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Nanosized drug carriers functionalized with moieties specifically targeting tumor cells are 

promising tools in cancer therapy, due to their ability to circulate in the bloodstream for 
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longer periods and to their selectivity for tumor cells, enabling to spare healthy tissues. 

Because of its biocompatibility, high bioresorbability and responsiveness to pH changes, 

synthetic biomimetic nanocrystalline apatites were used as nanocarriers to produce 

multifunctional nanoparticles, by coupling them with the chemotherapeutic drug doxorubicin 

(DOXO) and the DO-24 monoclonal antibody (mAb) directed against the Met/Hepatocyte 

Growth Factor receptor (Met/HGFR), which is over-expressed on different types of 

carcinomas and thus represents a useful tumor target. The chemical-physical features of the 

nanoparticles were fully investigated and their interaction with cells expressing (GTL-16 

gastric carcinoma line) or  not expressing (NIH-3T3 fibroblasts) the Met/HGFR was analyzed. 

Functionalized nanoparticles specifically bound to and were internalized in cells expressing 

the receptor (GTL-16) but not in the ones that do not express it (NIH-3T3). Moreover they 

discharged DOXO in the targeted GTL-16 cells that reached the nucleus and displayed 

cytotoxicity as assessed in an MTT assay. Two different types of ternary nanoparticles were 

prepared, differing for the sequence of the functionalization steps (adsorption of DOXO first 

and then mAb or viceversa) and it was found that the ones in which mAb was adsorbed first 

were more efficient under all the examined aspects (binding, internalization, cytotoxicity), 

possibly because of a better mAb orientation on the nanoparticle surface. These 

multifunctional nanoparticles could thus be useful instruments for targeted local or systemic 

drug delivery, allowing to decrease the therapeutic dose of the drug and thus adverse side 

effects. Moreover, this work opens new perspectives in the use of nanocrystalline apatites as 

new platform for theranostic applications in nanomedicine. 

 
1. Introduction 
Current nanotechnologies are offering new opportunities in different fields, including 

medicine. In the field of oncology, nanoparticles (NPs) are promising tools as drug delivery 

vehicles and imaging probes for the unique properties linked to their size.[1-4] The dimension 
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(≤ 100 nm) allows their prolonged circulation in the blood stream escaping the capture from 

macrophages and the selective accumulation (passive targeting) within the tumor sites, via the 

so-called enhanced permeability and retention (EPR) effect.[1, 2] NPs have a high 

surface/volume ratio and surface bioreactivity, which makes them potential multifunctional 

platforms, since they can be coupled with different types of molecules, such as targeting 

moieties specifically recognizing tumor markers (active targeting), drugs and imaging probes. 

Both passive and active targeting drug nanocarriers should display improved anti-cancer 

activity, by increasing the concentration of drug in the primary and in the metastatic tumor, 

while significantly reducing non specific toxicity towards normal cells and thus the severe 

toxic side effects linked to chemotherapeutics.[3] NPs can respond to local stimuli in vivo, e.g. 

specific pH or temperatures[3, 5] and they can be produced with different types of materials, e.g. 

from inorganic compounds to organic or biological materials.[3, 6] 

Nanocrystalline apatite (Ap) possesses ideal features of biocompatibility, because of its 

structural and chemical similarity with the mineral component of mammalian bones and 

dentin.[7] Traditionally, apatite based materials are used for bone repair applications due to 

their well known properties such as osteoinductivity and bioactivity.[6, 8] The recent advances 

in the structural characterization at the nanoscale level and in the colloidal stabilization of 

apatite nanocrystals have opened new perspectives in their use as drug carriers in 

nanomedicine.[9-11] In particular, they display several advantages in comparison with other 

nanomaterials most commonly used in this context, such as: i) favorable biodegradability and 

biocompatibility properties in general; ii) higher degradability and lower toxicity than silica, 

quantum dots, carbon nanotubes, or metallic magnetic particles; iii) higher stability than 

liposomes, allowing a more controlled and predictable drug delivery.[12] Indeed, in contrast to 

liposomes and other micelle-based carriers, which can undergo dissipation (which represents 

a clear obstacle upon injection into the bloodstream), apatite-based systems are negligibly 
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soluble in blood, which is by itself saturated with respect to apatite. Moreover, they generally 

show higher biocompatibility and pH-dependent dissolution compared to most of the 

polymers in use.[13] Apatites dissolve into their ionic constituents (Ca2+ and PO43-), whose 

concentrations range from nano- to millimolar in cells and in the bloodstream, respectively.[14] 

Their dissolution avoids undesirable nanoparticle accumulation in cells and tissues, a 

drawback often encountered with other inorganic and metallic nano-systems.[15] On the other 

side, the rapid increase of intracellular Ca2+ above physiological concentrations can contribute 

to apoptosis, as suggested by few reports.[16] Generally, however, cells can counteract sudden 

rises of intracellular Ca2+ levels, by pumping ions in intracellular Ca2+ stores, such as 

mitochondria, endoplasmatic reticulum, or out of the cell. This discrepancy in the data could 

be ascribed to the particular cell types or, more probably, to the aggregated state of the 

apatite;[17] iv) nanocrystalline apatites can bind a wide variety of molecules, due to the 

presence of available surface ionic sites (i.e. >Caδ+ and>POδ-)[18] and in high amounts, due to 

the high surface/volume ratio.[19-21] Indeed in the recent years they have been coupled with 

(many) different types of molecules, namely for imaging (organic dyes and lanthanides), 

therapeutic delivery (oligonucleotides, chemotherapeutics, antibiotics, etc.) and targeting 

tumor cells (ligands for cell surface receptor, antibodies).[14, 22, 23] In this way, active targeting 

moieties as well as therapeutic agents can be incorporated into the nanoparticles to 

specifically enhance the effect of the active components.  

