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ABSTRACT: We present a synthetic approach to a highly pathogen-selective detection and delivery platform based on the 
interaction of an antibody nanovalve with a tetrasaccharide from the O-Antigen of the lipopolysaccharide of Francisella 
tularensis bacteria, a Tier 1 Select Agent of bioterrorism. Different design considerations are explored, and proof-of-
concept for highly pathogen-specific cargo release from mesoporous silica nanoparticles is demonstrated by comparisons 
of the release of a signal transducer and model drug by LPS from Francisella tularensis vs. Pseudomonas aeruginosa, and 
by Francisella tularensis live bacteria vs. the closely related bacterium Francisella novocida. In addition to the specific re-
sponse to a bio-warfare agent, treatment of infectious diseases in general could benefit tremendously from a delivery plat-
form that releases its antibiotic payload only at the site of infection and only in the presence of the target pathogen, 
thereby minimizing off-target toxicities. 

1. Introduction 

In this work, we demonstrate a cargo delivery platform 
that features highly specific cargo release in vitro in the 
presence of the O-Antigen of the lipopolysaccharide (LPS) 
of Francisella tularensis (Ft).  Ft, the causative agent of 
tularemia, is a Tier 1 Select Agent of bioterrorism due to 
its high infectivity, capacity to cause serious morbidity 
and mortality,1–3 and the relative ease with which it can be 
cultured on a large scale, weaponized, and dispersed into 
the environment.  Ft was developed as a biological war-
fare agent during World War II by Japan and during the 
Cold War by both the U.S. and the former Soviet Union.4–

6 Because it can be fatal even with appropriate therapy, 
there is a need for both detection and responsive thera-
peutic treatment modalities such as our triggered, patho-
gen-responsive cargo delivery platform. Additionally, 
since numerous infectious diseases are caused by Gram-
negative bacteria, which harbor LPS in their cell walls, the 
same design considerations and synthesis procedures 
could in principle be applied to recognize and respond to 
many other pathogens. 

A cargo delivery platform that releases its payload spe-
cifically in the presence of a targeted pathogen would be 
highly beneficial for selectively detecting and treating 
infectious diseases. Not only can triggered drug release 
from a carrier system improve upon treatment with a free 
drug,7,8 but a drug delivery platform that additionally re-

leases its cargo only in the presence of a target pathogen 
could – in addition to signaling the presence of the path-
ogen in question – enhance efficacy by increasing drug 
delivery to infected cells while reducing the antibiotic 
burden on uninfected cells, thereby minimalizing un-
wanted side effects. Moreover, considering the ever-
growing number of infections caused by antibiotic re-
sistant strains of bacteria, many arising from the use of 
broad spectrum antibiotics, and the adverse health con-
sequences arising from alterations of the human microbi-
ome by such broad-spectrum antibiotics, there is a need 
for greater selectivity in targeting pathogenic bacteria.  

Making a drug delivery platform pathogen-specific pos-
es several challenges. First, it is necessary to consider the 
“container” used to hold the payload that later is to be 
released specifically in the presence of the target patho-
gen. Here, we chose mesoporous silica nanoparticles 
(MSNs) as the carriers due to their large internal pore 
volume and surface area, tunable particle size, pore size, 
and morphology, and huge flexibility for chemical modifi-
cations.9–13 Next, one needs to address how a gatekeeping 
mechanism can be designed and implemented on this 
carrier that can act as a cap on the cargo-loaded pores 
and releases the cargo selectively in response to a specific 
pathogen. In nature, one way that highly selective recog-
nition of target pathogens is
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Figure 1. Schematic representation of the triggered release of cargo (orange spheres) loaded into pores due to a competitive 
displacement of the antibody (green) that caps the pore by naturally occurring Francisella tularensis LPS (blue). 

 

achieved is through antibody-antigen interactions, and 
indeed, MSN-antibody conjugates have been reported 
that were used for analyte detection,14–17 
theranostics/imaging,17–22 or cell targeting.23–28 However, 
these examples demonstrate a specific recognition of an 
antigen by the MSN-antibody conjugate, but the recogni-
tion event itself does not stimulate a signal or killing re-
sponse, i.e., there is no antigen-responsive gatekeeping 
mechanism that would selectively control cargo release 
only in the presence of a specific antigen or pathogen. 

