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Lipid coated mesoporous silica nanoparticle as 

oral delivery system for targeting and treatment 

of intravacuolar Salmonella infection 

Rajeev J. Mudakavi,a,b,c Ashok M. Raichur,*b,c,d and Dipshikha Chakravortty,*a,c 

Lipid coated mesoporous silica nanoparticle (L-MSN) was synthesized for oral delivery of 

ciprofloxacin for intracellular elimination of Salmonella pathogen. The particle size was found to 

be between 50-100 nm with a lipid coat of approximately 5 nm thickness. Lipid coating was 

achieved by sonication of liposomes with the MSN particles and evaluated by CLSM and FTIR 

studies. The L-MSN particles exhibited lower cytotoxicity compared to bare MSN particles. 

Ciprofloxacin, a fluoroquinolone antibiotic, loaded into L-MSN particles showed enhanced 

antibacterial activity against free drug in in-vitro assays. The lipid coat was found to aid in 

intravacuolar targeting of the drug cargo as observed by confocal microscopy studies. We also 

observed that a lower dose of antibiotic was sufficient to clear the pathogen from mice and increase 

their survivability using the L-MSN oral delivery system. 

Introduction 

Bacterial pathogens are known to develop ingenious methods 

for better survival in intracellular environments. Some of 

the intracellular pathogens exhibiting such characteristics 

are Mycobacterium tuberculosis, Chlamydia trachomatis, 

Salmonella, Listeria etc.  Salmonella is the causative 

organism of gastroenteritis, typhoid and paratyphoid 

diseases. The usual route of Salmonella infection occurs 

through consumption of contaminated food or drink. The 

ingested bacteria is sampled by the M-cells and dendritic 

cells present in the Peyer’s patches in the small intestine.1,2 

The bacterium employs clever molecular machinery to 

invade the gut epithelial barrier. Once inside, the bacterium 

replicates inside the host cell in specialized vacuoles called 

Salmonella containing vacuoles (SCV) and evades the 

immune system.1–4 Treatment of Salmonella infection by 

conventional therapy is difficult due to barriers created by 

the bacteria in order to evade the antibacterial regime.5 The 

treatment involves seven days of antibiotic therapy 

administered orally or by intravenous route. Existing carrier 

systems include liposomes6–12, microparticles13,14 and 

nanoparticles.15 These systems suffer from the limitation 

that they are not robust enough to be delivered orally. Their 

antibacterial activity has been studied by delivering the 

system via intravenous (IV) or intraperitoneal (IP) injection 

routes.15 The injection route reduces compliance and entails 

administration by a trained person.  We have developed a 

silica particulate system to deliver higher payload of the 

drug within the infected cell for oral administration. The 

carrier system follows the bacterial route of internalization 

which contributes to its targeting capability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1 (A) Design: The drug is entrapped within the 

mesoporous silica particle, protected by a lipid coating.                

(B) Delivery: Particle system is robust for oral delivery for 

treatment of Salmonella (STM) infection. (C) Mechanism: The 

particle enters into the infected gastrointestinal cell and releases 

the antibiotic cargo to eliminate the pathogen. 
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We used mesoporous silica nanoparticles (MSN) which were 

synthesized by the modified Stober’s process. The MSN 

system is an extremely robust nanoparticle system used for 

drug delivery. The main advantage is its ease of synthesis, 

reproducibility and stability. However, toxicity and 

accumulation in tissues remain a limitation for its use. In 

order to overcome the existing toxicity of the MSN, lipid 

was coated around the particle. The biomimetic lipid coat 

around the nanoparticle reduces the toxicity of the inorganic 

particles and improves biocompatibility16–18, since the 

cellular membrane is also composed of lipids such as 

phosphatidylcholine. Some pathogens also induce the 

accumulation of lipids of the host cell to mediate the 

process of intracellular survival and replication.4,19–21 

Hence, we engineered lipid based particle system to target 

intracellular pathogens and prolong the antibacterial activity 

of existing antibiotics. Some of the other lipid coated 

systems have been developed for treatment of cancer22-23, 

gout24, neuropathic pain25, diabetes26 etc. 

