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ABSTRACT

PolyElectrolyte Nanoparticles (PENs) obtained by layer-by-layer self-assembly of
polycations/polyanions suffer from a lack of colloidal stability in physiological conditions. We
report a simple innovative approach for increasing their stability by multiple ionic cross-linkers.
Herein, a chitosan-based core was stabilized by polyanions such as tripolyphosphate and dextran
sulfate at pHs of 3 (aPENSs) and 8 (bPENS) to improve the quality of electrostatic interactions in
the core and manage self-assembly of polyethyleneimine shell onto the core. The physicochemical
properties of the particles were characterized by DLS, SEM, TEM, FT-IR, and TGA. TEM
micrographs showed visible core/shell structures of bPENSs. From particle size and polydispersity
indices, the bPENSs stability was salt concentration-dependent. The release profiles of PENs using
nicotinic acid demonstrated sustained release in a pH-independent manner with a good fit of
Korsmeyer-Peppas model. These results suggest that multiple ionic cross-linkers can be an

efficient approach to increase the colloidal stability of PENS.
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1. Introduction
Currently, PENs have attracted more attention due to strong self-assembly of reversible
electrostatic interactions between oppositely charged polymers useful for encapsulation and
controlled release of charged cargos. These complexes exhibit desirable physicochemical
properties of various polymers and possess the advantage of simple preparation. Nevertheless,
PENSs suffer from a lack of stability in physiological conditions due to various characteristics of
building components (i.e., concentration and MW) and environmental conditions (i.e., pH,
temperature, and especially ionic strength) (Wu & Delair, 2015). Several researchers have
demonstrated the physical stability of PENs consisting of chitosan (CS)/hyaluronan (Umerska et
al., 2012), CS/poly-y-glutamic acid (Lin et al., 2005), Carboxymethyl-trimethyl CS/chondroitin
sulfate (Hansson et al., 2012) and CS/acylated cruciferin (F. Wang, Yang, Ju, Udenigwe, & He,
2018) in water for different periods. Nonetheless, stability improvements in physiological
conditions needed suppressing the deleterious effect of salts by various processing techniques
including steric stabilization (Costalat, David, & Delair, 2014), zinc ion coordination (Wu &
Delair, 2015), thiolation (Verheul et al., 2011), and quaternization (Bal et al., 2010) of the original
polymers. However, sterically stabilized nanoparticles lose the intrinsically appealing
polyelectrolyte property of bulk fluidity as a function of pH, temperature, and ions; ion
coordination, thiolation, and quaternization also need chemical reagents or organic solvents. To
overcome this handicap, our current hypothesis suggests using multiple ionic cross-linkers as a
novel simple approach, and devotes to evaluate the effectiveness of multiple cross-linkers and pH

on the stability of the carbohydrate-based nanoparticles.

CS is a biocompatible, biodegradable, and antibacterial chitin derivative composed of randomly
distributed B-1,4-linked D-glucosamine and N-acetyl-D-glucosamine units. CS can form
complexes with polyanions such as tripolyphosphate (TTP) and dextran sulfate (DS) due to
protonation of amino groups below its pKa (6.5) (Motiei & Kashanian, 2017). lonic gelation of
CS with TTP as a nontoxic, weak polyprotic acid, and multivalent anionic cross-linker improves
the quality of electrostatic interactions (Diop et al., 2015). DS is a biodegradable, biocompatible,
sulfated, and branched polysaccharide that is expected to show strong ionic interactions through
the positive ammonium groups of CS, increase the stability of the nanoparticles, and be deployable

in drug delivery systems (Quifiones, Peniche, & Peniche, 2018).



Polyethyleneimine (PEI) is composed of amino groups that is partially protonated at physiological
and endosomal pHs, and is able to induce endosomal rupture by its unique ‘‘proton sponge effect”’.
It consequently facilitates the polyplexes release into cytosols (W. Wang et al., 2017). However,
the cytotoxicity issue of high MW PEI has been addressed by modifying PEI with numerous
hydrophilic or hydrophobic segments (Liu et al., 2015), assembling with other degradable and
biocompatible polymers, and/or using low MW PEI (W. Wang et al., 2017).

