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Abstract

Fluorescent nanomaterials have shown great promise for applications such as
sensing, imaging and light emitting devices. Most of the nanoclusters, however, are
toxic in vivo. Gold nanodots are least biologically toxic among them. To synthesize
gold nanodots with disease-related protein, such as insulin can help scientists to learn
more about the mechanism of diabetes and Alzheimer by tracing the fluorescent insulin

gold nanodots(insulin-Au NDs) in vivo.

The fluorescence of the insulin-Au NDs is affected by pH value, reaction time,
temperature, gold ion concentration and the buffer. The insulin-Au NDs crystals are
made by soaking insulin crystals into HAuClagq) solution, which may be helpful to
defining the structure of protein-Au NDs. According to the Stern-Volmer plot of
fluorescence quenching of the Au NCs by cyanide, protein-Au NDs can be cyanide ion
detector in solution even in vivo. The insulin-Au NDs have been successfully fed into
cells through insulin receptors on cell membrane, which preliminarily confirms the
biological activity of insulin-Au NDs.The result of the MTT assay shows that the
cytotoxicity of insulin-Au NDs is really low, so it is safer to trace insulin in vivo by
insulin-Au NDs’ fluorescence instead of radiolabeling. In insulin tolerance test,
Human-Regular insulin and insulin-Au NDs show the same capability to lower the
blood sugar concentration of mice, which means the biological activity of insulin

AU@NDs is similar to insulin.
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: SIGMA-ALDR
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from bivine pancreas,16634 ICH
Lysozyme Chloride, from SIGMA-ALDR
Lysozyme i ) 14.7kDa >90%
chicken egg white ICH
2,3,6,7-tetrahydro-9-methyl
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1. Firstek(S 300R) orbital shaking incubator

2. Hitachi(U-3310) spectrophotometer

3. Edinburgh(FS920) fluorimeter

4. FLIM(Fluorescent Lifetime Imaging Microscopy)

5. Jasco(J-810) spectropolarmeter
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benzoic acid, CN™ -

vog s
d 2 % 9 2 % Elsner Equation ¥ 5r> % & % £ 2 ¥ 3 #5337 i

WP A BT OMRIRIART TS X F AT AREERET X7 §


http://en.wikipedia.org/wiki/Transmission_electron_microscopy

2 2 HCNeq) ©
Elsner Equation : 4Au + 8CN + O, + 2H,0 —4Au(CN), +40H"

B mHlitavhE 2 45 AT 0 BH Y g s S PBS ) ¥
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. BSAuy | HAUClye | NaOHuq | TBABy, | EtOH W | ¥k

(ML) [(mg/mi) [mey | IMmML) | 0.IM(mL) | (mL) R | B
A 5 min E
B 2 1 0.1 5 min !
C | 50mgme | 20 1 1 4 hr .
D 20 1 1 1 5 min -
E 20 1 1 1 -—-- 4 hr .
F | 25mgme | 20 1 1 1 4 hr .
G | S50mgme | 20 1 1 1 95%, 200 | 4 hr .

BSA A ¥ ¢ 5 ik £ 400nm chiE ¢ k(R La) 0 i 4~ 4T 15
§ %45 3 465nm AUl 1b) - A3k G BSA Gd o A A2 Y - 3T
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FEWGITE Byl d F R G A TP D hnpdB5Nm % g
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£ 4 7 F 8 FR0 2R

30 Fokpir(ImL) | NaOHgg(1mL) T(Blﬁ(;‘” H?lur:bam
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10mg/mL 1.0M 0.05M
100mg/mL 0.5M 0.10M
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20mg/mL
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10mg/mL 1.0M 0.05M
10mg/mL 0.5M 0.05M
MB 10mg/mL 1.0M 0.05M
20mg/mL 1.0M 0.10M
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@ &% L& 300nm sk R R FpE o AR E B A F k0 7 R

