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ABSTRACT
Antimicrobial peptides (AMPs) have now been extensively studied to combat or control bacterial
and fungal pathogens. However, AMPs application or administration can be complicated due to
physicochemical instability that these molecules can suffer during their transport. In addition, their
uncontrolled application could generate unwanted hemolytic activity. To overcome this,
microencapsulation is a potential system for protection and control of hemolytic activity as
scaffold of an antimicrobial additive against multiple drug resistance (MDR) and non-resistant
bacteria from animal production. In this way, the objective of this research was to evaluate the
antibacterial activities of the Ctx(Ile21)-Ha antimicrobial peptide against MDR and non-resistant
bacteria and characterize the peptide-microparticles coated with HPMCAS and HPMCP (gastric
protectants), in order to protect and maintain the peptide physicochemical characteristics. For this,
Ctx(Ile21)-Ha was obtained by solid phase peptide synthesis method (SPPS), purified and
characterized by HPLC and Mass Spectrometry. The peptide exhibited potent antibiotic activities
against Salmonella enteritidis, Salmonella typhimurium, Pseudomonas aeruginosa (MDR),
Acinetobacter

baumannii

(MDR),

and Staphylococcus

aureus

(MDR).

Ctx(Ile21)-Ha

microencapsulation was performed by ionic gelation and produced a high yield, where the
physical-chemical stability was maintained. The Ctx(Ile21)-Ha coated-microparticles were
characterized by DSC, TGA, FTIR-Raman, XRD and SEM; in addition, the simulation of
controlled release in gastrointestinal systems of poultry was performed. Hemolytic activity assay
demonstrated that hemolysis was decreased up to 95% compared to the single molecule, and the
simulated release showed the microcapsules’ ability to protect the peptide and release it in the
poultry intestine, an important area of pathogens multiplication, mainly by Salmonella sp.
Therefore, use of microencapsulated Ctx(Ile21)-Ha can be allowed as an antimicrobial controller
in poultry production, as well as it can be a valuable option for other peptides that have low
therapeutic indexes or high hemolytic rates.

Keywords: additives, AMP, antibacterial activity, fluidized-bed, ionic gelation, HPMCAS,
HPMCP, microencapsulation.

