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Insulin-coated gold nanoparticles as a new concept
for personalized and adjustable glucose regulation
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Diabetes mellitus is a chronic metabolic disease, characterized by high blood glucose levels, affecting

millions of people around the world. Currently, the main treatment for diabetes requires multiple daily

injections of insulin and self-monitoring of blood glucose levels, which markedly affect patients’ quality of

life. In this study we present a novel strategy for controlled and prolonged glucose regulation, based on

the administration of insulin-coated gold nanoparticles (INS-GNPs). We show that both intravenous and

subcutaneous injection of INS-GNPs into a mouse model of type 1 diabetes decreases blood glucose

levels for periods over 3 times longer than free insulin. We further showed that conjugation of insulin to

GNPs prevented its rapid degradation by the insulin-degrading-enzyme, and thus allows controlled and

adjustable bio-activity. Moreover, we assessed different sizes and concentrations of INS-GNPs, and found

that both parameters have a critical effect in vivo, enabling specific adjustment of blood glucose levels.

These findings have the potential to improve patient compliance in diabetes mellitus.

Introduction

Type 1 and type 2 diabetes mellitus are chronic, lifelong dis-
eases characterized by high blood glucose levels (hyper-
glycemia). Chronic hyperglycemia may cause several serious
diseases such as kidney failure, heart disease, ketoacidosis,
stroke, and blindness. The main treatment today is based on
subcutaneous injection of external insulin to decrease glucose
levels to the normal range (80–120 mg dl−1).1,2 In type 1 dia-
betes these injections contain a mixture of short and long-
acting insulin to deal with both basal requirements and the
boost which is needed after meals. However, this treatment
requires multiple daily injections of insulin and self-monitor-
ing of blood glucose levels, which in addition to the disease
itself, markedly affect patients’ quality of life.3–5

Over the last decade, nanoparticles have gained attention
as promising drug delivery agents. Several studies demon-
strated that the use of different types of nanoparticles,6–10 and

specifically gold nanoparticles11–14 for insulin delivery mainly
through transmucosal,6,11,12 oral7,8 or transdermal9,10,13,14

routes, increased serum insulin levels and improved the gly-
cemic response to glucose challenge for an extended period of
time.8 However, despite the major advantage of non-invasive
administration routes, several drawbacks exist. By following
transmucosal and oral administration, nanoparticle bioavail-
ability in blood is low due to poor transport across the intesti-
nal epithelium, and drug activity is challenged by
gastrointestinal acids and enzymes.7,8,12 For transdermal
administration, the lag time for a drug to penetrate through
the skin to the systemic circulation is a major limiting factor,
therefore this procedure is unsuitable for drugs that require
rapid onset of action. Moreover, drugs required at high levels
in blood cannot be administered transdermally.15,16 Therefore,
new treatment strategies are needed, which provide timely,
prolonged, and efficient regulation of blood glucose.

In the present study, we examine a novel strategy for
glucose regulation, based on intravenous administration of
insulin-coated gold nanoparticles (INS-GNPs). We chose GNPs
as a model system due to their various advantages, including a
high degree of flexibility in terms of particle size and shape,
the array of possible functional groups for coating and target-
ing, their long circulation time, and biosafety.17–21 The poten-
tial for clinical implementation of GNPs has led to substantial
research on their in vivo chemical stability,22–24 pharma-
cokinetics,22 biodistribution24–29 and bio-toxicity.22,25,30–33
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In this study we show the adjustable and controlled
systemic effect of INS-GNPs on glucose regulation, which
potentially can be used for personalized diabetic treatment.
INS-GNPs were physicochemically characterized (diameter,
zeta-potential and insulin loading), and their resistance to
enzymatic degradation was examined in vitro. The effect of
different sizes and concentrations of INS-GNPs on blood
glucose levels was tested in Balb/c mice. In addition, the effect
of INS-GNPs on blood glucose levels in comparison with free
insulin was tested in diabetic mice.

