of the encapsu-
lated microparticles, and the inhomogeneous distribution of particle 
size of unencapsulated sample throughout the oral digestion. The 

Nutraceuticals MLEP Adj R2 M∞ SE M∞ kp SE k kL SE kL

Q3G FD 0.989 8.3E+1a 4.4E- 2 1.7E- 2a 8.0E- 4 4.2E- 1b 1.3E- 2

FDMD 0.992 6.6E+1c 5.1E- 2 6.1E- 3b 2.1E- 4 6.2E- 1b 2.4E- 2

SDMD 0.997 6.8E+1b 2.5E- 2 6.1E- 3b 1.2E- 4 6.0E- 1b 1.3E- 2

FDCMC 0.986 4.4E+1e 2.4E- 2 2.5E- 3c 1.3E- 4 1.2E+0a 6.3E- 2

SDCMC 0.980 4.5E+1d 3.9E- 3 2.6E- 3c 1.5E- 4 1.3E+0a 7.8E- 2

∑FC FD 0.991 8.8E+1a 3.0E- 2 2.3E- 2a 1.1E- 3 4.6E- 1b 1.5E- 2

FDMD 0.996 7.1E+1c 4.4E- 2 7.2E- 3b 1.7E- 4 6.2E- 1b 1.7E- 2

SDMD 0.999 7.3E+1b 3.0E- 2 7.2E- 3b 8.6E- 5 6.0E- 1b 7.9E- 3

FDCMC 0.977 5.0E+1e 3.2E- 2 2.8E- 3c 1.6E- 4 1.2E+0a 7.7E- 2

SDCMC 0.967 5.3E+1d 1.3E- 2 3.1E- 3c 1.8E- 4 1.4E+0a 1.1E- 1

DNJ FD 0.990 9.7E+1a 1.9E- 3 2.9E- 2a 1.5E- 3 5.3E- 1c 1.9E- 2

FDMD 0.997 8.5E+1c 3.1E- 3 1.2E- 2b 2.6E- 4 7.3E- 1bc 1.9E- 2

SDMD 0.999 8.6E+1b 3.6E- 2 1.2E- 2b 1.8E- 4 6.9E- 1c 1.1E- 2

FDCMC 0.950 7.7E+1e 1.6E- 2 4.5E- 3c 2.5E- 4 1.2E+0ab 1.2E- 1

SDCMC 0.885 8.4E+1d 8.0E- 3 4.8E- 3c 3.5E- 4 1.3E+0a 1.9E- 1

GABA FD 0.981 9.9E+1a 1.8E- 3 3.5E- 2a 2.8E- 3 6.6E- 1b 4.2E- 2

FDMD 0.996 8.5E+1c 3.4E- 2 1.3E- 2b 3.3E- 4 7.4E- 1b 2.2E- 2

SDMD 0.998 8.7E+1b 2.2E- 2 1.3E- 2b 2.1E- 4 7.1E- 1b 1.3E- 2

FDCMC 0.974 6.7E+1e 2.6E- 2 4.0E- 3c 1.9E- 4 1.1E+0a 8.1E- 2

SDCMC 0.957 6.9E+1d 1.8E- 2 4.0E- 3c 2.3E- 4 1.2E+0a 1.0E- 1

∑NC FD 0.990 9.1E+1a 2.2E- 2 2.5E- 2a 1.3E- 3 5.0E- 1b 1.7E- 2

FDMD 0.995 7.4E+1c 4.1E- 2 8.4E- 3b 2.2E- 4 6.6E- 1b 2.1E- 2

SDMD 0.999 7.7E+1b 3.0E- 2 8.5E- 3b 1.0E- 4 6.5E- 1b 9.5E- 3

FDCMC 0.977 5.7E+1e 2.7E- 2 3.2E- 3c 1.6E- 4 1.2E+0a 8.0E- 2

SDCMC 0.962 6.0E+1d 1.0E- 2 3.5E- 3c 1.9E- 4 1.4E+0a 1.1E- 1

For the same nutraceutical components, means in the same column with different letter (a– e) are significantly different at p < .05 (Tukey’s test).
Abbreviations: Adj R2, ajusted R- square; CA, caffeic acid; CHA, chlorogenic acid; DNJ, 1- deoxynojirimycin; FD, freeze dry; FDCMC, freeze dried with 
sodium carboxymethyl cellulose; FDMD, freeze dried with maltodextrin; GABA, gamma- aminobutyric acid; kL, lag period; kp, release constant rate; 
K3M, kaempferol- 3- (6- malonylglucoside); K3R, kaempferol- 3- (6- rhamnosylglucoside); K3G, kaempferol- 3- glucoside; K7G, kaempferol- 7- O- glucoside; 
M∞-  SE, standard error; MLEP, mulberry leaf encapsulated powder; SDCMC, spray dried with sodium carboxymethyl cellulose; SDMD, spray dried 
with maltodextrin; Q3G, quercetin- 3- O- glucoside; Q3M, quercetin- 3- (6- malonylglucoside); Q3R, quercetin- 3- rutinose; 