 

The existing treatment for Salmonella infection includes 

administration of fluoroquinolones or a third generation 

cephalosporin antibiotics. We selected ciprofloxacin as the 

model drug to be encapsulated in the particles in our 

studies. It is known that particle size plays a very important 

role in the internalization into cells. Submicron sized 

particles have been reported to be taken up by  M-cells and 

macrophages present in Peyer’s patches.27–30 Since the 

particles get internalized by the same route as the 

Salmonella, we expected that the particles will be recruited 

near the intracellular bacteria. 

2. Experimental 

2.1. Materials 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was 

obtained from Lipoid Gmbh (Ludwigshafen, Germany). 

Cholesterol, DMSO and hydrochloric acid (37%) were 

obtained from   S. D. Fine. Chem. (Mumbai, India). 

Tetraethylorthosilicate (TEOS, 99%), Dulbecco’s modified 

Eagles’ medium (DMEM), fetal bovine serum (FBS), 

ciprofloxacin, curcumin, gentamicin and trypsin-EDTA 

solution were purchased from Sigma-Aldrich (Bangalore, 

India). Hexadecyltrimethylammonium bromide 

(CTAB≥99%) was purchased from SRL chemicals 

(Mumbai, India). DiI stain (DiI) was obtained from 

Invitrogen BioServices (Bangalore, India). Carbon coated 

TEM grids (CF300-Cu) were purchased from EMS 

(Hatfield, PA, USA). Autoclaved MiliQ water (Milipore, 

Billirica, MA, USA) was used for all the experiments. 

 

 

2.2. Synthesis of mesoporous silica nanoparticles (MSN) and 

lipid coating 

The synthesis technique used was a modification of the Stober 

process.31,32 1 g of CTAB was added to 480 mL of 

deionised water along with 2 ml of 2.5 M sodium hydroxide 

solution and stirred at 80°C for 30 minutes until completely 

dissolved, and cooled to 25°C. Then 5 ml of TEOS was 

added slowly (1 ml/min) to the CTAB solution and stirred 

rapidly at 700 rpm for 3 hours. The resulting particles were 

then centrifuged at 10,000 rpm in a REMI centrifuge for 15 

minutes and the particles collected and dried for further 

processing. The particles were refluxed for 6 hours in 

acidified ethanolic solution followed by calcination at 

550°C for 6 hours in a tube furnace.  Calcination  and  acid  

refluxing  was  carried  out  to  remove  the  surfactant and 

other organic additives. The lipid coating was achieved by 

ultrasonication of MSN particles with liposomes. The 

liposomes were prepared by film hydration method 

described earlier.33 For lipid coating, equal aliquots of 2mM 

liposome dispersion (70:30, DPPC:Chol) and 10 mg/ml 

MSN particle in Mili-Q was sonicated for 10 seconds using 

a probe sonicator. The resultant lipid coated MSN (L-MSN) 

particles were used for further studies.  

 

 

2.3. Drug loading and release from L-MSN particles 

Drug loading was carried out at pH 4 by incubating 5 mg of 

MSN particles with ciprofloxacin solution having a 

concentration of 5 mg/mL for 12 hours. The drug loaded 

particles were centrifuged and the supernatant was removed. 

The percentage of ciprofloxacin loaded was determined by 

measuring the concentration of the supernatant solution 

containing the unentrapped drug. The particles were dried 

and stored for further studies. The ciprofloxacin loaded 

MSN particles were then subjected to lipid coating, to form 

Ciprofloxacin loaded lipid MSN particles (Cip L-MSN). 

The Cip L-MSN particles were centrifuged and washed 

twice with water to remove the excess drug and liposomes.  