Targeting exploits the presence of tumor specific or tumor associated markers, i.e. molecules 

preferentially expressed on tumor cells. Receptors for growth factors, such as folic acid,[24] 

transferrin[25] and tyrosine kinase receptors[26, 27] are often over-expressed on tumor cells and 

thus have been used as targets for the cognate ligands or antibodies. In most cases, targeted 

nanoparticle binding triggers its receptor-mediated endocytosis and thus internalization of 

coupled drug payload.[28, 29] 
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Met is the tyrosine kinase receptor of HGF and it has been shown to be involved in 

cancerogenesis and in the metastatic process, when it is activated in an uncontrolled way, 

promoting abnormal cell proliferation, migration, invasion, and angiogenesis.[30] Met, which 

can be aberrantly activated upon mutation, gene amplification and overexpression, is 

associated with the development of many types of cancers, mainly carcinomas and 

hematologic malignancies[30-32] and can be a marker of the metastatic progression.[33] The 

strong association between aberrant expression of Met and tumorigenesis provide a strong 

rationale for targeting this molecule in cancer treatment.[30, 34, 35] Different kinds of molecules 

have been developed, namely small-molecule inhibitors of the kinase activity and for this 

reason not strictly specific, since they can target also other tyrosine kinases, and more specific 

biological molecules designed on the basis of the structure of HGF or Met. Among these there 

are fragments of the ligand or of the receptor which interfere with receptor activation[36, 37] or 

neutralizing antibodies.[38] A scFv antibody has recently been used as targeting moiety on 

doxorubicin liposome carriers.[39] 

Herein we report the development and properties of targeted delivery system based on apatite 

nanocrystals functionalized both with monoclonal antibodies (mAb) for targeting the Met 

receptor and with the chemotherapeutic drug doxorubicin (DOXO). Binary (Ap-mAb and Ap-

DOXO) and ternary (Ap-mAb-DOXO and Ap-DOXO-mAb) nano-systems were produced 

and characterized. The interaction with the gastric carcinoma cell line GTL-16 and the in vitro 

anti-tumor cell activity of these nanocarriers were investigated. 

 
2. Results and discussion 
 

2.1 Characterization of apatite nanoparticles 

Plate-shaped biomimetic apatite (Ap) nanocrystals were synthesized by a precipitation 

method.[40] The bulk Ca/P ratio (1.62) was slightly lower than the stoichiometric one (1.67), 
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and a limited amount of carbonate groups (about 2% wt), derived from the CO2 dissolved in 

the preparation media was present (Table S1). Ap exhibited a high specific surface area (SSA), 

within the 150–170 m2g-1 range. The X-ray powder diffraction pattern (XRPD) of apatite 

(Figure S1A) displayed the characteristic reflections of hydroxyapatite single phase (JCPDS 

9-432). It exhibited broad diffraction peaks corresponding to a low degree of crystallinity and 

nano-sized crystal domains. The nanocrystals appeared elongated along the c-axis of the 

hexagonal structure. Their average crystal domain sizes were estimated using the Scherrer’s 

formula. The average length, determined from the (002) peak at 2θ = 25.9° was23 ± 4 nm, 

whereas the average width, derived from the (310) peak at 2θ= 39.6° was 9 ± 3 nm (Table 

S1).TEM observations confirmed the nanosized dimensions of the apatite. In fact, the image 

(Figure S1B) reveals that they appeared as irregularly shaped plate-like particles whose 

lengths range between 35 and 45 nm. The FT-IR spectra (Figure S1C) assessed the presence 

of the typical absorption bands of apatite. The broadness of the IR bands supported the low 

crystallinity found out by XRPD. Detailed studies of the FT-IR bands of carbonate ν3 (1350–

1600 cm-1) suggested a B-type carbonate substitution (i.e., carbonate replacing phosphate) in 

the apatite structure. Moreover, the low intensity of the band corresponding to the OH 

libration mode of apatite at 632 cm-1 indicated the poor hydroxylation feature typical of 

biomimetic apatite with regard to the stoichiometric hydroxyapatite. Dynamic light scattering 

(DLS) measurements showed that the size of the dispersed NPs showed an average size of 44 

nm (Figure S1D), which is in good agreement with the values found by TEM observations. 

These characterizations indicate that the synthetic Ap developed in the current study 

displayed in an excellent way the chemical and morphological features of nanocrystalline 

apatites of biological origin, in particular those of bone origin. The much faster dissolution of 

Ap at pH 5.0 than at physiological pH (Figure S2) confirmed its potential use as pH 

dependent-nanocarrier. 
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2.2 Preparation and characterization of functionalized nanoparticles 

Ap nanocarriers were functionalized with DOXO as chemotherapeutic agent and with the 

monoclonal antibody (mAb) DO-24, an IgG 2a/k mAb produced against the ectodomain of 

the human Met/HGF receptor and reacting with the receptor of different species[32, 41] as 

targeting moiety. Both binary (i.e. Ap NPs coupled with DOXO or with the mAb) and ternary 

(Ap-DOXO-mAb and Ap-mAb-DOXO) NPs were prepared. In the preparation of binary NPs 

the maximum amounts of DOXO and DO-24 mAb loaded on Ap nanocrystals were quantified 

to be 2.2 mg/m2 (0.26 mg/mg) and 2.5 mg/m2 (0.30 mg/mg), respectively. The amount of 

mAb adsorbed on Ap NPs is in good agreement with the value reported by Iafisco et 

al.[40]when human IgG were adsorbed onto the same nanocrystals. To prepare ternary NPs, 

two different combinations were used, i.e. DO-24 mAb coupling first and DOXO in the 

second step (hereafter Ap-mAb-DOXO), or viceversa first DOXO coupling and then DO-24 

mAb (hereafter Ap-DOXO-mAb). In agreement with the work of Iafisco et al.[40] adsorption 

on Ap did not induce significant secondary structure modification of the mAb, which bound 

with the preferential end-on orientation, probably through their Fc domain because of the 

steric hindrance of their Fab domains. Indeed, to maximize the amount of adsorbed mAb in 

the more appropriate orientation for antigen recognition, saturating amount of mAb (an initial 

value higher than the maximum loading capacity) was used for the preparation of ternary NPs 

