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Abstract  
Aims: On intravenous administration, unprotected nanocarriers are rapidly captured by the mononuclear phagocytic system (MPS). 
This has been exploited for passive targeting of nanoparticulate drug delivery systems for depleting circulating monocytes and 
macrophages for the treatment of various disorders. However, the extent of nanocarriers biodistribution among leukocytes, has not 
been characterized. The aim of this work was to examine the biodistribution of monocyte-targeted nanoparticles and liposomes in 
leukocytes. Materials & Methods: Fluorescently-labeled large negative liposomes (LN-LIP, 130±33 nm, -25.2±6.3 mv), large negative 
NP (LN-NP, 133±40 nm, -40±8 mv), large positive NP (LP-NP, 121±36 nm, +62±9 mv), and small negative NP (SN-NP, 85±26 nm, -
15±2 mv) were formulated. Fluorescence activated cell sorting (FACS) was utilized to determine internalization in rabbit's blood both 
ex-vivo and in-vivo. Results & Conclusions: Monocytes, neutrophils, and lymphocytes internalized the NP. SN-NP exhibited the 
highest selectivity towards monocytes. Granulocytes preferentially internalized LN-LIP in comparison to all polymeric NP 
formulations. NP charge had no effect on their engulfment by granulocytes, while NP size was found to be an important factor as 
granulocytes showed preference towards large NP formulations (LN-NP and LP-NP). Lymphocytes preferentially internalized large 
negatively charged formulations (LN-LIP and -NP). The ex-vivo results failed to predict in-vivo results. Formulations targeted to 
monocytes distribute into other leukocytes as well, which should be determined in-vivo.  
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1. Introduction 

Nanocarrier systems, such as liposomes and poly-
meric nanoparticles (NP), have been increasingly em-
ployed as drug delivery systems for proteins, macromo-
lecules, small molecules and nucleic acids [1, 2]. The 
nanocarriers are utilized to protect molecules from bio-
degradation as well as to modify their pharmacokinet-
ics and biodistribution [3].  

Numerous articles regarding the fate of IV injected 
particles highlight the role of the mononuclear phago-
cytic system (MPS) as the scavenger of the foreign na-
nocarriers [4-6]. The interaction of the nanocarriers 
with opsonins, depending on their physicochemical 
properties [7], results in their recognition and endocy-

tosis. Therefore, several methods of masking the nano-
carriers have been developed, in an attempt to tempora-
rily bypass the MPS extending their circulation time [8]. 
On the other hand, the natural fate of nanocarriers in 
the MPS was exploited for passive targeting to mono-
cytes and macrophages affecting various disorders in-
cluding infections, rheumatoid arthritis and restenosis 
[9-13]. Depletion of macrophages and circulating mo-
nocytes in-vivo has been achieved by particulate deli-
very systems containing bisphosphonates (BP). The 
nanocarriers including liposomes, polymeric NP and 
albumin NP enable intracellular delivery of the BP 
which inactivate and kill these cells [11, 12, 14-18], 
alleviating the inflammatory state. Thus, inhibition of 
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restenosis and endometriosis has been demonstrated 
following a single IV injection of liposomes containing 
alendronate [11, 16, 17, 19]. Polymeric NP containing 
alendronate have been also examined in restenosis 
therapy [15, 20]. However, the extent of both lipo-
somes and NP containing BP internalization by leuko-
cytes other than monocytes has not been characterized. 
Moreover, the effect of NP’s charge and size on their 
biodistribution among monocytes, granulocytes (neu-
trophils) and lymphocytes has not been determined.  
Characterization of the biodistribution of nanocarriers 
and understanding the governing factors is important 
for designing a more selective formulation. Selectivity 
of such particulate dosage forms could result in en-
hanced therapeutic action while minimizing non-
specific distribution and possible side effects.  

In this work the biodistribution of NP and liposomes 
in leukocytes has been examined.  In order to explore 
the effect of nanocarriers' type and physicochemical 
properties on the extent of internalization by leukocytes, 
fluorescent, negatively and positively charged polymer-
ic NP, of various size, have been formulated. The up-
take of these formulations by macrophages in-vitro, 
and by monocytes, granulocytes and lymphocytes in 
rabbit's blood both ex-vivo and in-vivo was studied in 
comparison to the standard negatively charged lipo-
somes [9].  

