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a  b  s  t  r  a  c  t

Lipid  based  nanoparticles  (LBNs)  with  excellent  biocompatibility  and  versatility  have  received  much
attention  from  the  drug  delivery  community  recently.  A detailed  understanding  of  in  vitro  and  vivo  fate
of LBNs  is  important  for developing  different  types  of LBNs  with  improved  selectivity  and  low  cytotoxi-
city.  We developed  a  novel  near-infrared  (NIR)  probe  with  high  fluorescence,  designated  as DSPE-ir623
(iDSPE).  Then,  we  prepared  iDSPE-embeded  liposomes  (iLPs)  with  two different  hydrodynamic  sizes
(∼100  nm  and  ∼400  nm)  to evaluate  the  effect  of particle  size  on  cellular  uptake  and  biodistribution  of
nanoliposomes  in vivo.  These  iLPs were  proved  to exhibit  good  monodispersity,  excellent  fluorescence
and  stability.  In vitro  cell  uptake  tests  demonstrated  that iLPs-1  (∼100  nm)  were  taken  up  more  by HT-29
cells  than  iLPs-2  (∼400 nm).  Notably,  the  fluorescence  of iLPs can  be  employed  for  real-time  monitoring
of  the  subcellular  locating  and  its metabolic  distribution  in  vivo.  Near-infrared  imaging  in  vivo illustrated

that  iLPs-1  was  mainly  accumulated  in  the  tumor  tissues,  while  iLPs-2  was  accumulated  in  liver  and
spleen.  The  results  indicated  that  the  size  of  iLPs  play  an  important  role in  the regulation  of  intracellular
trafficking  and  biodistribution  of  liposomes,  which  also provide  a  new  insight  into  the  development  of
more  effective  LBNs.  Hence,  iDSPE  might  be a promising  tool  for  the reliable  tracing  of different  types  of
LBNs.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Drug delivery systems aim to deliver drugs to their sites of
ction within an organism, with the goal of achieving a thera-
eutic outcome. During the few decades, nanoparticles as drug
elivery system has gained an unprecedented popularity, due to its
haracteristic sustained drug release behavior, high drug loading

apacity, high solubility of drug, low toxicity and good biocom-
atibility property [1–5]. Among various nanoparticles, LBNs have
een widely studied in both research and industry [6,7]. LBNs
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have been widely used for delivering drugs, such as anticancer
and antibacterial agents, imaging and probing agents, peptide hor-
mones, proteins, enzymes, vaccines, and genetic material [8–12].
The in vivo fate of LBNs is essentially determined by the properties
of their lipid compositions, particle size, and surface decoration
[13–16]. Several studies have shown the improvement of oral
absorption was mainly due to the permeation of LBNs as integral
particles across intestinal epithelia [17]. While other researches
showed that LBNs transformed into mixed micelles after lipolysis
resulted in enhancing absorbability [13]. The underlying mecha-
nisms of lipid based drug delivery systems are controversial for
several years. In order to comprehend the accurate identification

of integral LBNs in vivo and explore the fate of LBNs in vivo, recent
studies have focused on the in vivo pharmacokinetics and biodis-
tribution of LBNs using fluorescent probes for molecular imaging
[18,19]. However, fluorescent probes can easily escape from the NP
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atrix but still retain the same fluorescent patterns. If the attached
ye moiety is desorbed, released or removed in biological fluids,
he tracing of fluorescence mislead the location of nanoparticles
20]. For quantitative and qualitative cellular and in vivo studies,
he reliable tracing of LBNs is critical. To avoid these concerns,
e have rationally designed and synthesized a novel near-infrared

NIR) probe for the tracing of LBNs with high fluorescence, desig-
ated as iDSPE, in which one indocyanine green (ICG) derivative

r623 was covalently conjugated with a phospholipid moiety, 1,
-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE). In gen-
ral, the size of liposomes influences the pharmacokinetics and
iodistribution [21,22]. Only liposomes with small particular size
≤100–150 nm)  are able to exit or enter fenestrated vessels in the
umor microenvironment because of enhanced permeability and
etention (EPR) effect [21,23,24]. In contrast, liposomes greater
han 100–150 nm are often taken up by phagocytes or remain in the
issues for an extended time. The majority of phagocytes with lipo-
omes accumulate in the liver and spleen for eventual elimination
25].

