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a b s t r a c t 

Preformed albumin corona of albumin-nonselective nanoparticles (NPs) is widely exploited 

to inhibit the unavoidable protein adsorption upon intravenous administration. However, 

very few studies have concerned the preformed albumin corona of albumin-selective NPs. 

Herein, we report a novel type of albumin-selective NPs by decorating 6-maleimidocaproyl 

polyethylene glycol stearate (SA) onto PLGA NPs (SP NPs) surface, taking albumin- 

nonselective PLGA NPs as control. PLGA NPs and SP NPs were prepared by emulsion-solvent 

evaporation method and the resultant NPs were in spherical shape with an average diam- 

eter around 180 nm. The corresponding albumin-coating PLGA NPs (PLGA@BSA NPs) and 

albumin-coating SP NPs (SP@BSA NPs) were formulated by incubating SP NPs or PLGA NPs 

with bovine serum albumin solution, respectively. The impact of albumin corona on particle 

characteristics, stability, photothermal effect, cytotoxicity, cell uptake, spheroid penetration 

and pharmacokinetics was investigated. In line with previous findings of preformed albu- 

min coating, PLGA@BSA NPs exhibited higher stability, cytotoxicity, cell internalization and 

spheroid penetration performances in vitro , and longer blood circulation time in vivo than 

those of albumin-nonselective PLGA NPs, but albumin-selective SP NPs is capable of achiev- 

ing a comparable in vitro and in vivo performances with both SP@BSA NPs and PLGA@BSA 

NPs. Our results demonstrate that SA decorated albumin-selective NPs pave a versatile av- 

enue for optimizing nanoparticulate delivery without preformed albumin corona. 
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1. Introduction 

The rapid development of nanomaterials in biomedical and
biotechnological applications offers nanoparticles a great po-
tential in disease diagnosis and therapy [1,2] . On account of
the high surface free energy, non-specific plasma-protein op-
sonization occurs immediately upon NPs injection into bi-
ological fluids, forming the so-called “protein corona”. The
subsequently formed corona changes the original features of
NPs including particle size, zeta potential and surface com-
position, resulting in a “biological identity” that is recog-
nized by cells in vivo , whereas the “pristine identity” was
extensively masked [3–5] . Actually, the following biologi-
cal corona could also change particle-cell responses, such
as NPs cellular uptake and in vivo distribution, and even
trigger the accompanying rapid clearance and nanotoxic-
ity [1,6–8] . To address these challenges, in vitro preforming
albumin corona on NPs is widely employed to inhibit op-
sonin proteins adsorption and prolong the blood circula-
tion capability. And this strategy has been observed on a
diverse range of albumin-nonselective NPs, including Poly-
3-hydroxybutyrate-co-3-hydroxyhexanoate (PHBHHx) NPs [9] ,
quantum dots [10,11] , superparamagnetic iron oxide NPs
[1,6,12,13] , nanocrystals [14,15] , graphene oxide [16,17] , Au NPs
[18] , manganese dioxide [15,19] and so forth. As expected, this
in vitro preformed albumin corona indeed confers albumin-
nonselective NPs decreased plasma proteins adsorption and
complement activation, enhanced circulation stability, and
improved tumor accumulation in vivo . However, the complex
and expensive formulation development process also made in
vitro coating strategy less attractive. 

These issues motivates researchers to engineer novel
albumin-selective NPs. Albumin, the most abundant pro-
tein in plasma (55%), has been tremendously explored
for its native circulation capacity, low-immunogenicity and
good stability [20,21] . And indeed, successful albumin-based
nanomedicines, such as covalent-binding Doxorubicin-EMCH
(DOXO-EMCH), have been applied in clinical trials. Precise one
maleimide group was selectively reacted with one cysteine-
34 residue of endogenous circulating albumin within 2–5 min
[21,22] . 

Indocyanine green (ICG) is chosen as model drug due to
its approval by the U.S. Food and Drug Administration (FDA)
and effective photon dynamic/thermal conversion capacity
[23–26] . Despite the above advantages, nevertheless, its clin-
ical application is extremely limited owing to its short-
circulation, unstable properties such as aggregation and
degradation in aqueous solution. 