 
2. Materials and Methods 
2.1 NP preparation 

NP were prepared by the nanoprecipitation technique 
[21]. Briefly, 300 mg polymer composed of 75 % poly 
(D,L-lactide-co-glycolide) 50:50 (PLGA, Sigma-
Aldrich, Rehovot, Israel) and 25 % poly (DL-lactide) 
(PLA) covalently labeled with BODIPY FL 505/515 (a 
gift from Dr. Ivan S. Alferiev, University of Pennsyl-
vania, Philadelphia, USA [22]) were dissolved in 30 ml 
acetone (JT Baker, Deventer, The Netherlands). The 
organic phase (30 mL) was injected into a 150 mL 
aqueous phase containing 60 mg of pluronic F68 (Sig-
ma-Aldrich, Rehovot, Israel) or cetyltrimethylammo-
nium bromide, (CTAB, Sigma-Aldrich, Rehovot, Israel) 
to formulate large negatively charged NP (LN-NP) and 
large positively charged NP (LP-NP), respectively. NP 
were formed spontaneously and the organic solvents 
and excess of water were evaporated under reduced 
pressure by means of a rotary evaporator (Buchi, Fla-
wil, Switzerland). Small negatively charged NP (SN-
NP) were prepared similarly with the inclusion of 30 
ml ethanol (JT Baker, Deventer, The Netherlands) in 
the organic phase and the use of a 600 mL aqueous 
phase containing 300 mg pluronic F68. NaCl was dis-
solved in water and was added to the NP formulations 
to achieve isotonicity. The NP were purified using a 
sephadex G50 column and were filtered through 0.45 
µm hydrophilic syringe filter (Sartorius, Goettingen, 
Germany) to remove residual aggregates. 

2.2 Liposome preparation 
The biodistribution of polymeric NP in leukocytes 

was studied in comparison to liposomes. Large nega-
tive liposomes (LN-LIP) were formulated by a mod-
ified thin lipid film hydration method [23] as was de-
scribed previously [9].  

 
2.3 Endocytosis in-vitro 
2.3.1 Macrophages cell culture 

Unless otherwise noted all materials for cell cultures 
were purchased from Biologic Industries (Beit Haemek, 
Israel) and from Sigma. A murine macrophage cell line 
(RAW 264, ATCC, Rockville, MD, USA) was utilized. 
Cells were grown in DMEM supplemented with 10% 
fetal calf serum, 2 mM L-glutamine, 100 units/ml peni-
cillin and 100 µg/ml streptomycin in 5 % CO2 atmos-
phere at 37 ˚C. The cells were plated at 5x105 cells per 
well on 12-well plates and allowed to grow overnight. 
Uptake of the NP and LN-LIP by RAW 264 was de-
termined by incubating the cells with the nanocarriers 
for 1hr or 4 hr. After incubation, cells were washed 
twice with PBS, detached from the plate using trypsin 
and collected into a test tube.  Cells were washed 
(X1500 RPM, 5 min) in FACS medium (PBS, 1 % 
BSA, 0.02 % sodium azide) and suspended in 0.75 mL 
FACS medium for flow cytometry. The number of 
cells that engulfed NP was determined in comparison 
to untreated cells. 
 
2.3.2 Human and rabbit’s blood ex-vivo 

Blood from healthy human donors or rabbits was in-
cubated with NP or LN-LIP. Incubation was performed 
in test tubes containing EDTA as an anticoagulant (BD, 
NJ, USA) for 1hr and 4 hr at 37 oC. Blood samples 
were analyzed by FACS as previously described [11]. 
In short, Rabbit's blood (100 µl) was incubated for 30 
min (4 °C, in the dark) with mouse anti-human RPE-
conjugated anti-CD14 (DAKO, Cambridge, UK). Hu-
man blood was incubated for 30 min (4 °C, in the dark) 
with mouse anti-human RPE-conjugated anti-CD14 
and/or anti CD3. FACS lysing solution (1:10 dilution) 
was added for 10 min. The residual cells were washed 
(X1500 RPM, 5 min) in FACS medium (PBS, 1 % 
BSA, 0.02 % sodium azide) and suspended in 1 mL 
FACS medium for flow cytometry. Monocytes, granu-
locytes and lymphocytes were identified according to 
their relative size, side-scattering, and fluorescence.  
Untreated blood samples were labeled with the antibo-
dy to determine the background levels of nanocarriers' 
fluorescence. Uptake was expressed as the extent of 
cells containing fluorescence above baseline levels. 