3

1. INTRODUCTION
The production of poultry meat in the world is led by the US, China and Brazil. This sector
mobilizes lots of high economic value (FAO 2020). In recent years, consumers have changed
perspectives when purchasing a product, focusing mainly on food safety (Heneghan 2015). This
factor is related to the use of nutritionally adequate and safe foods (Coleman-Jensen et al. 2020).
When it refers to safe foods, it is basically related to foods that do not affect the consumer health
(Chassy 2010).
The use of antimicrobial peptides (AMPs) has been a current and highlighted research area
because they are not considered drugs and generally do not generate bacterial resistance
(Malekkhaiat Häffner and Malmsten 2019). Generally, peptides are biologically active with very
low concentrations against pathogens such as Escherichia coli, Staphylococcus aureus and
Candida albicans (Lorenzón et al. 2012), being also effective in multidrug-resistant (MDR)
bacteria that belong to the ESKAPE pathogen group (De Breij et al. 2018; Shams Khozani et al.
2019; Yin et al. 2020). These types of peptides were also studied in a large group of Gram-positive
and Gram-negative bacteria, exhibiting positive results on in vitro (Price et al. 2019) and in vivo
(Yang et al. 2019) studies.
Ctx(Ile21)-Ha, an antimicrobial peptide extracted from the skin of a Brazilian frog, has
emerged as a promising molecule of biotechnological application (Ferreira Cespedes et al. 2012;
Vicente et al. 2013). The peptide demonstrated a high antimicrobial activity against E. coli,
Pseudomonas aeruginosa (Gram-negative), S. aureus, Bacillus Subtilis (Gram-positive) bacteria
and fungi C. albicans, Candida krusei, Candida parapsilosis and Cryptococcus neoformans,
which has a great potential of application as a new and natural food additive in animal nutrition.
The successful effectiveness of the in vivo peptide application depends of the protection or
immobilization to avoid nonspecific cellular hemolysis and peptide denaturation/degradation. For
this achievement, site-specific carriers such as liposomes, nanoparticles and microencapsulation
can be used (Nordström et al. 2019; Tagde et al. 2020).
Microencapsulation is a method of protecting bioactive compounds, widely used to
preserve and protect their physicochemical and functional properties (Ye et al. 2018). Alginate is
a natural polyanionic polymer extracted from seaweed (Lee and Mooney 2012), used for different
encapsulation processes of food products, due to its biodegradability (Liu et al. 2006),
biocompatibility (Wang et al. 2020b), dispersive properties (Wang et al. 2020a) and crosslinking
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by ion exchange with cationic salts (Dalmoro et al. 2012). Some polymers can be added to
microencapsulates’ development, such as hydroxypropyl methylcellulose (Hypromellose) acetate
and succinate (HPMCAS) and hydroxypropyl methylcellulose phthalate (HPMCP). These
compounds were largely used as coating, due to their gastric resistance and ease of dissolution in
intestine, or at a pH greater than 5.5 (Wang et al. 2007; Park et al. 2015). Therefore, they are
considered excellent transporters and protectors as coating agents (Momoh et al. 2020), and/or
nanoparticle formers (Kaur et al. 2017; Feng et al. 2019). These aspects motivated the design of a
microsystem that leads the antimicrobial peptide to be specifically released in the intestine, to
combat common intestinal diseases caused by bacteria such as Salmonella enteritidis, Salmonella
typhimurium and E. coli.
Therefore, the goal of this study was to assess the antibacterial activities of the Ctx(Ile21)Ha antimicrobial peptide against MDR and non-resistant bacteria and characterize alginate
immobilized microparticles containing the antimicrobial peptide Ctx(Ile21)-Ha coated with
HPMCAS and HPMCP (gastric protectants). The research aimed the protection and
improvement/maintenance of physicochemical features of Ctx(Ile21)-Ha, also evaluating the
microencapsulation hemolytic activities and simulated controlled release, for application against
gastrointestinal pathogenic bacteria in poultry production.
2. MATERIALS AND METHODS
2.1. Chemical reagents
HPMCAS and HPMCP coatings were kindly donated by Shin-Etsu Chemical – Japan, and
the other chemical reagents were purchased at HPLC grade (Sigma-Aldrich Co., St Louis, MO,
USA). Fmoc-amino acids, resins (Rink amide MBHA), trifluoroacetic acid (TFA), 4methylpiperidine, 1-hydroxybenzotriazole hydrate (HOBt), triisopropylsilane (TIS), N,N′diisopropylcarbodiimide (DIC) and acetonitrile were obtained in HPLC/analytical grade from
AAPPTEC (Louisville, KY, USA), dimethylformamide (DMF) was purchased from Neon
Comercial (São Paulo, Brazil), dichloromethane (DCM) was purchased from Anidrol Products
Laboratories (São Paulo, Brazil) and sodium alginate was purchased from Dinâmica Química
Contemporânea LTDA (São Paulo, Brazil).
2.2. Synthesis of Ctx(Ile21)-Ha antimicrobial peptide
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The 21-mer antimicrobial peptide Ctx(Ile21)-Ha (Gly-Trp-Leu-Asp-Val-Ala-Lys-Lys-IleGly-Lys-Ala-Ala-Phe-Asn-Val-Ala-Lys-Asn-Phe-Ile), also named Ctx, contracted nomenclature
used in this work, was assembled by standard solid phase peptide synthesis methodologies assisted
manually (Fmoc/tBu) (Vicente et al. 2013). Briefly, the solid support (Rink amide MBHA resin)
was previously washed with 1:1 v/v DMF/DCM. A solution of 20% 4-methylpiperidine in DMF
was used to remove the Fmoc group. The next Fmoc-amino acid (1.2 eq, molar equivalents) was
coupled with 1.2/1.2 eq of HOBt/DIC in DMF/DCM for 2 h at room temperature (RT). The Kaiser
test (Kaiser et al. 1970) was used to monitor the couplings, analyzing directly the free amino
groups. This fast but destructive essay indicates whether the peptide is protected (yellow color absence of free amino groups) or unprotected from the Fmoc protector (blue color - presence of
free amino groups) and also to confirm if the coupling was successful. For the test, some very few
resin beads were placed with two drops of ethanolic solutions (5% v/v ninhydrin and 80% w/v
phenol) and pyridine solution (2% v/v of 10-3 mol L-1 of potassium cyanide) at 120°C for 4 min.
After complete coupling of peptide primary sequence, the peptide was removed from the
resin using a solution composed of TFA, TIS and water (95:2.5:2.5, v/v/v) for 2 h at room
temperature (RT). Subsequently, peptide was precipitated with cold ethyl ether and centrifuged (5
min at 6,500 rpm at RT, in triplicate), to separate by-products from resin cleavage reaction, which
are miscible in this solvent. Then, ether supernatant containing the hydrophobic by-products was
reserved and the solid peptide/resin phase was dried to remove all remaining ether by evaporation.
In dry samples, a solution containing aqueous solvent (A, 0.045% TFA) and acetonitrile solvent
(B, 0.036% TFA, 1:1, v/v) was added and centrifuged, obtaining the resin (solid phase) and the
peptide (liquid phase). The samples were lyophilized for 48 h in a lyophilizer (Liotop, model K108,
Brazil), and their purity was evaluated by liquid chromatography (next section).
2.3. Purification and characterization of Ctx(Ile21)-Ha peptide
The purity degree and confirmation of the antimicrobial peptide Ctx(Ile21)-Ha were
determined by HPLC (Shimadzu, with DGU-20A5R membrane degasser, CTO-20A column oven,
sampler automatic SIL-10AF, fraction collector FRC-10A, UV detector SPD-20A and LC-20AT
of double pump) and Mass Spectroscopy. Initially, an analytical analysis was performed to obtain
the crude peptide profile, the system was equipped with a C18 reverse phase column (dimensions
of 250 x 4.6 mm and 4.6 µm of pore size). Mobile phase was composed of solvent A and B
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(described in the previous section). The program method was set up in gradient mode with a
variation of 5% to 95% of solvent B during 30 min with a 1 mL min-1 flow. Detection was carried
out at dual mode (wavelengths at 220 nm and 280 nm) and the oven temperature was maintained
at 40°C. After obtaining the peptide chromatographic profiles and identifying the peak of interest,
purification was also performed by HPLC, using a C18 reverse phase semi-preparation column
(Shimadzu, dimensions of 250 × 20 mm and 15 µm of pore size). Solvents A and B were used as
a mobile phase at a flow of 5 mL min-1. The program method was carried out in gradient mode
with a variation of 30% to 60% of solvent B in 90 min, at 40°C. A peptide mass of 60 mg was
dissolved in 5 mL of solvents A: B (70:30, v/v) and injected manually into the system. Detection
was performed in dual mode (220 and 280 nm). The chromatogram was monitored and the peptide
fractions were collected using an automatic fraction collector (Shimadzu, model FRC-10A).
Subsequently, the fractions collected were analyzed in analytical mode using the same conditions
preformed for the chromatographic profile of crude peptide, obtaining the pure fractions of the
Ctx(Ile21)-Ha peptide.
Liquid Chromatography coupled with Mass Spectroscopy (Shimadzu UFLC, Prominence
/ Bruker Amazon SL) were performed with the same parameters as analytical HPLC analysis, at a
flow rate of 0.5 mL min-1, for determination of mass/charge ratio of the peptide and further
confirmation of the Ctx(Ile21)-Ha peptide obtaining.
2.4. Antibacterial activity assays
The antimicrobial activities of the antimicrobial peptide present new biological activities
against Salmonella enteritidis, Salmonella typhimurium and multidrug resistant bacteria
Pseudomonas aeruginosa, Acinetobacter baumannii, and Staphylococcus aureus. The essays were
carried out in a 96-well ELISA tray, following the microdilution method (Wikler 2006).
Salmonella sp. were isolated from laying hens with microbiological tests for strains’ confirmation.
For clinical resistant bacteria, growth colonies were made from original bacteria strains.
2.5. Production of microparticles (E)
The ionic gelation method was employed for microparticles production. The solutions, or
dispersion phase, containing the Ctx(Ile21)-Ha peptide (0.2 g L-1 and 0.4 g L-1, respectively) were
added in a 2% (w/w) sodium alginate solution, using an UltraTurrax-T18 (IKA- Labortechnik,

