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Size-dependent bioactivity
of electrosprayed

core—shell chitosan-alginate
particles for protein delivery

Sayna Shamszadeh?!, Mohammad Akrami?*** & Saeed Asgary*

Nano-bio interactions are size-dependent. The present study investigates whether core—shell
chitosan-alginate particle size governs biological activities as well as protein release profile. A
coaxial electrospraying was used to fabricate bovine serum albumin (BSA)-loaded core-shell
micro/nanoparticles and were fully characterized. The bio/hemocompatibility of the particles was
assessed using MTT and hemolytic assays, respectively, followed by the uptake assessment using
flow cytometry. Finally, protein absorption was investigated using SDS-PAGE. The SEM size of the
microparticles, the hydrodynamic, and the actual sizes of the nanoparticles were 1.2 um, 90.49 nm,
and 50 nm, respectively. Interactions among two polymers and BSA were observed using DSC
analysis. BET analysis showed a more surface area for nanoparticles. A sustained release trend of BSA
was observed after 14- and 10-day for microparticles and nanoparticles, respectively. Microparticles
exhibited excellent hemocompatibility (< 5% hemolysis) and cell viability (at least >70%) in all
concentrations. However, acceptable hemolytic activity and cell viability were observed for
nanoparticles in concentrations below 250 pg/mL. Furthermore, nanoparticles showed greater
cellular uptake (~ 4 folds) and protein absorption (~1.61 folds) than microparticles. Overall, the
developed core-shell chitosan-alginate particles in the micro/nanoscale can be promising candidates
for biomedical application and regenerative medicine regarding their effects on above mentioned
biological activities.

Over recent years, the increasing use of therapeutic proteins, such as growth factors, has been reported in
regenerative medicine. However, the direct administration of therapeutic proteins is limited due to their short
half-life and susceptibility to protease degradation'. Repeated dose administration is often required to achieve
physiological and pharmacodynamic effects. Therefore, approaches that achieve controlled-release delivery and
prevent degradation are extremely beneficial®.

Numerous techniques have been settled to prepare protein delivery systems, such as emulsification solvent
evaporation® or spray drying?, but most of these polymer-based methods have some disadvantages, including
low encapsulation efficiency, wide particle size distribution, and high initial burst release**. In addition, when
proteins are exposed to harsh environmental conditions during the manufacturing process (organic solvents,
changes in temperature, and shear stress), their structure can be modified, which leads to chemical degradation
(e.g., fragmentation, hydrolysis, or oxidation) and physical instability (aggregation, precipitation, conformational
changes, or denaturation)®. As an alternative approach, electrospraying has recently shown great potential for
producing a protein-loaded vehicle with relatively narrow particle size distribution and intact biological activity’.
This is actually reasonable because the biological macromolecules not only will be protected inside biocompatible
polymeric matrixes, but also will be released controllably and sustainably at a specific site.

In the regeneration process, it has been reported that multiple growth factors are expressed sequentially®.
Core-shell particles have emerged recently as promising vehicles for sustained drug delivery in order to deliver
multiple biomolecules sequentially, avoid the initial burst release, and adjust the drug release rate’. The coaxial
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Figure 1. Experimental setup for electrospray fabrication of chitosan-alginate core-shell particles, and (b)
schematic represents the bioactivity of chitosan-alginate core-shell particles.
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electrospray technique has gained considerable attention in synthesizing biodegradable polymeric particles with
core-shell structures!®!!.

As biocompatible and biodegradable polymers, chitosan'? and alginate'® are known as high potential carriers
in pharmaceutical fields. Fabrication of the positively charged chitosan and negatively charged alginate into a
bilayer core-shell structure could be efficient and cost-effective'®.

The particle size is another parameter that can influence the core-shell particles’ release kinetics and biological
fate. It has been reported that reducing the bulk scale to the nanometer range can improve the delivery properties
of bioactive compounds'. As a delivery system, nanoparticles have several advantages (i.e., the greater surface
to volume ratio and intracellular uptake) compared to microspheres'®. In addition, nanospheres usually cause
little or no local inflammation, while microspheres in size range of 5-10 um produce prominent inflammatory
reactions with subsequent fibrosis'’. Instead, many studies have shown that microspheres have much better drug
capacity and sustained drug release properties'®".

Thus, this study aims to investigate the effect of micro/nanoscale particles on their protein loading, release
profiles, and biological fate. In this regard, protein-loaded micro/nano core-shell chitosan-alginate particles were
fabricated using coaxial electrospray methods. The particles were characterized by size, release profile, hemo/
bio-compatibility, protein absorption, and cellular uptake.

Results

The steps for preparing micro/nanospheres using the electrospray technique are shown in Fig. 1-a. Chitosan
and alginate core-shell sphere was prepared according to the optimization presented in Table 1, upon different
polymer concentrations, flow rates, voltage, and distance. The best parameters for the optimized formulation
of the unloaded microsphere were as follows: polymer concentration (2% alginate and 1% chitosan), flow rate
(250 pL/h for alginate solution and 150 uL/h for chitosan solution), voltage (25 kV), and distance between the
tip of the needle and collector plate (20 cm). Furthermore, different concentrations and pH values of the bovine
serum albumin (BSA) as the protein solutions were evaluated to optimize BSA loading into the alginate shell of
the microparticle, keeping a round shape (Table supplementary-S1 online). The alginate solution’s optimized BSA

Scientific Reports |

(2022) 12:20097 | https://doi.org/10.1038/s41598-022-24389-x nature portfolio



www.nature.com/scientificreports/

Chitosan Alginate
Concentration Concentration
Run (%) Flow rate | (%) Flow rate | Voltage (kv) | Distance (cm) | Spray condition | Observation
1 1 0.1 2 0.3 20 15 Stable -
2 1 0.1 2 03 20 10 Stable Large particle
in millimeter
3 1 01 2 03 15 15 Stable Large particle
in millimeter
4 1 0.1 2 0.3 15 10 Stable Large particle
in millimeter
5 1 0.2 2 0.6 20 15 Unstable Needle clogging
6 1 0.2 2 0.6 20 10 Unstable Needle clogging
7 1 0.2 2 0.6 15 15 Unstable Needle clogging
8 1 0.2 2 0.6 15 10 Unstable Needle clogging
9 1 0.1 3 0.3 20 20 Unstable Needle clogging

Table 1. Optimization of the chitosan-alginate core-shell particles according to the related parameters.
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Figure 2. (a) FTIR spectra of chitosan, TPP, alginate, BSA, and BSA-loaded chitosan-alginate particle, and (b)
DSC analysis of chitosan, alginate, BSA and BSA-loaded chitosan-alginate particle.

concentration and pH value were 0.15 mg/mL and 5.5, respectively. Figure 1b shows the schematic reorientation
of biological activities of chitosan-alginate core-shell particles.