A design that can be used to achieve a proactive re-
sponse is one in which the antibody is bound to antigens 
immobilized on the surface of the MSNs, consequently 
acting as a “cap” that hinders the diffusion of cargo from 
the pores of the container. By subtle manipulation of the 
surface-bound antigen such that the affinity of the anti-
body binding to it is reduced, the antigen produced by 
the target pathogen can compete effectively for binding to 
the gatekeeper antibody, leading to displacement of the 
antibody, pore uncapping and cargo release (Figure 1). 
The feasibility of this approach has been demonstrated 
for the detection of compounds such as sulfonamides,29 
finasteride,30 and triacetone triperoxide,31 but to the best 
of our knowledge, a triggered release of cargo from MSNs 
by antigens that are naturally produced by bacteria has 
not been demonstrated.  For the triggering event to occur, 
a way to “tune” the rather strong noncovalent antibody-
antigen interaction is required such that a competitive 
displacement of the antibody cap occurs even at low anti-

gen concentrations and at the same time there is minimal 
non-specific cargo release due to “leakage” from the deliv-
ery platform. 

For our platform, we used the interaction of the FB11 
antibody with a derivative of the O-antigen of Ft LPS im-
mobilized on the nanoparticle surface for selective, path-
ogen-induced cargo release in our gated nanoparticle de-
sign. In the presence of the O-Antigen that is naturally 
produced and shed by Ft (Figure S1), a competitive dis-
placement of the antibody cap takes place, which leads to 
pore uncapping and cargo release (Figure 1). 

 

2. Experimental section 

Unfunctionalized mesoporous silica nanoparticles were 
synthesized according to a published procedure.32 Func-
tionalization was done by refluxing the unfunctionalized 
nanoparticles with the respective trialkoxysilane in dry 
toluene under an inert atmosphere of dry nitrogen over-
night. The CTAB template was extracted from the pores 
using two extraction steps with ethanolic ammonium 
nitrate and in some cases ethanolic HCl solutions. The O-
Antigen was coupled to amine-functionalized MSNs 
through EDC/NHS amidation or to ICPTES functionalized 
MSNs in dry DMSO in the presence of Zr(acac)4. In some 
cases, the O-antigen attached to the MSNs was acetylated 
with acetic anhydride in dry pyridine in the presence of 
catalytic amounts of DMAP. Cargo was loaded into the 
MSNs by soaking the samples in an aqueous solution of 
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the cargo on a shaker overnight. Antibody capping was 
done by incubating the samples in the presence of FB11 
anti-O-antigen antibody and BSA in PBS buffer. 

The wzy gene, which codes for O-antigen polymerase, 
was deleted from F. tularensis LVS by the method of allel-
ic exchange as described.33 

LPS and purification of the O-antigen tetrasaccharide 
was done employing a modification of the methods of 
Vinogradov et al.34 

Detailed experimental procedures and further details 
on the employed materials and characterization methods 
can be found in the supporting information. 

 

3. Results and Discussion 

It has been shown that the FB11 antibody recognizes a 
specific tetrasaccharide sequence at the end of the O-
Antigen polysaccharide chain of the Ft-LPS.35 In our first 
attempts at pathogen-specific cargo release, we followed a 
protocol from Vinogradov et al. to hydrolytically cleave 
purified LPS from Francisella tularensis live vaccine strain 
(Ft-LVS-LPS) and extracted the immunoreactive tetrasac-
charide units.34 However, the hydrolysis of the LPS always 
led to a decrease in immunogenicity, and triggered re-
lease of a model drug was not observed after attaching the 
tetrasaccharides to the nanoparticles by coupling one of 
the free OH groups to glycidoxypropyl- or isocyanatopro-
pyl groups on the silica surface, capping with FB11 anti-
body, and adding pristine Ft-LVS-LPS. We also tried 
longer O-Antigen fragments consisting of 2-3 and ≥5 
tetrasaccharide units (obtained from a partial hydrolysis 
of the LPS), but again, triggered release was not observed. 

