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ABSTRACT

Mesoporous silica nanoparticle has been garnering a lot of attention as a drug carrier in drug delivery systems due 
to their unique physiochemical properties, including high surface area, tunable pore structure, high pore volume and 
their excellent biocompatibility. Despite the advantages, ensuring the drugs are carried to the targeted areas 
can be a challenge. Hence, a pH-responsive gatekeeper namely chitosan, was used for the surface modification of 
mesoporous silica nanoparticle. In this study, via the sol-gel method, mesoporous silica nanoparticle was 
synthesised, and chlorhexidine was loaded into the pores of mesoporous silica nanoparticle. Further coating of 
mesoporous silica nanoparticle with chitosan conjugated ibuprofen was done to enable the dual drug loading and pH 
sensitive release. To confirm the loading and the coating on the surface of mesoporous silica nanoparticle, FTIR and 
TEM was used. The drug release was also studied in-vitro in controlled release behaviour under acidic 
conditions, mimicking the oral disease environment as well as in neutral conditions as a comparison for when the 
oral cavity is healthy. At pH 4.5, the maximum release reached 41.0% for CHX and 10.5% for IBP, compared to 30.4% 
and 7.4% respectively, at neutral pH. The findings suggests that MSN/CHX-CHI/IBP is promising for dual delivery in 
dental applications, demonstrating pH-responsive behavior with significantly higher release under acidic conditions.
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INTRODUCTION

In the past years, the use of nanotechnology in the medicine 
field has been tested and modified, especially in the 
diagnostic method approach, as well as imagery and drug 
delivery (Sim & Wong 2021). The application of 
nanotechnology in the medicine and healthcare field is 
usually referred to as nanomedicine. This nanomedicine 
specifically uses technologies in nanoscale and techniques 
that are enabled in nanotechnology to prevent, diagnose, 
monitor and treat diseases. It also advances in treating 
several diseases namely cardiovascular disease, psychiatric 
and neurodegenerative diseases, bacterial infections as well 
as cancer.

Nanotechnology in drug delivery enables a platform 
that is versatile in terms of the design and the development 
of advanced drug delivery systems. This allows precise 
control over the kinetics of drug release, biodistribution 

and targeting (Kumar & Purshotam 2019). The ability to 
manipulate materials at nanoscale has enable the possibility 
to overcome the challenges in conventional drug delivery. 
Such problems include poor solubility, off-target effects 
and limited bioavailability. Hence, with the use of 
nanotechnology, it is expected to enhance the therapeutic 
efficacy of drugs at the same time reducing the adverse 
side effects on tissues that are healthy. This can be achieved 
by manipulating the drug-loaded nanoparticles by making 
it acquire physiochemical properties that allows for 
efficient delivery of drugs at the targeted sites within the 
body. 

Researchers have been able to tailor these nanoparticles 
according to their desirable characteristics which includes 
the size, shape as well as functionalisation by exploiting 
the principles of nanoscale science (Kumar & Purshotam 
2019). On top of that, the surface of these nanoparticles 
can be modified so that they are able to respond towards 
certain stimulus such as pH, temperature and enzymatic 
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activity (Fang et al. 2023 ; Kumar & Purshotam 2019). 
This is so that drugs can be delivered in a controlled and 
targeted manner.

One of the most used nanoparticles in drug delivery 
is mesoporous silica nanoparticles (MSN), owing to the 
factor of its small size and unique mesopore structures 
(Day et al. 2021), high surface area (Day et al. 2021 ; 
Galabova 2022 ; Porrang et al. 2022 ; Racles et al. 2022 ; 
Saputra et al. 2022), high pore volume (Day et al. 2021 ; 
Galabova 2022 ; Porrang et al. 2022 ; Racles et al. 2022) 
as well as tunable pore size (Day et al. 2021 ; Fang et al. 
2023 ; Galabova 2022). On top of that, according to Racles 
et al. 2022, MSN is also chemically stable and biocompatible. 
However, according to Saputra et al. 2022, MSN cannot 
control the delivery of drugs, making the disease treatment 
ineffective and inefficient. Hence, a lot of effort has been 
done to improve the surface of MSN (Day et al. 2021). 
This approach involves surface engineering of MSN with 
a variety of targeting functions to enhance the precision 
and selectivity of the system as nanocarrier. A good drug 
delivery system can ensure the drugs are not released 
prematurely, this is to avoid drug release at a non-targeted 
area (Zhang et al. 2022). According to both Zhang et al. 
2020 and Liao et al. 2021, a gatekeeper is important to 
ensure the drug release is targeted and does not leak. 
Researchers have been designing different gatekeepers that 
are responsive towards certain stimulus. These gatekeepers 
are designed to open and release drugs when stimulated 
by pH, temperature, light, as well as enzymes (Liao et al. 
2021).