 

The release studies were carried out using 10 mg of the Cip L-

MSN particles incubated in 1 ml of release media. Release 

media consisted of acidic media pH 2.5 and neutral media 

pH 7.4 simulating the gastrointestinal conditions of the 

stomach and of the intestine respectively. Aliquots from the 

release media were obtained at various time intervals to 

determine the ciprofloxacin release. The ciprofloxacin 

release was monitored by measuring absorbance at 275 nm 

using a spectrophotometer (Nanodrop, ND1000,Thermo 

Scientific, Wilmington, DE, USA). 

 

 

2.4. Characterization of particles 

The particle size and morphology of the prepared particles were 

characterized by using Technai G2 T20 Transmission 

Electron Microscope (FEI, The Netherlands) and Sirion 

Scanning Electron Microscope (FEI, The Netherlands). For 

TEM imaging, the particles at a concentration of 1 mg/ml 

were dispersed in water and sonicated for 30 minutes, and   

5 µL of this dispersion was transferred to the TEM grids.  

The TEM grids were dried overnight at 40°C, and imaged at 

200 kV. For SEM imaging, the dispersion was deposited on 

a silica wafer, air dried and sputter coated with gold and 

imaged at 8-10 kV.  Size  distribution  of  the nanoparticles  

and  liposomes  were determined  using  a  Zetasizer  Nano  
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(Malvern,  Worcesterchire, UK)  equipped  with  a  diode  

laser operated at 659  nm. Surface area measurement was 

carried out by Nitrogen adsorption method on ASAP-200 

surface area and porosity analyzer (Micromeritics 

Instrument Corporation; USA) and surface area was 

determined using the Brunauer-Emmet-Teller model. FTIR 

spectra of the samples were recorded in the range 400 cm-1 

to 4000 cm-1 with a resolution of 4 cm-1 using FTIR 

spectrometer (Bruker, Germany) 

 

2.5. Cell culture conditions 

RAW macrophage cell line and HeLa cells were cultured in 

DMEM with 10% FBS maintained at 37°C in CO2 (5%) 

atmosphere. In all studies, the cells were allowed to adhere 

to the culture plates for at least 12 hours after trypsinization. 

Salmonella Typhimurium 14028 (STM) was used 

throughout the work. In confocal studies, green fluorescent 

protein expressing STM (STM-GFP) was used. 

 

 

2.6. Cellular viability assay  

Cytotoxicity of bare MSN particles, lipid coated particles and 

liposomes were evaluated by MTT assay.  RAW 264.7 cells 

were seeded at a density of 5 × 104 cells/ml in 96 well 

microtitre plate. The cells were treated with MSN particles 

in the concentration range of 3 mg/ml to 0.01 mg/ml. After 

24 hours, 20 µL of MTT dye (5 mg/mL) was added to each 

well and kept for 4 hours at 37°C. The resulting formazan 

crystals were dissolved by DMSO and absorbance of treated 

and untreated samples were recorded at 570 nm. Viable 

cells reduce the tetrazolium compound to insoluble 

formazan. DMSO dissolves the formazan forming a purple 

colored solution. The relative absorbance of the colored 

solution is used as a relative measure of percentage 

viability.  

 

 

