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INTRODUCTION 

Cancer, a relatively intricate and complicated ailment, 

is a significant factor in global mortality (Bray et al. 

2018).  Despite significant progress in cancer therapy, 

the pursuit of more efficient and less harmful treat-

ments remains a fundamental objective in oncology 

research (Pucci, Martinelli and Ciofani 2019, Kuz-

netsov, Clairambault and Volpert 2021).   An emerging 

approach in this field is, harnessing proteins produced 
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from bacteria as anti-cancer agents (Shelburne et al. 

2014, Zugazagoitia et al. 2016). Considering their evo-

lutionary interactions with eukaryotic cells, bacterial 

proteins and peptides offer an intrinsic capacity to se-

lectively target physiological processes, rendering them 

promising candidates for cancer therapy (Nuti et al. 

2017, Cubillos-Ruiz et al. 2021).  

Throughout the past studies, it has been extensively 

reported that bacteria have a tendency to specifically 

infect tumor tissues, a behavior that has been observed 

for more than a century (Rook and Dalgleish 2011, 

Dzutsev et al. 2017, Huang et al. 2021). In recent dec-

ades many research groups have been studying the 

potential of bacterial proteins in cancer therapies due to 

their distinct activity (Forbes 2010, Roy and Trinchieri 

2017, Wong and Yu 2019, Cani 2018).   Specific bacte-

rial proteins have been discovered to trigger pro-

grammed cell death in cancer cells, hinder the for-

mation of new blood vessels, and regulate the immune 

response in a way that promotes the depletion of the 

size of tumors (Huang et al., 2021; Lugano et al., 2020; 

Sedighi et al., 2019; Liang et al. 2019). Three catego-

ries of bacteria have been investigated for their poten-

tial as agents that can combat cancer.   Class I in-

cludes obligatory anaerobes such as Bifidobacteria Sp. 

(B. longum, B. adolescentis, B. infantis), which are 

Gram-positive bacteria renowned for their probiotic 

characteristics, and they possess an oncolytic function 

(Wei et al., 2008; Dailey et al., 2021).  

Class II includes facultative intracellular bacteria, such 

as Salmonella Sp. (S. typhimurium, S. choleraesuis) 

and Listeria Sp. (L. monocytogenes), as well as E. coli.   

These bacteria possess the ability to attack tumors of 

various sizes selectively and hold promise as carriers 

for vaccines (Sedighi et al., 2019; Toussaint et al., 

2013; Kalia et al., 2022; Guirnalda et al., 2012). Salmo-

nella Sp. Strains exhibit a substantial ratio of 1000:1 

between tumors and normal tissue. Nevertheless, the 

cell wall components of these organisms can induce an 

immune response, and there are safety problems asso-

ciated with administering them in high quantities 

(Barrow, 2007; Hurley et al., 2014).   Class III compris-

es exclusively anaerobic bacteria, such as Clostridium 

Sp., which can be further classified as proteolytic (C. 

sporogenes) and saccharolytic (C. novyi, C. butyricum, 

C. acetobutylicum, C. oncolyticum, C. beijerinckii) (Van 

Mellaert, 2006; Zargar, 2014;Jafari et al., 2012). These 

bacteria that create spores are durable and exhibit sig-

nificant oncolytic capabilities. However, they can only 

colonise big tumors and can be pathogenic in certain 

strains (Zygouropoulou et al., 2019).  

Leschner et al., 2009 group provide insights of bacte-

rium Salmonella Sp. have been thoroughly investigated 

as tumour invasion of Salmonella enterica (Leschner et 

al., 2009).  While the Salmonella leucine-rich repeat 

protein (SlrP) is notable among its assortment of pro-

teins as reported by the research group (Figueroa‐

Bossi et al. 2001; Ramos-Morales, 2012; Haraga, 2005; 

Ehrbar et al., 2003). The distinctive interactions of SlrP 

with eukaryotic cells, including its tendency to disrupt 

host cellular processes, indicate a promising potential 

for its utilization in cancer treatment (Lu, 2015 ; Layton 

and Galyov, 2007).  

Nevertheless, although bacterial proteins present a new 

and innovative method for cancer treatment, their in-

stantaneous application is not devoid of obstacles (Liu 

et al.,2018; Albalawi et al., 2021; Martín et al. 2015). 