Experimental
Synthesis of 20 nm GNPs

GNPs were synthesized by citrate reduction of hydrogen tetra-
chloroaurate(III) trihydrate (HAuCl4, Strem).34 414 µL of 50%
w/v HAuCl4 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 10% trisodium citrate solution was added and the
mixture was stirred while boiling for another 10 minutes. The
solution was centrifuged until precipitation of nanoparticles
and a clear suspension was obtained.

Synthesis of seed solution for GNPs at 50 and 70 nm

10 mL of purified water was mixed with 10.4 µL of 50% w/v
HAuCl4 solution. The solution was stirred and boiled on a
heating plate. To the stirred solution, 100 µL of Na3 citrate
(8.8 wt%) was added and the mixture was stirred and boiled
for another 5 minutes. Then, the solution was diluted with
water to a volume of 50 mL, which can be used for an hour
after the preparation.

Synthesis of 50 and 70 nm GNPs in growth solution

For both sizes, 200 mL of purified water was mixed with
6.5 mL seed solution. 88 µL of 50% w/v HAuCl4 and 7.5 mL of
0.04 M MSA solution were added while stirring and 176.8 µL of
50% w/v HAuCl4 solution and 15 mL of 0.04 M MSA solution
were added while stirring for the synthesis of 50 and 70 nm
GNPs, respectively. The mixtures were stirred for another half
an hour.

Conjugation of PEG layer and insulin to the GNPs

GNPs were coated with a layer of PEG (Creative PEGWorks,
Winston Salem, NC, USA) composed of a mixture of mPEG-SH

(85%) and SH-PEG-COOH (15%). This mixture was then
stirred for three hours. The PEG layer was covalently conju-
gated to human insulin (1.5 ml, 100 IU ml−1, Novo Nordisk
A/S, Denmark) by adding excess 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide HCl (EDC, 200 µl, Thermo Scienti-
fic, USA) and N-hydroxysulfosuccinimide sodium salt (NHS,

200 µl, Thermo Scientific, USA) (Fig. 1a). The mixture was sub-
sequently stirred overnight, and the INS-GNPs were purified
after the solution was centrifuged, until a clear suspension
was obtained. The final concentration of the INS-GNPs was
30 mg ml−1.

GNP characterization

The size, shape and uniformity of the GNPs were measured
using a transmission electron microscope (TEM) (JEM-1400,
JEOL). The samples were prepared by drop-casting 5 μL of the
GNP solution onto a standard carbon-coated film on a copper
grid. The samples were left to dry in a vacuum desiccator. The
GNPs were further characterized using a ultraviolet-visible
spectrophotometer (UV-1650 PC; Shimadzu Corporation,
Kyoto, Japan) at each level of coating. Conjugation of insulin
to the GNPs was verified using zeta-potential measurements
(ZetaSizer 3000HS; Malvern Instruments, Malvern, UK).

Human insulin ELISA

The amount of insulin that was conjugated to GNPs was deter-
mined by using a human insulin ELISA kit, performed as
described by the manufacturer (Moshe Stauber Biotech Appli-
cations, Mercodia), based on the direct “sandwich” technique,
in which two monoclonal antibodies are directed against sep-
arate antigenic determinants on the insulin molecule. Due to
the 3D structure of the GNPs, the excess of insulin in serum
after the synthesis of INS-GNPs was tested according to the fol-
lowing formula:

Insulin degradation by IDE

96-well ELISA plates (Nunc, Denmark) were coated overnight at
4 °C with 5 μg ml−1 recombinant insulin degrading enzyme
(IDE) diluted in a buffer containing 100 mM Tris-HCl (pH 7.5),
50 mM NaCl and 10 μM ZnSO4. Additional wells were not

Fig. 1 Synthesis and characterization of INS-GNPS: (a) schematic
diagram of the synthesis of 20 nm GNPs and functionalization with
insulin. (b–d) TEM images of 20, 50 and 70 nm GNPs, respectively (scale
bar 100 nm).

