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Purpose: In this study, chitosan/alginate nanoparticles are prospected as a carrier for
controlled release of recombinant human bone morphogenetic protein-2 (thBMP-2).
Materials and Methods: The rhBMP-2-loaded chitosan/alginate nanoparticles (Cs/Alg/B
NPs) were prepared using the ionic gelation (IG) method. The current research was con-
ducted to optimize the effective factors for entrapping thBMP-2 in Cs/Alg NPs using
response surface methodology (RSM) and the Box—Behnken design (BBD). The variables
were the Cs/Alg molecular weight (Mw) ratios (1-3), pH (4.8-5.5), stirring rates (900-1300
rpm) and the responses included size, (-potential, polydispersity index (PDI), loading
efficacy (LE), cumulative release (CR), and morphological degradation time (MDE). Then,
the morphological properties of optimum formulation were studied for post-characterization.
In the next step, the MTT assay for the optimized run was done for 24 and 48 hours.
Results: The results revealed that the optimum conditions for the mentioned variables were
stirring rate=1100 rpm, pH=5.15, and Cs/Alg Mw ratio=1.75 based on numerical optimiza-
tion. It was shown that the average particle size and loading efficacy at optimum conditions
were 253 nm and 67%, respectively. Other responses were as follows: CR=66%, {-potential=
+35mV, PDI=0.5, and MDT=7 days.

Conclusion: The results have suggested that the statistical optimization of rhBMP-2 offers
the possibility of preparing Cs/Alg/B NPs with a favorable size, controlled release character-
istics, and high loading efficiency. It is expected that the acquired optimum conditions will be
useful for efficient thBMP-2 delivery.

Keywords: alginate, Box—Behnken design(BBD), chitosan, response surface methodology
(RSM), recombinant human bone morphogenetic protein-2 (thBMP-2), chitosan/alginate
nanoparticles

Introduction

Growth factors are natural molecules with a protein or steroid structure involved in
the growth and differentiation of many cells.' Bone morphogenetic proteins (BMPs)
belong to the transforming growth factor-p (TGF-) superfamily. They are composed
of amino acid sequences with more than 35 members and classified into several
subgroups including; BMP (-2 and —4), BMP (-5, —6, —7, and —8) and BMP (-9,
-10, and —15).%* BMP-2 is composed of 114 amino acids and has an Mw of about 32
KDa. It regulates the differentiation of mesenchymal stem cells (MSCs) through the
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Smad pathway.* It can be either isolated from a native bone
or expressed as a recombinant human bone morphogenetic
protein-2 (thBMP-2).° Recent therapies based on using
growth factors delivery have increased in the field of tissue
engineering. However, despite the progress in this area, the
success rate of clinical trials using rhBMP-2 is not notice-
able due to some limitations like the high cost of produc-
tion, large molecular size, the need for physiological doses,
failure to maintain the long-term concentrations, and toxic
potency at high doses.® Encapsulation is a technology for
placing various substances including liquids, solids, and
gases into a homogeneous or heterogeneous coating in a
continuous underlying material to protect, stabilize, and
controlled release of the encapsulated compounds.’
Among a variety of natural components like alginate, albu-
min, or chitosan that have been extensively investigated,
polymeric NPs have demonstrated the ability to deliver
growth factors.® Chitosan is a glucan derivative with
repeated units of chitin composed of D-glucosamine and
N-acetyl-D-glucosamine. It is also cationic, biodegradable
and has free amino groups with positive charges that give it
the possibility to react with the cell membrane, alginate, and
other anionic polymers.’ Alginate, as a component of the
cell wall of brown algae, is sodium alginic acid with linear
chains of a-L-glucuronic acid (G) and B-D-mannuronic acid
(M). The main advantages of using chitosan and alginate
over the other materials for nanoparticles (NPs) preparation
include their good biocompatibility, biodegradability,* and
non-toxic properties.'®'" There are several methods for the
preparation of polymeric NPs like solvent evaporation,
nanoprecipitation, salting-out, dialysis, supercritical fluid
technology, and ionotropic gelation.'* Tonotropic gelation
(IG) is the ability to form a hydrogel through crosslinking of
cationic and negatively charged ingredients by the counter
ions."? This method is regularly used for the preparation of
polymeric NPs due to the advantages like NPs formation in
very mild conditions (averting high shear forces) and avoid-
ing harmful organic solvents. Other advantages of this
method include the protection of protein structure which
leads to keeping its functionality. According to this method,
Cs/Alg NPs can be produced in a two-step procedure by
polycationic crosslinking in the presence of a polyanion like
calcium chloride.'* Studies using chitosan NPs for thBMP-
2 sustained release in Sprague-Dawley rats indicates a
promising carrier for thBMP-2 delivery.'> Another study
incorporated thBMP-2 to chitosan-based microspheres for
the accelerated repair of rabbit mandibular defects.'®

