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Gergely Stankovits a, Benjámin Gyarmati a, János Rohonczy d, Tamás Szabó e, Dániel Zámbó a,  
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A B S T R A C T

Two-layer model systems were designed by covering a 130 nm thick mesoporous silica coating (30% porosity, 
1.8 nm average pore radius) with a 470 nm thick chitosan coating (degree of acetylation 18–19%) to study the 
accumulation and release of a cationic model molecule (rhodamine 6G dye). The coatings were impregnated in 
the aqueous solution of the dye (pH 6.0, 7.4 and 8.8, 12 ◦C, 22 ◦C and 32 ◦C) to study the effect of electrostatic 
interactions and morphology on the dye uptake. The accumulation of dye molecules was examined in terms of 
the pseudo-first-order and pseudo-second-order kinetic model, while the release (at pH 7.4, 25 ◦C) in terms of the 
Korsmeyer-Peppas and Higuchi model. The release exponents (0.43–0.71) of the Korsmeyer-Peppas model 
revealed the significance of an interaction of the impregnation solution with the silica pore wall during dye 
uptake. According to the Higuchi model, a straight line with a higher and a lower slope could be fitted to the 
experimental points in the first (“fast rate”) and second (“slow rate”) stages of the process. Interestingly, the slope 
values and their differences significantly depended on the conditions of dye uptake: impregnation at alkaline pH 
not only increased the uptake but also resulted in faster release.

1. Introduction

Stimuli-responsive hybrid nanocarriers represent new frontier in 
advanced biomedical research, offering precise control over the drug 
release. These systems can be formed from polymer hydrogels [1–4] or 
porous inorganic oxides [5,6], both of which enable controllable and 
extended release of the accumulated molecules over time. A good 
example of the first is chitosan, which is produced from chitin by partial 
alkaline deacetylation [7]. Due to its biocompatibility and antibacterial 
behaviour, it is an ideal material in medicine [8,9], and its applicability 
in controlled release systems is enhanced by its pH-responsive behaviour 
due to its free amino groups [10]. An example of the second type is 

mesoporous silica, which is widespread due to its biocompatibility, high 
specific surface area and effective adsorption of drugs [11,12]. Addi
tionally, the surface chemistry and porosity of silica are suitable to 
modification by the solvent environment and drug-matrix interactions 
[13], justifying its application as a reactive reservoir. By combining the 
advantages of the inorganic oxides (mechanical stability, high surface 
area) with the responsive behaviour of organic polymers, synergistic 
effects can be achieved: the mesoporous silica base coated with a 
polymer layer, can provide an even more extended and controllable 
release profile [14]. This combination of inorganic and organic mate
rials is studied in various forms and sizes such as nanoparticles [15], 
microspheres [16] and nanocoatings [17].
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Mesoporous silica is usually loaded with the drug before the polymer 
layer is applied. Nevertheless, several authors observed that a significant 
part of the active ingredient was lost or damaged during the washing 
steps after impregnation or during the deposition of the polymer layer 
[18,19]. A possible solution to the problem is the impregnation of the 
silica base already coated with the polymer layer [20,21]. In this case 
the polymer layer can also protect the reactive reservoir against the 
aforementioned structural change (erosion processes) during the 
impregnation.

In this study, the mechanism of adsorption and release in a planar a 
mesoporous silica (reactive reservoir) – chitosan (pH-responsive layer) 
nanocoating system is investigated, distinguishing the present work 
from previous nanoparticle-based approaches. Rhodamine 6G (R6G) 
was selected as a model molecule due to its well-defined physico
chemical properties, high sensitivity for detection via UV–Vis spectros
copy, (which allows for precise monitoring of release kinetics) and 
effective adsorption from its aqueous solution at the silica pore surfaces 
due to its cationic nature [17,22,23]. Furthermore, R6G serves as a 
reliable structural analog for cationic, polycyclic drugs, most notably 
doxorubicin due to its rigid aromatic backbone and cationic charge 
under physiological conditions, resulting in similar adsorption and 
diffusion characteristics within the nanocoating system [24,25]. This 
similarity allows R6G to effectively simulate the loading and release 
behaviour of these type of chemotherapeutics during the formulation 
optimization phase.

Our hypothesis is that by utilizing the pH-responsivity and protective 
nature of the chitosan coating not only the loading of the reactive 
reservoir, but also the release kinetics of the model ingredient can be 
tuned by the impregnation conditions. To the best of our knowledge, the 
accumulation and release kinetics within a planar two-layer (chitosan- 
silica) nanocoating system have not yet been investigated, particularly 
concerning the influence of impregnation conditions. This study ad
dresses this critical gap by systematically evaluating how pH and tem
perature during the loading phase affect the equilibrium adsorption and 
subsequent release profiles. Such an approach offers novel insights into 
the fine-tunability of the delivery process, exploring the interplay be
tween electrostatic interactions and morphological changes – an aspect 
largely overlooked in previous studies despite its relevance for implan
tation technologies [26,27].

2. Methods

2.1. Reagents

Chitosan powder (Medium molecular weight: 200–300 kDa, 75–85% 
degree of deacylation), phosphoric acid (85%, f.a.), boric acid (99.5% f. 
a.), Pluronic P123 (triblock poly(ethylene glycol)–poly(propylene gly
col)–poly(ethylene glycol)), sodium chloride (99.5%, f.a.) and rhoda
mine 6G dye (95% f.a.) were purchased from Merck (Germany). 
Isopropanol (99.7%, f.a.), absolute ethanol (99.8%, a.r.) and tetraethyl 
orthosilicate (TEOS, 98% a.r) were provided by Reanal (Hungary). 
Acetic acid (99.8% f. a.) was purchased from Lachner (Czech Republic), 
hydrochloric acid (37% f.a.) and sulfuric acid (96%, f.a.) from Carlo 
Erba (Italy), and NaOH from Fischer Chemical (USA). All chemicals 
were used without any further purification. Ultrapure water (specific 
electrical resistance: >18.2 MΩcm) was made with an Adrona system 
(Adrona Integrity+).

