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Abstract: The present work reports the effect of polysaccharides (chitosan and sodium alginate) on 
silica nanoparticles (SiNP) for hydrophilic molecules delivery taking insulin as model drug. The 
influence of tetraethyl orthosilicate (TEOS) and homogenization speed on SiNP properties was 
assessed by a 22 factorial design achieving as optimal parameters: 0.43 mol/L of TEOS and 
homogenization speed of 5000 rpm. SiNP mean particle size (Z-Ave) was of 256.6 nm and 
polydispersity index (PI) of 0.218. SiNP coated with chitosan (SiNP-CH) or sodium alginate (SiNP-
SA) increased insulin association efficacy; reaching 84.6% (SiNP-SA) and 90.8% (SiNP-CH). 
However, coated SiNP released 50%–60% of the peptide during the first 45 min at acidic 
environment, while uncoated SiNP only released ∼30%. Similar results were obtained at pH 6.8. The 
low Akaike’s (AIC) values indicated that drug release followed Peppas model for SiNP-SA and 
second order for uncoated SiNP and SiNP-CH (pH 2.0). At pH 6.8, the best fitting was Boltzmann 
for Ins-SiNP. However, SiNP-CH and SiNP-SA showed a first-order behavior. Cytotoxicity of 
nanoparticles, assessed in Caco-2 and HepG2 cells, showed that 100 to 500 µg/mL SiNP-CH and 
SiNP-SA slightly decreased cell viability, comparing with SiNP. In conclusion, coating SiNP with 
selected polysaccharides influenced the nanoparticles physicochemical properties, the insulin 
release, and the effect of these nanoparticles on cell viability. 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Universidade do Minho: RepositoriUM

https://core.ac.uk/display/225323178?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Nanomaterials 2019, 9, 1081 2 of 18 

 

Keywords: silica nanoparticles; polysaccharides; insulin; hydrophilic biomolecules; factorial design; 
kinetic studies; cell toxicity 

 

1. Introduction 

Although the oral ingestion of therapeutic drugs is the preferred route of administration, the 
development of oral drug delivery systems is encountering serious limitations such as, high 
molecular weight and poor permeability across the gastrointestinal epithelium resulting in low 
bioavailability of orally administered drugs [1,2]. Furthermore, the acidic environment in the stomach 
and the presence of proteolytic enzymes located throughout the gastrointestinal tract (GIT) are also 
obstacles faced in the oral administration of drugs. The degradation of therapeutic protein molecules 
can be carried out by the stomach enzymes, such as pepsin and by the intestinal enzymes, such as 
trypsin, chymotrypsin and carboxypeptidases, and by the environmental pH [3]. To overcome such 
obstacles and increase the oral bioavailability of the therapeutic molecules, a wide range of strategies 
using different type of nanoparticles as drug delivery carriers has been adopted as shown in several 
works [4–7]. In this way, the use of silica nanoparticles (SiNP) as platform for effective targeting 
therapy has gained a special attention due to their well-defined properties such as high surface area, 
high biocompatibility and easy surface functionalization/bioconjugation [8] being an excellent system 
for the delivery of biomolecules, such as proteins and peptides [9–11]. The synthesis of SiNP can be 
governed by the presence of silanol groups (–Si–OH) and siloxanes onto their surface [12]. The 
functional –SiOH group can react with several organic compounds, including amine, carboxyl or 
thiol groups [13]. Some studies have shown that the functionalization of silica surface is the most 
important strategy to modify the release of biomolecules from SiNP. For example, Song et al. (2007) 
demonstrated that amino functionalized SiNP adsorb more bovine serum albumin (BSA) in 
comparison to non-functionalized SiNP due to a strong interaction between the negative charge in 
proteins and positive charge of the amines [14]. Also, Nairi et al. (2018) showed that mesoporous 
silica nanoparticles (MSiNP) functionalized with hyaluronic acid and chitosan modulate their 
interaction with BSA due to the van der Waals forces [15]. Another interesting study showed that 
MSiNP functionalized with hyaluronic acid can be easily up taken by 3T3 mouse fibroblast cells 
compared with MSiNP functionalized with chitosan [16]. Therefore, the functionalization can 
influence the physicochemical properties, pharmacokinetic, cellular uptake and toxicity of SiNP. In 
this context, several studies have reported the application of SiNP as carriers for the oral delivery of 
hydrophilic biomolecules. Mohanraj et al., (2010) developed a hybrid nanomaterial based on SiNP 
coated liposomes for insulin delivery. Coated liposomes showed high stability in simulated lipid 
digestive media and reduced the insulin release in low pH in comparison to uncoated liposomes [17]. 
Oroval et al., (2017) reported that β-cyclodextrin-modified enzyme glucose oxidase used as 
gatekeepers in MSiNP for insulin release showed to be sensitive to the glucose concentration [18]. In 
the same way, insulin was loaded into MSiNP modified with carboxyphenylboric acid and containing 
sodium alginate onto their surface as gatekeeper. In the presence of high glucose concentration, the 
boronate esters dissociate leading to the opening of mesoporous channels with subsequent release of 
insulin [19]. After developing a glucose-responsive insulin release system based on MSiNP using zinc 
oxide nanoparticles as capping agent and phenylboronic acid as the glucose response component, 
Hei et al. (2019) showed the high biocompatibility of these nanoparticles on Chang liver cells at 
concentrations up to 200 µg/mL. The release of insulin from these nanoparticles was dependent on 
the monosaccharide concentration [20]. Taking into account the chemical versatility of SiNP 
associated to their surface modification facilities and their ability to conjugate to hydrophilic 
molecules, the main aim of the present study was to compare the effect of mucoadhesive compounds, 
such as polysaccharides (chitosan or sodium alginate) on the properties of SiNP for hydrophilic drug 
delivery, using insulin as model biomolecule. The design of mucoadhesive nanoparticles to develop 
oral insulin-delivery systems has received increasing attention in recent years. Mucoadhesive drug-
delivery systems are based on the ability of bioadhesion of the certain natural or synthetic material 
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to adhere to mucus membranes [21], targeting a drug to a particular mucus tissue for an extended 
period of time. Hydrophilic polysaccharides, such as chitosan or sodium alginate, have been widely 
used to improve the penetration of loaded proteins/peptides in the intestinal mucosa due to the 
mucoadhesive and absorption-enhancing properties of the former [22]. 

When developing nanoparticles, in particular for drug delivery and targeting, particle 
agglomeration should be critically controlled, given the nanoparticles’ sensitivity to the experimental 
conditions [23]. The design of particles for oral administration requires a certain control of the mean 
size and size distribution since these parameters may influence the particle uptake from the epithelial 
cells [24], adhesion [25] and cell transfection [26]. Therefore, in the present study, a 2-level-2 factor 
factorial design experiment was applied to determine the interaction between the factors on the size 
and size distribution of SiNP. The influence of polysaccharides on SiNP properties (size, size 
distribution, surface charge and insulin association efficacy) and on the insulin release profile 
applying mathematic modelling was investigated. Considering that the major target issues and 
routes for exposure to oral peptide-loaded nanoparticles are the intestine and the liver cells, we also 
evaluated the potential health impact of synthesized nanoparticles using human cell lines from 
intestine (Caco-2) and from liver (HepG2). 

2. Materials and Methods 

2.1. Materials 

Tetraethyl orthosilicate (TEOS, 98%) and 25% NH3 solution were purchased from Merck 
(Darmstadt, Germany). Low molecular weight chitosan (235 g/mol, deacetylation degree of 78.5%), 
ethanol 99.9%, trehalose dehydrate and bovine serum albumin (BSA) were purchased from Sigma–
Aldrich (Steinhein, Germany). Sodium alginate (198.11 g/mol) was purchased from VWR Portugal 
(Carnaxide, Portugal). Solution of 100 IU/mL of human insulin (Humulin® R) was purchased from 
Eli Lilly (Lisbon, Portugal). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), 
penicillin/streptomycin, L-glutamine, 0.05% trypsin–EDTA and Alamar Blue (AB) were purchased 
from Gibco (Alfagene, Invitrogen, Portugal). HepG2 (Human hepatocellular carcinoma cell line; 
ATCC® Number: HB-8065TM) was a gift from Professor Carlos Palmeira (CNC-UC, Coimbra, 
Portugal) and Caco-2 (Human colon adenocarcinoma cell line) was purchased from Cell Lines Service 
(CLS, Eppelheim, Germany). Ultra-purified water was obtained from MiliQ® Plus system (Millipore, 
Germany). 

