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Abstract
Chitosan particles loaded with dibasic calcium phosphate anhydrous (DCPA) is a promising strategy for combining anti-
microbial and osteoconduction properties in regenerative medicine. However, mostly micrometer-sized particles have been 
reported in the literature, limiting their use and reducing their effect in the biomedical field. We have recently overcome 
this limitation by developing submicrometer-sized particles with electrospray technique. The objective of this study was 
to understand how the process parameters control the size and properties of submicrometer chitosan particles loaded with 
DCPA. Solutions of 10 mg/mL chitosan and 2.5 mg/mL DCPA in a 90% acetic acid were electrosprayed under three distinct 
flow rate conditions: 0.2, 0.5, and 1.0 mL/h. The particles were crosslinked in a glutaraldehyde atmosphere and character-
ized in terms of their morphology, inorganic content, zeta potential, and minimum inhibitory concentration (MIC) against S. 
mutans. All conditions showed particles with two similar morphologies: one small-sized with a spherical shape and another 
larger-sized with a bi-concave shape. All generated a broad particle size distribution, with a similar mean size of ~ 235 nm. 
The addition of DCPA decreased the zeta potential for all the samples, but it was above 30 mV, indicating a low aggrega-
tion potential. The lower flow rate showed the worst efficacy for DCPA incorporation. Antimicrobial activity was greater 
in chitosan/DCPA particles with flow rate of 0.5 mL/h. It can be concluded that the flow rate of 0.5 mL/h presents the best 
compromise solution in terms of morphology, zeta potential, MIC, and inorganic content.

Keywords chitosan particles · dibasic calcium phosphate · electrospray · minimum inhibitory concentration · S. mutans · 
zeta potential

Introduction

Bacterial contamination plays a major role in the failure of 
resin-based dental restorations due to secondary caries, as 
well as in causing complications after root canal treatment 
and surgical procedures [1–3]. Therefore, the development 
of functional materials capable of stimulating tissue forma-
tion and/or reducing bacterial growth has become the focus 
of several research groups [4–12].

Numerous antimicrobial compounds have been suggested to 
inhibit biofilm formation, such as chlorhexidine [5], triclosan 
[6], bioactive glass fillers [7, 8], and novel monomers [9–12]. 
Because there is an increased need to develop sustainable bio-
based materials with antimicrobial properties, chitosan is a 
promising material for dental applications [13–15]. Chitosan 
is a natural polymer with low toxicity and osteoconductive and 
antimicrobial properties [16]. It has a wide range of applications 
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in the dental and medical fields as a drug delivery agent and 
in the food and textile industry as an antimicrobial preserva-
tive. Besides its antimicrobial benefits, chitosan production has 
emerged as a potential economic and environmentally sustain-
able solution for the reprocessing of biowaste [17].

Additionally, calcium phosphate-based materials are well 
known in dental and orthopedic fields for their ion release and 
remineralization properties [18–20]. Incorporating chitosan 
and calcium phosphate into a single particle has the potential 
to generate versatile bioactive particles that can be incorpo-
rated in different matrices for several applications, such as 
bone regeneration, dental caries prevention, and control of 
periodontal and endodontic infections. The synthesis of chi-
tosan/dibasic dicalcium phosphate or chitosan/calcium carbon-
ate particles by double emulsion techniques has been reported, 
with an average diameter of 30–60 μm [21, 22], as well as 
core-shell particles with an average size of 350 μm [23]. How-
ever, for these hybrid particles to be used in polymeric dental 
materials, much smaller sizes (2 μm or less) are necessary to 
avoid impairing their mechanical properties [24].

To overcome this limitation, it has been recently developed 
an electrospray technique to produce particles with nano- to 
submicrometric sizes [25]. The method consists of pumping 
a positively charged polymeric solution through a needle and 
establishing an electric field between the needle and collector 
plate to create an aerosol. The droplet solvent progressively 
evaporates as the aerosol travels from the injection needle tip 
to the collector plate, and polymer nano- or microparticles are 
deposited on the grounded collector plate [26, 27]. The elec-
trospraying technique has been shown successful to synthe-
tize pure chitosan particles and chitosan loaded with dibasic 
calcium phosphate anhydrous (DCPA) by our group [25], and 
the addition of calcium phosphate to the chitosan provides a 
number of potential benefits such as being nucleus for extra-
cellular matrix calcification and promoting cell adhesion and 
proliferation [27, 28]. Besides this initial synthesis of chitosan 
loaded with DCPA, more studies are needed to characterize 
the particles and improve the synthesis parameters.

