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Abstract

Protein delivery journey through gastrointestinal (GI) tract faces many challenges
due to its physicochemical instabilities, fugitive half-life, and less absorption effi-
ciency. Herein, the aim is the study of both the encapsulation and in-vitro-release of
the bovine serum albumin (BSA) through pHs of GI tract within the green synthe-
sized interpolyelectrolyte complex, which was prepared from biodegradable poly-
mers as XG and TMC-based highly an efficient pH-sensitive protein carrier to solve
the drawbacks of the protein delivery through GI tract. The structures of XG/TMC
PEC and BSA-loaded PEC were elucidated using different analysis tools like FTIR,
FE-SEM, EDX, and XRD techniques. The BSA-loaded and released profiles were
determined in pH 1.2 (gastric simulated pH) and pH 7.4 (intestine simulated pH)
media. Best BSA-loaded results were obtained with the increase in XG concentra-
tion, BSA-loaded concentration, and encapsulation time. Moreover, in vitro BSA
release results showed that the amount of BSA released in pH 7.4 was higher than
that in pH 1.2 and also went up with the rise within the amount from 12 to 120 h
to be 97.9% in pH 7.4 and 29.7% in pH 1.2 at 120 h. Moreover, according to SDS-
PAGE technique, the BSA was released in intact form out of the PECs; thus, the
encapsulation and released conditions did not affect the structural integrity of BSA
structure. Finally, the cytotoxicity study of the prepared PEC showed safe and good
biocompatibility properties against the traditional human melanocyte cell line.

Keywords Protein delivery - Interpolyelectrolyte complex - Bovine serum albumin -
Cytotoxicity

P< Mahmoud H. Abu Elella
mahmoudhussien3766@yahoo.com

! Chemistry Department, Faculty of Science, Cairo University, Giza 12613, Egypt

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-021-03656-3&domain=pdf

2502 Polymer Bulletin (2022) 79:2501-2522

Introduction

The biggest problem of protein, in its journey through gastrointestinal (GI) tract,
is its instability, short half-life, and its degradation in the stomach [1]. Also, pro-
tein injection leads to some problems such as fat deposits at injection sites, local
infection, protein resistance, and stress which lead to poor compliance, non-effective
treatment, and patient discomfort [2, 3]. Thus, numerous efforts have been exerted to
discover highly efficient carriers for oral delivery of protein due to its convenience
and patient compliance in short- and long-term treatment [4, 5].

Consequently, synthesis of stimuli-responsive hydrogels based on biodegradable
polymers as polysaccharides have great attention for many global research groups
to solve the previously mentioned problems due to their non-toxicity, excellent bio-
compatibility and biodegradability. So, they have high selectivity for drugs (protein)
delivery since they are capable of changing their characteristics as exposed to exter-
nal environmental conditions such as pH, temperature, and light [6-8].

Xanthan gum, XG is an anionic biodegradable polysaccharide gum which is
excreted from Xanthomonas campestris (Gram-negative bacterium). XG structure is
shown in Fig. la. XG is a natural anionic antioxidant biopolymer that is used widely
today through several industries like biomedical, food, pharmaceuticals, textile,
cosmetics, and petrochemical industries due to its biocompatibility, biodegradabil-
ity, thermally stability, and non-toxicity. However, some drawbacks can reduce the
potential uses of XG in industrial applications like the chance of its microorganism
contamination where it can be degraded by microbial attack [9-15].

Chitosan (Ch) is a modified biodegradable natural copolymer polysaccharide hav-
ing polycationic nature. Ch is prepared via partially alkaline deacetylation hydrolysis
reaction at high temperature for N-acetamide units of chitin structure. Ch dissolved
in acidic medium only, so it has limited applications. Consequently, it has been
chemically modified into water-soluble derivatives including N-quaternized deriva-
tives which have a permanent positive charge on their backbone. Trimethyl chitosan
chloride, TMC, Fig. 1b, is a water-soluble quaternized derivative as it dissolves over
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broad pH range (2-9). TMC improves both solubility and antibacterial activity of
Ch. TMC is used widely in several applications: biomedical, food additives, antimi-
crobial agents, and pharmaceuticals due to its excellent properties: biocompatibility,
thermal stability, biodegradability, antimicrobial activity, non-toxicity, antioxidant
activity and anti-inflammatory properties [16-21]. Thus, we expect that complexing
XG with TMC through strong inter electrostatic interactions (Coulomb’s interac-
tions) will encapsulate BSA in a good manner.

Chemicals and experimental methods
Chemicals

Chitosan (DD =90-95% and Average Mwt=16x 10* gmol~!) was purchased from
Oxford Laboratory, India. Xanthan gum (Average Mwt is 17 X 10° gmol~! and pKa
value is 4.6) was obtained from Alpha-Chemika, India. Dimethyl sulfate (CH;),SO,
and buffered saline solutions were purchased from Loba Chemie Pvt. Ltd., Mum-
bai, India. NaCl, absolute ethanol, and NaOH were supplied by Merck (Schuchardt
OHG) Hohenbrunn, Germany. Bovine serum albumin (BSA) and coomassie Bril-
liant Blue G-250 were provided from Sigma-Aldrich, Germany. Regenerated cello-
phane dialysis tubes (Average Mwt: 12—14 x 10* gmol~!) were obtained from Serva
Electrophoresis, Heidelberg, Germany.