Given the rapid conjugation of maleimide group with the
cysteine-34 residue of albumin and the dilemma of ICG ap-
plication, we herein report a strategy to decorate maleimide
groups on PLGA NPs surfaces to fabricate albumin-selective
NPs, and then to unravel the impact of preformed albu-
min corona on in vitro and in vivo performances of the en-
gineered albumin-selective NPs, taking albumin-nonselective
PLGA NPs as control. In this study, a novel bioconjugate
6-maleimidocaproyl polyethylene glycol stearate (SA) was
synthesized, and then SA was decorated on PLGA NPs by
emulsion-solvent evaporation method. The resultant NPs pos-
sessed a higher ICG loading efficiency due to electrostatic in-
teraction between ICG and polyethyleneimine (PEI). Besides
the above NPs characterization, the impact of albumin corona
on stability, photothermal conversion capability, cytotoxicity,
cell uptake, spheroid penetration and in vivo pharmacokinet-
ics of albumin-selective SP NPs, was also evaluated. 

2. Materials and methods 

2.1. Materials 

Poly(lactic-co-glycolic acid) (PLGA) was purchased from Jinan
Daigang Biomaterial Co., Ltd. Indocyanine Green (ICG) was ob-
tained from Bomei Pharmaceutical New Technology Devel-
opment Co., Ltd. Polyethyleneimine (PEI, Mw = 10 kDa) was
bought from Aladdin (Shanghai, China). Polyethylene Glycol
Monostearate was purchased from Tokyo chemical indus-
try Co., Ltd. 3-(4, 5-dimthyl-2-thiazolyl) −2, 5-dipphenyl-2H-
terazolium bromide (MTT) and trypsin-EDTA were purchased
from Sigma-Aldrich (USA). Coumarin-6 was purchased from
Sigma (St. Louis, MO, USA). All other solvents and reagents uti-
lized in this study were analytical or HPLC grade. 

2.2. Synthesis of 6-maleimidocaproyl polyethylene glycol 
stearate (SA) 

Synthesis of 6-maleimidocaproic acid 

to Istvan Toth et al. report [27] . Briefly, 6-aminocaproic acid
(30 mmol) and maleic anhydride (30 mmol) were refluxed in
AcOH (about 70 ml) for 6 h. Then, 30 mmol Ac 2 O was added
dropwise and refluxed for a further 2 h. After reaction, the ob-
jective products were purified using silica column chromatog-
raphy after drying in vacuum. The chemical structure of 6-
maleimidocaproic acid was confirmed by MS, NMR with CDCl 3
as solvent and IR. 

Synthesis of 6-maleimidocaproyl chloride 

To synthesize 6-maleimidocaproyl chloride,
6-maleimidocaproic acid was dissolved in oxalyl chloride
and refluxed with stirring at 70 °C for 2 h, and the extra oxalyl
chloride was removed using rotary evaporator. The chemical
structure of 6-maleimidocaproyl chloride was confirmed by
MS, NMR with CDCl 3 as solvent and IR 

- Synthesis of SA 

6-maleimidocaproyl chloride (20 mmol) was dis-
solved in 40 ml dehydrated dichloromethane and then
20 ml dehydrated dichloromethane containing polyethy-
lene glycol stearate (8 mmol) was added dropwise into
6-maleimidocaproyl chloride solution with stirring at 40 °C
for 24 h. After reaction, the mixture was separated over SiO 2 .
The chemical structure of SA was confirmed by NMR with
CDCl 3 as solvent and IR. 

2.3. Preparation of SP and SP@BSA NPs 

SP NPs were prepared by emulsion-solvent evaporation
method. 9 mg SA, 30 mg PLGA, 1.5 mg ICG and 1.5 mg PEI
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ere dissolved in 0.6 ml mixed solution of dehydrated 

ichloromethane and methanol (2:1, v/v) and then 10 ml 
eionized water was added into it. Next, the mixture was ul- 
rasound using probe-type sonifier (JY92-2D, Scientz, China) 
or 5 min in ice bath; the organic solvents were evapo- 
ated with magnetic stirring in darkness for 6 h. The excess 

ethanol was removed under vacuum at 40 °C in dark. PLGA 

Ps were prepared in the same way as described above with- 
ut SA. Coumarin-6 labeled PLGA (C6-labeled PLGA NPs) or 
P NPs (C6-labeled SP NPs) were prepared similarly except for 
hanging DTX to coumarin-6. Finally, the organic solvent-free 
Ps were stored at 4 °C. 

The preformed albumin corona SP NPs (SP@BSA NPs) or 
reformed albumin corona PLGA NPs (PLGA@BSA NPs) were 
onstructed according to Peng et al. [1,9] . Briefly, 1 ml SP NPs 
3 mg/ml) was incubated with bovine serum albumin (BSA) so- 
ution (20 mg/ml in saline) at 37 °C for 2 h, and then SP@BSA 

Ps and PLGA@BSA NPs were isolated by centrifugation 

13 000 rpm) at 4 °C for 15 min, respectively. 