Accordingly, the objectives of this study were to under-
stand how electrospraying under different flow rates controls 
the properties of chitosan particles loaded with DCPA in 
terms of particle size, morphology, inorganic content, crys-
tallinity, zeta potential, DCPA release, and minimum inhibi-
tory concentration (MIC) against S. mutans.

Materials and Methods

Chitosan Purification

Commercial high-viscosity chitosan (Sigma Aldrich) was 
purified by dissolving 1 wt. % chitosan in a 3% acetic acid 

solution. The solution was then filtered and precipitated 
using 1M NaOH. The product was centrifuged at 5000 rpm 
for 5 min, the pellet was suspended in water, and NaOH was 
removed by dialysis. The purification process was repeated 
twice. The chitosan used had degree of deacetylation of 
98.5% and degrees of polymerization of 1890.

Synthesis of Chitosan Particles Loaded with Calcium 
Phosphate

Chitosan (ChiP) and chitosan loaded with DCPA (DCPA/
CHiP) particles were synthesized using the electrospray 
method. A solution was prepared with 10 mg/mL purified 
chitosan in 90 vol% acetic acid, and 2.5 mg/mL DCPA was 
added to this solution to synthesize chitosan particles loaded 
with DCPA. The solutions were electrosprayed at 30 kV, 18 
cm from the solution injection needle to the collector. Three 
flow rates of 0.2, 0.5, or 1.0 mL/h were tested to optimize 
the synthesis conditions. The particles were deposited on 
a stainless-steel plate and crosslinked with glutaraldehyde 
vapor in a sealed container for 16 h.

Particle Characterization

Particle crosslinking was evaluated using two different meth-
ods: (1) Fourier transform infrared spectroscopy (FTIR) and 
(2) ninhydrin assay. Because the particle size and DCPA 
presence should not affect crosslinking, these tests were per-
formed only for one group: DCPA/ChitP particles synthesized 
at a flow rate of 0.5 mL/h. FTIR was conducted using attenu-
ated total reflectance (ATR) (Frontier, PerkinElmer, EUA), 
and spectra ranging from 4000 to 600  cm−1 were obtained 
with a resolution of 4  cm−1. A ninhydrin assay was performed 
to detect free amino groups in the chitosan particles. Two mil-
ligrams of particles, with and without crosslinking treatment 
(n = 3), was dispersed in 0.5 mL of 2% ninhydrin solution and 
heated at 80 °C for 20 min. The samples were placed in an ice 
bath and centrifuged at 1200 rpm for 2 min. The absorbance 
of the solution was measured at 570 nm using a spectropho-
tometer (ELx800 Biotek, Winooski, USA). The percentage 
of primary amines was calculated by dividing the value of 
the crosslinked sample by that of the noncrosslinked sample.

Scanning electronic microscopy (SEM) was used to 
assess particle morphology and size (FEG 7401F, Jeol, 
Tokyo, Japan). Images were obtained at 20,000 × mag-
nification, and at least 300 particles were measured using 
the ImageJ software (ImageJ, National Institutes of Health, 
Maryland, EUA).

The chitosan particles were analyzed using the DSC 
Q10 (TA instruments, New Castle, EUA) in the tempera-
ture range of 0 to 240 °C with a heating rate of 10 °C/
min. The experiments were performed into the aluminum 
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pan under  N2 flow rate of 50 mL/min. The analysis used 
1.17 mg of 1.0 mL/h DCPA/ChitP, 1.45 mg of 0.5 mL/h 
DCPA/ChitP, 1.79 mg of 0.2 mL/h DCPA/ChitP, and 1.39 
mg of 0.5 mL/h ChitP. The first and second heating were 
recorded in order to obtain the thermal events with and 
without the thermal history of the particles, respectively.

In composites with organic and inorganic content, the 
amount of each one can be determined by thermogravimet-
ric analysis (TGA) [29]. Therefore, in this study, the per-
centage of DCPA incorporated into the chitosan particles 
was determined by TGA (Model: sTAi 1500, Instrument 
Specialists Inc., Twin Lakes, WI, USA). The samples (4.5 
mg) were heated from 30 to 950 °C at a rate of 10 °C/min 
under an air atmosphere, and ChitP at flow rate of 0.5 
mL/h was used as control group.

DCPA/ChitP (32 mg) were immersed in deionized 
water at 37 °C, using a dialysis membrane; samples were 
collected at 1, 3, and 7 days after storage; and the cal-
cium amount release from DCPA/ChitP was measured by 
inductive coupled plasma of optical emission spectroscopy 
(ICP-OES), after filtering the samples in a 22-μm filter.