∑
FC ,	sum	of	flavonol	

components; 
∑

PAC, sum of phenolic acid components; 
∑

NC, sum of nutraceutical components.

TA B L E  1 (Continued)
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6 of 11  |     TCHABO et al.

second zone (gastric and intestinal phases) presented a gradual re-
lease of nutraceuticals with time until attained a plateau. As stated 
by Madene et al. (2006), the release of a biomolecule from a matrix 
is governed by the physicochemical properties of the core and car-
riers (molecular weight, polarity, and chemical functionality), as well 
as the encapsulation techniques (Madene et al., 2006), that influ-
ence the polymer swelling, and plasticization leading to diffusion 
and erosion phenomena. This induces the freeing of compounds 
into the outer solution till the thermodynamic equilibrium is reached 
(Serrano- Cruz et al., 2013). Hence, in order to assess the effect of 
encapsulation conditions on the controlled release of nutraceutical 
components from MLEPs, the gastric and intestinal release kinetic 
data were fitted to various mathematical models in order to deter-
mine the release mechanisms.

The rank model app in Originpro that allow to compare multi-
ple fitting functions in order to identify the best fitting model based 
on five statistical measures (adjusted R2, residual sum of squares, 
reduced chi- Square, Akaike information criterion, Bayesian informa-
tion criterion) was used to select the release model, that best fitted 
the experimental data. From the results of Supporting Information 
S5, it was found that the most suitable models to describe the release 
kinetics of MLPE's nutraceuticals during gastric digestion were as 
follows: Korsmeyer- Peppas > Peppas- Sahlin > Kopcha for unencap-
sulated sample, Peppas- Sahlin > Higuchi > Korsmeyer- Peppas for 
samples encapsulated with maltodextrin and Kopcha > Korsmeyer- 
Peppas > first- order for samples encapsulated with sodium car-
boxymethyl cellulose. Meanwhile, for the intestinal digestion phase, 
the models which fitted the best were as follows: Korsmeyer- Peppas 
> Kopcha > Peppas- Sahlin; Higuchi > Kopcha > Korsmeyer- Peppas; 
and Zero order > Kopcha > Korsmeyer- Peppas, for unencapsulated 
sample, encapsulated samples with maltodextrin, and samples en-
capsulated with sodium carboxymethyl cellulose, respectively.

It was observed that release data of all the MLEP (Supporting 
Information S5) were well fitted (adj- R2 > .82)	 with	 Korsmeyer-	
Peppas model. Thus, according to the Supporting Information S6, 
the n value of the Korsmeyer- Peppas model outcome (Supporting 
Information S7), are characteristic of pseudo- Fickian diffusion (for 
the unencapsulated sample at gastric phase), Fickian diffusion (for 
samples encapsulated with maltodextrin at the gastric and intestinal 
phase), non- Fickian diffusion (for the unencapsulated sample at in-
testinal stage and samples encapsulated with sodium carboxymethyl 
cellulose at gastric phase), and case II transport (for samples encap-
sulated with sodium carboxymethyl cellulose at intestinal phase). 
Given the fact that Korsmeyer- Peppas model gives little cognizance 
about the freeing mechanism (Rezaei et al., 2016), the computed 
Peppas- Sahlin (adj- R2 > .81	 for	 all	MLEP),	 and	Kopcha	 (adj-	R2 > .83	
for all MLEPs) models revealed the occurrence of relaxational and 
erosion mechanism in addition to the Fickian diffusion. As seen 
in Supporting Information S7, kd was higher than kr, which indi-
cated that the biocompounds released were chiefly controlled by 
Fickian diffusion and lesser dependent on the polymer relaxation. 
This might be attributed to the high porosity of MLEPs (Tchabo 
et al., 2019; Tchabo, Ma, Kaptso, et al., 2018). Bacaita et al. (2014) 

