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Abstract The application of protein-based drugs in oral
delivery system is limited due to the harsh environment of
the gastrointestinal (GI) tract. Herein, a pH-responsive
nano-sized complex with chitosan (CH) and alginate (AL)
was fabricated without cross-linker as an oral vehicle for
bursting release of protein at the target location to enhance
the efficacy. Using bovine serum albumin (BSA) as a model
cargo protein, four optimized complexation processes
(LG1, LG2, LG3, and LG4) were selected by changes of
variables (total concentration (TC), the ratio of CH to AL
(CH/AL, w/w), and mixing time (MT)) and further
modifications using encapsulation efficiency and complex
size. Size, (-potential, morphology, BSA release, and
swelling degrees of the complexes were evaluated under
simulated gastrointestinal conditions (pH 2.0 and 7.4). LG1
and LG4 completely retained BSA in complexes at pH 2.0
after 2 h (BSA release percentage is 0%) and exhibited
bursting release at pH 7.4 after 1 h (84.03 and 67.59%,
respectively). Low absolute (-potential value (about 10 mV),
large size (over 10000 nm) and polymer morphology
demonstrated that the pH-responsive complexes inhibited
protein release at pH 2.0 through the molecule-molecule
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aggregation. Relatively high absolute (-potential value
(about 45mV), ideal swelling ability (around 2), and
polymer morphology revealed that the complex promoted
the release at 7.4 through both micro- and macroscale
swelling. Results demonstrate that the CH-BSA-AL complex
through LG4 has a potential for administering protein-
based drugs or vaccines orally due to its highest effective
dose (78.78 pg/mL).

Keywords: low molecular chitosan, alginate, complex,
bursting release, degree of swelling

1. Introduction

The protein-based drugs play an important role in the
pharmaceutical industry, especially in novel therapies. The
U.S Food and Drug Administration (FDA) center has
approved 239 therapeutic peptides and proteins [1]. The
main classes include monoclonal antibodies, coagulation
factors, replacement enzymes, fusion proteins, hormones,
growth factors, and plasma proteins. These proteins are
applied to a wide variety of therapeutic areas, such as cancers,
cardiovascular diseases, genetic disorders, inflammation,
infectious, and metabolic diseases, efc. [2]. In practical
applications, a large proportion of protein-based drugs are
administered parenterally (intravenous, subcutaneous, or
intramuscular injections) because of highly bioavailable
[3]. However, its poor compliance [4,5], severe issues at
the injection site (allergic reaction [6] and cutaneous
infections [7]), requirements for professional administration
[8] limits its widespread use.

Oral delivery systems have received significant attentions
because of their low costs, easy administration, effective
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mucosal immunities, and low professional requirements
[9,10]. Although oral delivery systems have been well used
for small molecule drugs, the biopharmaceuticals with
large molecular weight of protein or peptide medicines
have been rarely chosen. The bioavailability of protein-
based drugs via oral administration was very low (0.1-1%)
due to the harsh gastrointestinal tract [11,12]. Since
proteins are easily denatured or unfolded upon deviating
from neutral pH, the strong acid stomach condition (pH
1.0-2.0) readily causes proteolytic breakdown before proteins
reach a circulation system through the small intestine (pH
7.4) [13]. It is therefore necessary to develop drug delivery
systems to protect oral administration of protein-based
drugs. Micro-and nanoparticles have been studied extensively
as delivery carriers for protein-based drugs such as virus-
like particles loaded with HPV [14], HIV [15], and HIN1
[16]; liposomes (non-viral lipids) of loading circumsporozoite
(malaria) [17] and CtUBE fusion peptide [18]; polymeric
particle of loading docetaxel and hepatitis B [19,20]. It is
considered advantageous to include natural hydrophilic
polycolloids in the design of wall materials because of their
biocompatibilities, biodegradability, and good drug-loading
capacities [21].

