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A B S T R A C T   

With an annual production of 2.81 million tons, the coconut husk is an essential source of silica. Various ad
vantages of silica as a drug carrier make it one of the most developed materials in drug delivery applications. To 
improve the drug delivery performance of a material, twisted chirality is also classified as a critical factor 
because the pharmacological activity depends on the interaction of the drug with the drug carrier material in the 
target area. In this study, the coconut husk-based mesoporous silica (MS) can be synthesized through a calci
nation and sol-gel method. With the help of anionic surfactant, MS is successfully modified to have a twisted- 
chiral structure (CMS). CMS is characterized by twisted rod-like morphology at a size of 1–2 μm, with a heli
cal arrangement (mixed with the beta-sheet and random coil conformations). CMS’s surface area and pore 
volume are obtained at 288.3 m2/g and 0.614 cm3/g, with an average pore size of 7.63 nm. The maximum 
adsorption of tetracycline (506.5 mg/g) is reached at pH = 4, with the initial concentration of tetracycline at 400 
mg/g, temperature of 323 K, and adsorption time of 600 min. The loading of tetracycline follows the pseudo-first- 
order model with a monolayer mechanism. The bulk migration of tetracycline from the solution into the surface 
of CMS is deemed the primary adsorption mechanism. The in-vitro release study of tetracycline at pH = 7.4 
follows the slow-sustained release model with the cumulative release at 72.3 %, showing better release per
formance compared with the common MS.   

1. Introduction 

Silica, in the form of mesoporous silica (MS), finds uses in many 
applications, including pharmaceutical and drug delivery [1], due to the 
ease of synthesis and surface modification, large surface area, tunable 
pore size, biocompatibility, and bioavailability properties [2]. The 
highly ordered molecule structure owned by MS might also increase 
drug loading, reduce rapid drug release, and prevent physical particle 

degradation [3–5]; hence, suitable for the delivery of various drug 
molecules, proteins, peptides, and genes [6–8]. Recently, a site-specific 
drug delivery system (DDS) has become an essential route to direct and 
deliver drugs to the target site, improving treatment outcomes. This type 
of DDS can be achieved by loading the medicine into a suitable nano
porous carrier that can actively approach the target site. Most drugs and 
their biological targets are twisted-chiral, meaning the drug carrier must 
also be of a twisted structure to host and deliver the drug to the target 
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adequately. Current research has proved that twisted chirality promotes 
better drug delivery and is a critical factor in drug development. Fan 
et al. (2019) and Gou et al. (2022) reported that combining carrier 
material and twisted-chiral structure may increase the chiral recognition 
of the drug to both carrier and biological target, indicated by specific 
responses, e.g., high drug adsorption, targeted distribution, quick 
pharmacodynamics metabolism, transmembrane, and protein increase 
[9,10]. Another study by Hu and Wang (2020) specifically mentioned 
that integrating chirality into MS forms a crimp/twisted channel within 
the structure, further stimulating drug absorptivity and resulting in 
more effective drug loading than common MS [11]. 

This study utilizes coconut husk waste (CHW) as the silica source, 
replacing the commonly employed synthetic silica precursors, e.g., tet
raethyl orthosilicate (TEOS), tetramethyl orthosilicate (TMOS), and 
others. In Indonesia, coconut husk waste (CHW) accumulated about 
2.81 million tons in 2020 with minimum effort to use in practical 
application. Coconut husk contains various components, e.g., cellulose, 
lignin, hemicellulose, and ash, with silica as the most prominent com
pound, which accounts for 35 % of coconut husk ash [12,13]. This leaves 
39,340 tons of silica remaining in CHW, rendering an abundant material 
to fabricate valuable material such as twisted-chiral mesoporous silica 
(CMS). Several studies have been employed to produce MS from natural 
biomasses using the following routes: (1) microemulsion technique, 
sonochemical synthesis, acid leaching, alkaline treatment, and sol-gel 
method [14–16]. Of the available courses, the sol-gel process is the 
most efficient technique, facilitating surface modification and providing 
high stability and surface area [17]. 