also noted a similar finding. Furthermore, the values of A larger than 
B (Supporting Information S7) buttressed the preponderance of dif-
fusion relative to the erosion process, except for intestinal diges-
tion of samples encapsulated with sodium carboxymethyl cellulose 
where the erosion of polymer chain was more pronounced (A < B). 
On the other hand, the Higuchi model that allowassessing the pure 
Fickian release was well fitted with MLEPs (adj- R2 > .76)	except	for	
the gastric digestion of the unencapsulated sample (adj- R2 < .58).	
This bolstered the assumption of a strong influence of Fickian diffu-
sion in the release mechanism of nutraceuticals from MLEPs. A simi-
lar pattern has been observed by Trevisol et al. (2020). Furthermore, 
the Hixson and Crowell model mathematically described well the 
release of nutraceuticals from MLEPs (adj- R2 > .72),	excluding	that	of	
the gastric digestion of unencapsulated samples and intestinal diges-
tion of encapsulated samples with maltodextrin (adj- R2 < .63),	 thus	
assuming that the rate of dissolution through the polymer matrix is 
a limiting factor (Malekjani & Jafari, 2020). From the hypothesis of 
the influence of polymer matrix on dissolution rate, the first- order 
modeling kinetic released of these samples (adj- R2 > .78),	 showed	
that the driving forces of the freeing process depend on the bio-
compounds concentration (Malekjani & Jafari, 2020). However, the 
high correlation coefficients (adj- R2 > .68)	of	the	zero	model	at	the	
gastric stage (for samples encapsulated with sodium carboxymethyl 
cellulose) and the intestinal stage (for unencapsulated samples and 
samples encapsulated with sodium carboxymethyl cellulose) indi-
cated a reduction in the attractive forces between polymer chains. 
This might be due to the influence of swelling and polymeric hydra-
tion on biomolecule release that may be related to matrix erosion 
(Pereira Camelo et al., 2016). Thereby corroborating the outcomes 
of the Kopcha model.

3.2  |  Intestinal absorption

3.2.1  |  Ex	vivo	intestinal	permeation

Intestinal permeability is a crucial parameter that assesses the ca-
pacity of a biomolecule to cross the intestinal barrier, thus reflect-
ing its absorption ability from both the apical side (intestinal lumen) 
to the basolateral side (bloodstream). From the apical to basolat-
eral side (Supporting Information S8), the nutraceuticals exhibited 
a decrease in absorptive permeability over the time with their up-
most Papp A to B	 at	15 min,	except	K7G	and	K3R	of	 the	unencapsu-
lated sample, which had their highest Papp A to B	 at	30	and	60 min,	
respectively. Furthermore, phenolic acids presented the uppermost 
Papp A to B (18.73 to 23.11 × 10−6 cm/s),	 followed	by	DNJ	 (16.12	 to	
24.41 × 10−6 cm/s),	then	GABA	(4.49	to	16.29	× 10−6 cm/s)	and	fla-
vonols (5.51 to 12.05 × 10−6 cm/s).	 As	 stated	 by	 Herrera-	Cazares	
et al. (2017), the low intestinal permeability of flavonols to blood 
flux could be ascribed to their hydrophobic character. Moreover, 
according to Caicedo- Lopez et al. (2019) the differences in the 
Papp A to B of biocompounds may be related to their intrinsic solubility 
in aqueous media. Furthermore, in line with our results, previous 
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    |  7 of 11TCHABO et al.

