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Abstract

In the native physiological environment, inorganic nanoparticles (NPs) often induce nonspecific 

protein adsorption, which could significantly alter the function of the proteins they labeled. As a 

result, small fluorescent dyes are still widely used in the imaging of proteins in animals due to 

their minimal interference with protein function. Here, we used monomeric insulin as a model and 

compared its bioactivity before and after labeling with renal-clearable near-infrared-emitting gold 

NPs. These NPs were chosen because they have high resistance to serum protein adsorption and 

low nonspecific accumulation. We have found that a 1:1 insulin–NP ratio can be achieved, where 

the insulin–NPs show minimal serum protein binding with fully retained bioactivity comparable 

to that of unlabeled insulin. These results show a proof of concept that renal-clearable NPs can 

behave like small molecules in protein labeling without changing the individual protein’s function, 

laying down a foundation for in vivo tracking of proteins with multimodality imaging techniques.
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INTRODUCTION

Inorganic nanoparticles (NPs) with strong signal output and diverse material properties have 

been widely used as multimodality imaging contrast agents.1–9 Although the conjugation 

of specific proteins to enhance the targeting delivery of inorganic NPs has been well 

demonstrated,1–9 these NPs are not as widely used as small molecular probes10 in the 

labeling of small proteins for in vivo imaging for a variety of reasons. First, due to the 

large surface areas of the NPs, multiple copies of proteins are often simultaneously coated 

onto the particle surface. As a result, the multivalency effect can occur,11 a phenomenon 

known to induce distinct signaling pathways12 and create biological concerns, because 

the cross-linking of surface proteins or the clustering of receptors is highly probable.13 

Second, the nonspecific adsorption of serum proteins on the NPs’ surface while in the native 

physiological environment leads to the formation of protein corona, which restricts the 

functions of the proteins conjugated to the NPs, initiates nonspecific liver uptake, and alters 

the NPs’ in vivo biodistributions and clearance pathways.14 For instance, the biodistribution 

of 111In-labeled bovine serum albumin (111In-BSA) differs significantly compared to the 

BSA-conjugated gold nanoclusters (AuNC-BSA) with an average hydrodynamic diameter 

(HD) of ~7 nm, where only ~25%ID 111In-BSA was found in the liver and kidney, while 

~80%ID AuNC-BSA accumulated in the same organs.15,16 Because of these challenges, 

labeling small proteins with small molecular contrast agents is still the most widely used 

technique for in vivo imaging, while the strengths of inorganic NPs in multimodality and 

protein labeling have not been fully appreciated.
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The emergence of renal-clearable and multimodal inorganic NPs could open a new pathway 

to address this long-term challenge.17–19 Unlike the conventional non-renal-clearable 

nanoprobes,20–25 renal-clearable inorganic NPs can behave more like small molecules in 

terms of their rapid distribution into the body, evasion of liver uptake, and excretion through 

the urinary system.26 In the past few years, renal-clearable NPs have been developed and 

used as contrast agents.17–19,26,27 Furthermore, some of these NPs have luminescence 

in the NIR region,19,28–30 which is suitable for in vivo fluorescence imaging due to 

the reduced autofluorescence that is inherent in many biomolecules. For example, NIR 

emitting glutathione-coated gold NPs (GS-AuNPs) have been shown to have the ability 

to passively target tumors and were utilized in the imaging of tumor-bearing mice in 

vivo via fluorescence imaging.30 However, whether this new class of nanoprobes can 

be used in protein labeling is still unexplored. To answer this fundamental question, we 

used well-studied monomeric insulin as a model,31 and labeled it with renal-clearable 

NIR emitting GS-AuNPs for several reasons. First, monomeric insulin is known to lower 

the glucose concentration in the blood, in which the insulin’s bioactivity can be readily 

and accurately monitored by measuring the blood glucose level (BGL) of diabetic mice. 

Second, the monomeric insulin has an average HD of ~2.5 nm,32 while the renal-clearable 

GS-AuNPs are ~3 nm, limiting the number of insulin molecules that can be attached to 

the surface of a single GS-AuNP. Third, renal-clearable GS-AuNPs with a core size of 

~1.5 nm have a theoretical molecular mass of ~20 kDa (see Figure S1), much larger than 

that of insulin (~6 kDa, respectively). Fourth, although there have been a few reports 

regarding insulin-conjugated AuNPs in the past,33–35 the NIR emission from renal-clearable 

GS-AuNPs would allow us to readily monitor the behaviors of insulin at the in vivo level. 

