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a b s t r a c t 

In past decades, alginate-based multilayer microcapsules have been given important atten- 

tion in various pharmaceutical investigations. Alginate-poly l lysine-alginate (APA) is stud- 

ied the most. Due to the similarity between the structure of polyethyleneimine (PEI) and 

poly-L-lysine (PLL) and also lower price of PEI than PLL, this study was conducted to com- 

pare the efficacy of linear (LPEI) and branch (BPEI) forms of PEI with PLL as covering layers 

in fabrication of microcapsules. The microcapsules were fabricated using electrostatic bead 

generator and their shape/size, surface roughness, mechanical strength, and interlayer in- 

teractions were also investigated using optical microscopy, AFM, explosion test and FTIR, 

respectively. Furthermore, cytotoxicity was evaluated by comparing the two anionic final 

covering layers alginate (Alg) and sodium cellulose sulphate (NCS) using MTT test. BPEI was 

excluded from the rest of the study due to its less capacity to strengthen the microcapsules 

and also the aggregation of the resultant alginate-BPEI-alginate microcapsules, while LPEI 

showed properties similar to PLL. MTT test also showed that NCS has no superiority over Alg 

as final covering layer. Therefore, it is concluded that, LPEI could be considered as a more 

cost effective alternative to PLL and a promising subject for future studies. 

© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

 

 

 

 

 

 

 

1. Introduction 

Since the last century, design and fabrication of alginate mi-
crocapsules is considered to be an interesting method to en-
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Fig. 1 – Structure of alginic acid and egg-box model 
(Reproduced with permission from [51] . Copyright 2002 
John Wiley and Sons). 

Fig. 2 – Structure of PEI; up, linear, down, branched 

(Reproduced with permission from [52] . Copyright 2008 
Elsevier B.V.). 
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olatile or hygroscope drugs or immunoisolation of live 
ells [ 1–5 ]. 

Different categories of materials are used as building 
nits of microcapsules, namely, carbohydrates (carrageenan,
garose, gellan gum, alginate, chitosan, and hyaluronic acid),
roteins (gelatin, collagen, fibrin, and elastin), and syn- 
hetic polymers (poly hydroxyl ethyl methacrylate-methyl 

ethacrylate and poly acrylonitrile-co-polyethylene glycol).
mong natural materials, alginic acid has been the most used,
ecause of its high biocompatibility, mild production pro- 
esses, high gel-forming capacity, and safe in vivo properties.
lginate is a poly anionic linear polysaccharide made from 

esidues of β-D mannuronic acid and α-L guluronic acid which 

ccur in blocks (M blocks and G blocks) and in less regularly 
istributed mixed region. It is obtained from different types 
f brown seaweed and also produced by two types of bacteria 

Pseudomonas and Azotobacter) [6] . 
Capsule-making materials should be able to imitate the 

xtracellular matrix properties and their preparing process 
hould be mild and live cells compatible. Hydrogels are 
xtremely hydrated hydrophilic polymers [6,7] . Interaction 

mong multivalent cations, such as Ca 2 + , Sr 2 + , Ba 2 + , and al- 
inic acid is known as the mechanism of alginate hydrogel 
roduction. These ionic interactions lead to the formation 

f interchains bridges between alginate chains and produc- 
ion of cross-linked hydrogel; this structure is called egg-box 
 Fig. 1 ) [8–11] 

In order to improve the mechanical stability [12,13] , re- 
uction of pore size and prevention of alginate microcap- 
ules from being solubilized, covering of microcapsules with 

 cationic layer such as PLL [14] , PLO [15] , chitosan [16] , etc., is
ecommended. However, till date, despite lots of studies, sci- 
ntists were unable to come to a conclusion on which cation 

s the best option for covering the alginate microcapsules 
17] . 

PLL is a homopolymer composed of l -lysine, a cationic 
mino acid. It contains lots of primary amines which in pro- 
onated form are capable of forming electrostatic interactions 
ith anionic sites [18–20] . Since cytotoxicity and inflamma- 

ory effects of positive charge on biological systems have been 

roven, there is therefore a great concern among scientists 
bout covering the unbounded part of PLL; therefore, using an- 
ther anionic layer (e.g. alginate) to cover the positive charge 
f PLL has been suggested. As such, APA microcapsules have 
een fabricated [21–26] . 