Several template molecules to imprint the chiral structure into MS 
include amino acids (i.e., DOPA, tyrosine), sugar, organogel, nano
metals, propranolol, and surfactants [18,19]. Various surfactants, such 
as anionic, cationic, and non-ionic, can be used as twisted-chiral tem
plates. However, anionic surfactant offers some advantages owing to its 
non-toxicity and bio-mimic function to distribute drug molecules into 
animal lungs and brains [10,20]. Several anionic chiral surfactants with 
twisted forms can be made by chiral amino acid combined with 
co-structure directing agents such as 3-aminopropyl-triethoxysilane 
(APTES), N-trimethoxysilylpropyl-N, N, N-trimethylammonium chloride 
(TMAPS), 3-aminopropyltrimethoxysilane (APS) [21]. L-argini
ne/N-miristoyl-L-alanine (C14-L-AlaA), N-myristoyl-L-alanine sodium salt 
(C14-L-AlaS), cetyltrimethylammonium bromide (CTAB), and N-palmi
toyl-DL-glutamic acid are some types of anionic surfactants that are used 
as twisted-chiral template with final morphology as a twist-rod like [22]. 
Among the available surfactants, this study selects N-palmitoyl-DL-glu
tamic acid as an anionic surfactant for the twisted-chiral template of MS. 
N-palmitoyl-DL-glutamic acid shows superiority because of its high 
selectivity, low toxicity, stability, biodegradability, and versatility. This 
component finds applications in various fields, e.g., chromatography, 
drug delivery, and microemulsions [23]. Gayathiri et al. (2022) also 
reported that N-palmitoyl-DL-glutamic acid has low toxicity because it is 
considered a natural amino acid safe for pharmaceutical applications 
[24]. Further, N-palmitoyl-DL-glutamic acid shows good stability in a 
wide pH range and temperature and is biodegradable, which means it 
can degrade naturally over time in the environment compared to the 
other surfactants. 

This study uses tetracycline as the drug model to test the obtained 
twisted-chiral MS (CMS) performance. Tetracycline is mainly applied to 
manage and treat various bacterial infections and works by blocking the 
bond of 30S ribosome and aminoacyl-tRNA from the acceptor, which 
promotes the bacteriostatic condition – in this condition, bacteria cannot 
functionalize, grow, and replicate [25]. Often prescribed as long-term 
medicine for local wounds, tetracycline may cause various side effects 
and multi-drug resistance (MDR) [26,27]; therefore, loading the drug to 
the suitable carrier will limit the usage frequency, improve selectivity 
and safety of drug administration [28,29]. Several MS-based materials 
have been reported to deliver tetracycline – Das et al. (2012) present 
that the hollow sphere mesoporous phosphosilicate nanoparticles are 

efficient in encapsulating tetracycline, particularly due to the presence 
of the hollow core and phosphonium cations in the materials. This work 
observes the controlled release of the tetracycline molecules in an 
aqueous medium with the presence of various bio-relevant metal ions 
[30]. A similar result is seen in the study conducted by Lin et al. (2009), 
which mentions that the hollow (empty) core in their periodic meso
porous organosilica may act as the reservoir to encapsulate and store a 
larger amount of tetracycline and at the same time, decline the release 
rate of the drug [31]. 

Looking at the suitability of MS-based materials and how the interior 
structures of a material affect drug delivery, our key focuses in this study 
are (1) to observe the potential utilization of CHW in synthesizing a drug 
carrier, (2) to imprint twisted-chiral structures in MS using an anionic 
chiral surfactant, and (3) to evaluate its performance in the tetracycline 
uptake/release. The uptake performance is conducted in various pH and 
initial concentrations (Co) and further illustrated using kinetic, 
isotherm, and thermodynamic studies. The in-vitro release profile of 
tetracycline from CMS is also investigated at pH 7.4. 

