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ABSTRACT
Currently, chemotherapy is one of the most practiced approaches for the treatment of cancers. However,
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existing chemotherapeutic drugs have poor aqueous solubility, poor selectivity, higher systematic toxicity,
and poor target accumulation. In this study, we designed and synthesized a boronic acid/ester-based pH-
responsive nano-valve that specifically targets the microenvironment in cancer cells. The nano-valve
comprises phenylboronic acid-coated mesoporous silica nanoparticles (B-MSN) loaded with polyphenolic
compound Rosmarinic acid (ROS-B-MSN). The nano-valve was further coated with lignin (LIG) to achieve
our desired LIG-ROS-BMSN nano-valve for targeted chemotherapy against Hep-G2 and NCI-H460 cell lines.
The structure and properties of NPs were characterized by Fourier-transformed infrared spectroscopy
(FTIR), Scanning Electron Microscopy (SEM) in combination with EDX, and Dynamic light scattering (DLS).
The outcomes revealed that the designed LIG-ROS-BMSN were in the nanorange (144.1+0.70 nm), had
negative Zeta potential (-15.7+0.46 mV) and had a nearly spherical morphology. In vitro, drug release
investigations showed a controlled pH-dependent release profile under mild acidic conditions that could
enhance the targeted chemotherapeutic response against cancer in mild acidic environments. The
obtained LIG-ROS-BMSN nano valve achieved significantly lower ICso values of (1.70+0.01 pg/mL and
3.25+0.14 pg/mL) against Hep-G2 and NCI-H460 cell lines as compared to ROS alone, which was
(14.0£0.7 pg/mL and 29.10+0.25 pg/mL), respectively. The cellular morphology before and after treat-
ment was further confirmed via inverted microscopy. The outcomes of the current study imply that our
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designed LIG-ROS-BMSN nanovalve is a potential carrier for cancer chemotherapeutics.

1. Introduction

Cancer is currently regarded as a serious public health issue, and
chemotherapy is one of the most effective anticancer strategies
(Lavan et al. 2003; Cheng et al. 2017). Traditional drugs for
chemotherapy operate primarily by interfering with DNA replica-
tion and mitosis to promote apoptosis in rapidly growing cancer
cells, thereby limiting tumour growth and inhibiting metastatic
Progression (Lavan et al. 2003; Torchilin 2014). On the other hand,
these drugs have several drawbacks, including a short circulation
life and low water solubility. A substantial number of chemothera-
peutic drugs that are routinely delivered are harmful to healthy
cells, demonstrating their non-selectivity (Petros and DeSimone
2010). Furthermore, chemotherapeutic drugs for the treatment of
cells frequently result in multidrug resistance (MDR), which
includes increased efflux, activation of nuclear DNA repair mecha-
nisms, and changes in drug metabolism; these obstacles com-
promise the clinical effects of chemotherapeutic drugs (Elsabahy
et al. 2015; Elsabahy and Wooley 2015). As a result, higher doses
of chemotherapeutic agents are required to achieve the intended
anticancer effect. Unfortunately, higher anticancer drug doses
result in healthy tissue damage, hair loss, tiredness, infertility, and
organ adverse effects.

The drawbacks of traditional chemotherapy have prompted
the creation of an extensive range of nanoparticles for more
effective and safer chemotherapeutic delivery. This includes
organic (polymers (Kinoh et al. 2016), nonionic surfactants, gra-
phene, and cellular membranes (Zhang et al. 2018)) and inorganic
(iron, gold, silver, zinc, and silica) (Palanikumar et al. 2020).
Mesoporous silica nanoparticles (MSNs) are a viable alternative
support that has been widely employed due to their substantial
pore volume, defined area, efficient biocompatibility, customizable
structure, and thermal stability (Chan and Lin 2015; Wang et al.
2021). MSNs have high drug-loading efficiency due to their large
and uniform pore size and can serve as an effective drug delivery
mechanism for the administration of anticancer drugs (Li et al.
2020; Song et al. 2020). Furthermore, MSNs can be functionalized
with molecular and polymeric moieties on the core to provide
controlled drug delivery (Li et al. 2020). Accordingly, the exterior
surfaces of MSN can be coated with switchable gatekeepers that
respond to external stimuli such as light, pH, temperature, and
antibodies, allowing therapeutic molecules to be delivered on
demand .