Zeta potential was determined with particles dispersed 
in 10 mL of distilled water and sonicated using a 6 mm 
probe (Q500, Qsonica, Newtown, CT, USA) for 7 min in 
cycles of 1 s on and 3 s off and with a 20% amplitude. 
The solution was then subjected to light scattering analysis 
(Zetasizer Nano Zs, Malvern, Worcestershire, UK).

The minimum inhibitory concentration against S. mutans 
was determined using 12 serial concentrations of ChiP and 
DCPA/ChiP, from 50 to 0.02 mg/mL. Briefly, S. mutans 
was cultured in BHI (brain heart infusion (BHI) medium 
(Kasvi, São José dos Pinhais, Brazil) for 24 h at 37 °C in 
a 5%  CO2 atmosphere. Then, it was cultured in BHI agar 
plates (Kasvi), and individual colonies were dispersed in 
0.9% NaCl to obtain solution absorbance of 0.135 at 660 nm 
(MR 96A, Mindray, São Paulo, SP, Brazil), which is equiva-
lent to 1–2 ×  108 UFC/mL [30]. A bacterial concentration of 
approximately 1–2 ×  105 CFU/mL was obtained by adding 
100 μL of the bacterial solution to 100 mL of BHI medium 
(Kasvi). The medium containing the microorganisms (200 
μL/well) was added to a 96-well plate in addition to the syn-
thetized ChiP or DCPA/ChiP particles. The samples were 
then incubated for 24 h at 37 °C in a 5%  CO2 atmosphere. A 
negative control group was tested in a culture medium with 
microorganisms without any particles, and a positive control 
group was tested in a culture medium without microorgan-
isms or particles. After incubation, the absorbance at 570 
nm was measured before the addition of 30 μL resazurin 
(Sigma Aldrich, São Paulo, Brazil) and after 2 h of incu-
bation at 37 °C in a 5%  CO2 atmosphere. The minimum 
inhibitory concentration (MIC) was determined according 
to the absence of a statistical difference from the sample 

to the positive control group and a significant difference 
compared to the negative control group.

Statistical Analyses

Particle size data were analyzed using a two-way ANOVA 
and Tukey post-hoc test, with the flow rate and presence of 
DCPA as factors. One-way ANOVA was used to analyze the 
MIC of each group by comparing the absorbance of the sam-
ples to that of the control groups. All statistical tests were 
performed at a global significance level of 95% (α ≤ 0.05).

Results and Discussion

The present study showed that the electrospray technique 
used to produce ChiP and DCPA/ChiP particles with nano- 
to submicrometric sizes generated particles with differences 
in morphology, size distribution, zeta potential, MIC, and 
inorganic loading depending on the flow rate.

Chitosan is a natural polysaccharide that is stable at neu-
tral pH but soluble in acidic solutions. In the present study, 
a glutaraldehyde crosslink of the particles was applied to 
decrease its solubility in acidic media and improve its appli-
cability beyond sites of homeostasis with neutral pH, but 
also for inflammatory sites, which present a more acidic pH 
[31]. The FTIR spectra of DCPA/ChitP samples before and 
after crosslinking are shown in Fig. 1. After crosslinking 
(Fig. 1b), there was a reduction in the absorption band at 
1557  cm−1, corresponding to the N-H bending vibrations 
of the amino groups. The increase in the absorption band at 
1655  cm−1 (N=C stretching) resulting from the crosslinking 
between chitosan and glutaraldehyde confirms the efficacy 
of the crosslinking process used for the particles, as previ-
ously described [32–34], and also it is efficient in providing 
crosslinking inside the particles without causing interparticle 
linkages, as observed in the SEM images in Fig. 2. In agree-
ment, the results of the ninhydrin assay indicated that 48% 
of the amine groups were crosslinked with glutaraldehyde. 
The remaining 52% of free amine groups were responsible 
for the antimicrobial activity of the chitosan particles. The 
reaction of ninhydrin with amino acids resulted in a color 
change from yellow to light brown for crosslinked particles.

The morphologies of ChiP and DCPA/ChiP were similar 
under the three flow rate conditions, with only minor differ-
ences observed at the highest flow rate. The SEM images of 
ChiP (Fig. 2a–c) and DCPA/ChiP (Fig. 2d and e) particles 
synthesized at different flow rates showed irregular mor-
phologies and a broad particle size distribution. The smaller 
particles presented a regular spherical shape, whereas the 
larger ones showed a central biconcave disc shape, with a 
height lower than the diameter on both sides. The particles 
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Fig. 1  FITR spectra of chitosan 
particles loaded with DCPA 
a before crosslinking with 
glutaraldehyde and b after 
crosslinking. *1557  cm−1 (N-H 
bending) and **1655  cm−1 
(N=C stretching)

