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 Functional human insulin–Au nanodots (NDs) are synthesized for the in vivo imaging 
of insulin metabolism. Benefi ting from its effi cient red to near infrared fl uorescence, 
deep tissue subcellular uptake of insulin–Au NDs can be clearly resolved through a 
least-invasive harmonic generation and two-photon fl uorescence (TPF) microscope. 
In vivo investigations on mice ear and ex vivo assays on human fat tissues conclude 
that cells with rich insulin receptors have higher uptake of administrated insulin. 
Interestingly, the insulin–Au NDs can even permeate into lipid droplets (LDs) 
of adipocytes. Using this newly discovered metabolic phenomenon of insulin, it is 
found that enlarged adipocytes in type II diabetes mice have higher adjacent/LD 
concentration contrast with small-sized ones in wild type mice. For human clinical 
samples, the epicardial adipocytes of patients with diabetes and coronary artery 
disease (CAD) also show elevated adjacent/LD concentration contrast. As a result, 
human insulin–Au nanodots provide a new approach to explore subcellular insulin 
metabolism in model animals or patients with metabolic or cardiovascular diseases. 
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     Figure  1 .     Fluorescence spectra of human insulin–Au NDs made with 
different amounts of HAuCl 4  from 5 to 25  μ mol, and insulin is 100 units 
for each. The excitation wavelength is at 400 nm.  
  1. Introduction 

 Hormone insulin, discovered by Banting and Best in 1921, [  1  ]  

has long been recognized as a critical hormone that organ-

izes the homeostasis of fuels in human body. Insulin is also 

directly/indirectly related to many diseases, including diabetes 

mellitus (DM), Alzheimer’s disease, [  2  ]  obesity [  3  ]  and aging. [  4  ]  

Mediated by the insulin receptors on the cellular membranes, 

insulin stimulates the uptake of glucose and anabolic syn-

thesis of glycogen and lipids in various tissues. Excess glucose 

will thus be buffered in liver, muscle, and adipose tissues for 

future use. On the other hand, the presence of insulin regu-

lates the glucagon secretion, which converts glycogen in liver 

back to glucose. Therefore, when there are disorders in the 

synthesis or sensitivity of insulin, metabolic diseases like dia-

betes mellitus will occur. Chronically high glucose level will 

further result in complications such as cardiovascular dis-

eases and kidney failure. Diagnosing the degrees and the dis-

tribution profi les of insulin resistance in vivo is a critical step 

toward the prevention of diabetes and its complications. 

 Although insulin is the up-stream signaling molecules, to 

evaluate insulin resistance, clinical practices mainly focus on 

down-stream glucose metabolism. Direct method like glucose 

clamp or indirect methods like glucose tolerance test and 

biomarker assays [  5  ]  have been used as global measures. To 

image the local glucose metabolic profi le in different organ 

or tissues, researchers commonly used radiolabeled glucose 

analogue fl uorodeoxyglucose (FDG) in positron emission 

tomography (PET). [  6  ]  Some early works attempted to employ 

radiolabeled insulin to correlate insulin-receptor numbers 

with diabetes, [  7  ]  and measure insulin uptake in tissues. [  8  ]  But 

none of these works developed a promising method in clinical 

practice. Moreover, due to a lack of far-red to near-infrared 

fl uorescent insulin, it is rather diffi cult to probe in vivo sub-

cellular insulin metabolism, not to mention to correlate the 

metabolic changes with the condition of insulin resistance. 