2. Material and methods 

2.1. Material 

CHW is obtained from a local supplier in Bandung, Indonesia. Sul
furic acid (H2SO4, CAS#7664-93-9, ≥98 % purity), DL-glutamic acid 
monohydrate (CAS#19285-83-7, ≥98 % purity), palmitoyl chloride 
(CAS#112-67-4, ≥97.5 % purity), and acetone (CAS#67-64-1, ≥99 % 
purity) are purchased from Sigma Aldrich (Germany), while sodium 
hydroxide (NaOH, CAS#1310-73-2) is procured from Merck (Germany). 
All chemicals are of reagent grade and used without purification. 

2.2. Fabrication of CMS 

In a typical purification of silica, the coconut husk is initially 
calcined at 650 ◦C for 2 h to produce ashes. Approximately 4.5 g of 
coconut husk ash are dispersed with 100 mL NaOH solution (10 wt% in 
water) and stirred for 1 h at 80 ◦C. After the reaction, the solid is filtered, 
while the supernatant is cooled down and titrated with H2SO4 5 N so
lution until the pH reaches 7, at which the silica gels are formed. The 
silica gels are repeatedly washed with distilled water and oven-dried at 
100 ◦C. The obtained silica powders are subjected to a refluxed reaction 
system with NaOH solution for 24 h to obtain the sodium silicate 
solution. 

The twisted-chiral imprinting is conducted by typical hydrolysis and 
condensation reactions of silica over the chiral surfactant. The chiral 
anionic surfactant (N-palmitoyl-DL-glutamic acid) with twisted structures 
is prepared using a method by Takehara et al. (1972) [32]. At room 
temperature, a certain amount of anionic surfactant (0.54 g) is diluted 
into 37 mL sodium silicate for 6 h. The solution will be then adjusted to 
pH = 11 and aged at 100 ◦C for 36 h to obtain CMS. The aged CMS is 
calcined at 650 ◦C for 10 h to remove the remaining surfactant. 

2.3. Characterization of CMS 

The crystal structure of coconut husk based-MS is analyzed by X-ray 
Diffraction (XRD) analysis using the X’PERT Panalytical Pro X-Ray 
diffractometer (Philip-FEI, Netherland) at 2θ = 5–60⁰, tube current = 20 
mA, running voltage = 40 kV, and constant Cu Kα1 radiation (λ =
1.5406 Å). Meanwhile, its mesopore nanostructure is observed on a 
Malvern PANalytical Empyrean (Malvern Panalytical, United Kingdom) 
small-angle X-ray scattering (SAXS) with a Cu-Kα X-ray tube, at 2θ =
1–5◦. The microscopic feature of CMS is captured using a JEOL JSM- 
6500F (Jeol Ltd., Japan) at an accelerating voltage of 300 kV and a 
working distance of 0.6 mm. The chirality structure of CMS is investi
gated using a Jasco J-1500 circular dichroism (CD) spectrophotometer 
(Jasco Inc., Canada). To measure the textural properties of CMS, the N2 
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sorption analysis is carried out at 77 K using a micromeritics ASAP 2010 
sorption analyzer (Micromeritics Instrument Corporation, USA) after 
degassing the sample for 2 h at 423 K. The point-of-zero-charge (pHpzc) 
of CMS is measured using the drift method with a pH range of 2–12. 

2.4. Uptake study of tetracycline into CMS 

To study the performance of CMS in the tetracycline uptake, CMS 
with the adsorbent loading, ma = 0.03 wt% is introduced to the 

tetracycline solution at various pH (pH = 2, 4, 6, 8, 10, 12) and initial 
drug concentrations (Co = 100, 200, 300, 400, 500 mg/L); each batch is 
collected after a 12-h stirring at 30 ◦C to determine the loaded tetracy
cline amount in CMS. The pH and initial drug concentration giving the 
highest uptake of tetracycline (pHopt and Coopt) are employed 
throughout the kinetic and isotherm studies. 