Chitosan (CHI) has been recognised as a promisable 
gatekeeper by many research groups, because it has low 
toxicity, have excellent biodegradability and low 
immunogenicity (Liao et al. 2021). On top of that, it is also 
biodegradable and have antibacterial activity (Karayianni 
et al. 2023 ; Zhang et al. 2021). Aside from being used in 
the biomedicine and genetic engineering industry, CHI is 
important in agriculture, food production, environmental 
pollution control, cosmetic and others. CHI have a lot of 
amino groups (-NH2), making its surface highly potential 
for surface modification (Zhang et al. 2021). Most 
importantly, CHI is a biopolymer that is sensitive towards 
pH, where at pH <6.5, it will dissociate due to the 
protonation of the amino group (-NH2). This makes CHI 
suitable to be used as a gatekeeper that is responsive 
towards pH, to control the release of drugs at targeted area, 
because the existence of pathogens such as S. mutans 
produces highly acidic niches with pH value close to 4.5 
(Lu et al. 2018). This will make the microenvironment 
acidic, and the accumulation of biofilm will be continuous.

Chlorhexidine (CHX) is considered the “gold 
standard” when it comes to oral antiseptics that have broad-
spectrum efficacy among other antibacterial agents (Fang 

et al. 2023 ; Lu et al. 2018). Its application has been 
extensively studied in mouthwash, dentin adhesives and 
repair supplies (Fang et al. 2023). Ibuprofen (IBP) is a 
non-steroidal anti-inflammatory drug (NSAID) with 
analgesic properties that are usually used to manage pains 
and fever and is administered orally (Abioye et al. 2016 ; 
Constantin et al. 2022). 

Therefore, this study focuses on the development of 
dual drug delivery system using MSN loaded CHX and 
coated with CHI conjugated IBP. By using the pH-
responsive behaviour of CHI and the mesoporous structure 
of MSN, the aim of this system is to achieve controlled 
and targeted release of both antimicrobial and anti-
inflammatory drugs, offering a promising approach for the 
treatment of dental diseases.

EXPERIMENTAL

MATERIALS AND APPARATUS

The materials used in this experiment was ethylene glycol 
( E G ) ,  a m m o n i u m  h y d r o x i d e  ( N H 4 O H ) , 
cetyltrimethylammonium bromide (CTAB), tetraethyl 
orthosilicate (TEOS), chlorhexidine, ibuprofen, chitosan, 
acetic acid 2%, ethanol, phosphate buffer saline (PBS), hot 
plate magnetic stirrer, centrifuge, ultrasonic bath, oven, 
furnace, UV-Vis, FTIR and TEM.

SYNTHESIS OF MESOPOROUS SILICA 
NANOPARTICLE (MSN)

The synthesis of MSN is done by following the modified 
sol-gel method. The steps are as follow. Ethylene glycol, 
ammonium hydroxide, CTAB were added into distilled 
water (DW) and stirred for 30 minutes. It is then followed 
by adding TEOS as the silica precursor into the mixture 
and continued stirring for 2 hours. To collect the sample, 
the mixture is then centrifuged and washed using the 
mixture of ethanol: DW (1:1). The pellet obtained is then 
dried in the oven overnight. Ensuring the solids are not 
yellowish in colour, it is then followed by calcination to 
remove the surfactant. If the solids obtained after drying 
is yellowish, the washing is repeated before proceeding to 
calcination.