From the beginning of the multilayer microcapsules’ devel- 
pment, APA has been used in achieving very different goals 
s described earlier. Even though few studies have introduced 

ther cationic polymers (e.g. PLO) and their preferences to- 
ard PLL [27] , there are more studies which supported PLL 

gainst other cationic materials [28] . However, PLL is still stud- 
ed and used the most, because there is a long history of re- 
earch behind it. 

Polyethylene imine is a cationic polymer which is com- 
ared a lot with PLL, mostly in the field of gene delivery and 

as shown higher efficiency than PLL in that area [29] . In 

ts structure, one in every third atom is an amino nitrogen 

hich could be protonated and interacted with negative ions 
30] . Two common structures of PEI are BPEI and LBPEI forms 
 Fig. 2 ) and they are synthesized through acidic polymeriza- 
ion of aziridine and cationic ring-opening polymerization of 
thyl oxazoline, followed by acidic hydrolysis of the corre- 
ponding substituted polyamine, respectively. The physical 
orm of BPEI is liquid while that of the LPEI is solid in room
emperature [31–33] . 

Different types of techniques are being used for the fab- 
ication of microcapsules; but the desired characteristics of 

icrocapsules dictate the method to be used. In this study,
lectrostatic bead generator was used to fabricate the micro- 
apsules. 

Complete coverage of positive charges on cationic poly- 
ers could be achieved using materials with higher anionic 

harge density like sulphate ion [34] . In this study, in order to
nvestigate this, the efficiency of two anionic polymers, alginic 
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Fig. 3 – Schematic of electrostatic bead generator used for 
fabrication of alginate microcapsules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

acid and NCS, as final covering layers was compared to see if
the induced cytotoxicity would change or not. NCS, an anionic
derivative of cellulose is a biocompatible and nontoxic com-
pound, which causes no inflammatory responses and is stable
in physiologic condition [35,36] . 

According to the literature, PLL is the most used polycation
in fabrication of multilayer microcapsules due to its desirable
properties. Since there is a good similarity between the struc-
ture of PEI (especially LPEI) and PLL, it could be assumed that,
these two polymers would show similar properties in cover-
ing of microcapsules. To the best of our knowledge, there has
not been a thorough comparison between these polymers as
covering layers of microcapsules. Therefore, considering the
lower cost of PEI, the aim of this study was to investigate PEI as
a potential alternative to PLL. Comprehensive comparison was
made in terms of shape, size, surface morphology, mechanical
stability, cytotoxicity, and long-term ( in vitro ) stability. 

2. Materials and methods 

2.1. Materials 

High G content alginic acid (MW, 100 000–200 000, G content,
70%), calcium chloride, branched and linear PEI (M n ∼10 000),
PLL (MW 70 000–150 000, 0.01%), HEPES, MTT reagent, and
DMSO were purchased from Sigma-Aldrich (USA). Cell culture
media (RPMI), antibiotic solution of penicillin/streptomycin,
and trypsin 10X were obtained from Biosera Co. (England). Fe-
tal bovine serum was purchased from Gibco Co. (USA). HepG 2

cell line (NCBI Code: C158) was obtained from Pasteur Institute
of Iran. 

2.2. Fabrication of the multilayer alginate microcapsules 

The alginate microcapsules were fabricated using electro-
static bead generator, according to a three-step procedure.
Briefly as shown schematically in Fig. 3 , the device established
electrostatic potential of 10 kV between the needle feeding the
alginate solution and the surface of CaCl 2 (120 mM) solution,
as cross-linker. Sterile alginate solution (5 ml) with concentra-
tion of 1%, 1.5%, 2% or 2.5% was dropped into the CaCl 2 . The
distance between the needle and surface of the CaCl 2 solution
in a beaker was approximately 4 to 5 cm and alginate solution
was pumped into the CaCl 2 solution with a rate of 10 ml/h. The
Ca-alg microcapsules were allowed to harden in the CaCl 2 so-
lution for 15 min while magnetically stirred. In the next step,
to form the microcapsules coating layers, the Ca-alg micro-
capsules were successively incubated in a cationic solution
(PLL, BPEI or LPEI) with different concentrations (0.01%, 0.03%
or 0.06%) for 5 min, then rinsed with a saline solution and in-
cubated in 0.2% alginate or NCS solution for 5 min. It should be
noted that NCS solution was used as the final coating layer of
the microcapsules only after selection of the suitable cationic
polymers. Finally, microcapsules were filtered and kept for fur-
ther investigations. Alginate and the other polymers were dis-
solved in a solution, pH 7.2 to 7.4, containing 0.9% NaCl and
0.24% HEPES. Except otherwise stated, all the concentrations
are shown in percentage of weight to volume (W/V). All solu-
tions were kept at 4 °C until they were used [37] . Alginate and
cationic polymer solutions were sterilized by filter 0.22 μm,
CaCl 2 and NaCl/HEPES via autoclave. 