In this study, we developed iDSPE-embeded liposomes (iLPs)
ith two different hydrodynamic sizes (∼100 nm and ∼400 nm)  to

alidate the effect of particle size on cellular uptake and biodistri-
ution of nanoliposomes in vivo. Their physiochemical characters
ere systematically evaluated. In addition, iLPs with different

izes were subjected to HT-29 cell line to investigate their bio-
ompatibility and size-dependent cellular uptake. Furthermore,
n vivo metabolic distribution and accumulation were directly
bserved utilizing the NIR fluorescence of ir623. Overall, these
tudies suggest that vesicle size indeed affects cellular uptake and
iodistribution of nanoliposomes in vivo. The novel near-infrared
NIR) probe, iDSPE developed for tracing of liposome may  be easily
xtended to other lipid based nanoparticles (LBNs). It can be good
odels for studies try to comprehend the accurate identification of

BNs in vivo and explore the in vivo fate of LBNs.

. Materials and methods

.1. Materials and instruments

Chloroform and methanol were purchased from Shang-
ai Chemical Reagent Company. 1, 2-distearoyl-sn-glycero-3-
hosphoethanolamine-N-[methoxy (polyethylene glycol)] (DSPE-
EG2000, 99%) was acquired from Southeast Pharmaceuticals
o. (Soochow, China). 2, 3, 3-Trimethylindolenine-5-sulfonic
cid, p-methylbenzyl bromide, 2-chloro-1-formyl-3-hydroxymet
ylenecyclohexene, and ICG were purchased from Sigma-Aldrich
Shanghai).

1H NMR  were recorded on AVANCE AV-300 NMR  spectrome-
er (Bruker, Switzerland). HRMS spectra was obtained on Q-TOF

ass analyser (Agilent, USA). Fluorescence spectra were recorded
n F4600 spectrofluorometer (Hitachi, Japan). Fluorescent images
ere obtained using Axiovert 200 fluorescence microscope (Zesis,
ermany). The morphology of liposomes samples was  observed by

ransmission electron microscopy (JEOL, Japan). Size distribution
nd zeta potential were acquired using a Nano-ZS 90 Nanosizer
Malvern, UK). NIR fluorescence in vivo imaging was carried out by
VIS Spectrum (Caliper Life Science, USA).

.2. Chemical synthesis

.2.1. Synthesis of ir623

2, 3, 3-trimethylindolenine-5-sulfonic acid (1.24 g, 4.47 mmol)

nd 3-fluorobenzyl bromide (0.1 g, 5.81 mmol) were dissolved in
2 mL  toluene. The solution was stirred under argon for 14 h at
0 ◦C. Vacuum filtration was performed to isolate the resulting
iointerfaces 161 (2018) 588–596 589

precipitate and obtain a crude solid that was recrystallized to
yield compound 3, which is a pink solid (1.31 g, yield 84.4%). Next,
compound 3, 1- benzyl fluoride −2,3,3- three methyl −3H- indole
−5- sulfonic acid (0.96 g, 2.76 mmol), compound 4, 2-chloro-1-
formyl-3-hydroxymethylenecyclohexene (0.16 g, 0.95 mmol), and
anhydrous sodium acetate (0.23 g, 2.76 mmol) were dissolved in
20 mL  acetic anhydride. The solution was  stirred under argon for 1 h
at 75 ◦C. The resulting solution was added into the methyl tert-butyl
ether to yield a crude solid. The crude residue was purified via col-
umn  chromatography on silica gel using dichlormethane/methanol
(10:1, Rf = 0.30), which yielded compound 5 ir790 (380 mg,  33.1%)
as emerald solid. The purified ir790 was characterized by NMR
spectroscopy and mass spectrometry. Analysis of the data shows
that ir790 was  successfully prepared. 1H NMR  (400 MHz,DMSO-
d6):� (ppm) = 1.73 (s, 14H), 2.54–2.57(t, J = 4 Hz,4H),
5.50(s,4H), 6.36–6.40(d,14 Hz,2H), 7.02–7.04(d,J = 8 Hz,2H),
7.14–7.19(m,4H), 7.33–7.35(d,J = 8.4 Hz,2 h), 7.38–7.44(m,4H),
7.625–7.629(d,J  = 1.6 Hz,1H), 7.646–7.650(d,J  = 1.6 Hz,1H),
7.85(s,2H),8.23–8.26(d,J = 14 Hz,2H); TOF-MS m/z: 829.3 [M−H]−

