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ABSTRACT
Metal-based nanoparticles (NPs) stimulate innate immunity; however, they have never been demonstrated
to be capable of aiding the generation of specific cellular immune responses. Therefore, our objective was
to evaluate whether iron oxide-based NPs have adjuvant properties in generating cellular Th1, Th17 and
TCD8 (Tc1) immune responses. For this purpose, a fusion protein (CMX) composed of Mycobacterium
tuberculosis antigens was used as a subunit vaccine. Citrate-coated MnFe2O4 NPs were synthesized by co-
precipitation and evaluated by transmission electron microscopy. The vaccine was formulated by
homogenizing NPs with the recombinant protein, and protein corona formation was determined by
dynamic light scattering and field-emission scanning electron microscopy. The vaccine was evaluated for
the best immunization route and strategy using subcutaneous and intranasal routes with 21-day intervals
between immunizations. When administered subcutaneously, the vaccine generated specific CD4CIFN-gC

(Th1) and CD8CIFN-gC responses. Intranasal vaccination induced specific Th1, Th17 (CD4CIL-17C) and Tc1
responses, mainly in the lungs. Finally, a mixed vaccination strategy (2 subcutaneous injections followed
by one intranasal vaccination) induced a Th1 (in the spleen and lungs) and splenic Tc1 response but was
not capable of inducing a Th17 response in the lungs. This study shows for the first time a subunit vaccine
with iron oxide based NPs as an adjuvant that generated cellular immune responses (Th1, Th17 and TCD8),
thereby exhibiting good adjuvant qualities. Additionally, the immune response generated by the
subcutaneous administration of the vaccine diminished the bacterial load of Mtb challenged animals,
showing the potential for further improvement as a vaccine against tuberculosis.
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Introduction

Adjuvants are substances that enhance and extend the immune
response generated against a co-administered antigen. Only a
few adjuvants are licensed for use in human vaccines, and even
fewer efficiently induce a cellular immune response. This type of
response is required for protection against some diseases that
are of concern around the world, such as tuberculosis (TB) and
malaria.1 Therefore, the discovery of new vaccine adjuvants is
the main goal of vaccinology. In a vaccine formulation, together
with the adjuvant, the antigen guides the adaptive immune
response toward the target microorganism and is associated
with the long-lasting (memory) response.2 However, there is evi-
dence indicating that proteins from microorganisms are recog-
nized not only by major histocompatibility complex (MHC) II/
T cell receptors (TCRs) but also by the innate immune response
via some pattern recognition receptors (PRRs), such as Toll-like
receptors (TLRs).3,4 Hence, the immunization route and the vac-
cination dose also impact generation of the immune response,
especially the protective mucosal immune response.5,6

Magnetic nanoparticles (MNPs) have several applications in
nanomedicine such as contrast agents in magnetic resonance

imaging (MRI), magnetic tracers in magnetic particle imaging
(MPI) and alternating current biosusceptometry (ACB), and in
magnetic hyperthermia therapy.7-10 For a long time, nanoparticles
(NPs) were only considered to be delivery systems in vaccines;
however, there is now evidence showing that NPs can act as vac-
cine adjuvants with immunostimulatory capabilities.11 Nonethe-
less, the use of metallic NPs in vaccinology is rare, and many
effects and mechanisms of NPs have yet to be elucidated.12 Some
of the most common nanoparticles are iron oxide ones: magnetite
– Fe3O4 – that consist of a cubic ferrite spinel structure containing
one 1Fe2C; 2Fe3C; 4O2¡ in the molecular structure. This type of
NP has been utilized as a vaccine platform against malaria only by
Pusic et al. (2013), who demonstrated that vaccination with
IONPs induces higher titers of parasite-inhibitory antibodies than
vaccination with ISA51 (montanide) as an adjuvant. It was also
demonstrated that IONPs activated dendritic cells (DCs) in vitro
and enhanced CD86 expression. In addition, IONPs enhanced
IL-6, TNF-a, IL-1b, IFN-g, and IL-12 production, which corre-
lated with the Th1 (IL-12) and Th17 (IL-6 and IL-1b) responses.13

In 2015, TB became the world’s leading cause of infectious
disease-related death, surpassing acquired immune deficiency
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syndrome (AIDS). It is estimated that one-third of the global
population is infected with this bacillus, and the development
of an effective vaccine to prevent disease activation and new
infections is very important for TB eradication.14 Although it is
widely accepted that balanced Th1 and Th17 cellular responses
correlate with protection against infection, TB is a complex dis-
ease whose pathogenesis reflects the interactions between
Mycobacterium tuberculosis (Mtb) and the host immune sys-
tem, which are not fully understood.15 Thus, TB represents a
model disease for evaluating the adjuvant properties of IONPs
in eliciting cellular immune responses.

CMX protein is a fusion protein composed of portions of
immunodominant antigens of Mtb: one is a peptide from
Ag85c, a mycolyl-transferase protein responsible for the syn-
thesis of Mtb cell-wall lipids16; another is a peptide from
MPT51, a homolog of the Ag85 family but with functions asso-
ciated with cell adhesion and virulence17,18; and the third is the
entire HspX protein, a heat shock protein associated with the
latent phase of mycobacterial infection.19,20 CMX has been
used in several vaccination strategies; this protein is capable of
generating a Th1 response (together with CpG/DNA) in a sub-
unit vaccine formulation21 and of producing Th1 and Th17
responses to protect against TB when expressed in live vectors
(Mycobacterium smegmatis orM. bovis bacille Calmette-Guerin
(BCG).22-24 Recently, it was shown by da Costa and colleagues
that CMX protein alone could influence the innate immune
response and exhibit immunomodulatory activity, which was
partially TLR-4 and TLR-2 dependent, inducing NF-kB, IL-6,
TGF-b and IL-1b expression in bone marrow-derived
macrophages.25

The complete pathway driving T cell responses in the respi-
ratory tract (targeted by TB) is still unclear. However, there is
evidence that intranasal vaccination can stimulate DCs respon-
sible for generating T cells and recruiting them back to the
lungs through the induction of CCR4 expression.26 BCG is a
globally accepted TB vaccine used in humans and is adminis-
tered subcutaneously (SC) but does not provide long-term pro-
tection. Animals, such as guinea pigs, mice and macaques, are
currently used as models for investigating new vaccines against
TB. BCG vaccine administered SC is most frequently used as a
control; however, the use of BCG or other vaccines (viral vec-
tors or subunit vaccines) via the intranasal route can improve
the immune response (Th1), change the response profile
in the lungs, increase the mucosal Th17 response, and enhance
the protection against aerosol challenges.27-29

The objective of this work was to evaluate the adjuvant
properties of manganese ferrite (MnFe2O4)-NPs in the context
of a nanoparticulate subunit vaccine composed of CMX fusion
protein adsorbed on it toward the generation of specific Th1
(CD4 T lymphocyte, IFN-g producer), Th17 (CD4 T lympho-
cyte, IL-17 producer) and Tc1 (CD8 T lymphocyte, IFN-g pro-
ducer) responses.