7

Germany) at 25,000 rpm min-1 and ultrasonicated with an ultrasound probe (Ultrassonic Processor,
Hilscher, Germany) for 30 min. Another solution, or crosslinking solution, containing 5% of
aluminum chloride solution was prepared. The syringe was loaded with the dispersion solution (20
mL) and a syringe pump was used (New Era Pump System Inc., USA), at an infusion rate of 1.2
µL h-1. Microcapsules were produced dropwise into the crosslinking solution at RT. Two needle
diameters were used (1.1 and 2 mm, capsules labeled ‘H’ and ‘C’, respectively). After that, they
were dried in a drying oven at 40 °C for 4 h and stored in the dark until their characterization and
application.
2.6. Fluidized-bed coating of (ER) microparticles
The fluidized bed coating method was used for coating. The microcapsules were placed in
a fluidized bed (LabMaq MLF 100, Brazil) at 50°C, 0.2 L min-1 blower, 0.4 mL min-1 peristaltic
pump and 70% vibration as system conditions, with 40 mL of coating solution (CS). CS was
prepared with 10% HPMCAS, w/w, 25% ammonium hydroxide, w/w, 2.5% triethyl citrate, w/v,
and 62.5% water, w/v. Samples were labeled for all analyzes as ‘C1’ (0.2 g L-1 of Ctx peptide
encapsulated and coated with HPMCAS), ‘C2’ (0.4 g L-1 of Ctx peptide encapsulated and coated
with HPMCAS), ‘H1’ (0.2 g L-1 of Ctx peptide encapsulated and coated with HPMCP), ‘H2’ (0.4
g L-1 of Ctx peptide encapsulated and coated with HPMCP), ‘BR’ (microparticle control without
peptide).
2.7. Characterization of coated-microparticles
2.7.1. Encapsulation yield
To estimate the encapsulation yield, measured by an indirect method, the total amount of
free peptide in the crosslinking solution after microencapsulation per mL was measured. To
corroborate the encapsulation yield of microencapsulation process, it was measured using a
method previously described, with some modifications and adapted for this system (Di Giorgio et
al. 2019; Ghatak and Iyyaswami 2019), using the equation 1.