2.2. Synthesis of and Optimization of Silica Nanoparticles (SiNP) by Factorial Design 

SiNP were synthesized at room temperature via hydrolysis and condensation of precursor TEOS 
under high shear homogenization (HSH) (18G impeller, Ultra-Turrax, IKA, T25). TEOS, ethanol and 
NH3 was mixed for 2 h. The resulting nanoparticles were centrifuged and washed with a mixture of 
ethanol and ultra-purified water (1:1, V/V) by 2 cycles at 11,773× g (Spectrafuge16 M, Lambnet 
International, Inc.) for 5 min and the pellet was freeze-dried in the presence of trehalose (10%, w/V) 
to prevent particle aggregation [27]. 

To maximize the yield of nanoparticles’ production with a minimum of experiments, a factorial 
design approach was applied. The influence of TEOS and different homogenization speeds on the 
particles’ properties were evaluated using a 22 factorial design with triplicate of central point, 
composed of 2 variables which were set at 2-levels each. A total of 7 preliminary experimental 
combinations were undertaken. For each independent variable, 3 levels were used to describe the 
interaction between them as summarized in Table 1. The independent variables were the 
concentration of TEOS and the homogenization speed, while the established dependent variables 
were Z-Ave and PI. The effect of each parameter on Z-Ave and PI of SiNP was expressed as mean ± 
standard deviation (SD). 

For statistical comparison, Statistica software 7.0 (Statsoft®, Tulsa, OK., USA) was used and one-
way analysis of variance (ANOVA) test was employed to determine the significance and interactions 
between factors. A p-value < 0.05 was considered statistically significant. 
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Table 1. The values for the lower (−1), central (0) and upper (+1) levels for the variables investigated 
in the 22 full factorial design for the synthesis of silica nanoparticles (SiNP). (TEOS, tetraethyl 
orthosilicate; HSH, high shear homogenisation). 

 
Variables 

Levels 
−1 0 +1 

TEOS (mol/L) 0.43 0.69 0.95 
HSH speed (rpm) 3000 4000 5000 

2.3. Coating of SiNP with Polysaccharides and Insulin Association 

According to the data obtained from the 22 factorial design, the formulation with best values for 
Z-Ave and PI was used for coating with polysaccharides and insulin association. 

For coating SiNP, TEOS, ethanol and NH3 were homogenized by HSH at 5000 rpm for 2 h. SiNP 
were centrifuged and washed with a mixture of ethanol and ultra-purified water (1:1, V/V) by 2 cycles 
at 12,000 rpm for 5 min. Then a solution of CH (0.3%, m/V) at pH 4.5, or SA (0.3%, m/V) at pH 4.5 was 
added to 10 mg of SiNP, stirred for 30 min and centrifuged at 5000 rpm and the pellet was freeze-
dried in the presence of trehalose (10%, w/V). 

Insulin-loaded SiNP were prepared by adding 1.0 mL of human insulin (100 IU/mL, pH 7.2) to 
10 mg of SiNP under gently stirring for 30 min in ice bath. The obtained nanoparticles were 
centrifuged and freeze-dried as described above. 

Insulin-loaded SiNP coated with CH or SA were produced by the dissolution of 1.0 mL of human 
insulin in CH or SA solution, mixed for 30 min under magnetic stirring and then added to 10 mg 
SiNP under gentle stirring (300 rpm) for more 30 min in ice bath. The final pH of insulin-loaded SiNP 
coated with polysaccharides was 5.5. The nanoparticles were centrifuged and freeze-dried using 
trehalose (10%, w/V). 

2.4. Size, Size Distribution and Zeta Potential Measurements 

The mean particle size (Z-Ave) and the polydispersity index (PI) were determined using 
dynamic light scattering (DLS, Zetasizer Nano NS, Malvern Instruments, Malvern, UK). Each sample 
was appropriately dissolved with ultra-purified water and the Z-Ave and PI were determined at a 
fixed angle of 173° and temperature of 25 °C. The zeta potential (ZP) of nanoparticles was measured 
by Laser Doppler anemometry using the same instrument at the same temperature in purified water 
adjusting conductivity (50 µS/cm) with 0.9% (m/V) NaCl solution. Each reported value was the 
average of three measurements (mean ± SD). 

2.5. Association Efficacy (AE) 

The AE was determined in triplicate, using an indirect method after separation by centrifugation 
of the particles from the aqueous medium containing the non-associated insulin. The amount of 
insulin associated with nanoparticles was calculated by measuring the difference between the total 
amount of insulin added to the formulation, and the insulin released in the supernatant. 
Quantification of insulin was performed according to the Bradford method [28], and using bovine 
serum albumin (BSA) as standard protein. Absorbance was read using a spectrophotometer (Genesis 
10S UV-vis Thermo Scientific), at 595 nm. The AE was determined applying the following equation: 

AE (%) = ்௢௧௔௟ ௔௠௢௨௡௧ ௢௙ ௜௡௦௨௟௜௡ି௜௡௦௨௟௜௡ ௜௡ ௦௨௣௘௥௡௔௧௔௡௧்௢௧௔௟ ௔௠௢௨௡௧ ௢௙ ௜௡௦௨௟௜௡  ×  100 (1) 
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2.6. Insulin Release and Kinetic Studies 

To perform the insulin release profile from different nanoparticles under simulated GI 
conditions, a comparative study was applied in two different pH values (HCl/KCl buffer at pH 2.0 
and phosphate-buffered saline (PBS) at pH 6.8) at 37 °C. The experiment was conducted using a Franz 
glass diffusion cell and the collected insulin was analyzed by high-performance liquid 
chromatography (HPLC) as previously described [29]. The analysis was performed in a Waters 1525 
pump equipment (Waters, Milford, Massachusetts) with an ultraviolet-visible (UV–vis) 2487 detector 
(Waters®). C18 column (5 µm, 250 mm × 4.6 mm, Phenomenex®), with a flow rate of 1.0 mL/min, was 
used under a mobile phase of acetonitrile–water with 0.1% TFA (40:60, V/V). The injection volume 
was 100 µL and the absorbance of insulin was recorded at 220 nm. 

For the evaluation of insulin release kinetics, the obtained release data were fitted to zero order, 
first order, second order, hyperbolic and Boltzmann models applying the Akaike’s approach [30]. 
Selection of the best mathematical modeling profile is based on the lowest value of the Akaike 
information criteria (AIC). The fittings were performed with resource to GraphPad software. 

2.7. Cytotoxicity Studies 

As described above, HepG2 and Caco-2 cell lines were selected to evaluate the impact of 
synthesized nanoparticles by constituting the major target sites (colon and liver) to which these 
nanoparticles will be in contact after being taken orally. Cells were maintained in culture with 
DMEM, supplemented with 2 mM L-glutamine, antibiotics (100 U/mL of penicillin and 100 µg/mL of 
streptomycin) and 10% (V/V) of FBS, under standard culture conditions (5% CO2 in 95% air, with 
controlled humidity, at 37 °C). Cells were seeded in 96-well microplates at a cell density of 5 × 104 
cells/mL (100 µL per well) and incubated at 37 °C under 5% CO2 atmosphere, in fresh cell culture 
medium. After 24 h of seeding, the medium was replaced with FBS-free medium with lyophilized 
nanoparticles at concentrations of 50, 100, 200 and 500 µg/mL (control was performed with cells only 
exposed to FBS-free culture media) and the cells (two sets) were incubated with the nanoparticles 
during 24 h or 48 h at the same experimental conditions used for the cell culture maintenance. The 
selection of the concentrations (0–500 µg/mL) for the cytotoxicity studies was based on our previous 
published studies that indicate low toxicity of these NP at the tested concentrations [31]. We also 
considered the two time points (24 and 48 h) for cell viability evaluation taking into account that 
colon transit, the slower of all gastrointestinal transit, is of about 40 h, (in healthy individuals). 
Therefore, these time points would mimic the longer exposure of cells to these nanoparticles. Not 
forgetting that during intestinal transit, which is not static, the same intestinal portion is not exposed 
to the same components during the whole period, however unhealthy individuals may have much 
longer colon residence time. After the incubation time (24 or 48 h), the incubating media was removed 
and Alamar Blue (AB) solution (10% (V/V) in FBS-free culture media, 100 µL/well) was added and 
cells were incubated for more 4 h (controlled humidity, 37 °C and 5% CO2). Cell viability was assessed 
by reading the absorbance at 570 nm (reduced form) and at 620 nm (oxidative form), and by 
calculating the percentage of AB reduction. Cell viability was expressed as percentage of control, as 
described elsewhere [31], by the mean ± SD, of 3 independent experiments (each one with 
quadruplicates). 