Results

NP vaccine characterization

The CMX protein, with a molecular mass of approximately
36 kDa, was used to cover the citrate-coated MnFe2O4 NPs to

form NCMX. The size of the citrate-coated MnFe2O4 NPs
obtained by transmission electron microscopy (TEM) was
15.4 § 4.6 nm (Fig. 1B). However, when dispersed in liquid,
attractive intraparticle interactions, mainly van der Waals and
magnetic interactions, led to the formation of agglomerates.
This result was confirmed by the larger mean hydrodynamic
diameter (86 nm) observed by dynamic light scattering (DLS)
prior to protein coating (Fig. 1A, upper curve). Indeed, DLS
also indicated that the CMX protein adsorbed onto the NPs by
affinity, as demonstrated by observation of a larger nano-com-
pound with a mean hydrodynamic diameter of approximately
622 nm (Fig. 1A, bottom curve). Protein adsorption was also
confirmed by field-emission scanning electron microscopy (FE-
SEM) analysis. The uncoated MnFe2O4 NPs, namely Nano,
those not coated with CMX, were 151 § 25 nm in size
(Fig. 1C). In contrast, the formation of the CMX corona in the
NCMX nanostructure yielded particles with an increased size
of 881 § 130 nm (Fig. 1D). The larger value measured by FE-
SEM than by DLS was expected; in DLS, the particle size was
measured in the liquid media, while in FE-SEM, the sample
was dried. Therefore, one expects part of the protein corona to
disconnect from the nanostructure, resulting in a larger size.
The attachment of CMX to the NPs was also confirmed by
immunodot blot assays using anti-CMX antibodies (Fig. 1E).
As shown, the majority of the protein used was coated onto the
MnFe2O4 NPs, and only a residual quantity of the protein
remained in the supernatant after magnetic lateral separation
(fourth dot of Fig. 1E). To verify the amount of CMX linked to
the nanostructure, the protein was separated by the addition of
sodium dodecyl sulfate (SDS) and centrifuged; then, the super-
natant was utilized for western blotting (compared to a known
CMX concentration). By doing so, it was possible to determine
that the concentration of CMX protein attached to the NP was
very close to the total concentration used to cover the NP, i.e., a
final concentration of 200 mg/mL (Fig. 1F).

Subcutaneous NCMX vaccination induces Th1 and Tc1
responses and an increase in the number of lymphatic
endothelial cells (LECs) (gp38CCD31C cells)

To determine whether the vaccine formulated with NPs was
immunogenic, mice were vaccinated SC three times at 21-day
intervals. To optimize the dose necessary to induce specific
immune responses, two concentrations of NPs were used, 10
mg (SC10) and 50 mg (SC50), which were formulated with
20 mg of CMX. Twenty-one days after the last immunization,
the specific immune responses in the spleen and lungs were
evaluated (Fig. 2A). T CD4C lymphocytes expressing IFN-g
(Th1), T CD4C lymphocytes expressing IL-17 (Th17), and T
CD8C lymphocytes expressing IFN-g (Tc1) were analyzed by
flow cytometry. Both formulations demonstrated the capacity
to generate Th1 (Fig. 2B and 2C) and Tc1 (Fig. 2F and 2G)
responses in the spleen and lungs of vaccinated mice. None of
the groups showed a Th17 response (Fig. 2D and 2E) using this
route with these tested doses. The generated CMX-specific
humoral response varied among the groups; subcutaneous vac-
cination using 50 mg of NPs presented the highest IgG1 and
IgG2a levels. However, the level of IgG2a to IgG1 was balanced
for both vaccine formulations (Fig. 2H and I).
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LECs have been shown to proliferate, store antigens in the
lymph nodes, and support the maintenance of T CD8C mem-
ory cells under proinflammatory conditions. Thus, since the
subcutaneous route induced a robust Tc1 response in the
spleen, the capacity of NCMX to induce LEC (gp38CCD31C)
proliferation was evaluated. Evaluation of the axillaries lymph
nodes 4 days after subcutaneous vaccination showed that
NCMX induced an increase in the level of LECs, while none
the CMX protein or Nano alone was able to induce this prolif-
eration (Fig. 3).

Subcutaneous vaccination followed by intranasal boost
generates specific Th1 and Tc1 lymphocytes but does not
induce Th17 cells

Although both vaccine formulations were immunogenic, an
important component of the supposed protective immune
response against Mtb was missing. Th17 cells, when stimulated
together with Th1 cells, are known to aid the generation of a
better protective response.30,31 The combination of subcutane-
ous and intranasal mucosal vaccination has been shown to gen-
erate Th17 cells.32,33 Thus, it was hypothesized that in order to
generate specific Th1/Tc1/Th17 responses, a combination
immunization route should be used. The mixed vaccination
scheme generated specific Th1 (Fig. 4A) cells in the spleen and
lungs (Fig. 4B) of immunized mice. Additionally, specific Tc1
cells (Fig. 4E) were induced in the spleen. However, no Th17-
specific response was observed in the spleen (Fig. 4C) or lungs

(Fig. 4D) of vaccinated mice. The nanoparticle alone was also
used as control, however as we evaluated the specific response
to CMX, no response elicited (Supplementary Fig. 5). The
humoral response elicited by this vaccination strategy was
weaker than that generated by subcutaneous vaccination, and
the intranasal booster led to little improvement in the antibody
response (Fig. 4G and H). In summary, the results show that
the NCMX formulation efficiently induces Th1 and Tc1
responses but not a Th17 response when the subcutaneous and
intranasal routes are used.

Intranasal instillation can stimulate Th17 in addition
to Th1 and Tc1 responses in the lungs

Since specific Th17 cells were not generated in the lungs when
intranasal vaccination was used as a booster, a vaccination
strategy using only intranasal vaccination (a mucosal immune
stimulator) was used (Fig. 5A). The vaccination stimulated spe-
cific Th1 (Fig. 5B) and Tc1 (Fig. 5D) responses in the lungs as
well as the important Th17 (Fig. 5C) response; however, no
antibody responses were observed (Fig. 5E and F).