2.2. NMR spectroscopy

In order to determine the degree of acetylation of the chitosan used 
in the measurements, NMR spectroscopic studies were performed ac
cording to the method by Heux et al. [28]. 13C CP-MAS NMR spectra 
were recorded by Bruker Avance-III 500 MHz NMR spectrometer at 
11.744 T using ZrO rotor and 4 mm BB/1H MAS probe. 2048 data points 
were received with 5 s relaxation delay at 125.77 MHz in a 300 ppm 

wide spectral window. Standard Bruker cp cross polarization pulse 
sequence was used with ramp90100.100 shaped proton CP pulse and 2 
ms contact time. The integral values were calculated from the 8 K 
spectrum points obtained after Fourier transformation.

The degree of acetylation (DA) of the polymer was determined by the 
ratio of the integral of the acyl carbon signal (ICH3) at about 25 ppm, and 
the sixth of the integral of the C1-C6 signals (D-glucopyranosyl ring, 
IC1–6) in the range of 50 ppm to 120 ppm (Eq. 1) [29]. 

DA =
ICH3

1
6 •

∑
IC1− 6

• 100 [%] (1) 

2.3. Potentiometric titration

The degree of acetylation of the polymer was also determined by 
potentiometric titration. The measurement was carried out with the 
method of Balázs and Sipos [30]. 0.1004 g chitosan and a calculated 
amount of HCl were measured into a 25 mL flask and diluted with 
approximately 20 mL ultrapure water. The mixture was stirred over
night at room temperature, until all of the chitosan dissolved. The so
lution was transferred into a 100 mL flask, a calculated amount of solid 
NaCl was added, and the solution was brought to volume. The stock 
solution thus became 0.010 M for HCl, 0.1 M for NaCl, and approxi
mately 1 mg/mL for chitosan. The NaOH solution with a nominal con
centration of 0.1 M was made by dissolving 2.000 g NaOH in 500 mL 
ultrapure water. The solution was factored with a 0.100 M standard HCl 
solution (diluted from 1.000 M HCl (Titrisol®, Merck). A single-junction 
glass pH electrode (Metrohm, Electrode Plus, pH range: 1–13, filled with 
3 M KCl) was calibrated using commercial pH buffers (Merck Certipur® 
buffer solutions with pH = 4.01; 6.86 and 9.18). Titrations were carried 
out at constant temperature (25 ± 1 ◦C), in an inert atmosphere (N2 gas 
bubbling). During the titrations, a total volume of 20 mL of initially 
acidic solution was titrated with NaOH using an auto-titrator (Metrohm 
808 Titrando, Tiamo, version 1.2). “Dynamic Equivalence Point Titra
tion” mode with custom parameters (maximum signal drift: 3 mV min− 1, 
min. Waiting time: 5 s, max. Waiting time: 40 s after each addition, min. 
Volume increment 10 μL, max. Volume increment 50 μL, finish at pH =
11.5) was used.

The two inflexion points (V1 corresponding to neutralization of HCl, 
and the V2 corresponding to neutralization of the ammonium groups 
from chitosan) were determined by plotting the second derivative of pH 
versus volume of NaOH solution. The DA was calculated with Eq. 2
[31,32]. 

DA [%] =

(

1 −
2.03 • ΔV

m + 0.0042 • ΔV

)

• 100 (2) 

where ΔV is the difference of V2 and V1, m is the weight of the chitosan in 
20 mL solution and 2.03 and 0.0042 are constants derived from the 
molecular weight of chitin residue and acetyl group.

When the degree of protonation (α) of the chitosan is calculated, it 
must be considered that the protonated amino groups of the polymer 
during titration behave as weak acid and are capable of self-dissociation. 
For this reason, the true degree of protonation can be approximated 
using Eq. 3 [33,34]. 

α = αʹ+
[H+]

C
(3) 

where α’ is the degree of protonation directly deduced from the amount 
of added NaOH, [H+] is the concentration of free protons (calculated 
from pH) and C is the concentration of glucosamine residues. The pKa 
value of the polymer was calculated by interpolating the pH value of the 
titration curve for α = 0, 5 [35]. The results were calculated from the 
titration curve of four replicate samples (n = 4).
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2.4. Coatings preparation

Before the deposition of the coatings, the glass substrates (Menzel- 
Gläser, Germany) were cleaned with aqueous detergent solution (5 w/w 
%), sulfuric acid solution (10 w/w %), isopropanol and ultrapure water.

Since Na+ and Ca2+ ions can diffuse from the glass substrate into the 
porous silica layer and affect the structure and surface charge of it [36], 
a compact silica (SiO2) protective layer was first deposited on the glass 
substrate. A precursor sol was made by mixing 38.5 mL absolute ethanol, 
31 mL TEOS and 10 mL 0.1 M hydrochloride acid, and stirring it for 1 h, 
then used for dip-coating after one day aging. For the mesoporous silica 
(pSiO2) layers, two solutions (one with 2 g P123 and 22 mL absolute 
ethanol, and one with 4 mL 0.1 M hydrochloride acid, 8.8 mL TEOS and 
22 mL absolute ethanol) were stirred separately for 30 min, then com
bined and stirred together for another 30 min. The deposition of the 
silica coatings was performed with a device made by Plósz Mérnöki 
Iroda kft. (Budapest, Hungary) with a withdrawal speed of 6 cm/min at 
25 ◦C. At the first step, the protective SiO2 layer was formed on the 
substrates, then the samples were calcinated at 450 ◦C for 30 min in a 
Nabertherm B180 furnace. At the second step, the pSiO2 coating was 
deposited and the calcination time was 60 min at 480 ◦C [37].