.4. Characterizations of SP and PLGA NPs 

.4.1. Size distribution and zeta potential 
he particle size, size distribution and zeta potential of SP NPs,
LGA NPs, SP@BSA NPs and PLGA@BSA NPs were measured by 
ynamic light scattering (DLS) method with zetasizer instru- 
ent (Nano ZS, Malvern Co., UK), and the measurements were 

epeated in triplicate. 

.4.2. Morphology of SP and PLGA NPs 
he morphology of SP NPs, PLGA NPs, SP@BSA NPs and 

LGA@BSA NPs were explored by transmission electron mi- 
roscope (TEM) (H-600, Hitachi, Japan). The NPs were nega- 
ively stained with 0.2% phosphotungstic acid aqueous solu- 
ions before observation under TEM. 

.4.3. Infrared spectra (IR) of SP@BSA and PLGA@BSA NPs 
he albumin corona of SP@BSA NPs and PLGA@BSA NPs were 
onitored by infrared spectrometer (Bruker IFS55, Germany).

nfrared spectra of SP@BSA NPs and PLGA@BSA NPs (freeze 
ithout protectant) were recorded at the frequency ranging 

rom 400 cm 

−1 to 4000 cm 

−1 to determine the frequency 
hanges. 

.5. Encapsulation efficiency of SP NPs and PLGA NPs 

he ICG loading efficiency of SP/PLGA NPs was evaluated as 
he percentage of entrapped ICG with respect to the total ICG 

dded. In this study, the encapsulation efficiency was deter- 
ined by measuring the amount of centrifugal supernatant 

fter NPs isolation [25] . 

 ncapsul at ed efficiency(%) = 

I C G Total − I C G Superna tan t 

I C G Total 
× 100% 

here ICG Total is the amount of ICG added in the preparation; 
CG Superna tan t is the amount of ICG in the centrifugal super- 
atant after NPs isolation. 
.6. In vitro ICG release profiles 

he in vitro ICG release performance was estimated against 
H 7.4 PBS by the dialysis method. Briefly, 2 ml ICG, SP NPs,
LGA NPs, SP@BSA NPs and PLGA@BSA NPs were sealed 

n a dialysis bag (MWCO = 14 kDa, Spectrum Laboratories,
SA) and incubated in 30 ml of release medium at 37 °C 

nder orbital shaking (100 rpm), respectively. At designated 

ntervals, 2 ml samples were withdrawn and replaced with 

quivalent fresh medium. The maximum ICG absorbance 
as evaluated using Thermo scientific varioskan flash. And 

he corresponding ICG leakage profiles were fitted by zero- 
rder, first-order, Higuchi, Weibull and Ritger-Peppas model,
espectively. 

.7. Circular dichroism spectroscopy 

ircular dichroism (CD) was applied to assess the conforma- 
ional changes of BSA on the surfaces of SP@BSA NPs and 

LGA@BSA NPs [28] . Both the measurements were probed us- 
ng CD spectropolarimeter (Bio-Logic MOS 450, France, Greno- 
le) in a 1 cm path length quartz cell from 190 to 400 nm at
7 °C [29] . 

.8. Measurements of temperature 

P NPs, PLGA NPs, SP@BSA NPs, PLGA@BSA NPs and free ICG 

olution (100 μg/ml of ICG) were exposed to an 808 nm laser 
roduct (Changchun, China) at 1.5 W/cm 

2 for 3 min. During ir- 
adiation, the temperature was measured every 30 s. 

.9. Colloids and UV stability of NPs 

he colloidal stability of SP NPs, PLGA NPs, SP@BSA NPs and 

LGA@BSA NPs was evaluated by monitoring particle size and 

eta potential of the NPs [30] . 
The absorption spectra stability of ICG, SP NPs, PLGA NPs,

P@BSA NPs and PLGA@BSA NPs at different times were de- 
ected on an UV–vis spectrometer (Shimadzu, Japan) [25] . 