For instance, Bhumkar et al. demonstrated the use of plasmonic AuNPs as carriers for drug 

delivery and reported the transmucosal delivery of insulin loaded AuNPs.33 These insulin 

loaded AuNPs were able to reduce the BGL of diabetic rats up to 30% 2 h after oral delivery, 

whereas the pure insulin showed very poor reduction due to their immediate degradation 

in the gastrointestinal tract. On the other hand, Liu et al. showed that 670-nm-emitting 

gold nanoclusters (AuNCs) can be synthesized directly using insulin. However, exactly how 

AuNCs were bound to insulin is not clear and hardly controlled.35 In contrast, the results 

of our study show that monovalent labeling of insulin can be achieved with renal-clearable 

NIR-emitting GS-AuNPs. In addition, these insulin-GS-AuNPs have low affinity to serum 

proteins and can lower the blood glucose concentration of normal and diabetic mice, where 

the BGL dropped by ~80% of the initial value, which is comparable to the bioactivity of free 

insulin. Furthermore, we found that the untargeted insulin-GS-AuNPs are capable of renal 

clearance, and the changes in the biodistribution of these NPs were mainly governed by the 

protein–receptor interactions of the insulin ligand rather than the conjugates’ overall HD. 

Hence, this work presents a proof of concept that renal-clearable NPs can behave like small 

molecules in protein labeling without changing the individual protein’s function.

RESULTS AND DISCUSSION

NIR-emitting GS-AuNPs were synthesized according to a previously reported method via 

the thermal reduction of AuCl4− (150 μL of 1 M HAuCl4) by glutathione (5 mL 24 

mM in 45 mL deionized H2O) at 95 °C (Supporting Information (SI)).28,29 To form the 
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insulin-GS-AuNPs, the amine group of insulin was conjugated to the carboxyl group of 

GS-AuNPs via the EDC-NHS coupling reaction (Figure 1A). The insulin-GS-AuNPs were 

purified extensively as described in a detailed procedure (SI). The IR spectra of the NPs 

and insulin are shown in Figure 1B. The IR spectrum of pure insulin reveals two signature 

peaks at ~1650 and ~1560 cm−1,36 both of which are present in the spectrum of the insulin-

GS-AuNPs but completely absent in the GS-AuNPs’ spectrum. The average core diameter 

of insulin-GS-AuNPs was ~1.57 nm which is similar to that of the pure GS-AuNPs (~1.55 

nm), based on the TEM analysis (Figure S2). Figure 1C reveals that the insulin-GS-AuNPs 

have an average HD of 5.9 ± 1.3 nm, roughly 2.7 nm larger than that of the unconjugated 

GS-AuNPs (3.2 ± 0.6 nm), as expected since monomeric insulin itself has an HD of ~2.5 

nm.32 The slight increase in the GS-AuNPs’ average HD after insulin conjugation implies 

that the ratio of insulin molecules per NP is roughly 1 to 1, although some of the NPs may 

have multiple insulin molecules on their surface. In addition, the high-performance liquid 

chromatography (HPLC) data show that the insulin-GS-AuNPs have a shorter retention time 

(7.2 min) than the pure GS-AuNPs (8.1 min) as depicted in Figure 1D. This result also 

indicates the successful attachment of insulin on the NP surface.

To further confirm the insulin to GS-AuNP ratio, we used and combined the 

strengths of inductively coupled plasma mass spectrometry (ICP-MS) and enzyme linked 

immunosorbent assay (ELISA). These methods have allowed us to approximately quantify 

the total number of Au atoms and insulin molecules in the sample, as calculated and shown 

in Figure S1. For instance, the concentration of human insulin in the sample was determined 

to be 3.02 μg/mL via ELISA, as shown in Figure S1B. On the other hand, it has been shown 

that there are about 102 Au atoms in a ~1.5 nm AuNP,37 which helped in the approximation 

of the total number of GS-AuNPs in the sample and, ultimately, the ratio between insulin 

and GS-AuNPs. In our study, we found that the small surface area of <2 nm GS-AuNPs 

favorably limited the number of proteins that can be conjugated to the NP surface, allowing 

a 1:1 ratio to be readily achievable. Prior to the animal injections, the concentration of the 

protein insulin conjugated to the NPs was measured by using the Bradford protein assay, a 

method that was also used similarly to that in a recently published work.38 Figure 1E shows 

that the purified insulin-conjugated GS-AuNPs solution contains roughly 4.3 ± 0.1 mg/mL 

of insulin, which further substantiates the conjugation of the protein on the NPs, whereas the 

unconjugated GS-AuNPs essentially contain no protein.