 
2.4 Endocytosis in-vivo 

New Zealand white rabbits (Harlan Laboratories), 
weighing 2.5-3.5 kg were randomly assigned to treat-
ment groups. Blood was extracted before, and 1hr, 4hr 
and 24 hr after IV injection of LN-LIP (n=4), LN-NP 
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(n=4), LP-NP (n=3) and SN-NP (n=3). Blood samples 
were analyzed by FACS as described above for ex-vivo 
samples (3.2).  

 
2.5 Statistics 

Results are expressed as the mean±SD. Statistical 
difference between groups was tested using one-tailed 
unpaired Student’s t test, and a 2-way ANOVA analy-
sis followed by Tukey-test for multiple comparisons. 
Differences were termed statistically significant at 
p<0.05. 
 
3. Results  
3.1 Formulations  

The properties of the liposomal and NP formulations 
used in order to examine the effect of nanocarriers 
charge and size on the distribution in cells are summa-
rized in Table 1. The LN-LIP formulation utilized is 
similar to that reported in studying the effect of lipo-
somal bisphosphonates on restenosis [11, 16, 17, 24] 
and was composed of DSPC, DSPG and cholesterol 
with a size of 130±33 nm and a negative zeta potential 
(-25.2±6.3 mv). The LN-NP formulation was com-
posed of PLGA and had comparable size and charge to 
LN-LIP, 133±40 nm and -40±8 mv. The LP-NP were 
121±36 nm size and with a zeta potential of +62±9 mv, 
and the SN-NP size was 85±26 nm with a charge of -
15±2 mv. 
 
3.2 Endocytosis by macrophages in-vitro 

In a preliminary experiment we verified that macro-
phages internalize the formulations. The nanocarriers 
were incubated with Raw 264 macrophages and sam-

ples were analyzed by FACS. Fig. 1 demonstrates the 
number of Raw 264 cells that have engulfed NP after 1 
hr and 4 hr of incubation. It can be seen that for all po-
lymeric NP formulations examined were engulfed by 
the entire macrophage population, above 96 % after 1 
hr and a similar percentage after 4 hr. In contrast, the 
rate of LN-LIP engulfment was significantly lower af-
ter 1 hr, 86 %, and was increased to 93 % after 4 hr.  
 
Table 1 Size and zeta potential of fluorescent lipo-
somes (Hydroxypyrene trisulfonic acid, HPTA in the 
hydrophilic core) and of fluorescent NP formulations 
(PLA covalently bound with bodipy) 

 
 
3.3 Formulation effects on the biodistribution in 
leukocytes  
3.3.1 Identifying the cells internalizing NP  

In a preliminary experiment we have identified the 
cells participating in the uptake of the formulations. 
Labeling with anti CD14 antibody enabled identifica-
tion of three cells population, monocytes, granulocytes 
and lymphocytes, which internalize LN-NP in human 
blood (Fig. 2a) and rabbit's blood (Fig. 2f). All of the 
monocytes and some of the granulocytes and of the 
lymphocytes have endocytosed LN-NP (Fig. 2c and 2h). 

 
 

 
 
Figure 1. The effect of formulation type, size and surface charge on liposomes and polymeric NP internalization by 
RAW 264 macrophages following incubation in-vitro. Uptake was quantified by means of fluorescent activated cell 
sorting (FACS) of liposomes labeled with hydroxypyrene trisulfonic acid (HPTA) in the hydrophilic core and po-
lymeric NP covalently bound with bodipy.  
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In order to examine which lymphocytes endocytose 
NP, human blood was incubated with fluorescent NP, 
and specimens were double labeled with the antibody 
against CD14 (FL2 fluorescence, a marker for mono-
cytes) and an antibody against CD3 (FL3 fluorescence), 
which is a marker for T cells. The T-cells population 
was found as the only one positive for CD3 fluores-
cence (above the horizontal line, Fig. 2d and e). Since 
no overlapping between the fluorescence of NP and 
CD3 was observed (upper right quadrant, Fig. 2e), it 
can be concluded that the T cells did not endocytose 
NP. Since no antibodies for rabbit's B and T cells were 
available, these cells could not be distinguished in rab-
bits blood. However, based on the human blood expe-
riments it is suggested that B cells were the ones to 
engulf the NP. 
 