authors (Aguillón- Osma et al., 2019; Caicedo- Lopez et al., 2019; 
Rastogi & Jana, 2016; Tian et al., 2009) reported high permeation 
in the absorptive direction for phenolic acids and flavonols. Besides, 
the	Permeation	of	∑NC	in	the	B	to	A	direction	significantly	(p < .05)	
reduced throughout intestinal digestion (Supporting Information 
S9), thus suggesting a stabilization of nutraceuticals diffusion from 
basolateral to the apical side of the duodenum. For individual bio-
compounds, the highest intestinal transport in the B to A direction 
was	mostly	performed	 in	 the	 first	15 min	 (Supporting Information 
S9)	with	the	exception	of	K7G	(at	30 min	for	spray-	dry	encapsulated	
samples	with	CMC),	DNJ,	and	GABA	(at	30 min	for	unencapsulated	
sample)	as	well	as	Q3G	 (at	60 min	 for	all	MLEPs).	 It	 is	noteworthy	
that	 some	 components	 such	 as	 K3R	 (from	 60	 to	 120 min	 for	 all	
MELPs),	Q3R	(from	60	to	120 min	for	unencapsulated	samples	and	
encapsulated	 samples	 with	MD,	 and	 at	 120 min	 for	 encapsulated	
samples	with	CMC),	Q3M	(from	60	to	120 min	for	unencapsulated	
sample, and from 30 to 120 for encapsulated samples), and Q3G 
(from	15	to	30 min	for	all	MELPs)	did	not	diffuse	from	basolateral	to	
the apical side. Furthermore, it was observed that at the end of the 
intestinal phase, the transport rate was chiefly in the A to B than 
the B to A direction, suggesting that absorption of nutraceuticals 
was performed in the late stage of duodenal digestion. Similar trend 
has been reported by Herrera- Cazares et al. (2017). Additionally, 
considering precedents rapports (Caicedo- Lopez et al., 2019; 
Campos- Vega et al., 2015; Quilaqueo et al., 2019) concerning the 
permeation speed of pure biocomponents, the Papp net values of 
∑NC	from	MLEPs	(Supporting Information S10) have been found to 
be above 1 × 10−6 cm/s,	a	common	cutoff	advocating	a	high	permea-
tion capacity (Feng et al., 2019), which suggest that they could be 
well absorbed in human beings (Villela- Castrejón et al., 2017). It was 
also noted that the Papp net of the evaluated compounds (Supporting 
Information S10) tends to decrease over time. Further, it was 
noted that encapsulation of MLEPs led to a significant decrease 
(p < .05)	 in	 Papp net (Supporting Information S10). Some authors 
have reported an increase in permeability of green tea catechin 
nano- encapsulated with zein using the electrospraying technique 
(Bhushani et al., 2017), astaxanthin encapsulated with whey protein 
through an emulsification- evaporation technique (Shen et al., 2018), 
cyanidin- 3- O- glucoside encapsulated by composite nanogel (Feng 
et al., 2019). While other researchers have observed a decrease in 
the permeability of liposome- encapsulated rosemary phytochemi-
cals (Pérez- Sánchez et al., 2017), olive pomace polyphenols were 
encapsulated	with	cyclodextrin	by	lyophilization	(Radić	et	al.,	2020). 
These contradictory results on the notion of improving the perme-
ability of biocomponents by encapsulation deserve further study. 
However, as stated by previous authors (González et al., 2019; Heep 
et al., 2019), several factors such as carrier materials, molecule size, 
components content, particle size, and solubility of food matrix alter 
the intestinal transport of biocompounds. Herein, the high perme-
ability of compounds encapsulated with maltodextrin compared to 
those with sodium carboxymethyl cellulose may be due to the inher-
ent solubility of the encapsulating agent, while the higher permea-
bility of spray- dry samples than that of freeze- dry samples could be 

attributed to the impact of drying methods on particle size. As ear-
lier reported (Tchabo et al., 2019; Tchabo, Ma, Kaptso, et al., 2018), 
MLEPs encapsulated with maltodextrin have greater solubility 
than MLEPs encapsulated with sodium carboxymethyl cellulose, 
whereas the atomization of MLEP leads to smaller particle size than 
that of lyophilization. Besides, the ER has been employed in the lit-
erature (Aguillón- Osma et al., 2019; Luzardo- Ocampo et al., 2017; 
Quilaqueo et al., 2019) to predict the absorption mechanism of bio-
compounds by determining if it is active (ER < 0.5	 or	 ER > 2.0)	 or	
passive	 (0.5 < ER < 2.0).	 Based	 on	 these	 criteria,	 it	was	 found	 that	
non- encapsulated biomolecules were transported into the small 
intestine by active mechanism (Supporting Information S11) while 
encapsulated biocompounds were able to permeate through the 
small bowel by passive diffusion. These differences in the mecha-
nism might be attributed to carrier materials, which could facilitate 
the transport of nutraceuticals during their absorption. As stated 
by some researchers (Berkane et al., 2005; Kullman et al., 2002) 
maltoporin a membrane protein is a passive specific channel for the 
maltodextrin uptake. Furthermore, the lowest efflux ratios reported 
at	120 min	indicate	that	an	extended	intestinal	passage	led	to	better	
intestinal absorption of nutraceuticals with a reduction of their in-
testinal lumen return. A similar observation was made by Quilaqueo 
et al. (2019).