 In the past few years, fl uorescent nanomaterials have 

gained great attention and have been intensively studied due 

to their unique optical, photophysical, and photochemical 

properties over conventional organic dyes on optical cell-

imaging. [  9  ]  Although commonly used semiconductor quantum 

dots show promising signals on biomedical imaging, [  10  ]  yet 

their high inherent cytotoxicity and self-aggregation inside 

live cells fatally limit the pragmatic biomedical applica-

tions. [  11  ]  Alternatively, the fl uorescent nanoclusters offer rela-

tively low toxicity and high biocompatibility compared with 

semiconductor quantum dots. Among various nanoclusters, 

much effort has been dedicated to the study of fl uorescent 

Au nanodots (NDs). [  12  ]  The fl uorescent Au NDs, with their 

ultrafi ne size, do not disturb the biological functions of the 

labeled bio-entities. It is also advantageous to use proteins 

as a green-chemical reducing and stabilizing agent because 

their complex 3D structures can withstand a wide range of 

pH conditions. [  13  ]  With these advantages, in our latest report, 

we have synthesized fl uorescent gold nanodots with bovine 

insulin and validated the intact preservation of biological 

functions such as lowering the glucose level. We also noticed 

that insulin–Au NDs could be taken up by 3T3 mice embry-

onic fi broblast cells in vitro. [  14  ]  
4 www.small-journal.com © 2013 Wiley-VCH Ve
 In this study, we then advance the scope of insulin–Au 

NDs research by exploiting them to probe insulin metabolism 

in vivo. Realizing that foreign bovine or porcine insulin could 

result in an incidence of allergic reactions, [  15  ]  we successfully 

synthesized human insulin–Au NDs with improved optical 

property (cf. bovine insulin–Au nanodots). [  14  ]  Exploiting their 

far-red to near-infrared two-photon fl uorescence, we achieved 

deep tissue insulin metabolic imaging with sub-cellular reso-

lution. Using this fl uorescent probe, we found the uptake of 

insulin is dependent on insulin receptor and insulin can even 

permeate into LD of adipocytes. Based on these discoveries, 

we further discovered that enlarged adipocytes in type II dia-

betic mice have higher adjacent/LD concentration contrast 

than small-sized ones in wild-type mice. In fresh human fat-

tissues, epicardial adipocytes have elevated adjacent/LD con-

centration contrast in cardiovascular disease patients.  

  2. Results and Discussion 

 Detail of synthetic procedures is elaborated in the experi-

mental section. In brief, via mixing human insulin and 

HAuCl 4  in Na 3 PO 4  buffer by stirring at 4  ° C for 12 h, reddish 

luminescence insulin–Au NDs were readily synthesized. The 

crude product was then purifi ed by centrifugal fi ltration with 

a cutoff of 5 kDa to obtain the insulin–Au NDs for subse-

quent applications. In this synthetic approach, it was found 

that the constant human insulin concentration of 100 IU/mL, 

10  μ mol HAuCl 4  (50 mM) was optimum to achieve maximum 

emission yield ( Figure    1  ). The fl uorescent intensity is much 

lower at 25  μ mol HAuCl 4  because the excessive HAuCl 4  

formed large non-emissive gold nanoparticles. For bovine 

insulin, as high as 25  μ mol HAuCl 4  were required to reach 

maximum emission yield. Since human insulin differs from 

bovine insulin by 3 amino acids (A8, A10, and B30), whether 

the difference is attributed to the variation of three amino 

acids is intriguing. This issue is not the scope of this study 

and hence is pending resolution. Nevertheless, the use of less 

reagents for the human insulin–Au NDs establishes a cost-

effective protocol.
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Imaging of Insulin using Human Insulin–Au Nanodots

     Figure  2 .     Fluorescence emission spectra of insulin–Au NDs by one-
photon (400 nm, blue and red) and two-photon (1230 nm, black) 
excitation. Note: The peak at 615 nm in TPF spectra is the second 
harmonic generation signals.  
   As shown in  Figure    2   , the emission of human insulin–Au 