Multiple exposures of the lung parenchyma to inorganic
NPs, especially iron and manganese NPs, could result in
lung damage. Although the animals did not present any
sign of stress or disease (data not shown), the morphology
and histology of the lung tissue were evaluated. Mice vacci-
nated with the MnFe2O4 NP and NCMX formulations
exhibited increased lung cellularity without the formation of

Figure 1. Construction and characterization of MnFe2O4 NPs coated with CMX. (A) DLS results of citrate-coated MnFe2O4 NPs (Nano, upper panel) and citrate-coated
MnFe2O4 NPs incubated with CMX (NCMX, lower panel). (B) TEM images of citrate-coated MnFe2O4 NPs. Characterization of CMX protein corona formation of Nano (C)
and NCMX (D). (E) NCMX samples were separated by lateral magnetic separation and utilized for the dot plot. The first dot represents only citrate-coated Nano; the second
dot represents only CMX as a positive control; the third dot represents magnetically separated citrate-coated Nano covered with CMX (NCMX); and the last dot is the resid-
ual protein in the supernatant after the adsorption of CMX onto the NPs (residual CMX). (F) Quantification of CMX adsorbed onto the NPs. NCMX was incubated with 10%
SDS and then centrifuged, and the supernatant left was used for western blotting and comparison with a known concentration of CMX.
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arteriolar cuffs, which is indicative of cell migration. How-
ever, the MnFe2O4 NPs resulted in a lower cellularity index,
and this difference could be correlated with particle size
and aggregation (Fig. 6).

The hemolytic effect of the MnFe2O4 NPs (10 mg, 50 mg,
100 mg and 500 mg) and NCMX (with 20 mg of CMX and
10 mg, 50 mg, 100 mg and 500 mg of MnFe2O4 NPs) is dem-
onstrated in Supplementary Fig. 3. Hemolysis increased
slightly with the increasing tested concentrations; however,
hemolysis did not exceed 20% for any sample, even with the
highest concentration tested being 10-fold greater than the
vaccine concentration. Additionally, twenty-one days after two
intranasal vaccinations, two subcutaneous and three subcuta-
neous vaccinations (using 10 mg of MnFe2O4 NPs and 20 mg
of CMX), the heart, kidneys and liver were collected, sec-
tioned, stained with hematoxylin and eosin (H&E) and evalu-
ated for signs of chronic toxicity or persistent organ damage.
No disturbances or injuries were found in any of these organs
(Supplementary Fig. 4).

CMX-specific Th1 and Tc1 recall responses afterMtb
challenge cause reduction in the bacterial load

Because the subcutaneous and the combined subcutaneous and
intranasal vaccination strategies induced cellular immune
responses, vaccinated mice were challenged with Mtb to deter-
mine whether the response could be recalled. The Mtb chal-
lenge resulted in increased numbers of specific Th1 cells in the
lungs of all infected groups. However, the greatest increase in
CD4CIFN-gC cells was observed in animals SC vaccinated with
NCMX (Fig. 7B-D). Additionally, the Mtb infection induced an
increase in the CMX-specific Tc1 population. Vaccination with
NCMX recalled the CMX-specific Tc1 population (doubled the
amount observed for Mtb-challenged or BCG-vaccinated ani-
mals) to the lungs of the vaccinated mice (Fig. 7C-E).

Preservation of the lung architecture (healthy/saline control;
Fig. 8A) is an essential feature of vaccines against TB. The lungs
of the Mtb-infected group exhibited expressive lymphocytic
and neutrophilic infiltrates, compromising the entire lung

Figure 2. Immune response to subcutaneous vaccination is not affected by the NP dose in the formulation. Groups of four mice were immunized SC two times with 100
mL of NCMX, and the third booster was administered via intranasal instillation. Twenty-one days after the last immunization, the spleen and lungs were collected and ana-
lyzed by flow cytometry for Th1, Th17, and Tc1 lymphocytes (A).-one days after the last immunization, the spleen and lungs were collected and analyzed by flow cytom-
etry for Th1, Th17, and Tc1 lymphocytes (A). The number of Th1 (CD4CIFN-gC), Th17 (CD4CIL-17C), and Tc1 (CD8CIFN-gC) cells in the spleen (B, D and F, respectively)
and lungs (C, E and G, respectively) are shown. Differences between the means of the groups were determined by ANOVA and post-hoc test, and p values are shown.
Serum samples were collected, and the humoral immune response was evaluated by measuring the levels of IgG1 (H) and IgG2a (I). Differences between the means of
the groups were determined by ANOVA and significant differences with p < 0.05 are shown with an asterisk (�).
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tissue architecture, together with the presence of foamy macro-
phages (Fig. 8B). On the other hand, BCG-vaccinated mice
showed fewer lung lesions, preserving the alveolar spaces, and
limited lymphocytic tissue infiltration (Fig. 8C). However,
while the subcutaneous NCMX vaccination preserved the lung
architecture but with areas of mononuclear inflammatory cell
infiltration (Fig. 8D), the mixed (subcutaneous and intranasal)
NCMX vaccination showed larger areas of mononuclear
inflammatory cell infiltration that compromised the alveolar
structure (Fig. 8E).

Finally, diminishing the bacterial burden in the lungs of
infected hosts is one of the main goals of Mtb vaccines. Thus,
we assessed whether vaccination with NCMX could generate a
response that could protect mice against intravenous Mtb chal-
lenge. NCMX vaccination reduced the number of bacteria
recovered from the lungs of challenged mice by half log unit
compared with the number of bacteria recovered from the
lungs of unvaccinated mice (saline control), while BCG vacci-
nation reduced the number of bacteria by approximately 0.8
log unit (Fig. 8F).

Discussion

The search for new adjuvants is one of the main goals of vacci-
nology. NPs have been reported in several studies as being able
to interact with the immune system and have been demon-
strated to serve as adjuvants capable of inducing a humoral
immune response. The capacity of NPs to induce T cell
responses is still unclear. Consequently, cellular (Th1 and
Th17) immune responses, even when antigens are coupled with
NPs, are correlated with the utilization of TLR adjuvants or
other potent adjuvants.12,34 In this work, we presented a new
NP adjuvant for a subunit vaccine, which we tested in a murine
model of TB. The adjuvant used a fusion protein named CMX,
which is a protein composed of three Mtb antigens that has
previously been shown to induce a protective response against
TB in several vaccine formulations.22-24 The NCMX vaccine
was tested using subcutaneous and intranasal vaccination
schemes. All strategies showed the ability to induce a specific
immune response to CMX, and when the vaccine was adminis-
tered SC followed by challenge with Mtb, CMX-specific Th1

Figure 3. Subcutaneous immunization induces an increase in LECs (gp38CCD31C) in draining lymph nodes. Representative dot plots for each group are shown above the
graphs of lymph node endothelial cell counts evaluated based on CD31, gp38 and CD21/35 staining 1 day (left graph) or 4 days (right graph) after immunization with
CMX or Nano only or with the NCMX formulation. Differences among groups were determined by one-way ANOVA, and p values are shown. Significant differences were
found among the groups, n D 4 mice.
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and Tc1 responses were achieved and conferred half log protec-
tion against TB.

