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Aim: Our goal was to develop an efficient nanoparticle-based system that can 
overcome the restrictive mechanism of the blood–brain barrier (BBB) by targeting 
insulin receptors and would thus enable drug delivery to the brain. Methods: Insulin-
coated gold nanoparticles (INS-GNPs) were synthesized to serve as a BBB transport 
system. The effect of nanoparticle size (20, 50 and 70 nm) on their ability to cross the 
BBB was quantitatively investigated in Balb/C mice. Results: The most widespread 
biodistribution and highest accumulation within the brain were observed using 20 nm 
INS-GNPs, 2 h post injection. In vivo CT imaging revealed that particles migrated to 
specific brain regions, which are involved in neurodegenerative and neuropsychiatric 
disorders. Conclusion: These findings promote the optimization of nanovehicles for 
transport of drugs through the BBB. The insulin coating of the particles enabled 
targeting of specific brain regions, suggesting the potential use of INS-GNPs for 
delivery of various treatments for brain-related disorders.
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Background
A major obstacle for treatment of neurode-
generative diseases is the delivery of thera-
peutic agents into the brain, due to the 
restrictive mechanism of the blood–brain 
barrier (BBB) [1–3]. The BBB is composed of a 
single layer of endothelial cells that are joined 
by tight junctions and end-feet astrocytes, 
and cover the surface area of the cerebrovas-
cular capillaries, thus separating circulating 
blood from extracellular fluid of the central 
nervous system (CNS). The BBB functions 
mainly as a protective barrier for the brain, 
preventing transition of various elements, 
including hormones, neurotransmitters or 
neurotoxins, from the bloodstream into the 
CNS [4,5]. Transport of relatively large mol-
ecules across the BBB is achieved through 
specific and selective transporters located on 
the BBB surface, which allow penetration of 

essential substances such as glucose, peptides 
and proteins into the brain [6].

Recently, various studies have demon-
strated that specific targeted nanoparticles, 
carrying a large payload of therapeutic 
agents, can effectively enhance drug deliv-
ery to the brain [7–12]. In addition, several 
in vitro studies have investigated the effect 
of nanoparticle size on their ability to cross 
the BBB [13,14]. Several in vivo studies have 
examined the effect of nanoparticle size on 
their biodistribution in mice [15–19], though 
only few in vivo studies have examined the 
effect of nanoparticle size on their prob-
ability to cross the BBB [17,20]. In a previous 
study [21], we showed that the use of insulin-
targeted gold nanoparticles (INS-GNPs), 
which can target BBB insulin receptors, is 
an effective in vivo approach for imaging and 
therapeutic applications. INS-GNPs sized 
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20 nm cross the BBB, accumulate within the mouse 
brain at a relatively high quantity (5% of the total 
injected dose) and also serve as computed tomography 
(CT) contrast agents to noninvasively detect particle 
 accumulation [21].

In the present study, we quantitatively investigated 
the effect of INS-GNP size on their ability to cross the 
BBB, in vivo. We explored the pharmacokinetics and 
biodistribution of INS-GNPs sized 20, 50 and 70 nm, 
up to 48 h post intravenous injection to Balb/C mice. 
In addition, we used CT imaging to identify accu-
mulation of INS-GNPs in specific brain regions, and 
quantified the exact amount of particles in each region 
using atomic spectroscopy techniques.

Methods
GNP synthesis & conjugation
A total of 2 nm GNPs were purchased from Nano-
probes, Inc. (Aurovist™ 1.9 nm, NY, USA), all other 
particles were synthesized in our lab using the  following 
procedures.

Synthesis of 20 nm GNPs
GNPs were prepared by citrate reduction of hydrogen 
tetrachloroaurate(III) trihydrate (HAuCl

4
, Strem). 

A total of 414 μl of 50% w/v of HAuCl
4
 solution in 

200 ml purified water was boiled in an oil bath on a 
heating plate while being stirred. After boiling, 4.04 
ml of a 10% trisodium citrate solution was added and 
the mixture was stirred while boiling for another 10 
min. The solution was centrifuged until precipitation 
of nanoparticles and a clear suspension was obtained.

Synthesis of seed solution for GNPs at 50, 70 & 
100 nm
A total of 10 ml of purified water was mixed with 
10.4 μl of 50% w/v of HAuCl

4
 solution. The solution 

was stirred and boiled on a heating plate. To the stirred 
solution, 100 μl of Na

3
 citrate (8.8% weight percent-

age) was added and the mixture was stirred and boiled 
for another 5 min. Then, the solution was diluted with 
water to a volume of 50 ml, which can be used for an 
hour after the preparations.