Experimental methods
Synthesis of trimethyl chitosan chloride

Trimethyl chitosan chloride, TMC, was synthesized according to Britto method [22].
Briefly, 1.0 g of Ch was soaked in (CH;),SO, (16 mL) and dist.H,O (4 mL) for 3 h,
then 0.5 g of NaOH and 0.4 g of NaCl were added through 30 min under continuous
stirring which continued for another 6 h at 30 °C. Then, the product was purified
by dialysis tubes using dist.H,O for 3 days, after that it was precipitated in 600 mL
cold absolute ethanol and washed by diethyl ether. The final product (TMC) was col-
lected with centrifugation (4000 rpm) for 15 min and dried under vacuum at 40 °C.

Encapsulation of BSA within XG/TMC PECs

BSA was chosen as a protein model, to study the protein loading and release prop-
erty within XG/TMC PECs. Both BSA loading and encapsulation efficiency per-
cent, %DL and % EE, respectively) was investigated according to Bradford method
[23]. Briefly, XG (0.1 g, 0.001 mol.) was soaked in 40 mL of dist. water under stir-
ring for 15 min. Next, a definite weight of BSA was dissolved in 20 mL dist. water,
and then it was dispersed in the above XG solution. Then, TMC (0.1 g, 0.004 mol.)
was dissolved in 40 mL dist. water then was added dropwisely to the above mixture
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under constant stirring for 24 h at room temperature (~30 °C). After that, precipi-
tated BSA-loaded PECs were collected using centrifugation (3000 rpm), and then
were dried in vacuum oven at 40 °C for 24 h till constant weight. While the PECs
in the absence of BSA were prepared as a control by the same above method. BSA
encapsulation was examined under the effect of different parameters such as:

1. XG: TMC weight ratios which are 1:1, 1:2, and 2:1;
2. Different loaded BSA concentrations: 25-75 (wt/wt %);
3. Encapsulation time: 3-24 h.

Determination of encapsulation efficiency of BSA

The encapsulation efficiency (EE) % and drug loading (DL) % of BSA in the inter-
polyelectrolyte complexes (XG/TMC PECs) were determined by Bradford method
[23]. Firstly, BSA-loaded PECs (10 mg) was dissolved in 10 mL of an aqueous
phase mixture, which was composed from 1 mL of benzyl alcohol and 9 mL of dist.
water, and then were shaken for a definite time (12 h) to get BSA out of PECs matrix
into an aqueous phase. Above all, the samples were centrifuged at (2000 rpm), and
finally, the BSA concentration was estimated using Coomassie brilliant blue G250
protein assay, whereas the prepared unloaded PECs supernatant solution (in the
absence of BSA) was used as a blank to calculate the both % DL and % EE accord-
ing to the following below Egs. (1) and (2) [24].

%DL = [(W,—W;) /W] x 100 (1)

%EE = [(W,—W;)/W,| x 100 2)

where W, is weight of the purified unloaded PECs samples, which obtained after
washing them by dist.water for three times to remove unreacted materials, and then
dried in vacuum oven at 40 °C for 24 h till constant weight. While, W,, and W are
weights of total amount of BSA, and free BSA in the supernatant, respectively. The
compositions of XG/ BSA/TMC matrices are given in Table 1.

Table 1 Composition of loaded BSA within PECs under various parameters

Factors Weight ratios (%w/w) (XG/ BSA-loaded concentration = BSA-loaded PECs
Sample code TMC) (%ewiw) formation time (h)
P1 1:1 25% 24

P2 2:1 25% 24

P3 1:2 25% 24

P4 1:1 50% 24

P5 1:1 75% 24

P6 1:1 25%

P7 1:1 25% 6

P8 1:1 25% 12
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Kinetic swell ability studies of unloaded PECs

Kinetic studies of swell ability for unloaded PECs (in absence of BSA) in both
pH 7.4 and 1.2 (phosphate buffered saline solutions) were studied through vari-
ous time intervals from 0.5 to 6 h at 37 °C. Briefly, 0.1 g of unloaded PECs (W,)
was immersed in 50 mL PBS through different time intervals from 0.5 to 6 h at
37 °C till reaching equilibrium. The excess water was removed from swelled sam-
ple surfaces with filter paper then they were weighed (Wy). The swell ability %
was calculated according to Eq. (3) [24, 25].

Swell ability % = [(Wy—W;)/W;] x 100 3)

where Wi and W; are the swollen and dry PECs weights, respectively.