The NPs used here is very similar to magnetite, but
instead of containing Fe2C in this structure it has Mn2C.

Note that it still contains Fe3C and O2¡, therefore is an
iron oxide-based NP. It had a mean individual core size of
15.4 nm, as determined by TEM; however, due to
particle agglomeration and the citrate layer, the mean

Figure 4. Mixed vaccination induces weak lung Th1 and splenic Th1 and Tc1 responses. Mice were immunized SC two times with 100 mL of NCMX, and the
third booster was administered via intranasal instillation. Twenty-one days after the last immunization, the spleen and lungs were collected and analyzed by
flow cytometry for Th1, Th17, and Tc1 lymphocytes (A). The number of Th1 (CD4CIFN-gC), Th17 (CD4CIL-17C), and Tc1 (CD8CIFN-gC) cells in the spleen
(B, D and F, respectively) and lungs (C, E and G, respectively) are shown. Serum samples were collected, and the humoral immune response was evaluated by
measuring the levels of IgG1 (H) and IgG2a (I). Differences between the means of the groups were determined by Student’s t-test, and p values are shown.
Significant differences were found between the groups, n D 4.
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hydrodynamic diameter was larger, on the order of 85.9 nm
in phosphate-buffered saline (PBS), which was the vaccine
buffer. The immune responses elicited by metallic NPs have
been shown to be related to the size and shape of the NPs,
as demonstrated by Niikura (2013)35; however, in that
study, only gold NPs and TNF-a and antibody responses
were investigated, and these NPs may have significantly dif-
ferent properties than our NPs. Consequently, the effect of
the physical characteristics of metallic NPs (such as IONPs
or Mn-doped iron oxide NPs) on the immune response
remains to be elucidated.

The formation of a protein corona composed of the fusion
protein CMX was also demonstrated, along with NP agglomer-
ation; the particle size increased to more than 600 nm (DLS)
and 800 nm (FEG-SEM) after protein adsorption. The larger
NPs can serve as a depot at the vaccine inoculation site, guiding
the immune response to the site and prolonging antigen release,
and consequently, antigen presentation, thereby having a direct
impact on lymph node drainage, cellular uptake, and antigen
presentation.36 NPs larger than 500 nm have been shown to
need DCs to reach lymph nodes from the injection site,37 and
NPs exhibiting the depot effect (in a cationic liposome model)

Figure 5. Intranasal vaccination increases the cellular immune response in the mucosa. (A) Mice were vaccinated 2 times at 21-day intervals with NCMX. At
21 days after the last immunization, the lungs were collected and analyzed by flow cytometry for (B) Th1 (CD4CIFN-gC), (C) Th17 (CD4CIL-17C), and (D) Tc1
(CD8CIFN-gC) cells. Mouse serum samples were collected 21 days after each vaccination for evaluation of the elicited humoral immune response by measuring
the levels of IgG1 (E) and IgG2a (F). Differences between the means of the groups were determined by Student’s t-test, and p values are shown. Significant dif-
ferences were found between the groups, n D 4.
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Figure 6. Evaluation of lung injury or tissue changes in intranasally vaccinated mice. Mice were vaccinated 2 times at 21-day intervals with NCMX. At 21 days after the last
immunization, the lungs were collected, stained with H&E and analyzed for damage at 4x magnification (upper) and 40x magnification (botton).

Figure 7. Challenge with Mtb after vaccination with NCMX recalls Th1 and Tc1 populations to the lungs. Thirty days after the challenge (A), the lungs were analyzed for
the presence of CD4CIFN-gC (B) and CD8CIFN-gC (C) lymphocytes to evaluate the capacity of the immune cells generated by the vaccination to migrate to the lungs and
to help protect against infection. The total number of cells was then calculated and is summarized in the graph below the dot plot for CD4CIFN-gC (D) and CD8CIFN-gC

(E) cells. Differences among the groups were determined by one-way ANOVA, and p values are shown. Significant differences were found among the groups, n D 4.
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have been shown to be more capable of inducing IFN-g
release.38

We verified the possibility of using different doses of NPs in
vaccine formulations (10 mg and 50 mg). Both doses generated
Th1 and Tc1 responses; thus, the NP dose seems to have less of
an impact on cellular immunity than on the humoral immune
response (Fig. 2). Sindrilaru et al. (2011) have shown that
greater iron uptake by macrophages makes the macrophages
less modulatory and capable of secreting more proinflamma-
tory cytokines.38 Similar to iron, manganese has also been dem-
onstrated to be capable of inducing proinflammatory responses
in microglia; however, manganese alone induced moderate
only production of IL-6 and TNF-a,39 as well as superoxide
reactivity, H2O2 formation and NO production by neutro-
phils.40 Therefore, the use of higher concentrations of iron and
manganese-based NPs could be directly correlated with the
immune response induced. Yet, from our data, the tendency of
the particles to induce a greater CD8 response when 50 mg was
used indicates that the NP dose should be investigated to better
understand this relationship.

The administration route can affect the immune response
elicited by a vaccine. For instance, when mice are immunized
through subcutaneous route, CD103C DC subset present in

the dermal compartment can migrate to the site of injection
and then migrate to the LN. Dermal CD103C DC produce IL-
12 and can cross present the antigen by MHCII/MHCI generat-
ing Th1/Tc1 (CD8) responses.41 Our results with subcutaneous
vaccination also induced Th1/Tc1 responses and probably this
was due to production of IL-12 by those DCs. Intranasal vacci-
nation using NCMX generated Th1/Tc1 and Th17 responses,
CD103C DCs also present in the lungs could be involved in the
generation of Th1/Tc1 responses.42 Further, the DCs present in
NALT (nasal associated lymphoid tissue) produce more IL-6
than those present in cervical lymph nodes and spleen and con-
sequently might be responsible for preferential Th17 generation
when the intranasal route was used.32

IONPs and MnFe2O4 NPs have been used in different nano-
medical approaches and are usually tolerated well, sometimes
at doses ten-fold higher than those used in this study.10,43-45