100� Total amount of insulin added� Amount of excess insulin in serum
Total amount of insulin added

ð1Þ
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coated with IDE, and served as control. All the wells were
washed 3 times with PBS with 0.05% Tween (PBST), and
blocked overnight at 4 °C with 3% skim milk in PBS. Wells
were loaded with different concentrations of insulin and were
shaken for 2 hours at 120 rpm at 37 °C. 10 μL of the super-
natant were taken and measured for the remaining insulin
content using a Mercodia Mouse Insulin ELISA kit (cat #10-
1247-01, Mercodia, Sweden), according to the manufacturer’s
protocol. Data were analyzed using two-way ANOVA followed by
post hoc analysis with Bonferroni, using STATISTICA v.12 (Stat-
Soft, Tulsa, OK, USA).

Animals

To examine the effect of the INS-GNP size on blood glucose
levels, male Balb/c mice weighing 20–25 g were used. To test
50 nm INS-GNPs in the diabetic model, male non-obese dia-
betic (NOD) mice weighing 20–25 g were used. Mice were con-
sidered to be diabetic when their blood glucose levels were
above 200 mg dl−1 (as measured by using a glucometer
(FreeStyle Lite, Abbott)). All mice were subjected to fasting
during the experiments. The study was approved by the
Animal Care and Use Committees of Bar Ilan University,
Ramat Gan, Israel.

Effect of GNP size

Balb/c mice were divided into three groups (n = 3 for each
group), injected with either 20 nm, 50 nm or 70 nm INS-GNPs
(30 mg ml−1, 200 µl for all sizes) into the tail vein. Blood
glucose levels of the mice were monitored every hour, up to
6 h post-injection, using a glucometer (FreeStyle Lite, Abbott)
on a blood sample from the mice tail. Relative activity after
this experiment, and all subsequent experiments, was calcu-
lated by dividing the blood glucose levels at each timepoint by
baseline levels measured before treatment administration
(considered as 100%), according to the formula:

100�Measuredblood glucose level
Baseline blood glucose level

: ð2Þ

Effect of GNP concentration

Balb/c mice were divided into three groups (n = 3 for each
group), injected with either 1.875 mg ml−1, 7.5 mg ml−1 or
30 mg ml−1 of 50 nm INS-GNPs (200 µl for all concen-
trations) into the tail vein. Blood glucose levels of mice were
monitored every hour, up to 6 h post-injection, using a
glucometer (FreeStyle Lite, Abbott) on a blood sample from
the mice tail.

Pharmacokinetics of INS-GNPs within the blood

Balb/c mice were divided into three groups (n = 3 for each
group), injected with either 20 nm, 50 nm or 70 nm INS-GNPs
(30 mg ml−1, 200 µl for all sizes) into the tail vein. The mice
were anesthetized and blood samples were taken for analysis
every hour up to six hours post-injection by Flame Atomic
Absorption Spectroscopy (FAAS).

Pharmacokinetics and biodistribution of INS-GNPs

Balb/c mice were divided into three groups (n = 3 for each
group), injected with either 20 nm, 50 nm or 70 nm INS-GNPs
(30 mg ml−1, 200 µl for all sizes) into the tail vein. The mice
were anesthetized and sacrificed at 0.5, 2, 24 and 48 hours
post-injection and their main organs (including liver, pan-
creas, spleen, kidney and blood samples) were taken for analy-
sis by FAAS.