Overall, a chief innovation of the present work was the simple design and fabrication of stable
nanoparticles to resist the destabilizing environment of living tissues (i.e., pH and ionic
fluctuations). These nanosystems were composed of an inner CS core, synthesized by an ionic
gelation technique using polyanionic cross-linkers at two different pHs and a polycationic PEI
shell. The optimized formula were fully characterized by DLS, SEM, TEM, FT-IR, and TGA.
Furthermore, their effectiveness on physical stability was evaluated by DLS and SEM after storage
in PBS (0, 1, and 10mM) at 4 °C. Finally, nicotinic acid (INN) was used as a hydrophilic model
drug for evaluation and comparison of drug loading, in vitro drug release as well as kinetics

modeling of these PENS.

2. Experimental section
2.1. Materials

Low molecular weight CS with MW of 50-190 kDa, degree of deacetylation >75 %, and degree of
substitution=1.26 (Supplementary information, SI) was provided by Sigma Chemical Co. (St.
Louis, MO, USA). DS sodium salt (MW of 7-20 kDa, sulfur content 17-19%), PEI (average MW
1.3 kDa by LS, concentration 48-52%), TPP, INN, acetic acid, sodium chloride, disodium
hydrogen phosphate, potassium chloride, potassium dihydrogen phosphate and dialysis tubing
with cut off 12 kD MWCO were also purchased from Sigma Chemical Co.

2.2. Preparation of PENSs at different pHs with ionic cross-linkers


https://www.sciencedirect.com/science/article/pii/S0144861717304368#sec0105

To optimize the formulation, CS was dissolved in 1% acetic acid solution adjusting to pH 5, while
stirring in the presence of 0.5% Tween 20 as a nonionic steric stabilizer (500 rpm, 60 minutes, 45-
50 °C). Afterward, different volumes of DS (1mg/mL, pH 3 and pH 8) were added to the solution
in constant TPP concentration (2 mL, 1mg/mL, pH 3 and pH 8) under stirring (500 rpm, 10
minutes) to obtain the smallest z-average size of the core. Finally, an optimized PEI concentration
was determined by mixing different PEI volumes (10mg/mL, pH 8) with the core solution under
stirring (500 rpm, 10 minutes). The final optimized formula were used for other characterizations.
In INN loaded PENSs, INN was added to the CS solution under gentle stirring at room temperature
for 2 hours before incorporation in the cross-linkers. After addition of cross-linkers and PEI shell,
the prepared samples were utilized for evaluation of z-average size, zeta ({)-potential, and in vitro

drug release studies.

2.3. Characterization of PENs

DLS (model 3600, Malvern Instruments Ltd., Worcestershire, UK) was used for evaluation of -
potential and particle size at 25 °C by disposable polystyrene cuvettes. Morphology of the dried
nanoparticle suspension was observed by SEM (Nova 450 NanoSEM, FEI, Brno, Czech Republic)
and TEM (JEM 2100, JEOL Ltd., Japan) operated at 5.00 kV and 160 kV accelerating voltage,
respectively. For SEM, the dried suspension on a piece of aluminum foil was placed on the SEM
specimen stub with a double-sided carbon adhesive disc (Taab, Berkshire, UK) and sputter-coated
with gold/palladium (SC7620 Mini Sputter Coater, Quorum Technologies,10mA for 45 seconds),
and TEM sample preparation was done by a dried suspension on a carbon-coated 300-mesh copper
grid (Structure Probe Inc., West Chester, USA). The physical stability of nanoparticles in PBS (0,
1, and 10 mM, pH 7.4) at 4 °C was monitored by SEM after two weeks and DLS at predetermined
time intervals for two months. For this purpose, one volume of the particles was mixed with the
same volume of PBS (2x) to obtain PBS concentrations of 1 and 10 mM. Freeze-dried samples
were used for further assays, including FT-IR and TGA analysis. Frozen samples in liquid nitrogen
were lyophilized using a Freeze Dryer (SCANVAC Coolsafe™, model 110-4, Denmark),
condenser temperature —110 °C, pressure 0.2 mbar. FT-IR spectra were carried out with a Nicolet
iS5 spectrometer at 64 scans and a resolution of 4 cm™ over a wavenumber range of 4000—400

cml. The thermogravimetric analysis was performed on a TA Instruments Q500



Thermogravimetric Analyzer at 10°C/min heating rate under the nitrogen atmosphere from 25 to
700°C, and then weight loss percentage of the components was calculated using the Universal
Analysis 2000 system.