The results of the characterized particles are presented in the following orders:

Fourier transforms infrared spectroscopy (FTIR) analysis.

The FTIR spectra of chitosan, trip-

olyphosphate (TPP), chitosan particles, alginate, core-shell particles, BSA, and BSA-loaded core-shell particles
are illustrated in Fig. 2a. The infrared peaks of chitosan were observed at 3440 cm™, 2920 cm™, 1616 cm™,
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Figure 3. (a) DLS graphs of chitosan nanoparticles, (b) DLS graphs of chitosan-alginate nanoparticles, (c)
FE-SEM image of chitosan nanoparticle, (d) SEM image of chitosan-alginate microparticles; (e) FE-SEM image
of chitosan-alginate microparticles; and (f) TEM image of the chitosan-alginate nanoparticle.

1419 cm™, and 1056 cm™, which corresponded to NH and OH stretching, stretching of the methyl group (-
CH,;), C=O0 stretch of the amide group, aromatic C-H, bending, and C-O stretching, respectively.

For TPP, the major peaks were detected at 1151 cm™, 905 cm™, and 710 cm™, corresponding to P=0O stretch-
ing, PO; group vibration, and P-O-P bridge asymmetric stretching, respectively.

FTIR spectrum of chitosan particle corresponded to TPP and chitosan spectra, but the absorption bands
slightly shifted.

The infrared peaks of alginate were observed at 3440 cm™, 2926 cm™, 1620 cm™, 1383 cm™!, and 1013 cm™,
which ascribed to the OH stretch of the amide group, —~CH, stretching, C=0 stretch of the amide group, the
asymmetric stretch of C-O-0, and C-O stretching, respectively.

In the core-shell structure, peaks slightly shift from 1616 cm™ and 1419 cm™ to 1631 cm™ and 1381 cm™,
respectively. After the complexation of alginate with chitosan, the infrared peak of 2920 cm™ was absent in this
compound; the observed changes in the absorption bands of the amino groups, carboxyl groups, and amide
bonds can be attributed to an ionic interaction between the carbonyl group of alginate and the amino group of
chitosan. The peaks appeared at 3428 cm™!, 2920 cm ™!, and 1631 cm™}, attributed to the stretch of OH, CH, and
C=0 groups in chitosan and alginate components of the core-shell particle.

The major peaks of BSA were observed at 3417 cm™, 2149 cm™, and 1633 cm™), corresponding to the stretch
of OH/NH, CO,, and C=0 groups. The FTIR peaks of BSA-loaded core-shell particles were overlapped with
absorption bands of BSA and core-shell particle spectra, in a slightly shifting manner.

Differential scanning calorimetric (DSC) analysis. Thermograms of DSC results are shown in Fig. 2b.
Two endothermic peaks were appeared for BSA at 99 °C and 210 °C. The endothermic and exothermic peaks
of 75 °C and 220 °C were appeared for chitosan while the same peaks of 95 °C and 313 °C were observed for
alginate thermogram, respectively. Nevertheless, three different endothermic peaks of 74 °C, 183 °C and 227 °C
and broader exothermic peak of 340 °C were detected for core-shell microparticles, which can be attributed to
the chitosan-alginate complex, calcium chloride, BSA and polymer decomposition, respectively.

Dynamic light scattering (DLS) and zeta potential analysis.  Figure 3a,b shows the particle size and
its distribution results, which were measured using DLS. For the chitosan and chitosan-alginate nanoparticles,
the size and PDI of 76.73 nm, and 0.3 and 90.49 nm, and 0.35 were obtained, respectively. In addition, their zeta
potential was 43.6+5.08 mV and - 6.35+2.23 mV, respectively.

Morphology and size measurement using microscopic instruments. Scanning electron micros-
copy (SEM) images of the prepared particles are shown in Fig. 3c-e; microparticles and nanoparticles exhib-
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Figure 4. An optical microscope image of fluorescent emission of carboxyfluorecin-stained microparticles.
Insert shows the fluorescent emission of Nile-Red-stained microparticles.

ited spherical shape and rough appearance. The estimated mean diameter for chitosan nanoparticles, core-shell
microparticles and core-shell nanoparticles was estimated to be around 28.78 nm, 1.2 um, and 50 nm, respec-
tively.

Transmission electron microscopy (TEM) image showed more accurate details on the structure of core-shell
nanoparticles, with round morphology tending to a quasi-oval shape. The actual size of the core-shell nanoparti-
cles using TEM was estimated to be 31.82 nm, with a shell size of 10.97 nm, confirming the core-shell structure
(Fig. 3f). In addition, the core-shell structure was clearly distinguished by the fluorescent microscope in green
and red regions of fluorescence emission (Fig. 4).

Porosity and surface area analysis. The N, adsorption-desorption isotherm curves for both micro and
nanoparticles were are shown at Fig. 5a,b, respectively. The Barrett-Joyner-Halenda (BJH) average pore size,
surface area and pore volume for microparticles were about 10.9064 nm, 15.1825 m?/g and 0.077 cm®/g, while
theses values for nanoparticles were about 8.626 nm, 24.915 m?/g, and 0.063 cm?/g, respectively. The hysteresis
loops between adsorption and desorption isotherms were occurred between 0.78 and 0.97 for microparticles and
between 0.82 and 0.94 for nanoparticles, respectively.

Degradation and swelling ratio. The degradation and swelling ratio of the microparticles at different
time points are shown in Fig. 5¢c. 20% of the microparticles were degraded after a day, followed by 45% degrada-
tion until 21 days in a slow manner. Moreover, the swelling ratio of the microparticles up to 8 h was investigated
(Fig. 5d). As shown, water absorption was increased at different time intervals. In other words, the swelling ratio
of about 35% at 1 h was completed after 8 h of water exposure (about 98%).

Loading estimation and protein release profile. According to bicinchoninic acid (BCA) assay results,
the loading content of micro and nanoparticles were 1.21% and 1.65%, while their encapsulation efficiency was
calculated to be 74.78% and 97.61%, respectively. In addition, the cumulative release profiles for BSA-loaded
core-shell micro/nanoparticles are presented in Fig. 5e.

A burst release of around 14.61% and 16.76% was discovered for microparticles and nanoparticles in the
first 30 min, reaching about 55.04% and 49.74% from the loaded amount after 1 day, respectively. The 90% BSA
release was observed after 14 days for microparticles and 10 days for nanoparticles. The release profiles showed
a sustained delivery manner.