For the chitosan (CS) layers, a 1% (w/w) solution of the polymer was 
made by carefully sprinkling 0.5 g chitosan powder onto the surface of a 
mixture of 49 mL ultrapure water and 500 μL acetic acid. The solution 
was stirred overnight, then the insoluble particles were removed by 
centrifugation (Hermle Z36HK device, 30 min at 4000 rpm) and 
decantation. The coatings were formed at 25 ◦C by the dip-coater 
mentioned above with a withdrawal speed of 5 cm/min to the bare 
and SiO2/pSiO2-coated glass substrates. The samples dried overnight at 
room temperature.

Since the function of the SiO2 layer is only protection, but it does not 
affect the dye uptake, the samples with the chitosan coated silica layer 
are referred as bilayer systems (since there are two “active” layers on 
them) and the samples with only pSiO2 or CS layers are referred as 
monolayer systems.

2.5. UV–vis spectroscopy

The thickness and refractive index of the CS monolayers were 
determined by UV–visible spectroscopy. The transmittance spectra of 
the samples were measured with an Analytik Jena Specord 200 UV–Vis 
spectrophotometer in the 350–1100 nm wavelength range with 1 nm 
resolution, and 10 nm/s scan rate. The above parameters of the mono
layer CS coatings were determined by a thin-layer optical model (Hild- 
method) [38,39] fitted to the transmittance spectra. The optical model 
assumes one homogeneous layer with no absorption on each side of the 
substrate. The thickness and refractive index were calculated from the 
fitted values of twelve replicate samples (n = 12).

2.6. Spectroscopic ellipsometry

To characterize the optical properties of the bilayer samples, i.e. to 
determine the thickness and refractive index of each layer a Semilab SE- 
2000 Spectroscopic Ellipsometer was used. The measurements were 
performed in the wavelength range of 250–975 nm, at three angles of 
incidence (65◦, 60◦and 55◦), close to the center of the samples. Refer
ence values were used for the refractive index of the bare glass, while a 
Sellmeier dispersion law was fitted for the SiO2, pSiO2 and CS layers. The 
thickness and refractive index were calculated from the fitted values of 
twelve replicate samples (n = 12).

2.7. Ellipsometric porosimetry

To determine the open porosity and the pore size distribution of the 
pSiO2 layer, ellipsometric porosimetry measurements were performed 
with a Semilab PS-2000 Ellipsometric Porosimeter. Adsorption 

isotherms of toluene (Carlo Elba, HPLC grade) were measured at 30 ◦C in 
the relative pressure ranges of 0.0005–0.999. Ellipsometric measure
ments were taken in the wavelength range of 250–975 nm, with a fixed 
angle of incidence of 60◦. The samples were placed on a hot plate and 
heated at 150 ◦C for 15 min before loading them into the porosimeter. 
The samples were evacuated, flushed with nitrogen, allowed to cool 
down for 30 min, then evacuated again, before performing the 
measurements.

2.8. Scanning electron microscopy and EDS measurements

For scanning electron microscopy (SEM) SiO2, SiO2/pSiO2 and SiO2/ 
pSiO2/CS coating systems were applied to silicon substrate (Double Side 
Polished, 100, Siegert Wafer GmbH, Germany) to avoid electrostatic 
charging from the glass substrate during the measurement. The silicon 
substrates were cleaned with isopropanol and ultrapure water, then 
plasma treated for 5 min for increasing the polarity of the surface for 
better wettability by the precursor sols. For the treatment, a Smart
Plasma 10 laboratory plasma system was used (Plasma Technology 
GmbH, generator: 40–100 kHz, 300 W) at 50% (150 W) power and 15 Pa 
pressure. Cross-section electron microscopy and elemental mapping of 
the coatings was performed using a Zeiss LEO 1540-XB scanning elec
tron microscope equipped with an Oxford Instruments UltimMax 40 
detector operated at 5 keV acceleration voltage after the samples were 
carefully scratched and broken. AZtecOne analysis software was used for 
the processing, evaluation and visualisation of the EDS data.

2.9. Sample impregnation with R6G dye molecules

The impregnation was carried out in the 10− 4 M R6G aqueous so
lutions at different pH (between 6.0 and 8.8) and at different tempera
tures (12 ◦C, 22 ◦C and 32 ◦C), provided by a Hermle Vibramax 100 
laboratory shaker equipped with a Hermle Incubator 1000 heater, and a 
POL-EKO-APARATURA ILW 115 Cooled incubator. The solutions were 
made by adding 335 μL 1.5− 2 M dye solution into 50 mL Britton- 
Robinson (BR) buffer solution. The BR buffer was prepared using an 
acidic component (0.04 M boric acid, 0.04 M phosphoric acid, 0.04 M 
acetic acid mixture). The desired pH was achieved by adding 0.2 M 
NaOH solution (basic component) to the mixture and constantly moni
toring the pH with a glass combined electrode (Mettler Toledo InLab 
Micro) connected to a Sartorius PB-11 pH meter. During impregnation, 
the samples were placed in the prepared dye solution in a slide staining 
trough in a vertical position, so that the solution was in contact with the 
coating on both sides. The trough was not shaken or stirred during the 
process. After 10 min of impregnation, the samples were taken out, 
rinsed with ultrapure water and dried at room temperature. After 
recording the absorbance spectra of the dry samples, they were 
impregnated for another 10 min, rinsed, dried and measured, and so on, 
until the total impregnation time reached 120 min. The absorbance 
values at 527 nm were corrected by the absorbance measured before 
impregnation, and normalized with the thickness of the layer containing 
the dye to eliminate the error due to the change in layer thickness [37]. 
The results of the dye uptake were calculated from the data of 3 replicate 
samples (n = 3).