Compound 5 ir790 (0.50 g, 0.60 mmol), and compound 6,
4- methyl benzoic acid (0.10 g, 0.66 mmol), and compound
7, N, N-diisopropylethylamine (93.3 mg,  0.72 mmol) were dis-
solved in 10 mL  N, N-Dimethylformamide (DMF). The solution
was stirred under argon for 6 h at 80 ◦C. The resulting solu-
tion was added into 200 mL  methyl tert-butyl ether to yield a
crude blue solid. The crude residue was  purified via column chro-
matography on silica gel using dichlormethane/methanol (6:1,
Rf = 0.40), which yielded compound 8 ir623 (420 mg,  73.8%) as
blue solid. 1H NMR  (400 MHz, DMSO-d6): �(ppm) = 1.31(s,14H,),
2.34(m,4H), 4.93(s,2H), 5.20(s,4H), 5.08(m,2H), 7.01–7.08(m,8H),
7.40–7.46(m,10H), 8.07(s,2H), 9.50(s,1H); TOF-MS m/z: 944.4 [M]−,
472.2 [(M−H)/2]−1

2.2.2. Synthesis of DSPE-ir623 (iDSPE)
Briefly, ir623 (50 mg,  0.0528 mmol) was  firstly activated

in anhydrous DMF  by NHS (24.3 mg,  0.2114 mmol) and DCC
(21.81 mg,  0.1057 mmol) overnight at room temperature in dark.
After filtered off the dicyclohexylurea (DCU) by-product, the result-
ing solution was  added into the methyl tert-butyl ether to yield a
crude solid. Then, the crude residue was  purified via column chro-
matography on silica gel using dichlormethane/methanol (12:1),
which yielded ir623-NHS (40 mg,  72.6%) as navy-blue solid. The
intermediate product ir623-NHS was confirmed by thin layer chro-
matography (acetone: ethyl alcohol = 3: 2, Rf = 0.85). The two blue
spots from the intermediate product on the left column represent
the unreacted ir623 (bottom spot) and the product ir623-NHS (top
spot). The purified ir623-NHS was  characterized by mass spectrom-
etry, TOF-MS m/z: 1043.2 [M + H].

Afterward, DSPE (53.8 mg,  71.9 �mol) was  added to a solution
of TEA (48.5 mg,  0.479 mmol) in hot CHCl3 (6 mL). Then the solu-
tion was mixed with ir623-NHS (50 mg,  0.0479 mmol) dissolved in
DMSO (6 mL)  stirred in dark for 20 h at room temperature. After
addition of methyl tert-butyl ether (50 mL)  to crystallize the prod-
uct, the crude residue was purified via column chromatography
on silica gel using dichlormethane/methanol (8:1), which yielded
iDSPE (35.8 mg,  44.2%) as navy blue solid. The product, iDSPE was
subsequently characterized by thin layer ninhydrin assay (TCL,
DCM: MeOH = 8: 1, Rf = 0.3). It was  shown that the blue spots on
the left column represent the unreacted ir623-NHS (top spot) and

product iDSPE (bottom spot). The purified iDSPE was character-
ized by mass spectrometry, (TOF-MS m/z: 1674.0 [M−H]). Finally,
the absorbance and fluorescence spectra of ir623 and iDSPE were
recorded on a UV–vis spectrophotometer and a NIR spectral system.
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.3. Preparation of iDSPE-embed liposomes (iLPs) with two
ifferent sizes