Synthesis of 50, 70 &100 nm GNPs in growth 
solution
For both sizes, 200 ml of purified water was mixed 
with 6.5 ml seed solution. A total of 88 μl of 50% 
w/v of HAuCl

4
 and 7.5 ml 0.04 M 2-mercaptosuccinic 

acid (MSA, Molekula, CA, USA) solution were added 
while stirring for synthesis of 50 nm, and 176.8 μl of 
50% w/v of HAuCl

4
 solution and 15 ml 0.04 M MSA 

solution were added while stirring for synthesis of 
70 nm and 100 nm GNPs. The mixtures were stirred 

for another half an hour. A total of 176.8 μl of 50% 
w/v of HAuCl

4
 solution and 15 ml 0.04 M MSA solu-

tion was added again while stirring for synthesis of 100 
nm GNPs and the mixtures were stirred for another 
half an hour.

Conjugation of PEG layer & insulin to the GNPs
GNPs (all five sizes) were coated with a layer of PEG 
(Creative PEGWorks, NC, USA) composed from a 
mixture of mPEG-SH (85%) and SH-PEG-COOH 
(15%). This mixture was then stirred for 3 h. The PEG 
layer was covalently conjugated to human insulin (1.5 
ml, 100 IU/ml, Novo Nordisk A/S, Novo Alle, Bags-
vaerd, Denmark) through adding excess 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide HCl (200 μl, 
Thermo Scientific, MA, USA) and N-Hydroxysulfo-
succinimide sodium salt (200 μl, Thermo Scientific). 
The mixture was subsequently stirred overnight, and 
the INS-GNPs were purified after the solution was cen-
trifuged, until obtaining a clear suspension. The final 
concentration of the INS-GNPs was 30 mg/ml.

GNPs characterization
Transmission electron microscopy
The size, shape and uniformity of the GNPs were mea-
sured using transmission electron microscopy (JEM-
1400, JEOL). Samples were prepared by drop casting 
5 μl of the GNP solution onto standard carbon-coated 
film on a copper grid. Samples were left to dry in a 
vacuum desiccator.

UV-Vis/Zeta/DLS
The GNPs were further characterized using ultraviolet–
visible spectroscopy (UV-1650 PC; Shimadzu Corpora-
tion, Kyoto, Japan) at each level of coating. Conjugation 
of insulin to the GNPs was verified using zeta-potential 
(ZetaSizer 3000HS; Malvern  Instruments, Malvern, 
UK).

Fluorescence-lifetime imaging microscope
A fluorescence-lifetime imaging microscope (FLIM) 
was used to evaluate the insulin levels on the GNPs 
used. Samples were created of each GNP-insulin con-
taining an equal number of particles. Each particle solu-
tion was stirred with an identical amount of fluorescein 
dye (as well as 1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide HCl and N-Hydroxysulfosuccinimide 
sodium salt) in order to allow the dye to conjugate to 
any insulin. As GNPs are known to be efficient fluores-
cent quenchers, the more dye molecules are able to con-
jugate around the particles, the greater the fluorescent 
quenching that should be observed. This quenching can 
be visualized both by a lowering of fluorescence inten-
sity as well as by a shortening of fluorescence. For mea-
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surements, the FLIM system used was a two-channel 
laser scanning confocal microscope (DCS 120, Becker 
& Hickl GmbH, Berlin, Germany) with an excitation 
pulse with FWHM in the order of 10–100 ps. Images 
were taken using 256 × 256 pixel sample areas and 50 
MHz 473 nm laser pulses, detected through a 620/60 
nm HQ filter and 3.0 mm pinhole and analyzed using 
a time-correlated single photon counting card. Each 
exposure lasted for 120 s.