3.3.2 The biodistribution in rabbit's blood  

In order to examine the effect of size and charge on 
leukocytes uptake both ex-vivo and in-vivo, rabbits 
were chosen as the animal model.  
 
3.3.2.1 Endocytosis ex-vivo 

In order to examine the uptake of NP and LN-LIP by 
leukocytes ex-vivo, rabbit's blood was incubated with 
the formulations for 1hr and 4 hr, labeled with anti 
CD14 antibody and analyzed by FACS. After 1hr of 
incubation negatively charged NP were endocytosed by 
monocytes at a larger extent (92.7 % and 87.9 %, LN-
NP and SN-NP, respectively, Fig. 3a, Table 2, Tables 
2-7 can be seen the supplementary files) in comparison 
to LP-NP and LN-LIP (53.1 % and 36.4 %, respective-
ly, Fig. 3a, Table 2). After 4hr of incubation, increased 
uptake rate was observed for all formulations; the nega-
tively charged NP showed higher uptake rates with 
99.3 % for both LN-NP and SN- NP (Fig. 3a, Table 2). 
LP-NP exhibited the lowest uptake values of 62.9 %, 
and the LN-LIP were markedly affected by incubation 
time with more than a twofold increase (86.7 %, Fig. 
3a, Table 2). Granulocytes (Fig. 3b, Table 3, see the 
supplementary files) were also found to preferably en-
gulf LN-NP after 1hr, with uptake of 77.3 %, 56.6 % 
and 64.4 % for LN-NP, LP-NP and SN-NP, respective-
ly. In addition, the uptake extents by granulocytes for 
all NP formulations were found to be significantly 
higher than LN-LIP (15.1 %, Fig. 3b, Table 3). After 4 
hr, the uptake of both LN-NP and SN-NP by granulo-
cytes was found to be favored in comparison to LP-NP 
and LN-LIP (Fig. 3b, Table 3). LP-NP engulfment by 
granulocytes was not affected by incubation time and 
their extent of endocytosis remained unchanged 
(52.9 %), while the extent LN- NP and  SN- NP uptake 
was increased to 87.5 % and 80.8 %, respectively (Fig. 
3b, Table 3). LN-LIP uptake by granulocytes was in-
creased three fold after 4 hr of incubation (to 46.1 %, 
3b, Table 3).  

Both LN-NP and LP-NP were found to be preferably 
engulfed by lymphocytes ex-vivo after 1 hr.   

 
 
Figure 2. In order to identify the cells that engulf na-
noparticles (NP), fluorescent large negative polymeric 
NP (LN-NP, 133.3 nm , -39.9 mV) were incubated 
with whole anticoagulated human and rabbit's blood for 
60 min. NP were labeled by bodipy covalently bound 
to PLA. FL1, FL2 and FL3 indicate NP, CD14 and 
CD3 fluorescence intensity, respectively. Representa-
tive fluorescence activated cell sorting (FACS) analysis 
demonstrating anti CD14 labeling of human non 
treated peripheral blood (a and b) and following incu-
bation (c).CD14 and anti CD3 labeling of human non 
treated peripheral blood (d), and following incubation 
(e). Anti CD14+ labeling of rabbits non treated peri-
pheral blood (f and g) and following incubation (h). 

 
Three cell types can be distinguished in human (a) 

and rabbit's blood (f), CD14 positive cells (monocytes, 
red, granulocytes, blue) and CD14 negative cells (lym-
phocytes, purple).  