The adsorption kinetics was studied by fitting model functions to the 
normalized absorbance values, which is essential for the characteriza
tion of the adsorption efficiency (equilibrium adsorbed amount and 
time-dependency). The most commonly used models for the study of dye 
adsorption from aqueous media on silica and similar mesoporous sor
bents are the pseudo-first-order (PFO) and pseudo-second-order (PSO) 
kinetic models given below as Eq. 4 and 5 respectively [13,40]. 

Anorm = Ae •
(
1 − e− k1 t) (4) 

Anorm =
A2

e k2t
1 + Aek2t

(5) 
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where Anorm [nm− 1]is the normalized absorbance of the sample after a 
given impregnation time t [min], Ae [nm− 1] is the normalized absor
bance at equilibrium, and k1 [min− 1] and k2 [nm/min] are the rate 
constants of the PFO and PSO models respectively.

2.10. Rhodamine 6G release experiments

The dye release experiments were carried out at 25 ◦C by placing an 
impregnated bilayer sample in 25 mL of BR buffer with a pH of 7.4 
(standard ambient temperature and physiological pH). With continuous 
gentle stirring, the spectrum of the buffer solution was recorded every 
minute for 6 h in the 350–800 nm wavelength range using an Agilent FA- 
VAR00-AP0X optical fiber probe connected to an Agilent Cary 60 
UV–Vis spectrophotometer. The spectrum was corrected with the spec
trum of the clean buffer solution, and the absorbance values measured at 
527 nm were used to evaluate the data.

To determine the total amount of dye in the samples, after a 6-h 
measurement they were stored together with the buffer in 30 mL con
tainers for another 162 h (one week in total) at 25 ◦C. Then the samples 
were taken out, rinsed with ultrapure water and dried at room tem
perature. The absorbance spectra of the samples were recorded proving 
that the whole amount of dye has been released. The spectra of the 
buffers were also recorded, and the measured absorbance at 527 nm 
considered as 100% and used to normalize the data from the release 
experiments. To calculate the concentration and exact amount of dye, a 
calibration curve was used, for which a series of calibration solutions 
were prepared with the pH 7.4 BR buffer in the concentration range 
between 0.5 and 10 μM. The results were calculated from the data of 3 
replicate samples (n = 3).

2.11. Additional measurements

For the detailed description of the molecular weight determination of 
the chitosan polymer, the infrared spectroscopy and the surface zeta 
potential measurements, see Section A1 in Appendix.

2.12. Statistical analysis

Mean with standard deviation and ANOVA test (p < 0.05) were used 
for the statistical analysis using OriginPro 8.6 software (OriginLab 
Corporation, Northampton, MA, USA). Significant differences in the 
figures are marked with lowercase letters above the data points, where 
the different letters mean significantly different values (compact letter 
display).

3. Results and discussion

3.1. Characterization of the model system

To interpret the results of the dye uptake tests, it is essential to know 
the properties of the investigated bilayer coating system precisely, 
because the thickness of the coatings, the properties of the CS polymer 
and the porosity of the pSiO2 can significantly affect the amount of dye 
adsorbed and the kinetics of adsorption and release. The thickness, 
refractive index and porosity of the coatings were studied by UV–Vis 
spectroscopy and spectroscopic ellipsometry, while the DA and pKa 
value of the chitosan were studied by NMR spectroscopy and potentio
metric titration.

3.1.1. Thickness and pore structure of the layers
It could be observed with the naked eye that the coatings after each 

deposition were transparent and homogenous (photographs of the 
samples are provided in Fig. A1 in Appendix). The thickness and 
refractive index of coatings were measured with thin layer optical 
analysis (by fitting an optical model to the spectra obtained by 

UV–Visible spectroscopy and spectroscopic ellipsometry). The fitted 
results for the systems are summarized in Table 1 (there are CS coatings 
deposited as the top layer of the bilayer systems and as monolayers on 
glass, listed in the last two rows of the table, respectively). The small 
relative standard deviation of the results (3–4% for thicknesses, while 
0.5% for refractive indices) proves the good reproducibility of the 
nanolayers with this technique.

There is a small difference between the thickness and the refractive 
index of the CS coatings that are monolayers and part of the bilayer 
system, which is probably a consequence of the difference in the 
chemical and morphological properties of the surfaces underneath (glass 
or pSiO2) during coating deposition.

The recorded transmittance spectra of the system after each coating 
deposition can be seen in Fig. 1d. The spectra of the first two layers (SiO2 
and pSiO2) are above the spectrum of the bare glass substrate, because 
the refractive index of these coatings is lower than that of glass 
(approximately 1.52) [41]. The refractive index of the CS coating is 
higher, and the transmittance drops below that of the bare substrate, and 
due to the notable increase in the thickness of the system, the change in 
transmittance due to thin-layer interference becomes more significant.

The structure and thickness of the coatings were investigated using 
scanning electron microscopy as well. The cross-section SEM images of 
the SiO2, SiO2/pSiO2 and SiO2/pSiO2/CS coating systems on silicon 
substrate are provided in Fig. 1a, b and c respectively, where the 
compact and porous structure of the SiO2 and pSiO2 coatings are visible. 
From these images, the thickness of the individual layers can also be 
determined, and the values are in good agreement with the data in 
Table 1 (182 nm, 132 nm and 505 nm respectively for the three layers).