NDs, peaking at 680 nm with  Φ  f   ∼  0.1, is slightly red shifted 

and higher yield with respect to that reported for bovine 

insulin–Au NDs (670 nm,  Φ  f   ∼  0.07, [  14  ]  see Figure  2  for com-

parison). Furthermore, as shown in inset of Figure  2 , the weak 

but noticeable  ∼ 460 nm emission band, previously attributed 

to reaction intermediate of the bovine insulin–Au NDs, [  16  ]  

nearly disappears in human insulin–Au NDs. These results 

may manifest different amino acids composition between 

human and bovine insulin. Investigation on this issue is under 

taken and will be published elsewhere. The size (diameter) of 

human insulin–Au NDs, measured by high-resolution trans-

mission electron microscopy (HR-TEM) image, is 1.04  ±  0.12 

nm (see  Figure    3  a). This value is calculated via an average of 

100 particles. Through dynamic light scattering (DLS) meas-

urement (Figure  3 b), we determine the hydrodynamic diam-

eters of insulin and human insulin–Au NDs are 2.79  ±  0.01 

nm and 5.36  ±  0.07 nm, respectively. 

   The as-prepared human insulin–Au NDs are then diluted 

and applied for the metabolism imaging. To investigate 

whether the human insulin–Au NDs are an effi cient contrast 
© 2013 Wiley-VCH Verlag Gmb

     Figure  3 .     a) HR-TEM image and size distribution analysis of human insu
analysis of human insulin and insulin–Au NDs.  
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agent for TPF microscopy, we then measured the two-photon 

fl uorescence spectrum excited by a femtosecond Cr:forsterite 

laser. With 40 mW excitation, the insulin–Au NDs solution 

emits TPF peaks around 685 nm (Figure  2 ). Using a z-scan 

technique, the two-photon absorption cross section value,   σ  , 
was determined to be  ∼ 5.6  ×  10 4  GM, consistent with recent 

reported value. [  17  ]  Note that the spectral power extends from 

600 nm to 850 nm, which is advantageous for deep tissue fl u-

orescence imaging. 

 Subsequently, to demonstrate the insulin metabolic 

imaging capability of insulin–Au NDs, we performed non-

linear microscopy on mice ear and human fat-tissues. Com-

pared with typical histology of mice ear, [  18  ]  in vivo third 

harmonic generation (THG) imaging can clearly resolve 

the sebaceous glands, vessels, adipocytes, elastin fi bers, and 

chondrocytes in elastic cartilage (Figure S1). [  19  ]  The charac-

teristic lipid droplets and squeezed cytoplasm (indicated by 

white arrow) of adipocytes can be resolved and identifi ed 

(Figure S1b). In BALB/c mice (wild-type), the cell diameter 

of adipocytes is typically around 32  μ m. On the other hand, 

the in vivo second harmonic generation (SHG) imaging 

reveals the distribution of collagen networks. Except for hairs 

in sebaceous gland, no TPF contrast can be observed in ear 

sectioning images. 

 After subcutaneous injection of insulin–Au NDs, as we 

expected, the TPF contrast of insulin–Au NDs can be clearly 

observed even at deep cartilage tissues with chondrocytes 

( Figure    4  a-c). As shown in Figure S2, after 800 s continuous 

observation, the interstitial TPF intensity decayed to 60% of 

initial level, which corresponds to a 26 minutes half-life. [  20  ]  The 

retention time is long enough for the observation of cellular 

response to insulin–Au NDs. By taking the average TPF inten-

sity outside over inside the cells, defi ned as the concentration 

contrasts, we were able to evaluate the relative amount of insulin 

uptake cross cellular membranes. Since the axial-resolution of 

the TPF imaging at deep tissue could be degraded to 2  μ m, 

to avoid ambiguity, the regions selected for the integration 

of TPF yields were kept 5  μ m away from cellular boundaries. 

As shown in Figure  4 d-f, sebaceous gland cells has high ( ∼ 10) 

adjacent/cytoplam (Adj/Cyto) concentration contrast while 

chondrocytes has a low value of 1.6. The decreased contrast was 

related to the fact that there are insulin receptors on the mem-

brane of chondrocytes. [  21  ]  When insulin docks on the receptor, 

the insulin-bound receptor can be internalized to cytoplasm 
H & Co. KGaA, Weinheim

lin–Au NDs. b) DLS 
and other organelles. [  22  ]  In our previous 

work, [  14  ]  the blood glucose-lowering activity 

of insulin–Au NDs in C57BL/6J mice is 

comparable to the commercialized agents. 