Hemolysis. Treatment of diluted erythrocytes with micro/nanoparticles at different concentrations, as well
as Triton-X-100 (positive control) and phosphate buffer saline (PBS) (negative control), are shown in Fig. 6a,b.
For microparticles, all concentrations showed an excellent hemolytic activity. However, for nanoparticles,
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Figure 5. (a) N, adsorption-desorption of nanoparticle, (b) N, adsorption-desorption isotherms of
microparticle, (c) Degradation of chitosan-alginate core—shell microparticles at different time points, (d)
Swelling ratio of chitosan-alginate core-shell microparticles at different time points, and (e) Release profile of
BSA from BSA-loaded core-shell micro/nanoparticles.

acceptable hemocompatibility was observed only for concentrations equal to or less than 250 ug/mL, similar to
the results obtained for the biocompatibility assay.

Protein corona. The intensity of protein bonds absorbed by the micro/nanoparticles is shown in Fig. 7a,b.
When micro/nanoparticles were treated with whole plasma, greater protein absorption was observed in nan-
oparticles than in microparticles (1.51-fold change). In the case of treating micro/nanoparticles with diluted
plasma, the same results were obtained (1.69-fold change). However, the extent of the absorbed protein was
greater in whole plasma. The observation was related to band intensities higher than 63 kDa, while no protein
bands were detected below the molecular weight.

Cytotoxicity. Cells were treated with different concentrations of chitosan nanoparticles, alginate, and core-
shell particles for 24 and 72 h (Fig. 8a,b). For core-shell microparticles, at all concentrations, more than 70% cell
viability was observed at all time points. For core-shell nanoparticles, cell viability decreased to 53.75 and 63.69
for 24 h treatment and 48.06 and 54.05 for 72 h incubation in 1000 and 500 pg/mL concentrations, respectively,
indicating cell toxicity more than microparticles. However, as shown in Fig. 8b, the desired cell viability was
obtained at concentrations equal to or less than 250 pg/mL up to 72 h. No toxicity was observed for chitosan
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Figure 6. (a,b) Hemolytic activity of core-shell micro/nanoparticles at different concentrations.
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Figure 7. (a) SDS-PAGE gel (12%) of the whole (90%) and diluted (10%) human plasma proteins obtained
from microparticles and nanoparticles. The molecular weight of the proteins in the standard ladder is
reported for reference, (b) histograms representing the total band intensity of proteins associated with micro/
nanoparticles after exposure with 90- and 10% human plasma (Bond intensity indicates the concentration of
proteins that bind to particles).

~

and alginate polymer. The IC50 value was possible to calculate just for 72 h core-shell nanoparticles exposure,
which was 332.76 ug/mL.

Cellular uptake. The internalization of the particles into the adipose stem cells after 6 h was evaluated using
flow cytometry. Because the Nile red in free form and loaded particles emit strong red fluorescence, it can be
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Figure 8. (a) Cell viability of micro/nanoparticles at 24 h; (b) cell viability of micro/nanoparticles at 72 h and
(c) cellular uptake of Nile-red from fluorescence-labeled core-shell micro/nanoparticle by flow cytometry.

used to quantify cellular uptake. As shown in Fig. 8¢, an increase in the cellular uptake efficiency of up to about 4
folds was observed for the nanoparticles rather than the microparticles, indicating improved cell internalization
in nanospheres. Cells without Nile red, which showed autofluorescence, were considered as the negative control.

Discussion

Nowadays, scientists have been interested in designing the core-shell particles to provide a sustained delivery
system for biomedical applications®***!. In this regard, the fabrication of protein-loaded core-shell particles using
the electrospraying technique would remove major obstacles related to sequential accessible/available protein
considerations for cellular differentiation. The protein-loaded core-shell spheres prepared by the method have
many advantages, such as the prolonged lifetime of drug release, suppressed burst release, and the protection of
the protein from harsh environments®. The present study used the novel protein loading procedure by coaxial
electrospraying to fabricate micro/nanoscales of the core-shell particle sizes, separated through a centrifugation
procedure.

Logically, the selection of polymers having opposite charges in core and shell compartments facilitates poly-
electrolyte complexation through electrostatic interactions between them. Hence, chitosan as a positive charge
polymer and alginate as a negative one were chosen for coaxial electrospraying of micro/nanoparticles. Inter-
estingly, considering alginate in the outer layer gave an opportunity to cross-link the polymer using calcium
chloride, assuring sustained delivery of the loaded materials. In this regard, BSA was used as a model protein.

Experimentally, different parameters (i.e., polymer and protein concentration, flow rate, voltage, and distance)
were optimized to gain micro/nanoparticles with desired size and morphology. Studies have reported that the
alginate to chitosan weight ratio may influence the physical properties of core-shell nanoparticles. Manipulation
in core-shell polymer ratio is limited upon identity and consideration of material for loading. In our study, the
alginate (2%) to chitosan ratio (1%) was optimized to be 2:1 (w/w), and more limitation was faced in manipulat-
ing BSA concentration (0.15 mg/mL) for loading in the shell part.

Various alginate to chitosan ratio has been reported in the literature to produce core-shell particles, which can
be attributed to distinct preparation techniques, different electrospraying parameters such as needle diameter,
and identify of materials considered for loading (i.e., naringenin, insulin, and transforming growth factor-Betha/
dexamethasone)?*-2*. However, to allow stable co-flow avoiding needle clogging, we could not further manipulate
the viscosity of the alginate and chitosan upon concentration, confirming the study of Williams et al.?.

It has been reported that the optimum flow rate of electrospraying particles were 0.5- and 0.6 mL/h for
chitosan and alginate solution, respectively?. In comparison, we could only use a flow rate of 0.1 mL/h and
0.3 mL/h for chitosan nanoparticles and alginate polymer, respectively, preventing the sphere formation on a
millimeter-scale.

In addition, we found that the concentrations of BSA in alginate solution have a direct impact on particle
shape. In other words, increasing the concentration of BSA in alginate led to the formation of tailed particles.