(2 mg mAb/5 mg Ap/1 mL). Not-saturating amount of DOXO (1 mg DOXO/5 mg Ap/1 mL) 

was used in order to have available space on Ap for mAb adsorption in the preparation of Ap-

DOXO-mAb samples. The same DOXO amount was used also in the production of Ap-mAb-

DOXO. In this way, the same amount of DOXO and mAb were found to be bound in both 

types of ternary NPs, irrespective of the coupling sequence (see also Figure 3, lanes 4 versus 
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lane 5) namely 1 mg of DOXO and 2 mg of mAb on 5 mg of Ap. This finding was confirmed 

also by the immuno-precipitation tests (see Figure 3, lanes 4 versus lane 5).  

The effective binding of DOXO and DO-24 mAb on Ap NPs was verified by Raman 

spectroscopy (Figures 1A and 1B). The Raman spectra of the Ap-DOXO and Ap-mAb 

(Figure 1A) binary nano-assemblies displayed the typical apatite bands[42] (marked with an 

asterisk) as well as the peaks assignable to DOXO and mAb (Raman shifts in red and blue 

colors in Figure 1A, respectively). Namely, the most intense peaks at ca. 443, 1211 and 1244 

cm-1 evidenced the DOXO fingerprint[43] whereas the band between 1250 and 1700 cm-

1involved the amide III and amide I groups of the mAb.[40] The Raman spectra of the ternary 

NPs prepared by the two approaches (Figure 1B) confirm the presence of both mAb and 

DOXO adsorbed on the Ap surface.  

ζ-potential (Figure 1C) and DLS measurements (Figure 1D) were carried out to investigate 

the surface charge and the size distributions of the binary and ternary NPs. The mean ζ-

potential of Ap at pH 7.4 is slightly positive (+1.9 mV) due to the balancing between of 

positive (>Caδ+) and negative (>POδ-) ionic surface groups. When Ap NPs were coupled with 

DOXO the ζ-potential increased to +29.3 mV. Protonated DOXO molecules form dimers in 

aqueous solutions being the anti-parallel the most stable configuration (with the –NH3+ groups 

in opposite directions).[44]Thus, after interaction of the dimer through part of its positive -

NH3+ groups with the negative (>POδ-) groups of the Ap surface, the resulting binary nano-

assemblies display the NH3+ groups directed toward the surrounding solution. On the contrary, 

Ap functionalized with the DO-24 mAb showed a negative ζ-potential value (-17.9 mV) 

indicating a preferential affinity of the mAb through electrostatic interactions for the Ca2+ ions 

of Ap. Moreover, because of steric hindrance the mAb would preferentially bind through its 

Fc domain, exposing the Fab fragments. This hypothesis is in agreement with the theoretical 

work of Sidorov et al.[45]and it is well supported by the immunoprecipitation experiments (see 
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below). Different distributions of the ζ-potential were found for the ternary Ap-mAb-DOXO 

and Ap-DOXO-mAb NPs. The former exhibited a sharp distribution with the maximum 

centered at a slightly positive value (+1.4 mV), whereas Ap-DOXO-mAb showed a broad 

distribution (from -50 to +15 mV) with the maximum centered at -18.2 mV. The ζ-potential of 

Ap-mAb-DOXO is explained on the basis of the balance between mAb and DOXO adsorption 

(Figure 2, method 1). In the first step mAb adsorbs on Ap through its Fc fragment and display 

the Fab fragment towards the surrounding solution. In the second step, DOXO adsorbs on the 

remaining free adsorption sites of Ap nanocrystals, displaying positive –NH3+ residues toward 

the surrounding solution. On the contrary, the sequence DOXO first and then mAb could lead 

to different situations responsible of the broad distribution of ζ-potential values (Figure 2, 

method 2), i.e. mAb could be bound directly to Ap through its Fc fragment or to the adsorbed 

DOXO, either through its Fc or Fab fragments.  

The mean hydrodynamic radius (Rh) measured by DLS for the Ap-mAb NPs was 61.4 nm 

while the mean Rh for the non-functionalized Ap was 44 nm. This finding agrees with an end-

on configuration of mAb adsorbed on Ap (length around 12 nm[46]). The two ternary NPs 

showed different Rh values. The mean Rh of Ap-mAb-DOXO was 65.4 nm whereas that of 

Ap-DOXO-mAb was 50.4 nm. These findings support the fact that Ap-DOXO-mAb NPs can 

show different configurations including the mAb in the edge-on orientation, explaining why 

the Rh value is closer to that of non-functionalized Ap (44 nm, Figure S1D).  

The stability of the binding moieties under physiological conditions was tested by incubating 

the ternary NPs at 37 °C for different times up to 3 days in a buffer at pH 7.4 (physiological 

conditions), or in a buffer at pH 5.0, mimicking the acidic environment typical of 

endosomes/lysosomes. At pH 7.4 no significant release of mAb and DOXO was detected, 

whereas about the 80%  of the bound DOXO, as well as of the mAb, were released upon 3 

days at pH 5.0 (data not shown). These values are in line with the data relative to the 
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dissolution of unfunctionalized NPs (Figure S2). The integrity of the two types of ternary NPs 

at pH 7.4 suggests that both can reach the target cells without losing the functional moieties. 