2.4. Drug loading and in vitro release assays of PENs

Drug loading and in vitro release of INN loaded-PENs were evaluated by dialysis technique and
in the presence of a non-toxic and isotonic release medium, PBS. For evaluation of encapsulation
efficiency (EE) and loading capacity (LC) of INN loaded-PENSs, the dispersions (~ 10 mL) were
placed into 100 mL PBS10 mM, pH 7.4 by a dialysis tube and then the entire system was kept in
an orbital incubator (Stuart SI500, UK) at 37+0.5°C, 40 rpm for 1 hour. EE (%) and LC (%) were
calculated according to Egs. (1) and (2), respectively (Motiei, Kashanian, Lucia, & Khazaei, 2017),
where Total INN was the amount of primary INN added to the solution and Free INN was assessed
through UV-vis spectrophotometry (CARY 300 Conc, USA) at 261 nm versus a calibration curve
(R?=0.999, n=3).

Total INN-Free INN

Eq. (1) EE (%) = ——————— % 100

Total INN
Total INN—Free INN

Eq. (2) LC (%) = x 100

Nanoparticle Weights

Afterward, for evaluation of the in vitro release rate, the medium was replaced with 50 mL freshly
PBS 10 mM (pH 7.4 and 3), and the entire system was kept in an orbital incubator at 37+0.5 °C,
40 rpm. At pre-determined time intervals, 3 mL of the medium was taken, and the same volume
of the fresh medium was replaced in the system. The amount of INN in the medium was evaluated

by UV-Vis spectrophotometry versus a calibration curve at 261 nm.

2.5. Statistical analysis

All experiments were done in triplicates, and the data were presented as mean + standard deviation.
Statistical analysis was carried out using Microsoft® Excel and SPSS® software. A Student's t-
test was used for comparison of mean data, and the differences were considered to be significant
at the value of P < 0.05.



3. Result and discussion

3.1. Evaluation of z-average size and C-potential of PENs

The effect of ionic cross-linkers’ pH on the size distribution and C-potential of PENs was
evaluated, because pH is one of the main parameters affects the ionization degree of functional
groups, the ionic interactions among the components, and consequently the particle size and (-
potential (Motiei, Kashanian, Lucia, et al., 2017). The smallest size and relatively narrow
distribution of aPENs (268.8+4.00 nm and 0.40+0.01) and bPENs (2f46.97+0.25 nm and
0.35+0.03) were observed at the optimal concentration of DS in the range of 0.133mg/ml (Fig. 1a
and Table S1). It was expected that bPENs showed larger size distributions than aPENSs due to the
dissociation of TPP into OH™ and tripolyphosphoric ions, production of coacervation barrier by
OH-, and low diffusion of P3sO10° into the core to weakly overcome the repulsive forces between
protonated amino groups of CS chains (Motiei & Kashanian, 2017). Nonetheless, this study

showed conflicting evidence regarding the effect of DS on the size distribution of PENS.
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Fig. 1. The relationship between z-average size (a and b) and C-potential (c and d) of PENs to concentration and pH
of DS and PEI.