2.7. In vitro studies 

The antibacterial activity of Cip L-MSN and free ciprofloxacin 

was compared in the concentration range of 1-0.1 µg/ml 

using overnight culture of STM. To 96-well plate 

containing different concentrations of ciprofloxacin and Cip 

L-MSN particles in Luria-Bertani broth media (LB 

medium), 1×106 bacteria was added and incubated for 12 

hours. After incubation, 10 µL of the broth was plated onto 

Salmonella-Shigella agar (SS-agar) plate and CFU 

determined. The intracellular survival assay was carried out 

according to procedure by Gnandhas et al.34 RAW 264.7 or 

HeLa cells at a cellular density of 1×105 cells/well were 

seeded in a 24-well plate and infected with Salmonella 

(STM) in the ratio of (1:10, MOI) and incubated for 30 

minutes. DMEM containing Gentamicin (100 mg/mL) was 

added to the infected cells and incubated further for 1 h to 

remove extracellular bacteria. Cip L-MSN and 

ciprofloxacin (50 µg/ml) was then added to the media 

containing gentamicin (10 mg/mL) and incubated for 2 h 

and 16 h post infection. Phosphate buffered saline (PBS, pH 

7.4) was added to cells along with gentamicin but without 

ciprofloxacin. This set was used as the untreated control 

(UT). After the incubation period, the cells were lysed with 

0.1% Triton-X 100 to release the intracellular bacteria. The 

lysate was suitably diluted and plated onto SS-agar for 

determining colony forming units (CFU). The fold change 

in intracellular replication of STM was determined by 

calculating the ratio of CFU counts at 16 h to 2 h i.e., CFU 

(16 h)/CFU (2 h). Concentration lower than the clinical dose 

of (50 µg/ml) were investigated similarly using the assay on 

RAW 264.7 cells. 

 

 

2.8. Cellular uptake and infection studies by CLSM 

RAW 264.7 cells at a cellular density of 1×105 cells/well were 

seeded on coverslips placed inside a 24-well plate for 12 

hours prior to the experiment. The cells were infected with 

Salmonella (STM-GFP) in the ratio of (1:10, MOI) and 

incubated for 30 minutes. The infected cells were washed 

repeatedly to remove the extracellular bacteria. The cells 

were incubated with the L-MSN particles for 2 hours and 4 

hours to observe the cellular uptake and localization. The 

confocal microscopy images were  acquired using a Zeiss 

LSM 710  (Carl Zeiss  Microimaging Inc.,  Thornwood,  

USA)  using a  63x,  1.4-NA  oil  immersion  objective. Zen 

2009 Light Edition software was used for processing and 

overlaying channels of the image. 

 

 

2.9. In vivo survival assay 

The in-vivo survival assay was carried out to determine the 

survival of BALB/c mice after challenge with 1×106 

inoculum of Salmonella Typhimurium administered by oral 

gavage. 12 hours post infection, two treatment regimens 

were started with ciprofloxacin at 10 mg/kg body weight 

and Cip L-MSN with 5 mg/kg body weight given orally 

twice a day for 3 days. The morbidity and mortality of the 

mice was observed for 15 days post infection. 

 

3. Results and Discussion  

 

3.1. Synthesis and characterization of L-MSN particles 

L-MSN particles were designed to carry and deliver the 

antibiotic payload to the bacteria infected cells to combat 

the infection. The particle sizes of the MSN were in the 

range of 80-100 nm measured by DLS and confirmed by 

TEM (Fig 1). The surface area of the MSN particles was 

found to be greater than 1000 m2/g measured by N2 

adsorption method. The high surface area of MSN particles 

enabled increased loading capacity of antibiotic molecules. 

Liposomes were formulated using phospholipids using the 

film hydration technique35. The phospholipid composition 

consisted of DPPC and cholesterol in the molar ratio of 

70:30. This ratio was selected as it had the ideal size around 

51 ± 14 nm with the polydispersity index (PDI) of 0.29. The 

lipid coating procedure involved transient rupture of 

liposome vesicle. 
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Fig. 1 Transmission Electron Microscopy image of mesoporous 

silica nanoparticles (a), and after liposome fusion (b). Scale 

bar 50 nm (a) and 20 nm (b). 

 

 and its deposition on MSN surface. Since the liposomes are 

smaller than the MSN particles, sonication procedure was 

expected to deposit liposome on MSN particles. TEM 

images show that the lipid coating was approximately 5 nm 

in thickness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Scanning electron microscopy (a) and CLSM image (b) 

of silica microparticle. CLSM image of curcumin (lipid 

marker) adsorbed on bare silica microparticle (c) and after 

liposome fusion (d). CLSM image of fluorescent lipid dye 

(DiI) adsorbed onto bare silica microparticle (e) and after 

liposome fusion (f). Scale bar is 10 µm. 

