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  1   .  Introduction 

 The application of nanomedicine for cancer therapy has 
received considerable attention in recent years. [  1  ]  The key 
issue is to achieve the desired concentration of therapeutic 
agents in tumor sites, thereby destroying cancerous cells while 

minimizing damage to normal cells. To 
pursue this approach, [  2  ]  biomaterial sci-
ence has stepped into the formulation of 
smart materials and miniaturized drug 
delivery devices. There is an increasing 
arsenal of nano-microplatforms under 
evaluation for therapeutic applications 
including polymeric micelles and cap-
sules, liposomes DNA, and protein-based 
micro-nanoparticles. [  3–5  ]  By using both 
passive (enhanced permeability and reten-
tion effect) and active targeting strategies, 
micro-nanocarriers can deliver a high dose 
of drugs in cancer cells while minimizing 
toxicity in normal cells. [  6  ]  Alternatively, 
a remote and external control of drug 
delivery is possible where the micro-nano-
carrier is responsive to an applied stimulus 
such as infrared light, [  7  ]  ultrasound, [  8  ]  
magnetic, or electric fi eld. [  9  ]  A promising 
strategy to remotely target cells and organs 
is to develop ultrasound-responsive micro-
nanocarriers that release their drug payload 

only in response to an acoustic stimulus. [  10–12  ]  Microbubbles 
(MBs) are gas-fi lled colloidal particles generally coated with a 
protein, lipid, or a surfactant layer with a size range between 
0.5–10  μ m. [  13  ]  In the past, MBs have been used in clinical prac-
tice as ultrasound contrast agents in ultrasound myocardial per-
fusion imaging [  10  ]  and focal liver lesion diagnosis and recently 
approved for the detection of focal breast lesions. [  14,15  ]  During 
the last decade, MBs have been widely investigated for the inno-
vative therapeutic interventions. [  16  ]  For instance, it was recently 
shown that ultrasound-mediated MB vascular disruption can 
enhance tumor responses to radiation in vivo. [  17  ]  Indeed, ultra-
sound has a number of attractive features as a drug delivery 
modality. Ultrasonic irradiation of tissue with a millimeter pre-
cision is feasible and ultrasound beam may be directed toward 
deeply located body sites in precise energy deposition patterns. 
Both gas and perfl uorocarbon (PFC)-fi lled microparticles are 
highly suited as ultrasound contrast agents in clinical applica-
tions. [  18  ]  The acoustic impedance of gas and PFC compared with 
blood and solid tissue enables the MBs and PFC microcapsules 
(MCs) with echogenic properties in biological tissues. Lipid-
coated PFCs nano- and microdroplets have also been used as 
delivery vehicles. [  19,20  ]  PFCs are biologically inert, for this reason 
they have been used for intravascular oxygen transport, [  21  ]  oph-
thalmology, [  22  ]  and lung surfactant replacement preparations. [  23  ]  

   The ultrasound-assisted self-assembly and cross-linking of lysozyme at 
the water–air and water–perfl uorohexane interfaces are shown to produce 
lysozyme-shelled hollow microbubbles (LSMBs) and microcapsules (LSMC), 
respectively. The arrangement of lysozyme at the air–liquid or oil–liquid 
interfaces is accompanied by changes in the bioactivity and conformational 
state of the protein. The interaction of LSMB and LSMC with human breast 
adenocarcinoma cells (SKBR3) is studied. LSMB and LSMC are phagocyted 
by cells within 2 h without exerting a cytotoxic activity. The cellular internali-
zation kinetics of LSMB and LSMC and the effects on cell cycle are evaluated 
using fl ow cytometry. Evidence for the internalization of microparticles and 
degradation within the cell are also monitored by confocal and scanning 
electron microscopic analyses. The integrity of cell membrane and cell cycle 
is not affected by LSMBs and LSMCs uptake. These studies show that the 
positively charged LSMB and LSMC are not cytotoxic and can be readily 
internalized and degraded by the SKBR3 cells. LSMBs and LSMCs show a dif-
ferent uptake kinetics and intracellular degradation pattern due to differences 
in the arrangement of the protein at the air–liquid or oil–liquid interfaces.      
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Generally, lipophilic drugs are deposited in the lipid mono layers 
and a major concern in the development of injectable PFC–
water emulsions is to counteract Ostwald ripening, [  24  ]  which is 
the main mechanism responsible for particle growth over time. 
Recently, polymer-shelled MBs and MCs have been synthesized 
by high-intensity ultrasound-induced emulsifi cation and self-
cross-linking of lysozyme and thiolated poly methacrylate in an 
aqueous solution without using any additional cross-linking 
agents. [  25,26  ]  The ultrasonic methodology constitutes a platform 
technique offering versatility in the synthesis of relatively mono-
disperse air-fi lled and perfl uorohexane (PFH) microparticles 
where the shell material can be a thiolated protein or synthetic 
polymer. [  26,27  ]  Particularly, the ability to synthesize nanobub-
bles [  28  ]  has opened new opportunities to deliver therapeutic 
agents that require targeted extravasation from blood vessels 
into the tissues crossing the epithelial barriers. 