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝐸𝐸𝐸𝐸 %) =

𝑇𝑇𝑇𝑇−𝐹𝐹𝐹𝐹𝐹𝐹
𝑇𝑇𝑇𝑇

𝑋𝑋 100

(Equation 1)
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Where TP is the total Ctx peptide content supplied and FPC is the free peptide content of
microcapsules. To quantify the EY, 50 mg of the microcapsule were dissolved in a 5% sodium
citrate solution, w/v, at 180 rpm for 3 h. Then, the peptide was rapidly extracted with solvent A
and B for 2 h and centrifuged. For the analysis, 1 mL of solution was read at 280 nm in a UV
spectrophotometer (Shimadzu UV1800, Japan), and calculated using as equivalent parameter the
tryptophan absorption in this wavelength, using a molar absorptivity of 5,690 M-1 cm-1.
2.7.2. Solubility
The aqueous solubility of the coated microparticles was evaluated based on the method
proposed by Fernandes et al. (2016) with minor modifications. The coated-microcapsules (0.2 g)
were weighed and transferred to 25 mL of distilled water with low-speed stirring. Once the transfer
was completed, the stirring speed was considerably increased for 2 min. The material was
centrifuged at 6,500 rpm for 15 min and 20 mL of the supernatant were dried at 107 °C for 4 h.
Calculations were made based on dry weight.
2.7.3. FT-IR/FT-Raman analysis
The FT-IR spectra of the coated microcapsules were analyzed using a spectrometer
(Perkin-Elmer, Frontier model, USA) using the attenuated total reflectance (ATR) fixture (Bruker
Vertex 70 FTIR). The transmittance spectra of the microencapsulated powders were documented
with a resolution of 4 cm-1. Raman spectroscopy was analyzed using a Burker Ram II Raman
spectrophotometer, 1,064 nm laser, 200 mW power and Ge detector. All experimental data were
analyzed in the 4,000 to 400 cm-1 range using OriginPro 2019b software.
2.7.4. Morphological analysis
The morphological properties of the coated-microencapsulated peptide were carried out
using a Scanning Electron Microscope (FE-SEM) (Jeol Ltd., Japan). The microcapsules were
coated with charcoal after bonding with the ends of the tape. Samples were analyzed with 10µA,
2.0 kV energy emission current, current probe of 9, 6.5 mm working distance, Secondary Electron
Imaging (SE) mode, 15,000x magnification (1 pixel = 0.935 nm).
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2.7.5. Thermal analysis
The thermogravimetric (TGA) and differential scanning calorimetry (DSC) study was
performed with the microparticles, pure peptide and negative control, using between
approximately 10 – 12 mg of sample, wrapped in an alumina crucible and stored under a synthetic
air atmosphere (injection rate of 100 mL min-1), and evaluated from 30 to 600°C (5 °C min-1). The
results that were obtained with DSC-TGA Equipment (SDT Q600 V20.9 Build 20, TA
Instruments) and processed with the Universal Analysis 2000 software.
2.7.6. X-Ray Diffraction analysis
The crystallinity of the microcapsules was studied using an X-ray diffractometer (XRD6000, Shimadzu), at 40 kV and 30 mA, using CuKα1 and CuKα2 radiation sources (λ = 1.5406
and 1.5444 Å, respectively). Continuous scanning in the range of 2θ from 10° to 80° at 2° min-1,
using an aluminum or glass sample holder depending on the amount of sample available.
2.8. Controlled release
Controlled release analysis were performed in two stages, according to the Morgan et al.
(2020), with some modifications: i) simulation of gastric release (SG), procedure that mimics the
proventriculus and gizzard (considered chemical and mechanical poultry stomachs). A mass of
50.8 ± 3.54 mg of microcapsules were placed in a SG solution at 42°C, for 20 min. The SG solution
was prepared with a volume of 10 mL of HCl 0.1 mol L-1 at pH 3.5, adjusted with HCl 1 mol L-1.
Then, 1 mL of SG was collected after 1, 2, 5, 10, 15 and 20 min and measured at a UV
spectrophotometer at a wavelength of 280 nm; ii) simulated intestinal release (SI), procedure that
mimics the duodenum and jejunum (first and second portions of the small intestine of poultry). of
Microcapsules samples were weighted and a mass of 46.75 ± 4.92 mg of them were placed in an
SI solution at 42°C for 60 min. The SI solution was prepared with 10 mL of HCl 0.1 mol L-1 at pH
6, adjusted with NaOH 1 mol L-1. Then, 1 mL of SI was collected after 1, 2, 5, 10, 15, 20, 30, 45
and 60 min and measured at a UV spectrophotometer at a wavelength of 280 nm.
2.9. Hemolytic activity assay
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The hemolytic activity assay of pure and microencapsulated peptides was determined by
simulating the digestion time, based on the analysis of hemoglobin release from erythrocytes
(Serrano et al. 2013). For this test, erythrocytes separated from plasma by centrifugation (10 min
at 1,600 rpm) were used and washed with PBS buffer pH 7.4. Then, a 2% (v/v) cell suspension of
human erythrocytes was incubated in PBS buffer with each of the 4.29 ± 0.27 mg mL-1
microparticle formulations at 37°C with stirring (100 rpm). Aliquots were taken at different
incubation times (1, 4, 8 and 24 h) and centrifuged (10 min at 2,300x g). As a positive control
(hemolytic activity = 100%), a solution of 1% (v/v) of Triton X-100 detergent was used. Hemolysis
was analyzed from the absorbance values of the supernatant at 570 nm, according to the Equation
2:

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 (%) =

(𝐴𝐴𝑠𝑠 − 𝐴𝐴𝑏𝑏 )
(𝐴𝐴𝑡𝑡 − 𝐴𝐴𝑏𝑏 )

𝑥𝑥 100

(Equation 2)

Where As is the absorbance of the samples, Ab is the mean of the absorbance in the buffer
and At corresponds to the total lysis of the cells. All procedures were performed in triplicate.
3. RESULTS AND DISCUSSIONS
3.1. Ctx(Ile21)-Ha peptide analysis
For a reliable peptide analysis, it is necessary to use the molecule with purity higher than
95% or it must be purified (Ferreira Cespedes et al. 2012). The antimicrobial peptide Ctx(Ile21)Ha was successfully obtained, with more than 95% purity. The characteristic peak of the peptide
was obtained by analytical HPLC with a retention time of 18.82 min (Figure 1A). In the spectrum,
the peaks of 573 (Z = +4), 763.6 (Z = +3) and 1,144.9 (Z = +2) represent the peaks of the
mass/charge ratio of a molecule with a molecular weight of 2,289.72 g mol-1, which is exactly the
theoretical molecular weight of the antimicrobial peptide Ctx(Ile21)-Ha, confirming its successful
obtaining and characterization.
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(A)

(B)

Figure 1. (A). HPLC analysis of crude antimicrobial peptide Ctx(Ile21)-Ha. (B). Mass spectra of
the antimicrobial peptide Ctx(Ile21)-Ha, confirming the correct characterization.
3.2. Antimicrobial Activity
The results of the antimicrobial activity assay are showed in the Table 1. It is possible to
note that the Ctx(Ile21)-Ha peptide was active against both strains of Salmonella pathogens tested.
The MIC is notably low (4 µmol L-1) against the MDR and Gram-positive bacteria Staphylococcus
aureus, also exhibiting antimicrobial activity with the others Gram-negative bacteria tested,
including the MDR P. aeruginosa and A. baumannii. In addition, the molecule showed a
remarkably antimicrobial activity against the multidrug resistant bacteria (MDR), whose results
were better than the commercial antibiotic (ampicillin) used as positive control. According to these
results, this assay could allow the microencapsulation development of peptide Ctx(Ile21)-Ha, since
it showed very active against the most hazardous multidrug resistant bacteria.
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Table 1. Antimicrobial activities of the antimicrobial peptide Ctx(Ile21)-Ha.
Molecule/
control
tested

Microorganisms
S. enteritidis
(Gram -)

S. typhimurium
(Gram -)

P. aeruginosa
(MDR, Gram -)

A. baumannii
(MDR, Gram -)

S. aureus
(MDR,
Gram +)

64
>128
-

4
128
-

MIC (µmol L-1)
Ctx(Ile )-Ha
4
16
64
Ampicillin
>128
Gentamicin
2
8
Note: MDR = multidrug resistant bacteria strains.
21

3.3.Microencapsulation analysis
The encapsulation yield was considerably high, reaching values higher than 70%, as shown
in Table 2 (standard deviation margin for this data set was less than 0.001). This yield is related to
the polymer concentration and interaction between peptide and polymer (Yeo and Park 2004). In
case of proteins and peptides, the efficiency would also be related to amphipathic effect that the
Ctx peptide has, since the hydrophobic interaction is a dominant force between peptide and
polymer. The relatively hydrophobicity in polymers, due to their hydrophobic interactions, is more
advantageous to increase the encapsulation performance between the peptides, polypeptides or
protein, and the polymer. In this manner, these compounds can perform an ion exchange that
optimally encapsulates the polymeric network mesh that contains −COOH groups (Jyothi et al.
2010). Based on these antecedents, it is evidenced that the power of incorporation of the
encapsulating matrix with the Ctx peptide was adequate for an effective encapsulation.
Table 2. Results of physical properties and encapsulation yield of Ctx(Ile21)-Ha peptide.

C1

Concentration
(mg Ctx/coatedmicrocapsule)
0.0088

C2

0.0183

2.07

74.31b

1.31

H1

0.0048

0.81

84.70a

1.42

H2

0.0070

0.82

87.50a

1.63

Coatedmicrocapsule

Size (mm)

Encapsulation
yield (%)*

Solubility (%)