2.8. Statistical Analysis 

Data were analyzed by one-way ANOVA with Bonferroni’s multiple comparison as post hoc 
test to compare the significance between the different groups. A p-value less than 0.05 was considered 
statistically significant. 

3. Results and Discussion 

In recent years, we have evaluated the effect of different mucoadhesive polymers (PEG, chitosan 
and sodium alginate) on silica nanoparticles properties, toxicity and on biomolecules (insulin) release 
profile. As demonstrated by our previous works, surface modification of silica nanoparticles by 
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mucoadhesive polymers can lead to the different results regarding to the insulin release and 
interaction of these NP with mucin, biomembrane models and human cell lines. According to our 
previous published data, in comparison to PEGylated-SiNP uncoated SiNP reduced the insulin 
release at gastric and intestinal pH, showed higher protection of insulin from thermal degradation, 
showed better interaction with biomembrane models, as well as showed low toxicity on HepG2 and 
Caco-2 cells [29,31]. On the other hand, SiNP coated with CH and SA showed better interaction with 
mucin molecules in vitro when compared with uncoated and PEGylated-SiNP [32]. Therefore, the 
novelty of this study lies in the comparison of the different systems, such as SiNP, SiNP-CH and 
SiNP-SA for biomolecules delivery regarding to insulin (drug model) release behavior, release 
kinetics and cytotoxicity studies with longer time of exposure. 

In the experimental design, TEOS concentration and HSH speed were the selected independent 
variables to evaluate the interaction between these parameters on the Z-Ave and PI of developed 
SiNP. The 22 factorial design was presented in form of surface response and Pareto chart to find the 
optimal manufacturing conditions. The particle size and size distribution of all SiNP formulations 
predicted by the factorial design are depicted in Table 2. 

Table 2. Experimental results expressed as mean ± standard deviation (SD) for Z-Ave and PI of 
different SiNP formulations. Influence of TEOS (mol/L) and HSH speed (rpm) on the synthesis of 
SiNP. 

Formulation code [TEOS] HSH speed Z-Ave ± SD (nm) PI ± SD 
F1 0.43 5000 256.6 ± 20.3 0.218 ± 0.074 
F2 0.43 3000 356.4 ± 112.2 0.443 ± 0.006 
F3 0.69 4000 200.7 ± 13.5 0.308 ± 0.021 
F4 0.69 4000 292.7 ± 15.2 0.334 ± 0.058 
F5 0.69 4000 291.5 ± 35.3 0.349 ± 0.030 
F6 0.95 5000 366.4 ± 18.1 0.381 ± 0.005 
F7 0.95 3000 183.9 ± 11.1 0.505 ± 0.082 

From Pareto chart analysis (Figure 1B), no significant effects were observed on the Z-Ave of 
SiNP when varying TEOS concentration and HSH speed. However, in our study, the interaction 
among TEOS and HSH demonstrated that SiNP with much smaller sizes were achieved when 
increasing TEOS concentration and decreasing the HSH speed (Figure 1A). 

In the synthesis of SiNP, TEOS monomers are the main source to generate nuclei or primary 
particles in the aqueous medium. According the classical LaMer’s model to obtain monodispersed 
particles, nucleation must occur separately from growth [33]. After an initial burst of nucleation, 
growth occurs through the addition of hydrolyzed monomers to the nuclei surface which occurs 
throughout primary particle aggregation to form secondary particles (larger particles). In our case, it 
should be taken in consideration that high TEOS concentration may lead to small particles production 
due to the presence of a low molar amount of water. Reduced water volume contributes to the 
decrease of TEOS hydrolysis and condensation which will results in slower growth of hydrolyzed 
monomers leading to smallest particle sizes [34]. 

To prepare a variety of nanoparticles with well controlled sizes and shape, the use of stirring 
methods is almost indispensable. Some studies have shown that stirring may however also favor the 
aggregation/agglomeration phenomena. For example, Li and Kaner (2006) showed that the 
mechanical stirring lead to the high aggregation of silica nanoparticles by heterogeneous nucleation 
at particle surface [35]. However, as indicated by the surface response plots (Figure 1A,C), the 
produced SiNP showed smaller size when increasing HSH speed. Also, as shown in Pareto chart 
(Figure 1D and Table 3), only HSH speed had a significant effect on PI values (p-value < 0.05). TEOS 
concentration was no statistically significant, neither the interaction between TEOS and HSH speed 
(p-value ˃ 0.05) (Table 4). Applying high homogenization speeds resulted in small and more 
monodispersed SiNP as illustrated by Figure 1A,C. Our data are in accordance with those observed 
by other authors [36]. High homogenization speeds can decrease the particle size due to the increase 
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of energy and the shear stress leading to aggregated particle breakdown [37], maintaining them well 
dispersed in the medium. Additionally, the high speed intensity of HSH can lead to an increase of 
local temperature, increasing the nucleation rate and therefore, decreasing, the size of synthesized 
nanoparticles [23]. These findings drawn from the factorial design showed that the homogenization 
speed is the most important process for achieving SiNP with narrow size distribution. 

 
Figure 1. Graphical representation of the interaction between the independent variables on SiNP 
properties (factorial design experiment set in Table 1). Surface response plots of the effect of TEOS 
concentration and HSH speed on Z-Ave (A) and PI (C) of SiNP. Pareto chart of the effect of TEOS 
concentration and HSH speed on Z-Ave (B) and PI (D) of SiNP. Vertical lines in Pareto chart indicate 
the critical effect at 95% confidence level. 

Table 3. Evaluation of TEOS concentration ([TEOS]) and HSH speed and their interactions. Analysis 
of PI by analysis of variance (ANOVA) statistical test. 

Factors and their 
interactions 

Sum of 
squares 

Degrees of 
freedom 

Mean 
square 

F-value p-value 

(1) [TEOS]  0.012656 1 0.012656 6.01060 0.091545 
(2) HSH speed 0.030450 1 0.030450 14.46118 0.031944 

(1) by (2) 0.002550 1 0.002550 1.21114 0.351489 
Error 0.006317 3 0.002106   
Total 0.051974 6    

Table 4. Evaluation of the factors TEOS concentrations ([TEOS]) and HSH speed as well as their 
interactions. Analysis of the particle size using ANOVA statistical test. 

Factors and their 
interactions 

Sum of 
squares 

Degrees of 
freedom 

Mean 
square F-value p-value 

(1) [TEOS]  982.82 1 982.82 0.419361 0.563396 
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(2) HSH speed 1709.82 1 1709.82 0.729565 0.455805 
(1) by (2) 19923.32 1 19923.32 8.501088 0.061713 

Error 7030.86 3 2343.62   
Total 29646.83 6    

From the reported data, an optimal SiNP formulation may be produced with 0.43 mol/L of TEOS 
and HSH of 5000 rpm. Such conditions generated the synthesis of optimized SiNP with a Z-Ave of 
256.6 ± 20.3 nm and a PI of 0.218 ± 0.074. Therefore, F1 was selected as the best formulation to develop 
hybrid nanoparticles by coating SiNP with chitosan or sodium alginate for insulin association. In this 
case, the presence of the residual silanol groups in the SiNP surface was used as reactive site to 
provide efficient surface modification, as well as insulin association (Figure 2). 

 
Figure 2. A schematic diagram for the synthesis of hybrid nanoparticles. 

The influence of coating on the properties of SiNP (Z-Ave, PI and ZP) before and after insulin 
association is shown in Figure 3A,B. Coating SiNP with both polysaccharides led to an increase of Z-
Ave and PI. SiNP-CH showed severe particle aggregation exhibiting a Z-Ave around 600 nm and PI 
around 0.4, while the adsorption of sodium alginate onto SiNP surface led an increment in the particle 
size of ~390 nm and PI of 0.5 (Figure 3A). This behavior is confirmed by other studies which particle’s 
agglomeration was observed after coating of nanoparticles with polysaccharides due to the presence 
of high density and concentration of polymer chains onto nanoparticle surface [38]. As estimated by 
DLS measurements, compared with coated SiNP, the insulin association led to a slight change on the 
mean size and size distribution of nanoparticles as depicted in Figure 3A. 