The elemental analysis of the area shown in Fig. 1c was also per
formed using EDS (the obtained spectrum is shown in Fig. A2, while the 
elemental maps are shown in Fig. A3 in the Appendix). The three coating 
layers are clearly separated in the element maps: the substrate is pure 
silicon and the SiO2 and pSiO2 coatings contain only silicon and oxygen. 
The intensity of the signal of these elements reflects the structural dif
ferences (i.e. compact and porous coating). Moreover, the elemental 
map of the CS coating is dominated by carbon and nitrogen.

The chemical structure and composition of the coating layers were 
also confirmed by ATR-FTIR measurements. The obtained spectra (in 
Fig. A4) and their interpretation can be found in the Appendix.

Based on the results of spectroscopic ellipsometry, the porosity of the 
pSiO2 coating is 30 ± 1%, which decreases slightly when the CS coating 
is applied, because the CS solution penetrates the pores and after drying, 
the polymer fills about 18 ± 3% of them (calculated from multilayered 
Bruggeman effective medium approximation-based model). This 
porosity value is in good agreement with that obtained from ellipso
metric porosimetry (see the highest y-value of the isotherm in Fig. 1e). 
Based on the results, the specific surface area of the coating was also 
estimated: considering the excluded surface area of a single toluene 
molecule as 0.55 nm2 [41], the resulting specific surface area was 929 ±
3 m2/cm3.

3.1.2. Pore size distribution of the pSiO2 layer
The pore system of the pSiO2 layer was characterized by 

Table 1 
Thickness and refractive index values for each layer in the studied systems 
measured by spectroscopic ellipsometry (SE) or UV–Visible spectroscopy 
(UV–Vis) (Mean ± standard deviation, n = 12, the layers studied by SE are part 
of the bilayer model system, the data were determined by evaluating the spec
trum of the entire system).

Method Coating Thickness [nm] Refractive index [− ]

SE
SiO2 187 ± 4 1.4355 ± 0.0013
pSiO2 (on SiO2) 131 ± 5 1.3158 ± 0.0040
CS (on SiO2 and pSiO2) 471 ± 15 1.5722 ± 0.0024

UV–Vis CS (monolayer) on glass 402 ± 15 1.5407 ± 0.0041
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Fig. 1. Cross-section SEM images of the SiO2 (a), SiO2/pSiO2 (b) and SiO2/pSiO2/CS (c) coating systems on silicon substrate (arrows indicating the different layers, 
scale bars are 200 nm), transmittance spectra of the studied system on glass substrate after each coating deposition (d) and the adsorption isotherm (e) and calculated 
pore size distribution (f) of the pSiO2 coating.

Fig. 2. The solid state C13 CP-MAS NMR spectrum of the CS sample with the notation of the peaks (a), the titration curves of the pure and CS-containing HCl solutions 
(b) and the degree of protonation of the polymer calculated from the titration curves (c) (the multiple curves on b and c correspond to parallel measurements).
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ellipsometric porosimetry. Fig. 1e shows the adsorption and desorption 
isotherm obtained at 25 ◦C using toluene as adsorptive material. The 
amount of adsorbed toluene is significant, which means that the pores 
are open and accessible to adsorbing molecules. Based on the relatively 
sharp increase in adsorbed volume at low relative pressure values and 
the sorption-desorption hysteresis, it can be assumed, that the pore 
system of the coating is mainly composed of mesopores with uniform 
pore sizes. The pore radius distribution of the system is presented in 
Fig. 1f. The calculated average pore radius is 1.9 ± 0.1 nm from the 
adsorption and 1.7 ± 0.1 nm from the desorption isotherms. Using the 
same sol recipe and template, Kócs et al. previously produced silica 
nanocoatings with similar pore size distribution [42].

3.1.3. Properties of the chitosan
Since the degree of acetylation (DA) of the CS greatly influences the 

permeability of the nanolayer against charged molecules [37], the first 
step was to determine its exact value. For this, solid state C13 CP-MAS 
NMR spectroscopy and potentiometric titration were used (the latter 
also allowed the determination of the pKa value of the polymer, which is 
critical for pH-responsiveness). The NMR spectrum of the CS is shown in 
Fig. 2a (for the notation of the carbon atoms, see Ref. [43]). The DA 
value of the polymer can be calculated from the ratios of the integral 
values on the NMR spectrum according to Eq. 1. which was found to be 
18 ± 1%.

The titration curves of the control HCl solution and the CS-containing 
HCl solutions are presented in Fig. 2b. While the curve of the pure HCl 
solution shows only one inflexion, the curves of the CS-containing so
lutions have two: the one at smaller NaOH volume (V1) corresponds to 
the neutralization of HCl, and the one at V2 corresponds to the 
neutralization of the quaternary ammonium groups of CS. From the 
difference of V1 and V2, the DA value can also be calculated using Eq. 2, 
which gives 19 ± 1% as a result. The agreement between the DA values 
obtained from the NMR spectrum and the titration curve is reasonable, 
considering that the difference between these measurement methods 
can be several percents [44,45]. The result obtained is also within the 
limits specified by the manufacturer of the polymer (15–25%).

The degree of protonation (α) of the polymer as a function of pH 
(calculated from the titration curve data using Eq. 3) is shown in Fig. 2c. 
Since CS precipitated around pH 6.9, and thus Eq. 3 could no longer be 
used, the curves were only plotted up to this point [30]. The pKa value of 
the polymer can be estimated as the pH corresponding with α = 0.5. The 
value calculated this way is 6.46 ± 0.03, which is close to the value 
found in the literature for chitosan with similar DA [46,47]. The mo
lecular weight of the polymer was determined by viscosimetry. The 
calculated value was 388 kDa (for the viscosity values and the linear fit 
see Fig. A5 in Appendix).