2.3. Evaluation of the microcapsules 

2.3.1. Shape and size 
Shape and size of the microcapsules were evaluated using in-
verted microscope (OPTIKA, XDS-2FL) equipped with a digi-
tal camera. To do this, microcapsules from each batch were
placed in a plate and observed under the microscope at 4X
magnification. The program installed on the camera mea-
sured the microcapsules diameter through three points on
their perimeter. The diameter (μm) of 30 microcapsules per
batch was assessed in each experiment. All the experiments
were done three times and the results were reported as
mean ± SD [38] . 

2.3.2. FTIR studies 
FTIR studies were conducted to investigate the interactions
of different cationic layers with alginate layer in ALA, ABA,
and APA microcapsules. FTIR spectra of the microcapsules
were recorded in a FTIR spectrometer (Jasco-FTIR, model 8300,
Japan) between 4000 and 400 cm 

–1 and scanning speed of
2 mm/s. A fixed amount of sample was mixed with dry potas-
sium bromide and ground into a fine powder, and then it
was compressed into a KBr disk by applying a pressure of
300 kg/cm 

2 with a hydraulic press [39] . 

2.3.3. Mechanical stability 
The mechanical stability of the microcapsules was evalu-
ated using explosion test. In this assay, different types of mi-
crocapsules (ALA 0.01% 

, ALA 0.03% 

, ALA 0.06% 

, ABA 0.01% 

, ABA 0.03% 

,
ABA 0.06% 

, APA 0.01% 

, APA 0.03% 

, and APA 0.06%, where subscripts
indicate the cationic layer concentration) were suspended
in DI water and incubated in shaker incubator (JAL TAJHIZ
LABTECH, JTSDL40), at 37 °C and 60 rpm for 24 h. The size of hy-
drogel microcapsules will increase as a result of water uptake
in contact with hypo osmotic medium. After incubation, the
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mount of size growth ( Eq. 1 ) and also the number of broken 

icrocapsules in ten randomly selected microcapsules were 
easured. The lower the increase in the size of the micro- 

apsules, the higher the mechanical stability [28] . Each exper- 
ment was done three times and the results were reported as 

ean ± SD. 

ize growth ( % ) = ( D − D 0 / D 0 ) × 100% (1) 

here, D 0 is the initial size of the microcapsules and D is the 
ize of the microcapsules after 24 h incubation in DI water. 

.3.4. Surface roughness 
he surface roughness of microcapsules is one of the in- 
uential factors in their in-vivo effectiveness. The more the 
urface roughness is the more the accumulation of immune 
ells. Quantitative analysis of surface roughness of the micro- 
apsules was carried out by AFM, using NanoWizard II (JPK- 
ermany) apparatus, operating in the intermittent contact 
ode at room temperature. One of the most common param- 

ter to report the surface roughness is Peak-to-Valley. It de- 
cribes the distance between the lowest valley and the highest 
eak on the measured surface [40] . Peak to valley was mea- 
ured using JPK data processing program. 

In order to prepare the samples, the microcapsules were 
ashed with 0.9% NaCl solution, filtered, and dried on a glass 
late at 37 °C. Then, the glass plate was transferred directly 
nto the AFM platform for imaging. Three images from each 

ample were taken and analyzed and the results were re- 
orted as mean ± SD. 

.3.5. Long-term stability 
ong-term stability is considered as one of the most important 
arameter in the design and fabrication of various delivery 
ystems based on the aim and route of administration. Since 
he ion composition in the medium strongly affects the main- 
enance of polyelectrolyte complexes and as a consequence 
n stability of microcapsules, therefore, long-term stability of 
he multilayer microcapsules was investigated in 0.9% NaCl 
t two temperature conditions: 2 to 8 °C and also in 37 °C [41] .
icrocapsules were transferred into two plates 12-well and 

 ml of saline was added to each well. One plate was kept at 
 to 8 °C and the other one kept at 37 °C. Size and integrity of
he microcapsules were monitored weekly, using inverted mi- 
roscope while the saline solution was changed every second 

ay. 