The ZP of all nanoparticles is shown in Figure 3B. SiNP exhibited negative charge (−28 mV) due 
to the presence of deprotonated silanol groups (SiO–) at their surface [39]. However, the ZP of SiNP 
decreased after coating with sodium alginate (from −28 to −13 mV) and was inverted to positive 
values after coating with chitosan (from −28 to +8 mV), indicating high evidence of polysaccharides 
adsorption onto SiNP surface during the processing. It is important to point out that size and surface 
charge of nanoparticles can influence their intestinal absorption, as well their accumulation in 
different organs [40]. Consensus among scientific reports has not been reached with regard to the 
particle size on intestinal uptake. The uptake of larger nanoparticles (˂1000 nm) is generally mediated 
by M cells of Peyer’s patches [41]. However, some studies report that the oral administration of poly 
(lactide-co-glycolide) (PLGA) microspheres (1–10 µm) in mice were taken up by Peyer’s patches [42]. 
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By contrast, McClean et al. (1998) using rabbit and rats as animal models showed that only smaller 
microparticles (˂4 µm) made of poly (lactide) (PLA) were taken up by Peyer’s patches [43]. 

Apart from particle size, the correlation between the surface charge of nanoparticles and their 
internalization also still remains questionable. The use of positively charged nanoparticles is usually 
more efficient to achieve the particle uptake and to escape lysosomal system than negatively or 
neutrally charged counterparts. Czuba et al. (2018) reported that negatively charged nanoparticles 
showed better internalization in Caco-2 cells and were more efficient in hyperglycemic rats than 
nanoparticles with positive charge [44]. Therefore, the different responses regarding to the intestinal 
absorption are due not only to the intrinsic characteristics of particles, but also to the wide-range of 
material types, as well as to the type of animals and/or cell models used in the studies of nanoparticle–
cell interactions. Although in our study, the size and size distribution of nanoparticles increased after 
coating, all the particles are still in the nano-range and can be absorbed by intestine cells. 

High insulin AE was achieved in all three formulations exhibiting an AE of (71.7 ± 2.4)%, (90.8 ± 
5.6)% and (84 ± 5.3)% for Ins-loaded SiNP, Ins-loaded SiNP-CH and Ins-loaded SiNP-SA, 
respectively. The presence of polysaccharides onto SiNP surface resulted in the increase of insulin 
AE, in comparison to uncoated nanoparticles. The pH of the dispersion medium modulated the 
interaction between SiNP, polysaccharide molecules and insulin and consequently the insulin AE. 
The insulin association to uncoated SiNP was made at pH 7.2. At this pH, the residual silanol groups 
generate a negatively charged surface which exhibits repulsive forces against insulin (pI = 5.3) [45]. 
Therefore, the association of insulin with the uncoated SiNP is mediated mainly by physical 
interactions, such as hydrogen bonds between insulin and silanol groups present onto silica surface. 
For coated SiNP, the association of insulin was carried out at final pH 5.5 that is closer to the pI of 
insulin (pI = 5.3) leading to higher AE in comparison to uncoated SiNP. These findings are in 
agreement with previous data reported by other proteins/peptides showing that proteins have great 
adsorption ability to polymer surfaces at pH around their pI [46]. This phenomenon can be related to 
the reduction of electrostatic repulsion and increase of conformation stability of the protein leading 
to polymer–protein interactions by van der Waal forces or hydrogen bonding [47]. By comparing 
both coated SiNP, SiNP-CH exhibited higher AE than SiNP-SA. At pH 5.5, chitosan matrix is mainly 
positively charged due to the protonation state of the amino groups (pKa = 6.3), and thus favors the 
electrostatic interactions with partially negatively charged insulin. In this case, SiNP also have 
negative charge and consequently can interact with the positive charges of chitosan leading to high 
insulin association efficiency. By contrast, sodium alginate presents negative charges at pH 5.5 due 
to the deprotonation of carboxylic groups (pKa = 3.5), as well as insulin and SiNP resulting in more 
repulsion between the opposite charges. Therefore, in such experimental conditions, the increase of 
AE promoted by coating SiNP with alginate could be explained by the non-covalent mechanisms 
between insulin, polysaccharide and SiNP, such as hydrogen bonding and hydrophobic interactions. 

The drug release is another essential parameter for nanoparticle formulations. The insulin 
release studies from uncoated and coated SiNP were conducted in the gastrointestinal simulated 
media, such as KCl/HCl buffer (pH 2.0) or PBS (pH 6.8) at 37 °C. The release profiles of insulin from 
nanoparticles are displayed in Figure 3C and 3D. It was expected that coating SiNP with 
polysaccharides, the insulin release would be reduced especially at simulated gastric pH. However, 
at low pH (2.0), during the initial first 45 min, all formulations released about 50–60% of insulin, 
except uncoated SiNP, which only 30% was released. As previous stated, silanol groups present onto 
the SiNP surface are essential sites for insulin association. Such pH 2.0 is near to the pI value of silica, 
the interaction between insulin and silanol groups can be mediated by hydrogen bonding or 
hydrophobic interactions. As described above, insulin showed to have more affinity to hydrophilic 
polysaccharides (as demonstrated by the high AE recorded), resulting in higher insulin adsorption 
onto coated nanoparticles surface and consequently higher insulin released, in comparison to 
uncoated SiNP. 
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Figure 3. Influence of polysaccharides on nanoparticles properties. Effect of chitosan (CH) and 
sodium alginate (SA) on Z-Ave (size, nm, denoted as bars) and PI (denoted as full circle) (A) and ZP 
(B) of the uncoated and coated formulations. Release profile of free insulin and insulin from 
nanoparticles in KCl/HCl buffer pH 2.0 (C) and PBS pH 6.8 (D) at 37 °C. Each point on the curve is 
the mean of at least three experiments ± SD. Statistical difference between free insulin and insulin 
loaded nanoparticles is considered with p ˂ 0.05. The statistically different formulations at pH 2.0 are: 
free insulin vs. SiNP in all time points; free insulin vs. SiNP-CH from 15 to 105 min; free insulin vs. 
SiNP-SA at 60 and 90 min. At pH 6.8, the statistically different formulations are: free insulin vs. SiNP 
in all time points; free insulin vs. SiNP-CH from 30 to 360 min; free insulin vs. SiNP-SA at 15, 120 and 
360 min. 

The release of macromolecules from alginate matrices under acidic conditions is reduced due to 
the conversion of sodium alginate into alginic acid [48]. However, in the present study, this 
conversion could result in the loss of the interaction between the negative charge of alginate and 
positive charge of insulin, leading to a faster insulin release. When insulin is associated to the SiNP-
CH under acidic medium, a fast release was also observed, i.e., 79.9 ± 4.3% within 2 h (please see 
below). In this case, the chitosan chains become positively charged due to the protonated amino 
groups. Therefore, there is a weak interaction between insulin and the polysaccharide leading to a 
faster insulin release. Although chitosan was shown to be an excellent mucoadhesive enhancer, this 
polysaccharide can dissolve easily at low pH and, consequently, cannot protect insulin from the 
gastric environment [48]. A study published by Makhlof et al. (2011) described lower insulin release 
and high peptide stability in acidic medium when loading the peptide in hydroxypropyl 
methylcellulose phthalate (HPMCP) nanoparticles, in comparison to those made of traditional 
chitosan nanoparticles [49]. These findings are in agreement with others showing fast release of 
insulin from chitosan nanoparticles at gastric simulated fluid due to the dissolution of chitosan matrix 
[50]. 
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Under neutral conditions, 55.8% of insulin was released from uncoated SiNP after 2 h, whereas 
under simulated gastric conditions the values rose up to 70.9%. This result can be attributed to: (i) the 
high solubility of insulin at low pH [51], and (ii) to the silica polycondensation reactions that happen 
at neutral pH, which offer better protein protection and lower silica matrix disintegration [52]. Again, 
the presence of SA or CH onto SiNP surface contributed to a higher amount of insulin release. At pH 
6.8, the insulin release from SiNP-SA could be achieved, due to the swelling of alginate resulting in a 
soluble salt followed by the matrix disintegration [53]. The same release pattern was observed for 
SiNP-CH in PBS at pH 6.8. After 60 min, almost 58% of insulin was released from nanoparticles 
(Figure 5B). This may be due to the negative charges generated in the insulin molecules at neutral 
pH, as well as due to the deprotonation of amino groups of chitosan chains resulting in reduced 
electrostatic repulsion and, consequently, in a faster insulin release. In comparison to uncoated SiNP, 
alginate or chitosan-coated nanoparticles were not able to decrease significantly the release of insulin 
at low pH, as reported above. Therefore, in this study, not only pH-dependent properties of the 
polysaccharides can modulate the in vitro release behavior of insulin, but also the interaction between 
them and the functional groups (Si–OH) present onto SiNP surface. 