As we assumed that the loss of immunogenicity of the 
O-Antigen tetrasaccharide that occurred in the hydrolysis 
steps (and presumably also in the attachment of the anti-
gen to the nanoparticle surface) interfered with successful 
antibody capping, we next tried coupling the unmodified, 
unhydrolyzed Ft-LVS-LPS to the nanoparticles. Two dif-
ferent attachment strategies were developed: one in-
volved binding of the carboxylic acid group of a Kdo sugar 
(3-Deoxy-D-manno-oct-2-ulosonic acid) in the core re-
gion of the Ft-LVS-LPS to aminopropyl-functionalized 
MSNs through an EDC/NHS amidation reaction; the oth-
er strategy again used the attachment of sugar OH-groups 
to isocyanatopropyl-functionalized MSNs in the presence 
of a Lewis acid (Zirconium(IV) acetylacetonate) in a dipo-
lar-aprotic, anhydrous solvent (DMSO) (Figure 2.a). To 
confirm successful attachment of the Ft-LVS-LPS to the 
surface of the nanoparticles and to assure that the immu-
nogenicity and antibody-binding capability of the Ft-LVS-
LPS were retained during the coupling reactions, we used 
an immunostaining assay to detect the presence of the 
FB11 antibody that was binding the antigen on the nano-
particle surface (Figure 2.b). Several control experiments 
were also carried out to make sure that both the antigen 
and antibody were bound to the MSNs. No immunostain-
ing was observed when either the O-Antigen attachment 
step, the FB11 binding step, or both were omitted, proving 
that there is no nonspecific binding of the FB11 antibody 

to the unfunctionalized MSN surface, and also no non-
specific binding of the fluorescent secondary goat-anti-
mouse (GAM) immunostaining antibody to the unfunc-
tionalized MSN surface or the Ft-LVS-LPS. From these 
data, we concluded that both Ft-LVS-LPS antigen at-
tachment and FB11 antibody binding to surface-bound Ft-
LVS-LPS were successful. 

 

Figure 2. a) Chemical attachment strategies to bind Ft-LVS-
LPS to the surface of mesoporous silica nanoparticles. b) 
Phase contrast (upper part of each panel) and fluorescence 
(lower part of each panel) microscopy images recorded at 
fixed exposure and gain settings after Texas Red conjugated 
GAM immunostaining. (A) Isocyanato-functionalized MSNs 
with covalently bound LPS that were also incubated with 
FB11 antibody. (B) Amine-functionalized MSNs with cova-
lently bound LPS that were also incubated with FB11 anti-
body. (C) Isocyanato-functionalized MSNs with covalently 
bound LPS, but without FB11 antibody. (D) Amine-
functionalized MSNs with covalently bound LPS, but without 
FB11 antibody. (E) Isocyanato-functionalized MSNs without 
LPS, incubated with FB11 antibody. (F) Amine-functionalized 
MSNs without LPS, incubated with FB11 antibody. (G) Isocy-
anato-functionalized MSNs without LPS and without FB11 
antibody. (H) Amine-functionalized MSNs without LPS and 
without FB11 antibody. The magnification is identical for all 
images (scale bar: 10µm). 
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Next, we focused on determining if a competitive dis-
placement of the FB11 antibodies could be triggered in the 
presence of Ft-LVS-LPS. For this and all future experi-
ments, we decided to use the LPS attachment via the Kdo 
residue to amine-functionalized MSNs through amide 
bond formation (even though our immunostaining exper-
iments indicated that both attachment strategies worked 
equally well), since this attachment is experimentally eas-
ier and the location of the attachment site is better de-
fined than the random attachment that occurs via one of 
the OH groups to isocyanato-functionalized MSNs. Also, 
an attachment to a sugar in the core region should not 
interfere with antibody-antigen binding, while the at-
tachment of the antigen by one of the OH groups of the 
terminal tetrasaccharide might do so under certain cir-
cumstances. We prepared MSNs that were functionalized 
with Ft-LVS-LPS, capped with FB11 antibodies, and then 
incubated with either 109 live Ft-LVS bacteria or with PBS 
as a control. Subsequent immunostaining with GAM an-
tibodies did not show a significant reduction in fluores-
cence of the sample incubated with Ft-LVS bacteria as 
compared with the control sample. Since the LPS on the 
MSN surface is identical to the LPS produced by the bac-
teria, the driving force for a competitive displacement of 
the antibody appeared to be too low under these condi-
tions. As a proof of principle, we repeated the experiment 
with a 20 times higher Ft-LVS concentration and for a 
longer time, and indeed we could see a reduction of fluo-
rescence after GAM immunostaining (Figure S2). These 
results indicated that the operation of the nanovalve is 
feasible and that the valve can in principle work at high 
bacterial (and hence LPS) concentrations in vitro. 