 To the best of our knowledge, an ultrasonic synthesis of 
lysozyme-shelled hollow particles is the only method that 
allows control over size and size distribution of lysozyme 
micro-nanoparticles. Conventional techniques for producing 
micrometer-sized protein particles include grinding, jet 
milling, liquid-phase antisolvent precipitation, freeze-drying 
and spray drying, and chemical cross-linking by glutaralde-
hyde. [  29,30  ]  Unfortunately, these processes often incur thermal 
and chemical degradation and involve the use of organic sol-
vents and toxic reagents resulting in high levels of cytotoxic 
residues, inter-batch particle size variability, broad size distri-
bution, and particle irregular shapes. The thick (150 nm) [  27  ]  and 
covalently cross-linked protein shell of lysozyme-shelled micro-
bubbles (LSMB) prevents bubbles and oil droplets from coales-
cence and imparts to the particles a remarkable stability (up to 
1 year). Particularly for LSMBs, the encapsulating shell is nec-
essary to sustain the gas cavity and to reduce both the diffusion 

of gas leaving the core and the surface tension, as modeled in 
a modifi ed Epstein–Plesset equation. [  31  ]  The multifunctional 
LSMBs and lysozyme-shelled microcapsules (LSMCs) may pro-
vide drug payload capacity and a large surface for conjugation 
of targeting ligands. In addition, LSMCs offer the opportunity 
to employ a unique magnetic resonance imaging (MRI) signa-
ture deriving from its fl uorine ( 19 F) core. [  32  ]  When combined 
with local drug delivery, the  19 F signal serves as a highly spe-
cifi c marker for the quantitative assessment of drug dosing. [  18  ]  

 Here, we report on the interaction of LSMBs and LSMCs 
with human breast adenocarcinoma cells (SKBR3). The kinetics 
of uptake, intracellular degradation, and induction of cytotox-
icity of LSMBs and LSMCs have been evaluated. The struc-
tural and functional properties of lysozyme assembled into 
micrometer-sized particles, LSMBs and LSMCs, have been 
extensively studied and correlated to the cellular uptake and 
degradation behavior of microparticles.  

  2   .  Results and Discussion 

  2.1   .  Comparison of Structural and Functional Properties of 
LSMB and LSMC 

 The physical and chemical properties of LSMBs and LSMCs 
play an important role in determining the interactions with 
SKBR3 cells. The particle size, surface charge, and surface 
chemistry of LSMBs and LSMCs determine the cellular entry 
mechanisms and intracellular traffi cking patterns. [  33–35  ]  The 
ultrasonic synthetic method of LSMBs and LSMCs has been 
previously discussed. [  25–28  ]  In brief, there are three processes 
( Scheme    1  ) involved: i) the emulsifi cation of the gas or oil to 

       Scheme 1.   Schematic illustration showing the LSMB and LSMC preparation technique through ultrasound-induced interfacial cross-linking of partially 
denatured lysozyme.  
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found to be signifi cantly higher (62 mmol mg −1 ) than that on 
LSMC shell (12 mmol mg −1 ). The secondary protein structure 
of LSMBs and LSMCs was evaluated by circular dichroism 
analysis. CD spectra of LSMB indicated a conformational tran-
sition of lysozyme from the native-like conformation (26%  α  
helix, 22%  β  strand, 52% random coil) to a secondary structure 
rich in  β -sheets (13%  α  helix, 39%  β  strand, 49% random coil) 
(Figure 1a, Supporting Information). Conversely, the lysozyme 
secondary structure in LSMC exhibited an increase in helical 
and  β - sheet content (32  α  helix, 30  β  strand, 38 random coil). 
To further evaluate and compare the structural properties of 
LSMBs and LSMCs, time-resolved fl uorescence measurements 
were carried out.  