Observations have been made concerning aspects 

such as the possibility of causing an immune response, 

quick breakdown in the body’s circulation, and unin-

tended effects on nonspecific targets (Liu et al.,2018; 

Martín et al., 2015).  In order to address these challeng-

es, researchers utilize medication delivery techniques 

that rely on nanoparticles (Anchordoquy et al., 2017; 

Chenthamara et al., 2019). Out of the many different 

types of nanoparticles that have been investigated, 

mesoporous silica nanoparticles (MSNs) have received 

considerable interest (Kankala et al., 2019; Manzano 

and Vallet‐Regí, 2020). MSN’s are characterized by 

their non-toxic nature, biocompatibility, large surface 

area, adjustable pore size, and convenient ability to be 

modified with different functionalities (Florek et al., 

2017; Ahmadi et al., 2022). Due to their distinctive char-

acteristics, they are excellent vehicles for medicinal 

substances, ensuring precise delivery while reducing 

the occurrence of nonspecific adverse effects 

(Frickenstein et al., 2021; Hossen et al., 2019; Farjadi-

an et al., 2019).  

The present study aimed to investigate the effective-

ness of conjugation of SlrP with MSNs as a novel strat-

egy for cancer treatment. The aim was to synthesize 

and analyze SlrP-conjugated MSNMPA (MSNMPA/SlrP), 

assess their potential as anticancer agents in-vitro, spe-

cifically in their capacity to target and impede the prolif-

eration of cancer cells. Furthermore, the study seeks to 

evaluate these linked nanoparticles' compatibility with 

potential toxicity to determine their safety for therapeu-

tic applications.   

MATERIALS AND METHODS 

Chemicals and Reagents 

Microbial media include Luria Bertani Broth (LB), Nutri-

ent Broth (NB), Tryptone Soya Broth (TSB), Tryptone 

Soya Agar (TSA) were purchased from Loba Chem Pvt 

Ltd, India. Mammalian cell culture media include the 

Dulbecco’s Modified Eagle Medium (DMEM), Fetal Bo-

vine Serum (FBS), Penicllin:Streptomycin solution 

(Pen:Sterp), trypsin-EDTA and 1X PBS solution was 

purchased from Himedia. Lysis buffer, Triton X-100, 

Protease inhibitor, Formaldehyde (HCHO), Cetyltrime-

thylammonium bromide (CTAB), Ammonium hydroxide 
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(NH4OH), Tetraethyl orthosilicate (TEOS), Ethanol 

(EtOH), Methanol (MtOH), Proponal (PrOH), 1-ethyl-3-

(3-dimethylaminopropyl) carbodiimide (EDC), N-

hydroxy succinimide (NHS), 2-(N-morpholino) 

ethanesulfonic acid (MES) buffer and Acetone (Ac) 

organic solvent were purchased from Tokyo Chemicals 

Industry Pvt ltd. Acrylamide (Acr), Bis-acrylamide (B-

Acr), Sodium Dodecyl Sulfate (SDS), Tris

(hydroxymethyl)aminomethane (Tris), β-mercaptopr 

opanoic acid (β-MPA) were purchased from Sigma-

Aldrich, Ammonium Persulfate (APS), Tetramethyleth-

ylene diamine (TEMED), β-mercaptoethanol, Bromo-

phenol Blue were purchased from Merck Chemical. 

 

Bacterial culture and crude protein preparation 

Salmonella enterica was obtained from “National Cen-

tre for Microbial Resource (NCMR), Pune, India. S en-

terica standard strain (MCC 3910) is kept at 4°C on 

Nutrient Agar medium (NAM) slants, while glycerol 

stock is kept at -80°C. Throughout this study, S enter-

ica was maintained in a contamination free environ-

ment with proper ethical guidelines to be followed, to 

maintain the bacterial strain with proper microbial cul-

tures and disposals. TSB was used as the growth me-

dium for the bacterial culture of S. enterica.   A solitary 

colony of S. enterica, obtained from a recently streaked 

agar plate, was introduced into TSB, LB and NB sub-

jected to incubation at a temperature of 37°C, while 

continuously agitated at 200 rpm for overnight incuba-

tion. The culture was diluted into a fresh medium and 

allowed to develop until the optical density at 600 nm 

(OD600) reached a value between 0.6 and 0.8, indicat-

ing the mid-logarithmic phase.  

