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Abstract: Ionic gelation is among the simplest processes for the development of chitosan nanopar‑
ticles reported so far in the literature. Its one‑shot synthesis process in conjunction with the mild
reaction conditions required are among the main causes for its success. In this work, we sought
to optimize a set of physical parameters associated with the ionic gelation process at two different
pH values. Following that, the NPs’ freeze‑drying and long‑term storage stability were assayed, and
their biocompatibility with HaCat cells was evaluated. The results show that NPs were more ho‑
mogenously produced at pH 5, and that at this pH value, it was possible to obtain a set of optimum
production conditions. Furthermore, of the assayed parameters, TPP addition time and overall reac‑
tion time were the parameters which had a significant impact on the produced NPs. Nanoparticle
freeze‑drying led to particle aggregation, and, of the cryoprotectants, assayed mannitol at 10% (w/v)
presented the best performance, as the NPs were stable to freeze‑drying and maintained their size
and charge in the long‑term stability assay. Lastly, the chitosan NPs presented no toxicity towards
the HaCat cell line.
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1. Introduction
Among all biopolymers, chitosan (CS) is among the most interesting ones, as being

a polycationic biopolymer obtained from chitin grants it elevated biodegradability, bio‑
compatibility and an almost complete lack of toxicity. This led the FDA to approve it for
various biomedical topical applications, particularly in those related to wound healing [1].
Furthermore, the plethora of biological properties presently ascribed to chitosan, namely
antimicrobial, make this molecule a highly sought one for the advancement of biomaterial
solutions for tissue engineering, wound healing and drug delivery [2–6]. When consider‑
ing this particular set of characteristics, chitosan was selected as a material of interest for
the development of nanoparticles (NPs) [7,8].

Chitosan NP’s production was first described by Ohya, Shiratani [9]. Since then, var‑
ious NP production methods have appeared, with electrostatic complexation being the
most used one, as it permits the production of small‑sized NPs with narrow population
distributions in a highly reproducible manner in an aqueous solution and without requir‑
ing the use of organic solvents or cross‑linking agents with known toxicity [10,11]. The for‑
mation process per se is based on the protonated amino groups present in chitosan (only in
acid medium) interacting through electronic complexation, with anionic compounds such
as citrate or (poly)phosphate resulting in the production of theNPs. Thismethod is dubbed
ionic gelation and is the preferred one to produce chitosan NPs, especially through the use
of the ionic agent sodium tripolyphosphate (TPP) [10,12]. Widely used as a nanometric
delivery system for bioactive molecules, chitosan–TPP NPs’ inherent biological properties
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(non‑toxic [13–15], antimicrobial activity [16–18], mucoadhesivity [19,20] and haemocom‑
patibility [21]) make them an interesting option for various industries, including the cos‑
metic and textile industries. Additionally, the ionic gelation method is highly controllable
and customizable. Authors showed that alterations to chitosan and TPP concentration, en‑
vironmental pH value and even the biopolymer‑to‑TPP ratio may alter the size and charge
of the produced NPs [22,23]. With this in mind, this work sought to understand how a
fixed‑point optimization of three physical parameters (TPP addition time, overall reaction
time and rotation speed) associated with chitosan NP production at two different pH val‑
ues would modulate particle charge and size. Additionally, freeze‑drying with and with‑
out cryoprotectants and long‑term storage stability for the optimized NPs produced were
also assessed. Finally, considering potential skin related applications, the biocompatibility
of the NPs with human keratinocytes was also assessed.

2. Materials and Methods
2.1. Solutions Preparation and Chemical Origins

Low molecular weight chitosan (LMW, molecular weight (MW) of 107 kDa, deacety‑
lation degree (DD) between 75% and 85%) and Sodium Tripolyphosphate (TPP) were pur‑
chased from Sigma‑Aldrich (St. Louis, MO, USA). Phenazine Methosulfate (PMS) and
2,3‑bis (2‑methoxy‑4‑nitro‑5‑sulfophenyl)‑2H‑tetrazolium‑5‑carboxanilide sodiumsalt (XTT)
solution was obtained from Sigma‑Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Ea‑
gle’s Medium (DMEM) with 4.5 g/L glucose, L‑glutamine without pyruvate containing
10% foetal bovine serum (FBS), 1% (v/v) Non‑Essential Amino Acids (NEAA) and 1% (v/v)
Penicillin‑Streptomycin‑Fungizone were obtained from Thermofisher (ThermoScientific,
Waltham, MA, USA).