In order to investigate the mechanism of insulin release from nanoparticles, data obtained from 
the in vitro release study were fitted to various kinetic equations by analyzing the regression 
coefficients (r2) and the AIC at pH 2.0 and 6.8 (Table 3). The lower AIC values indicate that at pH 2.0, 
the release curve for free insulin and for insulin associated to SiNP-SA fit better to the Peppas model 
(Table 5). On the other hand, the best release mechanism for insulin associated to SiNP (Ins-SiNP) 
was found to be second order and first order for insulin associated to SiNP-CH. At pH 6.8, the best 
fitting was Boltzmann for free insulin and for Ins-SiNP, while, Ins-SiNP-CH and Ins-SiNP-SA showed 
a first-order behavior. 

Table 5. Comparative study of insulin release kinetics from uncoated and coated SiNP at gastric and 
intestinal conditions. 

Gastric conditions 
 Free insulin Ins-SiNP Ins-SiNP-CH Ins-SiNP-SA 

Zero order     
r2 0.9738 0.9929 0.9835 0.9754 

AIC 39.86 31.45 35.63 38.98 
First order     

r2 0.9982 0.9944 0.9992 0.9978 
AIC 18.29 29.58 11.58 19.63 

Second-order     
r2 0.9985 0.9994 0.9993 0.9982 

AIC 19.02 13.01 12.46 20.10 
Boltzmann     

r2 * 0.9999  0.9999 * 
AIC * 14.94 15.04 * 

Hyperbolic     
r2 0.9962 09943 0.9982 0.9961 

AIC 81.51 102.75 54.89 81.33 
Peppas     

r2 0.9943 0.9952 0.9965 0.9942 
AIC 15.71 15.37 15.08 15.62 

Intestinal conditions 
 Free insulin Ins-SiNP Ins-SiNP-CH Ins-SiNP-SA 

Zero order     
r2 0.9427 0.9761 0.9507 0.9481 

AIC 61.09 54.21 59.00 58.24 
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First order     
r2 0.9986 0.9973 0.9991 0.9993 

AIC 29.70 35.06 23.91 21.65 
Second-order     

r2 0.9801 0.9983 0.9861 0.9839 
AIC 52.21 29.60 48.35 48.51 

Boltzmann     
r2 0.9992 0.9993 0.9993 * 

AIC 28.41 25.75 25.16 * 
Hyperbolic     

r2 0.9937  0.9947 0.9957 0.9965 
AIC 39.04 39.17 34.67 31.40 

Peppas     
r2 0.9443 0.9877 0.9794 0.9791 

AIC 53.04 47.52 50.28 49.12 
* Kinetic fitting model interrupted. 

Nanoparticles toxicity was evaluated by comparing the proliferation rate and viability of two 
different cell cultures, HepG2 and Caco-2 cells using the redox indicator Alamar Blue. The results 
were expressed in cell viability (% of control) after 24 and 48 h of exposure to 50, 100, 200 and 500 
µg/mL of nanoparticles dispersion, in FBS-free culture media. After exposing Caco-2 and HepG2 cells 
to uncoated SiNP, no toxicity response was observed in comparison to the control, in all tested 
concentrations along the two time points (Figure 4). These results are in agreement with the 
cytotoxicity studies reported by Tan et al. (2013), in which the hollow SiNP (260 nm) did not induce 
toxicity to HepG2 cells at concentrations equal or above 400 µg/mL [54]. Zhao et al. (2014) also 
reported the lack of toxicity to HepG2 cells of hollow SiNP (30 nm) at concentrations up to 200 µg/mL 
[55]. However, some data reveal severe cytotoxicity and genotoxicity effects of SiNP. For example, 
Ahmad et al. (2012) described the induction of apoptosis, mediated by the production of reactive 
oxygen species (ROS) in HepG2 cells when treated with SiNP in the concentration range of 25–200 
µg/mL [56]. Recently, Patel et al. (2016) also showed a reduction on Caco-2 cell viability of 66% at 50 
µg/mL after 24 h of exposure [57]. The discrepancy of available cytotoxicity data regarding the effects 
of SiNP on Caco-2 or HepG2 cells can be attributed not only to the properties of SiNP (size, 
morphology, surface charge, and solubility) but also to the type of SiNP structure (crystalline or 
amorphous) and their synthesis (fumed or colloidal). Some studies have reported that fumed SiNP 
synthesized under pyrolysis can generate more SiOH groups onto their surface and hydroxyl radicals 
(OH–) in comparison to colloidal SiNP synthesized under mild conditions and, therefore, SiOH can 
interact with biological membranes easily resulting in cell instability and loss of membrane integrity 
[58]. In our case, the possible explanation for the absence of SiNP toxicity may be due to the low 
concentration of SiOH groups onto SiNP surface synthesized under room temperature. 

Exposure of Caco-2 cells to SiNP-CH at concentrations ≥100 µg/mL resulted in a reduction of 
cell viability after 24 h of exposure (Figure 4). High concentrations reduced the cell viability about 
40%. Again, after 48 h, SiNP-CH did not show to be toxic in all tested concentrations. The same results 
were obtained for HepG2 cells (Figure 5). Concentrations equal or above to 100 µg/mL reduced the 
cell viability compared to control along after 24 h of exposure, being more pronounced at 200 µg/mL 
where the cell viability was around 50%, while when the exposure time was 48 h, the viability of 
HepG2 cells was higher than that obtained in 24 h of exposure. Although the cell viability showed a 
decrement in both cell lines, the cell viability still higher than 80%, indicating that SiNP-CH are 
biocompatible. Similar results were obtained by Luo et al. (2017) that showed no toxicity on HepG2 
cells of chitosan-coated Fe3O2 nanoparticles at concentrations up to 200 µg/mL [59] and by Luo et al. 
(2015) demonstrated lack of toxicity in Caco-2 cells of lipid nanoparticles coated with chitosan [60]. 
However, Estevez et al. (2014) reported that chitosan-coated selenium nanoparticles decreased the 
HepG2 cell viability by 40% at concentration of 5 µg/mL [61]. In addition, Vu-Quang et al. (2016) have 
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reported a decrease of cell viability using high chitosan concentrations as coating agent for poly 
(lactic-co-glycolic acid) nanoparticles [62]. 

According to the DLS measurements, SiNP-CH showed a positive charge (ZP = +19 mV). 
Previous studies have demonstrated that cationic compounds lead to cell lysis due to the interaction 
between the sialic acid residues in the cell membrane and cationic molecules [63]. Therefore, the 
reduction of cell viability observed after SiNP-CH exposure at high concentrations was attributed to 
the electrostatic interaction between the negatively charged cell surface and the positively charged 
amino groups of chitosan, as proposed elsewhere [64]. 

 
Figure 4. Effect of uncoated and coated SiNP on viability of Caco-2 cells after 24 or 48 h exposure to 
50, 100, 200 and 500 µg/mL of SiNP (A), SiNP-CH (B) and SiNP-CH (C). Cell viability is expressed as 
% of control (n = 8) and data are presented as means ± SD. Statistical difference between control group 
and formulations is reported as * p ˂ 0.05. 



Nanomaterials 2019, 9, 1081 14 of 18 

 

 
Figure 5. Effect of uncoated and coated SiNP on viability of HepG2 cells after 24 or 48 h exposure to 
50, 100, 200 and 500 µg/mL of SiNP (A), SiNP-CH (B) and SiNP-CH (C) Cell viability is expressed as 
% of control (n = 8) and data are presented as means ± SD. Statistical difference between control group 
and formulations is reported as * p ˂ 0.05. 

Concerning to SiNP-SA cytotoxicity, Caco-2 cells were more sensitive than HepG2 cells. As 
shown in Figure 3, compared to control, the concentrations ≥100 µg/mL reduced significantly the 
viability of Caco-2 after 24h (p ˂ 0.05). The cytotoxicity of SiNP-SA in Caco-2 cells increased with 
increasing the treating dose. After 48h of exposure, the cell viability increased around 80% (Figure 4). 
For HepG2 cells, no toxicity was observed for all concentrations at two time points as shown in Figure 4. 