Further characterization of the insulin-GS-AuNPs, as well as serum protein binding studies, 

was conducted using agarose gel electrophoresis. As shown in Figure 2A, the plain GS-

AuNPs were found to progress faster than the insulin-GS-AuNPs, suggesting that the 

incorporation of the protein caused a significant increase in the overall mass/charge ratio 

of the conjugate and decrease in the electrophoretic mobility. The zeta potential (ζ) of the 

NPs was measured to determine their surface charge. As shown in Figure 2B, the pure GS-

AuNPs have an overall charge of about −40 mV at pH 7.4, whereas the insulin-GS-AuNPs 

have roughly −10 mV, which is less negative due to the conjugation of insulin (ζ ~ −15 mV) 

and consistent with previous results.39 Thus, the change in the NPs’ overall surface charge, 

as well as their HD, correlates strongly with the gel electrophoresis results and further 

validates the attachment of insulin to the NPs. In addition, the serum protein binding was 

assessed by incubating the NPs with 10% fetal bovine serum (FBS) in phosphate buffered 
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saline (PBS) for 30 min at 37 °C and then were analyzed by agarose gel electrophoresis. 

Figure 2C shows that the insulin-GS-AuNPs incubated with FBS (2) have almost identical 

mobility as the insulin-GS-AuNPs without the FBS (1), based on their fluorescence (FL), 

but few NPs were observed to interact with serum proteins. On the other hand, the bright 

field (BF) image shows the binding of Coomassie brilliant blue 250 (CBB250) dye to the 

serum proteins (2′), also indicating low serum protein interaction, while the blue band 

for the serum-free insulin-GS-AuNPs (1′) is well separated. Understanding how these NPs 

interact with serum proteins in vitro can certainly help in determining their fate in vivo.26

The bioactivity of the insulin-GS-AuNPs was also assessed in vivo to determine whether the 

proteins are still capable of reducing the BGL. Using normal balb/c mice as a preliminary 

model, the ability of insulin-GS-AuNPs to lower blood glucose through specific binding to 

the insulin receptors can be evaluated and compared with free insulin. After the i.v. injection 

of the insulin-GS-AuNPs, the BGL of the balb/c mice was monitored for 6 h. As shown in 

Figure 2D, the BGL of the mice dropped to ~18% from its initial value during the first 2 

h, which is similar to that of the free insulin (positive control). After 2 h, the BGL slowly 

reverted back above 20%, which is also comparable to that of free insulin. As a negative 

control, the pure GS-AuNPs and PBS were also i.v. injected to normal balb/c mice, and the 

BGL for both independent injections dropped to ~70% within the first 30 min post injection 

(p.i.) because of blood dilution, as shown in the same figure. Furthermore, the bioactivity of 

insulin-GS-AuNPs was also compared with that of dye-labeled insulin (Cy5.5-insulin) in the 

same experimental conditions. As shown in Figure S3A of the SI, the BGL of the normal 

balb/c mice also dropped to approximately 18% during the first 2 h, which is consistent with 

those of the free insulin and insulin-GS-AuNPs. Thus, these results clearly indicated that 

insulin can still target the insulin receptors and retain its bioactivity after being conjugated 

with the NPs.40

We examined how these NPs behaved and functioned in an actual diabetic mouse model. 

The same volume of insulin-GS-AuNPs solution (10 IU/kg) was i.v. injected to non-obese 

diabetic (NOD/ShiLtJ) mice that were fasted under the same conditions (4 h), and their BGL 

was monitored for 10 h. As shown in Figure 2E, the BGL decreased to ~21% within 2 h 

reaching the normal nondiabetic range, which is slightly lower than that of the free insulin 

(BGL: ~28%). As a negative control, the pure unconjugated GS-AuNPs were also used and 

i.v. injected for comparison. The BGL of the diabetic mice also decreased initially within 

the first half hour, because the blood was diluted by the administered sample. Although 

it was still in the diabetic range, the BGL swiftly escalated back up to near the original 

level as shown in Figure S3B in the SI. Unlike the normal balb/c mice, the NOD mouse 

model has an autoimmune disease that results in the pancreatic destruction of their insulin-

generating β cells, which explains why their BGL immediately reverted.41 Nevertheless, the 

insulin conjugated with the GS-AuNPs proves to be biologically active in the physiological 

environment, because it can target the insulin receptors that enable the protein to implement 

its function.