When the immunocompetence of the different NPs was assayed, only those NPs carrying the 

mAb, but not the NPs functionalized with DOXO alone, were found to recognize the Met 

antigen solubilized from GTL-16 cells, which was visualized in western blots with the 

appropriate anti-Met DL-21 antibody (Figure 3, lanes 3-5) as a 145 kDa band, corresponding 

to the receptor β chain. In this analysis also the 170 kDa Met precursor was recognized. The 

specificity of the reaction was further confirmed when extracts from cells not expressing the 

Met antigen were reacted with the DO-24 mAb functionalized NPs. In this case the typical 

band corresponding to the Met antigen was not detected (Figure 3, lane 1). No difference was 

found in terms of amount of mAb adsorbed onto the two kinds of ternary NPs confirming a 

similar loading efficiency (Figure 3, IgG H chain in lanes 4, 5). However, for the same 

amount of DO-24 mAb adsorbed on the two types of ternary NPs, the ones where the mAb 

was adsorbed before the adsorption of DOXO were found to react with the Met antigen more 

efficiently than the ones where DOXO was adsorbed before the mAb (Figure 3, lane 5 versus 

lane 4). The greater functionality of Ap-mAb-DOXO relative to the other ternary NP could be 

expected on the basis of the adsorption model discussed above. 

 

2.3 Cellular uptake of functionalized nanoparticles 

The interaction of the different functionalized NPs with cells was evaluated by confocal 

microscopy. First the specificity of the binary DO-24 mAb-loaded Ap NPs was assessed upon 

incubation at 37°C for 3 h and staining with FITC-labelled anti-mouse Ig. These NPs were 

found to be detectable only in GTL-16 cells, which overexpress the Met receptor (Figure 4, 

top row), but not in the case of NIH-3T3 fibroblasts, which do not express the receptor 

(Figure 4, medium row). They were mainly localized at the surface and intracellularly in 
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vesicles, after being internalized within the endosomal/lysosomal compartment, as shown by 

their co-localization with  Lysotracker®-positive vesicles (Figure 4, bottom row),  

Nanoparticles loaded with an antibody of IgG2a/k isotype directed against an unrelated 

antigen, which was used as control, did not bind (not shown).  

After validating the mAb-dependent specificity of the functionalized Ap NPs, the two ternary 

NPs were tested for their interaction with GTL-16 cells. Figures 5A and 5B show the 

confocal microscopy images of the ternary complexes Ap-mAb-DOXO and Ap-DOXO-mAb 

after incubation for 3 hours at 37°C with GTL-16 cells, respectively. Comparing confocal 

images 5A and 5B, it can be clearly distinguished, in both cases, green fluorescence revealing 

mAb-loaded NPs at the cell surface or in its proximity and red fluorescence corresponding to 

DOXO inside the cells. However, the green color is much stronger for the Ap-mAb-DOXO 

(Figure 5A) than for the Ap-DOXO-mAb (Figure 5B). Additionally, while DOXO is mainly 

localized in the nucleus when using Ap-mAb-DOXO assemblies, it is equally distributed 

within the whole cells when the other ternaries are employed. Therefore, the Ap-mAb-DOXO 

system was found to bind at the cell surface with higher efficiency and moreover to release 

DOXO in the nucleus more efficiently (Figure 5A). 

In neither case mAb-related signals were detected within the nucleus, thus strongly suggesting 

that also NPs to which they are bound were not translocated there. Indeed it is acknowledged 

that nuclear translocation is strictly controlled and meets many requirements[28, 47] and in other 

drug delivery systems based on NPs, the latter were never detected in this cellular 

compartment.[27] By contrast, as already described herein in the case of binary nanoparticles, 

ternary nanoparticles were detected either at the cell surface or intracellularly in endocytic 

vesicles in close proximity to the cell surface. 

On the basis of the above data, in conjunction with data obtained in the experiments 

performed for different incubation time (Figure S3) we can propose the following mechanism 
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regulating cell internalization of the nanoparticle components. After mAb-mediated binding to 

the cell surface receptor, which is a passive step occurring also at 4 °C, NPs are endocytosed 

by an active process occurring at 37 °C.[48] Once inside the cell, DOXO is released from the 

NPs and translocated to the nucleus possibly through the formation of a DOXO–proteasome 

complex.[49, 50] Indeed, even in the case of DOXO covalently bound to other types of NPs, 

DOXO is released and no trace of the carrier is detected in the nucleus.[27] This is an active 

and selective process, occurring only at 37°C, which is essential for the drug to reach its target 

organelle. On the other side, the observation that ternary NPs could be detected only at the 

cell membrane or in the internalized vesicles near the cell membrane may also suggest that, 

while DOXO is quickly discharged and translocated to the nucleus, NPs still loaded with the 

antibody and bound to the receptor could be recycled to the cell membrane. Indeed it is 

accepted that endocytosed tyrosine kinase receptors may recycle to the plasma membrane.[51, 

52] Moreover, it is also expected that a certain amount of mAb-loaded NPs might be degraded 

within the endosome-lysosome compartment.[48, 51, 53] 

Internalization efficiency correlates with the binding efficiency, which then affects also 

relocalization of DOXO to nucleus. Different factors could be implied in the more efficient 

behavior of Ap-mAb-DOXO relative to Ap-DOXO-mAb NPs. The difference in size between 

the mAb molecules –about 150000 Daltons- and DOXO –544 Daltons- could affect the 

binding of the mAb, due to steric hindrance, if this was coupled in the second step. As already 

discussed, steric hindrance would promote a more functional spatial orientation of the mAb, 

with the Fab better exposed allowing an easier recognition of the receptor. In Ap-mAb-

DOXO there might be a higher propensity of DOXO to be discharged, since possibly present 

in a more external position on the nanoparticle. Moreover, the ζ-potential of the two types of 

the ternaries conjugates, which indeed is dictated by the sequence of functionalization steps 

and was found to be significantly different, could play an important effect. Indeed, the Ap-
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DOXO-mAb system shows a broad range of ζ-potential values centered at -18.4 mV; thus, 

only the complexes with positive values could efficiently interact with the negatively charged 

cell surface, if electrostatic interactions are considered. By contrast, the ζ-potential 

distribution measured for the Ap-mAb-DOXO assemblies was centered at positive values 

(+1.4 mV) thus favoring the interaction of most of the conjugates with the negatively charged 

cell surface. In both cases, however, interaction of the ternary NPs will be controlled by the 

specific recognition exerted by the mAb. 