Liposomes were prepared using the previously described thin-
lm hydration method [10]. Lipid components of the iLPs were
SPC, cholesterol, PEG-DSPE, and iDSPE at molar ratios of 100:10:5:
.1 with a mass of total lipids weighing approximately 20 mg.  For-
ulation components were weighed into a 50 mL  round bottom

ask and dissolved in ∼5 mL  chloroform/methanol (4:1). Then the
olvent was evaporated using rotary evaporator at 40◦C in order to
orm a uniform lipid thin film, and an in-house vacuum was  used
o remove the residual solvent. When solvents were completely
emoved, the lipid film was hydrated with phosphate-buffered
aline (PBS, pH 7.4) at 65◦C for 60 min. Next, the resulting vesi-
le suspension was extruded through polycarbonate filters (Avanti
olar Lipids, Alabaster, AL, USA) of 200 nm and 100 nm (five times
ach) for iLPs-1. The resulting vesicle suspension was extruded
hrough polycarbonate filters of 400 nm (five times) for iLPs-2.

.4. Characterization of iLPs

The size, surface potential and size distribution of iLPs were
easured at 25 ± 0.1 ◦C by DLS detector Malvern Zetasizer and TEM.

he TEM samples were prepared by placing a drip of iLPs onto 300-
esh copper-grid, and a drip of 3 wt% phosphotungstic acid was

ropped on the sample for negative staining, then keep the sample
t room temperature overnight for drying.

.5. Optical property and stability of iLPs

Absorption spectra were obtained using a UV–vis spectropho-
ometer at room temperature and in the spectral range of
00–900 nm.  Probe ir623 (1 mL,  1 �M)  and iDSPE (1 mL, 1 �M)  were
tudied by absorption spectroscopy in methanol or chloroform. Flu-
rescence Spectra were determined using the spectrofluorometer.
robe ir623 (1 mL,  1 �M)  and iDSPE (1 mL,  1 �M) were separately
dded into the 1 mL  color comparison tubes and studied by fluo-
escence spectroscopy in PBS, methanol solutions or serum.

The optical stability of ir623, iLPs-1 and iLPs-2 in serum were
etermined by the method reported previously using a fluores-
ence spectroscopy [19]. To evaluate stability in serum, 10 �M
r623, iLPs-1 and iLPs-2 was incubated in 100% fetal bovine serum
t 37 ◦C for 1, 2, 4, 8, 22, 28 and 48 h. Fluorescence intensities were
etected in 10 mL  color comparison tubes. Fluorescence intensities
ere detected by Cary Eclipse spectrofluorometer (623 nm exci-

ation, 600–800 nm emission). All experiments were carried out in
riplicates and data was plotted as the mean values ± standard devi-
tion (SD). Lastly, the physical stability of iLPs was further evaluated
or any size change during storage at 4 ◦C for 3 weeks.

.6. Cell lines and cell culture

Human colon adenocarcinoma cells (HT-29) were used in this
tudy provided by Cell Bank of Shanghai Institute of Cell Biology,
hinese Academy of Sciences. Human colon adenocarcinoma cells
HT29) were maintained in McCoy’s 5A (modified) medium, respec-
ively, supplemented with 10% FBS and 1% penicillin/streptomycin.
ells were cultured in 25 cm2 sterile tissue culture flask at 37 ◦C and
% CO2 level. Cells were passaged twice a week using trypsin-EDTA
hen reaching 80% confluency.

.7. Cell viability assay
The CCK-8 assays were conducted to assess the biocompatibility
f ir623 and iLPs to HT29. Briefly, 5000 cells per well were seeded in
6-well plates in 100 �L of complete culture medium (containing
iointerfaces 161 (2018) 588–596

10% fetal bovine serum) and incubated at 37 ◦C in a CO2 incubator
for 24 h. Then the volume in each well was  replaced with 100 �L of
blank, ir623, iLPs-1 or iLPs-2. Varied ir623, iLPs-1 and iLPs-2 con-
centrations 2.5, 5, 10, 15, 20 �M were tested. At the end of the
incubation period, 10 �L of CCK-8 reagent (Beyotime, Shanghai,
China) was  added to the cells and further incubated for 2 h. After-
ward the 96-well plate was analyzed at a 450 nm wavelength in
an Infinite 200 PRO plate reader (Tecan, Switzerland) to determine
cell viability. Media without test material was  used as control.