.10. Gel electrophoresis and confocal laser scanning 
icroscope 

he harvest of soft/hard corona from PLGA NPs and SP NPs 
as carried out by the centrifugation method [31] . Briefly,
P@BSA NPs and PLGA@BSA NPs were washed by repeated 

entrifugation (16 000 g for 10 min) and resuspension in wa- 
er with supernatants collected after each wash, respectively.
fter five times wash, the sample was repeatly centrifugated 

nd resuspended in buffer containing 6% sodium dodecyl sul- 
ate (SDS) solution to remove the hard adsorption from the 
Ps surface twice as above. Supernatant was diluted by 50% 

n Laemmli buffer (solarbio, china), boiled for 5 min, and then 

oaded onto 8% sodium dodecyl sulfate polyacrylamide gel 
lectrophoresis (SDS-PAGE). The supernatant from the first 
ash was diluted 10 times with additional amount of wa- 

er to avoid overloading the gel. Proteins were stained with 

oomassie brilliant blue for 20 min. All the samples were run 

n triplicate. 
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To testify that albumin-selective SP NPs could covalently
conjugate albumin, we first incubated C6-labeled SP NPs
with rhodamine-labeled BSA at 37 °C for 2 h. Then the NPs
were centrifuged as above to remove soft/hard corona. The
covalently linked BSA corona was observed using confocal
laser scanning microscope (CLSM, FluoViewFV1000, Olympus,
Japan) [31,32] . 

2.11. Cytotoxicity evaluation 

The in vitro cytotoxicity of free ICG solution, SP NPs, PLGA NPs,
SP@BSA NPs and PLGA@BSA NPs was determined by MTT as-
say on 4T1 cell lines. Briefly, cells were incubated in 200 μL cul-
ture medium in 96-well plates at a density of 5000 cells/well
for 24 h. Then, the cells were exposed to serial dilutions of ICG,
SP NPs, PLGA NPs, SP@BSA NPs and PLGA@BSA NPs, irradi-
ated with 808 nm NIR at 1.5 W/cm 

2 for 3 min and further incu-
bated for 48 h. The cells without any treatment were used as
control. At the end of the incubation, 20 μl of MTT (5 mg/ml)
was added, and the plates were incubated for additional 4 h
at 37 °C. The medium was then discarded, and the formed
formazan crystals were dissolved in DMSO (200 μl). The ab-
sorbance of samples was determined at the wavelength of
570 nm by microplate reader. Each concentration samples was
tested in triplicate. 

2.12. Cellular uptake and uptake mechanisms 

Cellular uptake was evaluated in 4T1 cell. Cells were seeded
in 12-well plates containing 1 ml of media at a density of
8 × 10 4 cells/well for 24 h. The medium was replaced with
fresh medium containing SP NPs, PLGA NPs, SP@BSA NPs and
PLGA@BSA NPs (ICG concentration of 30 μg/ml) at 37 °C for 2 h.
The cells were washed thrice with ice-cold PBS, and analyzed
using a flow cytometer (FACSCalibur, BD Biosciences). 

Endocytotic pathways of SP NPs, PLGA NPs, SP@BSA
NPs and PLGA@BSA NPs were studied using 4T1 cells. 4T1
cells were seeded in 12-well plates containing 1 ml of me-
dia at a density of 8 × 10 4 cells/well for 24 h. Next, the
cells were pre-incubated with serum-free medium consist-
ing of different inhibitors, sodium azide (6 μg/ml), chlorpro-
mazine (5 μg/ml), quercetin (6 μg/ml), indomethacin (3 μg/ml),
colchicine (8 μg/ml) and ammonium chloride (10 mM) for 1 h.
Thereafter, the medium was replaced by SP NPs, PLGA NPs,
SP@BSA NPs and PLGA@BSA NPs with serum medium con-
taining the corresponding inhibitors for another 2 h at 37 °C,
respectively. Additionally, cells were also treated with the NPs
at 4 °C for 2 h. Finally, the cells were evaluated for quantitative
analysis by flow cytometry. 

2.13. 4T1 spheroid penetration 

The penetration capability of SP NPs, PLGA NPs, SP@BSA NPs
and PLGA@BSA NPs was assessed in three-dimensional 4T1
spheroids by CLSM. In short, 1 × 10 4 /well cells were seeded
into 96-well round-bottom plates and centrifuged at 1500 g for
15 min. Then, the cells were cultured at 37 °C for 5 d to form
compact spheroids (diameter approximately 500 μm). Next, SP
NPs, PLGA NPs, SP@BSA NPs and PLGA@BSA NPs at an equiva-
lent ICG concentration of 30 μg/ml were added and incubated
at 37 °C for 4 h, respectively. The tumor spheroid was rinsed
with ice-cold PBS three times before observation under CLSM.