 

2.4 In vitro cytotoxicity of functionalized nanoparticles 

The anti-proliferative activities of the different NPs loaded with DOXO, as well as of soluble 

free DOXO, were tested on the GTL-16 carcinoma cell line using a standard tetrazolium assay 

(MTT) (Figure 6). Figure 6A represents the effective toxicity as a function of DOXO 

equivalent concentrations after incubation for three days. At all concentrations tested, ternary 

Ap-mAb-DOXO NPs displayed a toxic activity similar to that of Ap-DOXO, reducing cell 

survival to about 40-30% relative to control untreated cells. The other ternary NPs (Ap-

DOXO-mAb) were not as effective, although they were loaded with equivalent amounts of 

both doxorubicin and monoclonal antibodies. This finding could be expected on the basis of 

their lower cellular binding and lower ability to drive DOXO nuclear accumulation. 

Nanoparticles functionalized only with the antibody, as well as unfunctionalized NPs, did not 

display significant toxicity, reducing cell viability to about only 85-90% (Figure 6B), in line 

with what extensively reported in the literature, showing that nanosized apatites are not toxic, 

even when used at concentrations reaching 50-200 µg/ml.[16, 23, 54] Ap-DOXO and Ap-mAb-

DOXO were less cytotoxic than free DOXO under all cell culture conditions, probably 

because of their slower rate of internalization and of the longer time required for their nuclear 

accumulation relative to free DOXO (data not shown). Similar findings were reported also for 
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other DOXO-loaded NPs prepared with different carriers by other groups[27, 55] and do not 

represent a drawback of these compounds. Indeed this can be viewed as a decreased aspecific 

cytotoxic potential and this reduced activity is largely compensated by their ability to circulate 

in the blood stream for longer periods of time, allowing them to passively reach the tumor 

target through the EPR effect.[1] Active targeting, especially in vivo, should definitively direct 

the ligand functionalized NPs to the tumor cells overexpressing the cognate receptor.  

 

3. Conclusions 
Although there have been undeniable advances in the development of therapies for various 

cancers in recent years, cancer remains a major health challenge, being still the second cause 

of mortality in western countries. Nanotechnologies offer new therapeutic opportunities, 

besides the more traditional treatments such as surgery, radiotherapy and chemotherapy, their 

major advantage being the possibility to target specifically tumor cells, reducing the amount 

of the drug and by consequence reducing also the severe side effects generally associated with 

it. In this context we have developed and characterized apatite nanoparticles loaded with 

doxorubicin and a monoclonal antibody recognizing the Met receptor as targeting moiety. 

These multifunctional NPs interacted specifically with their target cells, were uptaken and 

able to deliver them DOXO, which was then internalized within the nucleus and displayed its 

cytotoxic activity on the tumor cell line.  

Doxorubicin is one of the most popular anti-cancer drug, but its clinical application is limited 

by its severe side effects, namely cardiotoxicity.[35, 50, 56] Its use is now being re-evaluated in 

the context of the emerging drug delivery nanotechnologies, both at experimental level[27, 

57]and in clinical applications.[58, 59] 

Herein we have used apatite as nanocarrier for its high biocompatibility, biodegradability and 

responsiveness to pH changes. Apatite is a natural structural component of the body and is 
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quite stable at the neutral physiological pH, such as in the blood stream, but it dissolve and 

can release the adsorbed drug at pH around 5. This pH is found only in peculiar situations 

such as in the endosome-lysosome compartment, involved after receptor-mediated 

nanoparticle uptake. A slightly less acidic pH is present also in the peritumoral sites. We 

found that both DOXO loaded NPs, either binary or ternary, displayed a lower toxicity than 

free DOXO. In vivo this could be an advantage since NPs, which are endowed of longer half-

life in the blood circulation, can accumulate at the tumor site through the EPR effect and 

active targeting[1, 2] in the case of ternary NPs thus releasing there their payload drug. At the 

same time, healthy cells should be spared. Finally, the fact that apatite dissolves releasing 

Ca2+ and PO43-, which can be easily recycled, avoids the problem of eliminating possibly 

toxic nanocarrier byproducts, as in the case of other compounds (silver, silica, gold, copper, 

etc.).[60] 

Targeted NPs were able to discriminate between cells expressing or not the relevant tumor 

associated marker Met. Moreover in vivo cells will compete for binding the mAb-loaded NPs 

and the ones expressing higher levels of receptor will be able to recruit them at their surface 

more efficiently. As in the case of other tyrosine kinase receptors,[61, 62] also Met, when is 

overexpressed, is directly involved in the processes of tumorigenesis and metastasis. These 

are dependent on the biologic cellular responses the receptor mediates, namely cell 

proliferation and migration, which, when combined, result in the so-called invasive growth.[63] 