2.2. Chitosan–TPP Nanoparticles Production and Optimization
Nanoparticle production occurred via ionic gelation as previously described by Costa

and Silva [16] following the blueprint described by their basic procedure and the solutions’
working volumes (4 mL of chitosan, 1 mL of ultra‑pure water and 2 mL of TPP). The test
parameters of addition time, reaction time, rotation speed and pH value were varied ac‑
cording to Table 1. All assays were performed at room temperature in quadruplicate.

Table 1. Assayed production parameters.

Parameter Evaluated Variables Assayed

pH value 4 and 5
Addition time (min) 4, 5, 6, 7, 8, 9 and 10
Reaction time (min) 11, 12, 13, 14, 15, 16 and 17

Rotation velocity (rpm) 300, 350, 400, 450, 500, 600 and 700

2.3. NP Characterization
2.3.1. Size and Zeta Potential Determination

Nanoparticles’ average sizes and average zeta potential were determined using a dy‑
namic light scattering (DLS) instrument (Malvern Instruments NanoZSP, Worcestershire,
UK) with a disposable folded capillary cell at room temperature (25 ◦C). All values were
determined based on the intensity of distribution. All samples were evaluated in sextupli‑
cate.

2.3.2. FTIR‑ATR Analysis
The IR spectra of the chitosanNPs and their individual constituents were recorded us‑

ing a Fourier transform infrared spectrometerwith a horizontal attenuated total reflectance
(FTIR‑ATR) (PerkinElmer Spectrum‑100), an (ATR) accessory and a diamond/ZnSe crystal.
All samples’ spectra were acquired with 128 scans and 32 cm−1 resolution in the region of
4500 to 450 cm−1. Each sample was analysed in triplicate.



Appl. Sci. 2023, 13, 1900 3 of 11

2.4. Nanoparticles Freeze‑Drying and Long‑Term Storage Stability
The effect of freeze‑drying was assessed over the produced chitosan nanoparticles in

the presence and absence of cryoprotectants. The cryoprotectants tested were mannitol,
glucose and sorbitol (10, 5 and 2.5 (w/v)). After the addition of cryoprotectants, they were
aliquoted and frozen overnight. Following this, samples were freeze‑dried using a Christ
Alpha 1–4 (B. Braun Biotech International, Berlin, Germany).

Long‑term storage stability tests were performed over a three‑month study. After
freeze‑drying, the samples were kept at room temperature and protected from light. After
30, 60 and 90 days, aliquots from samples were obtained, and freeze‑dried nanoparticles
were reconstituted by slowly adding distilled water and gently stirring with a roll and tilt
mixer (Movil‑Rod, J.P. Selecta, Barcelona, Spain) until complete dissolution was obtained.

Sample stability was assessed through physical properties analysis using DLS scatter‑
ing, as referred to in Section 2.3.1.

2.5. Cellular Assays
2.5.1. Cell Lines and Culture Conditions

Human keratinocyte cell lines (HaCat; used between passages 45 and 55) were ob‑
tained from Cell Line Services (Appenheim, Denmark) and grown as monolayers at 37 ◦C
in 95% air and 5% CO2 as well as in DMEM with 10% (v/v) FBS and 1% (v/v) Penicillin‑
Streptomycin‑Fungizone.

2.5.2. XTT Assay
The nanoparticles’ biocompatibility against HaCat cells was evaluated through anal‑

ysis of their impact on cellular metabolism using the XTT viable dye, as previously de‑
scribed [24,25]. Briefly, cells were seeded at 1 × 105 cells/mL in a 96‑well microplate and,
after 24 h, the media was replaced with media with NPs (7 mg/mL to 0.5 mg/mL). After
24 h, XTT solution was added, and cells were incubated for 2 h. The optical density (OD)
at 485 nm was measured using a microplate reader (FLUOstar, OPTIMA, BMG Labtech,
Ortenberg, Germany). All assays were performed in quintuplicate.