In vitro release of BSA

In vitro BSA released from XG/BSA/TMC matrices was studied in pH 1.2
and 7.4 and evaluated using Coomassie brilliant blue G250 protein assay [23].
Briefly, a definite weight of the prepared BSA-loaded PECs (100 mg) was soaked
in a conical flask having 8 mL of released buffered medium under shaking incu-
bator (70 rpm) at 37 °C for various time intervals: 12, 24, 48, 72, and 120 h.
After released time, BSA-loaded samples were centrifuged at 2000 rpm then
4 mL of the supernatant was gathered from the released buffer medium to esti-
mate BSA concentration using Coomassie brilliant blue G250 protein assay. The
same amount of fresh released buffered medium (4 mL) was added—instead of
the taken amount—to keep the original volume constant. The BSA cumulative
release % was determined using Eq. (4) [24, 26].

The BSA cumulative release % = (C W/ Ci) x 100 4)

where C, and C; are the weights of supernatant and initial BSA solution,
respectively.

All experimental works were done three times and the mean values were
calculated.

Kinetic studies of BSA release

Kinetic in vitro BSA release from XG/BSA/TMC matrices was studied by Kores-
meyer model according to a diffusion exponent () which can be calculated using
Eq. (5) [27-29].

M,/M =K1 3)

where M, and M, are the released weights of BSA at different time intervals
(?) and infinite time (120 h), respectively. k and n are constant and diffusion expo-
nent, respectively. The mechanism of BSA release from loaded PECs matrices
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depends on n values: n=0.45-0.5 (Fickian or diffusion-controlled release model),
n=0.5-0.89 (non-Fickian or diffusion and erosion-controlled release model),
n=0.89-1.0 (Case II transport model), and n > 1.0 (Super case II transport).

Polyacrylamide gel electrophoresis studies

The structure of released BSA from loaded PECs was lyophilized and reconstituted
in PBS, then checked with sodium dodecyl sulfate—polyacrylamide gel electropho-
resis, SDS-PAGE, as mentioned in Laemmli method [30]. The prepared samples
(the molecular marker, standard BSA, and released BSA from the loaded hydrogels)
were separated by SDS-PAGE technique in a 4% stacking gel, 1.5 mm thick, and
12% resolving gel. The electrophoresis was done with Protean II vertical electro-
phoresis cell, Bio-Rad, at 200 V, and the bands were visualized by Coomassie blue
staining.

Cytotoxicity (Cell compatibility) assay

Cytotoxicity assay of unloaded PECs was examined against HFB-4, normal human
melanocytes cells, by a neutral red uptake assay test, NRU [31]. The absorbance
of acidified ethanol solution including extracted neutral red dye with a microplate
reader (BioTek, ELX808) was measured at 540 nm to estimate the optical density
(OD), then cell viability was calculated according to Eq. (6).

Cell viability % = [1 = (ODggeq/ODonuror)| X 100 (6)

where OD,_q.q 18 the optical density of wells which were treated with PEC samples
and OD_,,.; 1S the optical density of controlled cell lines.

Characterization (Instrumentation)

The TMC structure was elucidated using Proton Nuclear Magnetic Resonance (‘H-
NMR, Varian Mercury (VX-300) NMR) spectroscopy and compared to unmodified
Ch."H-NMR spectra were run at 300 MHz in DMSO/trichloroacetic acid (TFA) and
D,0 as solvents for Ch and TMC, respectively.

The chemical structure of tested samples was elucidated using Fourier Transform
Infrared (FTIR, Jasco FTIR 4100 spectrometer, Japan) spectroscopy within wave
number range 4000 to 600 cm™! at 25 °C.

The surface morphology of samples was investigated using field emission scan-
ning electron microscope (FE-SEM, Quanta 250 FEG, FEI Company, Netherland)
with a magnification (X 1000). A strip of sample was placed on the carbon tape on
a stub and was coated with Au. In addition, the elemental analysis of tested samples
was examined via energy dispersive x-ray (EDX) unit which is attached with FE-
SEM technique.
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The structure crystallinity of tested samples was investigated using X—Ray dif-
fractometry (XRD) (Philips Xpert MPD Pro) using Ni-filter and Cu Ka radiation
source at an accelerating voltage (50 kV) and current (40 mA).

The structural integrity of released BSA from loaded PECs matrices was
examined using vertical sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis apparatus (a Protean II vertical electrophoresis cell (Bio-Rad).
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Fig.2. 'H-NMR spectra of Ch and TMC structure

@ Springer



2508 Polymer Bulletin (2022) 79:2501-2522

Results and discussion
Characterization of TMC- and BSA-loaded PEC
1. Proton nuclear magnetic resonance spectroscopy

The chemical structure of prepared TMC was been essentially elucidated with 'H-
NMR spectroscopy and compared with unmodified Ch as shown in Fig. 2."H-NMR
spectrum of the native Ch shows singlet signals at 1.8 ppm, 2.8 ppm, 4.7 ppm, and
8.3 ppm, which refer to the protons that present in the N-acetyl groups; both N-glu-
cosamine and N-acetyl glucosamine units that bonded to C2; anomeric proton [H;]
of glycopyranose unit; and protons of primary amino groups, respectively. Addition-
ally, a multiplet signal appeared at d=3.5-3.8 ppm indicated to the four protons,
H3,H4,H5,and Hg, attached to C3, C4, C5, and C6, respectively [22, 32-35]. Moreo-
ver, two singlet signals situated at 2.5 ppm and 9.6 ppm referred to DMSO and TFA
solvents which are used for dissolving Ch.