The kinetic study is conducted by mixing 0.03 wt% CMS into a series 
of tetracycline solution flasks. The adsorption duration and temperature 
are varied at t = 10–600 min and T = 303–323 K. All experiments are 

Fig. 1. A. The XRD pattern of CMS, and (inset) its SAXS analysis; B. SEM of CHW-based silica; C-D. SEM of CMS; E. CD spectra of CMS, F. N2 Sorption profile of CMS; 
G. BJH pore distribution plot of CMS; H. pHpzc of CMS. 
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carried out using 400 mg/L of tetracycline solution (400 mg/L in 
ethanol). Meanwhile, the isotherm study uses various CMS loading on 
the adsorption system (Co = 100, 200, 300, 400, 500, 600, 700 mg/L) 
with an adsorption time of t = 600 min. Similarly, three levels of tem
perature are also employed for this study. The remaining tetracycline 
amount in the supernatant is measured by Shimadzu UV–Vis spectro
photometer 2600 (Shimadzu, Japan) at a wavelength (λ) of 277 nm. The 
amount of tetracycline adsorbed into CMS at a particular time (t) and 
equilibrium (teq) can be computed using equations (1) and (2). 

Qt (mg / g)=
V(Co − Ct)

ms
(1)  

Qe(mg / g)=
V(Co − Ce)

ms
(2)  

Where Co (mg/L) is the initial concentration of tetracycline in solution, 
Ct (mg/L) is the concentration of tetracycline at a particular time, Ce 
(mg/L) is the concentration of tetracycline at equilibrium conditions, V 
(L) is the volume of the tetracycline solution, ms (g) is the mass of CMS 
used in an adsorption batch. Both kinetic and isotherm data are then 
fitted to several adsorption models to elucidate the adsorption behavior. 
The employed adsorption models and parameters are summarized in 
Table S1. Further, the obtained isotherm parameters are used to calcu
late the thermodynamic properties – Gibbs free energy (ΔG◦), enthalpy 
(ΔH◦), and entropy (ΔS◦). 

2.5. In-vitro release study 

The in-vitro release is carried out by dispersing 3 mg tetracycline- 
loaded CMS (Te@CMS) into 5 ml phosphate buffer solution (PBS) 
placed in the dialysis membrane. Subsequently, the membrane con
taining the mixture is immersed in a more extensive 500 ml PBS solu
tion; the system is slow-stirred at 37 ◦C. A 5-ml solution is taken at 
different release times, membrane-filtered, and analyzed using Shi
madzu UV–Vis spectrophotometer 2600 (Shimadzu, Japan) at λ = 270 
nm. Simultaneously, a new PBS solution with the same volume is added 
to maintain the volume of the release system. The release system is set to 
pH = 7.4 to mimic the human body fluid. In this study, the release 
profile of pure tetracycline and tetracycline-loaded MS are also observed 
for comparison. 

3. Result and discussion 

3.1. Characteristics of CMS 

The CHW-based twisted-chiral mesoporous silica (CMS) particles are 
successfully synthesized by sol-gel method on the twisted-chiral tem
plated surfactant, followed by calcination at 650 ◦C to eliminate the 
template. The XRD pattern (Fig. 1A) confirms the amorphous phase of 
SiO2 at 2θ = 22.3, within the range between 2θ = 20–25◦ as reported by 

Huo et al. (2015) and Mohamed et al. (2017) [33,34]. The SAXS analysis 
(Fig. 1A (inset)) exhibits three well-defined peaks for 110, 200, and 211 
planes, with their respective dhkl of 7.40, 6.10 and 4.60 nm. This result 
suggests the existence of mesostructured spacings in the CMS particles. 

The morphology structures of CHW-based silica and its derived CMS 
can be seen in Fig. 1B–D. The waste-derived silica particles (Fig. 1B) are 
irregular in shape with a size range of 600 nm–2 μm. Meanwhile, 
Fig. 1C–D shows that CMS has a twisted rod-like form, indicating that 
the twisted chirality has been successfully incorporated into the MS 
particles using N-palmitoyl-DL-glutamic acid as a template; the average 
particle size of CMS is 1–2 μm. The CD analysis is also introduced to 
check the chirality of CMS using the tetracycline as the chiral probe. As 
displayed in Fig. 1E, the CD spectra of both the tetracycline probe and 
CMS share a similar profile, with non-zero signals located in the range of 
205–210 nm, 220–225 nm, 260–265 nm, and 295–300 nm. These non- 
zero spectra exhibit the chirality of CMS, with the helical arrangement 
of electrons during electronic transitions. Similar to the study conducted 
by Surma et al. (2014), a further observation of the spectra also shows 
that the CMS does not consist of only the α-helix fraction, but there is a 
combination of β-sheet and random coil conformation as well [35]. A 
CDSSTR algorithm is, however, required to confirm the result. 