.3.6. Cytotoxicity 
ytotoxicity of different multilayer microcapsules was evalu- 
ted using colorimetric MTT assay on HepG 2 cell line. Briefly,
5 000 cells/well in plate 96-well were seeded. The cells were 
ncubated at 37 °C, 5% CO 2 concentration, and 95% relative hu- 

idity (RH), for 24 h. After the incubation, cells were treated 

sing different types of microcapsules for 24 h, except one 
olumn as control. After the treatment, microcapsules were 
emoved and cells were washed with PBS, then 20 μl MTT 

eagent (5 mg/ml) was added to each well and plate was 
overed with aluminum foil and was kept in incubator for 
 h. Then, MTT reagent was removed and 200 μl DMSO was 
dded to each well. The plate was kept in a dark environ- 
ent for about 30 min. Color intensity was read using ELISA 

late reader (SYNERGY, BioTek, USA) at 580 nm. The percent- 
ge of cell viability was calculated using Eq. 2 [42] . MTT exper-
ment was done three times and the results were reported as 

ean ± SD. 

el l viabil it y ( % ) = ( MeanOD/Cont rol OD ) × 100% (2) 

here Mean OD is the average OD for each column in relation 

o each type of microcapsule and Control OD is the average OD 

or the control column. 

.3.7. Statistical analysis 
he statistical analysis was performed using SPSS version 

7.0. One-way analysis of variance (ANOVA) and post-hoc 
ukey test were used to investigate the differences between 

roups. Differences were considered significant when P < 0.05 .

. Results and discussion 

.1. Fabrication of the alginate microcapsules 

lginate solution has been used in many studies frequently 
ith concentration of 1% to 3%. The optimum concentration 

f alginate solution was selected from 1%, 1.5%, 2% or 2.5%, ac- 
ording to the shape and size of the resultant microcapsules.
s shown in Fig. 4 by applying alginate solution 1% irregular- 
haped and loose microcapsules were fabricated while 1.5% 

nd 2% alginate solutions led to the fabrication of the micro- 
apsules with similar shape and size. The use of 2.5% alginate 
olution caused needle to clog. Since the strength of the mi- 
rocapsules is directly related to the concentration of the algi- 
ate solution, that is, between 1.5% and 2%, the latter one was 
elected for fabrication of the microcapsules. 

.2. Evaluation of the microcapsules 

.2.1. Shape and size 
ifferent types and concentrations of cationic polymers (PLL,
PEI, and LPEI) have different effect on the properties of the 
icrocapsules. As shown in Fig. 5 the application of PLL and 

PEI in all the three concentrations: 0.01%, 0.03% and 0.06% re- 
ulted in spherical and separated microcapsules, while coat- 
ng by BPEI led to the formation of the undesirable and aggre- 
ated microcapsules. Since BPEI contrary to PLL and LPEI has 
ranched structure, aggregated ABA microcapsules could be 
ormed as a result of the interactions between several posi- 
ive charges on the side chains of BPEI in one microcapsule 
nd negative charges of close microcapsules and as a result of 
his, the nearby microcapsules would be stuck together. 

Evaluation of 30 microcapsules per each batch showed 

hat the diameter of the single layer microcapsules was 
91.32 ± 5.87 μm. As shown in Table 1 the size of different 
ultilayer microcapsules was measured between 500 and 

000 μm. For each certain cationic polymer, applying the high- 
st concentration resulted in the smallest microcapsules. This 
hows that the higher the concentration of cationic polymers,
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Fig. 4 – Microscopic images of alginate microcapsules made from different concentrations of alginate solution. (A) 1%, 
(B) 1.5%, and (C) 2% (magnification, 4 ×). 

Fig. 5 – Different appearance of microcapsules as a result of the application of different cationic polymers. (A) ABA, (B) ALA, 
and (C) APA(magnification, 4 ×). 

Table 1 – The size distribution (μm) of different types of 
microcapsules. 

Type of microcapsule Size range (μM) 

ABA 0.06 
∗ 520–600 

ABA 0.03 650–760 
ABA 0.01 700–780 
ALA 0.06 630–750 
ALA 0.03 850–900 
ALA 0.01 850–1000 
APA 0.06 600–730 
APA 0.03 770–850 
APA 0.01 840–900 

∗ Subscripts indicate the cationic layer concentration (%, w/v). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the more rigid the microcapsules that will be produced and
this could withstand the size growth more strongly during
coating process. Hyun Joon [43] came up with the same con-
clusion that the application of higher concentration of PEI
leads to hydrogels with higher elastic moduli. 

Since, all the microcapsules showed spherical shape with
a narrow size distribution of less than 10% CV, reproducibility
of our fabrication method was proven. 