2.8. In vitro cellular uptake

2 × 104 HT29 cells were seeded into 6-well chambered cover-
glasses in 1 mL  of medium. After 24 h culturing at 37 ◦C under a
circumstance containing 5% CO2, the medium was replaced by new
medium with 20 �L of two types of iLPs. After 4 h incubation, the
cells were washed for thrice and fixed with PBS. Finally, the cells
were observed by confocal laser scanning microscope.

2.9. Animals and tumor model

The animal experiments were carried out according to the pro-
tocol approved by the Ministry of Health in People’s Republic of
China (document no. 55, 2001) and the guidelines for the care
and use of Laboratory Animals of China Pharmaceutical University.
Female BALB/C nude mice (20 ± 2 g, 6–8 weeks old) were purchased
from Nanjing model animal research institute (Nanjing, China)
and received care under standard housing conditions. HT-29 cells
(6 × 106/100 �L PBS) were administered by subcutaneous injection
into the flank region of the mice. 2 weeks after post-inoculation, the
xenograft tumor model was built. Tumor volume was  calculated as
(tumor length) × (tumor width) 2/2.

2.10. In vivo NIR molecular imaging and biodistribution

The imaging studies were performed when tumor volumes of
mice reached about 100 mm3. The tumor-bearing mice were ran-
domly divided into three groups (n = 3) and intravenously injected
with ir623, iLPs-1 or iLPs-2, respectively. The equivalent ir623 dose
was kept at 0.5 mg/kg. The NIR images of mice were obtained at
0.5, 2, 4, 8, 24 and 48 h postinjection using the ex/in vivo imag-
ing system with a 630 nm excitation wavelength and 710 nm filter.
After imaging, the mice were immediately sacrificed and organs
including heart, liver, spleen, kidney, intestine and tumors were
harvested for the ex vivo imaging under the same conditions as
described above.

2.11. Statistical analysis

All values shown are in mean ± SD unless otherwise indicated.
ANOVA was used for statistical analysis by SPSS software. The dif-
ferences were considered to be significant for *P < 0.05, and to be
very significant for **P < 0.01.

3. Results and discussion

3.1. Synthesis and characterization of iDSPE

Fig. 1 shows the chemical structure of ir623 and iDSPE. As
shown in Fig. 1, the ir623 was synthesized by a three-step reac-
tion followed the conventional processes for synthesis of ICG and
other ICG derivatives reported elsewhere [26–28]. Subsequently,

DSPE-ir623 (iDSPE) was synthesized by a three-step reaction as
shown in Fig. 1. TLC, MS  spectra and FT-IR spectroscopy were
shown in Figs. S1 and S2 . Analysis of the data showed that iDSPE
was successfully prepared. In this study, one molecule of ir623
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Table 1
Absorptions, emissions, and molar absorption coefficients of iDSPE and ir623.

Solvent �max, abs (nm) �max, em (nm) Stokes shift (nm)

ir623 CH3OH 623 731 108
CHCl3 633 716 83

iDSPE CH3OH 630 710 80
CHCl3 630 710 80
Fig. 1. Schemes of chemical synt

as conjugated with one molecule of 1, 2-distearoyl-sn-glycero-
-phosphoethanolamine (DSPE) by controlling the reactants ratio
nd reaction conditions.

.2. Optical properties and stability of ir623 and iDSPE

To analyze the optical properties of ir623 and iDSPE, we detected
heir absorption and emission spectrum in CH3OH and CHCl3
Fig. 2). The colors of the CH3OH and CHCl3 solutions of iDSPE
ere intense blue similar to ir623. The absorption and emission
eaks of ir623 and iDSPE in different media (CH3OH and CHCl3)
ere in NIR region (600–900 nm). �max of excitation and emission
f ir623 lied in 623/731 nm in CH3OH and 633/716 nm in CHCl3
espectively. Moreover, �max of excitation and emission of iDSPE
ied in 630/710 nm in CH3OH and CHCl3, which also exhibits a
trong blue excitation peak and a large Stokes shifts more than
25 nm with highly fluorescent (Table 1). Most of the polymethine
cyanine dyes have the fatal disadvantage of their Stokes shifts being
less than 25 nm.  A small Stokes shift could result in self-quenching
and measurement error by excitation and scattering light [29]. It is

obvious that ir623 and iDSPE with a larger Stokes shift would have
promising applications in fluorescent bioassays.
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ig. 2. The absorption and fluorescence spectral property of ir623 and iDSPE were
mission spectra of ir623 (1 �M)  in methanol (CH3OH) and chloroform (CHCl3). C 

hloroform (CHCl3).