 

The lipid coating by liposome fusion was confirmed by 

sonicating silica microparticles (5 µm) with liposomes 

containing a fluorescent membrane dye (curcumin and DiI) 

and observed using confocal microscopy (Fig 2). The lipid 

coating on the nanoparticles was further ascertained by 

FTIR studies.The IR spectrum shows characteristic peaks at 

1078 cm-1 due to asymmetric vibration of Si-O groups 

present in the MSN. The characteristic peaks observed 

liposomes are present at 2900-2850 cm-1 and 1730 cm-1 

which correspond to the stretching vibrations of alkyl 

groups and ester groups respectively. Similar peaks were 

identified in the L-MSN particles which confirmed lipid 

forming a coat over the MSN particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 FTIR spectra of MSN, liposome and lipid coated MSN 

(L-MSN) nanoparticles.  

 

 

3.2. Drug loading and release from L-MSN particles 

Ciprofloxacin was loaded into the particles by incubating the 

drug solution with MSN at pH 4 for 12 hours. The loading 

pH was selected based on electrostatic attraction between 

ciprofloxacin and MSN. Ciprofloxacin is an amphoteric 

molecule having acidic groups as well as basic groups. It 

would be positively charged (pKa1, 6.4 and pKa2, 8.2) while 

MSN would be negatively charged at pH 4 leading to 

electrostatic attraction.36 The amount of ciprofloxacin 

loaded was 0.99 ± 0.09 mg for every 5 mg of MSN. 

However, the drug loading decreased during the lipid 

coating procedure to nearly 9% i.e. 0.45 mg/5 mg of L-

MSN. The decrease in the drug loading was attributed to the 

vigorous sonication procedure which may have led to 

leaking out of drug prior to lipid encapsulation. 

 

The antibiotic delivery system was designed to deliver the drug 

thorough the oral route. The delivery system encounters 

extremely low pH in the stomach before encountering the 

intestinal environment. Hence, we studied the release 

behavior of ciprofloxacin from Cip L-MSN particles in both 

acidic and neutral pH. Nearly 90 % of the drug released in 

30 minutes after incubation in case of bare MSN loaded 

ciprofloxacin, compared to 30 % release in Cip L-MSN 

particles. The increased drug release in acidic media of L-

MSN particles was higher compared to neutral pH probably 
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due to increased solubility of ciprofloxacin at lower pH. In 

both cases however the drug release continued upto 12 

hours.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Ciprofloxacin release from MSN particles and L-MSN 

particles in release medium (pH 2.5 and pH 7.4). 

 

 

3.3. Cellular viability studies of MSN and L-MSN 

The MSN particles exhibited significant cytotoxicity above       

1 mg/ml as evaluated by MTT assay carried out on RAW 

264.7 macrophage cell line (Fig. 5). Hence we wanted to 

compare the cellular viability of L-MSN particles with bare 

MSN particles above the cytotoxic concentration. We found 

that MSN exhibited higher toxicity compared to L-MSN at 

concentrations above 1 mg/ml. At 3 mg/ml, bare MSN 

particles showed almost 50% viability as compared to 75 % 

viability seen in L-MSN system.  Similarly, liposomes used 

for the lipid coating were also subjected to MTT assay and 

found to be nontoxic (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Cellular viability studies by MTT assay of L-MSN 

particles at various concentrations compared to untreated 

cells (UT) (a). Cytotoxicity comparison between L-MSN 

particles and bare MSN particles (b). 

 

 

3.4. In-vitro antibacterial activity  

The antibacterial effect of the Cip L-MSN particle was 

compared to free ciprofloxacin (Cip) by in-vitro studies.  

Cip L-MSN particles showed increased antibacterial activity 

compared to free drug against STM bacteria (Fig. 6a) 

incubated overnight in LB medium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 In-vitro antibacterial study: CFU analysis of Cip L-MSN 

and free drug in LB medium (a). Dose based comparison of 

ciprofloxacin and Cip L-MSN in RAW macrophage cells 

(b). Intracellular proliferation assay of STM infection after 

treatment with free ciprofloxacin and Cip L-MSN particles 

at a concentration of 50 µg/ml in RAW 264.7 cells (c) and 

HeLa cells (d). 