2.14. Pharmacokinetic profiles 

The Sprague-Dawley rats (200–250 g) were randomly divided
into four groups for pharmacokinetics studies according to the
Guide for Care and Use of Laboratory Animals of Shenyang
Pharmaceutical University. SP NPs, PLGA NPs, SP@BSA NPs
and PLGA@BSA NPs were intravenously (I.V.) injected at an
equivalent ICG dose of 4 mg/kg, respectively. At predetermined
time points, 0.3 ml blood samples were collected by centrifu-
gation at 13 000 rpm for 10 min, and frozen at −80 °C. The con-
centration of ICG in the blood samples was determined by a
validated ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) method on an ACQUITY
UPLC 

TM system (Waters Co., Ltd., Milford, MA, USA). The re-
lated pharmacokinetic parameters were achieved using DAS
2.0 software. 

2.15. Statistical analysis 

All results were expressed as mean or mean ± SD (standard
deviation). One-way ANOVA or t test was applied to probe the
significance in the experiments. ∗ P < 0.05, ∗∗ P < 0.01 and 

∗∗∗

P < 0.001. 

3. Results and discussions 

3.1. Synthesis and characterization of SA 

6-maleimidocaproic acid was synthesized by 6-aminocaproic
acid and maleic anhydride according to Istvan Toth et al. re-
port [27] . Then, the product was used as a reactant to for-
mulate highly active 6-maleimidocaproyl chloride. The novel
SA conjugate was synthesized by esterificating polyethy-
lene glycol stearate ( n = 45) and 6-maleimidocaproyl chlo-
ride. The concrete synthesis scheme was illustrated in Fig.
S1. Furthermore, the corresponding chemical structures of 6-
maleimidocaproic acid, 6-maleimidocaproyl chloride and SA
were confirmed by mass spectrum, NMR spectrum in CDCl 3
or infrared spectra, respectively (Fig. S2-6 and Supporting in-
formation). 

3.2. Preparation and characterization of NPs 

The application of ICG in clinical practices is greatly limited
by its high solubility, poor stability such as aggregation and
degradation in aqueous solution, and the challenge to effi-
ciently load ICG into nanoparticle core is supposed to be diffi-
cult [23,33–35] . In this work, Our formulated PLGA NPs and SP
NPs exhibited an enhanced ICG encapsulation efficiency 79%
and 85% via electrostatic interaction between ICG and PEI, re-
spectively, which were higher than that (60%) reported by Shao
and co-workers [36] . As revealed in Fig. 1 and Table 1 , the de-
signed NPs both exhibited spherical morphology with a diam-
eter of around 180 nm, implying that the introduction of SA
into this formulation had no significant difference on particle
size. Moreover, the zeta potential of SP NPs and PLGA NPs was
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Fig. 1 – Transmission electron microscopy (TEM) images of (A) PLGA NPs; (B) SP NPs (C) PLGA@BSA NPs and (D) SP@BSA NPs 
and (E) particle size distribution of NPs (a) PLGA NPs; (b) SP NPs (c) PLGA@BSA NPs and (d) SP@BSA NPs. 

Table 1 – Physicochemical characterization of PLGA NPs, PLGA@BSA NPs, SP NPs and SP@BSA NPs. (mean ± SD, n = 3). 

Preparations Size (nm) Zeta (mV) PDI EE (%) 

PLGA NPs 186.5 ± 14.1 7.82 ± 1.09 0.27 ± 0.06 78.87 ± 3.11 
PLGA@BSA NPs 222.1 ± 7.0 −5.05 ± 0.30 0.34 ± 0.05 –
SP NPs 173.4 ± 2.7 8.74 ± 0.22 0.13 ± 0.03 84.79 ± 2.48 
SP@BSA NPs 271.8 ± 6.9 −8.06 ± 0.36 0.16 ± 0.04 –

a
e
t
t
t
I
m

s
w
i

N
o
p

round 8 mV, indicating that ICG/PEI complexes were almost 
ntrapped in nanoparticle hydrophobic core. Compared with 

he spectrum of free ICG, a significant red-shift of ICG absorp- 
ion peak (ranging from 770 to 805 nm) emerged in the spec- 
ra of both SP NPs and PLGA NPs. These results evidenced that 
CG were loaded into the NPs and there were obvious ICG inter- 

olecular aggregation in SP NPs and PLGA NPs due to the sub- 
tantially electrostatic interaction between ICG and PEI. Mean- 
hile, the existence of external soft/hard BSA corona did not 

nfluence the state of entrapped ICG. 
Substantive studies have demostrated that incubation of 

Ps with proteins results in immidiate protein adsoprtion 

n NPs, and the chaperoned corona confers NPs a new 

hysichemical characteristic and even a different fate in vivo 
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Fig. 2 – The characterization of covalent-albumin corona on 

SP@BSA NPs by SDS-PAGE, taking PLGA@BSA NPs as 
control. After each centrifugation and resuspension, the 
supernatant (S) was loaded onto the SDS-PAGE. S1 was 
diluted 10 times with additional amount of water to avoid 

overloading the gel. SDS was used to remove the hard 

adsorption BSA from the NP surface. Meanwhile, the 
residual NPs were also loaded onto gel to identify the 
covalent- conjugated BSA. 