2.01

89.17a

1.97

Note: Tukey's test (significant difference between means, encapsulation yield. *Equal letters mean that there is no significant difference.
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As expected, microcapsules obtained by small droplets incorporated a small fraction of the
peptide, so the concentration also decreased. However, the principal component analysis (ACP)
indicates that their efficiency is maintained, except for C2 (P<0.001). In the case of C2, the
decrease in efficiency of microencapsulation was possibly due to the long time exposed to
homogenization, as indicated by Hawlader et al. (2003). The solubility analysis served as a
confirmation to verify the microcapsule state in water, obtaining low solubility indexes at the
period evaluated. These findings indicate that the coating procedure was carried out correctly and
microcapsules show the necessary solidity for do not break or dissolve instantly. In addition, these
systems will only release the Ctx peptide after HPMCAS and HPMCP degradation (Momoh et al.
2020).
3.3.1. Fourier transform spectroscopy analysis
The bands and peaks of the polymers in question were considered, comparing them with
sodium alginate, HPMCP, HPMCAS and the synthesized antimicrobial peptide isolated. In Figures
2A and 2B, the characteristic peaks of aromatic amino acids, such as tryptophan and phenylalanine
at 1,136, 1,180 and 1,202 cm-1 are observed (Ciobanu et al. 2015; Ayodhya et al. 2015), and peaks
of ~1,650 cm-1 (C=O elongation) and ~1,540 cm-1 (N-H bending vibrations and C-N elongation of
the main peptide axis) which indicate the presence of amide I and amide II bands, respectively,
typical of all amino acids present. In addition, the band observed at 1,620 cm-1 can be related to
the hydrophobic nature of the peptide (Miller et al. 2013). The band at ~1,457 cm-1 can be related
to –CH3, –CH2 from aromatic rings and/or β-sheet of the peptide secondary structure. These bands
are related to aromatic amino acids, flexural vibration (δ) of C–H product of the alkyl chains and
aromatic stretching vibration (Miller et al. 2013; Oliveira et al. 2016).
The FT-Raman spectrum confirmed the presence of the Ctx(Ile21)-Ha peptide (Figure 2C)
by the existence of aromatic amino acids bands, such as tryptophan, at 760 cm-1 (weak intensity),
885 cm-1 (weak), 1,616 cm-1 (medium); phenylalanine at 622 cm-1 (weak), 1,333 cm-1 (strong),
1,585 cm-1 (weak), 1,605 cm-1 (medium), and, finally, a band at 1,004 cm-1 (strong) representing
both amino acids. Other results confirm the mentioned observations as demonstrated in Shao et al.
(2005).
The peptide secondary structure characteristics were also found: i) Amide I: C=O and C=C
elongation and the α-helix secondary structure detected at 1,661.5 cm-1 (very strong); ii) Amide
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III: strain (CH2), 1,299.5 cm -1 (shoulder); β sheet at 1,232 cm-1 (weak) and β and disordered sheet
at 1,264 cm-1 (weak). Also, in 1,447 cm-1 (very strong), a bending mode of CH2 and CH3 was
found (Balgoon et al. 2018). In this way, the FT-Raman technique helped to verify if there was
any interference with the water in the FTIR analyzes, since the water does not interfere with the
light scattering of the FT-Raman (Vicente et al. 2014).
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Figure 2. Ctx(Ile21)-Ha peptide and microencapsulation phases. (A) FTIR-ATR spectra of
HPMCAS. (B) FTIR-ATR of HPMCP. (C) FT-Raman spectra of HPMCAS and HPMCP.
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3.4.Morphological analysis
In the morphological analysis, it was possible to visualize the microcapsule structures,
confirming the formation and size of the coating (Figure 3). Six microcapsules were randomly
chosen from each cluster, being half of them were evaluated on longitudinal viewing and another
half on cross-sectional viewing. HPMCP coating (H1 and H2) showed sizes of 35.8 ± 8.2 µm and
46.7 ± 12.2 µm, respectively. In parallel, HPMCAS coating (C1 and C2) exhibited sizes of 44.6 ±
13.5 µm and 48.4 ± 1.1 µm, respectively. The photomicrographs demonstrated a homogeneous
peptide entrapment within the microcapsule structure. Also, it can clearly observe the difference
between the blank capsules that contain only sodium alginate, revealing uniform and completely
homogeneous branches, in according with some authors (Hartmann et al. 2010; de Farias et al.
2018). However, the surface-formed microcapsules do not show a circular shape as found on their
initial shape (data not shown), effect caused by water decrease after drying and lyophilization.
Other studies indicated that encapsulated formulations made with sodium alginate
presented deformations after drying and a microstructural perfection is not achieved. However,
controlled release efficiency of the active principle was carried out normally (Lupo et al. 2015).
The use of pharmaceutical combinations such as sodium alginate/soy protein provided rigidity,
obtaining spherical capsules. Also, it was evidenced that this effect would be related to the
concentration ratio of each encapsulating agent (Volić et al. 2018), as well as the concentration of
the crosslinking solution, which in this case was aluminum chloride (Lupo et al. 2015). Moreover,
it was noted that some photomicrographs showed the presence of crystals on the surface. This can
be related to the presence or formation of sodium chloride salts, attributed to the ionic exchange
produced in ionic gelation (Deladino et al. 2008).
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Figure 3. Photomicrographs of the microencapsulation and coating of Ctx(Ile21)-Ha peptide. The
optical magnitudes vary from 50, 350, 5000 and 15000 x. The cross section makes it possible to
confirm the presence and thickness of the coating for each designed microsystem.
3.5.Thermal results
The loss of mass due to an increase in temperature is a problem for many peptides and
proteins studied. It is caused by the denaturation that it undergoes in the structure, it is generally
an irreversible process. Thermogravimetric analysis (Figure 4) helped to analyze the loss of
material, expressed as a percentage of mass. Interestingly, the opposite occurs if the glass transition
(Tg) is found, whose denaturation process is reversible (Ricci et al. 2018). However, the Ctx
peptide shows no weight loss below 100°C. In addition, samples present a similar behavior, so
there is no weight loss in the range that represents food products. However, the encapsulated ones
present Tg in the same range, which is a natural effect of the polymers used as reference (sodium
alginate, HPMCP and HPMCAS).
As shown in the Figure 4, the first derivative of TGA (dTGA) identifies the thermooxidation reactions caused by increments in temperature. Thus, the pure Ctx peptide showed two
events between 200 and 300°C (event that, for food products, is not relevant). However, by joining
the peptide with the polymers through microencapsulation, an adaptive behavior is observed,
showing thermal degradation events of alginate + HPMCAS (Figure 4BR). Hence, it is suggested
that HPMCAS fails to protect the thermal degradation effect of alginate as HPMCP does (Figure
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4H1 and 4H2). In addition, the capacity of energy retention of the polymers used in
microencapsulation could significantly destabilize the peptide and some polymers (Tang et al.
2006).
In the case of C2, the difference in the behavior of thermal degradation is remarkable,
showing weight decrease below 100°C. It is presumed that the exposure of the dispersion solution
for a longer time to achieve complete homogenization, weakening the alginate bonds, which, when
undergoing an excess of temperature, cannot remain fixed. Therefore, it is necessary to be careful
with the stirring time when preparing microencapsulates.
The glass transition temperature (Tg) is an important parameter to evaluate the
microcapsules status during their storage, which makes it possible to visualize a significant
difference between the BR and C2 capsules compared to the others products (Lupo et al. 2015).
This would indicate that there is a greater stability to the C1, H1, and H2 capsules at room
temperature and, as the temperature increases, particles interactions and diffusion also accelerates
(Deladino et al. 2008).
In summary, the microencapsulated-coated the antimicrobial peptide by methods applied
in this work are semi-tolerant at high temperatures, but thermostable at temperatures that are
crucial in the food industry.
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Figure 4. Analysis of TGA (blue), DSC (pink) and dTGA (brown) of all samples.
3.6. XDR analysis
According to the diffractograms (Figure 5), the antimicrobial peptide Ctx(Ile21)-Ha has
intensities of 2θ with characteristics of proteins and peptides, located in the 10º band, which
represents the α-helix secondary structure. In addition, in the 20° band, which is related to the
structure of the β sheet, showing that the peptide has a semi-amorphous solid structure. This effect
is related to the peptide solubility, which contains randomly disposed and easily separated
molecules (Mendes et al. 2012; Zhao et al. 2015). The use of polymers as bioactive protectants is
commonly employed in the pharmaceutical industry, since it helps to reduce drug crystallinity and,
in turn, increases their stability (Al-Obaidi and Buckton 2009), effect that can also be observed in
the previous SEM micrographs, confirmed by FT-IR and FT-Raman data. The microcapsules
showed typical peaks of alginate and cellulose (HPMCP and HPMCAS conformation). In addition,
microencapsulation has a direct relationship with the decrease in the intensity of the crystalline
region of the peptide, which facilitates its dissolution and controlled release (Mendes et al. 2012).