In FTIR spectra of core-shell nanoparticles, not only no newly identified peaks were identified, but also
all absorption bands were corresponded to the ingredients, indicating no covalent interference of BSA with
polymers and materials. However, appearance a broader endothermic peak (~ 74 °C) in DSC thermogram of
core—shell microparticles between the peaks of pure chitosan and alginate showed physical interaction of poly-
mers. Furthermore, a little shift in second peak of BSA thermogram in DSC analysis of the particle indicates
electrostatic interaction among protein and two polymers. However, BSA has conserved its crystalline state in
the core-shell particles.
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The size of nanoparticles measured by the DLS technique (~ 90 nm) was larger than the size determined by
TEM (50 nm), attributed to the hydrodynamic radius measured by the former rather than the actual size utilized
by the latter technique. In the literature, in line with our study, the slight difference in measured sizes between
DLS and TEM/SEM has been reported with other nanomaterials®”,

Particle size is an important physical property that directly affects the release and biological fate of the encap-
sulated bioactive compound'”?. Using a centrifugation procedure, two different particle sizes in the nano- and
submicron/microscale were able to be produced.

According to the dissolution profile of BSA release from the core-shell micro/nanoparticles, the burst release
based during the initial 3 h was continued by sustained release trend until 14 days. However, the release rate from
the core-shell nanoparticles was faster than that from the microparticles, as the complete release occurred on the
10th day compared to that from the microparticles (14th day). Logically, the slightly faster protein release from
nanoparticles can be attributed to the higher surface area in the nanoscale, leading to increased interaction with
dissolution media and enhancing water permeation. Some studies have reported drug release (i.e., insulin and
naringenin) from core-shell chitosan-alginate particles, indicating the sensitivity of the core-shell to the pH of
media for oral delivery application®**. In contrast, the sequential sustained drug release from core-shell particles
was just investigated in physiological pH for tissue engineering purposes. For example, transforming growth
factor-Petha 1 and dexamethasone were released sequentially for 2 weeks, ensuring the required concentrations
for cell differentiation®. It is worth noting that our study approach is close to the second one. Interestingly, a
direct rational relationship was observed among swelling ratio, degradation percentage, and drug release profile.
We believe that drug release kinetics can be tuned depending on the needs by modifying the particle size by
having the same polymer.

The acceptable hemolytic activity of nanomaterials has been considered critical before their clinical applica-
tion in tissues in contact with blood. According to the hemolysis assay, excellent hemocompatibility was observed
for core-shell microparticles and in specific concentrations of nanoparticles (below 500 ug/mL), covering the
concentration range used in biological tests.

Furthermore, the biocompatibility of nanomaterials is also important. Therefore, the cytotoxicity investiga-
tion for stem cells exposed to different concentrations of core-shell particles was performed in the second step.
The cytotoxicity results were in good conformity with the hemolytic results for microparticles and nanoparti-
cles. However, more biocompatibility resulted from cell viability evaluation for microparticles than nanopar-
ticles. Apparently, significant toxicity has been observed after 72 h for core-shell nanoparticle treatments of
adipose stem cells at concentrations outside the studied range (more than 500 pug/mL), as reached to IC50 value
(332.76 ug/mL). Our findings confirmed the results reported by Nguyen K.T et al., in which more toxicity was
observed for the nanoparticle platform of poly-nisopropylacrylamide spheres than for microparticles®”.

Some studies have shown that the size of the particles determines their biological fate. Indeed, besides the
charge, surface chemistry, and shape, particle size is one of the critical parameters affecting biological activities
such as biocompatibility™, cellular uptake®!, and protein absorption®. In this regard, our microparticles showed
more desired hemo/biocompatibility than nanoparticles, confirming the size-dependent biological fate. Further-
more, in our study, we observed that core-shell nanoparticles were internalized more efficiently by adipose stem
cells than microparticles, which further supports our conclusion. Logically, more interaction in the bio-interface
for nanoparticles due to increased surface area has been resulted in more cellular uptake and subsequently,
different hemolytic activity as well as cell viability. However, the cellular uptake and toxicity are reported to be
dependent on the cell type, exposure time, and particle concentration. For example, it has been reported that
cellular uptake of nanospheres is dose and time-dependent in both endothelial cells and smooth muscle cells.
Interestingly, it has been reported immune cells have a higher affinity to microspheres than nanospheres in
contrast to vascular cells. The biological findings have a straight correlation with release patterns in each scale
of micro/nanoparticles as more release was observed for the nanoscale platform, confirming the results of the
reported study?>.

Due to the same reason, more surface area in nanoscale form and more protein absorption was observed
for nanoparticles than microparticles after plasma treatment, as identified by SDS-PAGE. The results are in
accordance with some previous reports*>**. The study of protein adsorption pattern is also important, because
it determines the cell adhesion, immune response, tissue healing and remodeling35’36. Furthermore, faster
protein release from nanoparticles can be attributed to their higher surface area to volume ratio. The higher
surface area for nanoparticles than microparticles in a core-shell platform was confirmed by the results of
Brunauer-Emmett-Teller (BET) analysis. However, the existence of a hysteresis loop between adsorption and
desorption isotherms reflected the pores with different sizes/structures. At the region of relative pressure (P/
P0) of more than about 0.8, the isotherms were increased rapidly, indicating agglomeration phenomenon or
developing larger particles. Generally, both isotherm curves are similar to type IV adsorption, according to
TUPAC classification.

Each nanoparticle or microparticle has its own advantages and disadvantages, and its choice is dependent
on its application. The microspheres can encapsulate larger amounts of drugs. Although they cannot be easily
used for intravenous or systemic delivery, as they may agglomerate and cause clotting, they are effective for local
delivery, such as subcutaneous injection, and can be used in sustained-release systems. In comparison, inflamma-
tion response and foreign body reaction were considered challenges in developing a high diameter microsphere.
As we mentioned in our study, a microsphere’s greater hemocompatibility suggests it could be applied in tissues
in contact with blood. Furthermore, according to our results, the microsphere can be considered a suitable drug
delivery system when more sustained delivery is needed. However, the major drawback of microsphere utiliza-
tion is lower cellular uptake than nanoparticles. We suggest the protein-loaded core-shell microsphere as the
powerful carrier for local treatment in regenerative medicine.
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As the particle size becomes smaller, the surface area to volume ratio is increased, implying more interaction
in the bio-interface and subsequent cellular uptake. This feature of the nanosphere introduces it as a favored
drug delivery system when more efficacy and pharmacodynamic improvement are needed. However, as a major
concern, suitable concentrations must be selected to avoid cellular toxicity as well as hemolytic activity. The
core-shell nanoparticle facilitates not only intravenous administration but also local delivery.

However, as the protein release from the nanoparticles is faster than that from the microparticles, the correla-
tion between the critical concentration of release protein and cell differentiation time should be considered. It is
noteworthy that increased protein corona profiles on the nanoparticle surface may have controversial effects, as
the corona composition can navigate particles to the target site. Therefore, further analysis by mass spectrometry
should be performed to identify protein composition.