Chitosan (CH) is a cationic linear polymeric polysaccharide
containing an amino group, which is mainly found in fungi,
molluscs, and insects. CH has been considered as a competent
carrier of oral protein drugs because of biocompatible [22],
biodegradable [22], and muco-adhesiveness in specific
regions [23-25]. The pH sensitivity of CH that is easily
soluble at acidic pH, whereas insoluble in neutral pH is
provided by the large number of amino groups on its chain,
which is responsible for effective gastric drug delivery
[26]. However, this property is limited to the intestinal drug
delivery because the CH-loaded protein is denatured as the
CH matrix dissolves under acidic conditions. Alginate
(AL) is a water-soluble linear polysaccharide composed of
a-L-guluronic (G-block) and B-D-mannuronic (M-block)
acid residues [26]. The structure and molecular weight of
AL provide the physical properties of biocompatibility [27]
and bio-adhesiveness [28]. The pH sensitivity of AL that
shrinks under acidic pH, whereas swells at neutral [29] is
the main advantage as an oral drug delivery system.
However, the AL-entrapped protein may be denatured
because of the proteolytic enzymes that result in rapid
dissolution of AL in an alkaline environment. The
complementary biological characteristics of CH and AL
makes their combined use widespread in oral delivery
systems [30-33]. Bovine serum albumin (BSA) has been
widely used as a model protein in the research of protein
drug delivery systems owing to its high purity, water-
solubility, and low cost [34-37].

Studies on BSA-loaded CH/AL complexes have almost

entirely dedicated to slowing the release with approximately
25% of BSA release after 12 h at pH 7.4 [38], also controlling
release with up to ten days of low BSA percentage [39] for
minimizing undesirable side effects. However, when the
host is non-human, such as poultry, the drug was allowed
to remain in the gastric tract for 2 h [35] and the small
intestinal tract for 4 h [40]. The oral delivery system described
above apparently causes the drug to be eliminated from the
host before release from complex. However, research on
the fabrication of CH/AL complexes with bursting release
in the small intestine have rarely been reported.

In this study, we fabricated nanometer-sized biocompatible
polysaccharide complexes through the optimized molecule-
molecule complexation process and investigated their
physicochemical characterization, encapsulation efficiency,
pH-responsible and swelling degree. This study presents a
promising oral delivery system with bursting release of
protein-based drugs or vaccines using BSA as a model
protein cargo encapsulated through the complexation with
CH and AL.

2. Materials and Methods

2.1. Materials

BSA (water-soluble, 40 mg/mL), CH (molecular weight
90~150 kDa), low molecular chitosan (molecular weight
40~50 kDa), AL from brown algae, NaH,PO,, Na,HPO,,
and KCl were purchased from Sigma-Aldrich, USA.
Acetic acid (99.5%) and HCI (35.0-37.0%) were purchased
from Samchun Chemical, Korea. All chemicals were of
analytical grade.

2.2. Experimental design

An orthogonal test of three factors and three levels with
encapsulation efficiency (EE) and size as response values
was designed to evaluate the effect of total concentration
(TC), ratio of CH to AL (w/w), and mixing time (MT) on
the formation of the complexes. The coded form of the
design matrix is summarized in Table 1. MT indicates the
time to continue stirring after each component has been
mixed. The MT of the G1, 0 h means that the preparation
was immediately terminated as soon as each component
(CH, BSA, and AL) was mixed without further agitation.

Table 1. Factors and levels implemented for CH-BSA-AL complex
formation

Ez‘;teolrss TC (%)  CH/AL (wiw)  MT (h)
T 0.08 2080 0
2 0.4 40:60 6
3 08 70:30 12
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2.3. Preparation of CH-BSA-AL complexes

First, CH and AL were dissolved in acetic acid (20 mM)
and distilled water, respectively. Thereafter, their solutions
were shaken overnight at room temperature to obtain fully
dissolved solution stocks. BSA was dissolved in distilled
water to obtain a 100 pg/mL solution. Next, 2 mL of the
BSA solution was added dropwise into 9 mL of the AL
solution at a rate of 0.07 mL/min with continuous stirring
(300-350 rpm). Thereafter, the complex mixture (BSA-
AL) was added dropwise into CH solution at a rate of
0.33 mL/min with continuous stirring (300-350 rpm). The
height of the syringe from the bottom of the beaker was
approximately 15 cm. The resulting solution was centrifuged
at 4,500 rpm for 20 min at 25°C, and then the supernatant
was discarded. Thereafter the pellet was dried in an oven
(60°C) approximately 2 h to remove the residual solvent on
the surface (Fig. 1). The resulting substance was the CH-
BSA-AL complex that was used in this study.