Met is found overexpressed in many types of cancer and can be considered a marker of the 

metastatic progression.[30] It is largely acknowledged that the major problem in cancer is not 

the primary tumors, but the metastasis, where also neoangiogenesis is involved. Since Met is 

expressed also on endothelium, NPs targeting Met should be able to attack tumors also on this 

side. Due to the central role of Met in tumorigenesis, many therapeutic molecules have been 

developed, but only few with strict specificity, based on fragments of the ligand or of the 
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receptor or antibodies directed against them.[37, 38] In particular, recently an scFv antibody was 

used as targeting moiety on pegylated liposomes.[39] These nanocarriers delivered DOXO 

efficiently, increased drug accumulation and displayed anti-tumor activity in vivo. Moreover 

they allowed imaging through quantum dots.[39] In this work we used full-size antibodies as 

Met targeting moiety and we found that the sequence of the two adsorption steps, relative to 

DOXO and the antibody, impacted on the biologic activity of the NPs. To obtain NPs 

endowed of higher binding and up-taking activity, which then correlates with the cytotoxic 

activity, the antibody must be adsorbed before DOXO.  

Different factors could be implied in the more efficient behavior of Ap-mAb-DOXO relative 

to Ap-DOXO-mAb NPs: a more functional exposition of mAbs at the nanoparticle surface, a 

higher propensity of DOXO to be discharged, since possibly present in a more external 

position on the nanoparticle and finally the nanoparticle ζ-potential, which is slightly positive 

and dictated by the sequence of the functionalization steps. Indeed, in the case of Ap-DOXO-

mAb complexes the negative ζ-potentialcould disfavor the interaction with the negatively 

charged cell surface. This should be taken into account when planning NP functionalization. 

The data obtained here are thus the basis for future in vivo experiments and open new 

perspectives for future studies in the use of nanocrystalline apatite as new tool for diagnostic 

as well therapeutic applications in nanomedicine. 

 

4. Experimental section 
Materials: Common high-purity chemical reagents, as well as doxorubicin hydroxchloride 

(DOXO) (98-102% HPLC) suitable for fluorescence, 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) (MTT), Triton-X100, Tetramethylrhodamine isothiocyanate 

(TRITC)-phalloidin were supplied by Sigma Aldrich (St. Louis, MO, USA). Polyvinylidene 

Fluoride membranes, horseradish peroxidase-conjugated affinity-purified rabbit anti-mouse 
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IgG antibodies (RaHIgG/PO) and Enhanced Chemiluminescence (ECL) kit were from 

Amersham (GE Healthcare Europe GmbH, Milano, Italy); fluorescein isothiocyanate-labeled 

secondary antibodies were purchased from Abcam (Cambridge, UK); TO-PRO-3 and 

Lysotracker® DND-99.from Life Technologies (Monza MB, Italy). All reagents for tissue 

culture (Dulbecco’s modified Eagle medium, Fetal Bovine Serum, penicillin and 

streptomycin) were from Lonza (Basel, CH). Ultrapure water (0.22 mS, 25 °C) was used in all 

experiments 

Synthesis of nanocrystalline apatites: Apatite (Ap) nanocrystals were synthesized according 

to the method reported by Liou et al.[64] Briefly, the nanocrystals were precipitated from a 

suspension of Ca(CH3COO)2 (0.35 M) by the slow addition (1 drop s-1) of an aqueous 

solution of H3PO4 (0.21 M), keeping the pH at a constant value of 10 by the addition of a 

(NH4)OH solution. The reaction mixture was kept under stirring at room temperature for 24 

hours, then stirring was suspended and the mixture was left standing for 2 hours to allow 

deposition of the inorganic phase. This latter was isolated by centrifugation of the reaction 

mixture, repeatedly washed with water, and freeze-dried at -60 °C under vacuum (3 mbar) 

overnight. Apatite granular fractions having dimensions <38 µm (400 mesh) was selected for 

the study by sieving the powder. 

Functionalization of nanoparticles: Ap was functionalized with DOXO as well as with the 

monoclonal antibody DO-24, an IgG 2a/k monoclonal antibody (mAb), produced against the 

ectodomain of the human Met/HGF receptor.[32, 41] Experiments were performed to assess the 

maximum amount of DOXO and mAb loading on the nanoparticles by mixing 5 mg of Ap 

with 1 mL of different concentration (ranging from 0.1 to 5 mg/mL) of DOXO dissolved in 

water or purified mAb dissolved in Hepes buffered saline solution (0.01 M Hepes, 0.15 M 

NaCl) in a 2 mL conical polyethylene Eppendorf tube. Mixtures were maintained in a bascule 

bath at 37 °C for 24 h. In all further experiments (to prepare binary as well as ternary 
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nanoparticles), a solution of 2 mg/ml of antibody and 1 mg/ml of DOXO were then incubated 

with 5 mg of apatite nanoparticles. DOXO and mAb content were assessed by UV-Vis 

spectroscopy (λ = 495 and 280 nm, ε = 10650 and 64000 M-1 cm-1 respectively) indicative of 

the concentrations of the two molecules by comparison to standard curves. The amount of 

adsorbed molecules was calculated from the differences between the concentrations of the 

molecules solutions before and after the adsorption on Ap (the so-called supernatant). The 

solid component was washed twice with ultrapure water, recovered by centrifuging at 10000 

rpm (12700 g) for 3 min on a micro Centrifugette 4214 and then freeze-dried at -60 °C under 

vacuum (3 mbar) overnight. 

In case of Ap conjugated with both moieties (DOXO and mAb) (the so-called ternary 

nanoparticles), the same protocols were sequentially applied, each one followed by extensive 

washings (i.e. DO-24 mAb coupling first and DOXO coupling in the second step, or viceversa 

first DOXO coupling and then DO-24 mAb).  