In the next stage, the addition of PEI at pH8 increased the size of bPENs while at pH 3, aPENs
showed significant size reduction (Fig. 1b and Table S1). The smallest hydrodynamic diameter
and PDI of aPENs (206.40+2.09 nm and 0.29+0.01) and bPENSs (258.13+4.85 nm and 0.25+0.01)
were found at PEI concentration of 1.33mg/mL and 1.16mg/mL, respectively, whose z-average
size differences between the two groups were considered statistically significant. pH-sensitivity of
PENs’ size can be explained by inter/intramolecular interactions among the polyelectrolytes
having different pKa values (i.e., CS, TPP, DS, and PEI are close to 6.5, 0.89, < 2 and 7-10,
respectively). At low pH, only PsO1¢°~ anions are found in TPP solution, while highly protonated
CS will be partially ionic cross-linked due to an insufficient concentration of TPP (Ajun, Yan, Li,
& Huili, 2009). Herein, owing to using multiple cross-linkers, TPP was utilized at constant
concentration until DS completed the deficiency of TPP concentration. Thereafter, negatively
charged sulfate groups of DS caused a strong electrostatic interaction with the remaining
protonated amino groups of CS and also PEI, which led to more compact structures. At pH8, TPP
is dissociated into OH™ and TPP ions (HP3O10*™ and P3O10°") to produce a coacervation barrier by
OH~ and lower the diffusion of P3010° into the core (Motiei & Kashanian, 2017). Although the
alkaline cross-linkers lowered the net positive charge of CS, it maintained sufficient binding sites
for diffused P3O10°". Finally, decreasing electrostatic attraction among negatively charged DS with
PEI and CS and replacing with hydrogen bonds lead to a decrease in electrostatic attraction and a

significant increase in particle size (H. Wang, Yang, & Sun, 2017). A representation is in Fig. 2.
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Fig. 2. A proposed scheme of PENs formation at different pHs of cross-linkers.

C-potential is another important physicochemical parameter that critically influences the
nanoparticle stability by repulsive forces. According to Fig. 1 (c and d) and Table S1, e C-
potential of these two groups in the presence and absence of PEI was positive with statistical
significance (p < 0.05). Therefore, in the absence of PEI, DS could not shield the entire positive
charges of CS on the particles surface, and addition of PEI led to more amino groups and higher
positive charge. However, the pH of cross-linkers did not influence the surface charge of the

particles because tne ¢ potential of aBPENs and bPENs showed no significant difference.

In addition, the physicochemical characteristics of INN loading aPENs and bPENSs were evaluated
and summarized in Table 1. Considering different synthesis conditions, no significant difference
was found between the mean diameters of loaded and unloaded nanoparticles in each group. PDI
values below 0.3 with no significant difference also indicated monodisperse distributions of INN
loaded and unloaded PENs. However, the C-potential of aPENSs decreased significantly after the
addition of INN (p < 0.05) as opposed to bPENs. aPENs due to their compact structure were not
able to entrap the whole amount of INN available in the solution; thus, several could adsorb on
their surfaces and decrease surface charge. Nonetheless, bPENs entrapped INN within the

particles’ core with no significant effect on surface charge.



Table 1. Physicochemical characterization of PENs before and after loading INN

aPENSs bPENs

Unloading INN  Loading INN  Unloading INN  Loading INN
z-average size (nm) 204.40+0.78 211.37¥1.68  254.40+0.62 250.10+0.36
PDI 0.26+0.01 0.28+0.01 0.25+0.00 0.26+0.01

C-potential 34.87+2.66* 23.6+1.54* 33.83+4.60 34.23+3.25

*p value<0.05

3.2. Morphology of the particles

Fig. 3 indicated SEM and TEM micrographs of PENs, which confirmed uniform dispersed
spherical particles with a smaller size in acidic condition than basic one. SEM images provided
the surface morphology and accurate size of aPENs (Fig.3a) and bPENs (Fig.3b) of ~
141.20465.57 nm and 204.23+£18.38 nm, respectively. TEM images confirmed the core-shell
nanostructure of bPENSs (Fig.3d), where a dark ring of PEI coated CS-based core (86.93+8.00 nm),
and the total size was ~ 166.54+14.05 nm. Nonetheless, this core/shell structure was not obvious
in aPENs (Fig.3c) with a size of 117.30+26.70 nm, which might be attributed to completely cross-
linked CS by the polyanionic cross-linkers and strong electrostatic attractions among negatively
charged DS and protonated amino groups of PEI shell. Nonetheless, at pH 8, the presence of a
coacervation barrier, partially electrostatic interactions, and hydrogen bonding led to visible

core/shell structure.



Fig. 3. Comparing SEM and TEM images of aPENs and bPENs. SEM images of (a) aPENs and (b) bPENs and TEM
images of (c) aPENs and (d) bPENSs in a dried state.