Response surface methodology (RSM) use for the

development and optimization of drug carriers extensively.
It is a set of statistical techniques use for the optimization of
operational  factors with minimal confounding.'”
Accordingly, the number of experiments is reduced and all
coefficients of the second-order regression model and the
effects of factors are calculated. Depending on their appli-
cation in design expert, RSM can be performed by different
methods like Central Composite Design (CCD), D-
Optimal, and Box—Behnken design (BBD).'"® The Box—
Behnken is an incomplete three-level factor design. In this
method, a two-level test block method is repeated between
different sets of variables.' In one study, RSM was also
used to investigate the optimized condition for thBMP-2
encapsulation (including high LE, PDI, and high local sus-
tained delivery) and to improve the encapsulation of
rhBMP-2 using polyvinyl alcohol carriers, which resulted
in the highest encapsulation efficiency (76.5%).*° In
another research also statistical optimization of chitosan
NPs as protein vehicle, using RSM, was evaluated and
found to be promising for protein entrapment into tripoly-
phosphate (TPP) cross-linked chitosan NPS.?! In the cur-
rent study, Cs/Alg NPs was employed as a carrier for
rhBMP-2, and RSM was used to optimize parameters of
the preparation. Concerning the importance of growth fac-
tors, optimization for finding the best formulation can be
helpful for delivery of NPs to the appropriate targets with
the right dosage, and minimal side-effects. We have studied
the details for optimized thBMP-2-loaded Cs/Alg NPs pre-
pared with the ionotropic gelation method and considering
the optimal conditions of variables (Cs/Alg M,, ratios, pH,
stirring rates). The responses including the size, LE, -
potential, PDI, CR, and MDT were optimized.

Materials and Methods

Materials

Sodium alginate (2040 kDa), low Mw chitosan (90% dea-
cetylation, 50-190 kDa, based on viscosity), recombinant
human bone morphogenetic protein-2 (th BMP-2, 26 kDa),
Spectra/Por Float-A-Lyzer G2 dialysis (MW cut-off 50 kDa)
and MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetra-
zolium bromide) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Amicon® Ultra-15 centrifugal filter unit
50 kDa, calcium chloride, and dimethyl sulfoxide (DMSO)
were obtained from Merck Millipore (Germany). RPMI 1640
medium, penicillin-streptomycin solution 100X, and fetal
bovine serum (FBS) were provided from Biowest
(Riverside, MO, USA).
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Methods

Experimental Design

RSM was applied for optimizing the preparation conditions
of Cs/Alg/B NPs using Design-Expert”™ software (Trial ver-
sion 12; Stat-Ease Inc., Minneapolis, MN, USA). In this
method, the correlations between the responses and factors
were also investigated. The Box—Behnken design (BBD) was
applied for optimization. Three independent variables (pH,
stirring rate, and Cs/Alg molecular weight ratio (Mw)) were
studied for their effects on responses (dependent factors)
including Y =particle size, Y,=LE, Y;=CR, Y, =C-potential,
Y5s=PDI, and Y¢s=MDT. As shown in Table 1, the concentra-
tion ranges using (-1, 0, 1), indicating low, medium, and
high, respectively, were selected based on preliminary
experiments in developing NPs and similar published data
on thBMP-2-loaded NPs.**

Nanoparticle Preparation

Cs/Alg/B NPs were synthesized using the ionotropic gelation
method. For the synthesis procedure, the stock solutions of
chitosan (10 mg/mL) in 1% (v/v) acetic acid, sodium alginate
(10 mg/mL), and calcium chloride (10 mg/mL) were prepared
in deionized water. Before using the stocks, a syringe filter
(0.22 um) was used for filtration. Particles were prepared under
sterile conditions. First, 130 pL of the sodium alginate stock
solution (10 mg/mL) was diluted with up to 3 mL of filtered
deionized water as a working solution. Then, 26 pL of calcium
chloride solution (10 mg/mL) was diluted up to 1 mL of filtered
deionized water as the working solution and added dropwise to
the alginate solution with a final volume of 4 mL under
magnetic stirring condition (in the pre-gelation stage in various
stirring rates, as seen in Table 1) for 15 minutes. The final pH
and Cs/Alg Mw ratios were adjusted according to Table 1.
Then, 4 uL. of thBMP-2 (1 pg/100 pul.) was added and stirred at
the specified speed for each run (Table 1) for 30 minutes. Next,
25 pL of chitosan stock with Cs/Alg Mw ratios of 0.5, 1.75,
and 3 (Table 1) were diluted up to 1 mL with deionized water.
Chitosan was then used for formation of Cs/Alg/B NPs added
dropwise to present the solution for a further 45 minutes under
stirring conditions (Table 1). After the formation of Cs/Alg/B
NPs were separated from free polymers and free hBMP-2 by
centrifugation at 3214 g for 20 minutes by using an Amicon™
Ultra-15 centrifugal filter unit at 50 kDa.'®*!