Although cancer cells have lower extracellular (6.5-6.8) and
intracellular pH (4.5-5.5) than normal tissues (7.2-7.4),
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pH-responsive drug delivery systems have attracted great interest
(Volk et al. 1993). Based on our information, two types of method-
ologies were adopted to prepare pH-responsive systems. One is
to functionalize acid-labile moieties onto the surface of NPs,
which can be cleaved in the intra and extracellular environments
of cancer cells, to realize the rapid release of drugs. These bonds
include ortho-esters, hydrazine, acetal, cis-acotinyl, etc (Liu et al.
2016). Several DDS pH-responsive nano-drug delivery systems
based on dynamic boronic acid/ester transformation have recently
gained a lot of interest (Cao et al. 2019). Owing to multifunctional
characteristics, boronic acid is widely used in the fields of bio-
medicine, biosensors, chromatographic separation of saccharides,
and drug delivery systems (Wang et al. 2013). In aqueous solu-
tions, when the pH is higher than the pKa of boronic acid, this
leads to the formation of boronic ester, which is promoted by its
strong affinity with diols (Ren et al. 2013). Ester formation is
reversible, and it dissociates when the pH is lower than the pKa
of boronic acid (Elshaarani et al. 2018). This particular characteris-
tic of boronic acid is critical for the development of pH-responsive
nanoformulations. Bearing such captivating characteristics, PBA
coated nanoparticles were effectively utilized as pH responsive
and glucose responsive drug delivery systems for tumour target-
ing (Wang et al. 2012; Wang et al. 2017). For instance, PBA con-
taining a polymeric framework enables pH responsive delivery of
drugs at the tumour site (Li et al. 2014; Chen et al. 2023).
Furthermore, PBA etched polymeric frameworks also enable the
delivery of insulin against diabetes disease (Huang et al. 2019; Ma
et al. 2021). Moreover, PBA coated metal oxide nanoparticles also
showed potent pH responsive delivery of drugs against tumours
(Hei et al. 2019; Kundu et al. 2019). In another study, pH-respon-
sive PBA-coated MSN also showed potent activity against tumours
(Chen et al. 2018).

Rosmarinic acid (ROS) belongs to a polyphenolic class of com-
pounds originating from the rosemary plant in the Lamiaceae
family. ROS possess a variety of biological activities, including
anticancer, anti-inflammatory, antimicrobial, antidiabetic, and anti-
parasitic (Liao et al. 2020). Jin et al. (Jin et al. 2020) reported the
potential of ROS in inhibiting Hep-G2 cells by modulating apop-
tosis, suppressing cell migration, and facilitating caspase activa-
tion. Another study reflects the potential of ROS acid in reversing
the resistance of lung cancer cells against cisplatin (Liao et al.
2020). However, the poor aqueous solubility and non-specificity of
ROS restrict their chemotherapeutic efficacy. To counter that, ROS
were conjugated with nanoparticles that enhanced the thera-
peutic efficacy of ROS, possibly through conjugation with gold
nanoparticles, which enhanced its efficacy against breast cancer
cells (Ferreira-Gongalves et al. 2022). Another study shows that
the association of ROS with silk fibroin nanoparticles enhances its
efficacy against HeLa and MCF-7 cells (Fuster et al. 2021). To date,
no pH-responsive formulation of ROS has been reported to high-
light its increased therapeutic efficacy against lung or liver cancer.

Till now, numerous PBA based polymeric and metal oxide
nanoparticles have served as pH responsive and glucose respon-
sive carriers to enhance the therapeutic efficacy of drugs against
tumours and other diseases; however, many obstacles need to be
addressed for the clinical application of these carriers, such as
poor responsiveness in tumour environments at low pH and poor
biocompatibility. To combat this, in this study, for the first time,
lignin (LIG)-coated PBA based pH responsive nanoparticles loaded
with the phenolic anticancer compound ROS (i.e. LIG-ROS-BMSN)
were developed. LIG and ROS were blended together within a
PBA mesoporous nanoparticle based framework with aim of stim-
ulating the pH responsive release of ROS under mildly acidic

conditions. The functionalized LIG serves as a gatekeeper to pre-
vent drug leakage as well as a colloidal stability and biocompati-
bility enhancer due to the abundant cathecol and other phenolic
groups within its skeleton. Our developed LIG-ROS-BMSN was
investigated for its ability to release drug. The in vitro cytotoxic
activity of our designed pH-responsive BCD-QUE-BZMSN against
Hep-G2 and NCI-H460 cells was also evaluated to observe the
potential for application against cancer cells.