Taken together, two developed core-shell nanoparticles and microparticles with individual advantages upon
size can be used for biomedical application and regenerative medicine, considering their effects on bio/hemo-
compatibility, cellular uptake, and extent of protein absorption.

Conclusion

Fabricating core-shell particles in different-sizes can provide sustained release protein-based delivery systems for
biomedical applications. Here, we have shown that coaxial electrospraying is a favorite technique for developing
desired delivery systems for protein release. The well characterized vehicles in nano/micro scales have different
drug release profiles, hemo/biocompatibility, cellular uptake, and protein corona profile. The development of such
biodegradable micro and nanoparticles gives an opportunity to select a special size with individual biological
activities for local and systemic protein delivery and cell differentiation in regenerative medicine.

Methods

Materials. Medium viscosity sodium alginate (80,000-120,000 Da), low molecular weight chitosan (50,000
190,000 Da), TPP, calcium chloride, acetic acid, Nile-red, carboxyfluorescein, silver nitrate, and PBS were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). BSA and BCA protein assay kit was obtained from Thermo
Fisher Scientific Inc. (Waltham, MA, USA).

Human adipose stem cells were obtained from the Research Institute of Dental Sciences, Shahid Beheshti
University of Medical Sciences, Iran, Tehran. 3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT), and Dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich Chemicals (Germany). Dulbecco’s
Modified Eagle’s Medium (DMEM), Fetal Bovine Serum (FBS), and Penicillin-Streptomycin 1% were obtained
from Gibco (Grand Island, NY, USA). All aqueous solutions were prepared using double distilled water. All
materials for Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) were prepared as previ-
ously reported. All reagents used were of analytical grade.

Synthesis of nano- and microparticles. Chitosan-alginate core-shell nano- and microparticles were
prepared using the coaxial electrospray method.

Preparation of electrospray solution. The core solution containing chitosan was prepared using the
ionic gelation method. Briefly, chitosan solution (3.75 mg/mL) was prepared by dissolving chitosan powder in
acetic acid solution 2% (v/v) and stirred overnight. The solution was then passed through a 0.20 um filter mem-
brane to remove any non-dissolved particles. Next, TPP solution (2.5 mg/mL) was further added dropwise to the
emulsion and stirred for another 2 h. For the shell solution, sodium alginate solution (10 mg/mL) was prepared
by dissolving alginate powder in double deionized water and stirred overnight.

For the core part, BSA solution (1 mg/mL) was added to chitosan before the incorporation of TPP, while
for the shell part, BSA solution (10% w/w alginate powder) was prepared, and the pH was adjusted to 5.5 with
0.01 M NaOH and added to alginate solution.

Electrospray procedure. The prepared alginate and chitosan solution was transferred into the syringes
connected to a coaxial needle and kept perpendicular to the collector plate. Two syringe pumps are indepen-
dently connected to the coaxial needle, which consists of two concentric stainless-steel needles, in which the
diameter for the outer and inner needles were 19 and 26 gage, respectively. Alginate was injected into the outer
syringe, while chitosan was injected into the inner syringe. To obtain a stable Taylor cone jet, the parameters
were adjusted according to our preliminary studies (Table 1). The electrospraying was performed toward a cross-
linking solution (calcium chloride 3%), with constant stirring at 200 rpm during the procedure.

To separate nanoparticles from the microparticles, electrosprayed particles were centrifuged
(2500 rpm/10 min), followed by dialysis of the infiltrated solution against PBS (pH 7.4). Finally, it is transferred
to amber glass tubes and stored in the refrigerator until further analysis.

Preparation of the fluorescence-labeled particles. To examine the core-shell structure of the parti-
cles using the fluorescent microscope, the core and shell layers were labeled with carboxyfluorescein and Nile red,
respectively. Carboxyfluorescein and Nile-red were prepared at a concentration of 1 mg/mL. A given amount of
carboxyfluorescein and Nile-red solution was added to the chitosan and alginate solution, respectively. The solu-
tions were stirred for 3 h in dark conditions. The chitosan solution was cross-linked with TPP, and the labeled
micro/nanoparticles were obtained via the electrospraying method as mentioned above.
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Characterization. FTIR analysis was used to examine the chemical structure of the chitosan-alginate par-
ticles using the spectrometer (Spectrum Two™ IR; PerkinElmer, Inc., Massachusetts, USA). All spectra were
recorded in the range of 400-4000 cm™. A DSC measurement was used to investigate the thermal behavior and
molecular status of the particles using universal V4.5A instrument. Briefly, 5 mg of lyophilized powders were
transferred into an aluminum pan, at a heating ramp of 10 C/min from 0 to 350 °C under nitrogen purging of
20 mL/min. The empty aluminum pans were considered as the reference group. A DLS spectrometer (Malvern
Paralytical Co., Ltd, Malvern, United Kingdom) was used to determine the size and zeta potential of the chi-
tosan and chitosan-alginate nanoparticle. The surface morphology and size of the micro/nanoparticles were
observed using SEM (Philips XL30 TMP; EE.I. Com, Eindhoven, Netherlands) and field emission SEM (MAIA3
TESCAN; Absotec Co., Ltd, Bangkok, Thailand), respectively. The synthesized nanoparticles’ morphology and
core-shell structure was investigated using TEM (EM10C-100 kV; Carl Zeiss Meditec AG, Jena, Germany). The
core-shell structure of the bilayer carriers was also confirmed using fluorescent microscopy (TCM 400, Labo
America Inc, Fremont, CA, USA). For porosity and surface area analysis, the specific surface area of the sample
was assessed by BET method and the pore size and pore volume distribution was determined by BJH method
using the ASAP 2010 static volumetric absorption analyzer (Micromerities Corp., NY, USA). To remove residual
moisture on the particles, samples were degassed by heating at 110 °C for 2 h before nitrogen treatment as the
absorbent?’.