On the other hand, '"H-NMR spectrum of TMC revealed five singlet signals: at
8=2.0 ppm corresponded to protons of methyl group in remaining N-acetyl groups;
at §=3.0 ppm referred to protons of N-dimethyl amino (-N(CHj;),) groups; at
0=3.2 ppm signed for protons of N-quaternized amino (-N(CHj,),) groups; and two
signals at =3.35 ppm and 3.47 ppm corresponded to protons of methyl group that
connected to oxygen atom that attached to carbon atom 6(06—CH3) and 3 (03—CH3),
respectively [22, 35]. In addition to appear multiplet signals at 6=3.8—4.4 and
5.0-5.4 ppm signed for protons attached to carbon atoms 3, 4, 5 and 6 [H;,H,,H5 and
Hg] and anomeric proton [H,], respectively [22, 35, 36]. Also, sharp singlet signal
appeared at 6 =4.8 ppm related to D,0 solvent for TMC. Additionally, the degree of
quaternization (DQ) % in TMC structure was determined according to Eq. (7).

DQ % = [[(-N*(CH;),)]/(9x [Hi])] x 100 @

where [(-N*(CH;);)] corresponded to the integral area of N-quaternized protons
signal at 3.2 ppm; and 9 number is the number of N-quaternized protons; and [H;]
signed for the integral area of anomeric proton signal at § =5.0-5.4 ppm [35].% DQ
in TMC structure was calculated as 46.6%.

2. Fourier transform infrared spectroscopy

Chemical structure of all examined samples: Ch, TMC, XG, PEC (XG/TMC (1:1);
in the absence of BSA), BSA, and BSA-loaded PEC (BSA/PEC, P1) was elucidated
by Fourier Transform Infrared, FTIR, spectroscopy, and the results are shown in
Fig. 3a, b. Ch FTIR spectrum showed a broad absorption peak at 3490 cm™! related
to —OH and -NH, groups stretching vibrations, strong two absorption peaks at
1645 and 1386 cm™! referred to asymmetric and symmetric amide groups stretch-
ing vibration and two absorption peaks at 1105 and 1013 cm ~! assigned for second
and first alcoholic (C—OH) groups stretching vibration [37]. While TMC spectrum
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Fig.3 FTIR spectra of a XG, Ch, TMC and b BSA, PEC (XG/TMC (1:1); in the absence of BSA), and
BSA-loaded PEC (BSA/PEC, P1)

showed some changes in the absorption peaks of Ch such as the appearance of —-OH
groups stretching vibration peak at 3445 cm™' with less intensity than that found in
Ch spectrum at 3490 cm™' because the amino groups in Ch are converted to N-meth-
ylated amino groups on TMC chains. Additionally, the two peaks of second and first
alcoholic (C—OH) groups stretching vibration appeared at 1060 and 1006 cm™' due
to O-methylation reaction on them. Moreover, the appearance of a new absorption
peak at 1471 cm™! related to the bending vibration of N-quaternized amino groups
on TMC chains [22, 38—40]. Moreover, FTIR spectrum of XG showed broad peak
related to —OH groups stretching vibration at 3431 cm™!, absorption peak referred
to stretching vibration of aliphatic —CH groups at 2920 cm™!, the peak of carbonyl
group appeared at 1733 cm™!, two absorption peaks assigned for asymmetric and
symmetric stretching vibrations of carboxylate groups at 1639 and 1420 cm™,
respectively, and a broad absorption peak of glycosidic ether bond (C-O-C)
appeared at 1065 cm™! [41, 42].

On the other hand, Fig. 3b shows FTIR spectra of unloaded PEC (XG/TMC (1:1);
in the absence of BSA), BSA, and BSA/PEC (P1) matrix. PEC spectrum illustrated
all characteristic peaks of both XG and TMC with some changes such as a broader
—OH group peak at 3436 cm™! than that found in native XG due to the intermolecu-
lar hydrogen bonding interactions between —OH groups in XG chains and N-methyl-
ated groups on TMC. Moreover, shifted the carboxylate groups peaks in XG to 1635
and 1412 cm™, and the N-methylated groups peak on TMC to 1466 cm™', due to
the electrostatic interactions between carboxylate groups in XG and N-quaternized
groups on TMC chains.