2.4. Determination of BSA encapsulation efficiency (EE)
One milliliter of CH-BSA-AL complex solution was
centrifuged (15,000 rpm, 20 min, 4°C) before drying. The
EE was determined indirectly by measuring the free BSA
concentration in the supernatant. The BSA concentration
was measured using a Pierce BCA protein assay kit [41]
(Thermo Fisher Scientific Co. Ltd., USA). First, 25 pL of
a supernatant was added to 200 pL. working reagents
solution (Reagent A contained sodium carbonate, sodium
bicarbonate, bicinchoninic acid, and sodium tartrate in 0.1 M
sodium hydroxide. Reagent B contained BSA at 2 mg/mL
in 0.9% saline and 0.05% sodium azide) and incubated at
60°C for 30 min. Afterward, absorbance was detected at
562 nm using a microplate reader. The concentration of

BSA in supernatant was calculated using a standard curve.
The formula for calculating the EE is as follow:

Total concentration of BSA (100 pg/mL)
—BSA concentration in supernatant

EE (%)=
%) Total concentration of BSA (100 pg/mL)X

100
M

2.5. Determination of the characteristics of CH-BSA-
AL complex

Physicochemical characterization of CH-BSA-AL nano-
complexes was based on their size, polymer disperse index
(PDI), and C-potential. These properties were determined
using a Zetasizer Nano ZS (Malvern Panalytical Co. Ltd.,
USA) that utilizes dynamic light scattering (DLS). All
measurements were performed at the refractive index of
1.330 (25°C). Each sample was tested at least three times.
The morphologies of the complexes were observed by
scanning electron microscopy (SEM). The complex solution
was poured on a cover slide (2 x 2 cm?) and placed in an
oven (70°C) to dry completely before observation. The
morphology was observed under the Hitachi SU8010 SEM
(Hitachi, Co. Ltd., Japan) operated at 5.0kV.

2.6. BSA release

We investigated the BSA release in the simulated GI
conditions (pH 2.0 and pH 7.4) according to the following
procedures (Fig. S1). First, the dried complex was
resuspended in a HCI-KCI buffer (20 mM, pH 2.0) and
incubated in a shaking incubator (220 rpm, 37°C) for 2 h.
Thereafter, the solution was centrifuged (4500 rpm, 20 min),
and then the pellet was resuspended in a phosphate buffer
solution (PBS) (20 mM, pH 7.4) for 4 h. At the indicated

BSA AL o AL A BSA-AL ©&Leny CH
solution &2 solution * - - mixture OGOCOY solution
|S_\'1'111_nc pump | | l [ -
Syringe pump v
Flow rate: 0.07 mL/min = = el
Flow rate: 0.07 mL/min
300-350 -
o 300-350 rpm
BSA-AL-CH
il Pellet Oven BSA-loaded
’ CH/AL complex
Centrifugation | i AWV
== — . . T —_— EY/s /0
4500 rpm, 20 min | I D o rh[ﬁ 21 ?[(
KO ¢

60°C,~2h

Fig. 1. The schematic process of CH-BSA-AL complex fabrication. BSA: bovine serum albumin. AL: alginate. CH: chitosan.
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time points, after the centrifugation of the resuspended pellet
at 15,000 rpm for 15 min, the released BSA concentration
in the supernatant was determined by BCA assay using a
microplate reader at 562 nm through the following calculation
formula:

Release percentage (%) =

BSA concentration in the supernatant
Concentration of the encapsulated BSA (EE)

x100  (2)

2.7. Determination of degree of swelling (DS) of CH-
BSA-AL complexes

The method from Tapia et al. was used as a reference with
some modification [39]. First, the CH-BSA-AL complex
solution was lyophilized. Thereafter, the powder was pressed
using an infrared (IR) tablet press (15 Ton Hydraulic KBr
Press, PerkinElmer, Co. Ltd., USA) to obtain tablets with
a diameter of 1 + 0.05 cm and a thickness of 0.3 + 0.05 cm.
Afterward, the tablets were immersed in pH 2.0 buffer
(HCI-KCI, 20 mM) and pH 7.4 buffer (PBS, 20 mM).
Images were obtained at specific time points (every 5 min
for 125 min), and the areas of the tablets was measured
using Image J. The monitoring endpoint was set at 125 min
because the morphologies of the tablets did not change
significantly after 125 min. DS of complex in pH 2.0 and
pH 7.4 and the ratio of DS were expressed using formulas