Animal model
Male Balb/C mice, weighing 22 g (±1 g), at the age 
of 5 weeks, were divided into three groups (n = 3 for 
each time point) and injected with 20, 50 or 70 nm 
INS-GNPs into the tail vein (30 mg/ml, total injected 
volume 200 ± 40 μl normalized to body weight). At 0.5, 
2, 24 and 48 h post injection, the mice were anesthe-
tized and sacrificed, and liver, pancreas, brain, spleen, 
kidney and blood samples were collected for analysis by 
flame atomic absorption spectroscopy (FAAS). In a sec-
ond pharmacokinetics analysis, mice were divided into 
three groups (n = 3) and injected with 20, 50 or 70 nm 
INS-GNPs (30 mg/ml, total injected volume 200 ± 
40 μl normalized to body weight) into the tail vein. 
Blood samples were taken from mice every hour post 
injection, up to 6 h, and again at 24 and 48 h, and ana-
lyzed by inductively coupled plasma (ICP) spectrometer 
(ICP-OES 710, Agilent Technologies, CA, USA).

Animal care
All animals were maintained on a 12:12 h light/dark 
cycle under fixed conditions of temperature (23°C) 
and humidity (50%), with free access to food and 
water. All experimental procedures and methods were 
approved by the Animal Care Committee of Bar-Ilan 
University, and performed in accordance with the 
NIH guidelines and regulations.

Determination of the amount of GNPs that 
crossed the BBB & the amount within different 
organs
FAAS (SpectrAA 140, Agilent Technologies) was used 
to determine the amount of gold in the investigated 
samples. Organs were melted (90°C) with aqua regia 
acid (a mixture of nitric acid and hydrochloric acid in 
a volume ratio of 1:3), filtered and diluted to a final 
volume of 10 ml. Calibration curve with known gold 
concentrations (0, 0.5, 2 and 5 mg/l) was prepared 
and gold concentration was determined according to 
absorbance values, compared with calibration curves. 
All samples were analyzed by FAAS under the same 
experimental conditions.

Pharmacokinetics measurements were analyzed 
using ICP spectrometer. Blood samples were taken and 

melted with aqua regia acid, filtered and diluted to a 
final volume of 4 ml. Calibration curve was defined in 
the same procedure described for FAAS.

In vivo CT analysis
Mice were anesthetized 30 min, 2 and 4 h post injec-
tion of 20 nm INS-GNPs and repeatedly scanned using 
micro-CT (Skyscan 1176, Bruker microCT, Kontich, 
Belgium). Micro-CT scans were performed with the 
following scanning parameters: tube voltage 50 kVp, 
tube current 500 μA, 0.5 mm aluminum filtering and 
18 μm (pixel size). The mouse was sacrificed and the 
brain was extracted for ex vivo CT scan. For the ex 
vivo scans, we used a procedure based on studies by de 
Crespigny et al. [22] and Saito et al. [23], using a nonionic 
iodinated contrast agent (iopamidol, Bayer Schering 
Pharma, Japan). Brains were removed and placed in 10% 
buffered formalin for 2 days of fixation, then soaked in 
iopamidol (150 mg/ml), diluted with 7.5% paraformal-
dehyde, at 4°C for 8 days. Prior to CT imaging, brains 
were removed from the solution, blotted dry and placed 
in a sample holder for imaging. The sample holder was 
sealed with plastic film to prevent dehydration. Brains 
were then scanned in the micro-CT at a nominal resolu-
tion (pixel size) of 18 μ, employing an aluminum filter 
0.2 mm thick and an applied x-ray tube voltage of 45 kV. 
Camera pixel  binning of 2 × 2 was applied.

Statistical analysis
Data were presented as mean ± standard deviation. Sta-
tistical analysis was performed using t-test and p-value 
< 0.05 was considered significant.

Results
Synthesis, conjugation & characterization of 
INS-GNPs
GNPs sized 20, 50 and 70 nm were prepared and 
covalently coated with insulin according to a recently 
published protocol [24]. Schematic diagrams of particle 
synthesis are presented in Figure 1.