.3. Formulation and characterization of liposomes (LPs)
onsisting of iDSPE

As represented in Table 2, to investigate the applications of
DSPE, we developed liposomes (LPs) consisting of iDSPE with two
ifferent hydrodynamic sizes of ∼100 nm (iLPs-1) and ∼400 nm
iLP-2). Afterward, we systematically evaluated the physiochemi-
al characters of iLPs. Diameter and surface potential of two  iLPs
ere measured by dynamic light scattering (DLS) (Fig. 3A and
). The average size of two iLPs in water was 105.31 ± 0.43 nm
nd 373.97 ± 0.61 nm respectively, and average zeta potential were
26.31 ± 5.74 mV  and −23.56 ± 3.15 mV  iDSPE-free liposomes with

he same composition were prepared using the same method
s iLPs-1. The average size of the iDSPE-free liposomes was
09.48 ± 0.85 nm,  which was similar to iLPs-1. When blending with

iposomal compositions, the iDSPE molecules were expected to be
nserted into the lipid bilayers of the liposomal structures. Trans-

ission electron microscopy (TEM) was also utilized to investigate
he morphology of iLPs. The images obviously demonstrated that
LPs were divided into two types of distribution and each type of

LPs exhibited an excellent monodispersity and the formation of
pherical nanostructures (Fig. 3C and D).

The size stability study by DLS indicated the diameter of iLPs-
 and iLPs-2 remained their size without evident variation after 3

able 2
omposition and physical properties of various iDSPE-embeded liposomes (iLPs).

iDSPE-embeded liposomes (iLPs) Composition with the molar ratio 

iLPs-1 HSPC:CHOL:PEG-DSPE:iDSPE = 100:10:5
iLPs-2  HSPC:CHOL:PEG-DSPE:iDSPE = 100:10:5
ined in methanol solutions or chloroform solutions. A and B: The absorption and
: The absorption and emission spectra of iDSPE (1 �M)  in methanol (CH3OH) and

weeks (Fig. 3E). Fluorescence intensity (FL) of free ir623 and two
types of iLPs was also detected by fluorescence spectroscopy for
48 h in serum to evaluate the fluorescence stability of ir623. Unlike
the free ir623 with the rapid decrease of fluorescence intensity,
iLPs still remained 83.33% of the initial fluorescence intensity after
48 h (Fig. 3F). Obviously, the fluorescence stability of ir623 was  sig-
nificantly improved when they were chemically conjugated with
DSPE (iDSPE) entrapped by PEGylated liposomes. Free heptame-
thine dye in aqueous solution would aggregate to form dimers,
resulting in fluorescence selfquenching. However, it is reasonable
for the improvement of fluorescence stability of iLPs when the
iDSPE molecules were inserted into the lipid bilayers of the liposo-
mal  structures to prevent aggregation of ir623.

Particle size and zeta potential were measured in PBS buffer
(70 mM NaCl, pH 7.4). Data are presented as mean ± standard devi-
ation (S.D.) (n = 3).