 Lysozyme contains six tryptophans. Time-resolved fl uo-
rescence measurements (  λ   ex  = 298 nm,   λ   em  = 340 nm) indi-
cated a double exponential decay of 3.9 ns and 1.3 ns for 
LSMB and 3.3 ns and 1.3 ns for LSMC. These fl uorescence 
decay values were not signifi cantly different from those 
measured for the native lysozyme, 3.1 ns and 0.9 ns. Degra-
dation of LSMBs and LSMCs by a protease was assessed by 
monitoring the optical density decrease as a function of time 

form a suspension of MBs or microdroplets in an aqueous 
solution, ii) the aggregation of denatured lysozyme at the air–
water or oil–water interface, iii) the chemical cross-linking 
of cysteine residues of the partially denatured lysozyme. The 
hydrophobic interaction between the partially denatured pro-
tein subunits is one of the requirements for the formation of 
LSMBs and LSMCs (Scheme 1). However, the control of size, 
polydispersity, and long-term stability of LSMBs and LSMCs 
require a further mechanism to stabilize the protein-shelled 
microparticles. The protein shell is stabilized by inter-protein 
disulfi de cross-linking of cysteine residues by the superoxide 
radicals generated during the sonolysis of water. Scanning 
electron microscopy (SEM) images of resulting LSMBs and 
LSMCs are shown in  Figure    1  .   

 Making a comparison between the physico-chemical and 
functional properties of LSMBs and LSMCs, we observed 
some similarities and differences indicating a different 
arrangement of the protein at the air–liquid or oil–liquid 
interfaces ( Table   1 ). The diameter measured by optical and 
electron microscopic techniques was about 2.5  μ m for both 
microparticles. The residual thiol content on LSMB shell was 

      Figure 1.   SEM images of a) LSMBs and b) LSMCs.  

 Table 1.   Structural and functional properties of LSMB and LSMC. 

Structural and functional property  LSMC  LSMB  

Diameter [um]  2.5 ± 0.5  2.5 ± 0.5  

 ξ  potential Milli-Q [mV]  +29 ± 4  +32 ± 2  

 ξ  potential, 15 × 10 −3  M  NaCl [mV]  −22 ± 8  +22 ± 0.4  

 ξ  potential after BSA coating in [Milli-Q]  −30 ± 3  −24 ± 8  

Percentages of protein secondary structure   32  α  helix  13  α  helix  

30  β  strand  39  β  strand  

38 random coil  49 random coil  

Thiols content [mmol g −1 ]  12 ± 2  62 ± 1  

Antimicrobial activity  No  Yes  

Proteolytic degradation  100% degradation in 70 min  100% degradation in 30 min  

Fluorescence time decay of trypthophans   3.9 ns (43%)  3.3 ns (44%)  

1.3 ns (57%)  1.3 ns (55%)  
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(Figure1b, Supporting Information). The protease digestion 
of LSMBs was complete after 30 min treatment, whereas the 
degradation of LSMCs required more than 1 h. The differ-
ences in degradation kinetics suggest that in LSMBs the par-
tially denatured lysozyme is more susceptible to degradation 
than in LSMCs as the unfolding greatly favors access of the 
protease to the polypeptide chain. [  36  ]  In addition, these results 
demonstrate the biodegradability of both LSMBs and LSMCs, 
ruling out the possible formation of amyloid-like fi brils 
within the lysozyme shell induced by the sonication process 
or chemical cross-linking. As lysozyme isoelectric point is 10, 
both LSMCs and LSMBs are positively charged colloidal parti-
cles. The  ζ -potential values in Milli-Q water were +29 mV and 
+32 mV for LSMCs and LSMBs, respectively. In 15 × 10 −3  m  
NaCl buffer, the surface charge of LSMBs decreased to +22.4 ± 
0.5 mV due to the shielding effect of salt. Differently, the sur-
face charge of LSMCs turns to a negative value of −23 ± 2 mV, 
indicating a rearrangement of the protein at the interface 
induced by the increase of ionic strength. The conformational 
transition of the protein in the LSMCs at the oil–water inter-
face promotes the exposure of the negatively charged residues 
toward the aqueous phase. The positively charged surface of 
LSMBs and LSMCs provides a template for the assembly of 
negatively charged proteins present in the blood or cell culture 
medium that largely controls the biological in vitro response 
of LSMBs and LSMCs. Bovine serum albumin (BSA, the most 
abundant blood plasma protein) readily associates with both 
types of microparticles. The  ζ -potential of LSMBs and LSMCs 
incubated with BSA changes to negative values, −24 ± 8 mV 
and −30 ± 3 mV, respectively, indicating the effective adsorp-
tion of BSA. The driving force behind BSA adsorption must be 
a combination of electrostatic, hydrophobic, and thiols interac-
tions. Based on the above discussion, we speculate that, to form 
LSMBs, lysozyme assembles at the air–liquid interface and 
form a hydrogel-like structure stabilized by both newly formed 
intermolecular disulfi de crosslinks and  β -sheet domains 
(Scheme   1  ). Due to the disulfi de interchain linkages, the dena-
tured lysozyme in LSMBs is not able to reconstitute the fully 
native structure, the unreacted –SH groups remaining free and 
accessible. A different mechanism can be proposed for LSMC 
formation, where the interaction between PFH and the hydro-
phobic domain of the reduced lysozyme promotes protein 
refolding. Fluorinated organic solvents, such as trifl uorethanol 
(TFE) and hexafl uoro-propan-2-ol, [  37,38  ]  are known to be very 
strong helix-inducing cosolvents and effective agents for the 
structural stabilization of protein secondary structures. A sim-
ilar effect was reported for lysozyme where the helical content 
increases in the presence of TFE, by the extension of existing 
 α -helices, by the induction of new  α -helices, or by an increase 
in the regularity of the existing helices. [  39  ]  During ultrasound-
assisted formation of LSMCs, intramolecular disulfi de bonds 
constitute concomitantly with protein refolding and restruc-
turing at the oil–liquid interface, resulting in protein-shelled 
MCs stabilized mainly by hydrophobic interactions rather than 
intermolecular cross-linking. The absence of intermolecular 
protein cross-linking via disulfi de bonds is also corroborated 
by the greater conformational freedom of lysozyme observed 
in LSMCs. However, not all four native disulfi de bridges are 
recovered and some sulfhydryl groups (12 mmol g −1 ) are still 