While renal-clearable GS-AuNPs have very low accumulation in different organs,27,30 the 

conjugation of insulin induced significant change in the tissue biodistribution of the GS-

AuNPs. As presented in Figure 3A, the insulin-GS-AuNPs had higher accumulation in the 
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organs such as kidneys (14.1%ID/g), liver (6.3%ID/g), and spleen (8.7%ID/g), which are 

nearly 2, 3, and 8 times higher than those of pure GS-AuNPs (kidneys 7.7%ID/g, liver 

2.2%ID/g, spleen 1.1%ID/g), respectively. To reveal whether such an increase in the NP 

accumulation in these organs was due to the binding of the conjugated NPs to the insulin 

receptors, the ratio between the %ID/g obtained from the conjugated and unconjugated 

GS-AuNPs was calculated. As shown in Figure 3B, such an increase in the NP accumulation 

in the organs such as the liver and spleen, in particular, cannot be simply attributed to 

the increase of the overall HDs. For instance, it has been reported that the accumulation 

of nonluminescent GS-AuNPs with HD ~ 6 nm is nearly 30%ID/g and 12%ID/g in the 

liver and spleen, respectively.27 Thus, the observed increases in the liver and spleen are 

more likely due to the interaction between the insulin and its receptor. Previous reports 

have shown that the insulin receptors are mainly distributed in the liver and spleen at a 

ratio of 0.71,42 which is quantitatively consistent with our observation of the liver/spleen 

ratio (~0.72) of insulin-GS-AuNPs. This result is consistent with our bioactivity data that 

shows that insulin remains functional and can target the receptors after conjugation with 

renal-clearable GS-AuNPs. In addition, the NIR emission from GS-AuNPs also allowed us 

to monitor the renal clearance of untargeted insulin-GS-AuNPs. As depicted in Figure 3C, 

the bladder was illuminated within 10 min p.i. due to the urinary elimination of the NIR 

emitting GS-AuNPs. Figure S5 shows a direct comparison of the renal clearance kinetics, 

where the nontargeted insulin-GS-AuNPs was cleared through the urinary system with a t1/2 

of 8.7 min, which is comparable to that of unconjugated GS-AuNPs (t1/2 of 9.4 min). The 

combination of all these results shows that the change in distribution of GS-AuNPs after 

conjugation to insulin is mainly due to their binding to the receptors, while the untargeted 

insulin-GS-AuNPs resulted in rapid renal clearance.

CONCLUSION

In summary, by using insulin as a model, we investigated how renal-clearable GS-AuNPs 

affect protein function and in vivo behaviors. We were able to successfully label insulin 

with NIR-emitting GS-AuNPs at a 1:1 ratio and demonstrated the insulin-GS-AuNPs’ 

biological activity in lowering the blood glucose of diabetic mice. The blood glucose 

study revealed that the insulin-GS-AuNPs and pure insulin had comparable effectiveness 

in both normal and diabetic mouse models through i.v. administration. In addition, the 

untargeted insulin-conjugated GS-AuNPs are still capable of renal clearance as monitored 

via real-time NIR-FL imaging. Furthermore, the increase in the accumulation of insulin-GS-

AuNPs in the liver and spleen, compared to pure GS-AuNPs, is due to the abundance 

of insulin receptors in those organs, in addition to the increase in HD. This quantitative 

understanding of how protein–NP conjugation and NP size influences the functionality 

and in vivo distribution of proteins in the native physiological environment without being 

“shadowed” by nonspecific serum protein adsorption will help more accurately control the 

in vivo behaviors of inorganic NPs and catalyze their biomedical applications.
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EXPERIMENTAL PROCEDURES

Synthesis and Conjugation of NIR-Emitting GS-AuNPs with Insulin.