3.4. Cytotoxicity evaluation

Biocompatibility assessments of ir623 and iLPs were conducted

by determining the cytotoxicity to HT29 cells. Cytotoxicity was
measured using the CCK-8 assay, to quantify living HT29 cells in
the wells after incubation with ir623 and iLPs. The results are dis-
played in Fig. 4. The cytotoxicity assay showed that ir623 and iLPs

Size (nm) (PDI) Zeta potential (mV)

:0.1 105.31 ± 0.43 (0.152 ± 0.02) −26.31 ± 5.74
:0.1 373.97 ± 0.61 (0.187 ± 0.03) −23.56 ± 3.15
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ig. 3. Characterization and physical stability of iLPs. A and B: Particle size distribut
hanges of iLPs were examined as a function of time at 4 ◦C for 3 weeks. F: Optical s

isplayed very low toxicity to HT29 cells. After treatment with ir623
nd iLPs, cell viabilities were more than 91.2% at 24 h (Fig. 4A)

nd over 85.5% at 48 h (Fig. 4B) at various concentrations. Further-
ore, no obvious negative effect was observed on HT29 cells. These

esults suggested that iDSPE is a safe and low toxicity probe and can

ig. 4. The viability of HT29 cells cultured with ir623 and iLPs in comparison with ir623 a
iability with standard deviation after triplicate analysis. P value <0.05 is indicated by on
d photograph of iLPs-1 and iLPs-2. C and D: TEM image of iLPs-1 and iLPs-2. E: size
y of iLPs in serum were determined.

be used for nanostructured lipid carriers. In the new fluorescence
probe, ir623 is a derivative of ICG, approved by FDA for human

application. As a conjugation of lipid, the final product was purified
and the organic solvent used in synthesis was  completely removed.
That is the reason that ir623 and iLPs showed nearly no cytotoxic-

t the same dose incubated for 24 h and 48 h. Data were presented as the mean cell
e asterisk (*).
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ig. 5. Confocal fluorescence images after 4 h incubation with iLPs-1or iLPs-2. Blue r
0  �m).  (For interpretation of the references to colour in this figure legend, the rea

ty in MTT  assay. And the non-cytotoxicity of the probe makes it a
otential agent for clinical application.

To assess the effect of surface modification on the hemocompat-
bility of iLPs, hemolytic effect of samples to RBCs was investigated.
he data was shown in Fig. S3.

.5. In vitro cell imaging and cellular uptake

Based on the optical properties of ir623, the cellular uptake
ehaviors of liposomes depending on particle size were evaluated

n HT29 cells by confocal microscopy. After 4 h incubation, the DAPI
tained nucleus (blue) surrounded by ir623 (red) was  observed in
f all the particles irrespective of particle size, suggesting the suc-
essful internalization of iLPs into the cytoplasm by HT29 cells.
igher NIR fluorescence signals could be observed in iLPs-1 group
ells, illustrating that ir623 could efficiently distribute into cells
ia iLPs-1 transportation. The fluorescence signals in iLPs-2 group
ells was not that sharp compared to iLPs-1 group, displaying a less
r623 distribution into cells (Fig. 5). It had been proved that the size
f nanoparticles always plays a key role in their adhesion to and
nteraction with the biological cells and ∼100 nm sized particles

ere taken up efficiently for nanostructured lipid carriers (NLC)
30]. Therefore, iLPs-1 could be most internalized by cells and the
ighest amount of ir623 could accumulate in cells in iLPs-1 group.
nd it was obvious to conclude that the size of iLPs had a significant
ffect on delivering drugs into HT29 cells.

.6. In vivo NIR-fluorescence imaging and biodistribution analysis

To examine iDSPE for use in NIR-imaging in vivo, various formu-
ations were injected into tumor-bearing mice via tail intravenous
njection. The results for real-time imaging and biodistribution of

r623 and the two different iLPs were observed in HT-29 tumor
earing mice by ex/in vivo imaging system (Fig. 6A). In the case of
ree ir623 treated mice, strong fluorescence signals were observed
n living body after administration of free ir623. However, free ir623
nts the fluorescence of DAPI and red represents the fluorescence of ir623 (scale bar,
referred to the web  version of this article.)

solution showed nonspecific distribution of fluorescence all over
the body within 2 h, with rapidly decreased fluorescence signals
at 12 h postinjection and almost disappeared after 48 h postinjec-
tion (Fig. 6B). In comparison with ir623, the results demonstrated
that two  types of iLPs could be reserved in living body for a longer
time. Obviously, an active accumulation of fluorescence intensity
was clearly observed in the tumor at 4 h post-injection for the mice
receiving iLPs-1 and reached the maximum fluorescence intensity
at about 8 h. The iLPs-1 treated mice exhibited detectable NIR fluo-
rescence signals at 48 h postinjection. In the meantime, the tumor
was distinguishable from other tissues with good fluorescence
contrast, showing excellent tumor targeting capability. Although
fluorescence intensity was also observed in the mice receiving iLPs-
2, high fluorescence signals were observed in liver compared with
these receiving iLPs-1 at the same time significantly.