Cs/Alg/B NPs Characterization
Size, {-Potential, and Polydispersity Index (PDI)
Size, {-potential, and PDI of all runs were measured in

triplicate
Instruments, UK).>*

by wusing Zetasizer 3000 HS (Malvern

In vitro Analysis of Loading Efficacy (LE)

LE of rthBMP-2 was measured for all runs as follows:
firstly formulations were ultracentrifuged at 3214 g for
up to 20 minutes at 25°C using Amicon Ultra-15
(Ultracel-50K Millipore Co., USA) Mw cut-off of 50
kDa to remove naked thBMP-2 and free polymer mole-
cules. In the next step, the supernatant collected in the
inner layer of ultrafilter, diluted with phosphate (1:1 v/v)
buffer, and resulting solution absorbance were measured at
450 nm using a UV/VIS spectrophotometer (Shimadzu
UV-1800).> The empty (placebo) Cs/Alg NPs were used
as blank. LE was calculated using equation (1):

Wt — Wf
Loading efficacy(LE%) = (Wt — Wi) X

100 (1)
where Wt=Weight of total th BMP-2 used in Cs/Alg/B
NPs(ng) and Wf=Weight of free th BMP-2 (ng).

In vitro Analysis of Cumulative Release (CR)

To calculate the cumulative release percentages of the
rhBMP-2 in each run, 0.5 g of thBMP-2-loaded NPs
were incubated in 2 mL phosphate buffer solution (PBS,
pH=7.4) within a Float-A-Lyzer G2 Dialysis Device
MWCO 50KD (Spectra-Por, Sigma Aldrich), at 37°C
by applying gentle shaking (50 rpm) for 0, 3, 7, 10,
12, 14, and 28 days. Media aliquots were collected
regularly and substituted with fresh PBS. Then the
amount of rhBMP-2 was analyzed by an ELISA kit
(R&D Systems, Inc., Minneapolis, MN, USA). The
absorbance was measured at 450 nm, and CR (%) was
calculated for every run during the mentioned days in
the indicated time points. Then total release for every
run was reported as a cumulative release percentage.?

Nanoparticle Morphological Change
Measurement (Morphological
Degradation Time)

Morphological changes of Cs/Alg/B NPs were observed using
SEM (Flex SEM 1000, Hitachi, Japan). Morphological
changes are shown in Figure 1, and the average time for
degradation of each run until the appearance of degradation

shape was evaluated.”
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Table | The Data from Experimental Design of Independent Variables for Optimization of Cs/Alg/B NPs

Variables and Their Levels in the Experiment Design
Independent Variables | Symbol | Levels Dependent Variables Units Constraints
=1 0 1
pH A 4.8 5.15 5.5 Y I=Particle Size (PS) nm Minimize
Y2=Loading efficacy % Maximize
Cs/Alg Mw ratio B 0.5 1.75 3 Y3=Polydispersity index (PDI) - Less than 0.5
Y4=(-potential mv Maximize
Stirring rate (rpm) C 900 1100 1300 Y5=Cumulative Release (CR) % Maximize
Y6=Morphological degradation time (MDT) Day Maximize
Experimental design matrix and results of Box-Behnken design
Independent variables Dependent variables
Run A B | C Size (nm) LE (%) CR (%) | (-potential (mV) | PDI MDT
| 0 0 0 525 25 15 34.3 0.62 4
2 | 0 | 611 19 10 34 0.7 4
3 0 0 0 522 27 17 35 0.65 4
4 | | 0 898 22 12 23 0.8 2
5 | 189 76 66 22 0.4 14
6 =11 256 70 60 23 0.55 12
7 -1 0 | 557 22 15 38 0.7 3
8 0 I -1 802 20 10 23 0.72 2
9 | -1 10 275 72 60 23 0.6 13
10 0 0 523 25 16 37 0.67 4
I | | 900 19 15 39 0.86 3
12 -1 =110 235 70 6l 24 0.5 13
13 0 0 520 29 19 37 0.61 5
14 0 0 519 27 18 35 0.56 4
15 -1 0 -1 501 25 18 33 0.63 4
16 -1 | 0 8l 20 15 23 0.76 3
17 0 | 598 17 I 33 0.68 4
Analysis of variance for Box-Behnken design refined models
Dependent Variables Source of Variations Mean Square | F-value | P-value > F R? Adjusted R? | Predicted R?
Particle size (PS) Model Lack of fit 85155.65 534.47 <0.0001 0.9985 0.9967 0.9772
Polydispersity index (PDI) | Model Lack of fit 0.020 8.46 0.0051 0.9158 0.8075 0.1676
C-potential Model Lack of fit 70.90 45.96 <0.0001 0.9834 16.074 0.8742
Morphological Model Lack of fit 31.53 196.77 <0.0001 0.9954 0.9676 0.9896
degradation time (MDT)
Cumulative release (CR) Model Lack of fit 765.09 212.10 <0.0001 0.9963 0.9624 0.9916
Loading efficacy (LE) Model Lack of fit 836.91 117.28 <0.0001 0.9934 0.9159 0.9849

Optimization and Validation of the
Applied Model

To achieve the optimum conditions for dependent variables,
3D surface plots, and contour plots were obtained from the
software (Figures 2 and 3 and Supplementary Figures 1-4).