Fig. 2  Scanning electronic microscopy images taken at a magnification of 20,000× for chitosan particles synthetized with flow rate of a 0.2 
mL/h, b 0.5 mL/h, c 1.0 mL/h and DCPA-loaded chitosan particles synthetized with flow rate of d 0.2 mL/h, e 0.5 mL/h, f 1.0 mL/h
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synthesized at 1.0 mL/h (Fig. 2c and f), besides the smaller 
and greater particles described, also presented an intermedi-
ate particle size with a spherical shape and irregular surface 
forming grooves. In addition, fiber deposition between the 
particles was observed in this group. The addition of DCPA 
to the particles did not alter their morphology.

This finding was expected because the main parameters 
affecting particle morphology, such as solution concentra-
tion, viscosity, and conductivity [11, 35], were kept constant. 
The bi-concave disc shape observed for larger particles has 
been previously described [36, 37] and occurs because of the 
formation of a superficial polymeric pellicle, which shrinks 
as the solvents in the sprayed droplets evaporate. Because 
the amount of solvent in particles with small and intermedi-
ary size is low, it was not enough to change the particle sur-
face and form grooves as occurred in particles with larger 
size. In the materials synthesized at the highest flow rate (1.0 
mL/h), fibers were also observed among the particles. The 
electrospinning and electrospraying processes were similar, 
resulting in the deposition of fibers and particles, respec-
tively. Changes in the synthesis parameters allow a crossing 
between the two processes, thus explaining the fibers found 
under the faster synthesis conditions [35].

Figure 3 shows the histograms of the particle size distri-
butions. Statistical analysis indicated a similar mean size of 
particles obtained under the three flow rates for both chi-
tosan particles (ChitP) and chitosan loaded with DCPA par-
ticles (DCPA/ChitP). Particle size analysis showed a broad 
distribution, ranging from 25 to 2500 nm, and they were 
similar to those reported in the literature for the electrospray 
of pure chitosan without crosslinking [27, 37, 38]. Depend-
ing on the clinical application, an appropriated distribution 
size of particles should be defined to avoid cytotoxicity. It 
was expected that the low flow rates would produce smaller-
sized particles because smaller solution drops are formed 
in the needle and are easier to spray due to the electric field 
reducing the surface tension of the drop [11, 38]. In fact, 
despite the mean size of particles to be similar for all the 
experimental groups, the lower flow rate (0.2 mL/h) condi-
tion presented a higher percentage (29%) of particles in the 
nanometric scale (i.e., below 100 nm).

Differential scanning calorimetry (Fig. 4) does not show 
the glass transition (endothermic peak) for the particles pre-
pared with 1.0 and 0.5 mL/h and 0.2 mL/h during the first 
and second heating. This amorphous structure agrees with 
the effect of the reticulation found for the glutaraldehyde 

Fig. 3  Size distributions, means size and coefficient of variation of chitosan and DCPA/ChitP particles synthesized with flow rates of 0.2 mL/h, 
0.5 mL/h, or 1 mL/h
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[39] and the tripolyphosphate (TPP) crosslinkers [40], and 
it also explains the water content showed by the endothermic 
peak from 50 to 100 °C (evaporation) [40, 41] during the 
first heating (Fig. 4b). This water absorption can trigger the 
DCPA release and also the particle disassembling.

The results of thermogravimetric analysis are shown 
in Fig. 5. It confirmed the incorporation of DCPA into 
chitosan particles. The materials synthesized at 0.5 mL/h 
and 1.0 mL/h presented similar results, with a residue of 
10.4 and 9.9%, whereas only 5.9% was observed in the 
material synthesized at the lowest flow rate. These val-
ues are approximately 50% or 25% of the DCPA added to 
the initial solution. It is believed that during electrospray, 

the slow flow rate allows the DCPA to precipitate on the 
syringe, reducing its incorporation into the particles. The 
particles synthesized without DCPA showed no residue at 
flow rate of 0.5 mL/h.

Data from calcium released by DCPA/ChiP is presented 
on Fig. 6. There is no difference in the calcium amount 
released from the DCPA/ChitP in function of the time (p = 
0.627) nor in function of the flow rate condition (0 = 0.156), 
being released on the average 12 mg calcium ions per gram 
of particles. This fast release could be attributed to the high 
solubility of DCPA [42] (Zhou), which was also observed 
in orthopedic cements [43]. The difference in the DCPA 

Fig. 4  DSC thermograms from the first heating (a) and the second heating (b) for the DCPA/ChitPa, with flow rates of 0.2 mL/h, 0.5 mL/h, or 1 
mL/h and CHitP with 0.5mL/h flow rate

Fig. 5  Calcium ions released (mg) per gram of DCPA/ChitP with 
flow rates of 0.2 mL/h, 0.5 mL/h, or 1 mL/h after 24, 72, or 420 h in 
water

Fig. 6  Thermogravimetric analysis of chitosan (ChitP) and chitosan 
loaded with DCPA particles (DCPA/Chit) synthesized with flow rates 
of 0.2, 0.5, and 1.0 mL/h
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incorporated during the synthesis was not enough to affect 
the calcium ion concentration released.