N2 sorption analysis is performed to measure the porosity of CMS. 
The surface area (SBET), and pore volume (Vp) of CMS are obtained at 
288.3 m2/g and 0.614 cm3/g, respectively. Fig. 1F shows hysteresis loop 
IUPAC type IV, indicating the presence of mesopores. This result is 
verified by the Barrett-Joyner-Halenda (BJH) analysis (Fig. 1G) where 
the highest pore distribution of CMS is found in the range of pore 
diameter (dp) = 2.43–9.26 nm, with the average pore width at 7.63 nm. 
The adsorption profile shows an unrestricted monolayer to multilayer 
adsorption up to high P/P◦. Meanwhile, the desorption profile reveals a 
small bottleneck bump in the P/P◦ range of 0.5–0.8, showing a small 
resistance from the pore shape. The graph presents a sharp increase 
nearing P/P◦ = 1.0, implying the completion of monolayer coverage. 
However, it cannot be directly assumed as a monolayer mechanism due 
to the possibility of monolayer-multilayer adsorption, as this type of 
hysteresis loop can also occur by a pore not filled with condensate due to 
non-rigid aggregated rod-like materials [36]. Therefore, kinetic and 
isotherm studies are also required to illustrate the adsorption behavior. 
The pHpzc of CMS is found at pH = 8.7; the profile is shown in Fig. 1H. 
This explains that at pH < 8.7, the particle of CMS will be protonated 
and has a positive ion charge; at pH > 8.7, the material will be in an 
anionic form and have a negative ion charge [37]. 

3.2. Drug loading study 

3.2.1. Influence of pH and initial concentration of tetracycline 
The influence of pH is studied by adjusting the pH of tetracycline 

from 2 to 12 using 0.1 M NaOH solution and 0.1 M HCl solution. The 
result shows that the maximum uptake of tetracycline occurs at pH 4. 
According to Li et al. (2010) and Manzar et al. (2023), the maximum 

Fig. 2. The influence of the pH (left), and initial concentration (right) for tetracycline adsorption.  
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adsorption of tetracycline occurs in acidic conditions and will decrease 
with the increase in pH [38,39]. In addition, the pHPZC value for CMS is 
at pH = 8.7, and according to the result seen in Fig. 2 (left), the CMS 
particle will have a positive charge below pH 8.7 and a negative charge 
at pH > 8.7. As reported by Jang and Kan (2019) and Wang et al. (2008), 
the pKa value of tetracycline is located at 3.57, 7.49, and 9.88, and can 
be divided into cationic (at pH < 3.57), zwitterionic (at pH =
3.57–7.49), and anionic (at pH > 7.49) predominant species [37,40]. 
Adsorption of tetracycline in the zwitterion phase works along with 
proton saturation, which will increase tetracycline affinity on the sur
face of CMS [41]. On pH > 6, the CMS surface has a negative charge, and 
tetracycline is in the anionic phase. Moreover, tetracycline tends to 
hydrophobically interact with each other at basic conditions and form 
large aggregates that are unable to be absorbed into the CMS pore [42]. 
Therefore, the adsorption of tetracycline at pH > 6 is lower than its 
performance at pH = 4. Although not as strong, it can be seen that quite 
a substantial amount of tetracycline can still be uptaken by CMS at pH >

6; this is likely due to the deposition of the tetracycline aggregates on the 
undissociated silanol group of silica, which reduces the repulsive force 
between tetracycline and CMS. 