FTIR spectrum of PEC proved the interaction between XG and TMC via both
electrostatic and H-bonding interactions. Additionally, BSA (protein) spec-
trum showed stretching vibration broad peak for carboxylic and amino groups at
3417 cm™!, the aliphatic -CH groups peak appeared at 2952 cm™', the absorption
peak of carbonyl (amide I) group appeared at 1654 cm™!, the absorption peak of
secondary amine (amide II) group appeared at 1525 cm™', and absorption peak of
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amide III groups was detected at 1246 cm™! [43]. Meanwhile, BSA-loaded PEC
spectrum showed all characteristic peaks of XG, TMC, and BSA peaks with some
changes such as the two absorption peaks of -OH groups along the XG structure
(which was mentioned previously in Fig. 3a at 3431 cm™!) and of both carboxylic
and amino groups in BSA structure (which was mentioned also previously in Fig. 3b
at 3417 cm™") shifted to appear at 3420 cm™' but less intense and broader than
that found in both XG/TMC PEC (in the absence of BSA) and BSA spectra may
be because of the H-bonding interactions in BSA/PEC matrix. Moreover, the bend-
ing vibration peak of N-quaternized amino groups along the TMC structure more
shifted than that found in unloaded PEC, it showed at 1455 cm™! may be due to the
strong electrostatic interactions with the carboxylate groups over both XG and BSA
structures. And also, shifting for the carboxylate group peak in XG and the amide I
peak in BSA to 1649 cm™! owing to both interaction bonds (H-bonding and electro-
static interactions). Finally, the secondary amine peak in BSA shifted from 1525 to
1550 cm™!; as a result, the electrostatic interactions with carboxylate groups along
the XG structure. Consequently, FTIR spectrum of BSA-loaded PEC supported that
the encapsulation of BSA inside PEC occurred successfully.

3. Field emission scanning electron microscope

Surface morphology of examined samples: Ch, TMC, XG, PEC (XG/TMC (1:1);
in the absence of BSA), BSA, and BSA-loaded PEC (BSA/PEC, P1) was investi-
gated by field emission scanning electron microscope (FE-SEM) technique and
microstructure images are shown in Fig. 4. Ch has compact and regular surface due
to the intermolecular H-bonding interactions [32] while TMC surface was covered
with lumps and aggregations due to the extensive formation of methyl bulky groups
on its surface leading to destruction of H-bonds in Ch chains. While XG and BSA
surface exhibited irregular lobules [41, 43]. On the other hand, the surface morphol-
ogy of PEC and BSA / PEC matrix was scanned in two different magnifications; X
1000 and X 2000. PEC surface showed heterogeneous rough surface with pores and
cavities filled and covered with small white particles in FE-SEM images of BSA that
proved successful encapsulation and loading of PEC with BSA.

4. X-ray diffraction

The crystallinity of examined samples: Ch, TMC, XG, BSA, PEC (XG/TMC (1:1);
in the absence of BSA), and loaded PEC (BSA/PEC, P1) was examined via X-ray
diffraction technique, XRD, and their patterns are illustrated in Fig. 5a, b. XRD dif-
fractogram of Ch showed two strong diffraction peaks at 20=9.5° and 20.0° indicat-
ing its crystalline nature due to the intermolecular H-bonding interactions among its
chains [37]. After the methylation of Ch, TMC diffractogram exhibited less intense
broad diffraction peak at 260 =20.0° than that found in Ch pattern due to the destruc-
tion of the intermolecular H-bonding interactions in Ch. XRD pattern of XG illus-
trated one weak peak at 20=20° indicating its amorphous nature [44]. Meanwhile,
the XRD pattern of XG/TMC PEC in the absence of BSA (Fig. 5b) showed one
broader peak than that in both TMC and XG patterns individually at 20=20.5°
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¢

Fig. 4 FE-SEM images of tested samples: XG, Ch, TMC, BSA, PEC (XG/TMC (1:1); in the absence of
BSA), and BSA-loaded PEC (BSA/PEC, P1)
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Fig.5 XRD diffraction patterns of a TMC, Ch, XG and b BSA, PEC (XG/TMC (1:1); in the absence of
BSA), BSA-loaded PEC (BSA/PEC, P1)
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which supported the fact of interpolyelectrolyte complex formation between XG and
TMC successfully. In addition, BSA XRD pattern showed two broad strong diffrac-
tion peaks at 260=9° and 20.5° indicated its crystalline nature due to presence of
hydrogen bonding interactions among BSA chains [23]. Finally, BSA-loaded PEC
pattern exhibited one broad peak at 260=20.9° which is less intense than that found
in PEC pattern. Also, the disappearance of the diffraction peak of BSA at 260=9°
proved the homogenous distribution of BSA among PEC chains.

5. Elemental analyses

Elemental composition of XG, TMC, PEC (XG/TMC (1:1); in the absence of BSA),
BSA, and BSA-loaded PEC (BSA/PEC, P1) matrix was performed on the EDX unit,
and the results are shown in Fig. 6. XG spectrum was reported previously by the
same authors [43]. It showed four peaks at 0.280, 0.530, 1.04, and 3.71 keV signed
for four elements C, O, Na, and Ca, respectively, while TMC spectrum exhibited
four EDX peaks at 0.285, 0.380, 0.533, and 2.70 keV referred to four elements C,
N, O, and CI, respectively. The presence of Cl peak corresponded to N-quaternized
amino groups onto TMC chains, while PEC hydrogel spectrum showed five peaks at
0.270, 0.371, 0.520, 1.03, and 2.65 keV referring to five elements C, N, O, Na, and
Cl, respectively. However, the Na peak intensity was less than that in XG spectrum.
In addition, the peak of Ca element vanished in PEC spectrum and the intensity of
the Cl peak decreased than that in TMC spectrum indicating successful synthesis of
PEC hydrogels between XG and TMC via electrostatic interactions. Besides, EDX
spectrum of BSA was previously discussed by the same authors [43]. It exhibited
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PEC (BSA/PEC, P1)
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four peaks at 0.274, 0.390, 0.538, and 2.316 keV referred to four different elements
such as C, N, O, and S, respectively. The EDX spectrum of BSA was similar to
others that reported in the literature [45, 46]. However, BSA-loaded PEC matrix
spectrum illustrated six peaks at 0.270, 0.381, 0.533, 1.03, 2.323, and 2.756 keV
referring to six different elements: C, N, O, Na, S, and Cl, respectively. The appear-
ance of S peak in BSA-loaded PEC spectrum proved the successful encapsulation
of BSA within PEC. Also, Cl peak intensity was less than that in TMC and PEC
spectra which indicated successful encapsulation of BSA within PEC hydrogel
through electrostatic interactions. Furthermore, the gold (Au) peak is observed in
EDX spectra due to coating the samples with Au before their examination onto FE-
SEM technique.