)~ O

Area of swollen tablet in pH 2.0 buffer

DS inpH 2.0= Area of dried tablet
(3)
DS in ol 7.4 _ Area of swollen tablet in pH 7.4 buffer
mpH L. Area of dried tablet
4)
. _DSinpH 7.4
The ration of DS= DS pH 2.0 )

3. Results and Discussion

3.1. Encapsulation of bovine serum albumin (BSA)
with alginate (AL) and chitosan (CH)
For the CH-BSA-AL complexes, the effects of the
concentrations of CH and AL [38,40] and BSA loading
content [42,43] on the formation of a complex were studied.
However, no relevant studies have been established on the
embedding order and mixing time for the complex
formation. In this study, an orthogonal test (three factors
and three levels) was carried out to investigate the effect of
total concentration (TC), the ratio of CH to AL (CH/AL
(w/w)), and mixing time (MT) on encapsulation efficiency
(EE) and complex size (Table 2). The smaller complex size
implies the higher physicochemical stability and biocom-
patibility [44]. The smallest size was obtained in the group
1 (329.13 nm) with undesirable EE (45.66%). The highest
EE (98.81%) was obtained in the group 6 with large size
(5,752 nm). To screen the optimized condition for the
formation of complex (high EE and small size), a variance
analysis was carried out based on the EE and size of nine
groups. Results showed that the most influential factor for
EE and size were MT and TC, respectively (Table S1 and
S2). The results from Sevgi et al. [38] also indicated that
the concentration of wall materials had a significant effect
on the particle size of the CH/AL beads (p = 0.0167).
To select the best level for each factor, the range analysis,
a statistical method of showing the sensitivity and optimal
value of the factor to specific results by the distance
between the extreme value [45], was carried out. Among
these factors, the most influential factors for EE and size
were MT and TC, respectively (Table 3), which is consistent
with the variance analysis (Table S1 and S2). The best
levels for EE were TCy(CH/AL);MT; (TC: 0.4%, CH/AL:
70:30, MT: 6 h), and the best combination for size was
TC,(CH/AL)MT, (TC: 0.08%, CH/AL: 20:80, MT: 0 h).
Since the best combination of conditions for each EE
(TCo(CH/AL):;MT3) and size (TC(CH/AL);MT;) were
different, the linear weighted method with two weighting

Table 2. Orthogonal test design and results of CH-BSA-AL complexes

Factors TC (%) CH/AL (W/w) MT (h) EE (%) Size (nm)
I 0.08 20:80 0 45.66 + 451 320.13 + 49.17
2 0.08 40:60 6 90.00 + 1.11 688.67 + 17.04
3 0.08 70:30 12 30.54 + 0.41 581.83 + 24.68
4 0.4 20:80 6 55.55 +4.99 1358.00 + 612.28
5 0.4 40:60 12 57.63 +2.21 3251.73 + 348.56
6 0.4 70:30 0 98.81 + 1.43 5752.00 + 587.74
7 0.8 20:80 12 62.37 + 4.00 3022.67 + 521.37
8 0.8 40:60 0 11.75 + 3.60 774.97 + 82.75
9 0.8 70:30 6 80.49 + 33.79 8033.67 + 814.14

TC: total concentration. CH/AL.: ratio of chitosan and alginate. MT: mixing time. BSA: bovine serum albumin. EE: encapsulation efficiency.
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Table 3. Encapsulation efficiency (EE) and size range analysis of orthogonal test of CH-BSA-AL complex

TC (%) CH/AL (w/w) MT (h)
EE Size EE Size EE Size
K1 166.19 1599.63 163.57 4709.80 156.22 6856.10
K2 211.99 10361.73 159.38 4715.37 226.04 10080.33
K3 154.61 11831.30 209.85 14367.50 150.54 6856.23
k1 55.40 533.21 54.52 1569.93 52.07 2285.37
k2 70.66 3453.91 53.13 1571.79 73.35 3360.11
k3 51.54 3943.77 69.95 4789.17 50.18 2285.41
The best level TC, TC, (CH/AL), (CH/AL), MT, MT,
Range 19.13 3410.56 16.82 3219.23 25.17 1074.74