Effect of INS-GNPs on diabetic mice

NOD mice were divided into two groups (n = 3 for each group).
The treatment group received an injection of 30 mg ml−1 of
50 nm INS-GNPs (200 µl) into the tail vein. The control group
received an IV injection (into the tail vein) of 0.12 IU insulin
(human insulin, 100 IU ml−1, Novo Nordisk A/S, Denmark),
which was the same amount of insulin found be bound to the
50 nm INS-GNPs, in the initial ELISA test. Blood glucose levels
of mice were monitored every 0.5 h, up to 6.5 hours post-injec-
tion, using a glucometer on a blood sample from the mice tail.

Glucose tolerance test

NOD mice were divided into two groups of three mice each,
which received an injection of either 30 mg ml−1 of 50 nm
INS-GNPs (200 µl), or 0.12 IU of free insulin as control, into
the tail vein. Two hours post-injection, α-D-glucose was
injected into the tail vein based on the initial blood glucose
values. Blood glucose levels of mice were monitored by using a
glucometer every half an hour, up to 5 h post-initial treatment
injection.

Subcutaneous injection

NOD mice were divided into two groups, which received a sub-
cutaneous injection of either 30 mg ml−1 of 50 nm INS-GNPs
(200 µl) (n = 3) or 0.12 IU of free insulin as control (n = 2).
Blood glucose levels of the mice were monitored using a gluco-
meter every 0.5 hour, up to 5 h post-injection.

Determination of the amount of GNPs in mice organs

Flame Atomic Absorption Spectroscopy (FAAS, SpectrAA 140,
Agilent Technologies) was used to determine the amount of
gold in the investigated samples. The samples were melted
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. The calibration curve with known gold con-
centrations was prepared and the gold concentration was
determined according to absorbance values, compared to cali-
bration curves. All samples were analyzed by FAAS under the
same experimental conditions.

Statistical analysis

Data were presented as mean ± S.D. Statistical analysis was per-
formed using the Mann–Whitney U-test and the significance
of p < 0.05 was considered significant. In insulin degradation
by IDE test, post-hoc test was performed and the significance
of p < 0.05 was considered significant.
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Results and discussion
GNP-synthesis and conjugation

Particle size, shape, and uniformity were measured using
TEM, showing that spherical, uniformly distributed GNPs were
obtained, in diameters of 20, 50 and 70 nm (Fig. 1b–d).
INS-GNPs were characterized after each preparation step, using
ultraviolet-visible spectroscopy. An expanded signal was
observed after each layer of coating, confirming the chemical
coating (Fig. 2). Changes in zeta-potential values further con-
firmed the chemical coating (Fig. 2).

In vitro assays

Quantification of insulin bound to GNPs. The number of
insulin molecules that bind to each 20 nm GNP was quantified
using a human insulin ELISA assay. We found that each nano-
particle was coated with 50 molecules of insulin, which is in
accord with theoretical calculations.35 Thus, for the sub-
sequent in vivo experiments below, we determined that the
mice treated with 200 µl of 30 mg ml−1 of 50 nm INS-GNPs
(7.42 × 1013 nanoparticles) received an amount of bound
insulin that is equivalent to 0.12 IU of free insulin (6 IU kg−1).

In vivo experiments

The effect of differently sized INS-GNPs on glucose regu-
lation. The size of NPs has a crucial effect on blood circulation
half-life, and therefore bioactivity, after intravenous injec-
tion.36 Therefore, we examined the effect of the INS-GNP size
on bioactivity by measuring blood glucose levels in mice over
time. INS-GNPs of different diameters − 20, 50 and 70 nm,
were injected into the tail vein of Balb/c mice. Blood glucose
levels were measured before injection, and every hour post-
injection, up to 6 h. As demonstrated in Fig. 3, we found that
for all GNP sizes, the blood glucose levels decreased immedi-