 

 

 

 

 

 

 

 

 

 

Fig. 4 – In vitro release Profiles of ICG, PLGA NPs, SP NPs, 
PLGA@BSA NPs and SP@BSA NPs against pH 7.4 PBS. 

 

 

 

 

 

 

 

 

 

 

 

[3,13,31,37] . In coincidence with these performances, an in-
crease in particle size and a down-converted surface charge
were observed for PLGA@BSA NPs and SP@BSA NPs after
forming albumin corona on the surface. Interstingly, the al-
bumin coating PLGA@BSA NPs size (222 nm) is smaller than
SP@BSA NPs (270 nm), which might be ascribed to the pres-
ence of PEG shell and maleimide-thiol bind between albumin
and maleimide at the top of PEG chain [21] . The zeta potential
of SP@BSA NPs and PLGA@BSA NPs were converted to −8 mV
and −5 mV after preformed albumin coating, respectively. Fur-
Fig. 3 – The CLSM colocalization image of rhodamine-labeled BSA
after removal soft/hard corona, taking C6-labeled PLGA NPs as co
thermore, the IR spectrum of SP@BSA NPs displayed a broad
absorption peak from 2900 to 3550 cm 

-1 due to the exsitence
of hydroxyl/amino groups of BSA, and exhibited a blue-shift of
carbonyl (from 1740 to 1660 cm 

-1 ) owing to the strength vibra-
tion of BSA amide bonds in comparsion with the spectrum of
SP NPs (Fig. S5). Additionally, the IR changes of PLGA@BSA NPs
were analyzed in the supporting information (Fig. S6) as well.
All the results indicated the formation of albumin corona on
SP NPs and PLGA NPs. 

We also collected the soft and hard corona by repeated
centrifugation and resuspension in water and 6% SDS solu-
tion, respectively. The BSA in the supernatant was detected
 and C6-labeled SP NPs images of PLGA NPs and SP NPs 
ntrol. 
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Fig. 5 – UV–vis absorption spectra of NPs (A), and UV–vis absorption stability of ICG (B), PLGA NPs (C), SP NPs (D), PLGA@BSA 

NPs (E) and SP@BSA NPs (F). 
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sing SDS-PAGE with a Coomassie protein stain. It should be 
bviously noticed that BSA was non-selectively adsorped on 

P NPs and PLGA NPs to form soft and hard albumin corona.
ifferent from the only non-specific adsorption on PLGA@BSA 

Ps, there was BSA residue on SP@BSA NPs due to the co- 
alent maleimide-thiol linker between BSA and maleimide 
t the top of PEG chain even after the removal of soft and 

ard corona ( Fig. 2 ) [13] . To further testify that albumin- 
elective SP NPs could covalently conjugate albumin, we em- 
loyed CLSM to observe SP@BSA NPs and PLGA@BSA NPs af- 
er the removal of the soft/hard corona. As shown in Fig. 3 ,
he rhodamine-labeled BSA red fluorescent is very weaker 
hile the green fluorescent of C6-labeled PLGA NPs is very 

tronger ( Fig. 3 ), which meant that there was none or neg- 
igible BSA on soft/hard corona-removed PLGA@BSA NPs. In 

ontrast, the rhodamine-labeled BSA and soft/hard corona- 
emoved C6-labeled SP NPs were overlapped and remained 

s a single NP or NPs complexes. This results visually ver- 
fy that albumin-selective SP NPs could covalently conjugate 
o BSA [32] . Meanwhile, CD spectroscopy was also utilized to 

easure the structure of BSA corona on SP@BSA NPs and 

LGA@BSA NPs. Compared with the spectral absorption pro- 
v
a

les of BSA, negligible structure secondary change of SP@BSA 

Ps and PLGA@BSA NPs (Fig. S7) was detected, indicating 
he structure and activity of BSA on NPs were little influ- 
nced, which might avoid the recognition by macrophage cells 

n vivo . 