The optimized point and solutions for constraints were calcu-
lated using numerical optimization. The optimum values, for

responses, the minimum particle size, maximum LE, CR,

MDT, C(-potential, and, PDI less of 0.5 were selected.
Accordingly, to find and evaluate the responses, the optimal
condition for the production of Cs/Alg/B NPs was found
according to the constraints. The model predicted a particle
size 0of 253 nm, LE of 67%, CR of 66%, a {-potential of 35 mV,
PDI of 0.5, and MDT of 7 days. The predicted point condition
followed: stirring rate=1100, pH=5.15, and Cs/Alg Mw

ratio=1.75. The model was validated and examined by running
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Figure | SEMimages of morphological degradation of Cs/Alg/B NPs. (A) The initial stage
of degradation on the 7th day of preparation. (B) End-stage of morphological degradation
after the 14th day of preparation. For each run MDT is included in optimization as a
quantitative factor. The scale bar is 300 nm. More images are shown in Supplementary
Figure 5.

five experiments using the optimum conditions, as mentioned
previously. The perfect agreement between the observed
values and predicted point by DOE certified the statistical
significance of the model as well as their adequate precision

for the prediction of the optimum condition in the domain of
levels chosen for independent variables.

Post Characterization Evaluation of the

Optimized Cs/Alg/B Nanoparticles
Morphology of Optimized Cs/Alg/B NPs
Morphological analysis of the optimized Cs/Alg/B NPs was
performed using an SEM (Flex SEM 1000, Hitachi, Japan).
After the coating Cs/Alg/B NPs via gold under vacuum,the
average size of Cs/Alg/B NPs was measured using the Image J
software 1.52 n.*

In vitro Cytotoxicity Study of the Optimized Formula
The NIH 3T3 cell line was obtained from the Pasteur
Institute of Iran. The cells were seeded in a 96-well plate

at the concentration of 2x10* cells/well, in triplicate, in the
RPMI 1640 medium with 10% FBS and cultured at 37°C
in a 5% CO, condition for 24 and 48 hours. To assess the
cytotoxicity of the Cs/Alg/B NPs, the optimized formula-
tion (Cs/Alg Mw ratio=1.75, stirring rate=1100 rpm,
pH=5.15) according to the Design Expert results was
compared with chitosan (0.25 mg), sodium alginate (1.3
mg), and Cs/Alg/B NPs (40 ng) in terms of the viability of
cells at 24 and 48 hours. After exposure, the cells were
incubated with MTT=0.5 mg/mL at 37°C for 4 hours. The
medium was removed and the formazan crystals were
dissolved in 100 uL DMSO. The absorbance was quanti-
tatively measured at 570 nm using a microplate reader.
The results were calculated as the viability percentage and
reported as mean+SD.?° The experimental data were ana-
lyzed by two-way analysis of variance (ANOVA) followed
by Bonferroni posttest using GraphPad Prism Software
Version 8.4.3 (GraphPad Software, San Diego, CA,
USA). Differences were considered significant at P<0.05.

Results and Discussion

Nanoparticle Size

Based on experimental design, the Cs/Alg/B size ranged from
189-898 nm (Table 1) which was confirmed by an SEM
(Figure 4). This can explain that pH is a crucial factor that
influence the size of NPs. This effect can relate to the iso-
electric point which there is no net electrical charge on the
molecule carriers. It seems that the pH of the chitosan solution
with weak polyelectrolyte properties can affect the electric
charge density of Cs/Alg/B NPs. The amine groups of the
chitosan molecules have a rather low pKa value, at 6.5, and
are positively charged at pH values below 6.5.2” Within runs by
increasing pH, the solubility of chitosan was decreased and the
pH of Cs/Alg/B NPs solution became close to their isoelectric
point, leading to flocculation and sedimentation development
and an increase in the size of nanoparticles™ by reducing the
pH to 4.8, the size of the Cs/Alg/B NPs decreased (Figure 2A
and D). On the one hand, changing the final pH of the Cs/Alg
solution alters the degree of protonation constant (pKa), which
reflects the number of binding sites in chitosan molecules
(Pka=6.51).° To shed more light on the issue, due to the
poor solubility of chitosan (which is soluble in acetic acid
1%), the solution likely precipitates upon addition to the algi-
nate solution with pH=5.5. Moreover, between Cs/Alg/B NPs
that have less chitosan in formulation (decreasing Cs/Alg Mw
ratios), the larger part of amine groups deprotonate (due to pH
changes), and the number of functional groups of the chitosan
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Figure 2 3D Response surface plots (A—C) and contour plots (D—F) for the mean particle size of Cs/Alg/B NPs. 3D and contour graphs are the preservative relative
relationship between two variables on the size of Cs/Alg/B NPs. Contour plots show a three-dimensional surface on a two-dimensional plane. It graphs two predictor
variables, X and Y, on the y-axis and a response variable, Z, as contours. Cs/Alg/B NPs, rhBMP-2-loaded chitosan/alginate nanoparticles.