2.5.3. LDH Assay
The nanoparticles’ impact on cellular integrity was evaluated using the LDH leakage

assay, as previously described [26]. Following exposure of cells to nanoparticles (7 mg/mL
to 0.5 mg/mL), the volume of LDH in the medium was determined using a commercial kit
from ThermoScientific (Rockford, IL, USA). Data were processed according to the manu‑
facturer’s instructions, and the results were given according to the following equation:

% Cytotoxicity = [(Compound treated LDH activity − Spontaneous LDH
activity)/(Maximum LDH activity − Spontaneous LDH activity)] × 100

2.6. Statistical Analysis
The statistical analysis of the data obtained was performed using IBM SPSS Statistics

v21.0.0 (New York, NY, USA). Considering that the data followed a normal distribution,
results were analysed using a one‑way ANOVA coupled with Turkey’s post hoc test, with
differences being considered significant for p‑values below 0.05.

3. Results
3.1. Nanoparticles Production Optimization

The impact of the studied variables on the nanoparticles was evaluated through size
and ZP analysis using DLS scattering. The results regarding the optimization parameters
effect on particle size can be seen in Figure 1.
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Figure 1. Evaluation of the studied parameters on nanoparticles’ size at pH 5 (1) and pH 4 (2).
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tistical differences found between conditions assayed.

Comparing the results obtained at both pHvalues tested, it is possible to see that at pH
4 (Figure 1(a2,b2,c2)), it was not possible to ascertain optimal conditions for the assayed pa‑
rameters. As for addition time, reaction time and rotation speed, no significant differences
(p > 0.05) were registered. On the other hand, for pH 5 (Figure 1(a1,b1,c1)) it is possible to
see that among the parameters assayed, the 4 min of addition time, 11 min of reaction time
and 500 rpm of rotation speed presented NPs with significantly (p < 0.05) smaller sizes.
On a condition‑by‑condition analysis, one can see that when regarding the TPP addition
time (Figure 1(a1)) from 4 min of addition time onwards, particle size increased, with the
NPs’ size increase reaching a maximum value of 345.1 nm (±7845 nm) at 7 min of addition
time. From 7 to 10 min of addition time, the nanoparticles’ average size fluctuated slightly,
but this was not significant (p > 0.05). When considering the reaction times assayed, the
standout conditionwas 11min, as it producedNPs that were significantly (p < 0.05) smaller
than NPs obtained in the remaining conditions assayed. Lastly, regarding rotation speed,
a similar behaviour was observed, as at 500 rpm, the NPs produced were statistically sig‑
nificantly smaller (p < 0.05), with size differences reaching almost 100 nm compared to the
next smallest particles produced.

When considering the impact of production conditions on the chitosan NPs’ charge
(Figure 2), it is possible to see that for both tested pH values, it was not possible to ascertain
any optimumproduction conditions, as no significant (p > 0.05) differenceswere registered.
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Based on the results obtained both for NP size and charge, the optimum conditions
for their production were defined as being pH 5, 4 min of addition time, 11 min of reaction
time and 500 rpm of rotation speed, as they individually produced the smallest particles in
each of their individual assays. The conjunction of these parameters produced NPs with
an average size of 226.6 ± 5.2 nm, a PDI of 0.339 and a ZP of +27.1 ± 3.1. Nanoparticles
produced under these conditions were used for all of the remaining assays.

3.2. FTIR‑ATR Analysis
The NPs produced under optimized conditions were validated through FTIR anal‑

ysis. As can be seen in Table 2, six characteristic chitosan peaks can be observed (3320,
1655, 1581, 1413, 1374 and 1061 cm−1), which correspond to O‑H stretching, stretching
C=O from amide I, N‑H bending and C‑N stretching from amide II, ‑CH2 bending, ‑CH3
symmetrical deformation and skeletal vibration of C‑O stretching, respectively. For TPP,
four characteristic peaks were identified (1210, 1130, 1090 and 888 cm−1) that correspond
to the stretching vibration of P=O, the symmetric and anti‑symmetric vibration of O‑P=O,
PO3 symmetric and anti‑symmetric vibration and the P‑O‑P bridge stretching vibration,
respectively [27,28].