present in the LSMC shell. The similarity between lysozyme 
LSMCs and LSMBs fl uorescence decay times indicates that 
tryptophan residues in the protein experience similar sol-
vent and hydrophobicity environment. This suggests that the 
hydrophobic core of protein, where tryptophans are present, 
is not affected by microparticle formation. Hence, the struc-
tural properties of LSMBs and LSMCs suggest a different rear-
rangement of lysozyme as a function of the chemical nature of 
the microparticle core. Lysozyme is an effective antimicrobial 
agent. [  36  ]  The antimicrobial activities of LSMBs and LSMCs 
were evaluated and compared observing the disruption of  Mic-
rococcus lysodeikticus  cell wall. We have previously shown that 
LSMBs possess signifi cant antimicrobial activity. [  11,25  ]  Con-
versely with LSMCs, the integrity of  M. lysodeikticus  cells was 
not affected indicating that LSMCs do not bear any bactericidal 
activity. Partially unfolded lysozyme is reported to be a potent 
bactericidal agent [  36  ]  against both Gram-negative ( Escheri-
chia coli ) and Gram-positive ( Staphylococcus aureus ,  Micro-
coccus luteus ) bacteria regardless of its enzymatic muramidase 
activity. The antimicrobial activity of LSMBs can be ascribed to 
a residual muramidase activity and to the surface hydrophobic 
moieties exposed upon protein unfolding and cross-linking. 
These hydrophobic patches can promote the interaction of 
LSMBs with the bacterial membrane, compromising its integ-
rity and functions. The lack of antimicrobial activity in LSMCs 
indicates a more hydrophilic surface and absence of murami-
dase activity.  

  2.2   .  Effect of Microbubbles and Microcapsules on Human 
Breast Adenocarcinoma Cells Viability 

 To determine whether the different structural features of 
microparticles can affect their biological response, the interac-
tion of LSMBs and LSMCs with SKBR3 was fi rst assessed in 
terms of in vitro toxicity. The LSMBs and LSMCs are designed 
to maintain integrity in the bloodstream and in the extracel-
lular environment and subsequently disassemble in the intra-
cellular environment due to the enzymatic degradation. The 
stability of LSMBs and LSMCs in cell culture medium was 
verifi ed. Both LSMBs and LSMCs retain their colloidal stability 
and do not leak gas or oil in the medium after few hours of 
incubation (data not shown). SKBR3 cell viability was studied 
at an LSMB- and LSMC-to-cell ratio ranging from 25 to 100 for 
24 h by MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide assay, which measures mitochondrial metabolic 
activity. As shown in  Figure    2  , the percent control proliferation 
was not affected after incubation with both LSMBs and LSMCs 
at up to 100 MB or MC/cell for 24 h and 48 h, while it slightly 
decreased to 75–80% after 72 h. On the basis of this evidence, 
both MBs and MCs could be considered to induce negligible 
toxicity to SKBR3 cells.   

  2.3   .  Cell Membrane Integrity 

 Assessing cell membrane integrity is another method to 
measure cell viability and the induction of cytotoxic effects. Cyto-
toxic microparticles often compromise cell membrane integrity. 
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between microparticles and cells up to 
120 min did not induce a signifi cant damage 
to the cell membrane, as demonstrated by 
similar percentages of TB-stained cells in 
control and treated samples. These fi ndings 
support our previous cell viability results.   