3.3. Evaluation of colloidal stability of PENs

PENSs indicated high sensitivity to the characteristics of the components and environment (Wu &
Delair, 2015), as using lower MW CS featured decreased stability in water due to less
inter/intramolecular hydrogen bonding, and the dispersions obtained with CS (degree of
acetylation 4-48%) were destabilized or completely solubilized upon dilution in PBS (Wu &
Delair, 2015). Herein, low MW CS (degree of acetylation 15-25%) was stabilized by two anionic
cross-linkers (TPP/DS), coated with a PEI shell, and then evaluated stability by DLS at three salt
concentrations (0, 1 and 10 mM, pH 7.4) upon storage at 4 °C for two months. All samples
presented slight increases in size with no aggregates confirmed by PDI values of 0.22+0.04 and
0.21+0.04 in aPENs and bPENS, respectively. Z-average size of aPENs showed a significant
increase from 176.31+8.47 to 352.43+3.35, and bPENSs from 219.42+15.54 to 284.80+4.41 after
storage in water for 2 months (Table S2). It can be deduced that the presence of TPP generates an

inflow of water by osmosis to equalize the solute concentrations between the two sides, which
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leads to increase the size significantly in absence of salt (Rampino, Borgogna, Blasi, Bellich, &
Cesaro, 2013). It was also confirmed by SEM images after the storage of PENs in water for 2
weeks (Fig. S1b and f). SEM images of PENs showed a significant increase in particle size, and
the presence of smaller particles with sizes <50 nm likely belonged to separated PEI fractions after

core swelling.

When the particles were stored in PBS 1mM, the z-average size of aPENSs also increased
significantly to 239.47+3.04, and bPENS to 267.7+£6.17 (Table S2). Nonetheless, after storage in
PBS 10mM, the hydrodynamic diameter of aPENs changed to 245.5+5.54, and bPENSs to
243.83£8.70, which indicated higher salt stability of bPENs compared to aPENs. Fig. S1 has also
demonstrated this phenomenon after two weeks storage in PBS 1 and 10 mM. Using the SEM
micrographs as a guide, increased size and delamination of the aPENSs’ shell were particularly
obvious in PBS 1mM (Fig. Sic), but bPENSs, however, indicated compact structures with smooth
surfaces and no delamination after two weeks (Fig. S1g and h). Considering these features, bPENs
showed increased stability in the presence of salts, and higher salt concentration led to more
stabilization, in agreement with Jonassen et al. (Jonassen, Kjgniksen, & Hiorth, 2012). On the
other hand, Wu and Delair showed precipitation of PENs in the presence of 3.0 mM salt (Wu &
Delair, 2015).

According to Fig. 4, the size variations of bPENs were negligible, while several fluctuations were
observed in aPENs. These fluctuations can be attributed to inter/intramolecular interactions
because the high positive charge of amino groups will cause strong attractive electrostatic
interactions with negatively counter-ions. With regards to the neutralization of electrostatic
interactions, salt ions can lead to the passive osmotic diffusion of H.O, inducing hydrogen bonding
and increasing size. Nonetheless, the stability of the particles is attributed to the small size and
narrow particle size distribution (Fan, Yan, Xu, & Ni, 2012), so the particles tend to excrete extra
water and contract in size. However, pH 8 led to deprotonation of amino groups, lowering of
electrostatic attractions and partial hydrogen bonding displacement, which improves the stability

of PENs more than the acidic situations due to the type of inter/intramolecular forces.
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Fig. 4. Stability studies of PENs’ dispersions in water (a), PBS 1 mM (b), and PBS 10 mM (c¢) at 4 °C for two months.