The results indicate that the interaction 

between insulin–Au NDs and the insulin 

receptor remains effective. Accordingly, the 

insulin receptor should play a role in the 

internalization of insulin–Au NDs. Never-

theless, the actual uptake mechanism is still 

pending resolution.

   Adipocyte is another cell type that 

has rich insulin receptors. The insulin can 

stimulate the uptake of glucose into adi-

pocytes and the synthesis of triglyceride 
2105www.small-journal.com
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     Figure  4 .     The a,d) TPF (yellow color), b,e) THG (magenta color), and c,f) combined images 
of chondrocytes (upper row) and sebaceous gland (bottom row) in the ear of mice. Fields of 
view: 240  ×  240  μ m.  
from fatty acids. The characteristic lipid droplet in adipocytes 

is the storage of triglyceride. It has been shown that accumula-

tion and hypertrophy of subcutaneous adipocytes is one of the 

signatures in the fat tissues of diabetes mellitus. [  23  ]  In BALB/c 

mice, according to the TPF and THG images (Figure S2 and 
6 www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA

     Figure  5 .     The a,d,g) TPF (yellow color), b,e,h) THG (magenta color), and c,f,i) combined images 
of adipocytes in BALB/c mice (upper row), type II diabetic mice (middle row), and C57BL/6-c2J 
mice (bottom row). Adipocytes were in the ear of mice. Fields of view: 80  ×  80  μ m.  
 Figure    5  a-c), Adj/Cyto contrast were 

typically 1.17–1.22 (see  Table    1  ), which is 

comparable with those of chondrocytes. 

Interestingly, the concentration contrast of 

adjacent one over that in intracellular lipid 

droplet was not high (around 1.67, Table  1 ). 

It is worthy to note that no previous works 

have ever reported such insulin internaliza-

tion by LDs. We also double checked and 

confi rmed this LD internalization on differ-

entiated 3T3-L1 adipocytes (see Supporting 

Information Figure S3). The mechanism of 

uptake could be due to the caveolae-medi-

ated endocytosis after insulin binding with 

receptors. [  24  ]  Several reports have indicated 

that caveolin in caveolae can be delivered to 

lipid droplet through caveosome. [  25  ]  Actual 

mechanism of insulin internalization in LD 

requires further studies to confi rm. In yet 

another approach, for adipocytes in type II 

diabetic mice, the diameters can be as large 

as 50  μ m (Figure  5 d-f). The corresponding 
Adj/Cyto and Adj/LD concentration contrast was increased to 

1.54 and 7.14, respectively. A much smaller adipocyte in the 

same diabetic mice (diameter  =  34  μ m) showed a decreased 

Adj/LD contrast of 2.5 (see Table  1 ). This preliminary test sug-

gests that the enlarged adipocytes of diabetic mice have higher 
Adj/Cyto and Adj/LD contrast than those 

in wild-type (BALB/c strain). Such physi-

ological response of insulin–Au NDs has a 

correlation with the size of adipocytes.

    To check if the Adj/Cyto and Adj/LD 

contrasts of insulin–Au NDs in adipocytes 

are dependent on the strain of mice, we 

also purchased albino mice carrying a 

mutation in tyrosinase (C57BL/6-c2J). The 

albino mice of the C2J albino strain was 

imported from the Jackson Laboratory. 

The results (Figure  5 g-i) showed that the 

Adj/Cyto and Adj/LD concentration con-

trast were 1.12-1.22 and 1.85-2.13, respec-

tively. Obviously, the contrast values did 

not have signifi cant change with the strain 

of mice and they were also lower than the 

contrast of diabetic mice. 

 To validate whether this increased con-

centration contrasts still holds for human 

adipocytes, we performed similar assay on 

fresh fat-tissues taken from normal, coro-

nary artery disease (CAD), and CAD + DM 

patients right after surgery (within 3 h). It 

has been noticed that the enlargement of 

epicardial and pericardial fat is an alarm 

for obesity-related cardiac dysfunction. 