No data were found in the literature about the effect of alginate matrices in Caco-2 and HepG2 
cells. However, Wang et al. (2011) observed no cytotoxicity effect on human umbilical cord 
mesenchymal stem cell of gel containing PLGA nanoparticles coated with alginate at concentrations 
of 2 mg/mL of PLGA and 30 mg/mL of alginate [65]. Similar results were obtained by Biswas et al. 
(2015) after exposing HT29 cells to alginate chitosan nanoparticles [66]. 

4. Conclusions 

In summary, SiNP synthesis was optimized by 22 factorial design reaching values for Z-Ave of 
256.6 ± 20.3 nm and PI of 0.218 ± 0.074 using 0.43 mol/L of TEOS and a homogenization speed of 5000 
rpm. SiNP with distinct surface characteristics (chitosan or sodium alginate) were used as carriers for 
hydrophilic molecules, taking insulin as drug model. Coated SiNP increased the association 
efficiency of insulin reaching values above 80%. However, the surface modifications of SiNP led to 
an increase of insulin association efficiency, our studies confirm that coated SiNP were not able to 
reduce the insulin release at low pH, in comparison to uncoated SiNP. Also, coated SiNP decreased 
the cell viability mainly in Caco-2 cell lines. The present study reporting the development and 
characterization of SiNP for hydrophilic biomolecule delivery clearly demonstrated that the 
physicochemical properties and toxicity of SiNP can be modulated by surface coating with 
polysaccharides and provides additional insights on the physicochemical properties–release–toxicity 



Nanomaterials 2019, 9, 1081 15 of 18 

 

relationship, useful for the design of an optimal formulation for oral administration of hydrophilic 
drugs. 

Author Contributions: Conceptualization and experimental design: A.M.S., E.B.S. and T.A..; methodology, data 
acquisition: T.A., J.F.F., P.S., A.L.R.S., C.M.G., P.M.V.F.; resources, A.M.S., E.B.S., A.C.C. and M.P.G.; data 
curation: all authors; writing—original draft preparation, T.A.; writing—review and editing, A.M.S. and E.B.S.; 
supervision, A.M.S. and E.B.S.; project administration and funding acquisition, A.M.S. and E.B.S.; data analysis 
and scientific discussion, all authors. 

Funding: This research was supported by the Fundação para a Ciência e Tecnologia (FCT, Portugal), by grating 
PhD scholarships SFRH/BD/60640/2009 (T. Andreani), SFRH/BD/80335/2011 (J.F. Fangueiro) and 
SFRH/BD/111274/2015 (P.M.V. Fernandes), and funded projects UID/AGR/04033/2019 (CITAB), and M-ERA-
NET/0004/2015-PAIRED (Partnership Agreement PT2020). 

Conflicts of Interest: The authors declare that they have no conflict of interest. 

References 

1 Donovan, M.D.; Flynn, G.L.; Amidon, G.L. Absorption of polyethylene glycols 600 through 2000: The 
molecular weight dependence of gastrointestinal and nasal absorption. Pharm. Res. 1990, 8, 863–868. 

2 Camenisch, G.; Alsenz, J.; van de Waterbeemd, H.; Folkers, G. Estimation of permeability by passive 
diffusion through Caco-2 cell monolayers using the drugs’ lipophilicity and molecular weight. Eur. J. 
Pharm. Sci. 1998, 6, 313–319, doi:10.1016/S0928-0987(97)10019-7. 

3 Lundquist, P.; Artursson, P. Oral absorption of peptides and nanoparticles across the human intestine: 
Opportunities, limitations and studies in human tissues. Adv. Drug Deliv. Rev. 2016, 106, 256–276, 
doi:10.1016/j.addr.2016.07.007. 

4 Alfatama, M.; Lim, L.Y.; Wong, T.W. Alginate–C18 Conjugate Nanoparticles Loaded in Tripolyphosphate-
Cross-Linked Chitosan–Oleic Acid Conjugate-Coated Calcium Alginate Beads as Oral Insulin Carrier. Mol. 
Pharm. 2018, 15, 3369-3382, doi:10.1021/acs.molpharmaceut.8b00391. 

5 He, Z.; Santos, J.L.; Tian, H.; Huang, H.; Hu, Y.; Liu, L.; Leong, K.W.; Chen, Y.; Mao, H.-Q. Scalable 
fabrication of size-controlled chitosan nanoparticles for oral delivery of insulin. Biomaterials 2017, 130, 28–
41, doi:10.1016/j.biomaterials.2017.03.028. 

6 Xu, B.; Zhang, W.; Chen, Y.; Xu, Y.; Wang, B.; Zong, L. Eudragit® L100-coated mannosylated chitosan 
nanoparticles for oral protein vaccine delivery. Int. J. Biol. Macromol. 2018, 113, 534–542, 
doi:10.1016/j.ijbiomac.2018.02.016. 

7 Pi, J.; Wang, S.; Li, W.; Kebebe, D.; Zhang, Y.; Zhang, B.; Qi, D.; Guo, P.; Li, N.; Liu, Z. A nano-cocrystal 
strategy to improve the dissolution rate and oral bioavailability of baicalein, Asian. J. Pharm. Sci. 2019, 14, 
154–164, doi: 10.1016/j.ajps.2018.04.009. 

8 Wang, Y.; Zhao, Q.; Han, N.; Bai, L.; Li, J.; Liu, J.; Che, E.; Hu, L.; Zhang, Q.; Jiang, T.; et al. Mesoporous 
silica nanoparticles in drug delivery and biomedical applications. Nanomedicine 2015, 11, 313–327, 
doi:10.1016/j.nano.2014.09.014. 

9 Xu, C.; Lei, C.; Yu, C. Mesoporous Silica Nanoparticles for Protein Protection and Delivery. Front. Chem. 
2019, 7, 290, doi:10.3389/fchem.2019.00290. 

10 Strong, E.W.; Tarnai, B.D.; Anderson, C.W. Refinement of the water-in-oil reverse microemulsion process 
for the encapsulation of proteins within silica nanoparticles. FASEB J. 2019, 33, 785.10. 
doi:10.1096/fasebj.2019.33.1_supplement.785.10. 

11 Shi, H.; Liu, S.; Cheng, J.; Yuan, S.; Yang, Y.; Fang, T.; Cao, K.; Wei, K.; Zhang, Q.; Liu, Y. Charge-Selective 
Delivery of Proteins Using Mesoporous Silica Nanoparticles Fused with Lipid Bilayers. ACS Appl. Mater. 
Interfaces 2019, 11, 3645–3653, doi:10.1021/acsami.8b15390. 

12 Lu, J.; Liong, M.; Zink, J.I.; Tamanoi, F. Mesoporous silica nanoparticles as a delivery system for 
hydrophobic anticancer drugs. Small 2007, 3, 1341–1346. 

13 Bagwe, R.P.; Hilliard, L.R.; Tan, W. Surface modification of silica nanoparticles to reduce aggregation and 
nonspecific binding. Langmuir 2006, 22, 4357–4362, doi:10.1021/la052797j. 

14 Song, S.-W.; Hidajat, K.; Kawi, S. pH-Controllable drug release using hydrogel encapsulated mesoporous 
silica. Chem. Commun. 2007, 4396–4398, doi:10.1039/B707626F. 



Nanomaterials 2019, 9, 1081 16 of 18 

 

15 Nairi, V.; Medda, S.; Piludu, M.; Casula, M.F.; Vallet-Regì, M.; Monduzzi, M.; Salis, A. Interactions between 
bovine serum albumin and mesoporous silica nanoparticles functionalized with biopolymers. Chem. Eng. 
J. 2018, 340, 42–50, doi:10.1016/j.cej.2018.01.011. 

16 Salis, A.; Fanti, M.; Medda, L.; Nairi, V.; Cugia, F.; Piludu, M.; Sogos, V.; Monduzzi, M. Mesoporous Silica 
Nanoparticles Functionalized with Hyaluronic Acid and Chitosan Biopolymers. Effect of Functionalization 
on Cell Internalization. ACS Biomater. Sci. Eng. 2016, 2, 741–751, doi:10.1021/acsbiomaterials.5b00502. 

17 Mohanraj, V.J.; Barnes, T.J.; Prestidge, C.A. Silica nanoparticle coated liposomes: A new type of hybrid 
nanocapsule for proteins. Int. J. Pharm. 2010, 392, 285–293, doi:10.1016/j.ijpharm.2010.03.061. 