3.2.2  |  Intuitive	prediction	of	absorption	and	
permeability

The Papp net values of MLEP's nutraceuticals were found to be higher 
than that reported in the Caco- 2 cell predictive model (Table 2). This 
slight difference found in this study could be attributed to the in-
teractions between these biocompounds and the food matrix since 
the biocompounds permeability in the Caco- 2 cell predictive model 
has been performed using pure components. A similar finding has 
been made by Caicedo- Lopez et al. (2019) regarding the permeation 
of phenolic compounds from Moringa oleifera leaves. Furthermore, 
the bioavailability radar of each nutraceutical representing the de-
scriptors for polarity, lipophilicity, saturation, solubility, flexibility, 
and size was illustrated in Figure 1. As stated by Luzardo- Ocampo 
et al. (2020), the pink color portrays the oral limits of the five prop-
erties, which are within the limits of the size (molecular weight) of 
150– 500, number of rotatable bonds (flexibility) 0– 9, polarity 20– 
130,	 log	 P − 0.7–	5,	 and	water	 solubility	 score	 1–	3	 (where	 1	 is	 the	
highest and 5 is the lowest). Except for the IS (for CA) and PO (for 
CHA, K3M, K3R K3G, K7G, Q3R, Q3M, and Q3G), all the evaluated 
bioactive compounds fitted within the limits of other parameters. 
Moreover, DNJ, CHA, K7G, and K3G presented a different polar-
ity, explaining the different trends observed for these biomolecules 
in the “Boiled Egg” diagram. Additionally, the white region of the 
“Boiled Egg” diagram is associated with a higher probability of pas-
sive intestinal absorption. Hence, the location of DNJ, CHA, K7G, 
and K3G outside this zone is an indicator of another type of trans-
port mechanism; even though, the “Boiled Egg” diagram does not 
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take into consideration probable interactions of biocompounds with 
the food matrix. Besides, high saturation is related to enhanced ab-
sorption which agrees with our results for CA and that exhibited high 
apparent permeability. Furthermore, the ADMET (Adsorption, dis-
tribution, metabolism, excretion, and toxicity) parameters (Table 2) 
show that the MLEPs nutraceuticals hada high probability of being 
absorbed and bioavailable.

4  |  CONCLUSION

In this research, the release and intestinal absorption mechanisms 
of nutraceuticals from mulberry leaf extract encapsulated with 
diverse techniques were investigated using an in vitro stimulated 
digestion. The mathematical analysis of release models of nutraceu-
ticals from different modalities has evidenced that carrier material 

F I G U R E  1 Bioavailability	radar	and	prediction	of	passive	human	oral-	gastrointestinal	digestion	of	nutraceuticals	from	mulberry	leaf	extract	
powders via boiled- egg model. CA, caffeic acid; CHA, chlorogenic acid; DNJ, 1- deoxynojirimycin; FL, flexibility; GABA, gamma- aminobutyric acid; 
IN, solubility; IS, saturation; K3G, kaempferol- 3- glucoside; K3M, kaempferol- 3- (6- malonylglucoside); K3R, kaempferol- 3- (6- rhamnosylglucoside); 
K7G- kaempferol- 7- O- glucoside; LP, lipophilicity; PO, polarity; Q3G, quercetin- 3- O- glucoside; Q3M, quercetin- 3- (6- malonylglucoside); Q3R, 
quercetin- 3- rutinose; SZ, size; TPSA, topological polar surface area; WLOG, wildman and crippen atomistic method score
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was the main parameter that significantly impact the freeing of 
nutraceuticals. Albeit diffusion, erosion, and diffusion mechanisms 
could coexist for the controlled release of mulberry leaf nutraceu-
ticals, the Korsmeyer- Peppas model suggested that mulberry leaf 
nutraceuticals release was mainly controlled by pseudo- Fickian dif-
fusion (for the unencapsulated sample at gastric phase), Fickian dif-
fusion (for samples encapsulated with maltodextrin at the gastric 
and intestinal phase), non- Fickian diffusion (for the unencapsulated 
sample at intestinal stage and samples encapsulated with sodium 
carboxymethyl cellulose at gastric phase), and case II transport (for 
samples encapsulated with sodium carboxymethyl cellulose at in-
testinal phase). The Permeability assays conducted in everted rat 
sacs revealed that encapsulation decreased the apparent perme-
ability coefficient of nutraceuticals from mulberry leaf extract. 
Furthermore, the apparent permeability coefficient crossing the 
everted gut sac of nutraceuticals was higher in encapsulated sam-
ples with maltodextrin than those entrapped with CMC, as well as 
spray dry samples than those of freeze- dry samples.

The information gained in this study gives insight into the ef-
fect of encapsulation techniques on the nutraceuticals release and 
their intestinal permeability, which are a pivotal factor of systemic 
absorption, which allow us to better assess the potential of encapsu-
lated leaf extract as a functional food ingredient.
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