The NIR-emitting AuNPs were synthesized via a thermal reduction method.14b,21 Briefly, 

50 mL of 2.4 mM GSH solution was mixed with 150 μL 1 M HAuCl4·3H2O under 

vigorous stirring. The mixture was then heated in a 95 °C oil bath for ~30 min or until 

the fluorescence emission intensity (λ = 810 nm) of the solution reached the maximum 

monitored by a fluorescence spectrofluorometer. After the reaction, the resulting solution 

was cooled to room temperature. The pH of the sample was adjusted to ~2 using 1 M HCl 

and ~30 mL EtOH was added to precipitate out the NIR-emitting AuNPs. Then the sample 

was centrifuged at 4000 g for 5 min and the pellets were dispersed in 2 mL H2O, followed 

by pH readjustment to neutral using 1 M NaOH. The sample solution was freeze-dried for 

24–48 h. To conjugate insulin with the NIR-emitting AuNPs (GS-AuNPs), 12 mg and 16 mg 

of the EDC and NHS were dissolved, respectively, in 2 mL of the dried powder suspended in 

MES buffer (5 mg/mL GS-AuNPs) and allowd to react for 15 min. Afterwards, the solution 

was passed through a NAP25 column (washed with PBS) once to replace the buffer with 

pH 7.4. Meanwhile, 10 mg of human insulin was dissolved in 1 mL H2O and the pH was 

adjusted to ~2, where the solubility of the protein is at its maximum. Then 3 mL of PBS 

was added into the insulin solution to adjust the pH to ~7.4. All of this was added to the 

2 mL EDC-NHS reacted GS-AuNP solution. The mixture was left to react undisturbed for 

2 h. After the 2 h reaction period, 135 mg glycine was added to the mixture to stop the 

reaction. The mixture was passed through a NAP25 column. Then, the insulin-conjugated 

AuNP solution was purified thoroughly by adjusting the pH to ~5.5 to precipitate out the 

insulin-conjugated AuNPs (Insulin-GS-AuNPs) and free insulin, leaving the unconjugated 

GS-AuNPs in the supernatant after centrifugation at 2000 g × 1 min. The pellets were 

dispersed in H2O and the pH was readjusted back to neutral by the addition of 1 M NaOH. 

This procedure was performed 2 to 3 more times. Then, the pH of the sample was adjusted 

to ~2 to precipitate out the Insulin-GS-AuNPs (isoelectric point of the AuNPs), leaving the 

free insulin in the supernatant after centrifugation at 2000 g × 1 min. This was done 6 to 8 

more times, followed by purification via NAP25 column. The final solution was centrifuged 

using Amicon Ultra 50 kDa centrifugal filter units to completely remove free insulin from 

the solution and the concentrate containing the Insulin-GS-AuNPs was diluted in a desired 

solvent (H2O or PBS). The sample was kept at 4 °C until further study.

Bradford Protein Assay.

The estimated concentration of insulin in the Insulin-GS-AuNP sample was determined via 

Bradford Protein assay. The experimental protocol provided in the kit was conducted, but 

using insulin as the standard protein instead of Bovine Serum Albumin (BSA). Briefly, 

insulin standards were prepared with concentrations ranging from 0 to 750 μg/mL in H2O. 

Then, 30 μL of a standard or sample was added to 1.5 mL of Coomassie Brilliant Blue 

(CBB) reagent solution and incubated for 10 min at room temperature. The absorbance of 

each of the standards and unknown samples were measured at 595 nm using a UV–vis 

spectrophotometer.
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Enzyme Linked Immunosorbent Assay (ELISA).

The protocol provided in the insulin (human) ELISA kit was conducted without any 

modifications. Briefly, insulin standards, controls, and samples were added into the 

appropriate wells, the anti-insulin-HRP conjugate was added into these wells, and incubated 

for 30 min at room temperature. The liquid in the wells was discarded and washed 3 times 

with the wash buffer, followed by the addition of chromogen solution within 15 min after the 

washing step. The plate was incubated for another 15 min at room temperature in the dark. 

Afterward, a stop solution was added into each well, which resulted in the change of color 

from blue to yellow. The absorbance was measured at 450 nm using a microplate reader.

Glucose Tolerance Tests.

The animal studies were performed according to the guidelines of the University of Texas 

System Institutional Animal Care and Use Committee. The female NOD/ShiLtJ mice were 

purchased from The Jackson Laboratory at 8 weeks old. All of the animals were housed in 

ventilated cages under standard environmental conditions (23 ± 1 °C, 50 ± 5% humidity, 

and a 12/12 h light/dark cycle) with free access to water and standard laboratory food. The 

mice became diabetic between 25 and 30 weeks of age. All mice were anesthetized using 

1.5–3% isofluorane with oxygen flowing at 0.8 L/min about 5 min prior to intravenous (i.v.) 

injection and blood collection. The mice were fasted for 4 h prior to and remained fasted for 

the duration of the experiment, but were given water ad libitum. The blood glucose level of 

the mice was measured prior to injection. The NOD/ShiLtJ mice (n = 3) were i.v. injected 

with 300 μL insulin-conjugated AuNPs (10 IU/kg) via tail vein and blood was collected via 

tail prick blood sampling at 0 min, 30 min, 1 h, 3 h, 6 h, and 10 h p.i. The blood glucose 

concentrations were determined by a glucose meter (One-Touch Ultra2).