LOADING OF CHLORHEXIDINE (CHX) INTO MSN 
(MSN/CHX)

A mixture of 0.2% of CHX is produced by adding CHX 
into DW. MSN is then added into the 0.2% CHX solution 
and continually stirred for 24 hours. To collect the sample, 
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the mixture is centrifuged and washed using the mixture 
of ethanol:DW (1:1). After washing, the sample is then 
dried in the oven overnight before it can be collected.

CONJUGATION OF IBUPROFEN (IBP) WITH 
CHITOSAN (CHI) (IBP-CHI) AND THE COATING 

OF IBP-CHI ONTO MSN/CHX

Before coating CHI onto the surface of MSN/CHX as the 
gatekeeper, it is first conjugated with IBP for the dual drug 
release of the system. IBP and CHI is added into 2% acetic 
acid and stirred continuously for 2 hours. When the IBP-
CHI is obtained, MSN/CHX is then added into 2% acetic 
acid and stirred to dissolve. IBP-CHI mixture is then added 
into the mix. The mixture is combined by continuous 
stirring for 4 hours. To obtain the sample, the mixture is 
centrifuged followed by washing using the mixture of 
ethanol:DW (1:1). After centrifugation, the sample is then 
dried in the oven overnight.

DRUG RELEASE OF MSN/CHX AND MSN/CHX-
IBP-CHI

The release of drug is done in two different pHs, pH 4.5 
to represent the diseased oral cavity and pH 7 as the 
representation of normal condition in the oral cavity. PBS 
solution is adjusted according to the respected pH by adding 
diluted HCl and/or diluted NaOH. This is the stock solution. 
MSN/CHX is added into 10 ml of the PBS stock solution 
and stirred continuously for seven hours. Following the 
initial time point, a 1 ml aliquot was collected and replaced 
with 1 ml PBS stock solution. The experiment was done 
for both pH 4.5 and 7. The experiment was also repeated 
by testing the drug release of MSN/CHX-IBP-CHI.

CHARACTERISATION

The samples of MSN, MSN/CHX, MSN/CHX-CHI and 
MSN/CHX-CHI/IBP obtained are characterised using 
Fourier Transform Infrared Spectroscopy (FTIR) and 
Transmission Electron Microscopy (TEM).

RESULTS AND DISCUSSION

ADSORPTION OF CHX INTO MSN

Transmission electron microscopy (TEM) was conducted 
to analyse the morphological characteristics of the 
synthesised MSN. Observation on the morphological 
changes of MSN at various stages of functionalisation can 
be done this way.

  

FIGURE 1. a) TEM image of MSN. b) TEM image of MSN/
CHX

It can be observed from Figure 1(a) that MSN 
exhibited a spherical morphology based on the well-defined 
outline. The high contrast and the visible porous structure 
indicate the mesoporous characteristic framework of MSN. 
Upon the loading of CHX as shown in Figure 1(b), the 
previously hollowed part is now filled, making the image 
appear slightly darker with reduced internal contrast, 
particularly within the core region.

FIGURE 2. FTIR spectra comparing MSN with MSN/CHX

To figure out the functional groups present in the 
functionalisation of MSN, FTIR is used to measure how 
each material absorbs infrared (IR) light at different 
wavelengths. Figure 2 shows the comparison of FTIR result 
between MSN and MSN/CHX. Both shows similar Si-O-
Si symmetry stretching at 779 cm-1 and Si-OH at 986 cm-

1. A noticeable difference is observed in the region ~3700-
3000 cm-1, where both are broad. However, the intensity 
of this absorption band for MSN/CHX is reduced compared 
to bare MSN. The reduction of the intensity of this region 
in MSN/CHX, where 3405 cm-1 represent O-H stretching 
can be said to happen due to the dissociation of the O-H 
to form hydrogen bonding with CHX. Similar behaviour 
was observed in calcium hydroxide systems where the 
intensity of O-H stretching was reduced after the binding 
of CHX (Priyadarshini et al. 2017). This is an indicator 
that CHX is successfully loaded into MSN.

MODIFICATION OF MSN WITH CHITOSAN AND 
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CHITOSAN CONJUGATED IBUPROFEN
The surface of MSN is modified by coating with chitosan 
and chitosan conjugated ibuprofen.