However, repeated exposure of the airway to manganese (salt)
or iron NPs can lead to pulmonary disorders, such as bronchi-
olitis and pneumonitis.46-48 It is also through the airway that
manganese enters the bloodstream and starts to accumulate in
and damage the nervous system, leading to predispositions to
neurodegenerative disorders.47,49 Despite these disadvantages,
passivation of the MnFe2O4 used here enriched the surface

Figure 8. Vaccination with NCMX reduced the histopathological damage and bacterial load in the lungs of Mtb-challenged mice. Thirty days after the last vaccination via
subcutaneous and mixed administration, mice were challenged with 106 CFU per animal. After thirty days, the mice were euthanized, and the lungs were studied to
determine the capacity of the vaccination to protect against damage and pathological response (A to E), as well as its capacity to diminish the bacterial load in the lungs
(F). Lung samples were also stained with H&E and analyzed for damage at 4x magnification and 40x magnification. Differences among the mean CFU values were deter-
mined by one-way ANOVA, and p values are shown. Significant differences were demonstrated among the groups, n D 8.
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with Fe, and the subsequent coating with CMX might have pre-
vented the release of ions (Fe or Mn) during a short time win-
dow, thus reducing the toxicity. Not all adjuvants can be
efficiently used for mucosal vaccine administration, and even
established adjuvants, such as aluminum, MF-59 and even
muramyl-di-peptide (cellular immune response adjuvant),
have failed to induce an immune response via intranasal vacci-
nation.50 Thus, the diminished immunogenic capability of the
intranasal route as a booster, with the need for multiple vacci-
nations through the same route, can be an obstacle for the use
of NPs via this route, once mild inflammation of the lungs
observed even after the second intranasal immunization.

To induce a CD8 response, the antigen should be presented
by DCs to na€ıve CD8 cells via cross-presentation, and as dem-
onstrated by Tran and Shen (2009),51 NPs larger than 500 nm
are better at inducing this type of response by reducing the
endosomal pH and thus improving the antigen processing.51 A
TCD8 response can directly kill the infected cells or produce
cytokines (Tc1) to aid in the activity of other cells52; the TCD8
response was the most prominent response induced by our vac-
cine formulation with NMCX. CD8C T cell generation is
known to be partially CD4 independent; however, the develop-
ment and maintenance of memory is CD4 dependent, and the
priming of the Tc1 population is improved when correlated
with the Th1 response.53 In this study, even at low levels, the
Th1 response was observed together with the Tc1 response.

The observed NCMX size of 622–881 nm implies that they
will not be uptake by LECs. Therefore, the increase in the num-
ber of LECs observed in our experiments may be due to CMX
antigen shedding and drainage to the lymph nodes that in turn
could be taken by LECs. Previously, CMX alone was shown to
induce activation of NF-kB, IL-6 and IL-1a.25 Pusic and cols
showed that iron oxide nanoparticles were capable of inducing
IL-6, TNF-a, IL1-b, IFN-g, and IL-12.13 As shown by Tambur-
ini and cols, although the adjuvant (polyIC) activates the innate
immune response, only when the protein and the adjuvant for-
mulation were used as vaccine LECs proliferated.54 Thus maybe
this is the case for our results, where the increase in the number
of LECs was observed only when Nano was combined with
CMX.

CMX is capable of inducing IL-6 and TGF-b expression in
macrophages in vitro25; however, when used alone, it cannot
generate an adaptive immune response.55 This observation is in
agreement with the literature showing that protein alone can-
not efficiently generate an adaptive immune response.56 CMX
was used by de Sousa et al. (2010) in a formulation with CpG/
DNA and liposomes and efficiently induced a Th1 response,21

which is important for protection against TB. Compared with
most potent adjuvants (such as lipopolysaccharide (LPS) or
CpG/DNA), NPs have a diminished capacity for stimulating
these types of responses,13 but even without any TLR agonist,
our formulation was able to induce a Th1 response.

The induction of the Th17 response is correlated with
MHCII presentation and a milieu of IL-6 and TGF-b in the
immunological synapse. This response is important for protec-
tion against TB by supporting Th1 reactivity and downregulat-
ing IL-10 and upregulating IL-12 production by DCs; after Mtb
challenge, Th17 cells stimulate chemokine production, recruit
CD4C T cells to the lungs, favor granuloma formation, and

accelerate pathogen clearance.30,57 CMX alone has been shown
by da Costa et al. (2015) to induce IL-1a, IL-6 and TGF-b
expression in bone marrow macrophages (BMMs), and iron
NPs have also been demonstrated to be capable of inducing IL-
6 and IL-b expression.13,25 However, the stimulatory capacity
of CMX is TLR-4 and TLR-2 dependent, and IONPs are capa-
ble of interfering with monocyte responses, diminishing the
production of IL-1b and TNF-a, when used as co-stimuli with
LPS (TLR-4 dependent).58 This observation supports our find-
ing of a low efficiency in the induction of a Th17 response by
our formulations. Finally, we and others have recently demon-
strated the role of IL-17 produced by Th17 cells in TB, and the
failure to induce this population in this study was probable the
main factor responsible for not achieving better protection
against infection.

After the Mtb challenge, the subcutaneous and mixed for-
mulations were able to recall the CD8 response, reflecting the
capacity of the formulations to maintain and generate that
response. Both recalled responses diminished the bacillary load
in the lungs of infected mice, reinforcing the importance of this
population in the protection against TB. However, the subcuta-
neous vaccination alone also induced a Th1 response that could
be recalled upon challenge and diminished the damage to the
lungs, demonstrating that the Th1/Tc1 immune response is
responsible not only for killing the bacteria but also for delimit-
ing and controlling the infection.52,57

The scientific community and the WHO have been careful
with the use of metallic adjuvants, mainly because of the associ-
ation of the presence of heavy metals in vaccines and adverse
effects. However, there is no evidence of such adverse effects;
for example, Taylor et al. (2014) evaluated almost 1.3 million
people through a meta-analysis and found no evidence of an
association between vaccination and autism.59 In addition, the
presence or absence of thimerosal (mercury-containing preser-
vative) in American vaccines or immunoglobulin preparations
does not affect the number of individuals with autism spectrum
disorder.60 Despite these observations, there are still questions
about possible side effects. As such, we searched for potential
toxic effects of our vaccine formulation; we found no hemoly-
sis, and the vaccinated mice showed no evidence of organ dam-
age or disease in terms of abnormal behavior, weight loss,
reflexes, balance, exploration, strength, locomotor activity or
any other parameter. The only observed effect was increased
cellularity in the lungs when the mice were vaccinated intrana-
sally, which is also correlated with cell migration and develop-
ment of the immune response.