Moreover, several reports indicated that 

cardiovascular disease is highly related 

to the amount of adipose tissue around 

the heart. [  26  ]  Disorder of insulin metabo-

lism might occur in such disease-related 
, Weinheim small 2013, 9, No. 12, 2103–2110



Imaging of Insulin using Human Insulin–Au Nanodots

   Table  1     In vivo imaging insulin–Au NDs concentration contrast for dif-
ferent sizes of adipocytes. 

Mice Strain Diameter [ μ m] Adj/LD a) Adj/Cyto b) 

BALB/c
20 1.61 1.17

25 1.67 1.22

KK-A y /Ta Jcl 34 2.50 1.56

C57BL/6-c2J 50 7.14 1.54

23 1.85 1.12

35 2.13 1.22

    a) Adj/LD: adjacent insulin–Au NDs concentration over that in lipid droplet;  b) Adj/Cyto: adjacent 

insulin–Au NDs concentration over that in cytoplasm.   

     Figure  6 .     The size histogram of 100 adipocytes in the fat-tissues of a 
CAD patient.  
adipocytes. According to the IRB protocol, the epicardial 

fat-tissues were incubated with DMEM medium to preserve 

their bio-activities. For the microscopy observation, we placed 

them on a bottom-glass petri-dish and mounted the dish in 

a microscope incubator with 37  ° C water bath. The focusing 

objective had a water contact with bottom glass petri-dish, and 

we also heated it to 37  ° C to avoid local cooling. This micro-

incubator system was mounted on an inverted microscope 

(IX71, Olympus) and the experimental setup was similar to 

that in previous animal experiments. Through THG micros-

copy, the boundary tomography of adipocytes was observed 

and their sizes can thus be measured (Figure S4a). Bubbles 

of adipocytes were connected by collagen fi bers winding 

around them (Figure S4a, green color). For each adipocyte, 

we scanned through it with THG sectioning images and eval-

uate the long-axis at the one with largest cross section area. 

The size histogram of 100-adipocytes from tissues showed 

a peak diameter at 70–80  μ m ( Figure    6  ), which agrees with 

normal size in human fat-tissues. [  27  ]  Incubating each tissue 

with insulin–Au NDs for 10 minutes, at steady state, we then 

imaged their uptake profi les through TPF contrast. In a typ-

ical image on fat-tissue of a CAD patient, 30  μ m adipocyte 

had Adj/LD concentration contrast of 5.0 (Figure S4b, indi-

cated by a white arrow). In comparison, the Adj/LD concen-

tration contrasts increased to 10 for large ones ( > 50  μ m).

   Using this evaluation platform, we investigated fat-tissues 

from (1) normal, (2) CAD, and (3) CAD + DM patients. For 

normal patient, statistical results on each 100 adipocytes 

( Figure    7  a) showed an evident trend that 20–80  μ m sized 

adipocytes have their Adj/LD contrast below 4. Only for 
© 2013 Wiley-VCH Verlag Gmb

     Figure  7 .     Statistics on the concentration contrast of insulin–Au NDs for cy
normal b) CAD c) CAD + DM human adipocytes. Several ranges of sizes we
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adipocytes with sizes larger than 80  μ m, the Adj/LD contrasts 

were raised above 4. In contrast, for CAD or CAD + DM 

patients, small sized ( < 40  μ m) adipocytes already have a high 

Adj/LD contrasts above 4 and most of the other adipocytes 

have their Adj/LD contrasts elevated above 8 (Figure  7 b,c). 

Especially for 60–80  μ m adipocytes, in comparison with 

normal ones, the Adj/LD contrasts of CAD and CAD + DM 

patients were signifi cantly raised more than 3 times (from 3 

to 11.7 and 10.6, respectively). Regarding the Adj/Cyto con-

centration contrasts, they ranged from 1 to 2 and only change 

slightly with patients. (Figure  7 , grey bars). Together with the 

results of mice, our preliminary investigation suggests that, in 

the disease context of DM or CAD, adipocytes have elevated 

Adj/LD concentration contrast. The elevation can be more 

than 3 times, which is signifi cant enough for developing diag-

nosis applications.   