To obtain detailed information about the probe’s distribution,
the mice were sacrificed and tumor tissue as well as other organs
were harvested for the ex vivo fluorescence imaging at 48 h postin-
jection. As shown in Fig. 6B, weak signals were exhibited in all
organs of control mice treated with free ir623. Consistent with
the in vivo observation, the accumulation of iLPs-1 in the tumor
was much higher than that of iLPs-2 indicating its selectively tar-
geted capability in the tumor site. However, the fluorescence signal
showed a long-term existence in liver, and the period was more
than 48 h indicating the obvious liver accumulation of the iLPs-2.
Moreover, the intestines displayed high fluorescence signal (Shown
in Fig. 6B). Since the bright fluorescence signal was also observed in
dejecta, it was reasonably concluded that the NIR fluorescence dye
was cleared via the hepatobiliary route into the intestine, which
was totally the same as ICG [27,31].

In general, smaller nanoparticles with a size of 50–150 nm
escape from the phagocytosis of the reticuloendothelial system

(RES), promoting a long circulation life time in vivo, demon-
strating a greater EPR effect and intratumoral distribution. Larger
nanoparticles have more extensive opsonin binding, which results
in enhanced uptake via liver phagocytosis, lead to in liver accumula-
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Fig. 6. Molecular imaging and biodistribution in vivo. The free ir623, iLPs-1or iLPs-2 were intravenously administrated the HT29 tumor-bearing mice and the tumors and
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ajor organs were imaged with the ex/in vivo imaging system. A: Fluorescence sign
r623,  iLPs-1or iLPs-2. B: Ex-vivo fluorescence images of major organs and tumors w

ion. Therefore, these two different size of iLPs apparently extended
r623 circulation time in living body, exhibited different distribu-
ion, and provided a noninvasive and visible method to analyze the
iodistribution of NPs in vivo.

. Conclusions

In summary, we successfully developed a novel NIR fluores-
ence probe iDSPE with high fluorescence, which was  conjugated
y DSPE and indocyanine green derivative ir623 via covalent bond.
hen we fabricated iDSPE-embeded liposomes (iLPs) with two
ifferent hydrodynamic sizes (∼100 nm and ∼400 nm)  using thin-
lm hydration method to demonstrate the size-dependent cellular
ptake and in vivo biodistribution of nanoliposomes. Physicochem-

cal properties of iLPs were also verified, such as particle size,
orphology. Besides, optical property of iLPs were stable for flu-

rescence dye labelling, suggesting that the iLPs can represent its
riginal form. Finally, we have demonstrated through a series of
n vitro and ex vivo studies of particle size effect on cellular uptake
nd in vivo biodistribution of nanoliposomes. Our findings con-
rmed that size could not only obviously influence endocytosis
f iLPs, but also affect their biodistribution in vivo. Furthermore,
LPs-1 with smaller size showed much more cell uptake by HT-29
ells and improved accumulation in HT-29 xenograft tumor tissue,
hile iLPs-2 showed accumulation in the liver and spleen. These

esults indicated that particle size was a key factor for the regula-
ion of intracellular trafficking and biodistribution of liposomes and
rovided new insight into the development of more effective lipid
ased nanoparticles (LBNs). Hence, we offered a novel NIR fluores-
ence probe iDSPE as an optical tracer for lipid based nanoparticles
LBNs) with low cytotoxicity and good stability. In addition, it also

uggested that iDSPE might be a promising tool for the reliable trac-
ng of LBNs. It can be good models for studies comprehending the
ccurate identification of LBNs in vivo and explore the in vivo fate
f LBNs.

[

s obtained in tumor sites at 0.5 h, 4 h, 8 h, 24 h and 48 h after administration of free
btained at 48 h post-injection of free ir623, iLPs-1or iLPs-2.
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