Particle size, shape and uniformity were measured 
using transmission electron microscopy, showing that 
spherical, uniformly distributed GNPs were obtained, 
with diameters of 20, 50 and 70 nm (Figure 2A–C). All 
three INS-GNP sizes were characterized after each 
preparation step, using UV-visible spectroscopy. After 
each layer of coating, an expanded and shifted UV-vis-
ible signal was observed, confirming the chemical coat-
ing (Figure 2D & Supplementary Figure 1). Changes in 
dynamic light scattering (DLS) measurements further 
confirmed the chemical coating. DLS was also used 
to measure hydrodynamic diameter of the particles 
in both water and biological media, to reflect the real 
agglomeration state of particles in solution (Figure 2E). 
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Figure 2. Characterization of insulin-coated gold nanoparticles. (A–C) Transmission electron microscopy images of 
20, 50 and 70 nm insulin-coated gold nanoparticles (INS-GNPs), respectively (scale bar: 100 nm). (D) Ultraviolet–
visible spectroscopy of bare GNPs, PEG-coated GNPs and INS-GNPs, of representative 70 nm sized particles. 
(E) Dynamic light scattering size and zeta potential measurements of 20, 50 and 70 nm INS-GNPs. The significant 
difference obtained by DLS for the different sizes, and by ultraviolet–visible spectroscopy following each chemical 
step, demonstrates the efficiency of the chemical coating. 
DLS: Dynamic light scattering; GNP: Gold nanoparticle.
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The stability of nanoparticles in simulated biological 
buffer was further determined by measuring the zeta 
potential of the particles (Figure 2E). After treating 
the particles with PEG and insulin, the zeta-potential 
decreased to a nearly neutral level, indicating that 
PEG and insulin had indeed bound to the GNPs, and 
shielded their surface (Supplementary Figure 2).

We next measured insulin intensity with FLIM, 
using a fluorescent dye that conjugates to the insulin 
molecules coating of the particles (Figure 3). As GNPs 
are known to be efficient fluorescent quenchers [25], the 
more dye molecules that are able to conjugate around 
the particles, the greater the fluorescent quenching that 
is observed. This quenching can be visualized both by 
a lowering of fluorescence intensity as well as by the 

shortening of fluorescence lifetime. We found increased 
signal reduction with increased particle size, indicating 
higher binding of fluorophore to the larger sized par-
ticles, and thus increased insulin presence per particle 
with increased particle size. These results are in accor-
dance with our theoretical estimation of average insulin 
molecules per particle (589 molecules for 20 nm, 3681.5 
molecules for 50 nm and 7215.8 molecules for 70 nm, 
based on the calculation of particle surface size divided 
by the maximum possible linker conjugation sites).

Quantification of the amount of INS-GNPs within 
the brain
INS-GNPs sized 20, 50 or 70 nm were intravenously 
injected (200 μl of 30 mg/ml) into the tail vein of male 
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Figure 3. Characterization of insulin-coated gold nanoparticles: insulin intensity. (A–D) Fluorescence lifetime 
images, in the range of 2500–4000 ps. (A) Free fluorescein dye at 0.1 μM concentration, and the same 
concentration of dye after conjugation through insulin to GNPs of sizes (B) 20 nm, (C) 50 nm and (D) 70 nm.  
(E–H) Corresponding fluorescence intensity images for the same samples, including average photon count 
measures (indicated at bottom right of each panel). 
GNP: Gold nanoparticle.

Figure 4. Pharmacokinetics of insulin-coated gold nanoparticles within the brain. Quantification of 20, 50 and 
70 nm insulin-coated gold nanoparticles (INS-GNPs) within the brain up to 48 h post injection, evaluated by 
inductively coupled plasma mass spectrometry. The highest amount of INS-GNPs within mouse brain was found 
for 20 nm GNPs, 2 h post injection (p < 0.05 for 20 nm vs 50 and 70 nm INS-GNPs). INS-GNPs of all three sizes were 
cleared from the brain up to 48 h post injection. Results are presented as milligram gold per tissue gram, mean 
± SD. 
GNP: Gold nanoparticle; SD: Standard deviation.
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Balb/C mice, which were sacrificed at 0.5, 2, 24 or 48 h 
post injection. Brain, other major organs and blood 
samples were taken at each time point and analyzed 
using atomic spectroscopy techniques. First, we exam-
ined the effect of the various INS-GNP sizes on their 