which can participate in particle formation and ionic interac-
tions decrease. Following such events, weaker electrostatic
bonds are formed between alginate gel and free polymers in
the solution and larger particles appear.” Figure 2B and E
illustrate the relationship between the Cs/Alg Mw ratios and
Cs/Alg/B NPs size. It is shown that the Cs/Alg/B NPs size is
significantly (P<0.05) increased from 189 to 898 nm when the
Cs/Alg Mw ratios increased from 1 to 3. When the Cs/Alg Mw
ratios increase from 1 to 3, fewer H' ions are released from
acetic acid (CH;COO H') that cannot protonate NH,
completely.° It is the main reason for reduction of protonation
in the unequal Cs/Alg Mw ratios and, therefore, the probability
of ionotropic interactions between chitosan and alginate mole-
cules decrease.’’ Also, the alginate solution can share its
hydroxide ions. This situation causes unequal interactions in
the Cs/Alg/B NPs structure, and free molecules of chitosan
accumulate on the surface of NPs which increase the size of Cs/
Alg/NPs ** An increase in the particle size is also expected due
to the presence of intermolecular hydrogen bonding (due to —
OH groups of alginate) and intermolecular electrostatic repul-
sion (due to -NH3" of chitosan). Table 1 and Figure 2B and E
demonstrate that the stirring rate, especially more than 1000

rpm, was increased with the size of Cs/Alg/B NPs. This result
explains that the Cs/Alg NPs receive the energy from stirring in
the form of kinetic energy (especially in stirring rates more
than 1000 rpm) which can reduce the Mw of chitosan co-
polymers. It can also break the initial cross-link between Cs/
Alg/B NPs so the initial particles break into smaller fragments
and participate or agglomerate and the size of Cs/Alg/B NPs
also increase.’” The relationships between variables for size
based on acquired data is shown in equation 2:

Y1 =521.80 4 34.70X + 305Y + 27.25Y + 11.75XY

—10.75XZ + 11.75YZ + 29.47X2 4 3.47Y2
+ 15.47722

@)

where Y1 is the particle size, X is the stirring rate, and Y
and Z are Cs/Alg Mw ratios and pH of the final Cs/Alg/B
NPs solution, respectively.

Loading Efficacy of rhBMP-2

The efficacy of thBMP-2 loading onto Cs/Alg NPs has
been calculated in this study. The results of LE for
rhBMP-2 are presented in Table 1. The results showed
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Figure 3 3D Response surface plots (A—C) and contour plots (D—F) for the mean LE of Cs/Alg/B NPs. 3D and contour graphs are the preservative relative relationship
between two variables on the size of Cs/Alg/B NPs LE (%). Contour plots show a three-dimensional surface on a two-dimensional plane. It graphs two predictor variables, X
and Y, on the y-axis and a response variable, Z, as contours. LE, loading efficacy (%); Cs/Alg/B NPs, rhBMP-2-loaded chitosan/alginate nanoparticles.

Figure 4 SEM micrographs of Cs/Alg/B NPs prepared with the optimum formula-
tion of Cs/Alg/B NPs with variables as; Cs/Alg Mw ratio=1, stirring rate=5, pH=5.3
at preparation day. The scale bar is | pm.

that the LE of rhBMP-2 reduced when pH increased
(Figure 3A and D). Stirring power provides the required
energy for the formation of Cs/Alg/B NPs; however, the
formed interactions break in the high stirring rates (more
than 1100 rpm), which lead to a reduction of LE (Figure