After the growth phase, the bacterial culture was sub-

jected to centrifugation at a force of 4,000 rpm for 10 

minutes at a temperature of 4°C to collect the cells.  

The resulting pellet was rinsed twice with cold 1X PBS. 

To extract SlrP, the pellet was mixed with a lysis buffer 

(50 mM Tris-HCl at pH 8.0, 150 mM NaCl) and 1% Tri-

ton X-100. The lysis buffer was further added with a 

protease inhibitor cocktail.   The process of breaking 

down cells was accomplished by subjecting them to 

sonication while kept on ice. The sonication was per-

formed with specific parameters: 10 cycles of 30 sec-

onds of sonication followed by 30 seconds of rest, at an 

amplitude of 40%.   After sonication, the lysate was 

subjected to centrifugation at a force of 12,000 rpm for 

20 minutes at a temperature of 4°C to separate the cell 

debris.  

The liquid portion, which included the unrefined protein 

extract, was subsequently analyzed using sodium do-

decyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). The gel slice was processed to extract the pro-

tein, which was then identified as the crude protein ex-

tract.  To ensure extended preservation and future ex-

perimentation, portions of this extract were stored at a 

temperature of -80°C (Tsakalidou et al.,1994; Costas 

1995). 

 

Synthesis of Mesoporous silica nanoparticles  

The synthesis of MSNN (MSNs with naked, unmodified 

surface) was based on the hydrothermal synthesis 

methods developed by Gu et al. (2012)  with minor 

changes to the temperature and time variables for parti-

cle growth.  Initially, 442 mL of deionized water was 

adjusted to a pH of 11 by introducing 10.8 g of NH4OH, 

a solution containing 30% NH3 by weight in water. Sub-

sequently, 0.279 grams of CTAB was introduced into 

the HCHO solution with vigorous stirring. The tempera-

ture of the combination steadily increased to 50°C, sim-

ultaneously with an increase in the stirring speed. The 

outcome led to a reduction in the pH of the CTAB solu-

tion to 10.3. Once the solution had reached the ambient 

temperature, 1.394 mL of tetraethyl orthosilicate 

(TEOS) was added. Within a span of 120 seconds, the 

solution underwent a modest turbidity and the pH level 

dropped to 9.8, suggesting a fast hydrolysis of the sili-

cate. Approximately 2 hours later, the pH rose to 10.6, 

possibly because of silica condensation. Following the 

completion of the previously mentioned procedure, the 

sample was further subjected to filtration and calcina-

tion. The formed MSNN were collected in a centrifuge 

tube by using acidified methanol thrice the volume of 

the MSNN solution, washed twice or thrice to remove 

any excess CTAB and formaldehyde. The precipitate 

after centrifugation (4000 rpm at Room temperature for 

10 minutes) was collected dried, and the fine powder of 

MSNN was stored at room temperature until further use. 

The purified MSNN were characterized utilizing a wide 

range of techniques. The morphology and size of the 

nanoparticles were analyzed using Transmission Elec-

tron Microscopy (TEM) (Thermofisher TALOS F200S) 

and Scanning Electron Microscopy (SEM) (TESCAN- 

MIRA 3-Quantax 200), to observe distinct and con-

sistent structure.  Atomic Force Microscopy (AFM) 

(Innova SPM) was used to find precise topographical 

data and validate the nanoparticles’ surface roughness. 

The X-ray Diffraction (XRD) (Rigaku Smartlab) study 

was used to observe distinct peaks, providing evidence 

of the crystalline structure and purity of the produced 

MSNs. The optical properties were investigated using 

UV-visible absorbance spectroscopy and Fourier 

Transform Infrared Spectroscopy (FTIR) (Thermo Ni-

colet iS50), which will provide the existence of certain 

functional groups or sizes by unique absorption peaks. 