Initial concentration is studied by adjusting the concentration of 
tetracycline from 100 to 500 mg/L and pH 4. The result shows that the 
maximum adsorption of tetracycline occurred when the initial concen
tration was 400 mg/L (Fig. 2 (right)). The increase in tetracycline con
centration will cause higher adsorption of tetracycline due to the rise of 
tetracycline mass transfer from the bulk solution to the CMS surface [43, 
44]. However, escalating the initial concentration higher than 400 mg/L 
turns out declines the adsorption capacity of tetracycline onto CMS; 
perhaps, due to the aggregation of tetracycline at higher concentration. 

3.2.2. Kinetic adsorption study 
Tetracycline loading is studied at various times and temperatures 

with Co = 400 mg/L. The adsorption rate is fast until 120 min, then 
reach its equilibrium state from 240 min to 600 min. The kinetic 
adsorption is fitted into some kinetic models, such as pseudo-first-order 
(PFO), pseudo-second-order (PSO), and intraparticle diffusion (IPD). 
The overall result, as mentioned in Table 1, shows that all R2 values are 
close to unity in all temperatures, which suggests that both PFO and PSO 
can describe the adsorption process of tetracycline into CMS. However, 
from Fig. 3, all data can be concluded is more fitted in PFO based on the 
Qe value approach, which implies that the adsorption is controlled by 
physisorption. The k1 value that rises with the increasing temperature 
shows that the adsorption is endothermic in which adsorption capacity 
will increase as the temperature increases [45]. The activation energy is 
also obtained at 32.682 kJ/mol (see Fig. 4). 

The IPD model is conducted to study the migration of tetracycline 
from the bulk solution into the CMS. There are 3 stages of adsorption 
based on the IPD result: surface diffusion, intraparticle diffusion, and 
adsorption-desorption equilibrium [46]. At first, the tetracycline will be 
transferred from bulk solution into the CMS surface, then continue with 
slow diffusion of tetracycline from the boundaries layer into pores of 
CMS, and finally, the chemical binding of tetracycline into active sites of 

Table 1 
Kinetic parameters of tetracycline adsorption into CMS.  

Parameters Temperature (K) 

303 313 323 

PFO 
Qe (mg/g) 336.1 358.4 411.3 
k1 (1/min)) 0.006 0.011 0.014 
R2 0.9963 0.9905 0.9904 

PSO 
Qe (mg/g) 439.7 434.8 477.7 
k2 (g/(mg min)) 1.29 × 10− 5 2.36 × 10− 5 3.30 × 10− 5 

R2 0.9941 0.9945 0.9815 
IPD 

kIPD (mg/(g.min1/2)) 14.67 16.23 17.85 
kIPD 1 1.769 2.625 4.203 
kIPD 2 0.822 0.689 0.685 
kIPD 3 0.089 0.167 0.065 
C 9.99 × 10− 27 20.07 53.42 
R2 0.9692 0.9531 0.8699  

Fig. 3. The kinetic study of tetracycline adsorption into CMS – A. PFO, B. PSO, C. IPD (Co = 400 mg/L, ma = 0.03 wt%, pH = 4.0).  
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CMS. According to the kIPD value that can be seen in Table 1, kIPD1 is 
larger than the other kIPD in each temperature level, which means the 
diffusion of tetracycline from bulk solution into CMS surface is the main 
parameter in the adsorption and followed by intraparticle diffusion and 
physical binding of tetracycline into active sites of CMS. Table 1 also 
shows an increasing value of the surface adsorption constant (C) along 
with temperature. The C constant is proportional to (1) the thickness of 
the boundary layer on the surface of CMS, and (2) the viscous drag 
between the surface of CMS and the tetracycline solution caused by the 
presence of the boundary layer [47,48]. From the thermodynamic 
viewpoint, this viscous drag will enhance the entropy of the system – 
creating a more intensive random movement of the molecules which 
triggers a greater adsorption capacity. Therefore, the escalating profile 
of C suggests that there is a larger contribution of surface binding during 
the uptake process [48,49] at higher temperatures which leads to better 
uptake of tetracycline. This phenomenon confirms the endothermic 
nature of the tetracycline adsorption into CMS. 