3.2.2. FTIR studies 
In order to improve the microcapsules strength, cationic lay-
ers were used to cover them by ionic interaction between their
protonated amine and carboxylic groups of alginate microcap-
sules. Fig. 6 shows the FTIR spectrum of the different multi-
layer microcapsules. The FTIR results were in complete agree-
ment with Tam and Susan [44] ; there are absorbance bands
in these spectrums which are related to alginate: broad peak
near 3300 cm 

−1 shows the stretching vibrations of hydrogen-
bonded OH groups; two peaks near 1412 and 1592 cm 

−1 show
the symmetric and asymmetric stretching vibrations of the
coo-, respectively. There are also three peaks in the 1100 to
940 cm 

−1 region, showing various vibrations of the carbo-
hydrate ring. Aside the alginate related bands, all the three
spectrums show a small peak, near 3000 cm 

−1 that is re-
lated to Amide band. The similarity of the spectrums in Fig.
6 shows that the between layer interactions of these micro-
capsule are the same as each other. In other word, BPEI, LPEI,
and PLL interacted with alginate microcapsules in the same
way. 

3.2.3. Mechanical stability 
The mechanical stability of the microcapsules covered with
different concentrations of PLL, BPEI or LPEI was investigated
using explosion test. As stated earlier, more stable microcap-
sules will show less size growth. Results of size growth evalua-
tion in the microcapsules in Fig. 7 showed that increasing the
concentration of cationic polymers from 0.01% to 0.06%, led
to the higher mechanical stability in the microcapsules [45–
47] . However, as shown in Fig. 7 the difference between the
efficiency of different concentrations in covering of the mi-
crocapsules is significant only for BPEI ( P < 0.05), but it is not
significant for LPEI and PLL. This could be due to the spa-
tial limitation in branched structure of BPEI to interact prop-
erly with anionic sites of the microcapsules. This limita-
tion is significant when low concentrations of BPEI (0.01%
and 0.03%) were used, while when the highest concentration
(0.06%) is used, this limitation is not an issue anymore, and



100 Asian Journal of Pharmaceutical Sciences 15 (2020) 95–103 

Fig. 6 – FTIR spectra of multilayer microcapsules, (A) ABA, (B) ALA and (C) APA. 

Fig. 7 – Microcapsules size growth (%), after explosion test. 
Comparison of different types and concentrations of 
cationic polymers ( ∗P < 0.05, n = 3). 
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n this concentration, the positive charge density is enough to 
nteract with carboxylic groups as linear polymers; LPEI and 

LL. Hyun [43] , reported similar idea about limited mobility 
f high MW PEI which resulted in incomplete interaction be- 
ween cationic amine and alginate carboxylic groups. In an- 
ther study, Darrabi et al. [27] reported that polymer with 
Fig. 8 – Microscopic images of multilayer microcapsules
horter structure could cover the microcapsules better than 

olymer with longer chain structure. 
According to the present results, it could be concluded that,

he concentration of 0.06% would be better as compared to 
ower concentrations, since it leads to the fabrication of the 
maller and spherical microcapsules. The explosion test also 
howed that LPEI and PLL display similar mechanical stabil- 
ty in each of the three concentrations ( P > 0.05), due to their
imilar conformation which resulted in the same interactions.
n addition, during the explosion test, no broken capsule was 
ound in ALA and APA microcapsules and all of them re- 

ained intact, while some ABA microcapsules revealed some 
rregularity in their shape and were ruptured ( Fig. 8 ). Finally,
mongst the three polycations, BPEI was abandoned from the 
est of the study due to its less efficiency as compared to LPEI
nd PLL as a covering layer when used in low and middle con-
entrations and also production of undesirable aggregated mi- 
rocapsules when used in high concentration. 

.2.4. Cytotoxicity test 
ince the cytotoxicity of positive charges of carriers on biolog- 

cal systems is proven, covering of the alginate microcapsules 
ith an anionic layer following by the cationic layering is 

uggested. To investigate the effect of anionic charge density 
n the layering efficiency, the cytotoxicity of the micro- 
apsules covered with alginate or NCS as final layers, was 
. (A) ABA, (B) ALA and (C) APA (magnification, 4 ×). 
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Fig. 9 – Size growth in different types of microcapsules. Incubation temperature, (A) 2 to 8 °C and (B) 37 °C (mean ± SD, n = 3). 

Table 2 – Percentage of cell (HepG2) viability after expo- 
sure to ALA, ALN, APA and APN ( P > 0.05) (mean ± SD, 
n = 3). 