  2.4   .  Scanning Electron Microscopy Study 

 Although it is widely recognized that the 
small size of nanoparticles may be ben-
efi cial for a rapid entry into cells via endo-
cytosis, [  40  ]  there appears to be no cut-off limit 
in size up to at least 5  μ m to gain cellular 
entry of microparticles through macropino-
cytosis. [  41  ]  SEM was used to gain an under-
standing of the mechanism of interaction 
between cells and microparticles. Untreated 
SKBR3 cells displayed their typical mor-
phology characterized by polygonal shape 
with numerous microvilli ( Figure    4  A,   5  A, 
arrows) randomly distributed on the cell sur-
face. After cell treatment for 10 and 30 min 
with LSMBs and LSMCs at the microparti-
cles to cell ratio 20:1, numerous intact and 
defl ated microspheres can be observed on 

the cell membranes (Figure 4B,C, arrows; 5B,C, arrows). In 
addition, a 60-min incubation induced the formation of ruffl es 
(Figure 4D, 5D, arrows). SEM observations revealed the strong 
adhesion of microparticles on cell surface and confi rmed the 
absence of cytotoxic effects along with the maintenance of cell 
integrity, even when numerous particles were laying on the 
cell surface. No evidence of cell damage could be detected even 
after 120 min of incubation (data not shown).    

  2.5   .  Effects of LSMB and LSMC on Cell Cycle 
Progression 

 Cell cycle analysis was performed to inves-
tigate the effect of LSMB– and LSMC–cell 
interaction and particle internalization on 
SKBR3 proliferation. To this aim, cells were 
incubated with microparticles for a longer 
time (24 h) as compared with the above 
experiments. Samples were then fi xed with 
ethanol and stained with PI, a specifi c DNA 
labeling dye. Cell cycle is a series of events 
involving cell division and duplication, com-
prising interphase (gap1, G1), synthesis 
(S), gap2 (G2), and mitosis (M) phases. 
Incubation with both LSMBs and LSMCs 
caused a slight reduction of cell number 
in S phase. In addition, LSMCs interaction 
induced a modest increase of G2/M phase 
( Figure    6  ). This is the “DNA structure check-
point” phase; cells accumulate at the G2/M 
transition in response to unreplicated DNA 

Vital dyes, such as Trypan Blue (TB) or propidium iodide (PI) 
are usually excluded from healthy cells. Consequently to the 
loss of membrane integrity, TB freely crosses the membrane 
and stains intracellular components. SKBR3 cells were incu-
bated with microparticles, washed once with PBS, and labeled 
with TB solution (0.4% in PBS). Samples were then analyzed 
by fl ow cytometry to assess the percentage of TB-stained cells 
( Figure    3  ). Data obtained seem to indicate that the interaction 

      Figure 2.   SKBR3 cell viability evaluation in control (CTR; valid for 24, 48, and 72 h) and after 
incubation with LSMBs and LSMCs (25, 50 100 particles/cell) for 24, 48, and 72 h. The percent 
control proliferation (assayed by MTT test) was calculated considering the value of control as 
100%. Results are expressed as mean value ±SD of quadruplicate determinations from three 
independent experiments. A signifi cant reduction of cell viability can be noticed in 72 h-treated 
samples with respect of control cells (One-way ANOVA test, * p  < 0.01).  
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      Figure 3.   Analysis of cell membrane integrity by fl ow cytometry. SKBR3 cells were incubated 
for 10, 30, 60, or 120 min with microparticles and then labeled with TB. Results are expressed 
as the mean percentage of TB-stained cells ± SD from three independent experiments; CTR 
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specifi c types of damage would lead to mitotic catastrophe. [  42  ]  
Further experiments will be performed to better charac-
terize the G2/M increase induced by LSMCs–cell interaction. 

or DNA damage, and the “spindle assembly checkpoint” pre-
vents anaphase until all chromosomes have obtained bipolar 
attachment. The combination of checkpoint defi ciencies and 

      Figure 4.   SEM images of SKBR3 cells after incubation with LSMBs (20:1 particles per cells). SKBR3 control cells showing normal morphology (A), after 
10 min (B), 30 min (C; scale bar is 5  μ m), and 60 min of incubation (D).  