Next, we focused on strategies to reduce the affinity of 
the FB11 antibody to the LPS on the MSN surface in order 
to facilitate the displacement of the antibody at lower Ft 
bacterial concentrations, which may be more relevant to 
early stages of an infection. We expected that a covalent 
modification of the sugars in the O-antigen would lower 
the binding affinity of the antibody to the O-antigen. 
More specifically, we anticipated that acetylating the OH 
groups could lead to a lower binding affinity due to a ste-
ric mismatch, a polarity mismatch, and also due to the 
fact that the acetylated OH groups cannot act as hydro-
gen bonding donors to the Fab regions of the FB11 anti-
body any more (they can still act as hydrogen bonding 
acceptors to some extent). Moreover, the acetylation is 
experimentally rather simple, inexpensive, and the MSNs 
can withstand the reaction conditions of the acetylation, 
as confirmed by transmission electron microscopy (TEM) 
analysis (Figure S3). This approach also has the advantage 
that the acetylation can be performed after the coupling 
of the LPS to the MSNs, making workup easier and keep-
ing open the option of attaching the LPS via one of its OH 
groups, e.g. to isocyanato-functionalized MSNs. Indeed, 
immunostaining results indicated that FB11 antibodies 
bound to acetylated LPS on the MSN surface could be 
displaced after incubation with Ft-LVS-LPS at a concen-
tration of 5 mg/mL (Figure S4). In later experiments, we 

found that even lower concentrations were sufficient (for 
example 1.25 mg/mL as demonstrated in Figure 4.b) 

Next, we sought to determine if we can use this system 
to encapsulate cargo molecules and specifically release 
them in the presence of Ft-LVS-LPS. We prepared a sam-
ple in which we attached Ft-LVS-LPS to amine-
functionalized MSNs through an amide bond, acetylated 
the bound LPS, loaded the particles with fluorescein as a 
model drug and fluorescent indicator, capped the pores 
with FB11 antibodies, incubated them with Ft-LVS-LPS to 
trigger the competitive displacement, and measured the 
amount of released fluorescein. However, despite the fact 
that earlier immunostaining experiments had shown that 
LPS attachment and FB11 binding both occur and that a 
competitive displacement of FB11 from acetylated LPS on 
the MSN surface can be achieved, the difference between 
fluorophore release from the sample that was incubated 
with Ft-LVS-LPS and the control sample was not very 
pronounced. After several optimization steps, we 
achieved an approximately 35% greater amount of fluo-
rescein release after 3 h of incubation with Ft-LVS-LPS 
(2.5mg/mL) compared with a control sample in which no 
Ft-LVS-LPS was present (Figure S5). 

Our next goal was to achieve a better release perfor-
mance, i.e. a larger difference between the amount of car-
go released in the presence and absence of Ft-LVS-LPS. In 
the previous release experiments, we had seen that there 
was also fluorescein release from the control sample. We 
assumed that this “leakiness” was due to the fact that the 
antibody was too far away from the nanoparticle surface 
and the pore openings to provide effective capping and 
hence a sufficient enough barrier to diffusion of guest 
molecules from the pores of the MSNs into the solution. 
In the naturally occurring Ft-LVS-LPS the O-antigen unit 
typically consists of many tetrasaccharide repeating units, 
which gives rise to a large distance between the core re-
gion (where the Kdo sugar and hence the attachment site 
to the nanoparticles is located) and terminal tetrasaccha-
ride at the end of the O-Antigen chain (where the binding 
site for the FB11 antibody is located). To bring both sites 

Figure 3. Suggested structure of the sample isolated after 
careful hydrolysis of the lipid A part of the LPS from a wzy 
deletion mutant of Ft-LVS. 
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Figure 4. a) Time-based release of a model drug (Hoechst 33342) in the presence (black squares) and absence (red dots) of puri-
fied Ft-LVS-LPS (1.25 mg/mL). b) Nuclear staining intensity after release of a model drug (Hoechst 33342) triggered by incuba-
tion of MSNs with 1.0 mg/mL purified LPS from Pseudomonas aeruginosa (Pa LPS), 1.0 mg/mL Francisella tularensis (Ft LPS), 
and a control sample containing only PBS buffer for 1 h at 37 °C. c) Fluorescence intensity after release of a model drug (Hoechst 
33342) in vitro triggered by incubation of MSNs with live Francisella novocida bacteria (Fn), live Francisella tularensis bacteria 
(Ft), and a control sample containing only PBS for 1 h at 37 °C. 