Loading efficiency of BSA

Potential loading of BSA within PEC (XG/TMC) was investigated using differ-
ent parameters such as; (XG: TMC) weight ratios: (1:1), (2:1), and (1:2) and their
codes were P1, P2, and P3, respectively. Also, various BSA concentrations: 75, 50
and 25% w/w% of total XG/TMC weight with codes PS5, P4 and P1, respectively.
Besides, encapsulation time (3, 6, 12, and 24 h) with codes P6, P7, P8 and Pl1,
respectively. All those parameters affected the percentage of drug (BSA) loading (%
DL) and encapsulation efficiency (% EE), the results are shown in Table 2.

(TMC: XG) (2: 1) (P3) was formed via electrostatic interactions between TMC
(N-quaternized amino groups) and BSA (carboxylic acid groups). When all the other
parameters were kept constant ( [BSA]=25% (w/w) and encapsulation time was
24 h), both % DL and % EE increased to give maximum values 15.72% and 80.1%
with the increase in TMC content. This observation is similar to previous reported
data in the literature [47]. (TMC: XG) (1:1) was formed and encapsulation time was
24 h, % DL and % EE increased to 52% and 91.70% with the increase in BSA con-
centration 75% (%w/w) due to the increase in BSA concentration which led to rais-
ing the interaction between PECs and BSA through electrostatic interactions forces
which increases the amount of BSA loaded within PECs hydrogels. The obtained
results are similar to the previously reported data in the literature [47, 48].

Table2 BSA loading % and encapsulation efficiency %

Parameters Code of sample BSA loading % Encapsulation
efficiency %

Polymer weight ratios (%w/w) P1 15.38+0.02 77.0+0.03
P2 15.20+0.01 73.30+0.02
P3 15.72+0.02 80.10+0.15

BSA concentration (%w/w) P4 36.07+0.10 86.61+£0.01
P5 52.0+0.15 91.70+0.02

Encapsulation time (h) P6 14.83 +0.01 74.13+0.01
P7 14.98+0.01 74.94+0.01
P8 15.23+0.03 76.14+0.15
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Furthermore, the encapsulation time (3 h, 6 h, 12 h, and 24 h) affected % EE and
%DL of BSA at constant weight ratio of (TMC and XG) (1:1) and [BSA]=25%
(%w/w). The data illustrated that both % DL and % EE increased to 15.38% and
77.0% with an increase in encapsulation time at 24 h. The increase in the encapsula-
tion time may led to a rise in the BSA loaded within PECs hydrogels chains through
interaction forces.

Swell ability kinetic studies

The released protein from the polymer matrix is observed via the swelling behav-
ior of the polymeric chains [49]. The kinetic swell ability of unloaded PEC (XG/
TMC (1:1) in the absence of BSA was studied in pH 7.4 and pH 1.2 through time
interval between 0.5 and 6 h at 37 °C. The data are shown in Fig. 7 showing that
the swell ability of PEC hydrogels increases with the rise in the swelling time till
equilibrium (attained after 4 h). Moreover, the PEC hydrogels swelling rate in pH
7.4 was higher than in pH 1.2. In acidic-buffered solution (pH 1.2), the electrostatic
repulsion between protons and both hydroxyl and N-quaternized amino groups on
hydrogel chains led to a reduction in their swelling rate. However, in slightly alka-
line, pH 7.4, the —OH groups were ionized and extend repulsive forces with -COOH
and N-methyl amino groups which led to an increase in the swelling rate % of PEC
as it increased the counter ions concentrations within the polymer chains leading to
the variance between the osmotic pressure of buffered solution inside and outside
PEC hydrogels. The PEC hydrogels swelling ability balanced the rise in osmotic
pressure [50].