.4. Release tests in vitro 

he release leakage profiles of ICG solution, SP NPs, PLGA NPs,
P@BSA NPs and PLGA@BSA NPs against pH 7.4 phosphate 
uffer were presented in Fig. 4 . Compared with the rapid re- 

ease of free ICG solution (over 80%) across the dialysis over 
4 h, the ICG release rates of the four NPs formulations were 
ignificantly slower due to PEI/ICG electrostatic interaction 

ithin the hydrophobic core of NPs, the shelled barrier of 
LGA vehicles and the further protection of PEG or albumin 

orona of NPs [23] . Meanwhile, the release profiles were best 
tted to first order model (Table S1), suggesting that the re- 

ease mechanism of PLGA NPs was fickian diffusion, whereas 
hose of SP NPs, SP@BSA NPs and PLGA@BSA NPs might in- 
olve the combination of fickian diffusion and matrix erosion 

ccording to Ritger-Peppas model. 
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Fig. 6 – Cytotoxicity of blank vehicles (A) and NPs (B) on 4T1 
under an 808 nm NIR laser at 1.5 W/cm 

2 for 3 min and 

further incubation for 48 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 – Cellular internalization of the NPs on 4T1 cells for 
2 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5. Photothermal effect and stability 

The photothermal convention efficiency of SP NPs, PLGA NPs,
SP@BSA NPs and PLGA@BSA NPs were investigated by moni-
toring the temperature variation over time under 808 nm laser
at an energy density of 1.5 W/cm2 for 3 min. The temperature
of the ICG solution, PLGA NPs, SP NPs, PLGA@BSA NPs and
SP@BSA NPs approximately increased to 45.3, 46.5, 43.1, 45.5
and 44.5 °C, separately. In contrast, the control PBS only sus-
tained at 27.7 °C after irradiation for 30 s (Fig. S8). Therefore,
all the formulations could be effective in ablating tumor cells
due to the excellent photothermal conversion capability [38] . 

The photostability of SP NPs, PLGA NPs, SP@BSA NPs and
PLGA@BSA NPs was probed by recording the absorption spec-
tra with ICG in aqueous phase as control. As shown in Fig. 5 ,
the absorbance capacity of free ICG was lowered by 84% after 7
d due to its degradation and self-aggregation, while that of ICG
in SP NPs, SP@BSA NPs and PLGA@BSA NPs was only truncated
less than 5% even after 30 d storage, indicating that PEI/ICG
complex within the hydrophobic core could efficiently salvage
ICG from degradation and self-aggregation [23,25] . Meawhile,
SP NPs and SP@BSA NPs sustained constant or slightly vari-
able size and zeta poteintial over 30 d (Fig. S9). Notwithstand-
ing, the absorption capacity of PLGA NPs reduced by 25% after
30 d and its swollen size and broadened size distribution were
also observed after 4 d in comparison with PLGA@BSA NPs,
which might result from the lack of protection albumin corona
and protection of PEG hydration layer around the particles. All
of SP NPs, SP@BSA NPs and PLGA@BSA NPs demonstrated ex-
cellent photostability and colloidal stability due to the combi-
nation of electrostatic interaction, the shelled barrier of PLGA
vehicles and the further protection of PEG or albumin corona
of NPs. 

3.6. Cell uptake and spheroid penetration 

The cytotoxicity of blank NPs formulations (without ICG) on
4T1 cell was measured under irradition (808 nm, 1.5 W/cm 

2 ,
3 min) to assess carrier compatibility. As illustrated in Fig. 6 A,
four NPs vehicles exhibited little cytotoxicity at all dosages
tested. Secreted protein acidic and rich in cysteine (SPARC),
a high affinity albumin-binding protein, is reported to facili-
tate albumin or albumin-bound NP accumulation in the tu-
mor cells, and its expression level is higher on tumor cell
line [20,21,39,40] . In our study, the cytotoxicity of PLGA NPs
was significantly reduced in comparision with PLGA@BSA
NPs ( Fig. 6 B and Table S2), which might be due to SPARC-
mediated internalization process. Whereas, the cytotoxicity
of SP NPs and SP@BSA NPs was nearly identified, indicating
that SP NPs could covalently link to the cysteine-34 residue
of serum albumin and form albumin corona on NPs surfaces,
which was consistence with our designed maleimide-based
prodrugs such as maleimide-5-Fluorouracil (EMC-5-FU) and
the above results of western bloting [41] . We then quantifi-
cationally evaluated the cellular uptake of NPs to 4T1 cells.
In accordance with the above in vitro cytotoxicity results,
Fig. 7 revealed that SP NPs, SP@BSA NPs and PLGA@BSA NPs
had a similar endocytosis efficiency, which was higher than
that of albumin-nonselective PLGA NPs. Moreover, the up-
take mechanism of NPs into 4T1 cells was also investigated,
where sodium azide and 4 °C were exploited to evaluate the
influence of energy on the cellular uptake. Chlorpromazine,
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Fig. 8 – Nanoparticle penetration on 4T1 cell spheroids post-incubation with PLGA NPs, SP NPs, SP@BSA NPs and PLGA@BSA 

NPs for 4 h. 