 

closer together, we decided to use LPS from a Ft wzy dele-
tion mutant (Figure S6). This mutant lacks a gene that 
encodes an enzyme that polymerizes the O-antigen chain, 
i.e. the LPS of these mutants consists of the lipid A part, 
the core region, and only one tetrameric unit of the O-
antigen. We obtained the single tetrasaccharide-
containing LPS after introducing the wzy mutation into F. 
tularensis LVS, growing the bacteria, extracting and puri-
fying their LPS, and carefully hydrolyzing off the lipid A 
part. The product was characterized by matrix assisted 
laser desorption ionization time of flight mass spectrome-
try (MALDI-TOF MS), and a structure consistent with 
that previously described in the literature for Ft-LVS-LPS 
was obtained (Figure 3 and Figure S7).36 The suggested 
structure ([M]+Na+, m/zcalcd=1888.6563, 
m/zfound=1888.6198) differs from the published structure 
by the fact that a galactosamine in the core region is acet-
ylated and that the Kdo sugar underwent beta-
elimination and was reduced, which can be explained by 
the acidic hydrolysis and the reductive workup, respec-
tively. The peaks at m/z=1910.6321 and m/z=1726.6368 
correspond to the exchange of H+ for Na+ 

(m/zcalcd=21.9820) and the loss of a hexose sugar 

(m/zcalcd=162.0528) from the suggested structure, respec-
tively. The m/z values and isotope pattern of the main 
peak are in excellent agreement with the structure sug-
gested in Figure 3. 

After confirming the structure and purity of the sample, 
we used our previously developed and optimized ap-
proach to bind the LPS from the wzy deletion mutant to 
amine-functionalized MSNs, acetylated the bound LPS, 
loaded the MSNs with fluorescein as a model drug, 
capped the pores with FB11 antibody, and performed an-
other release experiment in which we added natural LPS 
from the parental non-mutated Ft-LVS bacteria (Figure 
4.a). We observed a strong increase in fluorescein release 
after Ft-LVS-LPS addition indicating that a) leakiness was 
markedly reduced by use of the shorter LPS produced by 
the wzy deletion mutant; b) cargo was efficiently retained 

inside the porous MSNs by means of the antibody nano-
valve; and c) the MSNs released their cargo upon a specif-
ic stimulus, i.e. Ft-LPS. We also checked the selectivity of 
the nanovalve by comparing the release of a model drug 
in the presence of Ft-LVS-LPS vs. a different LPS from 
Pseudomonas aeruginosa (Pa) in which the O-Antigen 
chain (as with Ft) also contains modified galactosamines 
and quinovosamines. As expected from the highly specific 
nature of the antibody-antigen interaction, a significant 
increase in cargo release was observed only in the pres-
ence of Ft-LVS-LPS, and not in the presence of Pa-LPS 
(see Figure 4.b). After these successful preliminary results 
with the cargo delivery platform, we further tested the 
specificity of cargo release using the live bacteria by com-
paring release by Ft with that of the very closely related 
bacterium Francisella novocida (Fn; for a comparison of 
the very similar O-Antigen structures, see Figure S8). In-
deed, a highly selective release of the model drug was 
observed as MSNs incubated with Ft but not with Fn or 
medium showed pronounced release (see Figure 4.c). 
These results demonstrate the feasibility and the high 
selectivity of this drug delivery platform in vitro. 

The FB11 antibody is well suited for capping of the MSN 
pores because it recognizes the terminal tetrasaccharide 
of the LPS O-antigen, i.e., the antigen which is most pe-
ripheral and therefore most surface exposed, and its dis-
placement is not complicated by steric hindrance. On the 
other hand, steric hindrance would likely be a factor lim-
iting the use of antibodies that recognize internal O-
antigen sugars. Because the FB11 antibody recognizes the 
terminal sugars, both bacteria-bound LPS and free LPS 
should be able to displace the antibody from the surface 
of the MSN. Gram-negative bacteria are well known to 
shed LPS during normal growth,37,38 and we have found 
that this phenomenon holds true for F. tularensis, with 
shedding of 0.2% and 0.6% of their LPS growing on agar 
plates or broth culture, respectively (supplemental Figure 
1). We have also observed abundant shedding of LPS by F. 
tularensis following phagocytosis by macrophages and the 
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presence of LPS in vesicular compartments separate from 
F. tularensis bacilli. 