The horizontal line in b,c, g and h represents the 
baseline above which cells were considered for analy-
sis. All cells types engulfed the polymeric NP and were 
found positive for NP fluorescence (c and h).  
The vertical line in e represents the baseline above 
which cells were considered for analysis. No overlap 
was detected between the NP and CD3 fluorescence 
(upper right quadrant), indicating that T-cells did not 
engulf the polymeric NP. 
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Figure 3. The effect of formulation type, size and surface charge on liposomes and polymeric NP internalization by 
monocytes (a), granulocytes (b) and lymphocytes (c) in rabbit's peripheral blood following incubation ex-vivo. Up-
take was quantified by means of fluorescent activated cell sorting (FACS) of liposomes labeled with Hydroxypy-
rene trisulfonic acid (HPTA) in the hydrophilic core and polymeric NP covalently bound with bodipy incubation, 
with an uptake of 52.4 % and 58.8 %, respectively (Fig. 3c, Table 4, see the supplementary files), in comparison to 
24.6 % and 10.2 %, SN-NP and LN-LIP, respectively. After 4hr the uptake of LN-NP was higher in comparison to 
all other formulations (81.2 %), while the uptake of LP- NP was not affected by incubation time and remained un-
changed (58.7 %, Fig. 3c, Table 4). The extent of uptake of SN- NP and LN-LIP was increased by two and three 
fold after 4 hr of incubation, 53.5 % and 30.2 %, respectively.  
 
3.3.2.2 Endocytosis in-vivo 

In order to examine the in-vivo biodistribution of the 
various formulations in leukocytes, NP and LN-LIP 
were injected to rabbits and blood specimens were ana-
lyzed immediately before, and 1 hr, 4 hr and 24 hr after 
injection. Since no monocytes were detected in the 
blood stream 1 hr post injection (Fig. 4), in order to 
obtain the correct extent of monocytes uptake, the dis-
appeared monocytes were considered as NP engulfed 

monocytes. Uptake extent was calculated by summing 
the percentage of the disappeared monocytes and of the 
monocytes containing fluorescent nanocarriers. The 
whole monocytes population was found to engulf all 
formulations tested 1hr after injection, with an uptake 
extent of over 95 % (Fig. 5a, Table 5, see the supple-
mentary files). A decrease in uptake was observed for 
all the formulations 4 hr after injection, 77.2 % and 
69.8 %, LN-NP and LP-NP, respectively. A more pro-
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nounced decrease of almost two fold was observed for 
SN-NP and LN-LIP, 50.5 % and 48.6 %, respectively 
(Fig. 5a, Table 5). The uptake of all formulations by 
monocytes in-vivo was significantly reduced 24 hr post 
injection.  LN-NP, LP-NP, SN-NP and LN-LIP were 
endocytosed by 15.4 %, 11.2 %, 6.4 % and 4.4 % of the 
monocytes, respectively (Fig. 5a, Table 5). 

Granulocytes preferably engulfed LN-LIP with a 
significantly larger extent of 71.3 % in comparison to 
the NP formulations 1hr after injection (Fig. 5b, Table 
6). Large NP, both negatively and positively charged, 
showed similar uptake extent of 21.0 % and 21.9 %, 
respectively. In contrast, SN-NP were not engulfed by 
granulocytes in-vivo (2.1%, Fig. 5b, Table 6). The up-
take rate of large NP and LN-LIP was reduced 4hr after 
injection, but remained significantly higher for LN-LIP 
in comparison to LN- NP (47.8 % and 16.3 %, respec-
tively) and in comparison to LP-NP (9.5 %). SN-NP 
were not engulfed by granulocytes in-vivo 4 hr and 24 
hr after injection, 2.5 % and 1.3 %, respectively (Fig. 
5b, Table 6, see the supplementary files). The uptake of 
LN-NP and LP-NP was reduced after 24 hr, 12.5 % and 
2.0 %, respectively (Fig. 5b, Table 6). In contrast, LN-
LIP uptake was increased to 57.1 % 24 hr after injec-
tion, which was found to be insignificantly different 
than the uptake after 4 hr. 
 

 
 
Figure 4. Monocytes population (circled), "disap-
peared" from the blood stream 1hr after nanocarrires 
injection. Representative fluorescence activated cell 
sorting (FACS) analysis demonstrating CD14+ labeling 
of rabbits non treated peripheral blood (a); (b) 60 min 
after IV injection of large negative fluorescent poly-
meric NP (133 nm, -39.9 mv, b); SSC indicates side-
scattering, FL1 and FL2 indicate NP and antibody fluo-
rescence intensity, respectively.  
 