Dynamic Light Scattering (DLS) (Malvern Nano ZS) 

and Zeta potential measurements were used to deter-

mine the hydrodynamic diameter and surface charge of 

the nanoparticles in suspension, confirming their stabil-

ity and uniform distribution. 
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Surface modification of Mesoporous silica nano-

particles 

The MSNN were further modified by incorporating a 

monodentate thiol ligand, specifically β-MPA, onto the 

surface to introduce a negative charge with the modi-

fied previously published protocol (Wang et al.,2015; 

Vyshnava et al.,2022a; Vyshnava et al., 2020; Vyshna-

va et al.,2022c). MSNN were thoroughly cleaned by 

dispersing them in ethanol and subjected the mixture to 

ultrasonication bath for one hour. The surface contami-

nants were effectively eliminated through subsequent 

centrifugation and vacuum drying. To make the 

MSNMPA surface ligand exchange, 50 mg of the purified 

particles were mixed with 10 mL of a freshly prepared 

solution containing 10 mM of β-MPA in dimethyl sulfox-

ide (DMSO), while maintaining inert conditions. Subse-

quently, the mixture was agitated for 24 hours at ambi-

ent temperature, facilitating the development of thiol-

silica bonds due to the negative charge imparted to the 

MSN surface by the carboxylic acid group of β-MPA. 

The functionalized MSNMPA were subjected to centrifu-

gation and washed three times, alternating between 

DMSO and ethanol, to eliminate any excess β-MPA. 

The MSNMPA product proceeded with vacuum drying 

and was analyzed using AFM, FTIR, DLS, and zeta 

potential procedures to confirm the successful binding 

of β-MPA to the MSNs, which possessed a negative 

charge. 

 

Conjugation of Mesoporous silica nanoparticles 

with SlrP protein  

Further the MSNMPA were allowed to conjugate with the 

crude SlrP protein using EDC/NHS coupling chemistry 

MES buffer based on earlier established protocols 

(Vyshnava et al., 2022b; Lin et al., 2019). Initially, 10 

mg of the MSNMPA was evenly distributed in 5 mL of 

MES buffer (pH 6.0) to create a uniform mixture. Simul-

taneously, EDC and NHS were dissolved in MES buffer 

to achieve final concentrations of 10 mM and 5 mM, 

respectively.  The EDC/NHS solution was slowly added 

to the MSNMPA suspension while stirring continuously to 

activate the carboxylic acid groups on the β-MPA 

capped MSNMPA. Following a 15-minute activation peri-

od, the excess EDC and NHS were removed using 

centrifugation of the MSNMPA suspension (4000 rpm at 

4
o
C for 15 minutes), and the resulting pellet was then re

-suspended in a new MES buffer. Afterwards, a solu-

tion containing the SlrP protein at a concentration of 1 

µg/mL was added to the activated MSNMPA suspension. 

The combination was then stirred gently at a tempera-

ture of 4°C for a duration of 4 hours. This allowed for 

the formation of covalent bonds between the SlrP pro-

tein, and the carboxylic groups present on the MSNMPA. 

Ultimately, MSNMPA/SlrP were separated using centrifu-

gation (4000 rpm at 4oC for 15 minutes), carefully 

rinsed with 1X PBS to eliminate any free protein in the 

reaction solution, and then suspended again in 1X PBS 

and stored at -20oC for subsequent examination and 

analysis. 

 

Cell culture 

The DMEM, supplemented with 10% fetal bovine se-

rum (FBS) and 1% antibiotic solution (10,000 units of 

Pen:Strep solution), was used to grow HeLa cells 

(Acquired from NCCS Pune, India). The cultures were 

kept in an incubator with humidity control, 5% CO2 at-

mosphere, and a temperature setting of 37°C. A trypsin

-EDTA buffer solution with a pH of 7.4 was used to fa-

cilitate cell dissociation, followed subsequent subcul-

ture the cells every two weeks for further experimenta-

tions. 

 

Cytotoxicity of MSNN and MSNMPA 

The MTT assay was used to assess the cytotoxic ef-

fects of MSNN and MSNMPA on HeLa cells.   At first, 

HeLa cells were placed in 96-well microtiter plates 

(MTP) with a density of 1×105 cells per well and al-

lowed to adhere overnight. The following cells were 

exposed to increasing doses of MSNN and MSNMPA (0, 

20, 40, 60, 80, and 100 μg/mL) in triplicate in their re-

spective wells of MTP.   The plates were there after 

placed in an incubator set at a temperature of 37°C and 

an environment containing 5% CO₂ for a period of 24 

hours. Following the incubation period, the vitality of the 

cells was evaluated using the MTT assay, following 

established recommendations. The nanoparticles’ cyto-

toxicity was measured by identifying the concentration 

at which 50% inhibition of cells occurred (IC50). 