2. Method and materials
2.1. Materials

All solvents used in our experiments were HPLC-grade and
obtained from Fisher Scientific, UK, through a local supplier.
Dicyclohexyl carbodiimide (DCC), 4-dimethyl aminopyridine
(DMAP), ammonium hydroxide (NH4OH), Phenyl boronic acid
(PBA), 3-aminopropyl silane (APT), Cetyl trimethyl ammonium
bromide (CTAB), Tween 80 and ROS were purchased from Sigma
Aldrich through a local supplier.

2.2. Methods

2.2.1. Preparation of MSNs, APT-MSNs, and B-MSNs

To achieve solid MSNs, Stober method was used (Liu et al. 2016).
In brief, CTAB (1.0g) was dissolved in a tertiary mixture of etha-
nol, water, and ammonia (20:100:5), followed by stirring for
30min at 60°C. Then, TEOS (10 ml) was added and the mixture
was stirred continuously for 4h, until the solution was turned
from opaque to white during the course of reaction. The precipi-
tated material was collected by passing the liquid through a filter
paper, and the collected solid product was dispersed in metha-
nolic HCl (10%) and allowed to reflux for 10h to facilitate the
removal of CTAB, followed by washing three times with DI water.
To prepare APT-MSN, APTES (0.6g) was introduced in ACN and
stirred until complete homogenization was achieved. Then,
HMSNs (200mg) were added to the homogenised solution of
APTES and the resultant suspension was stirred for 4h to ensure
complete functionalization. After 4h, the APT-MSN suspension
was centrifuged and washed with ACN to remove the unreacted
APTES. The grafting of boronic acid onto the surface of APT-MSN
involves the carbodimide coupling procedure. CBPA (100 mg) was
dissolved in DMF and introduced in a 50ml round bottom flask.
After ensuring complete homogenization, DCC (600 mg) and
DMAP (100 mg) were added to the solution and allowed to stir
for 10 min to facilitate carbodimide interaction. Afterward, APT-
MSN (200 mg) was added and the mixture was stirred for 24 h at
60 °C. The obtained (B-MSN) was sufficiently rinsed with methanol
to remove unreacted constituents and dried for further use.

2.2.2. Synthesis of ROS-B-MSN and LIG-ROS-BMSN

The ROS loading within the pores B-MSN was accomplished using
a passive drug loading procedure (Akbar et al. 2021). ROS (1-
2mg/mL) solutions were mixed with the fixed concentration of B-
MSN (1 mg/mL) and stirred for 24h to facilitate maximum drug
uptake. After 24 h the drug-loaded (ROS-B-MSN) were centrifuged
and the solid product was rinsed with DW and dried in a vacuum.
To achieve the LIG capping onto the surface of ROS-B-MSN, ROS-
B-MSN (100 mg) was added in water and the pH of the suspen-
sion was adjusted to 9. Then, LIG was added to achieve a ratio of
5:1 w/w between ROS-B-MSN and LIG, followed by stirring for 4 h
to facilitate complexation between boronic acid and catechol moi-
eties present in LIG. The postsynthetic method involves rinsing



with a sufficient quantity of DI water to remove the unreacted lig-
nin, followed by drying for further use.

2.2.3. Size, zeta potential, and polydispersity index (PDI)

The average hydrodynamic diameter, Zeta potential, and PDI of
APT-MSN, B-MSN, ROS-B-MSN, and LIG-ROS-BMSN were obtained
by Zetasizer (Zetasizer Nano ZS90 Malvern Instruments, Malvern,
UK). In brief, the nanosuspensions were added to a plastic cuvette
with care to avoid formation of air bubbles. The cuvette was then
placed on a spectrometer and analysis was conducted under
ambient conditions. The pressure, refractive index, and medium
viscosity were fixed at 80.4, 1.33, and 1.0, respectively. The zeta
potential dip cell was used under aforementioned conditions and
samples concentrations.