Ki, the sum of test results corresponding to the level i on any column. Ki = Ki/3 (3, the amount of level).
TC: total concentration. CH/AL.: ratio of chitosan and alginate. MT: mixing time. BSA: bovine serum albumin. EE: encapsulation efficiency.

coefficients (A; and A,) [46] was applied to comprehensively
consider the effect of three factors on both EE and size
(Table S3). Depending on the importance of EE and size in
the practical application, the weighted coefficient of EE
(A1) s assigned 0.6, and size (A,) is assigned 0.4. The results
showed that TC had the most influence on the formation of
complex, which was followed by CH/AL. The most
productive combination determined by the linear weighted
analysis was TC,(CH/AL),MT; (TC: 0.08%, CH/AL: 40:60,
MT: 12 h).

To select the best condition from the above optimized
groups, the complexes were prepared under three conditions,
namely G1 (TC: 0.08%, CH/AL: 20:80, MT: 0 h), G2 (TC:
0.08%, CH/AL: 40:60, MT: 12 h), and G3 (TC: 0.4%, CH/
AL: 70:30, MT: 6 h) (Table S4). G1 exhibited the smallest
size (329.13 nm) with the lowest EE (45.66%). G2 exhibited
the highest EE (96.3%) with the larger size (2,266 nm).
The EE of G3 (81.0%) was lower than that of G2 but it
exhibited the largest size (9,548 nm) (Table S4). Moreover,
the PDI of G3 was over 0.9 (Table S5), indicating that the
uniformity of this complex is too low to be utilized.
Therefore, only G1 and G2 were used for further research.

3.2. Optimization of CH-BSA-AL complex formation
process

3.2.1. Replacement of chitosan (CH) with low-molecular
weight chitosan (LCH)

It is more desirable to reduce the size of G2 while retaining
high EE. LCH has been widely used for the delivery of
drugs or nutrients that require nanoparticle sizes and high
bioavailability [47] with enhanced bioactivity, solubility,
and biocompatibility [48,49]. Therefore, LCH replaces CH
to encapsulate BSA when other factors and levels remain
unchanged, namely LG1 and LG2. The sizes of LGI1
(100.93 nm) and LG2 (957.8 nm) decreased and showed
significant differences among the groups using CH (G1-
LGI1, p = 0.01; G2-LG2, p = 0.0498) in the case of

@ Springer

negligible EE reduction (Table S6). Moreover, the PDI of
LG1 reduced to 0.300 (Table S5). These results indicate
that LCH reduces the size of complexes and improves their
homogeneity compared with CH, therefore, LG1 and LG2
was used for further research.

3.2.2. Influence of embedding order on encapsulation
and release

In the nanocomplex fabrication process, the cargo BSA
was first complexed with AL. Since both BSA and AL are
negatively charged in the reaction buffer, a repulsion force
between them may hinder their complexation, which might
lead to a low EE. Therefore, we firstly added LCH that was
positively charged to the BSA rather than AL, namely LG3
and LG4. The EE of LG3 and LG4 significantly increased
to 58.31% and 94.09% compared with LGland LG2 (p <
0.01) (Table S6). Notably, the PDI of LG4 (0.308) was
much lower than that of LG2 (0.649) (Table S5). These
results indicate that the embedding LCH first in the
complexation increases EE and homogeneity. In addition
to the EE and size, the targeted and efficient release of the
cargo BSA from complex is also a critical factor for
evaluating a drug delivery ability. Therefore, the BSA
release percentage of the four candidate complexes (LG1,
LG2, LG3, and LG4) was further investigated.

3.3. pH-responsive bursting release of BSA

To verify the pH responsiveness of the complexes, the
concentration of the BSA released from the complex in the
supernatant was measured in pH 2.0 (0-2 h) and pH 7.4 (0-
4 h) buffers at 37°C (Fig. 2). At pH 2.0, BSA was rarely
released from all the four candidates for 2 h of incubation
suggesting that the cargo protein was tightly encapsulated
in response to the acidic environment mimicking a stomach.
At pH 7.4, all the candidate complexes exhibited two
release phases, the burst release phase (0-0.5 h) and the
sustained release phase (1-4 h). The complexes from LG1
and LG4 released 29.96% and 12.70% of their cargo BSA
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Fig. 2. Effect of LCH/AL, MT, and embedding order on BSA
release percentage of the LCH-BSA-AL complexes at pH 2.0 and
pH 7.4. The TC of LG1, LG2, LG3, and LG4 was 0.08%. LCH/
AL: the ratio of low molecular chitosan and alginate (w/w). MT:
mixing time. BSA: bovine serum albumin. TC: total concentration
of chitosan and alginate.