Swellingindex. The swelling index of microparticles was measured by immersing dry microspheres (5 mg)
in PBS at 37 °C. At predetermined time intervals (1, 2, 4, 6, and 24 h), the microspheres’ excess water was
removed using the filter paper. The SI of the microspheres was calculated using the following equation:

Weight of swollen microsphere — weight of dry microspheres % 100

Swelling index =
welling index weight of dry microspheres

Degradation rate. An accurately weighed amount of 5 mg microparticles (Wa) was immersed in PBS.
Samples were incubated at 37 °C while gently shaking. At different time points (1, 3, 7, 10, 14, and 21 days),
samples were centrifuged at 10,000 rpm for 20 min. Next, the microparticles were washed twice with distilled
water and subsequently lyophilized and weighed (Wb). The degradation rate was calculated according to the
following equation:

. Wb — Wa
Degradation rate = ———— X 100
Wa

Protein loading estimation. Briefly, BSA-loaded micro/nanoparticles (50 mg) were dissolved in 2 mL
PBS and stirred at 500 rpm for 4 h. It was then centrifuged (15,000 rpm/20 min) to precipitate particles. Protein
concentration was measured using a BCA protein assay, reading the absorbances by UV/VIS-spectrophotometer
(Jasco B/530) at 562 nm (n =3). The loading capacity of particles was determined as follows:

Weight of measured BSA in loaded particle

100
Particle weight + BSA weight

Loading capacity (%) =

Mass of BSA in micro/nanoparticles

- - x 100
Mass of BSA in the formulation

Encapsulation efficacy (%) =

Protein release from core—shell micro/nanoparticles. In brief, 5 mg particles were dispersed in 1 mL
PBS (pH 7.4) and incubated in a shaker incubator (100 rpm/37 °C). The supernatant was collected by centrifu-
gation at various time points (15 min, 30 min, 1 h, 2 h, 3 h, 6 h, 1 day, 2 days, 3 days, 4 days, 7 days, 8 days,
10 days, 14 days, 17 days, and 21 days). The fresh PBS was added after each collection. The BSA concentrations
in the supernatant were measured by the BCA Protein Assay versus the obtained absorbance by UV/VIS-spec-
trophotometer (Jasco B/530) at 562 nm. The cumulative BSA release percentages at each point were calculated
according to the standard calibration curve (n=3).

Hemolysis. Hemolysis assay was performed against different concentrations of microparticles and nanopar-
ticles (1000, 500, 250, 125, and 62.5 pg) according to previously published procedure (n=3)%*. In addition, PBS
and Triton X-100 were used as negative and positive controls, respectively. The hemolysis rate was calculated
according to the following formula:

absorbance of sample — absorbance of negative control

Hemolysis rate : 100

X
absorbance of positive control — absorbance of negative contol

According to the criterion reported in the ASTM E2524-08 standard, percent hemolysis < 5% indicates that
the test material causes no damage to red blood cells**.
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Protein corona study. Firstly, fresh human plasma (~ 100 mL each) was provided from the Iran blood
Transfusion Institute, Tehran, Iran. Briefly, plasma was centrifuged (15,000 rpm/4 min) to remove any possible
protein aggregate complex as a pellet. The accurate volume of 0.1 mL of each micro/nanoparticles (1 mg/mL)
was added to 0.9 mL of human blood plasma and incubated for 1 h at 37 °C. The procedure was repeated for
diluted plasma (10%) (n=3). To investigate the hard corona profile, the particles were centrifuged for 10 min at
10,000 rpm and 15,000 rpm for microparticles and nanoparticles, respectively. The procedure was followed by
resuspending the pellet in PBS (0.5 mL) and washing it in the same buffer 3 times. The protein corona on the
surface of the particles was identified using the standard SDS-PAGE and silver nitrate staining, according to the
reported method?. The protein bands’ intensity was analyzed by Image J software (1.410 version).

Cell viability. The cell viability of the chitosan nanoparticles, alginate, and core-shell micro/nanoparticles
was assessed by MTT assay (Sigma-Aldrich Chemicals, Germany). Briefly, adipose stem cells were seeded into
a 96-well plate (1 x 10*/well) in DMEM supplemented with 10% FBS (Gibco, Australia), and Penicillin-Strepto-
mycin 1% (Gibco, Australia) and incubated at 37 °C. After 24 h, the medium was replaced with 100 pL refreshed
medium containing different concentrations of prepared chitosan nanoparticle, alginate, and core-shell micro/
nanoparticles (1000, 500, 250, 125, and 62.5 ug/mL). The cells cultured in a growth medium were served as
control. Three replicates were performed for each group. After 24- and 72 h, the cells were treated with MTT
reagent for 4 h at 37 °C. Next, the MTT solution was replaced with 100 uL of DMSO solvent (Sigma-Aldrich
Chemicals, Germany) to dissolve the formed formazan. The absorbance of each well was measured at 570 nm
using an ELISA Reader (Anthos 2020, Austria). The cells viability was calculated using the following equation:

absorbance of test

Cell viability (%) = 100

absorbance of control

Cellular uptake. Cellular uptake of micro/nanoparticles was investigated by using fluorescent Nile red
embedded in the particles. All the procedures were performed in a dark setting. Human adipose stem cells were
seeded in a 6-well plate (1x10° cells/well) in a culture medium. After 24 h, the media was replaced with the
culture medium containing 125 ug/mL micro/nanoparticles and incubated at 37 °C and 5% CO,. After 6 h, the
cells were washed three times with PBS buffer, and the red-emitting light (excitation wavelength, 559 nm; emis-
sion wavelength, 635 nm) of Nile-red was measured by flow cytometer (FACScan, LYSIS II, Becton Dickinson).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 26 June 2022; Accepted: 15 November 2022
Published online: 22 November 2022

References

1. Koria, P. Delivery of growth factors for tissue regeneration and wound healing. BioDrugs 26, 163-175. https://doi.org/10.2165/
11631850-000000000-00000 (2012).

2. Vasita, R. & Katti, D. S. Growth factor-delivery systems for tissue engineering: A materials perspective. Expert Rev. Med. Devices
3, 29-47. https://doi.org/10.1586/17434440.3.1.29 (2006).

3. Yang, Y. et al. Recent advance in polymer based microspheric systems for controlled protein and peptide delivery. Curr. Med. Chem.
26, 2285-2296. https://doi.org/10.2174/0929867326666190409130207 (2019).

4. Murillo, M., Gamazo, C., Goni, M. M., Irache, J. M. & Blanco-Prieto, M. J. Development of microparticles prepared by spray-drying
as a vaccine delivery system against brucellosis. Int. J. Pharm. 242, 341-344. https://doi.org/10.1016/s0378-5173(02)00212-0 (2002).

5. Nguyen, D. N, Clasen, C. & Van den Mooter, G. Pharmaceutical applications of electrospraying. J. Pharm. Sci. 105, 2601-2620
(2016).

6. Antosova, Z., Mackova, M., Kral, V. & Macek, T. Therapeutic application of peptides and proteins: Parenteral forever?. Trends
Biotechnol. 27, 628-635. https://doi.org/10.1016/j.tibtech.2009.07.009 (2009).