2.2.4. SEM-EDX analysis

The prepared nanoparticles were characterized for their morph-
ology and chemical composition using SEM (Thermo Apero 2C Lo
Vac, Thermo fisher scientific U.S.A) coupled with energy-dispersive
X-rays for elemental analysis. The diluted sample was first
mounted on silica wafers and the analysis was performed in a
scattering mode.

2.2.5. Entrapment efficiency determination

The entrapment efficiency of ROS in ROS-B-MSN was determined
by adapting a previously published procedure (Date et al. 2011;
Katara and Sachdeva 2019). The obtained ROS-B-MSN were centri-
fuged at 12,000rpm for 10min to separate ROS-BA-MSN. The
supernatant containing the free drug was analyzed after serial
dilutions at 320nm on a UV-VIS spectrophotometer. The percent-
age drug was calculated using the following relation:

Amount of drug used - unloaded drug
amount of drug used

% Drug Entrapment =

x 100

2.2.6. pH-dependent drug release profiles

The kinetics of drug release in respective buffer solutions were
analyzed using the dialysis method as previously reported
(Abdelnasir et al. 2020). To sum up, 10 mg of LIG-ROS-BMSN was
mixed with 5 ml of buffer (5 ml; pH 5.0 and pH 6.9) that had
1.0% Tween 80 in it. The mixture was then put into the dialysis
bags and secured at both ends. The loaded dialysis bag was then
immersed in a flask containing 50 ml of buffer (pH 5.0 and pH
6.9), followed by shaking at 100 rpm at 37 °C. At specific intervals,
a volume of 2ml was drawn from each flask and replaced with
fresh buffer, and the ROS release was quantified at 320 nm using
a UV-VIS spectrometer (Shimadzu 1800 series, Shimadzu Japan).
The analysis was performed in triplicate and the data was
reported in terms of means and SEM values.

2.2.7. Cell culture

Hep-G2 (Human hepatocarcinoma) and NCI-H460 (Nonsmall cell
lung cancer) cell lines were purchased from American Type
Culture Collection (ATCC, USA). Cells were cultured in the medium
(Hep-G2: Eagle’s Minimum Essential Medium; NCI-H460: modified
RPMI-1640), supplemented with 10% fetal bovine serum (FBS)
using 75 cc sterile tissue culture flask (Corning, United States). The
medium was refreshed every 2-3 days per week. At 80% conflu-
ency, cells were trypsinized and subcultured as per the guidelines
of the manufacturer. Passage numbers (1-5) were used for the
mechanistic study of test samples. All tested samples of solutions
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(i.e. ROS, LIG-BMSN, and LIG-ROS-BMSN) were prepared by using
DMSO as a solvent.

2.2.8. Cytotoxicity evaluation of LIG-BMSN, ROS, and LIG-ROS-
BMSN

The in vitro anticancer activity of ROS, LIG-BMSN, and LIG-ROS-
BMSN was investigated using human carcinoma cell lines (ie.
Hep-G2 and NCI-H460) via a gold standard cellular metabolic MTT
assay according to the published protocol of Jahan et al. (Jahan-
Abad et al. 2017). Briefly, Hep-G2 (7 x 10%) and NCI-H460 (5 x 10%)
cells per well were plated in a sterile tissue culture 96-well micro-
plates (Nest, USA) in triplicate, and kept at 37°C in 5% CO,
atmosphere overnight. Next, the culture plate medium was
loaded with the test compounds at a series of 0.9, 1.8, 7.5, 15,
and 30 pg/mL concentrations, and was reincubated at similar con-
ditions for 24 h. Subsequently, cells were exposed to 0.5 mg/mL of
MTT solution (Waltham, USA) for 4 h. The optical absorption (OD)
of all treated and untreated groups was measured at 570nm
using a microplate reader (Varioskan Microplate Reader, Thermo
Fisher Scientific,c USA). The anticancer activity was quantified
based on survival of exposed Hep-G2 and NCI-H60 with test sam-
ples, as compared with the untreated control group. All groups
were tested in three individual experiments. The percent cell
inhibition through treatment with test samples was quantified
using the following formula:

% Inhibition = 100 -(Absorbance of test compound
— Absorbance of blank)/(Absorbance of control

— Absorbance of blank) x 100

Test samples with anticancer potential were further evaluated
for half maximum inhibitory concentration (ICs), using the EZ Fit
Enzyme Kinetic programme (Perella Scientific Inc, USA).
Identification of the anticancer potential of all tested compounds
was performed in three independent experiments (n = 3).