Table 2. Peaks identified for the tested samples in the FTIR assay.

Compound Peaks Identified (cm−1)

Chitosan 3320, 1655, 1413, 1374, 1061
TPP 1210, 1130, 1090, 888

Chitosan–TPP NPs 3356–3292, 2910, 1657, 1586, 1397, 1100, 1066, 1056, 1028, 890

Regarding the chitosan NPs formed, it is possible to observe the peaks representing
the NPs characteristic increased hydrogen bonding (3292–3356 cm−1), the pyranose ring’s
asymmetric and symmetric CH2 vibration (2910 cm−1), the C=O (1657 cm−1) and the C=O
symmetric (1397 cm−1) stretching in the NPs and the amide I peak (1373 cm−1). The char‑
acteristic chitosan–TPP interactions peaks start with the P=O stretching (at 1100 cm−1),
followed by the C‑C‑C skeletal linkage (1066 cm−1), the P–O for PO4 and COH stretch‑
ing (1056 cm−1), the C–N vibrations (1028 cm−1) and the N‑H deformations’ vibrations
(890 cm−1), with the latter representing the interaction between CS and TPP. Lastly, at
1586 cm−1, the peak representing the chitosan‑TPP crosslinking was observed, and that
indicated the interaction of TPP with the chitosan amino groups [29–31].

3.3. Freeze‑Drying and Storage Evaluation
The results regarding the freeze‑drying impact on the particle stability can be ob‑

served in Table 3. Comparing the NP size and charge before and after freeze‑drying, it
is possible to see that the process led to the increase in particle size by ca. 23% of the PDI,
indicating that particle aggregation occurred and, therefore, a reduction of the particles’
ZP was observed.

Table 3. Chitosan nanoparticles’ physical characteristics before and after freeze‑drying.

Particle Size (nm) PDI ZP (mV)

Before 226.6 ± 5.2 0.339 +27.1 ± 3.1
After 280.1 ± 46.05 0.494 +22.2 ± 0.72

Considering the particle aggregation observed, several cryoprotectants were assayed.
As can be seen from Table 4, of the three cryoprotectants tested, only mannitol was a vi‑
able alternative. As for sorbitol and glucose, the freeze‑drying process originated an ag‑
gregated, viscous product that was not suitable for later assays.
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Table 4. Effect of the selected cryoprotectants on the NP freeze‑drying process.

Particle Size (nm) PDI ZP (mV)

Before 226.6 ± 5.2 0.339 27.1 ± 3.1
Without cryoprotectant 280.1 ± 46.05 0.494 22.2 ± 0.72

Sorbitol Aggregated
Glucose Aggregated

Mannitol 10% (w/v) 197.3 ± 22.5 0.396 23.7 ± 2.22
Mannitol 5% (w/v) 354.3 ± 38.3 0.496 20.8 ± 0.919
Mannitol 2.5% (w/v) 356.6 ± 38.5 0.478 23.8 ± 1.85

Analysing the results obtained for the various mannitol concentrations assayed, it is
possible to see that the best performance was obtained with 10%mannitol, with the freeze‑
dried NPs obtained under these conditions being similar (p > 0.05) to the ones obtained
before freeze‑drying. For the other mannitol concentrations tested, the results obtained
showed that NPs lost some ZP, and some particle aggregation was observed.

When analysing the stability of the viable formulations over 90 days, it is possible
to see that in terms of particle size (Figure 3), when freeze‑dried in the presence of 10%
mannitol, the NPs remained stable up to the 90‑day mark with no significant differences
(p < 0.05) being observed.
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For the remaining conditions, at 90 days, NPs appeared to be completely aggregated,
with particle sizes varying between 600 and 850 nm. Interestingly, up to the 60‑day mark,
NPs freeze‑dried with 2.5% (m/v) appeared to be stable despite a small increase in size
(p < 0.05) being observed immediately after freeze‑drying. Regarding the evolution of the
particles’ charges over the storage time (Figure 4), it is possible to see that for all tested
conditions, there was a significant (p < 0.05) drop in ZP.
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Once again, at the 90‑day mark, the best performance was obtained in the presence
of 10% (m/v) mannitol, with a drop of ca. 9 mV being registered, whereas the worst result
was observed for the unprotected particles, where a drop of ca. 28 mV was observed, and
the ZP at the 90‑day mark was −1.71 mV.