Lymphocytes uptake (Fig. 5c, Table 7, see the sup-
plementary files) 1 hr after injection was found to be 
similar to LN-NP (23.6 %) and LN-LIP (25.3 %), and 
significantly higher than the uptake of LP-NP (9.9 %) 
and SN- NP (4.2 %). The uptake by lymphocytes 4hr 
after injection  was slightly reduced and remained simi-
lar for LN-NP and LN-LIP, 19.6 % and 19.1 %, respec-
tively, and was significantly higher in comparison to 
LP-NP (4.7 %) and SN-NP (0.7 %, Fig. 5c, Table 7, 

see the supplementary files). The uptake of LN-LIP 
after 24 hr remained unchanged (21.05 %) and was 
significantly higher than the uptake of all other formu-
lations, 4.0 %, 0.7 % and 0.2 %, LN- NP, LP-NP and 
SN-NP, respectively.  
 

 
 
Figure 5. The effect of formulation type, size and sur-
face charge on liposomes and polymeric NP internali-
zation by monocytes (a), granulocytes (b) and lympho-
cytes (c) in rabbit's peripheral blood 1 hr, 4 hr and 24 
hr after IV injection (n≥3). Uptake was quantified by 
means of fluorescent activated cell sorting (FACS) of 
liposomes labeled with Hydroxypyrene trisulfonic acid 
(HPTA) in the hydrophilic core and polymeric NP co-
valently bound with bodipy.   
 
4. Discussion 

By encapsulating BP in charged liposomes or poly-
meric NP, these bone-seeking molecules are targeted to 
circulating monocytes and macrophages [11, 14-17]. 
Transient suppression of monocytes/macrophages func-
tion by NP-mediated manipulation has been shown to 
improve the treatment of a variety of disorders involv-
ing these cells [9-13]. The aims of this study was to 
examine the biodistribution of monocytes- targeted 
polymeric NP and liposomes in all leukocytes, both in-
vitro and in-vivo, as well as determine the effect of 
formulation characteristics and examine the correlation 
between the in-vitro and in-vivo models. The results 
show that formulations targeted to monocytes are also 
taken up by granulocytes and lymphocytes. The formu-
lations' characteristics were found to affect their biodi-
stribution and the ex-vivo model failed to predict the 
in-vivo results.  
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4.1 Endocytosis of nanocarriers by macrophages in-
vitro 

Formulations' uptake by Raw 264 macrophages in-
vitro was examined (Fig. 1) in order to preliminary 
verify their suitability for monocytes targeting. While 
polymeric NP were engulfed by the entire population 
(≥96 %) of the macrophages within 1hr of incubation, 
LN-LIP uptake was slower and some progress in the 
engulfment extent between 1 hr and 4 hr was observed. 
This may be explained by the liposomes lower density. 
Liposomes have a specific weight similar to that of 
water [25], hence they do not sediment onto the cells 
surface in cell culture conditions. In contrast, the NP 
formulated in this work are nanospheres and their den-
sity is about 1.4 g/ml [26], which can cause their sedi-
mentation and accelerate their internalization by the 
cells. 
 
4.2 Endocytosis of nanocarriers by leukocytes  

Following ex-vivo incubation with human and rab-
bit's blood, three types of leukocytes engulfing nano-
carriers were identified, monocytes, which are the cells 
of target, granulocytes and lymphocytes (Fig. 2c and h).  
Granulocytes are polymorphonuclear cells that have 
been noted in the uptake of NP [9, 27]. It has been 
shown that neutrophils, which comprise the majority of 
the granulocytes population, are the phagocytic cells 
[28]. Although they are scarcely mentioned in the lite-
rature as particle capturers, due to the relatively low 
number of monocytes, the neutrophils represent the 
main phagocytes in the circulation [28].   