FIGURE 3. a) TEM image of MSN/CHX, b) TEM image of 
MSN/CHIX-CHI

Following further coating with chitosan, Figure 3 
shows the TEM image for MSN/CHX and MSN/CHX-
CHI. Comparing the two images, Figure 3(b) is overall 
darker, and the outline of the particles are blurred, 
indicating the presence of chitosan on the outer layer, 
coating the MSN/CHX particles. This is because the 
coating is likely contributing to the reduced electron 
transparency.

FIGURE 4. FTIR spectra comparing MSN/CHX with MSN/
CHX-CHI

Figure 4 shows the FTIR result of coating MSN/CHX 
with CHI. We can see a new peak formed at region ~1400 
cm-1 and ~2900 cm-1, which indicates N-H stretching. This 
can be said that CHI is successfully coated on the surface 
MSN/CHX. Furthermore, the intensity of Si-OH and Si-
O-Si peaks are reduced. This is due to the interactions that 
might occur between Si-OH group and CHI (Zuwanna et 
al, 2025). 

Further modification of MSN/CHX was carried out 
by first conjugating CHI with IBP, with the aim of 
developing a nanocarrier system that is capable of dual 
drug functionalisation.

 

FIGURE 5. FTIR spectra comparing MSN/CHX with MSN/
CHX-CHI/IBP

Figure 5 shows the comparison of before and after the 
coating with CHI conjugated IBP. However, no noticeable 
changes occur. This suggests either low coating of the CHI 
conjugated IBP that it cannot be detected using FTIR or 
the conjugation of CHI with IBP masked the CHI-specific 
vibration and the conjugation of IBP onto CHI is low that 
it may not be detected. It also noted that in Figure 4, FTIR 
spectra of MSN/CHX-CHI showed additional peaks that 
indicated N-H stretching, but such peak was not visible in 
Figure 5(b), which is possibly due to the intermolecular 
hydrogen bonding between CHI and IBP, reducing the 
vibration peak of N-H stretching. Similar case was 
observed on the FTIR spectra of synthesised CHI-IBP 
aerogel conducted by Li et al, 2021.

FIGURE 6. a) TEM image of MSN/CHX-CHI, b) TEM image 
of MSN/CHX-CHI/IBP

Figure 6 shows the TEM image of MSN/CHX-CHI 
and MSN/CHX-CHI/IBP. Although we can still see the 
spherical shape of the particles in Figure 6(b), the outlines 
are less defined. The surface seems to be more aggregated 
and less smooth compared to Figure 6(a). This suggests 
that the conjugation of CHI with IBP altered the surface 
morphology and increases the inter-particle interaction, 
possibly through hydrogen bonding.

RELEASE OF CHX AND IBP

A calibration curve of CHX and IBP was done by diluting 
the respected drug with a certain amount of distilled water, 

b
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creating a series of dilutions with different concentrations. 
The wavelengths of these series of dilutions are measured 
using UV-Vis spectroscopy, ranging from 200 nm to 400 
nm. The intensity at peak 255 and 263 nm for CHX and 
IBP is noted to create the calibration curve.

FIGURE 7. Calibration curve of chlorhexidine was determined 
at 255 nm

FIGURE 8. Calibration curve of ibuprofen was determined at 
263 nm

The concentration of CHX and IBP at point time 
during the release can be measured by using the straight-
line equation obtained from the calibration curve in Figure 
7 and Figure 8. The equation for CHX is y = 0.4778x – 
0.0196, while for IBP it is y= 1.3452x + 0.0179.

The drug release of CHX and IBP from MSN/CHX-
CHI and MSN/CHX-CHI/IBP respectively was done in 
two conditions. In pH 4.5 and 7 to represent affected and 
neutral condition correspondingly, for 7 hours. Each sample 
was placed in PBS solution and stirred continuously. At 
every hour, 3 ml aliquots were collected and replaced with 
the PBS solution. The percentage of drug release was 
calculated.