20

Figure 5. XRD of the samples synthesized and microencapsulated using ionic gelation and
fluidized-bed combined method.
3.7. Controlled release analysis results
The simulated gastric release systems for the HPMCP coated microcapsules yielded
maximum values of 7.74 ± 0.11% and 14.9 ± 0.03% for H1 and H2, respectively. These values
indicate that coating with HPMCP makes the microcapsules resistant in an acid environment
(Figure 6). On the other hand, capsules coated with HPMCAS showed a peptide release of up to
33.31 ± 1.35% for C1 (Figure 7). As expected, C2 released more than half of the peptide content
in a short period, which can be explained by an incomplete microcapsule coating. The acid
solution, when in contact with the capsules, is supposed to enter and accelerate the releasing
process of the peptide in the gastric medium.
Some authors described encapsulated products with similar protective effects (controlled
release with HPMCP and HPMCAS) in the food industry (Son et al. 2016; Ahn et al. 2019). In
Animal Science, a study was developed producing spheres loaded with Porcine Epidemic Diarrhea
Virus (PEDV) to induce immunity by generating antibodies to combat this virus. These spheres
were coated with HPMCP to achieve their release, which exhibited positive and similar to our
results, indicating that PEDV was slightly released in the gastric system, and entirely in the
intestine (Wen et al. 2018). Another study based on the microencapsulation of lactase for dairy
products, was successfully carried out releasing around 0.2% and 90% in simulated gastric and
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intestinal fluid (SGF and SIF, respectively) of the enzyme (Ahn et al. 2019). On the other hand, a
study with HPMCAS-coated and encapsulated insulin tended to release around 20% in SGF
results, which resemble C1 capsules data, and up to 90% in SIF, similar to all others results
presented in this study (Momoh et al. 2020). It has also been reported that formulations with
HPMCAS inhibit the presence of enzymes such as trypsin, a peptidase produced in the pancreas
and secreted in the duodenum (part of the intestine) (Mcmanus et al. 2020). Likewise, drugs coated
with cellulose-derived polymers would provide greater bioavailability and better pharmacological
action of the coated products (Maderuelo et al. 2019). In summary, HPMCP and HPMCAS coated
products tend to slightly release the bioactive compound in the digestive tract and release
completely in the intestinal tract, maintaining its biological activity and its physicochemical
stability.