 

Anticancer activity of MSNMPA/SlrP 

This work extended the results obtained from evaluat-

ing the effects of MSNN and MSNMPA on HeLa cells by 

further investigating the anticancer activity of MSNMPA/

Slrp(Cheng et al., 2017). The HeLa cells were placed in 

96-well plates with a concentration of 1×105 cells per 

well and allowed to settle for overnight. Subsequently, 

the cells were treated with increasing amounts of 

MSNMPA/SlrP (0, 0.1, 1.0, 10, 20, and 40 μg/mL).  The 

plates were placed in an incubator set at a temperature 

of 37°C and an environment with 5% CO₂ for 24 

hours. Following the incubation period, the vitality of the 

cells was assessed using the MTT test in accordance 

with established guidelines. The nanoparticles' cytotoxi-

city was assessed by determining the IC50 value, which 

corresponds to the concentration that causes a 50% 

reduction in cell viability. 

Additionally, the Olympus inverted microscope was 

employed to examine the morphological changes in the 

HeLa cells. This examination aimed to assess the cell 

membrane's integrity and identify cellular bleeding 

caused due to MSNMPA/Slrp impact. We used 1mm co-

verslips on a 6 well plate. Each well was seeded with 
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the HeLa cells of 1×105 cells per well, followed by incu-

bation for 24 hours to check the confluency of minimum 

60 %. Later, based on the IC50 values from the previous 

cytotoxicity assay, the MSNMPA/SlrP were added to the 

respective wells and allowed them to incubate for over-

night. Various magnifications were utilized to observe 

and record a comprehensive perspective on cellular 

responses to the treatment. The MTT assay and mor-

phological analysis combination provides a relative in-

sight into the impacts of MSNMPA/SlrP nanoparticles on 

HeLa cells.   

RESULTS AND DISCUSSION  

Crude SlrP protein production and characterization  

Salmonella enterica was effectively cultured in TSB 

broth with precise control over the parameters in our 

experiment. The bacterial culture's development was 

assessed by quantifying the optical density at 600 nm, 

where readings ranging from 0.6 to 0.8 indicated the 

successful attainment of the mid-logarithmic phase, as 

shown in the Supporting information Fig. S1. Following 

centrifugation and subsequent washing, the bacterial 

cells were lysed to extract the SlrP in microgram (µg) 

quantities, thus successfully accomplishing the primary 

goal of this study. As shown in Fig. 1(a), the crude pro-

tein SDS-PAGE data revealed the clear band at around 

72 KDa, which corresponds to the established molecu-

lar weight for crude SlrP proteins. This result was con-

sistent with the earlier reports from Zouhir et al., 2014; 

Bernal-Bayard, Cardenal-Munoz and Ramos-Morales, 

2010, Cordero-Alba and Ramos-Morales, 2014). The 

yield of crude extract for triplicate experimentation was 

3.9, 4.3, and 4.1 µg of protein for 5mg of bacterial pal-

lets. This steady exploration confirms the reliability and 

accuracy of our protein extraction approach.  

After comparing TSB, NB and LB broth, as shown in 

Fig. 1(a), it was shown that the production of the SlrP 

protein was noticeably greater in cultures cultivated in 

TSB. This observation indicates that TSB may create a 

more favorable environment for S. enterica to generate 

and concentrate the desired protein, making it the fa-

vored option for subsequent extraction (Observe the 

relative concentrations in Supporting information Fig. 

S1). The utilization of gel slicing and salting-out proce-

dures enabled the retrieval of the crude state of the 

protein from several SDS-PAGE gels. An additional 

SDS-PAGE study, as shown in Fig. 1(b) provided fur-

ther verification of the protein's existence in microgram 

quantities.  It was maintained at extremely low temper-

atures of -80°C to maintain its stability and longevity to 

preserve the protein extract for future experimental ob-

jectives. 