BSA release

BSA released from BSA-loaded XG/TMC hydrogels was studied in two release
media (pH 7.4 and 1.2) through various release times: between 12 and 120 h in
the presence of various parameters such as polymer weight ratios (TMC: XG)

300
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Fig.7 Swell ability of PEC in pH 7.4 and pH 1.2 at different time periods 0.5-6 h
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Fig.8 BSA accumulative release % from loaded matrixes in pH 7.4 and 1.2, release media, at various
polymer weight ratios, different BSA concentrations and encapsulation times

(1:1) (P1), (1:2) (P2), and (2:1) (P3), different BSA-loaded concentrations: 25,
50, and 75% (w/w%) with codes P1, P4, and PS5, respectively and different encap-
sulation times (3 h, 6 h, 12 h and 24 h with codes P6, P7, P8, and P1, respec-
tively) at 37 °C. The data are shown in Fig. 8 illustrating the increase in BSA
release rate out of the PECs hydrogels—in two media progressively—with the

incubation time increase.
In addition, BSA release rate in pH 7.4 was faster than in pH 1.2 as the swell-

ing behavior of PEC hydrogels. This observation was similar to BSA loading
within modified glucomannan hydrogels [51]. The release rate relied on both dis-
solution and diffusion of the protein in the hydrogel [51].
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Besides, the protein release from hydrophilic hydrogels counts on the matrix
rigidity and its type [25]. The results of BSA release may be attributed to the
increase in the electrostatic interactions in acidic medium (pH 1.2) that led to a
reduction in BSA release [52, 53]. The isoelectric point of BSA is 4.8, thus at pH
7.4, the hydroxyl (-OH) groups along XG and TMC were ionized and BSA struc-
ture had negative net charges that led to an increase in the electrostatic repulsive
forces between BSA and all ionized groups (-OH, -COO™ and N-mono and dime-
thyl amino groups) along PECs hydrogels and led to a rise in BSA release in pH 7.4.
These results were similar to BSA release behavior in dextran hydrogels [54].

Effect of polymer weight ratios

The effect of (XG: TMC) weight ratios: (1:1) (P1), (1:2) (P2), and (2:1) (P3) was
studied on BSA accumulative release from BSA/ PECs matrixes, keeping all other
parameters constant (BSA concentration was 25% and encapsulation time was 24 h).
BSA accumulative release went up with the increase in incubation time till reaching
maximum value 85.2%, 95.9% and 82.6% in pH 7.4 and 25.6%, 27% and 22% in
acidic (pH 1.2) medium for P1, P2 and P3, respectively. Data—(Fig. 8a and d)—
exhibited that the increase in TMC content led to a reduction in BSA release from
BSA-loaded hydrogel due to the increase in electrostatic interactions between TMC
(N-quaternized amino groups) and carboxylic acid ((COOH) in BSA. This observa-
tion was similar to BSA released from loaded chitosan/poly(vinyl alcohol) hydrogels
[47]

Effect of BSA concentration

The loaded BSA concentrations (25%, 50%, and 75%) affected the accumulative
BSA release rate from PEC (XG: TMC) (1:1) at encapsulation time 24 h, and their
codes, P1, P4, and P5 in both media (pH 7.4 and pH 1.2). The data are represented
in Fig. 8b—e. When the BSA loaded increased from 25 to 75%, the BSA release
decreased in pH 7.4 and pH 1.2 media. At 25%, the accumulative release was 85.2%
in pH 7.4 and 25.6% in pH 1.2 in 120 h. While at 75%, BSA release was 67.7% in
pH 7.4 and 16.4% in pH 1.2 in 120 h. The protein release % is monitored by its dif-
fusion through the matrix and the relaxation process of the polymer upon solvent
penetration [25]. Low protein loading (25%) on XG /TMC hydrogels formed a large
pore led to good swelling that led to sharp BSA release in both release media. How-
ever, in the case of the high BSA loading (75%), the formation of strong interactions
between BSA and polymer chains caused both reduction and shrinkage of the pores
and cavities in BSA/PEC matrix led to the reduction in BSA release. This results
were similar to other drugs release reported in the literature [25, 47, 55, 56].

Effect of encapsulation time

Encapsulation time (3 h, 6 h, 12 h and 24 h with codes P6, P7, P8 and P1, respec-
tively) of loaded BSA (25%) within hydrogel (XG: TMC) (1:1%w/w) affected
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accumulative BSA release % in pH 7.4 and 1.2 media, keeping all other param-
eters constant. The data are shown in Fig. 8c—f, showing that the increase in the
encapsulation time led to decrease the accumulative BSA release % from inter-
polyelectrolyte complex. Because the increase in the encapsulation time resulted
in filling both the pores and cavities along the interpolyelectrolyte complex
surface with BSA as shown previously in SEM section that led to increase the
interactions between loaded BSA and PEC structure, and then the free volume
between PEC chains decreased that led to reduce the BSA accumulative release
%. The encapsulation time 3 h (P6) showed high gradual BSA release till it
reached maximum values 97.9% in pH 7.4 and 29.7% in pH 1.2 at 120 h. Reduc-
tion in BSA release as a result of the increase in encapsulation time has similar
data reported in literature [25, 57].