The zeta potential analysis is a way to estimate the degree 
of aggregation of the particles in the solution. When the 
zeta potential is closer to zero, the neutrality of the particles 
is higher as is the tendency for aggregation among them, 
allowing the formation of clusters. Values above 30 mV 
characterize strong cationic or anionic particles and indicate 
particle dispersion and stability in the solution [44, 45]. All 
tested conditions showed zeta potentials higher than 30 mV 
and ranged from 42 to 59 mV (Table I).

The positive charge observed in ChiP and DCPA/CHiP is 
derived from the free amine groups in the chitosan, which 
are protonated in aqueous solution. In the studied materials, 
the synthesis conditions had little effect on the zeta potential, 
which is most likely explained by the similar composition, 
morphology, and mean size of the particles [38, 46, 47]. The 
addition of DCPA to chitosan decreased the zeta potential, 
as phosphate ions have an affinity for protonated amine [48], 
resulting in a decrease in the positive charge of the particles.

Table I shows the minimum inhibitory concentrations 
(MIC) for different flow rates. The MIC of ChiP at a flow 
rate of 0.5 mL/h could not be estimated because it was over 
the maximum tested concentration (50 mg/mL) and DCPA/
ChiP synthesized at 0.5 mL/h showed the lowest MIC (3.1 
mg/mL). There was no relationship between the flow rate 
and MIC or particle size and MIC.

The MIC against S. mutans decreased by the addition of 
DCPA for the particles produced using the flow rate condi-
tions of 0.2 and 0.5 mL/h, and it increased in the condi-
tion of 1.0 mL/h. In the last condition, this result can be 
explained by fewer protonated amine groups available to 
exert antimicrobial activity, as measured by the decrease in 
zeta potential [49–51]. On the other hand, the decrease in 
zeta potential for the lower flow rates was lower (approxi-
mately 11–12 mV) and appeared to be not strong enough by 
itself to increase the MIC, suggesting that other factors may 
have a leading role in determining the MIC. Each bacterial 
species has an optimum medium pH that favors their growth 

[52]. S. mutans is an acidogenic and acid-resistant bacte-
rium with an optimum growth at pH 7.0 [53]. It is believed 
that the release of DCPA by DCPA/ChiP would increase 
the pH of the culture medium (initially set at 7.4), inhib-
iting S. mutans growth under conditions where the varia-
tion of zeta potential is lower. Comparing to particles of 
chitosan only, the condition with the highest antimicrobial 
inhibition (lower MIC) was the synthesis with 1.0 mL/h flow 
rate, followed by 0.2 and 0.5 mL/h conditions, respectively. 
This indicated a direct correlation with the zeta potential. 
In addition, the faster condition was the only condition in 
which nanofibers were observed. The nanofiber structure is 
expected to break during sample sonication, and the nano-
sized fiber fragments would present a greater antimicrobial 
effect than the submicron particles [54].

Conclusion

According to the observed results, it can be concluded that 
the chitosan particles loaded with DCPA that were synthe-
sized at 0.5 mL/h gave the best overall properties. Particles 
synthesized using an intermediate flow rate presented lower 
MIC against S. mutans and high DCPA incorporation, in 
spite of similar calcium ions release. In addition, there was 
no fiber deposition at the intermediate flow rate, and the 
particles had a zeta potential well above 30 mV, precluding 
the formation of clusters.
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Table I  Zeta Potential and Minimum Inhibitory Concentration (MIC) 
of the Electrosprayed Chitosan Particles (ChitP) and Chitosan Loaded 
with DCPA (DCPA/ChiP) Particles Synthesized with Different Flow 
Rates

Flow rate Material Zeta potential 
(mV)

MIC (mg/mL)

0.2 mL/h ChitP 58 ± 7 12.5
DCPA/ChiP 47 ± 6 6.3

0.5 mL/h ChitP 54 ± 8 -
DCPA/ChiP 42 ± 5 3.1

1.0 mL/h ChitP 59 ± 6 6.3
DCPA/ChiP 43 ± 7 12.5
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