3.4. Biocompatibility Assays
The biocompatibility results obtained show that the evaluated nanoparticles had no

deleterious effects on the studied cell line. The data obtained for the impact on cellular
metabolism (Figure 5) showed that when comparing the conditions for chitosan NPs with
the control (no chitosan—0mg/mL in the figure), it is possible to see that all tested concen‑
trations were biocompatible with the HaCat cells.
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In fact, in up to 5 mg/mL of NPs, no statistically significant differences (p > 0.05) were
observed relative to the control, whereas at 7 mg/mL, the results obtained were signifi‑
cantly (p < 0.05) higher than the those obtained in all of the other assayed conditions; thus,
this indicated a rise in cellular metabolism and possibility a promotion of cellular viability.

In relation to the impact on cell membrane integrity, the data obtained (Figure 6)
shows that the studied nanoparticles had no deleterious effect on the HaCat cell wall, with
no relevant releases of LDH being detected and no statistical differences being registered
between all tested conditions.
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4. Discussion
Chitosan’s quick gelling ability on contact with polyanions relies on the creation of

inter‑ and intramolecular cross‑linkages mediated by polyanions. This process was shown
to be easy to modulate through variation of intrinsic or extrinsic variables, leading to the
production of particles with different sizes and charges. Although most previous works
focused on the modulation of reaction intrinsic factors (such as chitosan and TPP concen‑
tration, chitosan MW or chitosan‑to‑TPP ratio) [22,23,33,34], this work focused on four
reaction extrinsic factors. Of the studied factors, the best described in the literature is en‑
vironmental pH value, as it was described as being fundamental to ionic gelation, with
high pH values leading to chitosan deprotonation. This, in turn, will not be able to interact
ionically with TPP’s tripolyphosphoric ions. In fact, Fan and Yan [34] showed that at pH
values below 4.5, it was difficult to obtain a unimodal NP population, whereas at pH val‑
ues above 5.2, microparticle formation occurred. Similarly, Gan andWang [22] stated that
at higher pH values, NPs with large size are produced, as deprotonation leads to lower
electrostatic repulsion and thereby increases the probability of particle aggregation. Nasti,
Zaki [33] showed that when the pH value is three, there is a scarcity of NPs produced due
to the TPP’s decreasing charge density. This behaviour is in line with the results reported
in this work, as NPs were only stably produced at pH 5. Interestingly, the influence of
the pH value on the NPs’ ZP is quite contentious, as some authors have stated that the
environmental pH has no effect on NP ZP as long as it stays within the range where stable
NPs are produced [33], whereas others have described NP ZP as being highly sensitive to
environmental pH value variation [22]. When considering the other assayed factors, the
existing body of work is almost non‑existent. Fàbregas, Miñarro [35] reported rotation
speed as being a significant factor in NP formation, and Fan, Yan [34] reported that an in‑
crease in rotation speed from 200 to 800 rpm led to a narrowing in particle size distribution,
which is probably due an acceleration in TPP dispersion and a shear force increase which,
in turn, improves monodispersity. Similarly, Thandapani, P [36] reported that an increase
from 200 to 600 rpm led to a reduction of particle size, whereas further increases in rotation
speed had no effects. This falls in line with the results obtained at pH 5, as the increase
of rotation speed created smaller NPs. Furthermore, the existence of a spot of activity at
500 rpm is similar to the pattern observed by Thandapani, P [36], as in their work, they
also reported an optimum rotation speed for their test conditions. On the other hand, for
addition and reaction time, our results contradict previous research, as these were found
to be non‑influential in NP formation [35,36].

The FTIR data obtained showed that chitosan and TPP interacted at a molecular level,
an observation which is in line with previous works, and the spectra acquired showed the
previously reported chitosan and TPP electrostatic interaction and subsequent complex
formation [27,30,37].