18 Oroval, M.; Díez, P.; Aznar, E.; Coll, C.; Marcos, M.D.; Sancenón, F.; Villalonga, R.; Martínez-Máñez, R. 
Self-Regulated Glucose-Sensitive Neoglycoenzyme-Capped Mesoporous Silica Nanoparticles for Insulin 
Delivery. Chem.-A Eur. J. 2017, 23, 1353–1360, doi:10.1002/chem.201604104. 

19 Hou, L.; Zheng, Y.; Wang, Y.; Hu, Y.; Shi, J.; Liu, Q.; Zhang, H.; Zhang, Z. Self-Regulated 
Carboxyphenylboronic Acid-Modified Mesoporous Silica Nanoparticles with “Touch Switch” Releasing 
Property for Insulin Delivery. ACS Appl. Mater. Interfaces 2018, 10, 21927–21938, 
doi:10.1021/acsami.8b06998. 

20 Hei, M.; Wu, H.; Fu, Y.; Xu, Y.; Zhu, W. Phenylboronic acid functionalized silica nanoparticles with 
enlarged ordered mesopores for efficient insulin loading and controlled release. J. Drug Deliv. Sci. Technol. 
2019, 51, 320–326, doi:10.1016/j.jddst.2019.03.031. 

21 Nagai, T.; Machida, Y. Mucosal adhesive dosage forms. Pharm. Int. 1985, 6, 196–200. 
22 Pan, Y.; Li, Y.; Zhao, H.; Zheng, J.; Xu, H.; Wei, G.; Hao, J.; Cui, F. Bioadhesive polysaccharide in protein 

delivery system: Chitosan nanoparticles improve the intestinal absorption of insulin in vivo. Int. J. Pharm. 
2002, 249, 139–147, doi:10.1016/S0378-5173(02)00486-6. 

23 Park, S.K.; Do Kim, K.; Kim, H.T. Preparation of silica nanoparticles: Determination of the optimal synthesis 
conditions for small and uniform particles. Colloid. Surf. A 2002, 197, 7–17, doi:10.1016/S0927-7757(01)00683-
5. 

24 He, C.; Yin, L.; Tang, C.; Yin, C. Size-dependent absorption mechanism of polymeric nanoparticles for oral 
delivery of protein drugs. Biomaterials 2012, 33, 8569–8578. 

25 Lesniak, A.; Salvati, A.; Santos-Martinez, M.J. Radomski, M.W.; Dawson, K.A.; Åberg, C. Nanoparticle 
adhesion to the cell membrane and its effect on nanoparticle uptake efficiency. J. Am. Chem. Soc. 2013, 135, 
1438–1444, doi:10.1021/ja309812z. 

26 Cebrián, V.; Martín-Saavedra, F.; Yagüe, C.; Arruebo, M.; Santamaría, J.; Vilaboa, N. Size-dependent 
transfection efficiency of PEI-coated gold nanoparticles. Acta Biomater. 2011, 7, 3645–3655, 
doi:10.1016/j.actbio.2011.06.018. 

27 Andreani, T.; Kiill, C.P.; De Souza, A.L.R.; Fangueiro, J.F.; Doktorovová, S.; Garcia, M.L.; Gramião, M.P.D.; 
Silva, A.M.; Souto, E.B. Effect of cryoprotectants on the reconstitution of silica nanoparticles produced by 
sol-gel technology. J. Therm. Anal. Calorim. 2015, 120, 1001–1007, doi:10.1007/s10973-014-4275-4. 

28 Bradford, M.M. A rapid and sensitive method for the quantization of microgram quantities of protein 
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. 

29 Andreani, T.; de Souza, A.L.; Kiill, C.P.; Lorenzón, E.N.; Fangueiro, J.F.; Calpena, A.C.; Chaud, M.V.; 
Garcia, M.L.; Gremião, M.P.; Silva, A.M.; et al. Preparation and characterization of PEG-coated silica 
nanoparticles for oral insulin delivery. Int. J. Pharm. 2014, 473, 627–635, doi:10.1016/j.ijpharm.2014.07.049. 

30 Doménech Berrozpe, J.; Martínez Lanao, J.; Plá Delfina, J.M. Biofarmacia y farmacocinética: Biofarmacia; 
Síntesis SA: Madrid, MA, USA, 1998. 

31 Andreani, T.; Kiill, C.P.; Souza, A.L.R.D.; Fangueiro, J.F.; Fernandes, L.; Doktorovová, S.; Santos, D.L.; 
Garcia, M.L.; Gremião, M.P.D.; Souto, E.B.; et al. Surface engineering of silica nanoparticles for oral insulin 
delivery: Characterization and cell toxicity studies. Colloid. Surf. B Biointerfaces 2014, 123, 916–923, 
doi:10.1016/j.colsurfb.2014.10.047. 

32 Andreani, T.; Miziara, L.; Lorenzón, E.N.; De Souza, A.L.R.; Kiill, C.P.; Fangueiro, J.F.; Garcia, M.L.; 
Gremião, P.D.; Silva, A.M.; Souto, E.B. Effect of mucoadhesive polymers on the in vitro performance of 
insulin-loaded silica nanoparticles: Interactions with mucin and biomembrane models. Eur. J. Pharm. 
Biopharm. 2015, 93, 118–126, doi:10.1016/j.ejpb.2015.03.027. 

33 La Mer, V.K. Nucleation in phase transitions. Ind. Eng. Chem. 1952, 44, 1270–1277. 
34 Arantes, T.M.; Pinto, A.H.; Leite, E.R.; Longo, E.; Camargo, E.R. Synthesis and optimization of colloidal 

silica nanoparticles and their functionalization with methacrylic acid. Colloid. Surf. A 2012, 415, 209–217. 



Nanomaterials 2019, 9, 1081 17 of 18 

 

35 Li, D.; Kaner, R.B. Shape and aggregation control of nanoparticles: Not Shaken, not Stirred. J. Am. Chem. 
Soc. 2006, 128, 968–975. 

36 Severino, P.; Santana, M.H.A.; Souto, E.B. Optimizing SLN and NLC by 22 full factorial design: Effect of 
homogenization technique. Mater. Sci. Eng. C 2012, 32, 1375–1379. 

37 Budhian, A.; Siegel, S.J.; Winey, K.I. Haloperidol-loaded PLGA nanoparticles: Systematic study of particle 
size and drug content. Int. J. Pharm. 2007, 336, 367–375, doi:10.1016/j.ijpharm.2006.11.061. 

38 Garcia-Fuentes, M.; Prego, C.; Torres, D.; Alonso, M.J. A comparative study of the potential of solid 
triglyceride nanostructures coated with chitosan or poly(ethylene glycol) as carriers for oral calcitonin 
delivery. Eur. J. Pharm. Sci. 2005, 25, 133–143, doi:10.1016/j.ejps.2005.02.008. 

39 Santra, S.; Yang, H.; Dutta, D.; Stanley, J.T.; Holloway, P.H.; Tan, W.; Moudgilb, B.M.; Mericle, R.A. TAT 
conjugated, FITC doped silica nanoparticles for bioimaging applications. Chem. Commn. 2004, 21, 2810–
2811. 

40 Schleh, C.; Semmler-Behnke, M.; Lipka, J.; Wenk, A.; Hirn, S.; Schäffler, M.; Schmid, G.; Simon, U.; Kreyling, 
W.G. Size and surface charge of gold nanoparticles determine absorption across intestinal barriers and 
accumulation in secondary target organs after oral administration. Nanotoxicology 2012, 6, 36–46, 
doi:10.3109/17435390.2011.552811. 

41 Ensign, L.M.; Cone, R.; Hanes, J. Oral drug delivery with polymeric nanoparticles: The gastrointestinal 
mucus barriers. Adv. Drug Deliv. Rev. 2012, 64, 557–570, doi:10.1016/j.addr.2011.12.009. 

42 Eldridge, J.H.; Meulbroek, J.A.; Staas, J.K.; Tice, T.R.; Gilley, R.M. Vaccine-containing biodegradable 
microspheres specifically enter the gut-associated lymphoid tissue following oral administration and 
induce a disseminated mucosal immune response. Adv. Exp. Med. Biol. 1989, 251, 191–202. 