H1

H2

Figure 6. Controlled release of simulated gastric and intestinal systems in laying hens for Ctx
encapsulated and coated with HPMCP (data are means ± s.d., n = 3).
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C1

C2

Figure 7. Controlled release of simulated gastric and intestinal systems in chickens for Ctx
encapsulated and coated with HPMCAS (data are means ± s.d., n = 3).
The effect of intestinal peptide release for all encapsulates was efficient when exposed in
the intestine fluid environment, which it is the preferred site of bacterial multiplication, mainly of
Salmonella enteritidis. Thus, the release was carried out satisfactorily in a non-acid medium, which
can allow the Ctx peptide to be active against the pathogenic bacteria present in this organ. HPMCP
is a polymer responsible for protecting gastro-sensitive molecules, since it is insoluble at pH ~ 3
and, consequently, also protects from the enzymatic and oxidative processes in this environment
(Chung et al. 2014). This compound is a modification of cellulose, where the carboxyl groups were
replaced by hydroxyl groups, which gives it a high solubility at pH ~ 7. This feature allows coated
molecules to have stability during transport at a lower pH (Surini and Prakoso 2018). On the other
hand, HPMCAS is also a biodegradable polymer with similar properties. However, the ratio of
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acetyl and succinyl groups would be the main source of solubility of this polymer, the pH being
able to range between 5.5 to 6.5 (Fu et al. 2020).
These plasticizing polymers normally generate cracks as a dry final product after coating
by fluidized bed. For this reason, coating preparation was improved with triethyl citrate, which
gave greater firmness and remarkedly decreased cracks, effect that is corroborated with
photomicrographs of the SEM (Deshpande et al. 2018). The influence of compounds that improve
enteric coating based on compounds derived from hydroxypropyl methylcellulose (HPMC) is not
yet clear. Although, it was recently reported that the combination of talc/triethyl citrate as an
additive could be added to close these cracks (Fu et al. 2020). However, these drawbacks do not
interfere with the release of the peptide in the intestinal tract positively, which is the main goal of
the Ctx(Ile21)-Ha peptide microencapsulation.
3.8. Hemolytic activity
According to previous published studies (Vicente et al. 2013), the hemolytic activity
(HC50) of the antimicrobial peptide Ctx(Ile21)-Ha is 7.1 µmol L-1. The results obtained from this
study indicate that the level of hemolysis of the peptide was controlled and strongly reduced, with
a rate greater than 95% with the microencapsulation process. Thus, the present analysis showed
that, in the simulated period of digestion, according to Morgan and collaborators (Morgan et al.
2020), hemolytic activity of the microparticles were below 10%. Therefore, the present coatedmicrocapsules do not have hemolytic activity, which represents a positive feature regarding the
peptide toxicity. The kinetics of hemolytic activity are shown in Figure 8.
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Figure 8. Evaluation of the hemolytic activity of all samples to determine the viability of the
product and its application as a feed additive.
4. CONCLUSIONS
The antimicrobial peptide Ctx(Ile21)-Ha shows a broad and powerful antimicrobial
activities against most hazardous pathogens in poultry production and multidrug resistant bacteria,
which can be applied as an efficient natural antibiotic. This work demonstrated that Ctx(Ile21)-Ha
was properly microencapsulated and coated with HPMCAS and HPMCP, confirming its
characterization using several physicochemical techniques. In addition, peptide physicochemical
properties in the microencapsulation were maintained stable and, in some case, optimized, as
hemolytic activity decreased by more than 95%, which became the formulation secured and stable.
In vitro analysis of Ctx microparticles showed that controlled release helps to maintain and protect
the peptide against different events that could alter its structure, offering the release of the entire
peptide in an intestinal pH. From the best of our knowledge, the present work is a pilot study for
development of a new and efficient animal feed additive, since there are no studies of
microencapsulated antimicrobial peptides coated with HPMCP or HPCMAS coating have been
reported yet. Therefore, the use of microencapsulated antimicrobial peptide Ctx(Ile21)-Ha can be
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an interesting option as a possible natural growth promoter, opening opportunities to replace the
using of synthetic antibiotic additives in animal feeding.
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