ately after injection, and reached their lowest value 2 h post-
injection. The blood glucose levels began to raise 2 h post-
injection for 20 nm INS-GNPs, and only 4 h post-injection for
50 and 70 nm INS-GNPs. The 50 nm INS-GNPs significantly
decreased the blood glucose levels up to 6 h, as compared to
the other sizes (according to the Mann–Whitney U test
p < 0.05). Therefore, the 50 nm INS-GNPs were chosen as the ideal
sized particles for the subsequent experiments in diabetic
mice. Our results show that by changing the size and concen-
tration of the INS-GNPs, the extent of insulin activity can also
be modulated and controlled, in accordance with the personal
need. In order to verify that the optimal INS-GNP concen-
tration is being utilized, the effect of different concentrations
of INS-GNPs was examined. 50 nm INS-GNPs at different con-
centrations, 30, 7.5 and 1.875 mg ml−1 (equals to insulin dose
of 1.12 IU, 0.28 IU and 0.07 IU, respectively), were injected into
the tail vein of Balb/c mice. Blood glucose levels were
measured before the injection and then every hour, up to 6 h
post-injection. As demonstrated in Fig. 4, the blood glucose
levels decreased immediately after injection for all INS-GNP
concentrations.

One hour post-injection of either 1.875 mg ml−1 or 7.5 mg
ml−1 INS-GNPs, the blood glucose levels reached a minimum
of 57% and 29% of the baseline value, respectively, and then
began to increase. For 30 mg ml−1 INS-GNPs, the blood
glucose levels decreased to 10% of baseline one hour post-
INS-GNP injection, up to at least four hours, and started to
increase only five hours post-injection. Thus, this concen-
tration was chosen for subsequent experiments. These results
show that different parameters of INS-GNPs have a critical
effect on insulin bioactivity. Controlling the concentration and
size of INS-GNPs can extend the duration of insulin activity.
These findings could promote personalized treatments that
enable individual adjustment of the blood glucose levels in
diabetic patients.

Fig. 2 Characterization of the chemical coating: top: ultraviolet-visible
spectroscopy of the bare GNPs, PEG coated GNPs, and INS-GNPs, for
the 50 nm sized particles. Bottom: zeta-potential measurements at the
various stages of GNP coatings, for each GNP size. A significant differ-
ence was obtained in zeta potential following each chemical step,
demonstrating the efficiency of the chemical coating.

Fig. 3 Effect of INS-GNP size on blood glucose levels: 30 mg ml−1

INS-GNPs of different sizes (20, 50 and 70 nm) were injected into the
tail vein of Balb/c mice. Blood glucose levels were monitored every
hour, up to 6 h post-injection. The results are presented as percentage
of blood glucose levels, mean ± S.D. *p < 0.05 50 nm vs. 20 nm
INS-GNPs. U-Test value = 0.0385.
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In order to examine the relationship between blood circula-
tion time of each particle size and lowering of blood glucose
levels, we compared the amount of gold in blood for the
different particle sizes, up to six hours post-injection (Fig. 5).
We found that the amount of gold in blood for 20 nm particles
was significantly higher than that of the 50 and 70 nm par-
ticles, at all timepoints examined. As the amount of gold indi-
cates the amount of particles and the concentration of bound
insulin for each particle size, we would expect the 20 nm par-
ticles to have an optimal effect on blood glucose levels and the
longest activity duration. However, our results (Fig. 3) reveal
that the 50 nm particles were the most effective. Therefore, we
assume that the effect of INS-GNPs on blood glucose levels is
complex and depends on various factors, making it difficult to
isolate only one variable. The present study examined two
important factors, i.e., the size and concentration of the par-
ticles, serving as a foundation for future studies to determine
other possible factors that impact the blood glucose levels.

We also performed an additional experiment to examine
the pharmacokinetics and biodistribution of the different par-
ticle sizes, by measuring the concentration of the particles in
blood and their accumulation in liver and pancreas, at several
timepoints over a period of 48 hours (Fig. 6). We found that
for 20 and 70 nm, the particles accumulate in liver and pan-
creas over time with a peak at 24 h, and for 50 nm the accumu-
lation is somewhat constant. However, this accumulation is
not significantly higher at timepoints for which blood glucose
levels are low, as compared to other timepoints. In addition,
each particle size had different pharmacokinetics and biodis-
tribution. These results indicate that the particle circulation
time is not a determining factor for long-term insulin activity.
Future studies should determine various factors, such as vari-
ation in effective insulin loading, differences in biodistribution
into cells/organs, variation in release/delivery of glucose or
size-dependent variation in the insulin degradation rate, that
affect the extent of insulin activity.