2.2.9. Evaluation of cellular morphology via inverted microscopy
To evaluate the morphology of the human Hep-G2 and NCI-H460,
cells were seeded in a 6-well tissue culture plate in a similar cul-
ture medium and kept for 24h at 37°C in a 5% CO, atmosphere
overnight to allow cell adhesion. Subsequently, cells were incu-
bated with compounds ICs, value (Hep-G2 cells: 14.0+0.70 pg/mL
ROS, and 1.7£0.01pg/mL LIG-ROS-BMSN; NCI-H460 cells:
29.10+£0.25 pg/mL ROS, and 3.25+0.14 ng/mL LIG-ROS-BMSN) for
24 h. The morphology of cells was observed under an inverted
microscope (Nikon E200, Tokyo, Japan), equipped with a digital
camera.

3. Result and discussion
3.1. Preparation of MSNs, APT-MSNs, and B-MSNs

The synthetic schematic representation of our nanoparticles is
depicted in Figure 1. For synthesis of MSNs,the Stober method
was preferred. It involves hydrolysis of orthosilicate and fusion
taking place in the presence of a surfactant, which can be
removed after the reactions are completed, forming a porous
structure (Wu et al. 2013). FTIR analysis of our developed MSNs
shows the corresponding peak of OH (stretching and bending)
around 3335cm™" and 1640cm™" (Figure 2), as well as the corre-
sponding peak of Si-O stretching peak, which appeared at
1173cm™' and 1043cm™" which complies with our published
findings (Akbar et al. 2021). When APTES was coated onto the
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Figure 2. FTIR spectra of B-MSN, ROS and ROS-BMSN.

surface of MSN, the peak stretching and bending frequencies of
amine appeared at 3253 and 1630cm™' along with the C-H
stretching at 2943cm™' consolidating the synthesis of APT-MSN
(Oliveira et al. 2017). The final step in nanoparticle synthesis
involves the fabrication of a responsive stalk onto the surface of
MSNs and for that, 4-CPBA was used and a carbodimide coupling

OEt
EtO\S'i/\/\NH2

OEt

Ethanol 60 °C

H,N

‘.\';Si \/\/NHZ

NH,
APT-MSN

DCC, DMAP
DMF, 60 °C

OH

process was used to achieve our desired B-MSNs. FTIR analysis of
our developed B-MSN shows an amide (C=0) peak at
1650 cm™',accompanying (C=C) stretching at 1530cm™" (Figure
2). Furthermore, the peak 1380cm™" corresponds to B-O stretch-
ing (Shi et al. 2017), and Si-O stretching vibrations appeared at
1190cm™" and 1040cm™' demonstrating the coating of BA onto
the surface of APT-MSN.

3.2. Synthesis of ROS-B-MSN and LIG-ROS-BMSN

The entrapment of ROS within B-MSN was done with aid of the
passive diffusion technique. FTIR analysis was conducted to ana-
lyze the possible entrapment of ROS within B-MSN. ROS shows
the stretching frequency of OH and C=0 to be around 3110cm™’
and 1720cm™’, respectively. Moreover, C=C and O-H bending
vibrations also appeared at 1600cm™" and 1530 cm™’, respectively
(Figure 2). When loaded onto B-MSN, FTIR frequencies of ROS var-
ied slightly, for instance, the peak of OH was shifted from
3110cm™" to 3103cm™' and the peak of C=0 was shifted from
1720cm™" to 1710cm™". In addition, the peak of C=C was varied
from 1600cm™" to 1580cm™" indicating that ROS is loaded within
the pores of B-MSN via secondary interaction with OH, C=0, and