The lymphocytes population is composed mainly of 
B cells, T cells, and about 2 % of the population is nat-
ural killer cells (NK). None of the lymphocytes are 
phagocytes cells by definition. However, B cells are 
antigen presenting cells that are known to engulf so-
luble antigens by receptor mediated endocytosis [29]. 
In addition, it was demonstrated that B cells are the 
lymphocytes which endocytose NP in human blood 
(Fig. 2d and e). Therefore we assumed that B cells are 
the ones that engulfed NP in rabbit's blood as well. The 
literature reference to nanocarriers' engulfment by lym-
phocytes is scarce. Prior works on lymphocytes uptake 
were limited to certain formulations in-vitro [30-32]. In 
the present both ex-vivo and in-vivo models have been 
utilized to investigate the uptake of polymeric NP of 
various charge and size, and of liposomes by leuko-
cytes. In addition, the correlation between the ex-vivo 
and in-vivo models was examined. In order to assure 
that the biodistribution of the NP is observed, a poly-
mer covalently labeled with bodipy was used for NP 
labeling. LN-LIP were labeled by a highly hydrophilic 
compound encapsulated in the internal aqueous phase, 
since it does not leak out of intact liposomes. 
 
4.3 Correlation between ex-vivo and in-vivo models 

The ex-vivo model failed to predict the uptake of the 
formulations by blood white cells in-vivo. The uptake 
of LP-NP by monocytes ex-vivo was found to be sig-
nificantly lower in comparison to in-vivo. This could 
be due to the interaction between the positively charged 
surface of the NP and the negatively charged proteins 
in the blood that was previously shown to create aggre-
gates [33]. When placed in a tube, the probability of 
cell-particle encounters and engulfment is higher and 
may explain the enhanced uptake of polymeric NP by 
granulocytes and lymphocytes ex-vivo vs. in-vivo. On 
the other hand, LN-LIP were engulfed to a higher ex-
tent in-vivo, probably due to their lower density [25], 
which reduces their sedimentation on the cells surface 
ex-vivo as was observed in-vitro.  
 
4.4 The effect of size and charge on leukocytes up-
take in-vivo  

Virtually no monocytes were detected in the blood 
stream 1 hr following IV injection (Fig. 4), which 
could be explained that phagocytosis of the nanocar-
riers triggered monocyte margination as has been 
shown previously [34]. The uptake extent by mono-
cytes 4 hr after injection decreased for all formulations. 
This could be attributed to the appearance of new mo-
nocytes from the bone marrow [34] or from the mono-
cytes reservoir in the spleen [35], in addition to the 
margination of nanocarriers engulfing monocytes ob-
served after 1 hr.  

The size, charge and type of the nanocarriers had no 
effect on endocytosis by the target cell, the monocytes. 
All the formulations were engulfed by the entire mono-
cytes population and were found suitable for targeting 
to these cells. Formulation characteristics affected in-
ternalization by granulocytes and lymphocytes (B cells), 
hence affecting the selectivity of the carriers to mono-
cytes. LN-LIP were preferably engulfed by granulo-
cytes in comparison to polymeric NP. The size of the 
NP was also found to be a determinant factor as both 
positively and negatively charged large NP were inter-
nalized to a similar extent by granulocytes in-vivo, 
whereas SN-NP were not internalized by granulocytes. 
Lymphocytes preferably engulfed large negatively 
charged formulations, LN-LIP and LN-NP.  
 
5. Conclusions 

Systemically administrated nanocarriers are engulfed 
by three leukocytes types, monocytes, neutrophils, and 
B-cells, but not T cells. Ex-vivo experiments failed to 
accurately distinguish between cells type engaged in 
the uptake of liposomes and polymeric NP. SN-NP 
(84.8±25.6 nm, -14.6±1.7 mv) exhibited the highest 
selectivity towards monocytes, and were internalized 
almost exclusively by these cells. Granulocytes prefe-
rentially internalized LN-LIP (130±32.7 nm, -25.2±6.3 
mv), and lymphocytes preferably internalized large 
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negative liposomes, and polymeric NP (133.3±40.1 nm, 
-39.9±7.5 nm). 

In conclusion, while designing a formulation tar-
geted to monocytes, it is important to take under con-
sideration its distribution into other leukocytes. Opti-
mizing the physicochemical characteristics can achieve 
higher selectivity, improved efficacy and reduce side 
effect. In order to examine the performance of a new 
formulation for monocytes, an in-vivo model should be 
utilized, since meaningful conclusions can be drawn 
from in-vivo experiments only.  
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