protein for 5 min in the burst release phase, respectively,
and the release ratio eventually increased to 76.31% and
61.74% for 25 min, respectively, which were much higher
than those from LG2 and LG3 (p <0.01) (Fig. 2). After the
sustained release phase, LG1 eventually showed the
highest BSA release (92.16%), and LG4 ranked the second
highest percentage (84.87%) in the neutral pH condition
mimicking an intestine. These release percentages were
significantly higher than those of LG2 and LG3 (p < 0.05).
To visualize the concentration of released BSA, the absolute
amount was calculated according to the encapsulation
efficiency (EE) of each candidate (Fig. S2). The absolute
amount of BSA released from LG4 complex that eventually
reached the small intestine was 78.78 pg/mL, which was
significantly higher than that of other three candidate
complexes (p < 0.05). The results indicate that these LCH-
BSA-AL complexes pH-responsively encapsulate BSA at
pH 2.0 and promote BSA release at pH 7.4.

The difference in release percentage among the four
candidate complexes could be attributed to the embedding
order that determines the dominant embedding mode of the
BSA in the complexes. The isoelectric point (PI) of the
BSA was 4.7. When the pH is above 4.7, the BSA is
negatively charged; otherwise, it is positively charged.
When the negatively charged AL solution (pH 6.33) was
embedded first, the BSA (pH 6.70) was negative throughout
the dropwise addition process. Thereafter, the CH-BSA-
AL AL solution (pH 6.67) was added to the positively
charged LCH solution (pH 2.90) dropwise. During this
period, the negatively charged BSA would gradually

become positive owing to the lower pH than its PI. The
BSA is more likely to bind to the AL with negative charge
rather than the LCH with a positive charge in the final
polyelectrolyte complex solution (Fig. S3A), resulting in
an AL-dominated embedding mode. However, when the
positively charged LCH solution (pH 2.90) was embedded
first, the negatively charged BSA (pH 6.70) gradually
became positively charged during the addition process.
Thereafter, the CH-BSA-AL LCH solution (pH 3.16) was
added to the AL dropwise. During this period, the positive
charge of the BSA would gradually become negative owing
to the higher pH than its PI. The BSA is more likely to bind
to the positively charged LCH rather than the negatively
charged AL in the final polyelectrolyte complex solution
(Fig. S3B), resulting in an LCH-dominated embedding
mode.

On the other hand, the AL structure is rich in hydroxyl
groups, whereas the LCH structure is rich in amino groups
and has only a small amount of hydroxyl groups [26]. The
presence of hydroxyl and amino groups causes a structural
swelling at high and low pH conditions, respectively [50].
When AL was embedded first (LG1 and LG2), the candidate
with the higher proportion of AL (LG1) increased the BSA
release percentage. In the same way, the candidate with the
higher proportion of LCH (LLG4) boosted the BSA release
when the LCH was embedded first (LG3 and LG4).
Furthermore, the complexes fabricated through the LCH-
dominated embedding mode exhibited higher release (LG3:
10.42%, LG4: 1.35%) at pH 2.0 than those of LG1 and
LG2 through the AL-dominated embedding mode.