FIGURE 9. the release of CHX from MSN/CHX at pH 4.5 and 
pH 7

Figure 9 shows the release of CHX from MSN/CHX 
at pH 4.5 and 7 for 7 hours. Each pH shows the increasing 
release of CHX as the time continues. This proves that 
without CHI as the gatekeeper, the release of CHX is 
relatively the same for both conditions. It is also observed 
that the release is not consistent where for pH 4.5, a 
decrease in percentage release was observed at hours 3, 6 
and 7. In contrast, no drop in percentage release was 
observed at pH 7, however, the release percentage increased 
from hours 6 to 7, making it inconsistent. The highest 
release percentage at pH 4.5 is 15.4% and the highest for 
pH 7 is 59.1%. Similar observation was recorded by 
Hemmingson et al, 2022 when comparing the release of 
plain CHX-carrier with CHX-carrier coated CHI.  

FIGURE 10. the release of CHX from MSN/CHX-CHI at pH 
4.5 and pH 7

Figure 10 shows the release of MSN from MSN/CHX-
CHI at pH 4.5 and 7 for 7 hours. Although with the presence 
of gatekeeper in pH 7 does not suppress the release of CHX, 
the percentage release is relatively low. The highest release 
percentage at pH 4.5 is 75.4% and the highest for pH 7 is 
48.9%. There is also a decrease in the percentage release 
at hours 4 and 6 for pH 7 whereas for pH 4, the percentage 
release is consistently increasing. This proves that CHI 
dissociates at low pH, causing the drug to be released to 
the surrounding.
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FIGURE 11. the release of CHX and IBP from MSN/CHX-
CHI/IBP at pH 4.5

The drug release from MSN/CHX-CHI/IBP, two drugs 
were analysed at different wavelength. Figure 11 shows 
the percentage release of both drugs at pH 4.5. Although 
the release patterns are similar, the percentage release of 
IBP is significantly lower, with a maximum release of 
10.5%, compared to CHX where the maximum release is 
41%.

It is expected for IBP to be released first due to its 
position in the outer layer on the chitosan coating. 
However, the experimental data showed a lower release of 
IBP compared to CHX which exhibited a higher release 
percentage. There are several factors that can be considered. 
The hydrogen bond and ionic interactions between the 
carboxylic acid group of IBP and the protonated amine 
groups of CHI may hinder its release. It was mentioned by 
Abioye et al (2015), that the higher the concentrations of 
CHI will reduce the dissolution rate of IBP. In contrast, 
CHX is more hydrophilic and positively charged making 
it readily diffuse through the mesopores of MSN and the 
CHI layer. Additionally, the CHI coating may act as a 
diffusion barrier, retaining IBP more strongly on the surface 
compared to CHX that is more mobile within the pores of 
MSN (Hemmingsen et al. 2022 ; Li et al. 2021).

FIGURE 12. the release of CHX and IBP from MSN/CHX-
CHI/IBP at pH 7

Figure 12 shows the result for the release of CHX and 
IBP from MSN/CHX-CHI/IBP at pH 7. Although the 
release of CHX is still a lot more than IBP, it is relatively 
lower than the release at pH 4.5, with maximum percentage 
release of 30.4% and 7.4% for CHX and IBP respectively. 
This shows that the swelling and permeability of CHI at 
pH 7 is limited, resulting in the restriction of drug diffusion. 
Even so, the conjugation of CHI and IBP further hinder 
the release of IBP despite it being on the outer layer. 
Especially in neutral pH, because CHI becomes insoluble 
and less swollen, further entrapping IBP from release.

CONCLUSION

This study successfully demonstrates the development of 
MSN functionalised with CHX and CHI conjugate IBP to 
achieve controlled and pH responsive dual drug release. 
CHI layer acted as a pH-sensitive gatekeeper, enabling 
greater drug release under acidic conditions while limiting 
the release at neutral pH. The structural and morphological 
characterisations confirmed the effective loading of CHX 
into the pores of MSN and subsequent coating with CHI. 
Notably, CHX exhibited higher release efficiency compared 
to IBP, which was likely restricted by the strong interactions 
with CHI. These findings also highlight the potential of 
CHI coated MSN for targeted, pH-triggered drug delivery 
in environments such as infected oral tissues. However, 
further optimisation is recommended to enhance dual-drug 
loading and release efficiency.
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