3.2. Dye accumulation in the model coatings

To investigate the effect of pH and temperature on the adsorption 
process, the samples were impregnated in 10− 4 M R6G solutions pre
pared from Britton-Robinson (BR) buffer solutions (from pH 6.0 to pH 
8.8) at 12 ◦C, 22 ◦C and 32 ◦C. This pH range adequately examines the 
range around physiological pH (7.4) encountered during application 
without the structural damage of the chitosan coating. The accumula
tion of the dye was characterized by the absorbance of the samples. To 
eliminate absorbance differences due to variations in layer thickness, the 
absorbance of the coatings measured at 527 nm was divided by the layer 
thickness of either the pSiO2 coating (for bilayer systems and bare pSiO2 
coatings) or the CS coating (for CS monolayers).

3.2.1. The effect of pH on the absorbance of the samples
To better understand the phenomenon and the contribution of the 

individual nanolayers, the impregnation was performed not only on the 
bilayer model system but also on bare pSiO2 layers (not coated with CS) 
and on CS monolayers. The normalized absorbance values obtained in 

this way are summarized as a function of impregnation time and pH in 
Fig. 3a, b and c (for the bare pSiO2 coatings, CS monolayers and bilayer 
model systems respectively). The figures show that the normalized 
absorbance values become constant by the 120th minute, characterizing 
a close to limitation value of the dye uptake. These values are summa
rized in Fig. 3d for the studied systems. Note the break on the y-axis, 
which shows that the CS monolayers absorbed significantly less dye than 
either the bare pSiO2 or the bilayer systems. This demonstrates that the 
dye can accumulate in the pores of the pSiO2 coating even when 
diffusing through the CS layer, due to the strong electrostatic attraction 
between the pore wall and the dye molecules [17]. To confirm this 
attraction, the surface zeta potential of the pSiO2 coating was measured 
at pH 6.0, 7.4 and 8.8. The results are shown in Fig. A6 in the Appendix 
and clearly demonstrate that the coating surface (and thus presumably 
the inner wall of the pores) is negatively charged in the tested pH range.

For the bare pSiO2 coatings and CS monolayers (Fig. 3a and b) the 
close to limitation value of the adsorbed dye increases with increasing 
pH. In the case of the silica, this can be attributed to the increase of 
negative charge density at the surface of the pores [48], while in the case 
of the CS coating the decrease in positive charge density (due to the 
decreasing number of protonated amino groups) reduces the electro
static repulsion between the cationic dye and the polymer, thus allowing 
secondary (attractive van der Waals) molecular interactions to prevail. 
For the bilayer model systems, the adsorbed amount of R6G also in
creases with increasing pH. The change in the limitation value of the 
adsorbed dye in the case of the bilayer systems can be explained by the 
principle that a coupled equilibrium is established in the system between 
the dye solution, the CS coating and the pSiO2 coating. The CS coating 
maintains equilibrium with the R6G solution of constant concentration 
of 10− 4 M, and the amount of dye accumulating in the CS is influenced 
by its charge density. The pSiO2 coating maintains adsorption equilib
rium with the concentration (activity) of dye in the CS coating, hence the 
system behaves at different pH values as if the pSiO2 coating were in 
equilibrium with dye solutions of different concentrations (activity) 
[37].

3.2.2. The effect of temperature on the absorbance of the samples
The impregnation of bilayer systems in 10− 4 M R6G solutions pre

pared with pH 6.0, 7.4 and 8.8 BR buffers was additionally carried out at 
12 ◦C and 32 ◦C to study the effect of temperature on the dye accumu
lation. The results are summarized in Fig. 4a, where different pH values 
are represented by different colours and temperatures by different 
markers. The data show that the temperature effect is weak for systems 
impregnated at pH 6.0, while significant differences can be observed for 
pH 7.4 and 8.8, where the amount of dye uptake increases with 
increasing temperature. The only exception is the (pH 8.8, 32 ◦C) sam
ple, which adsorbs a large amount of dye in the initial stage but releases 
it as the impregnation progresses. This was also observed in the case of 
the other samples, which were kept in the dye solution for another 24 h, 
and the amount of dye adsorbed decreased drastically (data not shown). 
This is presumably because during prolonged soaking, especially at 
alkaline pH (near 9) the dissolution of silica may occur, which reduces 
the specific surface area of the porous coating [48]. This erosion process 
is of great importance, not only in terms of the amount of dye accu
mulated, but also in terms of the kinetics of release. The erosion is 
presumably faster at higher temperature, hence in the case of the sample 
impregnated at pH 8.8 and 32 ◦C it could have occurred within the 
examined 2-h period reducing the amount of adsorbed dye.

In the other cases, the change in the limitation value of adsorbed dye 
can be explained by the above-described coupled equilibrium (thus the 
change in the charge density of the CS coating). Cho et al. investigated 
the degree of protonation of CS as a function of pH and temperature 
[49]. Based on their results, at a given pH value in the range of 3 to 9, the 
degree of protonation decreases with increasing temperature. As the 
degree of protonation decreases, the concentration of dye accumulated 
in the chitosan coating increases (due to the weaker electrostatic 
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repulsion), which results in an increase in the equilibrium amount of dye 
adsorbed by the pSiO2 layer.