In vitro BSA release kinetic studies

In vitro BSA release from BSA/PECs hydrogels was studied kinetically in both
pH 7.4 and pH 1.2 media in various incubation time intervals at 37 °C under
the effect of various parameters: polymer weight ratios, different BSA concen-
trations and encapsulation times. The data are illustrated in Table 3 and fitted to
Koresmeyer model. The mechanism of BSA release from the polymeric matrix
in pH 7.4 and pH 1.2 followed non-Fickian model release since the diffusion
exponent (n) values were ranging from 0.460 to 0.837. BSA release was affected
by the blend of erosion and diffusion release-controlled. Moreover, the correla-
tion coefficient (R?) values approached unity, suggesting the results were fitted to
non-Fickian model. The data were similar to results of both BSA and diclofenac
sodium release [29, 49, 58].

Table 3 Kinetic parameters: R? (correlation coefficient), K (rate constant) and n (diffusion exponent) of
BSA release from loaded XG/ TMC PECs hydrogels

Sample code Koresmeyer model

pH74 pH 1.2
R? k n Release mechanism R? K n Release mechanism
P1 0.9954 0.018 0.837 non-Fickian 0.9966 0.080 0.545 non-Fickian
P2 0.9910 0.010 0.575 non-Fickian 0.9991 0.114 0.475 non-Fickian
P3 0.9980 0.010 0.460 non-Fickian 0.9982 0.063 0.630 non-Fickian
P4 0.9927 0.006 0.784 non-Fickian 0.9447 0.010 0.768 non-Fickian
P5 0.9983 0.002 0.666 non-Fickian 0.9954 0.029 0.829 non-Fickian
P6 0.9999 0.035 0.699 non-Fickian 0.9999 0.046 0.695 non-Fickian
P7 0.9960 0.017 0.786 non-Fickian 0.9952 0.006 0.748 non-Fickian
P8 0.9943 0.012 0.626 non-Fickian 0.9865 0.071 0.589 non-Fickian
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Fig.9 SDS-PAGE method for
examination of the structural
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Detection of BSA structural integrity

The structural integrity of loaded BSA released out of PEC hydrogels into the
release medium (pH 7.4) was examined with SDS-PAGE technique followed by
staining with Coomassie brilliant blue, the results are shown in Fig. 9. The SDS-
PAGE method is considered to be the principal method used for proteins separation
according to the variances in their molecular weights [59]. In Fig. 9, the molecu-
lar weight markers and the BSA standard were observed in Lanes 1 and 2, respec-
tively. The band was shown at 66 KDa, and the released BSA out of PEC into pH
7.4 medium through incubation time, 24 h and 120 h were observed in Lanes 3 and
4, respectively, as clear bands. Thus, these data confirmed that the loaded BSA was
released in intact form out of the PECs, so the loaded BSA was not affected by both
accumulation and destruction through its release from the PECs. From these results,
we emphasize that the encapsulation and released conditions did not affect the integ-
rity of BSA structure. These results were similar to other data mentioned in the lit-
erature [30, 60].

Cytotoxicity assays

Cytotoxicity assay is the significant analysis for choosing right vectors for the deliv-
ery of protein. For polymeric hydrogels to work as entire protein carriers, their com-
position must be non-toxic. The synthesized PEC cytotoxicity was checked versus
HFB-4 (normal human melanocytes cells) employing the neutral red uptake assay.
The cell viability % was measured and drawn versus various PEC hydrogel concen-
trations (Fig. 10).

The obtained results indicated that the examined XG/TMC PEC hydrogels
showed the highest % cell viability 99.1% + 2.5 for 50 pg/mL. The increase in PEC
concentration to 300 pg/mL led to a decrease in the cell viability % to 88% +2.5. It
deduced the good biocompatibility for the examined PEC which can be used as a
safe protein delivery system. These obtained results were similar to previous results
reported in the literature [61].
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Fig.10 Cytotoxicity of the prepared PEC hydrogels using neutral red uptake assay

Conclusion

In the present study, polysaccharide gum as xanthan gum (XG) and trimethyl chi-
tosan (TMC) (as two biodegradable polysaccharides) based PEC hydrogels were
synthesized to encapsulate and deliver BSA successfully. The structure of PEC
hydrogels in the absence/presence of BSA was elucidated with various analysis
tools: FE-SEM, FTIR, EDX, and XRD.

The effect of various parameters such as, polymer weight ratios, different BSA
concentrations and encapsulation time were examined to determine both DL% and
EE % for BSA, also its in-vitro release out of loaded PEC in pH 7.4 and pH 1.2 buff-
ered solutions.

The obtained results showed the increase in EE% with an increase in the encap-
sulation time, BSA concentration, and XG concentration. Moreover, the BSA
release % in a slightly alkaline (pH 7.4) medium was faster than in acidic one, which
increased with the increase in XG concentration where it reached maximum release
value at XG: TMC (2:1) ratio and with the decrease in both BSA concentrations and
encapsulation time.

In vitro BSA released mechanism was studied kinetically according to Kore-
smeyer model and the data illustrated that the mechanism followed non-Fickian
mechanism in both media. Furthermore, the released BSA structure stability was
confirmed with the SDS-PAGE assay and the obtained results exhibited that BSA
structure released without any destruction.

Additionally, the cytotoxicity was examined for PEC sample against HFB-4 (nor-
mal human melanocytes cell line), and the obtained data represented that the pre-
pared hydrogels can be applied as safe carriers for protein delivery.
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