ability to transport through the BBB, by quantifying 
the amount of particles within the brain over time. As 
demonstrated in Figure 4, the amount of 20 nm INS-
GNPs in the brain peaked at 2 h post injection (5% 
of the injected dose), showing the highest quantity as 
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Figure 5. Quantification of insulin-coated gold nanoparticles within brain tissue and cerebral blood. (A) 20 nm, 
(B) 50 nm and (C) 70 nm: results are presented as milligram gold per tissue gram, mean ± SD. 
*p < 0.05 for INS-GNPs within brain versus cerebral blood. 
INS-GNP: Insulin-coated gold nanoparticle; SD: Standard deviation.
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compared with the other sizes (p < 0.05), and then 
gradually decreased over time, up to 48 h after injec-
tion. INS-GNPs sized 50 nm reached the brain, peaked 
at 0.5 h and gradually decreased over time, up to 24 
h. The maximum amount of 70 nm INS-GNPs was 
obtained 0.5 h post injection, and rapidly decreased 2 h 
later. A slight increase was observed after 24 h, probably 
due to longer half-life of 70 nm particles, which allows 
additional particles to enter the brain from the blood, 
although at a much smaller amount as compared with 
the other sizes. These pharmacokinetic results indicate 
that INS-GNPs of all sizes are cleared from the brain 
(until only a negligible amount remains) up to 48 h 
post injection. In an additional experiment using 2 and 
100 nm INS-GNPs, we found insufficient accumula-
tion after 0.5 h (0.0005 and 0.00023 mg Au/g tissue, 
respectively;  Supplementary Figures 3 & 4).

Next, we examined the amount of INS-GNPs 
within brain tissue in comparison to cerebral blood. 
The amount of gold in cerebral blood was calculated 
by multiplying the concentration of gold within the 

blood by cerebral blood volume (∼5.8% of the brain’s 
weight [26]) and deducting the product from the total 
amount of gold detected within the brain. Figure 5 
presents the amount of INS-GNPs within the brain 
tissue alone (excluding particles within the blood sys-
tem) and in cerebral blood, for the size range of 20–70 
nm, as they showed sufficient brain accumulation 
compared with the smaller and larger INS-GNP sizes. 
For 20 nm INS-GNPs, the highest amount of parti-
cles within the brain tissue as compared with cerebral 
blood was obtained 2 h post injection (Figure 5A). For 
50 INS-GNPs, significantly more particles were con-
tained in brain tissue as compared with cerebral blood 
between 2 and 24 h post injection, and for 70 nm, 24 h 
post injection (p < 0.05; Figure 5B & 5C).

Next, we verified our calculation for the amount of 
INS-GNPs within the brain tissue. Mice (n = 3) were 
injected with 20 nm INS-GNPs, and perfused after 
2 h. The absolute amount of gold within the brain, 
evaluated using ICP spectrometer, was found to be 
0.023 ± 0.006 (mean ± standard deviation) mg Au per 
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gram tissue, which is very similar to the amount cal-
culated above for 20 nm INS-GNPs after 2 h (0.0218 
± 0.0055).

We further examined whole-body pharmacokinetics 
and biodistribution of the different INS-GNP sizes. As 
presented in Table 1, 20 and 50 nm INS-GNPs showed 
high liver accumulation over time (with a decrease 
in the amount of 20 nm at 48 h). In the kidney, the 
amount of 20 nm GNPs was high at all time points, 
while the amount of 50 nm GNPs decreased after 2 
h. The amount of 70 nm particles in liver and kidneys 
was low at most time points, yet higher in the spleen. 
In the blood, 20 nm INS-GNPs showed high concen-
tration levels of 2–48 h after injection, while 50 and 
70 nm INS-GNPs showed a considerable decrease in 
blood concentration levels at these time points. These 
results indicate that the biodistribution and circula-
tion time of INS-GNPs are size dependent, with 20 
nm showing the most widespread biodistribution and 
a longer circulation time.

To further clarify the opposing blood concentration 
levels between the smaller and larger INS-GNP sizes, 
we more closely monitored their pharmacokinetics in 
the blood [19]. Balb/C mice received an intravenous 
injection of 20, 50 or 70 nm INS-GNPs, blood samples 
were taken every hour up to 6 h post injection, and 
again at 24 and 48 h post injection. We found that while 

the amount of 50 and 70 nm INS-GNPs in the blood 
rapidly decreased over the first few hours post injection, 
and was negligible after 24 and 48 h, the amount of 
20 nm INS-GNPs remained high for at least 6 h post 
injection, and was maintained at approximately 50% of 
its initial amount after 24 and 48 h (Figure 6).

In vivo tracking of INS-GNPs within the brain
For tracking the migration and localization of INS-
GNPs within the brain, we conducted in vivo CT scans 
at several time points post injection. We used 20 nm 
INS-GNPs, which displayed better intrabrain accu-
mulation and longer circulation duration within the 
blood [21]. The INS-GNPs were injected into the tail 
vein of a mouse, and the brain was scanned in vivo 
using micro-CT, at 0.5, 2 and 4 h post injection. INS-
GNPs could be detected within the brain as early as 0.5 
h post injection, and the amount of INS-GNPs within 
the brain increased over time (Figure 7).