The biodistribution of nanoparticles can be related to sev-
eral characteristics such as site of injection, size, shape and
charge. Particularly, the size of the nanoparticle also dictates
its distribution, once nanoparticle with size closest to the used
in our work (600-800 nm) will be found almost equally in the
lungs, liver and spleens, while nanoparticles smaller than
10 nm tend to be cleared by the kidneys.61 Because of that, in
toxicity assay we looked for any damage in the lungs, liver
and kidneys of vaccinated mice. However, no sign of damage
was found in any organ when NPs were utilized through sub-
cutaneous route while only small modification was found in
the lungs of animals vaccinated intranasally. Together with
this, there are multiples possible cells which are capable of
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endocytosis, as well as biodegrade these particles, particularly
macrophages, dendritic cells and inflammatory monocytes.62

The amount of NP in our formulations (50mg being the big-
gest quantity) is well below the amounts used in FDA
approved iron oxide based formulations such as Feraheme or
Resovist that can be used in mice from 0.6 mg to 12.3 mg,
respectively.63 Furthermore, even with this type of NP taking
several weeks to be degraded, the administered amount are
not capable to become toxic, while reports in the literature
indicate that it can be used by the body as nutrient iron or be
excreted in the feces after degradation.64,65

The formulation used here efficiently induced a Tc1
response, which heightens the potential use of this formulation
(Tc1 inducer) in cases where the TCD4 response is not effi-
cient, such as in AIDS. In addition, we only used NPs as an
adjuvant and immunostimulant, and other approaches, for
example, complexing with CpG/DNA or other TLR agonists,
can improve the desired immune response. However, the use of
such approaches must be carefully evaluated since the presence
of NPs can alter the function and response of TLRs, as demon-
strated for TLR-2 and TLR-4.58

In this study, we found distinct responses when different
doses and routes were used, with SC50 generating more IgG1
and IgG2a than SC10. Vaccination strategies that included
intranasal vaccination (alone or combined with subcutaneous)
did not induce or improve significant antibody titers. In TB,
the mechanism of antibody protection is unclear, but it seems
to be essential for containing the mycobacterial infection by
synergizing with cellular immune response.66-68 In some stud-
ies, comparison of similarly shaped particles revealed an inverse
correlation between the particle size and immune response,
with smaller particles inducing a more efficient humoral
response, while these effects were not observed in other
studies.34,69,70

Although our cell preparations could contain circulating
blood cells not representative of the investigated organ, the
mucosal immune response was evaluated after perfusing the
lungs with ice-cold PBS containing heparin to remove traces
of blood.71 Our group evaluated protection against TB using
the intravenous route with relatively high bacillary doses,
which is not the usual route of infection for TB but provides a
better surrogate of protection due to the higher bacterial load
rapidly achieved in several tissues following infection requir-
ing a more efficient protective response that could be missed
when low-dose aerosol infection is used.22,72 BCG is always
used as a control in our studies, and as shown by our results,
the protection induced by BCG in our model of infection is
similar to that obtained by several groups that work with vac-
cines and use the aerosol route of TB infection. Moreover, the
lesions caused by intravenous infection are similar to those
caused by aerosol infection; thus, the host-pathogen interac-
tions are conserved.23,24,55

Finally, for the first time, this study demonstrates that
MnFe2O4 NPs in a vaccine formulation can generate cellular
immune responses. The formulation could generate Th1 and,
most prominently, Tc1 (CD8) responses that could be recalled
upon TB infection and could help in protection against the bac-
teria, as demonstrated by our evaluation of the total immune
response present in the lungs and spleen.

Materials and methods

Ethics statement

This study was carried out in strict accordance with the recommen-
dations of the Guide for the Care andUse of Laboratory Animals of
the Committee of Sociedade Brasileira de Animais de Laborat�orio
(SBAL). The animals were housed and handled according to the
guidelines of the ConselhoNacional de Controle e Experimentaç~ao
Animal (CONCEA). The protocol for this work was approved by
the Committee on the Ethics of Animal Experiments of theUniver-
sity Federal de Goi�as (protocol number: 103/14).

Citrate-coated MnFe2O4 NP synthesis and CMX coating

The citrated-coated MnFe2O4 NPs were synthesized as
described by Nunes et al. (2014).44 Briefly, 50 mmol of FeCl3
and 25 mmol of MnCl2 (both dissolved in 100 mL of 3% HCl)
were introduced into 500 mL of boiling 2.0 mol/L methylamine
solution under vigorous stirring for 30 min. The obtained solid
was magnetically separated from the supernatant and washed
three times with distilled water. The precipitate was acidified
with a 0.5 mol/L HNO3 solution and magnetically separated
from the supernatant, which was discarded. Then, the NPs
were hydrothermally treated by boiling 0.5 mol/L Fe(NO3)3 for
30 min, and the excess ferric nitrate was removed from the
solution by magnetic decantation. After preparation of the
magnetic composite, the coating process was performed by the
addition of sodium citrate to the solution under stirring for
30 min using a 1:10 mass ratio of Na3C6H5O7 to MnFe2O4, in
50 mL of water. The obtained precipitates were magnetically
separated, and the supernatants were discarded. Then, the pre-
cipitates were washed three times with acetone, the desired
amount of water was added, and the excess acetone was evapo-
rated to yield the magnetic fluid samples.

CMX protein is a recombinant protein developed by de
Sousa et al. (2012)21 and produced in Escherichia coli in the
Immunopathology and Infectious Diseases Laboratory at the
Institute of Tropical Pathology and Public Health (Instituto de
Patologia Tropical e Sa�ude P�ublica – IPTSP), UFG.

For the CMX coating, we utilized the protocol of Yang and
Burkhard (2012)73 with modifications. Briefly, MnFe2O4 NPs
were diluted in the CMX protein solution (200 mg/mL antigen
concentration) to a concentration of 100 mg/ml (SC 10) or 500
mg/mL (SC 50). The solution was then incubated for 2 h under
1000 rpm homogenization and utilized for the other tests and
in immunizations.