      Figure 5.   SEM images of SKBR3 cells after incubation LSMCs (20:1 particles per cells). SKBR3 control cells showing normal morphology (A), after 
10 min (B), 30 min (C), and 60 min (D) of incubation.  
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by SKBR3 cells was observed up to 2 h to obtain qualitative 
internalization data and also to discriminate between surface-
attached and -internalized microparticles.  Figure    7  A,B show 
internalized LSMB-FITC and LSMC-FITC, respectively, after 
2 h of incubation. Monitoring microparticle internalization 
by confocal microscopy gives a more complete understanding 
of particle intracellular localization and degradation. While 
LSMC particles preserved their shape and dimension fol-
lowing cellular uptake (Figure  7 B, arrows), LSMBs showed 
an altered shape and the appearance of spotty fl uorescence 
was observed soon after the internalization phase, sugges-
tive of early degradation (Figure 7A, arrows). To evaluate the 
extent of internalization, we examined a number of confocal 
microscopy images. By performing a manual counting of cells 
that internalized LSMB–FITC and LSMC–FITC particles, we 
obtained a percentage of 86 ±4 of positive cells (total counts 

Interestingly, microparticles did not induce the appearance 
of a sub-G1 population, which is considered a marker of cell 
death (apoptosis + necrosis) induction, thus confi rming pre-
vious results on cell viability, membrane integrity, and cell 
morphology.   

  2.6   .  Confocal Laser Scanning Microscopy Analysis 

 To determine whether MCs were effi ciently internalized by 
cells, their intracellular distribution was investigated by con-
focal laser scanning microscopy (CLSM) analysis. Fluores-
cently labeled LSMBs [LSMB-Fluorescein isothiocyanate 
isomer I (FITC)] and LSMCs (LSMC-FITC) were prepared. 
Cells were incubated with 20 microparticles/cell for 30 min, 
1 h, and 2 h. The uptake of LSMC-FITC and LSMB-FITC 

      Figure 6.   Cell cycle analysis by fl ow cytometry in control SKBR3 cells (CTR) and after incubation with LSMBs or LSMCs for 24 h. Percentages of cell 
cycle phases (pre-G1, G1, S, G2/M) were calculated from DNA histograms by CellQuest software.  
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      Figure 7.   CLSM images of internalized microparticles. SKBR3 cells were incubated for 2 h with LSMB-FITC (A) and LSMC–FITC (B). Green, red, and 
blue indicate FITC-conjugated microparticles, actin fi laments, and nuclei stained with Hoechst 33342, respectively. LSMBs and LSMCs appear to be 
effi ciently internalized by the cells considering the low microparticles/cell ratio used for the incubation.  
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= 500). The different morphology of internalized LSMBs and 
LSMCs could be related to the kinetics of their degradation 
(see Table  1 ). Hence, LSMBs are also readily hydrolyzed in the 
intracellular vacuole soon after the internalization, whereas 
the LSMCs require a longer time. In addition, no alterations 
of nuclear morphology could be detected in SKBR3 cells, con-
fi rming previous results on the absence of apoptosis induction 
by microparticles. The effi cient internalization of both LSMCs 
and LSMBs was also confi rmed by fl ow cytometry analysis.   

  2.7   .  Analysis of LSMB-FITC and LSMC-FITC Cellular Uptake by 
Flow Cytometry 

 To evaluate the effi ciency and kinetics of microparticle uptake, 
SKBR3 cells were incubated with LSMB-FITC and LSMC-FITC 
using a 25 particles/cells ratio, washed, and analyzed by fl ow 
cytometry. The time course of particle internalization was 
studied from 10 min to 24 h. The cytofl uorimetric analysis 
demonstrated a time- and formulation-dependent uptake of 
the microparticles. LSMB-FITC were internalized at a higher 
rate than LSMC-FITC ( Figure    8  A). The maximum fl uorescence 
signal from LSMB-FITC was reached at 60 min. After 2 h, 
a signifi cant fl uorescence decrease could be observed sug-
gesting the occurrence of a degradation process. With regard 
to LSMC-FITC internalization, the maximum fl uorescence 
signal was observed at 120 min, then decreasing at 4 h and 
24 h. A residual presence of LSMC-FITC, either intact or frag-
mented, was observed after 24 h (Figure 8A, inset). The high 
fl uorescence signal from LSMC-FITC detected at 4 h and 24 h 
suggest that these particles were degraded more slowly than 
LSMB-FITC, supporting results from the degradation study 
reported in Table  1  and microscopy observations.  

 In Figure 8, panel B, representative fl ow cytometric pro-
fi les of control and after incubation (60 and 120 min) sam-
ples are reported for LSMC-FITC and LSMB-FITC. It can be 
observed that the LSMB-treated cells histogram is character-
ized by a wide fl uorescence profi le with two populations. At 
120 min, due to the beginning of a degradation process, the 
fi rst population represents almost all cells. By contrast, the 
fl uorescent profi les of LSMC-treated cells are characterized by 
a time-dependent process of internalization, with an increase 
in signal from 60 to 120 min of incubation. The numbers 
reported above the profi les represent the internalization per-
centage for LSMBs (95%) and LSMCs (98%), showing compa-
rable results. 