3.2.3. Isotherm and thermodynamic adsorption study 
Isotherm study has been conducted using Langmuir, Freundlich, 

Redlich-Peterson, Toth, and Sips models; the summarized data can be 
seen in Table 2. The study shows that the highest uptake of tetracycline 
using CMS is obtained at 506.5 mg/g at the following adsorption con
ditions: pH = 4, Co = 400 mg/L, T = 323 K, and t = 600 min – higher 

Fig. 4. The equilibrium data fitted to various isotherm models (A. Langmuir, B. Freundlich, C. Redlich-Peterson, D. Toth, E. Sips).  

Table 2 
Isotherm parameter of tetracycline adsorption into CMS.  

Parameter Temperature (K) 

303 313 323 

Langmuir 
Qm(L) (mg/g) 451.6 495.5 573.6 
kL (L/mg) 0.013 0.014 0.015 
R2 0.9813 0.9875 0.9807 

Freundlich 
kF ((mg/g)(L/mg)1/n) 54.31 60.58 80.95 
1/nF 0.331 0.327 0.301 
R2 0.9756 0.9811 0.9579 

Redlich-Peterson 
kRP (L/mg) 7.67 8.83 8.31 
αRP (L/mg)g 0.022 0.023 0.015 
G 0.896 0.898 1.000 
R2 0.9823 0.9886 0.9834 

Toth 
Qm(t) (mg/g) 579.9 606.1 573.6 
kt ((mg/L)nt) 11.53 12.35 69.02 
nt 0.613 0.643 1.000 
R2 0.9806 0.9895 0.9834 

Sips 
Qm(S) (mg/g) 530.7 576.0 568.7 
ks ((L/mg)ns) 0.032 0.028 0.013 
ns 1.356 1.303 1.000 
R2 0.9781 0.9899 0.9834  
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than that reported in previous studies. Hanh et al. (2023) reported that 
bottom ash-based magnetic mesoporous silica has an adsorption ca
pacity of tetracycline at 276.74 mg/g [50], while Brigante and Avena 
(2016) studied that MS templated by the biopolymer hydroethyl starch 
may uptake tetracycline until 20 μmol/g (about 8.9 mg/g) [51]. This 
result shows that CMS exhibits a high affinity towards tetracycline, 
which is likely because both materials have chirality in their molecule 
structures. 

According to Fig. 3, the L-curve shape follows Giles classification 
with subclass 2, which implies the adsorption of tetracycline continu
ously increases linearly as the initial concentration until the binding 
sites of the particle reach their saturation capacity [52]. Therefore, there 
is no competition in the adsorption of tetracycline into the CMS surface 
or between solvent and adsorbate attached at the binding sites [53]. The 
R2 value of the Langmuir method that can be seen in Table 2 is more 
fitted than Freundlich, which indicates the adsorption of tetracycline 
into CMS follows the monolayer mechanism. It also implies that the 
surface of CMS is homogeneous [54,55]. Moreover, it is also confirmed 
by the three other methods, which are Redlich-Peterson, Toth, and Sips 
model, where the αRP, nt, dan ns values are increasing toward 1 with R2 

> 0.98 in every temperature level that indicates the adsorption is ho
mogenous [56]. The increasing adsorption capacity (qm(L) =

451.6–573.6 mg/g) as the temperature increases (T = 303–323K) also 
confirms the endothermic reaction. The thermodynamic study is con
ducted using Gibbs free energy changes (ΔG⁰), enthalpy (ΔH⁰), and 
entropy (ΔS⁰); the results can be seen in Table 3. The adsorption of 
tetracycline into CMS is spontaneous and favorable, as confirmed by the 
negative value of ΔG⁰. The endothermic reaction also can be approved 
by the positive ΔH⁰ and the positive ΔS⁰ value indicating the random
ness of adsorbate-solution during adsorption increase [57]. 

3.3. Drug release study 

A drug release study is conducted at pH = 7.4 for 7 days at 37 ◦C. 