Characterization of NPs with and without CMX protein
corona

The hydrodynamic diameter of citrate-coated MnFe2O4 NPs
and citrate-coated MnFe2O4 NPs coated with CMX (NCMX)
was determined with a Malvern Zetasizer Nano S equipped
with a 633-nm laser (Instituto de Qu�ımica – Laborat�orio de
Qu�ımica Anal�ıtica -UFG). Hellma quartz cuvettes with a 3-
mm path length and a 9.65-mm center were used. Measure-
ments were performed at 20�C using 500-mL samples. The
hydrodynamic diameters were verified by Malvern DTS soft-
ware, version 7.01.
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In addition, the size of the citrate-coated MnFe2O4 NPs was
characterized by TEM. A drop of the NP solution was depos-
ited onto a glow-discharged carbon-coated grid. The grid was
subsequently dried and visualized using a JEOL JSM-6610
microscope (JEOL, Japan) equipped with an energy dispersive
spectrometer (EDS; Thermo Fisher Scientific NSS Spectral
Imaging) at Laborat�orio de Microscopia de Alta Resoluç~ao Lab-
Mic – UFG). The images were analyzed with public domain
Java ImageJ software (V1.37).74 For the NP size measurements
by TEM, 230 NPs were evaluated.

The process of coating the NP surface with protein is known
in the literature as protein corona formation.75 To visualize the
CMX corona formation, the NCMX suspension was dripped
onto ultra-thin carbon membranes and left to dry at room tem-
perature to make the membranes suitable for analysis. The
images were acquired using a JEOL JSM-7100F field-emission
scanning electron microscope in scanning transmission elec-
tron microscope (FE-SEM) mode at Centro Regional de Desen-
volvimento Tecnol�ogico (CRTI-UFG). For each sample, a
series of images with increasing magnification was recorded.
The images were analyzed, and the corona was evaluated using
public domain Java ImageJ software (V1.37).74

NCMX samples were separated by lateral magnetic separa-
tion for 24 h and resuspended in PBS (100 mL). To evaluate
unbound protein, the residual supernatant from the lateral
magnetic separation was centrifuged at 16,000 £ g for 15 min
at 22�C. Then, the supernatant was discarded, and the sediment
was resuspended in PBS and applied to a nitrocellulose
membrane.

For the immunodot blot assay, a nitrocellulose membrane
was spotted with 10 mL of each of the following solutions: a
solution containing 5 mg of NPs, a solution containing 10 mg
of CMX, 10 mL of the NCMX formulation and 10 mL of the lat-
eral flow NP separation supernatant. After this step, the nitro-
cellulose membrane was incubated with polyclonal antiserum
against CMX (1:10,000 dilution obtained from rCMX-immu-
nized BALB/c mice). The membrane was then incubated with
horseradish-peroxidase-conjugated anti-mouse IgG (Sigma-
Aldrich). The presence of the CMX protein was detected by
incubation with diaminobenzidine (Roche).

Protein corona quantification

Western blotting (Fig. 1C) was performed to quantify the
recombinant CMX protein linked to the MnFe2O4 NPs. To
release the protein corona from the NPs, NPs in NCMX (500
mL) were separated by lateral magnetic separation for 24 h.
Then, the supernatant was discarded, and the sediment was
resuspended in 500 mL of 10% SDS-PBS buffer, incubated for
30 min, and centrifuged at 5000 rpm for 10 min; then, 10 mL of
the supernatant was utilized for western blotting. After trans-
ferring the proteins to the nitrocellulose membrane, the proce-
dures described above were followed to perform the
immunodot blot assay.

Animals

Specific-pathogen-free female BALB/c mice (4–8 weeks old),
purchased from CEMIB-UNICAMP, were maintained in

ABSL-2 racks fitted with a HEPA-filtered air intake and exhaust
system with water and food provided ad libitum at the animal
care facility of the Institute of Tropical Pathology and Public
Health at Federal University of Goi�as. The temperature was
maintained from 20–24�C with a relative humidity of 40–70%
and a 12-h light/dark cycle. This study was carried out in strict
accordance with the recommendations of the Guide for the
Care and Use of Laboratory Animals of the Committee of
SBAL and was approved by the Research Ethical Committee of
Federal University of Goi�as (approval number: 103/14).

Immunogenicity assay

Three vaccination strategies, with 21-day intervals between
immunizations, were performed. The first strategy, to define
the vaccine dose, consisted of mice immunized SC three times.
Two vaccine formulations were utilized, as follows: (I) the
SC10 group utilized 10 mg of NPs mixed with 20 mg of CMX
per animal; (II) the SC50 group utilized 50 mg of NPs mixed
with 20 mg of CMX per animal. The second strategy consisted
of two subcutaneous immunizations with 100 mL of the NCMX
formulation (10 mg of NPs mixed with 20 mg of CMX) per ani-
mal followed by an additional booster via intranasal instillation
at the same dose as the subcutaneous injection. The third vacci-
nation scheme was performed using two intranasal instillations
of 100 mL of the NCMX formulation (10 mg of NPs mixed with
20 mg of CMX) per animal.

Twenty-one days after the last immunization, the mice were
euthanized, and the lungs and spleens were collected for flow
cytometry analysis and histological immune response evalua-
tion. As a negative control, a group of mice received PBS (100
mL) via the same routes evaluated in each experimental
strategy.

Serum collection and ELISA

Serum samples were collected from the immunized mice
21 days after each immunization. The samples were incubated
for 1 h at 37�C, centrifuged at 1,200 £ g for 15 min at 4�C to
separate the serum, and stored at -20�C.

ELISA was performed as described by Sousa et al. (2012).21

Briefly, 96-well polystyrene plates (Falcon�) were coated with
10 mg/mL of recombinant CMX fusion protein diluted in
0.05 M sodium carbonate/bicarbonate buffer and incubated at
4�C for 16 h. The wells were blocked with PBS containing 1%
skim milk. The serum samples were diluted 1:40, added to the
wells, and incubated for 2 h at 37�C. Biotin-conjugated anti-
bodies (anti-IgG1 or anti-mouse IgG2a; Pharmingen�) diluted
1:5000 were added to the plates, which were then incubated for
1 h at 37�C. Streptavidin peroxidase, diluted 1:1000, was added,
and the plates were incubated again for 1 h at 37�C. After incu-
bation with the substrate solution, the absorbance at 492 nm
was measured on an ELISA reader (LabSystems Multiskan
Thermo�).