2B and E). One of the effective factors in the LE of NPs is
stability. The change in pH values alters the surface charge
of the NPs, (-potential, and finally their stability. In nano-
particles with {-potential values above 30 mV (positive or
negative values), the stability increases and the aggrega-
tion phenomena slow down due to the repulsion within the
particles. A decrease in the {-potential due to the electro-
static repulsion is considered as the cause of the aggrega-
tion phenomena.>* The isoelectric point of BMP-2 is equal
to 8.2 In higher Cs/Alg Mw ratios, hBMP-2 cannot
interact with chitosan and alginate due to the nanoparticle
aggregation and the LE decreases (Figure 3C and F).
Generally, in pH values close to the isoelectric point,
protein has the minimum surface charge, which induces
minimum electrostatic repulsion. Therefore, with an
increase in the pH value, the capacity of Cs/Alg NPs for
entrapping thBMP-2 also diminishes. According to the
results, with an increase in the final pH of Cs/Alg/B NPs
from 4.8 to 5.5, the LE of thBMP-2 reduced, and the
highest LE has been observed at pH values around 4.8
(Table 1). On the other hand, a reduction in the particle
size allows more bond formation between Cs/Alg and
rhBMP-2, which leads to improved LE. These findings
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are consistent with previous studies that reported an
increase in the LE when the particle size decreased.’®*
The relationships between variables for LE based on
acquired data is shown in equation 3:

Y2 = 26.60 — 0.87X — 25.87Y — Z + 1.25XZ + 1.25YZ
—3.05X? +22.45Y?% — 2.807>

(€))

where Y2 is the LE, X is the stirring rate, and Y and Z are
Cs/Alg Mw ratios and pH of the final Cs/Alg/B NPs
solution, respectively.

Cumulative Release of rhBMP-2

According to Table 1, the thBMP-2 CR (%) has ranged
between 10-66% which declined as the size of the Cs/Alg/
B NPs increased (Supplementary Figure 1A and D). There

are three primary mechanisms for the release of an encap-
sulate from a carrier; swelling, diffusion, and degradation.
One release system may include one or all of them.*® There
is one “Egg-Box” model between chitosan and alginate
molecules with the participation of calcium ions.>® Cs/
Alg/B NPs cumulative release can be explained by water
absorption and swelling of Cs/Alg/B NPs and the appear-
ance of pores or cracks on their surfaces in the polymer
matrix (Figure 4), followed by the burst release of the
rhBMP-2 from the “Egg-Box” model of the Cs/Alg NPs.
Therefore, small size NPs (in lower pH levels) have a large
contact surface that increases the surface porosity as well as
the CR (%) (Supplementary Figure 1A and D). In this
study, CR (%) of thBMP-2 increased in formulations with
higher LE. On the other hand, the CR (%) decreased with
an increase in the Cs/Alg Mw ratios, which can be
explained by the fact that in higherCs/Alg Mw ratios, free
polymers accumulate around the particles (Supplementary

Figure 1B and E). Over time, with an increase in free

polymer accumulation, the thickness of the outer layer of
the Cs/Alg/B NPs increased, which reduced the possibility
of the pore formation on the surface of the Cs/Alg/B NPs as
mentioned earlier and decreased the CR(%) of thBMP-2.
Similar results were also observed in the previous studies.*®
Changing the stirring speed was also affected by the release
of thBMP-2 (as shown in Supplementary Figure 1C and F).
At higher stirring rates (more than 1100 rpm) CR(%) of
thBMP-2 diminished.>’ The release of the drug and poly-
mer into the media depends on the agitation speed of the

systems.”® A faster and higher drug release has occurred
and the mean size of the Cs/Alg/B NPs increased when the
rate of stirring has been increased from 900 to 1100 rpm

(Table 1). In stirring rates more than 1100 rpm, because of
transferring high levels of energy and decreasing the possi-
bility of Cs/Alg/B NPs formation and arrangement, LE has
also been decreased and, considering a direct relationship
between LE and CR, Cs/Alg/B NPs release also reduced.
The relationships between variables for CR based on
acquired data is shown in equation 4:

Y3 = 17.00 — 2.00X — 24.38Y — 0.62Z — 0.50XY
+0.50XZ 4 2.75YZ — 2.13X% + 22.13Y?
—1.372% 4)

where Y3 is the CR (%), X is the stirring rate, and Y and Z
are Cs/Alg Mw ratios and pH of the final Cs/Alg/B NPs
solution, respectively.

C-Potential and Polydispersity Index (PDI)
In a colloidal system, stability is a crucial factor that is
determined by the magnitude of {-potential.®>' In Table 1,
the (-potential of Cs/Alg/B NPs increased from +22 to
+39mV as the Cs/Alg Mw ratios increased. With an
increase in the Cs/Alg Mw ratios, more chitosan mole-
cules show a tendency towards each other and form a
single larger particle through crosslinking with alginate
molecules. Therefore, in low Cs/Alg Mw ratios, when the
free H+ ions from the acetic acid are not sufficient to
neutralize the hydroxide ions (OH") of alginate, the OH™
ions tend to ionically cross-link with the protonated
NH;" groups of chitosan, reducing the {-potential of the
Cs/Alg/B NPs. In Supplementary Figure 2B and E, pH
had a significant effect on the {-potential. The {-potential

is diminished gradually until pH = 4.8 (Supplementary
Figure 2A and D). In general, rhBMP-2 contains NH3"
and NH2" which reacts with H" ions released from acetic

acid and that is fully used up to protonate the NH, groups
on the backbone of chitosan.*’ {-potential decreased with
an increase in the stirring rate from 900 to1300 rpm due
to the instability of the crosslink between chitosan and
alginate, as shown in Supplementary Figure 2C and F. In
Figure 4A—F, the effect of pH, stirring rate, and Cs/Alg
Mw ratios on the formation and stability of Cs/Alg/B
NPs was based on their PDI. These results indicate that
the formation of stable and homogeneously dispersed Cs/