 

Synthesis and characterization MSNN nanoparticles 

The production of MSNN was initially demonstrated by 

the appearance of a turbid white precipitate in the 

HCHO solution, a behavior that has been reported in 

previous investigations (Gu et al.,2012).   The link be-

tween the sizes of particles and pores in MSN and the 

concentration of the silica source, tetraethyl orthosili-

cate (TEOS), has been previously described (Gu et al., 

2012; Zhang et al., 2011; Manzano and Vallet‐Regí, 

2020; Maggini et al., 2016; Mohseni et al., 2015). UV-

Visible spectroscopy detected a distinct peak at 640 

nm, as shown in Fig. 2(a), consistent with the distinc-

tive pattern of silica nanoparticles observed in a previ-

ous report from Parasuraman et al. (2019). The mor-

phology and size distribution of the MSN were exam-

ined in further detail using SEM results, as shown in 

Fig. 2(b), which confirmed the presence of spherical 

nanoparticles with noticeable pores, which aligns with 

Fig. 1. SDS-PAGE Gel images of SlrP crude protein run from Salmonella enteric (a) SlrP crude protein yield with respec-

tive media including LB, TSB, and NB broth (b) Gel slicing and salting out the protein followed by protein run to check the 

weight of the protein in micrograms 
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previous reports (Zhang et al., 2011; Gu et al., 2012; 

Mohseni et al., 2015; Hossen et al., 2019).   As shown 

in Fig. 2(c) and 2(d), TEM analysis revealed that the 

average particle size was 68.05±0.87 nm, and the 

mean pore size was 7.1 nm. Further study with AFM, 

the particles exhibited distinct spherical shapes with a 

uniform distribution. The particles also had a relatively 

rough surface due to the presence of pores, as depict-

ed in Fig. 3(a). This observation was further confirmed 

by DLS, which revealed that the MSNN particles had a 

hydrodynamic size of 68±0.8 nm, as shown in Fig. 3(b). 

Fig. 2. Characterization of MSNN using (a) UV-Visible spectroscopy with the characteristic peak at 640nm on the absorb-

ance spectrum, (b) Scanning electron microscopic image reveals the spherical morphology, (c & d) High resolution trans-

mission electron microscopy showing crystal structure with specific d-spaces  

Fig. 3. Characterization of MSNN using (a) Atomic force microscopy with contact mode showing clear rough surface 

spherical nanoparticles, (b) Hydrodynamic size distribution using dynamic light scattering, (c) Zeta potential of the parti-

cles, (d) Fourier Transform Infrared Spectroscopy, peaks with distinctive peaks for surface functional groups  
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Additionally, the zeta potential measurements indicated 

a surface charge of approximately -43.9 mV as shown 

in Fig. 3(c), which is consistent with previous reports 

(Kaasalainen et al., 2017; Kobler et al., 2008).   The 

distribution of functional groups was assessed using 

FTIR. Strong peaks were observed at wavenumbers 

3381.33, 2972.67, 2855.05, 1636.39, 1465.71, 

1089.49, and 875.71 cm-1, which correspond to the -

OH, -COO, -C=O, -N-H, and -CN peaks as observed in 

Fig. 3(d). These findings are consistent with previous 

results (Rameli et al., 2018). 

 

Ligand exchange and characterization MSNMPA na-

noparticles 

Following the ligand exchange of the MSNN, we assess 

the structural integrity of the MSNN using X-ray Diffrac-

tion (XRD) analysis. The analysis shows a consistent 

amorphous pattern without any noticeable peaks, which 

is a characteristic feature of MSN and indicates the 

stability of the particles before (MSNN) and after 

(MSNMPA) ligand exchange as shown in Fig. 4(a) and 

(b) (Keshavarz and Ahmad 2013). The results obtained 

from AFM and DLS analyses confirmed a minimal in-

crease in particle size, with an average diameter of 

approximately 69.77±1.3 nm. The distribution of the 

particles was found to be uniform, as depicted in Fig. 5

(a) and 5(b). The Zeta potential, as presented in Fig. 5

(c), indicates a reduction in surface charge to -26.5 mV. 

The distinct peaks observed in the FTIR spectrum, spe-

cifically at wavenumbers 3352.63, 2980.98, 2897.88, 

1392.40, 1243.59, and 1066.82 cm-1, correspond to 

functional groups such as -OH, -COOH, -C=O, -C-C-, 

and -CN as shown in Fig. 5(d). The present study pri-

marily utilize monodentate ligands, specifically β-MPA, 

for two primary goals: firstly, to augment the stability of 

the nanoparticles, and secondly, to offer the most ad-

vantageous negatively charged -COOH groups for sub-

sequent conjugations. These findings agree with previ-

ous reports and indicate the successful transformation 

of the ligand, resulting in the presence of a negatively 

charged -COO- group (Gao et al., 2021). 