Characterization of the functionalized nanoparticles: Raman spectra of the nano assemblies 

were collected with a 800 nm focal length LabRam HR spectrograph (from Jobin-Yvon, 

Horiba, Japan) using diffraction gratings of 600 lines/mm. The entrance slits were adjusted to 

200 µm. The excitation laser beam (diode emitting at 785 nm) was focused through a 50x 

long-working distance objective (0.5 NA) into a 2 µm spot at surface of the powdered sample. 

A Peltier-cooled charge-couple device (CCD) (1064 x256 pixels) was used as detector. 

Raman spectra are the results of the signal averaging of at least three spectra with a spectral 

resolution better than 3 cm-1. The Raman intensity units are counts per seconds (c.p.s.).  

The surface charge of the functionalized nanoparticless was quantified by laser Doppler 

velocimetry as electrophoretic mobility (or ζ-potential) with a Zetasizer Nano ZS (Malvern 

Ltd., UK). Disposable cuvettes (DTS1061, Malvern Ltd., UK) were used as electrophoretic 
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cell. The particles were suspended in ultrapure water. Each measurement consisted on three 

repetitions of ten runs (3 seconds each). Four measurements were collected for each sample.  

Size distributions of the nanoparticles and the functionalized nanoparticles were measured by 

Dynamic Light Scattering (DLS) with a Zetasizer Nano ZS (Malvern Ltd., UK). Low-volume 

quartz cuvettes (105.251-QS, Hellma, Germany) were used. The particles were suspended in 

ultrapure water. Ten runs of 30 seconds each were performed in each measurement. Four 

measurements were carried out for each sample and the mean value is shown as result as the 

percentage of number of particles. 

The release of DOXO and mAb from ternary nanoparticles was assessed by incubating 5 mg 

of functionalized Ap nanoparticles in 1 ml of 0.1 M citrate buffer pH 5.0, or in PBS at pH 7.4 

as control, at 37°C in continuous mixing and measuring the concentration by UV-Vis 

spectroscopy, as already described, of the supernants at different time points up to 3 days and 

referring the released amount as percentage of the amount that was adsorbed initially.  

The immunocompetence of the mAbs coupled on nanoparticles was assayed by incubating 

them with clarified detergent extracts prepared from GTL-16 cells and NIH-3T3 as negative 

control in DIM buffer (50 mM Pipes pH 7.4, 300 mM saccharose, 100 mMNaCl, 5 mM 

EGTA, 5 mM MgCl2 and 100 µM ZnCl2), 1% Triton X-100, 1 mM TRIS HCl pH 8.8, and a 

cocktail of protease inhibitors), as described[65] at 4 °C for 2 h. Nanoparticles were then 

washed, proteins solubilized in Laemmly buffer, heated at 95 °C for 5 min, separated in 10% 

SDS-polyacrylamide gel electrophoresis, transferred on Polyvinylidene Fluoride membranes 

for Western blot and decorated with anti-Met DL-21 monoclonal antibody,[32] followed by 

horseradish peroxidase-conjugated affinity-purified rabbit anti-mouse IgG antibodies 

(RaHIgG/PO, 1:2000), reacted with enhanced chemiluminescence (ECL kit) and analyzed in a 

Versadoc instrument (Biorad, USA). 
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Cell cultures: The GTL-16 cells, a poorly differentiated human gastric carcinoma derived cell 

line and the NIH 3T3 murine fibroblasts (ATCC, CRL-1658TM) were maintained in  

Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal calf serum 

(FCS), 50 U/ml penicillin, and 50 µg streptomycin. Cells were transplanted twice a week, 

when they were at 90-95% confluence, at 1/3-1/4 (GTL-16 cells) and 1/10 (NIH-3T3).  

Cellular uptake: Cells (22 x 103 GTL-16 or 7.5 x 103 NIH-3T3/well) were seeded on glass 

coverslips in 24-well plates and after 24 h free DOXO or presaturated (in 0.4% BSA for 2 h at 

37 °C) nanoparticle suspensions were added. After incubation at 37 °C for different periods of 

time (from 5 min to 3 h), coverslips were washed twice with fresh Phosphate Buffered Saline 

(PBS), pH 7.2, fixed with paraformaldehyde (2 wt% in PBS), permeabilized with 0.1% 

Triton-X100 in PBS, containing 2% bovine serum albumin and stained. In particular 

cytoskeletal actin microfilaments were stained with TRITC-phalloidin (1/100, Sigma-Aldrich 

excitation at 543 nm; emission at 560-620 nm), mAbs with FITC-labelled rabbit-anti-mouse 

IgG (1/500, Abcam excitation at 488 nm; emission at 500-535 nm), nuclei with TO-PRO-3 

(1/100, Life Technologies; excitation at 633 nm; emission at 650-750 nm), 

endosomes/lysosomes with Lysotracker® DND-99.(1/100, Life Technologies, excitation at 

577 nm; emission at 590 nm). DOXO was detected after excitation at 476 nm and emission at 

575-630 nm. Fluorescence was detected using a Leica TCS SP2 AOBS Spectral Confocal 

Scanner microscope. Images were taken at 630x magnification. ImageJ® software was used 

for further analysis. 

Cytotoxicity assay: GTL-16 cells were incubated (10 x 103/0.4 cm2microwell) for 24 hours; 

then different concentrations of soluble DOXO, or functionalized nanoparticles were added in 

100 μl. Equimolar amounts of DOXO, either soluble or coupled to nanoparticles as well as of 

unfunctionalized nanoparticles, were used. After 2-3 days incubation, cells viability was 

evaluated by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) 
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colorimetric assay. Briefly, 20 μl of MTT solution (5 mg ml-1 in a PBS solution) were added 

to each well. The plate was then incubated at 37 ºC for 3 hours and then supernatants were 

carefully aspirated. Afterwards, 125 µl of isopropanol 0.2 N HCl was added to dissolve 

formazan crystals. 100 µl were then removed carefully and the optical density was measured 

in a multiwell reader (2030 Multilabel Reader Victor TM X4, PerkinElmer) at 570 nm. 