43 McClean, S.; Prosser, E.; Meehan, E.; O.’Malley, D.; Clarke, N.; Ramtoola, Z.; Brayden, D. Binding and 
uptake of biodegradable poly-dl-lactide micro- and nanoparticles in intestinal epithelia. Eur. J. Pharm. Sci. 
1998, 6, 153–163, doi:10.1016/S0928-0987(97)10007-0. 

44 Czuba, E.; Diop, M.; Mura, C.; Schaschkow, A.; Langlois, A.; Bietiger, W.; Neidl, R.; Virciglio, A.; Auberval, 
N.; Julien-David, D.; et al. Oral insulin delivery, the challenge to increase insulin bioavailability: Influence 
of surface charge in nanoparticle system. Int. J. Pharm. 2018, 542, 47–55, doi:10.1016/j.ijpharm.2018.02.045. 

45 Fernández-Urrusuno, R.; Calvo, P.; Remuñán-López, C.; Vila-Jato, J.; José Alonso, M. Enhancement of nasal 
absorption of insulin using chitosan nanoparticles. Pharm. Res. 1999, 16, 1576–1581, 
doi:10.1023/a:1018908705446. 

46 Barichello, J.M.; Morishita, M.; Takayama, K.; Nagai, T. Encapsulation of hydrophilic and lipophilic drugs 
in PLGA nanoparticles by the nanoprecipitation method. Drug Dev. Ind. Pharm. 1999, 25, 471–476. 

47 Shirahama, H.; Suzawa, T. Adsorption of bovine serum albumin onto styrene/acrylic acid copolymer latex. 
Colloid. Polym. Sci. 1985, 263, 141–146, doi:10.1007/bf01412788. 

48 George, M.; Abraham, T.E. Polyionic hydrocolloids for the intestinal delivery of protein drugs: Alginate 
and chitosan—A review. J. Control Release 2006, 114, 1–14, doi:10.1016/j.jconrel.2006.04.017. 

49 Makhlof, A.; Tozuka, Y.; Takeuchi, H. Design and evaluation of novel pH-sensitive chitosan nanoparticles 
for oral insulin delivery. Eur. J. Pharm. Sci. 2011, 42, 445–451, doi:10.1016/j.ejps.2010.12.007. 

50 Chen, J.; Liu, C.; Shan, W.; Xiao, Z.; Guo, H.; Huang, Y. Enhanced stability of oral insulin in targeted peptide 
ligand trimethyl chitosan nanoparticles against trypsin. J. Microencapsul. 2015, 32, 632–641, 
doi:10.3109/02652048.2015.1065920. 

51 Fischel-Ghodsian, F.; Brown, L.; Mathiowitz, E.; Brandenburg, D.; Langer, R. Enzymatically controlled 
drug delivery. Proc. Natl. Acad. Sci. USA 1988, 85, 2403–2406. 

52 Tomczak, M.M.; Glawe, D.D.; Drummy, L.F.; Lawrence, C.G.; Stone, M.O.; Perry, C.C.; Pochan, D.J.; 
Deming, T.J.; Naik, R.R. Polypeptide-templated synthesis of hexagonal silica platelets. J. Am. Chem. Soc. 
2005, 127, 12577–12582, doi:10.1021/ja0524503. 

53 Mukhopadhyay, P.; Chakraborty, S.; Bhattacharya, S.; Mishra, R.; Kundu, P.P. pH-sensitive 
chitosan/alginate core-shell nanoparticles for efficient and safe oral insulin delivery. Int. J. Biol. Macromol. 
2015, 72, 640–648, doi:10.1016/j.ijbiomac.2014.08.040. 

54 Tan, L.; Liu, T.; Li, L.; Liu, H.; Wu, X.; Gao, F.; He, X.; Meng, X.; Chen, D.; Tang, F. Uniform double-shelled 
silica hollow spheres: Acid/base selective-etching synthesis and their drug delivery application. RSC Adv. 
2013, 3, 5649–5655, doi:10.1039/c3ra40733k. 



Nanomaterials 2019, 9, 1081 18 of 18 

 

55 Zhao, Z.; Zhang, H.; Chi, X.; Li, H.; Yin, Z.; Huang, D.; Wang, X.; Gao, J. Silica nanovehicles endow arsenic 
trioxide with an ability to effectively treat cancer cells and solid tumors. J. Mater. Chem. B 2014, 2, 6313–
6323, doi:10.1039/c4tb00874j. 

56 Ahmad, J.; Ahamed, M.; Akhtar, M.J.; Alrokayan, S.A.; Siddiqui, M.A.; Musarrat, J.; Al-Khedhairy, A.A. 
Apoptosis induction by silica nanoparticles mediated through reactive oxygen species in human liver cell 
line HepG2. Toxicol. Appl. Pharmacol. 2012, 259, 160–168, doi:10.1016/j.taap.2011.12.020. 

57 Patel, K.; Sundara Raj, B.; Chen, Y.; Lou, X. Cytotoxicity of folic acid conjugated hollow silica nanoparticles 
toward Caco2 and 3T3 cells, with and without encapsulated DOX. Colloid. Surf. B 2016, 140, 213–222, 
doi:10.1016/j.colsurfb.2015.12.046. 

58 Zhang, H.; Dunphy, D.R.; Jiang, X.; Meng, H.; Sun, B.; Tarn, D.; Xue, M.; Wang, X.; Lin, S.; Ji, Z.; wt al. 
Processing pathway dependence of amorphous silica nanoparticle toxicity: Colloidal vs. pyrolytic. J. Am. 
Chem. Soc. 2012, 134, 15790–15804, doi:10.1021/ja304907c. 

59 Luo, Y.; Zhou, Z.; Yue, T. Synthesis and characterization of nontoxic chitosan-coated Fe3O4 particles for 
patulin adsorption in a juice-pH simulation aqueous. Food Chem. 2017, 221, 317–323, 
doi:10.1016/j.foodchem.2016.09.008. 

60 Luo, Y.; Teng, Z.; Li, Y.; Wang, Q. Solid lipid nanoparticles for oral drug delivery: Chitosan coating 
improves stability, controlled delivery, mucoadhesion and cellular uptake. Carbohydr. Polym. 2015, 122, 
221–229, doi:10.1016/j.carbpol.2014.12.084. 

61 Estevez, H.; Garcia-Lidon, J.C.; Luque-Garcia, J.L.; Camara, C. Effects of chitosan-stabilized selenium 
nanoparticles on cell proliferation, apoptosis and cell cycle pattern in HepG2 cells: Comparison with other 
selenospecies. Colloid. Surf. B 2014, 122, 184–193, doi:10.1016/j.colsurfb.2014.06.062. 

62 Vu-Quang, H.; Vinding, M.S.; Xia, D.; Nielsen, T.; Ullisch, M.G.; Dong, M.; Nielsen, N.C.; Kjems, J. 
Chitosan-coated poly(lactic-co-glycolic acid) perfluorooctyl bromide nanoparticles for cell labeling in 19F 
magnetic resonance imaging. Carbohydr. Polym. 2016, 136, 936–944, doi:10.1016/j.carbpol.2015.09.076. 

63 Ruizendaal, L.; Bhattacharjee, S.; Pournazari, K.; Rosso-Vasic, M.; de Haan, L.H.J.; Alink, G.M.; Marcelis, 
A.T.M.; Zuilhof, H. Synthesis and cytotoxicity of silicon nanoparticles with covalently attached organic 
monolayers. Nanotoxicology 2009, 3, 339–347, doi:10.3109/17435390903288896. 

64 Fischer, D.; Li, Y.; Ahlemeyer, B.; Krieglstein, J.; Kissel, T. In vitro cytotoxicity testing of polycations: 
Influence of polymer structure on cell viability and hemolysis. Biomaterials 2003, 24, 1121–1131, 
doi:10.1016/S0142-9612(02)00445-3. 

65 Wang, Q.; Jamal, S.; Detamore, M.S.; Berkland, C. PLGA-chitosan/PLGA-alginate nanoparticle blends as 
biodegradable colloidal gels for seeding human umbilical cord mesenchymal stem cells. J. Biomed. Mater. 
Res. Part A 2011, 96A, 520–527, doi:10.1002/jbm.a.33000. 

66 Biswas, S.; Chattopadhyay, M.; Sen, K.K.; Saha, M.K. Development and characterization of alginate coated 
low molecular weight chitosan nanoparticles as new carriers for oral vaccine delivery in mice. Carbohydr. 
Polym. 2015, 121, 403–410, doi:10.1016/j.carbpol.2014.12.044. 

 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons 
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

 