Freeze‑drying is one of the most common techniques used to ensure long term sta‑
bility of polymeric NPs, as storage in aqueous suspension leads to solubilisation and/or
degradation of the polymers, and dried NPs are more easily redispersed. However, freeze‑
drying has some drawbacks, as aggregation or fusion of NPsmay occur, and the formation
of ice crystals may lead to their destabilization [23]. These drawbacks were evident in this
work, as NPs’ size and PDI levels rose after freeze‑drying, which is a possible consequence
of aggregation due to strong inter‑ and intramolecular hydrogen bonding. This was also
reported by Diop, Auberval [38] and Abdelwahed Abdelwahed, Degobert [39], but was
contrary to the findings of Thandapani, P [36], who reported that freeze‑drying led to a
decrease in particle size. These differences may be attributed to various factors, such as
chitosan purity, deacetylation degree, reaction ratios or even to the centrifugation as exe‑
cuted by Thandapani, P [36] in the end of the NP formation process and prior to freeze‑
drying. This may have removed any remaining non‑reacted chitosan that, with the proto‑
nated amino groups, may have contributed to the NPs’ aggregation during freeze‑drying.
In an effort to protect NPs during this process, cryoprotectants were employed. The usage
of sugars as cryoprotectants is widely described in the literature, as their addition prior
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to freeze‑drying allows them to interact with the solute via hydrogen bonding, which will
maintain the solute in a “pseudo hydrated” state during the dehydrating process, thus pro‑
tecting the NPs from damage [23]. Of the tested cryoprotectants, only mannitol was able
to prevent NP aggregation. This could be related to peculiar characteristics between sug‑
ars [23]. Furthermore, these results are in line with the work of Diop, Auberval [38], where
mannitol was successfully used as a cryoprotectant for chitosan NPs. It formed an enve‑
lope around the particles and, thus, inhibited aggregation. In addition, as it is neutral in
terms of charge, it did notmodify theNPs’ ZP. However, and as seen in this work, cryopro‑
tectant concentration also plays a key role in NPs stabilization. Rampino, Borgogna [23]
showed that at least a 5% (w/v) concentration of cryoprotectant was required, whereas Ab‑
delwahed, Degobert [39] stated that high cryoprotectant concentrations may destabilize
NPs and lead to their aggregation.

Chitosan NPs’ biocompatibility is also a contentious topic in the literature. Thanda‑
pani, P [36] found them non‑toxic for MCF‑12F cells, and MubarakAli, LewisOscar [40]
found similar results for theHeLa cell line. Janes, Fresneau [41] reported no toxicity onC26
murine colorectal carcinoma and A375 human melanoma cell lines, Grenha, Grainger [14]
showed that there was no NP‑based toxicity towards lung epithelial cells and De Cam‑
pos, Diebold [15] reported no toxicity towards conjunctival epithelial cells, all results in
line with those here observed for the HaCat cell line. On the other hand, Nasti, Zaki [33]
reported chitosan NPs as being responsible for decreases in viability for two murine cell
lines (J774 macrophages and L929 fibroblasts), and Vllasaliu, Exposito‑Harris [13], despite
reportingNPs as being less toxic than chitosan, still found some toxicity towards theCalu‑3
cell line. The authors attributed this cytotoxicity to NPs entering the cells, thereby leading
to a toxic effect directly affecting cell metabolism. Considering that the methodology em‑
ployed in this work to measure cell viability was a metabolism‑based one, as the assay was
based onmitochondrial dehydrogenase capacity to reduce XTT and produce a spectropho‑
tometrically measurable orange formazan product [42], it is possible that this internalisa‑
tion and consequent toxicity on the cells’ metabolism did not occur for the HaCat cells in
contact with chitosan NPs.

5. Conclusions
Overall, the present work demonstrates that the chitosan TPP ionic gelation method

was passive to modulation by the physical parameters at play in the reaction, and that
it was possible to obtain an optimized procedure. Furthermore, it was also possible to
see that, of the assayed parameters, the ones that had significant influence on NP produc‑
tion were the addition time and reaction time, and that the environmental pH value was
also critical in obtaining a homogeneous NP population. Additionally, the NPs’ stability
through freeze‑drying and storage required the addition of a cryoprotectant, with the best
solution being mannitol at 10 (w/v). Lastly, as the produced NPs presented no toxicity
against the HaCat cell line, the possibility is open for the application of this optimization
process in an industrial setting.
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