3.4. Characterization of pH-responsive CH-BSA-AL
complexes

3.4.1. Size and {-potential of pH-responsive CH-BSA-AL
complexes

To figure out the probable cause of the difference in release
percentage between pH 2.0 and 7.4, the change in the
complex size and {-potential was continuously monitored
(Fig. 3A and 3B). After 2 h of incubation at pH 2.0, the
sizes of complexes from LG1, LG2, LG3, and LG4 were
11,532, 4,785, 3,195, and 8,994 nm, respectively. These
candidates presented significantly smaller sizes when those
complexes were immersed in the pH 7.4 buffer during the
first 0.5 h (LG1: 1,901 nm, LG2: 483 nm, LG3: 465 nm,
and LG4: 2,492 nm). After 4 h, larger sizes were observed
in LG1 (2,703 nm) and LG4 (1,649 nm) in comparison
with those of LG2 (738 nm) and LG3 (311 nm) (Fig. 3A).
The size of complex will increase with swelling of AL in
a moderately alkaline environment. The larger sizes of
complexes from LG1 and LG4 was presumably because
they were more swollen than the other candidates, LG2
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Fig. 3. Effect of LCH/AL, MT, and embedding order on size (A)
and C-potential (B) of the LCH-BSA-AL complexes at pH 2.0 and
pH 7.4. The TC of LG1, LG2, LG3, and LG4 was 0.08% (w/w).
LCH/AL: the ratio of low molecular chitosan and alginate (w/w).
BSA: bovine serum albumin. MT: mixing time. TC: total
concentration of chitosan and alginate.

and LG3. The higher the degree of swelling (DS) allows
the BSA to be released more easily from the complexes.
Therefore, the BSA release percentages for complexes
from LG1 and LG4 at pH 7.4 were higher than those for
complexes from LG2 and LG3 (Fig. 2).

A

However, the large size of complexes at pH 2.0 was not
because of the swelling but due to the particle-particle
aggregation, which was supported by the C(-potential
results. The absolute -potential values of the complexes at
pH 2.0 from LGI1, LG2, LG3, and LG4 were 1.91, 15.23,
10.94, and 1.98 mV, respectively. The absolute {-potentials
for all candidates at pH 7.4 increased up to 48.17, 47, 35.37,
and 32.77 mV in LG1, LG2, LG3, and LG4, respectively
at 0.5 h (Fig. 3B). The instabilities of complexes are mainly
attributed to the accumulation of migrating or diffusing
particles, which can be hindered by high surface charges or
electric potentials. When the absolute (-potential is between
10 and 20, it indicates that the particles are unstable, and
they tend to aggregate. When the value is between 0 and 5,
it indicates that the particles aggregate rapidly [51]. The
large size exhibited at pH 2.0 was more likely to be caused
by the aggregation of single particles rather than complex
swelling, suggesting that all the candidates were pH-
responsive (pH 2.0-7.4). In addition, the aggregated
complexes were able to disaggregate and form small single
particles under neutral pH condition, which was independent
of the previous acid aggregation.

3.4.2. Morphology of pH-responsive CH-BSA-AL complex
To examine the morphological changes of complexes with
their pH-responsiveness, the best candidate (LG4) was
observed using a scanning electron microscope (SEM). In
previous studies, most complexes comprising AL and CH
as vehicles were fabricated using cross-linkers to facilitate
complex formation [52-54]. However, the cross-linkers
caused a delayed release (Fig. S4), which was opposite to
our objective of a bursting release of cargo molecules. The
SEM images showed that the CH-BSA-AL complexes were
successfully constructed without cross-linkers (Fig. 4A).
The shape of LCH-BSA-AL complexes was a spherical-
like polyhedron with several angles. In a previous study, a
similar spherical CH-AL nanoparticle loaded with rutin
was constructed using CaCl, as a cross-linker [55]. An
aggregation of individual particles was observed when

Fig. 4. Scanning electron microscopy (SEM) image of LCH-BSA-AL complex from LG4 process (A) and the complex at pH 2.0 after
2h (B) and at pH 7.4 after 4 h (C) of incubation. LCH: low molecular chitosan. BSA: bovine serum albumin. AL: alginate.
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complexes were immersed in the pH 2.0 buffer for 2 h
(Fig. 4B). However, neither the individual nor aggregated
complexes were observed after 4 h of incubation in the pH
7.4 buffer, suggesting an amorphous disruption of particulates
(Fig. 4C). The complex-complex aggregation at pH 2.0
resulted in large size particulates (> 1,000 nm) (Fig. 3A)
and low absolute values of {-potential (0-20 mV) (Fig. 3B).
Such aggregation led to the sufficient encapsulation and
rare release of cargo protein at pH 2.0. Upon a change of

a
15 min

125 min

1.399 ¢m?

environmental pH from 2.0 to 7.4, the aggregates of
complexes were disrupted, and the particulate complex of
LCH-BSA-AL were subsequently or previously burst within
the short period (0.5 h). The amorphous powders observed
cargo protein BSA into the solution.