Table 2 – In vivo pharmacokinetic parameters of NPs in 

rats (mean ± SD, n = 5). 

Preparations Dosage (mg/kg) t 1/2 (h) AUC (ng/ml ∗h) 

PLGA NPs 4 5.80 ± 0.92 2720.28 ± 846.75 
PLGA@BSA NPs 4 11.21 ± 1.70 2906.04 ± 1255.90 
SP NPs 4 11.99 ± 2.75 2787.52 ± 358.06 
SP@BSA NPs 4 11.46 ± 3.45 3131.34 ± 1183.57 
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Fig. 9 – Mean plasma concentration − time curves of NPs in 

rats after intravenous injection at a dose equivalent to 

4 mg/kg ICG (mean + SD, n = 5). 
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olchicine, indomethacine, quercetin and ammonium chlo- 
ide were utilized to block the clathrin, macropinocyto- 
is, caveolin, clathrin/caveolin-independent and lysosome- 
ediated internalization pathways, respectively. As shown in 

ig. S10, the cellular endocytosis of NPs was associated with 

ultiple endocytotic pathways, including clathrin-mediated,
aveolae-mediated, and caveolae/clathrin-independent endo- 
ytosis and macropinocytosis [42] . Then, spheroid penetra- 
ion of NPs was also performed. The results suggested SP 
Ps, SP@BSA NPs and PLGA@BSA NPs had a similar penetra- 

ion efficiency, whose fluorescence intensity were stronger,
eeper than albumin-nonselective PLGA NPs in vitro 4T1 tu- 
or spheroids ( Fig. 8 ) [43,44] . 

.7. Pharmacokinetics 

our groups of rats were intravenously injected with PLGA 

Ps, SP NPs, SP@BSA NPs and PLGA@BSA NPs formulations 
t the dose equivalent to 4 mg/kg ICG. The plasma concen- 
rations of ICG were measured by the validated UPLC-MS/MS 

ethod. As shown in Table 2 and Fig. 9 , the AUC was slightly 
hanged in the investigation. However, the circulation capa- 
ility of NPs was different for albumin-nonselective PLGA NPs 
nd albumin-selective SP NPs. ICG, a FDA approval diagnostic 
ye, is extensively cleared from the body in a short time, and 

he corresponding half-life is about 0.12 h. Cai et al reported 

hat intermolecular disulfide conjugated human serum al- 
umin (HSA)-ICG nanoparticles (HSA-ICG NPs) could slightly 
rolong ICG blood circulation time to some degree with 

1/2 = 2.86 h, resulting from the preparation process might 
ead to the spatial structural changes of HSA and elite RES en- 
ocytosis in vivo [45] . In our study, the t1/2 of PLGA@BSA NPs 
11.21 ± 1.70 h) was 1.94-fold prolonged compared with PLGA 

Ps (5.80 ± 0.92 h) and HSA-ICG NPs (t1/2 = 2.86 h), implying 
hat preformed albumin corona could restrict the plasma pro- 
eins adsorption and lessen the complement activation, and 

nally extend the blood circulation time. Moreover, the t1/2 
f SP@BSA NPs (11.46 ± 3.45 h) was little viable in comparison 

ith SP NPs (11.99 ± 2.75 h), indicating that SP NPs could ac- 
ively recruit endogenous albumin corona on NPs surfaces to 
nhibit opsonic adsorption and complement activation, which 

as in coincidence with the in vitro western blotting perfor- 
ance. 

. Conclusions 

lbumin-nonselective PLGA NPs and albumin-selective SP 
Ps were prepared by emulsion-solvent evaporation method 

nd the resultant NPs were in spherical shape with an average 
iameter of 180 nm. The ICG loading efficiency of PLGA NPs 
nd SP NPs were 78% and 85%, respectively, due to electrostatic 
nteraction between ICG and PEI. In the presence of albumin 

orona, PLGA@BSA NPs exhibited higher stability, cytotoxicity,
ell internalization and spheroid penetration performances in 
itro , and longer blood circulation time in vivo than those of 
lbumin-nonselective PLGA NPs. Excitingly, albumin-selective 
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SP NPs is capable of achieving a comparable in vitro and in vivo
performances with both SP@BSA NPs and PLGA@BSA NPs. Our
results demonstrate that SA decorated NPs pave a versatile av-
enue for optimizing nanoparticle delivery without additional
albumin coating. 
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