3.2.3. Sorption kinetics: pseudo-first- and pseudo-second-order models
To quantify the kinetics of the sorption process, two well-known 

kinetic models were fitted to the values of normalized absorbances: 
the pseudo-first-order (PFO) and pseudo-second-order (PSO) models, 
which are described in Section 2.9. An example for the fitting is shown in 
Fig. A7 in Appendix. The fitted model parameters are summarized in 
Table 2, where the correlation factor (R2) characterizing the fit is also 
included in each case. Model fit was not possible at the values measured 
for pH 6.0 due to the small absorbance values measured in the initial 
stage of impregnation. The correlation factor (R2) of the PSO model was 
the same or higher compared to the PFO model in every case, which 
means that the former model is more suitable for describing the kinetics 
of R6G adsorption. Huang et al. also observed pseudo-second-order ki
netics, when studying the adsorption of cationic dyes (methylene blue 
and Janus Green B) onto mesoporous silica [50]. However, it should be 
emphasized that due to the reactive reservoir nature of the pSiO2 coating 
(possible erosion), a change in mechanism may occur even during the 
sorption process.

Based on the data of Table 2, the equilibrium amount of dye uptake 
(Ae value) increases with increasing pH at a given temperature, which 
can also be attributed to the previously described coupled equilibrium, 
the lower charge density of the less protonated polymer matrix and the 
increase in the negative charge density of the pore walls. Similarly, at a 
given temperature, the dye uptake rate is also higher at more alkaline pH 

Fig. 3. The normalized absorbance values of the individual coating systems during impregnation at 22 ◦C in R6G solutions with different pH: Gls/SiO2/pSiO2 (a), 
Gls/CS (b), Gls/SiO2/pSiO2/CS (c) and the values for 120 min (close to limitation values) for all cases examined (d). The absorbances were normalized to the 
thickness of the pSiO2 layer (a, and b), and to the thickness of the CS layer (c). (Mean ± standard deviation, n = 3, the letters above the data points in Fig. 3d indicate 
significant differences in the three data sets, where a common letter means that the two data values are not significantly different).

Fig. 4. The normalized absorbance values of the bilayer coating systems during 
impregnation at different pH and temperature (Mean ± standard deviation, n 
= 3).
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(indicated by the larger k2 value), which is probably due to faster 
diffusion through the CS matrix caused by the lower electrostatic 
repulsion.

3.3. Investigations of dye release

Dye release tests were performed only for the four samples with the 
highest dye uptake (pH 8.8, 12 ◦C and 22 ◦C, and pH 7.4, 22 ◦C and 
32 ◦C) and for the bare pSiO2 layer as a reference. Since the primary 
application of the coating systems would be on the surface of medical 
implants, physiological pH was used during the release tests. During the 
experiments, the samples were immersed in BR buffer with pH 7.4 at 
25 ◦C, and the amount of dye released was determined by monitoring 
the absorbance of the solution at 527 nm. After the six-hour test, the 
samples were soaked in the buffer for an additional 162 h, during which 
time the entire amount of dye was released (confirmed by absorbance 
measurements, data not shown). The coatings maintained their macro
scopic integrity and remained attached to the substrate even after this 
168 h soaking. Considering the absorbance of the solution measured 
after this as 100%, the released quantity of R6G in the first six hours can 
be determined, as shown in Fig. 5a for the selected samples.

Additionally, using the calibration line calculated from the absor
bances measured in pH 7.4 buffer (see Fig. A8a in Appendix), the R6G 
concentration of the solution during release can also be calculated (see 
Fig. A8b in Appendix). Given the known volume of the buffer (25 mL), 
the volume and specific surface area of the coating, the amount of R6G 
accumulated in a sample, its concentration, and the surface coverage 
after impregnation can be calculated (assuming the excluded surface 
area of a single R6G molecule as 1.59 nm2 [51]. The results showed that 
the dye concentration in the bare pSiO2 coating was approximately 0.32 
M, three orders of magnitude higher than in the impregnating solution 
(10− 4 M), which highlights the high efficiency of sorption based on 
electrostatic interaction [17,52]. The dye covered nearly 35% of the 
surface area of the coating, presumably because the pore sizes are 
comparable to the molecular sizes, so perfect coverage was not achieved 
due to geometric constraints. Douba and coworkers performed R6G 
sorption experiments on mesoporous silica particles with similar pore 
size and specific surface area, and based on their results, the dye covers 
only nearly 20% of the surface area of the pores [53]. The dye con
centration for chitosan-coated samples varies between 0.19 and 0.14 M, 
while the R6G-coverage between 19% and 15% depending on pH and 
temperature. The detailed calculations and the exact data for the 
selected samples (Table A1), as well as the calculated sorption capacities 
according to the Ae values of the PFO and PSO models (Table A2) are 
summarized in the Appendix.

The release curve of the pSiO2 coating can be divided into two sec
tions: a shorter initial section, during which a large amount of dye is 
suddenly released (so-called burst release) and a longer section, during 
which the release is slower. This type of release profile is typical of 
mesoporous systems, and can be very important in such cases where a 
sudden release of a large amount of drug is required, e. g. for acute in
fections or inflammations [54]. Jarosz et al. assumed that during the 
burst release, the dye desorbs from the outer surface of the mesoporous 
coating (which is a faster process), while in the subsequent stage, the dye 
bound on the internal surfaces of the pores is released, during which 
both diffusion and desorption are decisive [55].

To study the mechanism of dye release and to more accurately 
compare individual release curves, it is also advisable to fit kinetic 
models whose parameters can characterize the release process. One of 
the most commonly used models is the Korsmeyer-Peppas model, which 
is described by Eq. 6. 