Cell viabili (%) Type of microcaps 

ALA 73.36 ± 6.18 
ALN 88.33 ± 4.99 
APA 80.02 ± 15.73 
APN 75.44 ± 6.23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

evaluated using MTT assay on HepG 2 cell line. Table 2 shows
the quantitative values of cell viability. According to Inter-
national Organization for Standardization (ISO), decrease in
cell viability by 30%, might mean that the material could be
considered toxic and hence not biocompatible [48] . The MTT
result showed that NCS and alginate showed similar effi-
ciency in the covering of un-bounded positively-charged sites
( P > 0.05). Since all the reported cell viability values are more
Fig. 10 – Microscopic images of the multilayer microcapsules. Up
fabrication, lower panel shows the microcapsules after incubatio
(D) APN (magnification, 4 ×). Black spots in B and D series are NC
than 70%, all the different types of microcapsules: ALA, ALN,
APA, and APN, were considered safe and therefore can further
be studied for their in vivo applications. This is in line with
Jinchen et al. [49] who announced that in vitro cytotoxicity
evaluation of alginate based microcapsules showed negligible
toxicity. Since, NCS showed similar result to the alginate, it
has been involved in the remaining steps of study for further
investigations. 

3.2.5. Surface roughness 
Surface roughness of microcapsules is an important factor in
their in vivo effectiveness. As stated by Genaro Alberto Paredes
Juárez [50] , one of the most important factors to be considered
in the design of safe and biocompatible systems is to fabricate
smooth surfaces which do not cause immune cells adhesion
and activation. Therefore, surface roughness of ALA, APA, ALN,
APN, and Ca-alg microcapsules was considered as an impor-
tant parameter to be compared. 

As earlier stated, P/V, has been used as a parameter to eval-
uate the microcapsules surface roughness. Table 3 shows the
per panel shows the microcapsules at the day of 
n for 49 days in 0.9% NaCl. (A) ALA, (B) ALN, (C) APA and 

S precipitates. 
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Table 3 – Peak to valley measurement in different types 
of microcapsules ( P > 0.05) (mean ± SD, n = 3). 

Type of microcapsule P/V (MM) 

ALA 0.35 ± 0.03 
ALN 0.12 ± 0.04 
APA 0.22 ± 0.12 
APN 0.18 ± 0.03 
CA-ALG 0.45 ± 0.18 
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[

alues obtained from P/V measurement. The surface rough- 
ess between the different types of microcapsules is not sta- 

istically different ( P > 0.05). 

.2.6. Long-term stability 
ince the maintenance of polyelectrolyte complexes in mul- 
ilayer microcapsules is strongly affected by the ion compo- 
ition in the medium, therefore, the stability of the micro- 
apsules in 0.9% NaCl was investigated. Fig. 9 A, shows that 
he size of all the different types of microcapsules gradually 
ncreased up to the 6 th week and then the plateau could be 
een in the following days. Fig. 10 shows that the microcap- 
ules were stable in NaCl medium in 7 weeks, as they all re- 
ained intact. It could be concluded that different types of 

hese microcapsules showed similar and suitable long-term 

tability properties in both temperature conditions ( Fig. 9 A 

nd 9 B). 

. Conclusion 

he comparison between three cationic polymers: LPEI, BPEI 
nd PLL, as covering layers of alginate microcapsules through 

he evaluation of the shape, size, and mechanical stability of 
he microcapsules led to the exclusion of BPEI from the rest 
f the study owing to the formation of the undesirable, ag- 
regated, and looser ABA microcapsules. It seems that simi- 
ar and linear structure of LPEI and PLL led to the similar in- 
eraction with alginate and consequently similar behavior in 

overing of the microcapsules. Investigation of the microcap- 
ules cytotoxicity using MTT test showed that NCS and Alg be- 
aved similarly in covering of the positive surface charges of 

he microcapsules and the cell viability post exposure to ALA,
PA, ALN, and APN was not significantly different. At different 
teps of this research, such as surface roughness study, long- 
erm stability investigation, and cytotoxicity evaluation, NCS 
howed no superiority over alginate and it is also more costly 
han alginate, therefore, it does not seem logical to use it as 
he final covering layer. These microcapsules could be used as 
arrier systems in different areas depending on the encapsu- 
ated substance. It may be concluded that ALA showed similar 
n vitro properties to APA and could be considered as the more 
ost-effective alternative to APA and also a subject for further 
esearch in future studies. 
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