Bioactivity of intravenously injected INS-GNPs in type 1 dia-
betic mice. Next, we tested the effect of INS-GNPs on blood
glucose levels in an animal model for type 1 diabetes. 50 nm
INS-GNPs (30 mg ml−1, 200 µl), or free insulin (0.21 IU) as
control, were injected (IV) into NOD mice. We found that the
blood glucose levels decreased immediately after the injection
of either INS-GNPs or free insulin (Fig. 7). However, for
INS-GNPs, the blood glucose levels remained low even 6 h
post-injection, and reached only 70% of baseline after 6.5 h,
whereas for free insulin, the blood glucose levels started to
increase 1.5 h post-injection, and returned to baseline after
4 h. Moreover, for INS-GNPs, the blood glucose levels reached
60–70% of baseline values 8.5 hours post-injection (data not
shown). The Mann–Whitney U test was performed on these
results, showing a significant difference between INS-GNPs
and free insulin (p < 0.05). It is important to note that the
injected dose of free insulin used in this study (0.12 IU) is sig-
nificantly lower than in other studies,6,11,37–41 which used a
range of 0.25–5.00 IU insulin per mouse.

Fig. 5 Pharmacokinetics of INS-GNPs within the blood: gold amount
measurements of 20, 50 and 70 nm INS-GNPs that were injected IV up
to 6 hours post-injection, mean ± S.D.

Fig. 6 Pharmacokinetics and biodistribution of INS-GNPs (a) 20 nm,
(b) 50 nm and (c) 70 nm. The results are presented as mg gold per g tissue.

Fig. 4 Effect of INS-GNP concentrations on blood glucose levels:
INS-GNPs at different concentrations (30, 7.5 and 1.875 mg ml−1) were
injected into the tail vein of Balb/c mice. Blood glucose levels were
monitored every hour, up to 6 h post-injection. The results are pre-
sented as percentage of blood glucose levels, mean ± S.D.
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Resistance of INS-GNPs to enzymatic degradation. In an
attempt to explain the result presented in Fig. 5, showing that
an identical amount of insulin has a different effect when con-
nected to a nanoparticle, we examined the long-term resist-
ance of INS-GNPs to degradation. INS-GNPs or free insulin, at
two identical concentrations (5, 2.5 µg L−1), were incubated for
2 h with IDE, the major enzyme responsible for insulin
degradation.42–44 The remaining amount of insulin 2 h post-
IDE degradation, compared to the same amount without IDE
degradation, was measured by ELISA. Two-way ANOVA revealed
a significant effect for INS-GNPs (p < 0.001), suggesting that
free insulin is significantly degraded by IDE, compared to
INS-GNPs. Post-hoc analysis confirmed that INS-GNPs had sig-
nificantly larger amounts of insulin remaining following IDE
incubation, at all the concentrations tested, compared to free
insulin (Fig. 8). These results suggest that the prolonged bioac-
tivity and hypoglycemic effect of the INS-GNP are due to the
conjugation of insulin to the GNP, which increases its stability,
prevents rapid degradation by IDE and thus allows prolonged
bio-activity.

Glucose tolerance test in INS-GNP treated NOD mice. To
further investigate the activity of the INS-GNPs in vivo, a
glucose tolerance test was performed in NOD mice following
IV injection of INS-GNPs (30 mg ml−1, 200 µl), or free insulin
(0.12 IU) as control. Two hours post initial injection, free
glucose was injected (IV) into both groups. In mice that
received free insulin, the blood glucose levels gradually
returned to baseline after glucose injection (Fig. 9). However,
in mice that received INS-GNPs, glucose injection did not sig-
nificantly affect the blood glucose levels, which remained in
the range of 40% of baseline.