C=C groups. The final step involves the formation of a boronate
ester between our coated phenylboronic acid and LIG, which pro-
vides the maximum pore capping and minimises drug leakage at
physiological pH. Lignin (LIG) is generally recognized as a poly-
aromatic macromolecular compound rich in catechol moieties
which under basic medium (pH 9) became negatively charged,
thereby interacted with the boron acid moiety and formed bor-
onic ester which is reversible under acidic conditions (Nakahata
et al. 2014; Ralph et al. 2019). FTIR spectra of LIG showed OH
stretching and bending vibration around 3220cm™' and
1621cm™", respectively (Figure 3). Furthermore, the aliphatic C-H
and C=C aromatic stretching also appeared at 2900cm™' and
1480 cm™" which is in agreement with previously published stud-
ies (Derkacheva and Sukhov 2008). When LIG was engineered
onto the surface of ROS-BMSN, the peaks of lignin appeared at
3389cm™, 2930cm™, 1630cm™, and 1530cm™" corresponding
to OH (stretching), C-H (stretching), OH (bending), and C=C
(stretching) designates the existence of our desired LIG-ROS-
BMSN.
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Figure 3. FTIR spectra of LIG, LIG-BMSN and LIG-ROS-BMSN.
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3.3. Size distribution and zeta potential investigations

The main attribute of nano drug delivery systems is their high
surface-to-volume ratio, which may be accomplished by shrinking
the size of nanostructures (Pan et al. 2022). The hydrodynamic
diameter of B-MSN was found to be 309.1+25.5nm. After ROS
adsorption (i.e. ROS-B-MSN), the average diameter was decreased
to 292+19.3nm. When the LIG was added to the drug-loaded
nanovalve (LIG-ROS-BMSN), the size shrunk even more, by 144.1 +
0.70 nm. The decrease in size may be due to the coating of
hydrophobic ROS and LIG onto the surface of nanoparticles,
which reduces aggregation and hence decreases size (Kawish
et al. 2020). This idea was supported even more by changing LIG
directly on the surface of B-MSNs. The results showed that the
LIG-BMSN had a smaller average size, measuring 131.4+16.3 nm.
The polydispersity index (PDI) determined the colloidal homogen-
eity of nanoparticles. PDI values lower than 0.5 indicate more col-
loidal homogeneity (Akbar et al. 2022). In our study, the PDI value

I -
L - pHS5.0
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2 60 j}?,:‘
3
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°\B 40-
) /.f———"’"——*‘_—.—__.
9 T T 1
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Figure 5. In vitro release profile of ROS from LIG-ROS-BMSN at different pH.
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BMSN formulation against human hepatocarcinoma (Hep-G2) and (NCI-H460)
experimental groups. (A) 24h Treatment of (Hep-G2) cells with LIG-ROS-BMSN
exhibited toxicity at 1.8-30 pg/mL concentrations. (B) 24-h treatment of (NCI-H460)
cells with LIG-ROS-BMSN exhibited toxicity at 0.9-30 pug/mL concentrations.

of B-MSN, ROS-B-MSN, LIG-BMSN, and LIG-ROS-BMSN were found
to be 0.427+0.09, 0.473+0.08, 0.219+0.08 and 0.220+0.03,
respectively. The fact that the PDI value went down supports our
idea that adding more particles can improve the colloidal per-
formance of the pH-responsive nanovalve. Due to the existence of
silanol and Boronic acid moieties, the zeta potential of BZ-MSN
was found to be —20.7+1.61mV. When ROS was loaded into
nanoparticle pores (ROS-BMSN), the zeta potential was reduced to
—13.1£ 1.1 mV and the capping of LIG onto the surface of ROS-B-
MSN (i.e. LIG-ROS-BMSN) increases the charge intensity to
—15.7£0.46mV. The zeta potential of formulation without the
drug (i.e. LIG-BMSN) was found to be —8.97 +£3.83 mV. The reduc-
tion in zeta potential values may reflect the capping to silanol
moieties due to entrapment of ROS and LIG onto the pH-acti-
vated nano valve.

3.4. SEM-EDX analysis

Scanning electron microscopy (SEM) images revealed that our
developed B-MSN and LIG-ROS-BMSN are nearly spherical (Figure
4(A,B)). EDX analysis depicted that there was a wide difference in
the elemental composition of developed B-MSN and LIG-ROS-
BMSN. In the case of B-MSN, the elemental composition of C
(31.1£1.1%), Si (11.4+£0.3%), O (48.1£1.8%), B (3.5+0.9%), and N
(5.8+4.0%) was observed (Figure 4(A)). However, when ROS was
loaded and LIG was capped onto the surface of B-MSN (LIG-ROS-
BMSN), the composition varies to C (39.0% 1.1%), Si (5.1 £0.2%), O
(423+1.5%), B (7.8+1.2%) and N (5.8+3.8%) (Figure 4(B)) show-
ing the effective loading of ROS and capping of LIG onto the sur-
face of our desired pH-responsive nano valve.
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Figure 7. (A) The half-maximal concentration (ICsy) of ROS solution and LIG-ROS-
BMSN against the human lung carcinoma experimental group was carried out in
three individual triplicates (n=3). (B) The half-maximal concentration (ICsy) of
LIG-ROS-BMSN and ROS solution. Three independent in vitro experiments (n =3)
in the hepatocytes experiment group were run for the identification of the tox-
icity profile of tested samples.