7. Bhushani, J. A. & Anandharamakrishnan, C. Electrospinning and electrospraying techniques: Potential food based applications.
Trends Food Sci. Technol. 38,21-33 (2014).

8. Chen, R. R, Silva, E. A,, Yuen, W. W. & Mooney, D. J. Spatio-temporal VEGF and PDGF delivery patterns blood vessel formation
and maturation. Pharm. Res. 24, 258-264. https://doi.org/10.1007/s11095-006-9173-4 (2007).

9. Nie, H., Dong, Z., Arifin, D. Y., Hu, Y. & Wang, C. H. Core/shell microspheres via coaxial electrohydrodynamic atomization for
sequential and parallel release of drugs. J. Biomed. Mater. Res. A. 95, 709-716. https://doi.org/10.1002/jbm.a.32867 (2010).

10. Soares, R. M. D,, Siqueira, N. M., Prabhakaram, M. P. & Ramakrishna, S. Electrospinning and electrospray of bio-based and natural
polymers for biomaterials development. Mater. Sci. Eng. C Mater. Biol. Appl. 92, 969-982. https://doi.org/10.1016/j.msec.2018.08.
004 (2018).

11. Rasekh, M. et al. Facile preparation of drug-loaded tristearin encapsulated superparamagnetic iron oxide nanoparticles using
coaxial electrospray processing. Mol. Pharm. 14, 2010-2023. https://doi.org/10.1021/acs.molpharmaceut.7b00109 (2017).

12. Sartipzadeh, O., Naghib, S. M., Haghiralsadat, F, Shokati, F. & Rahmanian, M. Microfluidic-assisted synthesis and modeling of
stimuli-responsive monodispersed chitosan microgels for drug delivery applications. Sci. Rep. 12, 8382. https://doi.org/10.1038/
$41598-022-12031-9 (2022).

13. Thai, H. et al. Characterization of chitosan/alginate/lovastatin nanoparticles and investigation of their toxic effects in vitro and
in vivo. Sci. Rep. 10, 909. https://doi.org/10.1038/s41598-020-57666-8 (2020).

14. Formica, M. L., Calles, J. A. & Palma, S. D. Polysaccharide-based nanocarriers for ocular drug delivery. Curr. Pharm. Des. 21,
4851-4868. https://doi.org/10.2174/1381612821666150820101203 (2015).

15. Subedi, G., Shrestha, A. K. & Shakya, S. Study of effect of different factors in formulation of micro and nanospheres with solvent
evaporation technique. Open Pharm. Sci. J. 3, 25 (2016).

Scientific Reports |

(2022) 12:20097 | https://doi.org/10.1038/s41598-022-24389-x nature portfolio


https://doi.org/10.2165/11631850-000000000-00000
https://doi.org/10.2165/11631850-000000000-00000
https://doi.org/10.1586/17434440.3.1.29
https://doi.org/10.2174/0929867326666190409130207
https://doi.org/10.1016/s0378-5173(02)00212-0
https://doi.org/10.1016/j.tibtech.2009.07.009
https://doi.org/10.1007/s11095-006-9173-4
https://doi.org/10.1002/jbm.a.32867
https://doi.org/10.1016/j.msec.2018.08.004
https://doi.org/10.1016/j.msec.2018.08.004
https://doi.org/10.1021/acs.molpharmaceut.7b00109
https://doi.org/10.1038/s41598-022-12031-9
https://doi.org/10.1038/s41598-022-12031-9
https://doi.org/10.1038/s41598-020-57666-8
https://doi.org/10.2174/1381612821666150820101203

www.nature.com/scientificreports/

16. Barratt, G. Colloidal drug carriers: Achievements and perspectives. Cell. Mol. Life Sci. 60, 21-37. https://doi.org/10.1007/s0001
80300002 (2003).

17. Nguyen, K. T. et al. Studies of the cellular uptake of hydrogel nanospheres and microspheres by phagocytes, vascular endothelial
cells, and smooth muscle cells. J. Biomed. Mater. Res. A 88, 1022-1030. https://doi.org/10.1002/jbm.a.31734 (2009).

18. Srivastava, V. Peptide Therapeutics: Strategy and Tactics for Chemistry, Manufacturing, and ControlsVol 72 503-530 (Royal Society
of Chemistry, 2019).

19. Kohane, D. S. Microparticles and nanoparticles for drug delivery. Biotechnol. Bioeng. 96, 203-209 (2007).

20. Xu, Q, Xia, Y., Wang, C. H. & Pack, D. W. Monodisperse double-walled microspheres loaded with chitosan-p53 nanoparticles
and doxorubicin for combined gene therapy and chemotherapy. J. Control Release 163, 130-135. https://doi.org/10.1016/j.jconr
€.2012.08.032 (2012).

21. Chen, M. M. et al. Sequential delivery of chlorhexidine acetate and bFGF from PLGA-glycol chitosan core-shell microspheres.
Colloids Surf. B Biointerfaces 151, 189-195. https://doi.org/10.1016/j.colsurfb.2016.05.045 (2017).

22. Maity, S., Mukhopadhyay, P., Kundu, P. P. & Chakraborti, A. S. Alginate coated chitosan core-shell nanoparticles for efficient oral
delivery of naringenin in diabetic animals—an in vitro and in vivo approach. Carbohydr. Polym. 170, 124-132. https://doi.org/10.
1016/j.carbpol.2017.04.066 (2017).

23. Shrestha, S. & Kishen, A. Temporal-controlled bioactive molecules releasing core-shell nano-system for tissue engineering strate-
gies in endodontics. Nanomedicine 18, 11-20. https://doi.org/10.1016/j.nano.2019.02.013 (2019).

24. Bhattacharyya, A., Nasim, F.,, Mishra, R., Bharti, R. P. & Kundu, P. P. Polyurethane-incorporated chitosan/alginate core-shell
nano-particles for controlled oral insulin delivery. . Appl. Polym. Sci. 135, 46365 (2018).

25. Tsai, S. & Ting, Y. Synthesize of alginate/chitosan bilayer nanocarrier by CCD-RSM guided co-axial electrospray: A novel and
versatile approach. Food Res. Int. 116, 1163-1172. https://doi.org/10.1016/j.foodres.2018.11.047 (2019).

26. Williams, G. R., Raimi-Abraham, B. T. & Luo, C. Nanofibres in Drug Delivery (UCL Press, 2018).

27. Akrami, M. et al. Evaluation of multilayer coated magnetic nanoparticles as biocompatible curcumin delivery platforms for breast
cancer treatment. RSC Adv. 5, 88096-88107 (2015).