 

  This could be attributed to the prolonged release of the 

antibiotic from L-MSN system. The intracellular 

proliferation assay which is a measure of intracellular 

replication potential of pathogens was carried out. In 

untreated samples (UT) Salmonella undergoes replication 

inside the host cell resulting in an increased fold change. 

After antibiotic treatment the fold change is expected to 

decrease due to bacterial cell death. The fold change was 

compared between the treatments. We observed lower fold 

change in Cip L-MSN as compared to free drug in both 

RAW 264.7 macrophage cells (Fig. 6c) and HeLa cells (Fig. 

6d). To further investigate whether lower doses of Cip L-

MSN was sufficient to clear the infection, we compared 

lower concentrations of ciprofloxacin between treatments. 

Cip L-MSN particle system was found to be more effective 

compared to free drug (Fig. 6b) even at lower doses. 

 

 

3.5. Cellular uptake studies and SCV targeting of L-MSN 

The cellular uptake of the L-MSN particles was studied by 

incubating fluorescent L-MSN particles with the Salmonella 

infected cell using confocal microscopy (Fig 7). The DiI 

loaded L-MSN particles (red) were observed for their 

intracellular localization with Salmonella. We observed 

increased uptake of the L-MSN at 4 h as compared to 2 h. 

Even more surprising observation was that the GFP 

expressing Salmonella was ensheathed in red fluorescence. 

The red fluorescence was due to the lipid dye which was 

initially present in L-MSN particle system which led us to  
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Fig. 7 CLSM studies: L-MSN uptake and its localization studies in STM infected RAW 264.7 cells at 2 h (A) and 4 h (B) post 

infection. DiI loaded L-MSN particles (i), intracellular STM-GFP (ii), merged image (iii) with brightfield (iv) is shown. 

 

 suspect that the increased antibacterial activity could be due 

to the localization of our L-MSN system around the 

intracellular bacteria.  

 

 

3.6. In-vivo antibacterial activity 

The antibacterial activity of lipid coated MSN particles were 

tested in an in-vivo survival assay. Salmonella 

Typhimurium (STM) was administered orally to mice to 

model the infection occurring in humans. In mouse model, 

infection with STM is fatal at an oral dose of 1×106 CFU. 

 

 

 

 

 

 

 

Fig. 8 In-vivo antibacterial assay: mice were treated with 

ciprofloxacin (20 mg/kg, p.o, BID) and with Cip L-MSN (10 

mg/kg, p.o, BID) for 3 days after Salmonella infection and 

assessed for mortality (n=4). 

 

  

 Two treatment regimens were administered to Salmonella 

infected mice: First treatment regime included ciprofloxacin 

administered at 20 mg/kg body weight while the second 

treatment consisted of Cip L-MSN system at 10 mg/kg 

given orally twice a day for 3 days to maintain therapeutic 

concentration of the drug.37 The survival of the mice was 

observed till 15 days post infection (Fig. 8).  Our data 

indicated that even a lower dose of ciprofloxacin 

administrated by the lipid coated particulate system was as 

effective as free drug which was similar to the in-vitro 

findings. This indicates that the developed lipid coated 

MSN particulate system can be administered orally instead 

of intravenous routes requiring lower dosage of the 

antibiotic to clear the intracellular Salmonella infection. 

 

Conclusions 

Lipid coated MSN particles (L-MSN) encapsulated with 

ciprofloxacin showed improved antibacterial activity in clearing 

intravacuolar Salmonella infection. The L-MSN particle system 

exhibited controlled release of the antibiotic, which could aid in 

prolonged antibacterial effect. The lipid coat around the particle 

improves its biocompatibility and aided in intravacuolar 

targeting of the drug cargo leading to lower requirement of 

antibiotic dose as observed in the in-vivo model. The oral route 

of administration helped in ease of administration and delivery. 

The lipid based system for targeting Salmonella has the 

potential for treatment of other pathogens which also show an 

intracellular lifestyle. 
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