  3. Conclusion 

 In summary, we have successfully synthesized fl uorescent 

human insulin–Au nanodots and in vivo imaged their met-

abolic uptake in different types of cells. In mice ear, cells 

with insulin receptors promote their uptake of insulin–Au 
2107www.small-journal.comH & Co. KGaA, Weinheim

toplasm (Adj/Cyto, grey bars) and lipid droplet (Adj/LD, black bars) of a) 
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NDs. For adipocytes, a permeation of insulin into LDs was 

observed, which have not been reported before. Using this 

newly discovered metabolism of insulin in vivo, we found adi-

pocytes in the disease context of DM or CAD have elevated 

Adj/LD concentration contrast. The degrees of elevation for 

60–80  μ m adipocytes were more than 3 times, which is sig-

nifi cant enough for developing diagnosis applications. These 

results therefore demonstrate a new approach to probe sub-

cellular insulin metabolism in the context of cardiovascular 

diseases or metabolic diseases like insulin resistance. For 

example, it can be used to investigate how size of adipocyte 

affects the physiological sensitivity to insulin. [  28  ]  Correlation 

between sub-cellular insulin metabolism and global insulin 

resistance can also be explored. This also leads to a funda-

mental challenge regarding why and how adipocytes have 

elevated Adj/LD concentration contrast in CAD and DM 

contexts and what is the insight of its relation to diseases. 

Furthermore, recent reports also indicate that fl uorescent 

insulin–Au NDs reveal X-ray contrast in computer tomog-

raphy (CT). [  14  ,  29  ]  Combined the intact bio-activity, fl uores-

cence imaging and contrast in X-ray CT, insulin–Au NDs 

may act as a multi-functional contrast agent to image insulin 

metabolism all the way from sub-cellular scale, tissues level, 

to whole body range.  

  4. Experimental Section 

  Synthesis of Human Insulin–Au NDs : Humulin R was pur-
chased from Eli Lilly. Hydrogen tetrachloroaurate (III) trihydrate 
(HAuCl 4  · 3H 2 O) and sodium hydroxide were obtained from Acros. 
Reagent solutions were prepared using Milli-Q water (Millipore 
Co.). All glassware used in the experiment was cleaned with freshly 
prepared aqua regia (HCl: HNO 3  volume ratio  =  3:1) and rinsed 
thoroughly in ultrapure water prior to use. In a typical experiment, 
Humulin R was fi rst purifi ed by centrifugal fi ltration (4000  g ) twice 
for 30 min with a cutoff of 3 kDa (Millopore) using 0.01 M Na 3 PO 4  
buffer (pH 10.4). Aqueous 50 mM HAuCl 4  solution was adjusted 
to pH 10.4 with NaOH. Then HAuCl 4  solution (200  μ L, 50 mM) was 
added to insulin (1 mL, 100 IU/mL). By reacting with insulin for 24 h 
at 4  ° C, red-emissive insulin–Au nanodots were generated. Then 
the crude product was purifi ed by centrifugal fi ltration (4000 g ) for 
30 min with a cutoff of 5 kDa for subsequent applications. High 
resolution images of Au NDs were obtained with a transmission 
electron microscope (TEM, JEM-2100F, JEOL) operated at 200 kV in 
order to determine their shape, dimension and size distribution. 
The specimen was prepared by drop-casting the Au NDs suspen-
sion on a Cu-grid-supported quantifoil. By observing the casted 
materials at the hole area of the supporting fi lm, background-less 
image was then obtained. 