Viability of parallel cultures of untreated cells was taken as 100% viability and values 

obtained from cells undergoing the different treatments were referred to this value. 

Experiments were performed 4 times using 3 replicates for each sample. 

Statistical analysis:The experiments were performed in triplicates. Data are expressed as 

mean ± error standard. Statistical analyses were performed using independent t-tests for two 

groups comparisons and a one-way analysis of variance (ANOVA), after checking 

homogeneity of variance using Levene’stes, in case of multiple comparisons. ANOVA was 

followed by post-doc Scheffè’s test. Differences at p<0.05 were considered to be statistically 

significant. 
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Figure 1. Raman spectra of the Ap-DOXO and Ap-mAb binary nanoparticles (A) and of Ap-
mAb-DOXO and Ap-DOXO-mAb ternary nanoparticles (B). Asterisks indicate the Raman 
peaks of nanoapatite. ζ-potentials (C) and size distributions (D) of the binary and ternary 
nanoparticles. In Raman spectra (A and B), red-colored peaks belong to adsorbed DOXO 
molecules whereas blue-colored peaks are due to adsorbed mAb. 
 

 
Figure 2.  Models of the functionalizing moieties DO-24 mAb and DOXO with Ap 
nanoparticles according to the two different methods used in this work. Apatite nanocarriers 
are represented as spheres for clarity, indeed, they are plate-shaped. 
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Figure 3. Validation of the immuno-nanoparticles. Binary and ternary Ap nanocrystals were 
incubated with detergent extracts from GTL-16 (Met+) cells or NIH-3T3 (Met-) fibroblasts; 
unbound proteins were washed away and the remnant was separated in SDS-PAGE, 
transferred to PVDF paper and processed for western blots with anti-Met antibodies, followed 
by secondary peroxidase-labelled anti-mouse IgG antibodies. The bands with 145 and 170 
kDa, molecular weight, corresponding to Met proteins, could be precipitated only from 
extracts from cells expressing the Met receptor (GTL-16; lanes 3-5), but not from cells not 
expressing the Met receptor (NIH-3T3; lane 1) and only if the apatite NPs were loaded with 
the DO-24 anti-Met mAb (lanes 3-5), thus showing the specificity of mAb loaded NPs. For 
equivalent amounts of mAb (H chain band), the Ap-mAb-DOXO NPs (lane 5) were more 
efficient than the Ap-DOXO-mAb NPs (lane 4) in precipitating the Met receptor. For further 
details see the text. In lanes 2 and 3 ¼ of the immunoprecipitate was loaded. 
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Figure 4. Analysis of the specificity of the interaction of the DO-24 mAb loaded Ap 
nanoparticles (Ap-mAb) with cells and of their internalization by confocal microscopy. Met+ 
GTL-16 cells (top row) and Met- NIH-3T3 fibroblasts (medium row) were incubated with 
nanoparticles at 37 °C for 3 h. Fixed and permeabilized treated cells were stained for NPs 
with FITC-labelled anti-mouse IgG (green), cytoskeletal actin with TRITC-labelled phalloidin 
(red) and nuclei with TO-PRO3 (blue). mAb-loaded NPs can be detected only in case of 
GTL-16 cells, but not in case of NIH-3T3 cells, showing the specificity of these nanoparticles. 
GTL-16 cells incubated with Ap-mAb and lysotracker (botton row, red) were fixed, 
permeabilized and stained with FITC-labelled anti-mouse IgG (green) and TO-PRO3 (blue). 
The Ap-mAb nanoparticles co-localize with the Lysotracker-positive endosomal compartment.  
 

 

 
 
Figure 5. Analysis of the internalization of the ternary nanoparticles in GTL-16 cells by 
confocal microscopy. Cells were incubated with Ap-mAb-DOXO (A) of Ap-DOXO-mAb (B) 
nanoparticles at 37°C for 3h, washed, fixed, permeabilized and saturated. Nanoparticles are 
visualized in green (staining with FITC-labeled anti-mouse IgG), nuclei in blue (TO-PRO3) 
and DOXO in red. Cell morphology was evaluated in Differential Interference Contrast (DIC) 
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microscopy. Panel A, bottom right: nanoparticles stained in green can be detected in 
intracellular vesicles.  
 

 
 
Figure 6. Cytotoxic activity of the differentially functionalized nanoparticles on GTL-16 cells. 
Cells were incubated with equimolar amounts of DOXO, either soluble or loaded on 
nanoparticles (A), as well as with equivalent amounts of unfunctionalized nanoparticles (B) 
for 3 days, before performing the MTT assay. Untreated cells, receiving medium without 
nanoparticles and DOXO, were taken as reference value (100%) of viable cells to which refer 
the values of treated cells. Statistical significance: Panel A: ANOVA one-way revealed 
significant differences (p<0.001). Post-hoc test (Sheffè’s test) showed highly significant 
difference in all two-samples comparisons (p<0.001), except *(p<0.05). Panel B: significance 
is referred to unfunctionalized nanoparticles (**p<0.001; *p<0.005; unlabelled: no 
significance). Data are the mean ± standard error of the mean (SEM) of 4 experiments 
performed in triplicates. 
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Apatite nanoparticles functionalized with the chemotherapeutic doxorubicin and a monoclonal 
antibody targeting tumor cells overexpressing the tumor associated marker Met/Heaptocyte 
Growth Factor receptor specifically bind to and are internalized in cells expressing the 
receptor, and discharge Doxorubicin, which reaches the nucleus and exert cytotoxicity. This 
work opens new perspectives in the use of nanocrystalline apatites as new platform for 
theranostic applications in nanomedicine. 
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