Biodistribution of NIR-Emitting Insulin-Conjugated AuNPs.

Female Balb/c mice, strain code 555 (n = 3), 6–8 weeks old, weighing 20–25 g, were 

obtained from Charles River Laboratories. All mice were anesthetized using 1.5–3% 

isofluorane with oxygen flowing at 0.8 L/min about 5 min prior to intravenous (i.v.) 

injection. The mice were i.v. injected via tail vein with 300 μL Insulin-GS-AuNPs. After 2 

h, the mice were sacrificed and their organs were collected for biodistribution. The collected 

organs were cut into small pieces, weighed, and completely lysed in 3 mL freshly made aqua 

regia in screw-capped glass scintillation vials (20 mL) separately for 24 h. The samples were 

then heated at 120 °C in an oil bath until the complete evaporation of aqua regia. The residue 

for each sample was then dispersed in 10 mL 0.05 M HCl, followed by sonication for 30–60 

min, and centrifugation at 4000 g for 15 min. The resulting samples (supernatant) were then 

further diluted accordingly with 0.05 M HCl and the concentrations of gold (% injection 

dose/g, % ID/g) were determined using Agilent 7700x ICP Mass Spectrometer, a method 

similar to our previously published results.19,30

Fluorescence In Vivo Imaging.

The normal balb/c mice used for the in vivo fluorescence imaging studies were anesthetized 

using 1.5–3% isofluorane in oxygen flowing at 0.8 L/min about 5 min prior to the 

intravenous (i.v.) injection. Each mouse was preimaged before the i.v. injection. The 
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parameters used in the imaging for the Insulin-GS-AuNPs are described as follows: Insulin-

GS-AuNPs (Excitation: 710 nm; Emission: 830 nm; Exposure time: 1 s). 300 μL of insulin-

GS-AuNPs was injected intravenously in each balb/c mouse (n = 3), and the fluorescence 

(FL) was monitored by taking FL images of the mouse for 2 h.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic diagram illustrating how the EDC-NHS coupling reaction was used to conjugate 

GS-AuNPs with insulin (A). IR spectra of GS-AuNPs compared to those of pure insulin and 

insulin-conjugated GS-AuNPs (B). HD and polydispersity index (PDI) of the NPs in PBS 

before and after conjugation (C). HPLC data for pure GS-AuNPs and insulin-GS-AuNPs 

(D). The concentration of insulin as determined via Bradford protein assay (E).
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Figure 2. 
Agarose gel electrophoresis showing the difference in electrophoretic mobility between the 

conjugated- (2) and unconjugated-GS-AuNPs (1) under FL field (left) and bright field (right) 

(A). Zeta potential charge comparison among pure GS-AuNPs, insulin, and insulin-GS-

AuNPs (B). Serum protein binding analyzed via agarose gel electrophoresis (C). Bioactivity 

of the NPs was assessed using normal balb/c mice, and compared with positive and negative 

controls (D). NPs were also i.v. injected into diabetic mice (NOD/ShiLtJ) and the BGL was 

monitored for 10 h p.i., including the preinjection (E).
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Figure 3. 
Two hour biodistribution of insulin-GS-AuNPs compared to pure GS-AuNPs (A). The 

asterisk (*) indicates that a t test failed to reveal a statistically reliable difference between 

the two means (p(0.237) > 0.05). Ratio (I/G) between the %ID/g of Insulin-GS-AuNPs and 

%ID/g of GS-AuNPs (B). In vivo NIR FL imaging of normal balb/c mice after i.v. injection 

of GS-AuNPs (bottom) and insulin-GS-AuNPs (top) at 0, 2, 30, and 120 min time points 

(C), where the bladder region is circled and also indicated by arrows (FL intensity scale bar 

is shown on the right). (He, heart; Li, liver; Sp, spleen; St, stomach; Ki, kidneys; Lu, lungs; 

Br, brain; Bl, blood; Mu, muscle; Ta, tail; Fa, fat; In, intestines; Pa, pancreas; An, anus).
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