 We can speculate that the difference in surface chemistry 
observed in LSMBs and LSMCs (Table  1 ) may explain the dif-
ferent rate of internalization. Numerous studies have shown 
that surface properties (size, charge, shape, elasticity, and func-
tional groups) have a signifi cant impact on cellular internaliza-
tion of a variety of nano and microcarriers. [  34  ]  

 Generally, a signifi cant diminution of particle association 
with the cells was observed when the particles had a negative 
zeta potential versus particles showing a positive zeta potential. 
However, both LSMCs and LSMBs have a net positive surface 
charge and a negative net charge after incubation with serum 
proteins such as albumin. This protein is the major compo-
nent of fetal bovine serum (FBS) used to culture cells and it 

is the prominent protein adsorbed to nano-microparticles. [  43  ]  
Since SKBR3 cells were incubated with LSMCs and LSMBs 
in the presence of FBS, microparticles were readily coated by 
albumin during the incubation. Previous studies on cellular 
uptake of viruses and disulfi de-based conjugates have shown 
that cell–surface associated proteins with thiol–disulfi de inter-
change activity, such as protein disulfi de isomerase, can regu-
late cell association. [  44  ]  

 It has been shown that the introduction of thiols is associ-
ated with higher cellular uptake facilitated by thiolated surface 
proteins. [  45  ]  The interaction between the exofacial thiols and 
thiols present on both LSMBs and LSMCs can facilitate cell–
microparticle interaction. Consequently, the faster kinetics of 
cell–LSMB interaction and internalization as compared with 
LSMCs could be explained by the signifi cantly higher thiol 
concentration present on LSMB shell.   

  3   .  Conclusion 

 We have demonstrated that a different arrangement of the 
denatured lysozyme is possible as a function of the chemical 
nature of the interfaces, namely air–water or PFH–water. Con-
sequently, the morphology of lysozyme hollow microparticles 
containing either air or PFH is different and have a signifi cant 
infl uence on microparticles biofunctional properties. Antimi-
crobial activity against  M. lysodeikticus , adhesion and internali-
zation processes during incubation with SKBR3 cells seem to be 
controlled by the surface properties of LSMBs and LSMCs. Only 
LSMBs possess signifi cant antimicrobial activity. Both LSMBs 
and LSMCs exhibit a strong adhesion on SKBR3 surface and 
an effi cient internalization without inducing cytotoxic effects. 
The different morphologies shown by internalized LSMBs and 
LSMCs have been correlated to the kinetics of internalization 
and degradation. These results highlight the potential uses of 
LSMBs and LSMCs as ultrasound responsive platforms suited 
for biomedical and pharmaceutical applications.  

  4   .  Experimental Section 
  Material : Hen egg white lysozyme and DL-dithiothreitol (DTT) 

and  M. lysodeikticus  cells were purchased from Sigma–Aldrich. 
Tris(hydroxymethyl) amino-methane (Tris) was from Mallinckrodt. 
Milli-Q fi ltered water was obtained from a Millipore system (18.2 M Ω  
cm −1  at 25 °C). Perfl uorohexane was purchased from Fluka. Fluorescein 
isothiocyanate isomer I (FITC), 5,5′-dithiobis(2-nitrobenzoic acid) 
(DTNB), proteinase K from tritirachium album were purchased from 
Sigma. 2,2,2-trifl uoroethanol was obtained from Carlo Erba. 

  LSMBs and LSMCs Preparation : Lysozyme MBs and PFH-fi lled MCs 
were synthesized as described previously. [  25,27  ]  Lysozyme (5%, w/v) was 
denatured in 50 × 10 −3   m  Tris–HCl, pH 8.3, buffer by adding 3%, w/v 
DTT and stirring for 2 min. To synthesise PFH-fi lled MCs, 100  μ L of 
PFH was added to the solution. A 3-mm diameter microtip of a high-
intensity ultrasonic horn (20 kHz, Branson) was positioned at the 
air–water or oil–water interface and acoustic power of 160 W cm −2  was 
applied for 30 s. The mixture was then left standing for a few hours 
for the PFH-fi lled MCs to settle down and the air-fi lled MBs to fl oat to 
the surface of the liquid. The excess DTT and the residual protein were 
repeatedly (5 times) washed off with Milli-Q water. 