Fig. 5 reveals that the release of tetracycline from pure tetracycline, 
tetracycline loaded in MS (Te@MS), and Te@CMS follows the slow- 
sustained first-order profile [58]. The release data are then fitted to 
the model, and the obtained parameters are summarized in Table 4. As 
seen, the coefficients of determination (R2) for all materials are close to 
unity, implying the suitability of the first-order model to the release 
data. The initial loaded amount of tetracycline (mo) in Te@CMS is also 
found to be higher than that of Te@MS – which verifies the ability of 
CMS to load tetracycline in greater amounts as compared with the 
common MS. Meanwhile, the release rates of tetracycline from Te@MS 
(k = 0.001/min) and Te@CMS (k = 0.003/min) are much lower than 
that of pure tetracycline (k = 0.015/min), indicating that loading 
tetracycline to a drug carrier may prevent the burst release. 

As seen in Fig. 5, the release of tetracycline from Te@CMS reaches 
equilibrium after a week, with a cumulative release of 72.3 %, while the 
cumulative releases of pure tetracycline and tetracycline loaded in MS 
(Te@MS) reach only 66.4 % and 69.1 %, respectively. Fig. 5 (inset) 
shows that in the first hour, about 41 % of pure tetracycline has already 
been released, while only 13.9 % and 21.5 % of tetracycline are 
cumulatively released from Te@MS and Te@CMS – indicating the burst 
release characteristics of pure tetracycline. In this early stage, Te@MS 
shows a slower release compared to Te@CMS. However, during the 
second stage, a sharp rise in the cumulative release is monitored in 
Te@MS, while Te@CMS maintains its consistency in sustaining a slow 
release of the drugs, which is expected due to the twisted pore channels 
CMS possesses. This phenomenon proves that CMS has a better release 
profile. The results of this sustained release of tetracycline from CMS can 
be the answer to cope with the possibility of multi-drug resistance, as it 
can provide a stable therapeutic effect for certain patients required to 
take antibiotics for a longer time. 

4. Conclusions 

CMS is successfully fabricated using the sol-gel method with a par
ticle size of 1–2 μm from SEM analysis, a surface area of around 288.3 
m2/g, a pore volume of 0.614 cm3/g, and an average mesopore size of 
7.63 nm. The twisted chirality is successfully impregnated in the helical 
arrangement (mixed with beta-sheet and random coil conformations), as 
confirmed by the CD analysis. With the pHPZC at pH = 8.7, the CMS can 
adsorb tetracycline very well in acidic conditions, and the highest 
adsorption occurs at pH = 4 with an initial concentration of Co = 400 
mg/g. The kinetic adsorption study shows that the adsorption data can 
be fitted to both PFO and PSO; however, according to the Qe value, the 
adsorption process is more likely to follow PFO, which indicates that the 
adsorption process is driven by physisorption. The intraparticle diffu
sion study confirms that the main driving force in the adsorption is when 
the tetracycline molecule diffuses into the surface of CMS. In the 
isotherm study, the Langmuir model is more suitable for illustrating 
adsorption behavior, where the adsorption follows the monolayer 
mechanism. The adsorption of tetracycline into CMS occurs in a spon
taneous and endothermic nature. The release study shows that CMS 
slowly releases the tetracycline, and the sustained release process is in 
equilibrium after a week with a cumulative percentage release of 72.3 
%. The profile of the release study follows the first-order release model, 
which shows that the amount of tetracycline released in the PBS solution 
is proportional to the amount of remaining tetracycline in CMS. This 
work concludes that the twisted morphology of CMS causes the material 
to slowly release the antibiotic so that the same dosage may be delivered 

Table 3 
Thermodynamic parameters of tetracycline adsorption into CMS.  

Temperature (K) ΔG⁰ (kJ/mol) ΔH⁰ (kJ/mol) ΔS⁰ (J/mol.K) 

303 − 1.353 14.77 53.20 
313 − 1.885 
323 − 2.417  

Fig. 5. The in-vitro release study of pure tetracycline, Te@MS, and Te@CMS  

Table 4 
The first-order kinetic parameters for tetracycline release.  

Parameter Te@CMS Te@MS Tetracycline 

k (min− 1) 0.003 0.001 0.015 
mo (mg) 78.51 65.39 58.63 
R2 0.9730 0.9545 0.9255  
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longer without causing any side effects like multi-drug resistance. 
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