Ex vivo localization & quantification of INS-GNPs
We further examined the location and distribution of 
the INS-GNPs within the brain, ex vivo, using contrast 
agents and higher CT resolution and radiation dose. 
Figure 8 displays representative images of coronal and 
sagittal ex vivo CT sections of mouse brain, 4 h post 
injection of 20 nm INS-GNPs. The INS-GNPs were 

Table 1. Pharmacokinetics and biodistribution of insulin-coated gold nanoparticles.

 Brain (mg Au/g 
tissue ± SD)

Liver (mg Au/g 
tissue ± SD)

Spleen (mg 
Au/g tissue ± 
SD)

Kidney (mg 
Au/g tissue ± 
SD)

Blood (mg Au/g 
tissue ± SD)

20 nm      

0.5 h 0.03 ± 0.01 0.18 ± 0.06 0.18 ± 0.06 0.21 ± 0.11 0.73 ± 0.02

2 h 0.07 ± 0.009 0.19 ± 0.03 0.31 ± 0.08 0.32 ± 0.03 0.83 ± 0.13

24 h 0.01 ± 0.005 0.34 ± 0.08 0.05 ± 0.03 0.17 ± 0.06 0.34 ± 0.07

48 h 0.01 ± 0.004 0.11 ± 0.05 0.18 ± 0.09 0.25 ± 0.05 0.25 ± 0.09

50 nm      

0.5 h 0.04 ± 0.03 0.28 ± 0.12 0.29 ± 0.12 0.22 ± 0.03 0.28 ± 0.18

2 h 0.02 ± 0.006 0.34 ± 0.13 0.25 ± 0.005 0.24 ± 0.07 0.08 ± 0.002

24 h 0.02 ± 0.009 0.23 ± 0.11 0.68 ± 0.46 0.08 ± 0.03 0.004 ± 0.003

48 h – 0.25 ± 0.22 0.52 ± 0.02 0.06 ± 0.01 0.002 ± 0.0018

70 nm      

0.5 h 0.02 ± 0.009 0.12 ± 0.003 0.23 ± 0.07 0.06 ± 0.0007 0.24 ± 0.12

2 h 0.002 ± 0.002 0.14 ± 0.01 0.24 ± 0.06 0.07 ± 0.04 0.01 ± 0.007

24 h 0.008 ± 0.001 0.25 ± 0.11 1.8 ± 1.6 0.16 ± 0.08 0.01 ± 0.002

48 h 0.003 ± 0.002 0.17 ± 0.19 0.37 ± 0.14 0.07 ± 0.01 0.004 ± 0.002

Quantities (mg Au/g tissue) of 20, 50 and 70 nm INS-GNPs within the brain, liver, spleen, kidney and blood, evaluated by ICP spectrometry. 
Results are presented as mean ± SD.
ICP: Inductively coupled plasma; INS-GNP: Insulin-coated gold nanoparticle; SD: Standard deviation.
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Figure 6. Pharmacokinetics of insulin-coated gold nanoparticles within the blood. Gold amount measurements of 
20, 50 and 70 nm INS-GNPs injected intravenously, up to 48 h post injection. Results are presented as mean ± SEM. 
INS-GNP: Insulin-coated gold nanoparticle; SEM: Standard error of the mean.

Figure 7. In vivo 3D volume rendering micro-CT scans of mouse brain. Images were obtained at three time 
points: (A) 30 min, (B) 2 h and (C) 4 h post intravenous injection of 20 nm INS-GNPs (yellow). 
INS-GNP: Insulin-coated gold nanoparticle.
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transported across the BBB and were widely spread 
throughout the brain (Figure 8A–D). In addition, accu-
mulation of particles (as calculated by microgram gold 
per milligram tissue) can be detected in specific brain 
regions, namely, the cerebral cortex, cerebellum and 
hippocampus (Figure 8A–C). These regions have been 
linked to deficits in insulin, as they show high levels of 
insulin receptors [27,28].

To quantify the exact amount of particles that 
reached each brain region, tissues from the cerebral 
cortex, cerebellum and hippocampus, and the rest of 
the brain as a whole (n = 4 mice), were excised and 
analyzed using ICP. Figure 7E demonstrates the exact 

number of INS-GNPs that accumulated in each region. 
The particles were present throughout the brain, with 
specific accumulations detected in the hippocampus, 
cortex and cerebellum.