Alg/B NPs significantly depends on the pH value of
chitosan and alginate solution used for synthesis.
Generally, pH of alginate affects its electronegative
potential and its reaction with chitosan. At lower pH
values, alginate is buffered by positive ions in the solu-
tion (H;0" and H"); therefore, it has a lower tendency for
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reaction with chitosan. In this condition, Cs/Alg/B NPs
with
monodisperse.*! The relationships between variables for
(-potential (Y4) and PDI (Y5) based on acquired data are
shown in equations 5 and 6:

smaller sizes are formed which are more

Y4 =35.66 — 0.62X — 0.037Y + 0.89Z + 0.25XY
— 1.00XY — 1.02YZ + 0.51X2 — 2.42Y2 — 1.67Z22

®)
where Y4 is the C-potential, X is the stirring rate, and Y

and Z are Cs/Alg Mw ratios and pH of the final Cs/Alg/B
NPs solution, respectively.

Y5 =0.62+0.024X 4 0.14Y + 0.047Z — 0.015XY
—0.013XZ — 2.500YZ + 0.044X2 — 1.000Y2
+0.011Z22 6)

where Y5 is the PDI, X is the stirring rate, and Y and Z are
Cs/Alg Mw ratios and pH of the final Cs/Alg/B NPs
solution, respectively.

Morphological Degradation Time (MDT)

of Nanoparticles
The morphology of the Cs/Alg/B NPs is shown in Figure 1
and Supplementary Figure 5, indicating that different times

were needed for degradation between runs. The morpholo-
gical shape is an important factor for protection from encap-
sulant and having an appropriate controlled release. When
appreciating how size, shape, and chemistry affect the deliv-
ery process, morphological changes can be used as an index
and NPs can be redesigned for more effective delivery®’
(Table 1). Generally, the morphological stability of NPs
influences the delivery process, and NPs which keep their
structure during release are delivered effectively. Hence,
morphological changes of NPs followed during release
time and their changes till the final stage of morphological
degradation were calculated as morphological degradation
time (MDT) (Table 1). One of the effective factors in chan-
ging the shapes of NPs is the release profile. Generally, NPs
which experience accelerated release have low morphologi-
cal degradation time. The MDT varied in different formula-
tion conditions (pH, Cs/Alg Mw ratios, and stirring rate).*’
The increasing Cs/Alg Mw ratios created Cs/Alg/B NPs with
various thickness values. Meanwhile, aggregation of Cs/Alg/
B NPs formulated with higher Cs/Alg Mw ratios (3/1) has
accelerated morphological change (without appropriate con-
trolled release) and has decreased the required time for
degradation morphology of the Cs/Alg/B NPs
(Supplementary Figure 4C and F). On the other hand, Cs/

Alg/B NPs with a non-uniform wall thickness cannot absorb
water adequately and cracks from different sides earlier.
Increased pH also accelerates the MDT of Cs/Alg/B NPs
due to increasing the size and decreasing the {-potential and
PDI (Supplementary Figure 4A and D). It can be concluded
that the stability and MDT of Cs/Alg/B NPs have been
improved dramatically by increasing {-potential and decreas-

ing the size and PDI. Increasing of stirring rate also decreases
the MDT of Cs/Alg/B NPs by increasing the agglomeration
(Supplementary Figure 4B and E). The relationships between

variables for MDT based on acquired data is shown in
equation 7:

Y6 =4.20 — 5.25Y — 0.25Z — 0.25XY + 0.25XZ
+0.75YZ — 0.23X* + 3.77Y* — 0.227? (7)

where Y6 is the MDT, X is the stirring rate, and Y and Z
are Cs/Alg Mw ratios and pH of the final Cs/Alg/B NPs
solution, respectively.