3.5. Macroscale swelling of CH-BSA-AL complex
A disruption of aggregated complexes was observed in
micro- or nanoscale environment at pH 7.4, which was

b
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Fig. 5. (A) Dried and swollen tablets at pH 2.0 (a) and pH 7.4 (b)

at the indicated time points. The number below each photo represents

the area of the tablet at the indicated time points. Scale bar: 0.5 cm. (B) Effect of LCH/AL, MT, and embedding order on the ratio of
degree of swelling (DS) of the CH-BSA-AL complex in pH 2.0 to pH 7.4 buffer. The TC of LG1, LG2, LG3, and LG4 was 0.08% (w/w).

LCH/AL: the ratio of low molecular chitosan and alginate (w/w).

BSA: bovine serum albumin. TC: total concentration.
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supported by SEM images, sizes and C(-potentials. To
determine whether this disruption occurs in the macroscopic
environment, we examined degree of swelling (DS) of
tablets which were made of CH-BSA-AL complexes
(Fig. 5). The DS of tablets made of LG1, LG2, and LG4
complexes was faster and higher in pH 7.4 (Fig. 5Aa) than
pH 2.0 (Fig. 5Ab), suggesting that the micro- or nanoscale
particle disruption led to the macroscale disruption. During
the 125 min, the ratio of DS for LG1, LG2, and LG4 were
greater than 1, whereas that of LG3 fluctuated to slightly
around 1 (Fig. 5B), which indicated that the DS of LGI,
LG2, and LG4 in pH 7.4 were greater than that in pH 2.0.
During the first 25 min, the ratio of DS of LG1 and LG4
increased rapidly to their maximum values, which were
2.03 and 2.05, respectively. These values were significantly
higher in comparison with those of LG2 (1.12) and LG3
(0.97) (p < 0.05). At 125 min, the ratio of DS increased in
the order: LG1 > LG4 > LG2 > LG3, which exactly
corresponds to the result of BSA release percentages
(Fig. 2). A similar result was also demonstrated in the
previous study by Khan et al. [50]. The samples with high
concentrations of polyvinyl alcohol (PVA) as a coating
material exhibited a higher drug release due to the high
swelling ratio, which was directly proportional to the PVA
contents.

4. Conclusion

In this study, a pH-responsive complex with bursting release
consisting of low molecular chitosan (LCH) and alginate
(AL) was successfully fabricated without cross-linkers.
The variance analysis of the orthogonal test showed that
total concentration (TC) was the critical factor determining
encapsulation efficiency (EE) and complex size. Through
the orthogonal test and further optimization, four candidate
complexes were obtained (LG1, LG2, LG3, and LG4) and
their BSA release percentage, physicochemical characteristics,
and degree of swelling (DS) were investigated to find an
optimized fabrication process. SEM images indicate that a
spherical-like polyhedron with several angels was successfully
constructed. LG4 is the optimized candidate due to the
highest effective dose (78.78 mg/mL) caused by high EE at
pH 2.0 and large release percentage at pH 7.4. The enhanced
release percentages of BSA led to the enlarged ratio of
degree of swelling (DS) from LG1 and LG4 complexes at
pH 7.4. The cross-linker-free and pH-responsive LCH-
BSA-AL complex has a great potential for protein drug or
vaccine delivery by its aggregation at stomach (pH 2.0)
and bursting release at intestinal tract (pH 7.4).
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Nomenclature

Nomenclature Wall CH/AL MT Embedding
materials (w/w) (h) order

Gl AL and CH 20:80 0 AL first

G2 ALandCH 40:60 12 AL first

G3 AL and CH 70:30 6 AL first

LG1 AL and LCH 20:80 0 AL first

LG2 AL and LCH 40:60 12 AL first

LG3 AL and LCH 20:80 0 LCH first

LG4 AL and LCH 40:60 12 LCH first

Abbreviations  Definition

AL Alginate

BSA Bovine serum albumin

CH Chitosan

CH/AL Ratio of CH and AL (w/w)

DS Degree of swelling

EE Encapsulation efficiency

GI Gastrointestinal

LCH Low molecular chitosan

MT Mixing time

PBS Phosphatic buffer solution
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PDI Polymer disperse index
PI Isoelectric point
SEM Scanning Electron Microscope
TC Total concentration of CH and AL
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