The Mann–Whitney U test showed a significant difference
between INS-GNPs and free insulin (p < 0.05). These results
indicate that insulin remains active when bound to GNPs for
over 5 h post-injection.

Bioactivity of subcutaneously injected INS-GNPs into NOD
mice. Different routes of insulin administration are needed,
and each route affects the duration of insulin activity.8,11,12,41

To examine another route of insulin administration, 50 nm
INS-GNPs (30 mg ml−1, 200 µl), or free insulin (0.12 IU) as
control, were subcutaneously injected into NOD mice. As
demonstrated in Fig. 10, INS-GNPs showed a prolonged hypo-
glycemic effect compared to free insulin. The blood glucose
levels decreased immediately after the injection of both
INS-GNPs and free insulin, and reached their lowest value 2 h
post-injection. However, whereas the blood glucose levels of
mice treated with free insulin returned to baseline 5 h post-
injection, the blood glucose levels of mice treated with
INS-GNPs increased to only 50% of baseline 6 h post-injection.
The Mann–Whitney U test performed on these results showed

Fig. 8 Comparison between INS-GNPs and free insulin degradation by
IDE: INS-GNPs or free insulin, at two identical concentrations, were
incubated for 2 h with the insulin-degrading enzyme (IDE). INS-GNPs
have significantly higher remaining insulin after IDE digestion, compared
to free insulin, which appears to be rapidly degraded. The results
are presented as percentage of remaining insulin after IDE digestion,
compared to samples without IDE, mean ± S.D. Significant comparisons
following Bonferroni correction are marked with asterisks (***p < 0.001,
**p < 0.01, *p < 0.05).

Fig. 9 Glucose tolerance test: 50 nm INS-GNPs (30 mg ml−1, 200 µl)
and free insulin (0.12 IU) were intravenously injected into diabetic mice.
Free glucose was intravenously injected 2 h post initial injection (black
arrow). Blood glucose levels were monitored every 0.5 h, up to 5 h post
initial injection. The results are presented as percentage of blood
glucose levels, mean ± S.D. *p < 0.05 INS-GNPs vs. free insulin, U-test
value = 2.32 × 10−7.

Fig. 7 Effect of INS-GNPs on diabetic mice: 50 nm INS-GNPs (200 µl
of 30 mg ml−1) or free insulin (0.12 IU) were intravenously injected into
diabetic mice. Blood glucose levels were monitored every 0.5 h, up to
6.5 h post-injection. The results are presented as percentage of blood
glucose levels, mean ± S.D. *p < 0.05 INS-GNPs vs. free insulin. U-Test
value = 2.82 × 10−11.
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a significant difference between INS-GNPs and free insulin
(p < 0.05).

Thus, similar to intravenous injection, these results demon-
strate the prolonged bio-activity of subcutaneously injected
INS-GNPs, which significantly affects blood glucose levels.

Conclusion

This study demonstrates the adjustable and prolonged effect
of INS-GNPs on glucose regulation, which can potentially be
used for personalized diabetic treatment. We show, in a mouse
model for type 1 diabetes, that our INS-GNPs provide a long-
term decrease of blood glucose levels in comparison with free
insulin, following both intravenous and subcutaneous injec-
tion, and in a glucose tolerance test. The prolonged bio-activity
could be explained by the slow degradation of INS-GNPs by
IDE compared to free insulin, suggesting that conjugation of
insulin to GNPs stabilizes insulin. The results further demon-
strate that by controlling the size and concentration of the
GNPs one can control the duration of the insulin activity and
the minimum glucose level, which potentially can promote
personalized treatment for diabetic patients.
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