 

Bioconjugation of Mesoporous silica nanoparticles 

with SlrP 

The above prepared MSNMPA were further used to con-

jugate with crude SlrP using EDC/NHS coupling chem-

istry in the relatively suitable buffer MES. This observa-

tion is consistent with earlier investigations on nanopar-

ticle-protein conjugation. The AFM scans confirmed 

these findings, revealing a surface covered with ran-

domly threadlike structures, which are assumed to be 

dispersed SlrP protein molecules, as shown in Fig. 6

(a).  The DLS results indicated a marginal augmenta-

tion in the hydrodynamic radius of the MSNs upon SlrP 

conjugation, implying the effective binding of the protein 

with a size distribution of 76±3.2 nm as shown in Fig. 6

(b). The reduction in the negative charge of the MSNs, 

as determined by Zeta potential measurements, i.e., 

Fig. 4. X-ray diffraction spectrum of MSNN and MSNMPA with characteristic peak absence defines the amorphic nature of 
the particles  
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+18.42, indicates effective protein binding as shown in 

Fig. 6(c). FTIR spectroscopy provided additional verifi-

cation of the conjugation, exhibiting distinctive peaks 

which include 3691.57, 3363.18, 2960.27, 2903.08, 

1649.30, 1386.75, 1239.45, and 1067.02 correspond-

ing to -OH, -COOH, -C=O, -C-C-, -CN and -SH func-

Fig. 5. Characterization of MSNMPA using (a) Atomic force microscopy with contact mode showing clear rough surface 

spherical nanoparticles, (b) Hydrodynamic size distribution using dynamic light scattering, (c) Zeta potential of the parti-

cles, (d) Fourier Transform Infrared Spectroscopy peaks with distinctive peaks for surface functional groups  

Fig. 6. Characterization of MSNMPA/SlrP using (a) Atomic force microscopy with contact mode showing clear rough surface 

spherical nanoparticles, (b) Hydrodynamic size distribution using dynamic light scattering, (c) Zeta potential of the parti-

cles (d) Fourier Transform Infrared Spectroscopy peaks with distinctive peaks for surface functional groups 



Panjala, S.P. et al. / J. Appl. & Nat. Sci. 16(1), 364 - 377 (2024) 

372 

tional groups, which are indicative of EDC/NHS cou-

pling, which shows the effective binding of Slrp on 

MSNMPA to form a functional MSNMPA/SlrP as shown in 

Fig. 6(d). The prepared conjugates are stored at -20oC 

for further experimentation. 

 

Cytotoxicity studies of MSNN and MSNMPA 

Prior to investigating the anticancer efficacy of MSNMPA/

SlrP, the cytotoxicity of mesoporous silica nanoparticles, 

namely MSNN and MSNMPA, will be evaluated on HeLa 

cells. This establishes standard controls and ensures 

that any observed effects can be attributed to the thera-

peutic agent rather than a direct impact from the nano-

particles. Our findings showed that there was no signifi-

cant change in the viability of HeLa cells after being 

incubated for 24 hours, even when exposed to high 

concentrations of respective MSNN and MSNMPA, up to 

100 µg/mL and greater as shown in the as shown in 

Fig. 7(a). This observation highlighted the biocompatibil-

ity of MSNN and MSNMPA, with in-vitro studies consistent 

with previous research that found MSN nontoxic in cellular 

settings (Asefa and Tao,2012; Tang et al., 2012). 

 

Anticancer activity SlrP Conjugated Mesoporous 

silica nanoparticles 

Building on our initial findings, we undertook additional 

studies to assess the cytotoxic effects of MSNMPA in 

combination with SlrP protein i.e., MSNMPA/SlrP towards 

HeLa cell lines. In contrast to prior observations, we 

noted a substantial reduction in cell viability even at 

reduced concentrations of 50 µg/mL, exhibiting an ex-

ponential trend. The IC50 value was found to be 10 µg/

mL, suggesting a pronounced cytotoxic effect at rela-

tively low concentrations as shown in Fig. 7(b). The 

cytotoxicity of both free SlrP and MSNMPA/SlrP was 

evaluated to validate these findings. The IC50 values 

were consistent, with SlrP showing concentrations of 

50 µg/mL and for MSNMPA/SlrP ≈50 µg/mL, respectively 

as depicted in Fig. 7(c). These results suggest that 

MSNMPA/SlrP holds potential as an effective delivery system 

for anticancer proteins in in vitro cell culture experiments.  