3.5. Drug entrapment efficiency

One of the main objectives of this study was to develop a pH-
responsive nano-valve of specified area and pore volume that has
to possess a tendency to entrap and deliver a higher amount of
therapeutic material at the desired site of action (Mohseni et al.
2015). Passive drug loading procedure was adopted to enhance
the entrapment of the drug within the pores of B-MSN. The
entrapment process was progressed at a varied concentration of
ROS (0.5-1 mg/ml) and the solvent was chosen based on the
higher solubility of ROS to facilitate diffusion within the pores of
B-MSN. The outcome indicated that ROS was entrapped within B-
MSN in a concentration-dependent manner and entrapment effi-
ciency of as high as 49.3+2.43% was obtained when the drug
concentration was 1 mg/mL, compared to 35.8+1.54% when the
drug concentration was 0.5 mg/mL. Thus, increasing drug concen-
tration resulted in facilitated drug diffusion and increased
entrapment.

3.6. In vitro drug release study

Lignin (LIG) is generally referred to as polyphenolic compounds
containing diverse functional groups such as carboxylic acids,
phenols, catechols, hydroxides, etc. The previous research sug-
gests that pH-dependent complexation occurs between phenyl-
boronic acid (PBA) and catechol moieties; therefore, a nano valve
comprised of PBA-coated mesoporous silica nanoparticles loaded
with ROS was constructed in our study. The ROS-B-MSN was



PHARMACEUTICAL DEVELOPMENT AND TECHNOLOGY e 547

Figure 8. Apoptotic hallmarks in human hepatocarcinoma. Control (A) and nano vesicles-treated (B) Hep-G2 cells displayed high confluency of the monolayer, as com-
pared with the 24 h exposure of 14.0+0.7 ng/mL ROS solution (C), and 1.7 £0.017 pg/mL of LIG-ROS-BMSN (D). ROS and its loaded LIG-ROS-BMSN experimental group
(C-D) depicted a significant reduction in cell size and cellular networking, as compared to the control. All three independent in vitro cellular experiments had shown

similar cellular features of Hep-G2 cells.

further coated with LIG, which serves as a pH-responsive gate-
keeper for ROS release in cancer cells. To analyze and verify pH-
responsive ROS release from the developed LIG-ROS-BMSN, we
studied ROS release in PBS (pH 7.4 or 5.0). As depicted in Figure
5, only 19.4% ROS was released from LIG-ROS-BMSN over 12 h at
pH 7.4 while nearly 80% ROS was released at pH 5.0 within 12h,
thus, ROS demonstrated accelerated release at pH 5.0. This may
be because under mildly acidic conditions, the complexation
between PBA moiety and LIG is broken, leading to opening of the
nano valve (i.e. pores), and increased ROS release rate (Su et al.
2011; Chen W et al. 2023). Moreover, the release of ROS from LIG-
ROS-BMSN follows zero-order kinetics with an R? value of 0.9041.

3.7. Cytotoxic effects of LIG-B-MSN, ROS, and LIG-ROS-BMSN

The in vitro cytotoxicity of LIG-ROS-BMSN pH-responsive nano
valve in delivering chemotherapeutics was analyzed using MTT
assay. The vacant LIG-B-MSN nano valve did not show any
adverse effect on the tested Hep-G2 and NCI-H460 cell lines at
the highest tested concentration of 30pg/mL (Figure 6(A,B)),
respectively. This comes in agreement with a previous report,
highlighting the biocompatibility of mesoporous silica nanopar-
ticles (Meng et al. 2010; Kong et al. 2019) and suggesting that our
developed nano valve is suitable as a pH-responsive drug delivery
system. Treatment of ROS against Hep-G2 and NCI-H460 cell lines
causes 56+1.55% loss in cell viability against both cell lines
(Figure 6(A,B)) at the highest concentration of 30 pg/mL. The 1Csq
value of ROS against both Hep-G2 and NCI-H460 cell lines was