Direct interaction between the MSNs and the bacteria 
is not required for the MSNs to kill the bacteria. Indeed, 
in our previous studies of MSN that release antibiotics 
after uptake by macrophages, we have demonstrated that 
the MSN-delivered antibiotics kill intracellular bacteria 
despite the MSN and the bacteria being located in differ-
ent intracellular compartments of the macrophage.39–41 
Antibiotics released from the MSNs are able to diffuse 
into the adjacent medium or the host cell cytosol and kill 
the bacteria even without direct contact between the 
MSNs and the bacteria. 

 

4. Conclusion 

As discussed in this paper, it is a challenge to design 
and make a nanomaterial that can selectively and auton-
omously respond to a specific molecule or organism and 
signal its presence.  In the area of human safety, such a 
nanomaterial may be useful for detection of toxic sub-
stances including poisons, environmental pollutants, 
man-made chemical warfare agents, and pathogens.  The 
latter, the subject of this paper, can include disease-
causing bacteria in general and Ft as a specific bio-warfare 
or bioterrorism threat. 

We presented design considerations and a synthetic 
approach that allow for highly selective, pathogen-specific 
triggered cargo release from MSNs with possible applica-
tions for the detection and treatment of a target patho-
gen. We found that the use of LPS from a wzy deletion 
mutant significantly reduced leakage, presumably be-
cause it brings the antibody cap closer to the pore open-
ings. The competitive displacement of the antibody caps 
was made more feasible by acetylating the O-Antigen 
bound to the nanoparticles without interfering with the 
structural integrity of the MSNs. We presented the use of 
a fluorescent dye cargo that provided the signaling event. 
The use of antibiotics as cargo to kill the bacteria is under 
current investigation in our laboratories. Since the speci-
ficity and triggered release is based on the interaction 
between antibody and the O-Antigen chain of the LPS, we 
believe that the same principles can also be applied to a 
variety of other gram-negative bacteria, providing a new 
platform for pathogen-responsive cargo delivery for the 
detection and treatment of infectious diseases. 
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flight mass spectrometry; MSNs, mesoporous silica nanopar-
ticles; NHS, N-hydroxysuccinimide; Pa, Pseudomonas aeru-
ginosa; TEM, transmission electron microscopy. 
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Figure 1. Schematic representation of the triggered release of cargo (orange spheres) loaded into pores due 
to a competitive displacement of the antibody (green) that caps the pore by naturally occurring Francisella 

tularensis LPS (blue).  
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Figure 2. a) Chemical attachment strategies to bind Ft-LVS-LPS to the surface of mesoporous silica 
nanoparticles. b) Phase contrast (upper part of each panel) and fluorescence (lower part of each panel) 

microscopy images recorded at fixed exposure and gain settings after Texas Red conjugated GAM 

immunostaining. (A) Isocyanato-functionalized MSNs with covalently bound LPS that were also incubated 
with FB11 antibody. (B) Amine-functionalized MSNs with cova-lently bound LPS that were also incubated 
with FB11 anti-body. (C) Isocyanato-functionalized MSNs with covalently bound LPS, but without FB11 
antibody. (D) Amine-functionalized MSNs with covalently bound LPS, but with-out FB11 antibody. (E) 

Isocyanato-functionalized MSNs without LPS, incubated with FB11 antibody. (F) Amine-functionalized MSNs 
without LPS, incubated with FB11 anti-body. (G) Isocyanato-functionalized MSNs without LPS and without 

FB11 antibody. (H) Amine-functionalized MSNs without LPS and without FB11 antibody. The magnification is 
identical for all images (scale bar: 10µm).  
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Figure 3. Suggested structure of the sample isolated after careful hydrolysis of the lipid A part of the LPS 
from a wzy deletion mutant of Ft-LVS.  
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Figure 4. a) Time-based release of a model drug (Hoechst 33342) in the presence (black squares) and 
absence (red dots) of purified Ft-LVS-LPS (1.25 mg/mL). b) Nuclear staining intensity after release of a 

model drug (Hoechst 33342) triggered by in-cubation of MSNs with 1.0 mg/mL purified LPS from 
Pseudomonas aeruginosa (Pa LPS), 1.0 mg/mL Francisella tularensis (Ft LPS), and a control sample 

containing only PBS buffer for 1 h at 37 °C. c) Fluorescence intensity after release of a model drug (Hoechst 
33342) in vitro triggered by incubation of MSNs with live Francisella novocida bacteria (Fn), live Francisella 

tularensis bacteria (Ft), and a control sample containing only PBS for 1 h at 37 °C.  
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