12



3.4. Infrared spectrophotometry analysis

An appropriate approach for confirmation of intermolecular interactions is through the comparison
of the FTIR spectra of the neat samples with products. According to Fig. 5, IR spectra of CS
showed characteristic peaks assigned to 899 cm™ (pyranose ring), 3373 cm™* (OH and NH;
stretching), 2881 cm ! (—CH stretching), 1657 cm™* (amide 1), 1595 cm™ (amide 1), 1381 cm™?
(CHs symmetrical deformation mode), and 1070 cm™ (asymmetric C-O—C stretching) (Motiei,
Kashanian, & Taherpour, 2017). Pure DS spectrum demonstrated several identical absorption
bands including asymmetric and symmetric SOO" stretching vibrations at ~ 1230 cm™* and 987
cm ! confirmed the presence of the sulfato-group in DS spectrum, as well as the bands at about
804 cm™* derived from asymmetric S—-O-S vibration (Chavan, Bala, Pal, & Kale, 2017). The FT-
IR spectrum of PEI exhibited the characteristic absorption peaks of amine groups located at 3363
cmtand 1647 cm™. The other absorbance peaks showed C-N stretching (1113 cm™), C-H
deformation (1471 cm™?), N-H deformation (1608 cm™), and the stretching vibration of C-H
bonds of the alkyl chain (2954 and 2843 cm™) (Yudovin-Farber, Beyth, Weiss, & Domb, 2010).
The spectra analysis of the PENs showed the peaks of 1117 cm™ with a shoulder at 1147 cm™,
which was referred to P=0 in TPP (Motiei & Kashanian, 2017) and formation of sulfones (Nikoli¢
et al., 2017), respectively. aPENs showed the higher intensity of several corresponding sharp
bands, including 1570 cm™ (Amide Il band), 1410 cm™ (symmetric stretching of COO-), 924
cm %, 1014 cm tand 1043 cm™ (sulfo-group) and 648 cm ™ (weak N—H stretching vibrations). The
peak at 619 (O-H bend) disappeared, while the peak at 833 cm™ shifted to 806 cm™ (asymmetric
S-O-S vibration) in aPENSs. The presence, disappearance, and shifting of these bands is attributed
to polyplex formation by stronger electrostatic interactions at pH 3. Nonetheless, at pH 8, the
presence of a few sharp peaks ~ 3421 cm™ (primary amines), 3286 cm™ and 3178 cm™* (O-H (H-
bonded)) and 1637 cm™ (C=0 (amide | band)) can be correlated to the existence of hydrogen

bindings in addition to ionic interactions.
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Fig. 5. FTIR spectra of PENSs, i.e., aPENs and bPENS, and the neat samples, i.e., PEI, DS, TPP, and CS.

3.5. Thermogravimetric analysis

The thermal properties of the particles were evaluated by TGA to confirm the stability of the two
particles by determining their total percentage weight loss (Table S3). Thermogravimetric analysis
of all samples was performed at 25-700 °C. As shown in Fig. 6, the regular diminishment of the
weights below ~100 °C was mainly due to physically and chemically preadsorbed CO., moisture,
and other gases. In addition, CS and DS lost about 60% of their masses at temperatures from 225
°C to 525 °C due to depolymerization and loss of amino (CS), sulfate (DS), and CH>OH moieties
(Can, Kavlak, ParviziKhosroshahi, & Giiner, 2018). Nonetheless, the major weight loss of PEl,
which was MW-dependent occurred at 320 and 380 °C and attributed to the volatilization and
decomposition of PEI molecules (Kishor & Ghoshal, 2016).
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The thermal degradation and mainly weight loss of PENs showed four main stages. Firstly, weight
loss behavior of approximately 24% of aPENs and 14% of bPENs at temperatures ranging from
140 to 300 °C was related to degradation of DS. A further increase to 400°C resulted in weight
losses of 23.2% and 29.15% for aPENs and DPENS, respectively. The total weight loss
corresponded to the degradation of CS, PEI, and freezing bound water. The third stage at ~ 300—
500 °C is correlated to complete degradation of DS, and the final stage with the highest degradation
rate was ~ 500-700 °C associated with the complete degradation of organic compounds.
Altogether, the comparison of the total weight loss and thermal behavior of the two particles

indicated that the stability of the particles is not significantly different over the temperature ranges.
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Fig. 6. Thermogravimetric analysis of PENS, i.e., aPENs and bPENs and pure compounds, i.e., CS, TPP, DS, and PEI.