found to be 14.0+0.7 ng/mL and 29.10+0.25 pg/mL, as presented
in Figure 7(AB) respectively. The greater ICsq values of ROS
against both tested cell lines may be due to the hydrophobic
nature of ROS, which restricts the diffusion of the drug across the
cellular membrane and hence lowers the cytotoxic effect (Hakemi
et al. 2021). Treatment of human cancer cell lines, Hep-G2 and
NCI-H460, against the pH-responsive LIG-ROS-BMSN nano valve
causes substantially greater losses in cell viability (77.4+1.0%) at
the concentration of 30 pg/mL for Hep-G2 and NCI-H460 cell lines
compared to ROS, as depicted in (Figure 6(A,B)). Furthermore, 1Csq
value against both cell lines were found to be 1.70+0.01 pg/mL
and 3.25+0.14pug/mL, respectively. The mechanism of cellular
damage of the designed LIG-ROS-BMSN at potentially lower ICsq
values is likely to be linked with the enhanced endocytosis of our
pH-responsive LIG-ROS-BMSN nano valve across the cellular mem-
brane and therefore triggers the drug release in an endosomal
compartment, which as consequence modulates apoptosis, sup-
presses cell migration, and facilitates caspase activation, which
cause significant cytotoxic effects (Meng et al. 2010). The substan-
tial cytotoxicity of pH-responsive LIG-ROS-BMSN nano valve sug-
gests that this delivery system can potentially be used for
effective targeting of human liver and lung cancers.

3.8. Evaluation of cellular morphology via inverted microscopy

Hep-G2 cells were exposed to the ICsy values of ROS solution and
LIG-ROS-BMSN nanovalve for 24 h. They showed the typical mor-
phological hallmarks of apoptosis. The study of EImore S. (2007)
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Figure 9. Apoptotic hallmarks in non-small-cell lung cancer. Control (a), (B) nano vesicles-treated, NCI-H460 cells displayed high confluency, as compared with the
24 h exposure of 29.10 +0.25 pg/mL quercetin (C), and 3.25+0.14 pg/mL of LIG-ROS-BMSN (D). ROS and its loaded LIG-ROS-BMSN experimental group (C-D) depicted
a significant inhibition in cell proliferation and adhesion, and caused round morphology, as compared to untreated cells (a).

characterized apoptosis by reducing cell volume, cell shrinkage,
decreased chromatin condensation, and progression of cytoplas-
mic blebs (Susan Elmore) that were also identified in our in vitro
treated experimental group. (Figure 8(A)) displayed high conflu-
ency of monolayer Hep-G2 cells in in vitro untreated cellular
group. However, cells exposed to ROS (ICso: 14.0 £ 0.7 pg/mL ROS),
and LIG-ROS-BMSN nano-vesicles (ICsy: 1.7+0.01 pg/mL) halted
cell proliferation, and thus, inhibited cellular networking, as com-
pared to untreated Hep-G2 cells (Figure 8). Similarly, NCI-H460
lung carcinoma treated with their 1Cs, value (29.10+0.25 pg/mL
ROS, and the 3.425+0.1pug/mL and LIG-ROS-BMSN nano-valve
caused a reduction in cell adhesion and proliferation, and exhib-
ited a spherical morphology of lung cells, compared to untreated
cells (Figure 9).

4. Conclusion

We have successfully conceptualized and designed LIG-capped
phenylboronic acid containing pH-responsive nano-valve (B-MSN)
for delivery of ROS across lung and liver cells in vitro. LIG-ROS-
BMSN had a nanoscale size, spherical morphology and they
revealed high drug entrapment efficiencies. The presence of bor-
onic acid on the surface of NPs facilitates ROS release under
mildly acidic conditions. The enhanced chemotherapeutic poten-
tial of our developed LIG-ROS-BMSN formulation against Hep-G2
and NCI-H460 is evident from its lower ICsy values as compared
to ROS alone. This significant cytotoxic effects of the developed

LIG-ROS-BMSN at lower ICsq values is due to higher internalization
of our nano valve within the cell, and facilitates ROS release at
endosomal pH and implies that our LIG-ROS-BMSN can be viable
chemotherapeutic formulation of ROS against both lung and liver
cancer cells.
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