28. Bootz, A., Vogel, V,, Schubert, D. & Kreuter, ]. Comparison of scanning electron microscopy, dynamic light scattering and analytical
ultracentrifugation for the sizing of poly(butyl cyanoacrylate) nanoparticles. Eur. J. Pharm. Biopharm. 57, 369-375. https://doi.
0rg/10.1016/50939-6411(03)00193-0 (2004).

29. Chen, W,, Palazzo, A., Hennink, W. E. & Kok, R. J. Effect of particle size on drug loading and release kinetics of gefitinib-loaded
PLGA microspheres. Mol. Pharm. 14, 459-467. https://doi.org/10.1021/acs.molpharmaceut.6b00896 (2017).

30. Ding, T., Xue, Y., Lu, H., Huang, Z. & Sun, J. Effect of particle size of hydroxyapatite nanoparticles on its biocompatibility. IEEE
Trans. Nanobiosci. 11, 336-340. https://doi.org/10.1109/tnb.2012.2190418 (2012).

31. Desai, M. P, Labhasetwar, V., Walter, E., Levy, R. J. & Amidon, G. L. The mechanism of uptake of biodegradable microparticles in
Caco-2 cells is size dependent. Pharm. Res. 14, 1568-1573. https://doi.org/10.1023/a:1012126301290 (1997).

32. Piella, J., Bastis, N. G. & Puntes, V. Size-dependent protein-nanoparticle interactions in citrate-stabilized gold nanoparticles: The
emergence of the protein corona. Bioconjug. Chem. 28, 88-97. https://doi.org/10.1021/acs.bioconjchem.6b00575 (2017).

33. Yus, C,, Irusta, S., Sebastian, V. & Arruebo, M. Controlling particle size and release kinetics in the sustained delivery of oral anti-
biotics using pH-independent mucoadhesive polymers. Mol. Pharm. 17, 3314-3327. https://doi.org/10.1021/acs.molpharmaceut.
0c00408 (2020).

34. Shang, W. et al. Cytochrome C on silica nanoparticles: Influence of nanoparticle size on protein structure, stability, and activity.
Small 5, 470-476. https://doi.org/10.1002/smll.200800995 (2009).

35. Parisi, L. et al. Plasma proteins at the interface of dental implants modulate osteoblasts focal adhesions expression and cytoskeleton
organization. Nanomaterials (Basel) https://doi.org/10.3390/nan09101407 (2019).

36. Trindade, R., Albrektsson, T., Tengvall, P. & Wennerberg, A. Foreign body reaction to biomaterials: On mechanisms for buildup
and breakdown of osseointegration. Clin. Implant Dent. Relat. Res. 18, 192-203. https://doi.org/10.1111/cid.12274 (2016).

37. Lyu, X. et al. Synthesis and characterization of mesoporous silica nanoparticles loaded with Pt catalysts. Catalysts 12, 183 (2022).

38. Akrami, M. et al. Tuning the anticancer activity of a novel pro-apoptotic peptide using gold nanoparticle platforms. Sci. Rep. 6,
31030. https://doi.org/10.1038/srep31030 (2016).

39. ASTM. (ASTM International West Conshohocken, 2013).

40. Akrami, M. et al. Potential anticancer activity of a new pro-apoptotic peptide-thioctic acid gold nanoparticle platform. Nanotech-
nology 32, 145101 (2021).

Acknowledgements
The graphical abstract and scheme showing the experimental set-up were drawn by BioRender.com (2022).

Author contributions

S.S. wrote the original draft, prepared figures and tables and was involved in all tests. M. A. contributed to study
design, wrote the original draft and edited the manuscript, consulted frequently over the course of the research,
and provided the materials and equipment for protein corona assay. S.A. supervised the study, contributed to
conceptualization and study design, consulted frequently over the course of the research, and edited the manu-
script. All the authors reviewed the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-24389-x.

Correspondence and requests for materials should be addressed to M.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:20097 | https://doi.org/10.1038/s41598-022-24389-x nature portfolio


https://doi.org/10.1007/s000180300002
https://doi.org/10.1007/s000180300002
https://doi.org/10.1002/jbm.a.31734
https://doi.org/10.1016/j.jconrel.2012.08.032
https://doi.org/10.1016/j.jconrel.2012.08.032
https://doi.org/10.1016/j.colsurfb.2016.05.045
https://doi.org/10.1016/j.carbpol.2017.04.066
https://doi.org/10.1016/j.carbpol.2017.04.066
https://doi.org/10.1016/j.nano.2019.02.013
https://doi.org/10.1016/j.foodres.2018.11.047
https://doi.org/10.1016/s0939-6411(03)00193-0
https://doi.org/10.1016/s0939-6411(03)00193-0
https://doi.org/10.1021/acs.molpharmaceut.6b00896
https://doi.org/10.1109/tnb.2012.2190418
https://doi.org/10.1023/a:1012126301290
https://doi.org/10.1021/acs.bioconjchem.6b00575
https://doi.org/10.1021/acs.molpharmaceut.0c00408
https://doi.org/10.1021/acs.molpharmaceut.0c00408
https://doi.org/10.1002/smll.200800995
https://doi.org/10.3390/nano9101407
https://doi.org/10.1111/cid.12274
https://doi.org/10.1038/srep31030
https://doi.org/10.1038/s41598-022-24389-x
https://doi.org/10.1038/s41598-022-24389-x
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:20097 | https://doi.org/10.1038/s41598-022-24389-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Size-dependent bioactivity of electrosprayed core–shell chitosan-alginate particles for protein delivery
	Results
	Fourier transforms infrared spectroscopy (FTIR) analysis. 
	Differential scanning calorimetric (DSC) analysis. 
	Dynamic light scattering (DLS) and zeta potential analysis. 
	Morphology and size measurement using microscopic instruments. 
	Porosity and surface area analysis. 
	Degradation and swelling ratio. 
	Loading estimation and protein release profile. 
	Hemolysis. 
	Protein corona. 
	Cytotoxicity. 
	Cellular uptake. 

	Discussion
	Conclusion
	Methods
	Materials. 
	Synthesis of nano- and microparticles. 
	Preparation of electrospray solution. 
	Electrospray procedure. 
	Preparation of the fluorescence-labeled particles. 
	Characterization. 
	Swelling index. 
	Degradation rate. 
	Protein loading estimation. 
	Protein release from core–shell micronanoparticles. 
	Hemolysis. 
	Protein corona study. 
	Cell viability. 
	Cellular uptake. 

	References
	Acknowledgements