Morphology of Optimized rhBMP-2-
Loaded Chitosan/Alginate Nanoparticles
(Cs/Alg/B NPs)

The size and morphological features of NPs are assumed
to have an extremely important role in drug release and
pharmacokinetics.*? In this work, the prepared Cs/Alg/B
NPs are analyzed by SEM in terms of size and morphol-
ogy. The images indicate the proper and improper
morphologies (Figure 4). In general, a spherical shape
and uniform distribution is the desired morphology for
NPs.** The Cs/Alg/B NPs were smooth and soft and had
a normal distribution with an average size of 180-265 nm.
In higher Cs/Alg Mw ratios, non-spherical particles were
observed due to the appearance of free polymers in Cs/
Alg/B NPs solution (Figure 1). The result was in a good

agreement with other studies.?**”*%

Cell Toxicity

Cytotoxicity of the Cs/Alg/B NPs is one of the important
factors affecting their clinical applications. In the nanocar-
rier systems, ideal vehicles have a minimum size and
toxicity and maximum LE.** Generally physical and che-
mical characteristics like size, shape, specific surface area,
surface charge, catalytic activity, and the presence or
absence of a shell and functional groups on the surface
that affect the cellular toxicity of NPs.*® In this research,
the toxicity of alginate, chitosan, and optimized Cs/Alg/B
NPs were evaluated by MTT assay. The results indicated
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Dove

that the optimized Cs/Alg/B NPs had no significant toxi-
city on NIH 3T3 cells compared to the untreated cells for
24 hours. Chitosan alone was fairly toxic at 24 and 48
hours in comparison with alginate which had no significant
toxicity on NIH 3T3 cells and the number of viable cells
was higher compared to alginate and Cs/Alg/B NPs at 24
and 48 hours (Figure 5). The cell membrane as a func-
tional barrier uses different mechanisms for the transporta-
tion of the materials into and out of the cell. One of the
effective factors in cellular uptake kinetics is the surface
charge of materials. Chitosan and alginate induce positive
and negative surface charges around the cell membrane
respectively that may change pharmacokinetics and cellu-
lar uptake.'' Chitosan can enter the cell via endocytosis
and can thus be found inside endosomes early after inter-
nalization but it is mostly free in the cytosol and only
rarely co-localize with NPs. A positive polymeric agent
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Figure 5 Cytotoxicity effects of chitosan, alginate, and Cs/Alg/B NPs on NIH 3T3cells
at 24 and 48 hours. The NIH 3T3 cells were cultured in 96-well plates and were
exposed to 10 pg chitosan, alginate, Cs/Alg/B NPs (26 pg/mL), and negative control
(RPMI 1640). Positive control (untreated cell). Cell viability calculated as; viability (%)
=Mean OD/Control ODx100%. All data are presented as the mean of three different
measurementstSD, asterisks (¥) represent means the significant difference from the
control group by the Bonferroni posttest (P<0.05) and asterisks (****) P<0.0001. OD,
optical density; SD, standard deviation.; Cs/Alg/B NPs(rhBMP-2 NPs), rhBMP-2-loaded
chitosan/alginate nanoparticles.

like chitosan has a capacity which is named as a proton
sponge effect and explains why certain cationic polymers
can sequester the H+ ions whose increased concentration
within the lumen of the endosome is responsible for the
acidification taking place during the process of endo-lyso-
somal maturation. These changes can increase cellular
toxicity.** Positively charged NPs in comparison with
negatively charge NPs and neutral NPs due to electrostatic
attraction between the negatively charged cell membrane
glycoproteins and positively charged NPs can enter cells
easily. The chitosan surface charge with H' ions released
from acetic acid is higher than the density of surface
charge produced by alginate around the cells. However,
in Cs/Alg/B NPs, due to the involvement of functional
groups of chitosan with rhBMP-2, the surface charge
density was created by Cs/Alg/B NPs around the cell
being less in comparison with chitosan and it cannot create
the same toxicity for NIH 3T3 cells. Although, on the
whole, it is widely accepted that alginate provides a matrix
in which cells can survive. Many authors have reported
similar observations.>'*>*® The disintegration of alginate
will remove the mechanical constraint of the matrix,
enables the cell proliferation, and protects the cells from
environmental changes. Generally, cross-linked gels such
as alginate undergo dissolution at a rate that is influenced
strongly by the ionic media; alginate gel forms when Ca®"
ions interact with the glucuronic residues in adjacent algi-

nate chains which is in agreement with other research.***!

Conclusion

In conclusion, the results of this study showed the best
statistical optimization for thBMP-2 delivery according
to the variables; pH values, Cs/Alg Mw ratios, and
stirring rates. The best formulation was optimized for
Cs/Alg NPs and it can also be generalized to other
BMPs family.

Abbreviations

CR, cumulative release; Cs/Alg, chitosan/alginate; Cs/Alg/B
NPs, rhBMP-2-loaded chitosan/alginate nanoparticles; DD,
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Food and Drug Administration; 3D, Three Dimension; LE,
Loading efficacy; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide; NP, Nanoparticle; PDI,
Polydispersity index; hBMP2, recombinant human bone pro-
tein-2; SEM, Scan electron microscope; GI, Ionotropic gela-
tion; GM, Gelatin microsphere; MWCO, Molecular weight
cut-off.
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