  Spectral Measurements : Steady-state absorption and emis-
sion spectra of insulin–Au NDs were recorded with a Hitachi 
U-3310 spectrophotometer and an Edinburgh FS920 fl uorimeter 
respectively. The spectral responses of excitation and emission 
of the fl uorimeter were both calibrated. The emission quantum 
yield of insulin–Au NDs was determined by a comparison method, 
in which the DCM dye (4-(dicyanomethylene)-2-methyl-6-(4-
dimethylaminostyryl)-4H-pyran) solution in methanol with known 
quantum yield of  ∼ 0.44 served as a standard. 
2108 www.small-journal.com © 2013 Wiley-VCH 
  Concentration Dependent Fluorescence : To investigate the con-
centration dependence of fl uorescence yield from insulin–Au NDs, 
we used a 1.5 W femtosecond Ti:sapphire laser (Mira, Coherent) 
and a  β -barium borate (BBO) to obtain 400 nm excitation pulses 
with 200 mW average power and 250 fs pulse width. The laser 
pulse was focused by a lens (f  =  3 cm) into the solution held in a 
1 cm thick cuvette. The fl uorescence was side-collected by another 
3-cm lens and the excitation signal was highly attenuated by a 
combination of color fi lters. Then the red fl uorescence signal was 
detected by a photomultiplier tube (R928p, Hamamatsu). Using 
an acousto-optic modulator, the pump beam was modulated at 
a frequency of 100 kHz and the fl uorescence signals were lock-in 
detected (SR844, Stanford Research). As shown in Figure S5, the 
concentration dependence of fl uorescence yield (in  μ V) is linear 
(R  =  0.9948) and the concentration as low as 170 pM can still be 
detected with suffi cient signal to noise ratio. 

  In vivo Nonlinear Microscopy System : The in vivo non-
linear microscope is excited by a femtosecond Cr:forsterite 
laser with 100 fs pulse-width, 110 MHz pulse repetition-rate, 
and 1230 nm central wavelengths. [  30  ]  The nonlinear contrasts 
include TPF, second-harmonic-generation (SHG), and third-har-
monic-generation (THG). The nature of signal generation provides 
sectioning capability with sub-micron spatial resolution. Compared 
with other femtosecond laser sources, the Cr:forsterite laser based 
nonlinear microscope has least invasiveness, [  31  ]  highest penetra-
tion depth ( > 350  μ m), [  32  ]  and extra THG modality that are capable 
of imaging the lipids [  33  ]  and elastin. [  19  ]  The laser beam is directed 
to a scanning units (FluoView 300, Olympus) cascaded with an up-
right microscope (IX51, Olympus). After the 60  ×  NA  =  1.2 water 
immersion focusing objective (UPLSAPO 60XW, Olympus), the exci-
tation power can reach 70 mW. The generated TPF, SHG, and THG 
signals will be epi-collected with the same objective. The TPF sig-
nals will pass through the 665 nm long-pass dichroic beam splitter 
and detected by a photomultiplier tube (PMT) inside the scan-
ning unit. The SHG and THG signals will be refl ected by 665 nm 
long-pass dichroic beam splitter and further separated by another 
495 nm long-pass dichroic beamsplitter. They were fi nally detected 
by other two PMTs equipped with 610 nm and 410 nm band-pass 
fi lters, respectively. Laser scanned images of all three contrasts 
will be recorded with 3 s integration time and reconstructed into a 
512  ×  512 pixels images. 