Discussion
Delivery of therapeutics across the BBB is an important 
challenge that is currently at the forefront of research, 
but has yet to reach its full potential. The main goal of 
this research was to find particles that would be ideal 
for crossing the BBB, for future therapeutic applica-
tions, and would allow tracking their location within 
the brain, using CT [24,29–30].
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Figure 8. Ex vivo localization and quantification of insulin-coated gold nanoparticles within the brain.  
(A–D) Representative ex vivo CT images, obtained 4 h post 20 nm INS-GNP injection, showing the whole brain (D) (INS-GNPs in 
yellow) and the main brain regions in which the particles accumulated, in other words, the cortex (A), cerebellum (B) and the 
hippocampus (C) (INS-GNPs in white, marked by white arrows). (E) ICP analysis of gold amount for bi-hemispheric punches of the 
cortex, cerebellum, hippocampus and the rest of the brain. 
CT: Computed tomography; ICP: Inductively coupled plasma; INS-GNP: Insulin-coated gold nanoparticle.

0.00

0.05

0.10

0.20

0.25

0.30

0.35

µ
g

 g
o

ld
 p

er
 m

g
 t

is
su

e

R
es

t o
f b

ra
in

C
or

te
x

C
er

eb
el

lu
m

H
ip

po
ca

m
pu

s

0.40

0.15

future science group

Research Article    Betzer, Shilo, Opochinsky et al.

Herein, we show that nanoparticles ranging in size 
between 20 and 70 nm enable visualization and local-
ization of the particles using CT. In addition, our find-
ings show accumulation of the particles of this size 
range within the brain, and are in line with recent stud-
ies showing nanoparticle crossing of the BBB [31,32]. 
Moreover, our specific insulin-coated nanoparticles 
accumulated in the brain at higher amounts (5% of the 

injected dose for 20 nm) as compared with other stud-
ies using various nanoparticle types (up to 0.5%) [21], 
and reached insulin receptor-rich regions.

Patel et al. [32] defines one of the key features of 
an ideal CNS nanoparticle delivery system to be 
a nanoparticle size of <100 nm in diameter; it is 
believed that larger particles do not transport through 
the extracellular space in the brain. Small particles 



10.2217/nnm-2017-0022www.futuremedicine.comfuture science group

The effect of nanoparticle size on the ability to cross the blood–brain barrier: an in vivo study    Research Article

(<10 nm) have lower binding avidity (they dissoci-
ate from the membrane before being engulfed) [33] 
and a shorter blood circulation time, as their evacu-
ation from the blood is rapid [34]. These findings are 
in agreement with our experiments to establish the 
effective range, showing that 20–70 nm INS-GNPs 
showed sufficient brain accumulation, with 20 nm 
INS-GNPs presenting the best brain accumulation 
and imaging quality, while INS-GNPs of 2 and 100 
nm accumulated within the brain only in negligible 
amounts, and were not visible with CT imaging 
(Supplementary Figures 3 & 4). Moreover, as longer cir-
culation ensures longer contact time of nanoparticles 
with the BBB, we used particles with a size range that 
would provide an effective  vehicle for passage through 
the BBB [33,35–36].

Our results suggest an effect of the different GNP 
sizes on their clearance mechanism from the blood. 
Renal excretion is a preferable route for small nanopar-
ticle removal, as it involves minimal catabolism and 
clears particles mostly in their original form, thus 
avoiding possible side effects [37]. Hepatic clearance is 
another well-described, though more complex, route 
of excretion for particles [16,37,38]. Thus, a high level of 
20 nm INS-GNPs in both kidney and liver supports 
their safety of use. Moreover, in the blood, 20 nm INS-
GNPs showed high concentration levels 2–48 h after 
injection, while 50 and 70 nm INS-GNPs showed a 
considerable decrease in blood concentration levels at 
these time points (Table 1). In contrast to the 20-nm 
GNPs, the larger INS-GNPs (i.e., 50 and 70 nm) were 
rapidly cleared from the blood after injection (Figure 6). 
Several studies have shown that smaller GNPs are more 
evenly distributed throughout tissues, and after organ 
uptake they are released back to the blood and then 
uptaken again, in a recurring manner, until final clear-
ance from the body [16,38]. This mechanism enhances 
the blood circulation time of small GNPs [34], which 
can increase the likelihood of BBB penetration. This 
can explain the higher amount of 20 nm INS-GNPs 
that were found in the brain 2 h post injection, as 
compared with the other particle sizes. Our findings 
indicate that the biodistribution and circulation time 
of INS-GNPs are size dependent, with 20 nm showing 
the most widespread biodistribution, longer circulation 
time and accumulation within the brain over time, and 
the highest amount obtained 2 h post injection. There-
fore, 20 nm INS-GNPs would likely be efficient for 
delivering drugs into the brain.