A
A∞

= KKP • tn (6) 
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constant and n [− ] is the release exponent, the value of which helps to 
understand the mechanism of the release. When n is 0.5, we can speak of 
purely diffusion-controlled release, and below 0.5 of quasi-Fickian 
diffusion. In the case of an exponent between 0.5 and 1, not only 
diffusion is the determining factor, but also other effects (sorption pro
cesses or matrix erosion). The model gives reliable results if the fit is only 
made up to 60% of the released quantity [56] (see Fig. A9a in Appendix). 
If complete diffusion control is achieved in the system, the well-known 
equation developed by Higuchi can be applied [57] (Eq. 8). 

Anorm

A∞
= K •

̅̅
t

√
(7) 

where A/A∞ [− ] is the released quantity at time t [s], and K [s-1/2]is the 

Higuchi constant, which is related to the rate of diffusion (higher K 
means faster diffusion). Plotting the released dye quantities as a function 
of the square root of time, two linear sections can be fitted in the curves 
(one at the initial burst release stage and one at the later stage, see 
Fig. 5b and Fig. A9b in Appendix). The values of the parameters fitted to 
the release curves for the selected samples are summarized in Table 3.

From the data in Table 3, it can be seen that the n value of the 
Korsmeyer-Peppas model is around 0.5 for all CS-coated systems 
impregnated at pH 7.4, which means that the CS coating is able to 
regulate the dye release and diffusion control is achieved in the systems. 
However, in the case of the bare pSiO2 coating, and the CS-coated sys
tems impregnated at pH 8.8, the n value is above 0.5, and the R2 value 
characterizing the applicability of the model is smaller.

The release curves in Fig. 5b and the parameters of the fitted Higuchi 
model also show that in the case of systems impregnated at a more 
alkaline pH, diffusion is much faster in the initial stage (more definite 
burst release, larger slope in Fig. 5b, higher K1 value), and then the 
process slows down similarly to the bare pSiO2 coating (small slope and 
low K2 value). In contrast, in the case of systems impregnated at pH 7.4, 
diffusion is much slower in the initial stage (smaller slope, lower K1 
value), and this does not decrease to such an extent in the later stage 
either (K2 values), resulting in a more uniform and overall slower 
release. See the release curve of the (pH 7.4, 22 ◦C) sample in Fig. 5b. 
This again emphasizes that although the release conditions are the same, 
the impregnation conditions fundamentally determine the kinetics of 
dye release. This is not simply because of the differences in the initial 
dye concentration: the amount of dye adsorbed at the (pH 8.8, 12 ◦C) 
sample is smaller than at the (pH 7.4, 32 ◦C) sample, yet significantly 
faster release is observed in the former case.

Presumably, during impregnation at pH 8.8, the structure of the 
pSiO2 coating (reactive reservoir) may change (small dissolution and 
precipitation, ripening process), which causes the pore sizes to increase, 
enabling a more significant burst release, which the CS coating cannot 
regulate in the release stage. By changing the impregnation conditions, 
this effect can be tuned, achieving a more pronounced burst release or 
slower, even release.

4. Conclusions

Accumulation and release of R6G dye molecules were studied by 
using a bilayer (mesoporous silica/chitosan) coating in aqueous buffer 
solutions to model the behaviour of nanolayer-type drug delivery sys
tems containing cationic drugs. The cationic dye molecules penetrated 
the chitosan nanolayer and mainly adsorbed in the mesoporous silica 
sublayer. Increasing the pH of the loading solution an increased amount 
of dye accumulated in the porous silica via a coupled equilibrium be
tween the layers and the loading solution. This is indirect evidence that 
increasing the pH of the impregnating liquid increased the negative 
charge density of the pore walls. In extreme cases, the solvent can widen 
the pores through a kind of pseudomorphic transformation, [58,59] and 
the dye molecules in the pores can presumably facilitate this process as a 
structure directing agent, which favors the burst release of the active 
ingredient at the beginning of the process. Though the chitosan nano
layer could moderate the effect of the alkaline medium on the silica pore 
walls, at the highest investigated pH (8.8) and elevated temperature 
(32 ◦C) erosion of silica can occur that manifested itself in desorption of 
dye molecules. Hence, chitosan on the silica layer directly influences the 
time evolution of the release (extending the slow stage of that), but also 
indirectly during the uptake process, as it protects the pore system from 
damage under, especially, more alkaline conditions. At maximum pro
tection this biopolymer layer can eliminate the burst release stage of the 
process.

Summarizing, the most important finding of this work is that by 
using the same two-layer coating for drug uptake and release, drug 
release can be influenced by the conditions of uptake provided that the 
reservoir containing the drug chemically interacts with the drug solvent 

Fig. 5. The amount of dye released during the first six-hour period for the 
uncoated pSiO2 layer (black squares) and the selected two-layer systems with 
the highest dye uptake (a), and the same data points as a function of the square 
root of time, to illustrate the difference in diffusion rate during burst release and 
slower release phases based on the Higuchi model (b) (the legend shows the 
conditions of impregnation, Mean ± standard deviation, n = 3).
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during uptake. This offers a new opportunity to fine-tune the time 
evolution of the release and to develop coating-type drug delivery sys
tems for use in implant technology.

Abbreviations

BR Britton-Robinson (buffer)
CS chitosan
DA degree of acetylation
Gls glass substrate
P123 Pluronic P123 template
PFO pseudo-first-order (kinetic model)
PSO pseudo-second-order (kinetic model)
R6G rhodamine 6G dye
pSiO2 mesoporous silica
SiO2 compact silica
SE spectroscopic ellipsometry
TEOS tetraethyl orthosilicate
UV–Vis UV–visible spectroscopy
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EKÖP-25-4-1-BME-132 and STARTING 152904.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2026.151432.

Data availability

Data will be made available on request.

References
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