  Mice Experiment : The animals used for in vivo microscopy 
observation are BALB/c and KK-A y /Ta Jcl. The BALB/c female mice 
aged 8 weeks were purchased from Animal Center of National 
Taiwan University Hospital. All mice were acclimatized in plastic 
cages. The body weight was 25 g amid the experiment. Male 
5-week old KK-A y /Ta Jcl mice were obtained from CLEA Japan. The 
mice were housed in cages located in a room with controlled tem-
perature and humidity. After 11 weeks, their body weights were 
increased to 45 g. It’s a good model of obesity-associated type 
II diabetes mellitus (DM) with insulin resistance. [  34  ]  For the static 
observation of mice under in vivo nonlinear microscope, we used 
isofl urane inhalation anesthetics for its effectiveness, lack of side-
effects and rapid wash-out, especially in consecutive time-course 
imaging. It supplies oxygen during whole anesthetic periods and 
good for rapid anesthetic recovery. Anesthesia is maintained with 
isofl urane vaporized at concentrations of up to 4% in the induc-
tion phase, at 0.8–1.5% during prolonged experimental observa-
tions. We monitor refl exes and vital signs (94–163 breaths/min, 
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325–780 beats/min, 37.5  ° C) of the anesthetized mice and main-
tain the body temperature with small warm bag during whole 
anesthetic periods throughout recovery. insulin–Au NDs solution 
(10 mg/mL) in 20  μ L volume was interstitially injected into the 
mice ear via 30G insulin syringe. A cotton-tipped applicator was 
then pressed on the site of puncture to prevent the leaking from 
the skin. All mice used for experiments received humane care in 
compliance with the institution’s guidelines for maintenance and 
use of laboratory animals in research. All of the experimental pro-
tocols involving live animals were reviewed and approved (Case 
number 20110331) by the Animal Experimentation Committee of 
National Taiwan University Hospital. All mice were acclimatized in 
plastic cages and taken care of by the animal center. 

  Two-Photon Absorption Cross Section Measurement : The open 
aperture Z-scan experiments were conducted with the experi-
mental setup and procedure described in literature. [  35  ]  In this 
study, a mode-locked Ti:sapphire laser (Tsunami, Spectra Physics) 
was coupled to a regenerative amplifi er that generated  ∼ 150 fs, 
1 mJ pulses (800 nm, 1 kHz, Spitfi re Pro, Spectra Physics). The 
pulse energy, after proper attenuation, was reduced to 0.75–1.5  μ J 
and the repetition rate was further reduced to 20 Hz to eliminate 
excited-state absorption (ESA). After passing through an f  =  30 cm 
lens, the laser beam was focused through a 2.00 mm cell fi lled 
with the sample solution (3.1  ×  10  − 4   − 1.1  ×  10  − 3  M) and the 
beam radius at the focal position was 5.09  ×  10  − 3  cm. When the 
sample cell was translated along the beam direction (z-axis), the 
transmitted laser intensity was detected by a photodiode (PD-10, 
Ophir). The TPA-induced decrease in transmittance,  T( z), can be 
fi tted with  Equations (1)  and  (2) , in which the TPA coeffi cient (  β  ) 
is incorporated: [  36  ] 

 
T (z) =

∑∞

n = 0

(−q)n

(n + 1)3/2

  
(1)   

 

q =
BI 0 L

1 + z2

z2
0   

(2)    

where n is an integer number from 0 to  ∞  and has been truncated 
at  n   =  1000,  L  is the sample length,  I   0  is the input intensity, z rep-
resents the sample position with respect to the focal point, and 
 z   0  denotes the diffraction length of the incident beam (Rayleigh 
range). After obtaining   β  , TPA cross-section (  σ    2 ) can be deduced 
with  Equation (3) :

 
β =

σ2 N A d × 10− 3

hυ   
(3)    

where  N A   is the Avogadro’s constant,  d  is the sample concentration, 
and  h υ   is the incident photon energy.   

 Two-Photon Fluorescence Measurements : To measure the TPF 
spectrum of human insulin–Au NDs, we used the same objective 
(60X water immersion, NA  =  1.2) to focus excitation beam and 
detected the spectral signals with thermal-electric cooled charge-
couple-device (CCD) spectrometer. The temperature was cooled 
down to  − 60  ° C for higher signal to noise ratio. The multiphoton 
signals generated from insulin–Au NDs solutions were refl ected by 
a 865 nm-edged dichroic beam splitter and focused onto the slit of 
spectrometer by a lens with 10 cm focal distance. The open width 
of slit is 200  μ m and the integration time is 60 s. All the spectra 
were calibrated by a Hg (Ne) lamp. 
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