CMX-specific cellular responses in the lungs and spleen

Cell preparation and the cytometry protocol were per-
formed as described by Junqueira-Kipnis et al. (2013) and
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da Costa et al. (2014).22,23 Briefly, twenty-one days after the
last immunization, four BALB/c mice from each group were
euthanized, and the spleens and lung lobes were collected.
The spleens were prepared as single-cell suspensions using
70-mm cell strainers (BD Biosciences), and the cells were
resuspended in RPMI medium. After erythrocytes were
lysed with lysis solution (0.15 M NH4Cl, 10 mM KHCO3),
the cells were washed and resuspended in RPMI medium
supplemented with 10% fetal calf serum, 0.15% sodium
bicarbonate, 1% L-glutamine (200 mM; Sigma-Aldrich), and
1% nonessential amino acids (Sigma-Aldrich). Cells were
counted in a Neubauer chamber, and the concentration was
adjusted to 1 £ 106 cells/mL. Prior to collection, the lungs
were perfused with ice-cold PBS containing 45 U/mL hepa-
rin (Sigma-Aldrich). The lungs were digested with DNAse
IV (30 mg/mL; Sigma-Aldrich) and collagenase III (0.7 mg/
mL; Sigma-Aldrich Brazil) for 30 min at 37�C. The digested
lungs were prepared as single-cell suspensions using 70-mm
cell strainers and subjected to erythrocyte lysis. The cells
were washed and resuspended in RPMI medium, and the
concentration was adjusted to 1 £ 106 cells/mL.

Cell stimulation was performed in a 96-well cell-culture
plate (CellWellsTM). Spleen or lung cell suspensions were culti-
vated with media alone, with recombinant CMX (10 mg) or
with ConA (positive control) in a 5% CO2 incubator at 37�C
for 4 h. Then, monensin (3 mM; eBioscience) was added to the
wells, and the cultures were incubated for 4 h. Cells were
treated with 0.1% sodium azide in PBS for 30 min at room tem-
perature and then centrifuged. The cells were stained with
FITC-conjugated anti-CD4 (BD Pharmingen; clone RM4-5) or
PE-conjugated anti-CD8 for 30 min and then permeabilized
with Perm Fix/Perm Wash (BD Pharmingen), washed with
0.1% sodium azide in PBS, and stained with the following anti-
bodies for 30 min to assess the expression of a panel of Th1/
Th17 cytokines: PerCP-conjugated anti-IL-17A (eBioscience;
clone: eBio17B7) and APC-conjugated anti-IFN-g (eBio-
science; clone: XMG1.2). Cell acquisition at 50,000 events per
sample was performed using a BD FACS Verse (Universidade
Federal de Goi�as, Instituto de Patologia Tropical e Sa�ude
P�ublica) flow cytometer, and the acquired data were analyzed
using FlowJo (V10) software.

LEC evaluation

Specific-pathogen-free female BALB/c mice (4–8 weeks old)
were injected SC in the dorsal region with PBS (saline; 100 mL),
CMX (20 mg), MnFe2O4 NPs (10 mg), or NCMX (SC10) pre-
pared as described above. At 1 or 4 days after inoculation, the
mice were euthanized, and the axillary lymph nodes were col-
lected and prepared as single-cell suspensions using 70-mm cell
strainers (BD Biosciences); the cells were resuspended with
RPMI medium supplemented with 20% fetal calf serum, 0.15%
sodium bicarbonate, 1% L-glutamine (200 mM; Sigma-
Aldrich), and 1% nonessential amino acids (Sigma-Aldrich).
The cells were counted in a Neubauer chamber, and the con-
centration was adjusted to 1 £ 106 cells/mL. For staining, the
cells were centrifuged and then stained with FITC-conjugated
anti-gp38 (clone: 8.1.1; Novus Biologicals) and PE-Cy7-conju-
gated anti-CD31 (BD bioscience; clone: 390) for 30 min. Cell

acquisition at 100,000 events per sample was performed using a
BD FACS Verse system, as previously described. LECs were
characterized as gp38CCD31C, as described by Tamburini et al.
(2014).54

Intravenous infection with Mtb

The Mtb H37Rv strain was maintained as previously
described (Junqueira-Kipnis et al., 2013).22 A vial from a
constant stock was thawed, and the inoculum was adjusted
to a concentration of 106 CFU/mL by dilution with PBS
containing 0.05% Tween 80. The immunized animals were
challenged with 105 bacilli. Thirty days after immunization,
100 mL of the inoculum was injected into the tail vein. The
inoculum/infective bacterial load was determined by plating
the lung homogenates on 7H11 agar supplemented with
OADC for one mouse in each group on day one after infec-
tion. Thirty days after infection, the mice were euthanized,
and the anterior and mediastinal right-lung lobes were col-
lected, homogenized, and plated on 7H11 agar supple-
mented with OADC. The bacterial load was determined by
counting the CFU after 21 days of incubation at 37�C.

Histopathology

To assess the possibility of vaccination inducing organ
inflammation or causing side effects, mice were euthanized
21 days after the 2 intranasal vaccinations and after 2 and
three subcutaneous vaccinations, and the lungs (Fig. 4),
heart, kidneys and liver (Supplementary Fig. 3) were col-
lected for histology. To evaluate the ability of the generated
immune response to protect against the pathogenic effect of
infection, mice were euthanized 30 days after being chal-
lenged with Mtb. For histological evaluation of the lungs,
the organs were perfused with 0.05% heparin by injection
in the right ventricle of the heart, and the caudal right lobes
were collected. The lungs, heart, kidneys and liver were
conditioned in histological cassettes and fixed with 10%
buffered formaldehyde. Samples were sectioned at a thick-
ness of 5 mm and stained with H&E for analysis by optical
microscopy (Axio Scope.A1, Zeiss). Two representative
images (4x,10x or 40x) for each group were acquired.

Hemolysis assay

Blood from a healthy patient was collected (5 mL) in a heparin-
ized tube, and red blood cells were separated and washed with
PBS. The red blood cell volume was adjusted to 2% at a concen-
tration of 1 £ 108 cells/mL. Concentrations of 10, 50, 100 and
500 mg of MnFe2O4 NPs, i.e., concentrations up to 50-fold
greater than the value used in the vaccine (10 or 50 mg), were
prepared for volume/volume addition (100 mL) with the red
blood cells. Cells were incubated for 1 h at 37�C and centri-
fuged (1000 g); then, the absorbance at 550 nm was deter-
mined. As a positive control, the erythrocytes were treated with
Triton-100X, and as a negative control, PBS was added. The
percentage of red blood cell hemolysis was obtained by the fol-
lowing formula: % hemolysis D 100X [(Sample – AbsPBS) /
(AbsTriton – AbsPBS)].
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Statistical analysis

The results were tabulated using Excel and Prism software (ver-
sion 7.0, GraphPad). The differences between groups were
assessed with a nonparametric Student’s t-test or one-way
ANOVA followed by Dunn’s post hoc test. Significant differen-
ces were found among the groups. All three repetitions of the
experiments showed similar responses. The size distribution of
the NPs was evaluated by the Anderson-Darling normality test.
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