3.6. In vitro release studies in two media with different pHs

For illustrating the effect of cross-linkers on the in vitro release process, drug release behavior was
quantified by INN in different nanostructures, including single-layer (TPP) and multilayer
(TPP/DS and TPP/DS/PEI) structures. INN was selected as a model drug due to significant

biochemical therapeutic roles, and its pKa (4.75) made it entirely anionic at the desired pHs
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(Gongalves & da Piedade, 2012). According to Table 2, different formulations illustrated
approximately equal amounts of drug loading influenced by type and concentration of the
polymers instead of cross-linkers pH, because encapsulation increased in the presence of TPP/PEI
more than DS, but not significantly. Lower EE in the presence of DS can be attributed to strong
repulsive forces between DS chains and also DS with negatively charged INN. Nonetheless, low
concentration of TPP polyanions cannot restrain the penetration of anionic INN to positively
charged cores. The last layer, positively charged PEI, also increases encapsulation by strong
electrostatic attractions. Table 2 also demonstrated the lowering of LC (%) after the addition of
each polyelectrolyte, which may be confirmed by strong dependency of LC on polymer weight
ratio in accordance with Eq. (2).

Table 2. EE and LC of PENs composed of single-layers (TPP) to multilayer structures (TPP/DS and
TPP/DS/PEI) at two different pHs of cross-linkers (3 and 8).

aPENs bPENs

TPP TPP/DS TPP/DS/PEI  TPP TPP/DS TPP/DS/PEI
EE (%) 70,16+5.10  59,5845.61 71.85+2.60 67,67+2.74 60,64+5.47 71.36+0.34
LC (%) 22,13+1.39  18,15+1.42  17.38+0.62 21,45+0.74  18,42+1.39  17.26+0.34

*p value<0.05

As shown in Fig. 7, in vitro release profiles can be ascribed as a two-step biphasic process
including an initial burst release for ~ 6 hours, and a subsequent gradual release for 72 hours.
Within the initial burst, adsorbed or entrapped INN molecules are released into the media due to a
high dissolution rate of the polymer surface coatings. Subsequent slower release was due to
interaction of INN to hydrophilic chains of CS core, which was densified by ionic cross-linkers.
According to Table S4 and Fig. 7a, there was no statistical difference between release rates of
aPENs and bPENs at two pHs of media after 72h. Therefore, the introduction of these cross-linkers
might cause pH-independent drug release by preserving the stability of PENs through

inter/intramolecular forces and thus decreasing total release.
To better understand the functions and behaviors of cross-linkers, drug release characteristics of

single-layer and multilayer nanostructures were separately compared. As shown in Fig. 7b and

Table S4, the lowest release rates were observed in aPENs and bPENSs after the addition of DS.
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Although the strong repulsion between DS chains led to less compact structures, the particles could
preserve the remaining drug mass inside and inhibit rapid outward diffusion. This phenomenon
can be ascribed to pKa < 2 of DS, which behaves as a pH insensitive cross-linker, and the pH of

media does not affect the number of charged ions much.
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Fig. 7. In vitro release profiles of INN loaded PENSs in three constructions at two pHs of release media (7.4 and 3); (a)
PENSs, (b) nanoparticles structured by two cross-linkers TPP and DS and (c) nanoparticles structured by TPP.

The other important cross-linker is TPP with pH-responsive behavior. As shown in Table S4 and
Fig. 7c, single-layer particles showed higher release rates at pH 3, 90.61+5.25% (aPENSs) and
74.82+1.66% (bPENS), than pH 7.4, 64.32+5.85% (aPENS) and 57.44+2.76% (bPENS). aPENs
with single-layer structures showed significantly higher release rates than multilayer analogues at
pH 3, and the presence of multiple cross-linkers led to significantly decreased release rate
(43.23+2.27%) at pH 7.4. It was expected that the extension of fully protonated CS chains with
high amino-binding sites for TPP resulted in more compact structures and lowering release rate
(Mattu, Li, & Ciardelli, 2013), but low pH and insufficient TPP density affected nanoparticle
dissociation, swelling and consequently increasing release rate. In bPENSs, single-layer and
multilayer nanostructures exhibited no significant different release rates except between TPP and
TPP/DS at pH 3 (Table S4). It can be discussed by sufficient amino-binding sites of CS for TPP

dissociated into OH ™, HP3010* and P3010°, which induces lower release rates.