Cellular morphology was assessed using an Olympus 

inverted microscope to substantiate further present 

cytotoxicity findings. Cells exposed to MSNN and 

Fig. 7. Cytotoxicity studies of MSNs on the HeLa Cells (a) MSNN and MSNMPA toxicity studies with negligible cytotoxicity 

were observed (b) MSNMPA/SlrP cytotoxicity was observed with significant decline in the viability ibn 24 hours followed by 

48 hours (c) comparative estimation of native crude SlrP and MSNMPA/SlrP with the reliable performance of the mesopo-

rous particles in maintain the intact nature of the protein from cellular enzymes 
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MSNMPA showed no significant morphological altera-

tions, aligning with the observed lack of cytotoxicity as 

depicted in Fig. 8(a) and 8(b). Conversely, HeLa cells 

treated with MSNMPA/SlrP exhibited initial adherence is-

sues, followed by detachment, cellular bleeding after 24 

hours, and subsequent cell aggregation after 48 hours. 

These morphological observations, in conjunction with 

the cytotoxicity data, underscore the potential anti-

cancer properties of MSNMPA/SlrP complexes as shown 

in Fig. 9. The observed biocompatibility of MSNN and 

MSNMPA aligns with prior research underscoring the low 

toxicity of mesoporous silica nanoparticles (Braun et 

al.,  2018; Di Pasqua et al., 2008; Jafari et al.,2012; 

Jafari et al.,2019). However, the MSNMPA/SlrP combina-

tion demonstrated cytotoxic potential, positioning it as a 

promising candidate for cancer therapy. The enhanced 

Fig. 8. Microscopic images of HeLa cells treated with (a)MSNN , (b) MSNMPA where negligible toxicity was observed, sug-
gest the best biocompatibilities for the MSNN and MSNMPA 

Fig. 9. Microscopic images of HeLa cells treated with MSNMPA/SlrP (a) First one hour of treatment improper settlement of 
the cells  (b) 12 hours of treatment cells started to deformation of the shape (c) 24 hours of treatment bleeding of the cell 
membrane followed by detachment (d) 48 hours of treatment with aggregation of dead cells, insight images are magni-
fied for cellular observations 
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cytotoxicity of the MSNMPA/SlrP complex compared to 

free SlrP suggests improved delivery and potential in-

creased cellular uptake, highlighting the utility of nano-

particles as drug carriers. The visible morphological 

changes further validated our cytotoxicity findings as 

shown in Fig. 9(c) and 9(d). The observed cellular ag-

gregation and membrane damage are indicative of 

apoptosis initiation, a common mechanism of action for 

several anticancer drugs. The present results under-

score the promise of MSNMPA/SlrP complexes in anti-

cancer treatment. The alignment between cytotoxicity 

and morphological data bolsters this proposition, war-

ranting further exploration and validation in subsequent 

studies.  

Conclusion 

This study demonstrated the synthesis, purification, 

and analysis of crude SlrP proteins and their binding to 

mesoporous silica nanoparticles. The confirmation of 

MSNN synthesis was achieved by a range of tech-

niques, including TEM, SEM, XRD, AFM, and DLS. 

These techniques were employed to verify the size, 

shape, and stability of the nanoparticles. The validation 

of the bioconjugation between MSN and SlrP was con-

firmed by observing changes in zeta potential and the 

presence of unique FTIR peaks. The cytotoxicity exper-

iments demonstrated that MSNN alone did not substan-

tially affect HeLa cells. However, the SlrP-conjugated 

MSNMPA/SlrP exhibited noteworthy anticancer activity, 

with an IC50 value of 10 µg/mL. This suggests the po-

tential of MSN as an efficient vehicle for protein delivery 

in cancer treatment. The findings are consistent with 

other studies, providing new opportunities for the devel-

opment of cutting-edge nanotechnology-based treat-

ments for cancer. 
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