  FITC Labeling of LSMBs and LSMCs : An aqueous suspension of MBs 
or MCs (1 mg mL −1 ) was fl uorescently labeled with FITC in Milli-Q 
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coated with a thin gold fi lm. Microbubbles’ average diameter and size 
distribution were determined over a set of 200 microparticles using 
optical microscope images and SEM images. The free thiol contents 
were determined by using Ellman’s reagent, DTNB. Zeta-potential 
measurements were carried out on a Malvern Zetasizer. A turbidometric 
method was used to study the antimicrobial activity of LSMBs and 
LSMCs by monitoring the decrease of absorbance of a suspension 
of  M. lysodeikticus  cells at 450 nm as a function of time, using a 

water. FITC-labeled MBs and MCs were separated from excess FITC by 
repeated washings with Milli-Q water. The concentration of MBs or MCs 
was determined using a microscope counting chamber emocytometer. 

  Microbubble and Microcapsule Characterization : An inverted Olympus 
IX71 wide fi eld fl uorescence microscope with a 60X objective lens was 
used to view the MBs and MCs. SEM (FEI Quanta) operated at an 
acceleration voltage of 10 kV was used to examine the morphology and 
size of the MBs. SEM images were recorded on air-dried MBs sputter 

      Figure 8.   A) Time course analysis of LSMB-FITC (dark gray) and LSMC-FITC (gray) particles uptake performed after 10 min, 30 min, 60 min, 120 min, 
4 h, and 24 h; K - control. Fluorescence signals from microparticles were analyzed by fl ow cytometry and represented as mean fl uorescence channel. 
Data represent the mean ± the standard deviation of three independent experiments. Confocal microscopy image insets illustrate the timing of LSMB 
and LSMC interaction, internalization, and degradation. Particularly, at 30 min the formation of cellular membrane extensions surrounding the LSMB 
is shown. B) Flow cytometric profi les of control cells and after incubation with LSMB or LSMC for 60 and 120 min. Data are from a representative 
experiment. Numbers above each histogram represent the percentage of positive cells, internalized within LSMBs and LSMCs.  
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PBS containing 40  μ g mL −1  PI and 100  μ g mL −1  RNAse, at 37 °C for 
1 h. Samples were then analyzed on the FACScan fl ow cytometer. PI 
fl uorescence emission was collected through a 570-nm bandpass 
fi lter. At least 10 000 events/sample were acquired in a linear mode. 
Percentage of cells in the different phases was calculated using the 
CellQuest software. 

  Confocal Scanning Laser Microscopy : SKBR3 cells were grown on 
coverslips and treated with LSMB-FITC and LSMC-FITC for 4 and 24 h. 
Subsequently, cells were fi xed with 4% paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.4) for 30 min at room temperature and, 
after a washing in the same buffer, were permeabilized with 0.5% Triton 
X-100 (Sigma Chemicals Co., St. Louis, MO) in PBS for 5 min at room 
temperature. For actin detection, cells were stained with rodhamine–
phalloidin (Sigma) at 37 °C for 30 min. For nuclei detection, cells 
were stained with Hoechst 33258 (Sigma) at 37 °C for 15 min. After 
washing with PBS, coverslips were mounted with glycerol-PBS (2:1) and 
analyzed by intensifi ed charge-coupled device video microscopy (IVM) 
with a Nikon Microphot fl uorescence microscope equipped with a Zeiss 
CCD camera. Confocal microscopy experiments were performed on an 
Olympus IX81 confocal laser scanning microscope equipped with laser 
diode 405, Ar laser 488 nm, and HeNe laser 543 nm. 

  Analysis of Cellular Uptake of LSMB-FITC and LSMC-FITC : A time 
course analysis of the cellular uptake of LSMBs and LSMCs was 
performed by fl ow cytometry. Microparticles were added to the culture 
medium at the fi nal concentrations of 1:25 cell/particles at 37 °C from 
10 min to 24 h. At the end of each treatment, cells were washed with 
ice-cold Hank’s balanced salt solution (Sigma Chemical Company, St. 
Louis, MO), detached with EDTA and 0.25% trypsin, resuspended in 
ice-cold PBS and immediately analyzed. Fluorescence signals were 
analyzed with the FACScan fl ow cytometer. The fl uorescence emission 
was collected through a 530-nm bandpass fi lter and acquired in "log" 
mode. At least 10 000 events were acquired. Microparticle uptake was 
evaluated as fl uorescence intensity, expressed as mean fl uorescence 
channel and calculated by CellQuest software. 

  Statistical Analysis : One-way ANOVA test was used to perform 
statistical analysis of the data. Differences between two groups were 
considered signifi cant at  p  < 0.05.  
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