The drug interaction to the particle is another factor which affects ionic interactions between the
protonated amino groups of CS and negatively charged phosphoric groups. INN is neutrally
charged due to pKa 4.75 in aPENSs, and hydrogen bonding interactions probably mediate drug
release. Nonetheless, the dominant interaction of INN in bPENs will be electrostatic interactions,
which restrict INN diffusion and show a sustained release at different pHs. Overall, these results
suggest that the presence of multiple ionic cross-linkers had a significant influence on release

profiles of the present structures, which are suitable in pH-insensitive drug delivery systems.

3.7. Kinetic study and release models of INN

In order to gain insight into the INN release mechanism, different kinetic models were utilized to
obtain information about the mass transport mechanisms in these nanosystems. The Kinetics
profiles of PENs were analyzed through zero-order, first-order, Higuchi, Hixson-Crowell, and
Korsmeyer-Peppas models shown in Table 3. The best-fitting model was selected on the
correlation coefficient value (R?) of the relationship between INN release and time. Considering
the R? values, the Korsmeyer-Peppas model was the best fit model for both PENSs. In this model,

the release mechanism of drug was governed by the value of release exponent, n, in which n <0.45
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corresponds to a Fickian diffusion mechanism, 0.45 < n < 0.89 to non-Fickian transport, n=0.89 to
Case Il (relaxational) transport, and n > 0.89 to super case Il transport (Dash, Murthy, Nath, &
Chowdhury, 2010). Herein, the value of n ~ 0.2 indicates that the INN transport mechanism is
controlled by Fickian diffusion through non-swellable matrix diffusion kinetics (Barbosa, Costa
Lima, & Reis, 2019). Therefore, the release of INN from PENSs is governed significantly by a
diffusion process without the disintegration of the nanoparticles independent to pH of the cross-

linkers and release media.

Table 3. INN kinetic models from aPENs and bPENSs at two different pHs of media.

Correlation coefficient (R?)

) ) ) . Korsmeyer-
Zero-order  First-order Higuchi Hixson-Crowell’s
Peppas’s n
(Qt=Qo+Kot)  (InQt=InQo+K1t)  (Qt=KHt?) YWo —IWt = Kst
(MYM=Ktr)
aPENs, pH3 0.757 0.686 0.896 0.710 0.969 0.214
bPENS, pH3 0.735 0.693 0.881 0.708 0.968 0.200
aPENSs, pH7.4 0.640 0.579 0.801 0.600 0.921 0.169
bPENSs, pH7.4 0.697 0.623 0.848 0.649 0.946 0.186

Qt (g): the amount of drug released in time t, Qo (Ug): the initial amount of drug, Wo: the initial amount of drug in the pharmaceutical
dosage form, W: the remaining amount of drug in the pharmaceutical dosage form at time t and K (Ko, K1, KH, Ks and K): the release
kinetic constant of each kinetic model.

4. Conclusions

Novel stable PENs were synthesized in the presence of multiple ionic cross-linkers, i.e., TPP and
DS at pH 3 (aPENS) and 8 (bPENS). These spherical core/shell nanostructures were clearly visible
in bPENS, but aPENs showed more compact structures with an indistinguishable shell. Evaluation
of hydrodynamic size at the predetermined time intervals proved that the colloidal stability of
bPENSs was salt concentration-dependent; more specifically, higher salt concentration led to more
stabilization. The release data also confirmed that both PENs demonstrated sustained release at
different pHs of the release media; in fact, the release of INN from PENSs is governed significantly
by a diffusion process without disintegration of the nanoparticles in a pH-independent manner.
Overall, cross-linker pH was the main factor influencing particle stabilization, because bPENs

demonstrated significantly higher stability than aPENSs after 2 months' storage in PBS 10mM.
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These results lead us to offer a promising construct in this report for obtaining desirable stability
of PENs and prolonged systemic circulation for a pH-independent drug delivery system.
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