We further show that GNP-based CT imaging 
allowed noninvasive tracking of the particles within 
the brain (Figure 7) and detection of the specific brain 
regions to which the particles migrated (Figure 8). The 
INS-GNPs reached many areas within the brain, and 

showed specific accumulation in regions that are rich 
in insulin receptors [27,28]. These regions are known 
to be important targets for treatment of various neu-
rodegenerative and neuropsychiatric disorders [39–42], 
which demonstrates the potential therapeutic value of 
INS-GNPs. It is notable that some BBB-related in vitro 
studies show significant accumulation of nanoparticles 
within the barrier, and other in vitro studies may not 
accurately correlate with in vivo studies as well [43,44]; 
this may be due to the biomolecular corona that forms 
around the nanoparticle within a biological environ-
ment, which can cause various complications [45]. 
Future experiments can examine the effect of the 
biomolecular corona and the nanoparticle surface 
 molecules on BBB transport.

The effective BBB transport of INS-GNPs can serve 
as a general platform for delivery of various drugs to the 
brain, since additional molecules can be bound to the 
INS-GNP surface, or be incorporated within the parti-
cle. GNPs have served as a model system herein, due to 
their high degree of flexibility in terms of particle size 
and shape, high circulation time, chemical stability 
and biosafety [46–55], but mostly owing to the ability to 
track them noninvasively using micro-CT [24,51,54,56]. 
However, for future applications, the gold core can be 
substituted by biodegradable materials or drugs.

Conclusion
The present study demonstrates that in vivo targeting 
of BBB insulin receptors is an effective approach for 
crossing this restrictive barrier and delivering nanopar-
ticles into the brain. Importantly, our results demon-
strated that the biodistribution of INS–GNPs within 
the body or blood, and the amount of particles entering 
the brain, are size dependent. Particles with the diam-
eter of 20 nm presented the most widespread biodistri-
bution and accumulation within the brain over time, 
with the highest amount obtained 2 h post injection. 
These results indicate that 20 nm INS-GNPs would 
be efficient for delivering drugs into the brain. In con-
clusion, the findings described herein further optimize 
nanovehicles for the transport of drugs through the 
BBB, for future treatment of various brain-related dis-
orders.

Future perspective
The findings described herein further optimize the 
size and coating of nanovehicles for the transport of 
drugs through the BBB for future treatment of various 
brain-related disorders. Insulin-coated nanoparticles 
can serve as an effective vehicle for intrabrain targeting 
of specific insulin-rich regions. Such regions are impor-
tant targets for the treatment of neurodegenerative and 
neuropsychiatric disorders. For future applications, the 
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gold core can be substituted by biodegradable mate-
rials, and additional drugs can be conjugated to the 
particles to be transported through the BBB using this 
nanovehicle platform.
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Summary points

•	 Insulin-coated gold nanoparticles (INS-GNPs) sized 20, 50 and 70 nm, were synthesized and characterized.
•	 The pharmacokinetics of the different sizes of INS-GNPs within the brain was quantitatively evaluated, at 

several time points post intravenous injection.
•	 The amount of 20 nm INS-GNPs in the brain peaked at 2 h post injection (5% of the injected dose), showing 

the highest quantity as compared with the other sizes.
•	 INS-GNPs of all three sizes were cleared from the brain up to 48 h post injection.
•	 Whole-body pharmacokinetics and biodistribution of the different INS-GNP sizes were examined, with 20 nm 

showing the most widespread biodistribution and longer circulation time within the blood.
•	 INS-GNPs were detected in vivo, within the brain, using CT imaging, as early as 0.5 h post injection.
•	 Ex vivo CT imaging and analysis indicated that INS-GNPs transported across the BBB, were widely spread 

throughout the brain, and accumulated in regions that are rich with insulin receptors, such as the 
hippocampus.

•	 These regions are known to be important targets for treatment of various neurodegenerative and 
neuropsychiatric disorders.
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