350nm =735k ok % gc]"gq

Mo T 4 o

ol R TR ek o ARE

il

/ ™

3 EEL T

25 AKEARFAFEE KT LT
N 443 | NaOHuq | TBABgg | NaClugy | HAUClyug
AR MO | aMey | oMy | 5% o) 20mgmi(mL)
Smgm. | 1.000 | 0.500 0.250 0.250
0.500 | 0.500 0.500
0.500 0.500 0.500
0.500 0.500 0.500 0.500
L0yt 0.500 0.500 0.500
0.500 1.000
1.000 0.450 0.200 0.250
5.000 5.000 5.000
5.000
10.000 5.000
184t | 1,000 0.900 0.050 0.050
0.500 0.500
50 mg/mL 1.000 -—== 0.500 -—— _—— 0.500
BEFEZ AT FET A B > 2 QY. 5 2% (B 3a) - ¥
Mmax=677nm & excitation(] 3b) » & & #7{8 Fl ek 227 H ex gk 3 2 F o iR

g KL BT 400nm w g 0 Ed Apa=499nm e Sk e B AT T o
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—— excitation677
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wavelength (nm) ( b)

5 T T T T T T T T T T 1
300 350 400 450 500 550 600 650 700 750 800 850
wavelength (nm)

W 3(a) i3 A% & 2 K sofT Sk EE 0 Ae=406nm > App,=675nm (b)
Excitation(660nm)

% FTAE TR FF g K iE i S pH B 45 -k} FpF A
F & % # 3 50 MM Na(OAC) ag), PH & 45> MR G = 7 ¢ 3 £ o FIf

Bl B LR IR R TF AR T A o A B A Y ERN, F o
2. WL 5 % &2 K+
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26 AFELEILLF LKL RT1

L & % | H,0 Buffer(mL) NaOHq) | HAUCI () Nai)H(aq) ”i\j 5 %
(mg) | (mL) IM(mL) | 20mgm(mL) | 1x10°M(mL) | kA
7.3 1.85 -—-- 0.100 0.05 -—-- 3.63mg/mL

NaCl150
7.3 1 Tris20 0.100 0.05 -—-- 3.63mg/mL
0.85

8.2 |1.706 -—-- 0.045 0.25 -—-- 4.09mg/mL
8.2 |1.353 --- 0.033 0.25 -—-- 3.60mg/me
8.2 1 -—-- 0.023 0.05 0.9275 4.09mgme
8.2 5 --- 0.500 0.25 4.6375 4.09mgme
8.2 -—-- 0.1M ---- 0.05 -—-- 4.09mg/mL
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1 0.9425 0.05
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Abstract

As more people suffer from diabetes, understanding the key mechanism and improving the
treatments are crucial. Regarding this problem, a convenient and efficient method is designed to
trace the key protein insulin in diabetes in vivo, by synthesizing the fluorescent insulin-Au
nanodots.

In order to achieve the sufficient fluorescence efficiency of insulin-Au nanodots without
denaturation, optimization with red fluorescence (Amax=660nm) is conducted.

The advantages of insulin-Au nanodots are proved to be the following. Compared to organic
dyes, gold nanodots allow real-time tracing and much less photobleaching. The synthesized
insulin-Au nanodots are capable of binding with insulin receptor and getting into cells as insulin
does, demonstrated by the fluorescent insulin-Au nanodots and glucose uptakes. With comparable
biological activity to that of insulin and low cytotoxicity, the fluorescent insulin-Au nanodots are
competent markers in vitro or even in vivo.


http://en.wikipedia.org/wiki/Photobleaching

§ Introduction

Insulin relates to many diseases, including diabetes, Alzheimer’s disease, obesity and
aging. Its signaling pathway controls the growth of an organism, and hence exerts a profound
influence on metabolism and reproduction.™ However, current method cannot provide the
instant distribution of the key protein insulin without invasive study or isotope use. Regarding
this problem, a convenient and efficient method is designed to trace insulin by synthesizing the
fluorescent insulin-Au nanodots.

Fluorescent properties of gold clusters are observed at sizes under 2 nm."! Compared to
organic dyes, gold nanodots allow real-time tracing and much less photobleaching.”! Recently,
synthesizing fluorescent gold nanonanodots with biological molecules coating has been
developed."! It inspired me to use insulin as both template and stabilizer to synthesize
fluorescent insulin-gold nanodots (insulin-Au nanodots). By tracing the fluorescent insulin-Au
nanodots, we can learn more about the role insulin plays in those diseases.

§ Experimental Procedures

1. Synthesis of the fluorescent insulin-Au nanodots
(A) Synthesis

Bovine pancreas insulin was purchased from Sigma. The insulin-Au nanodots were
synthesized through reduction of Au with insulin, as a soft template, from hydrogen
tetrachloroaurate (l11) trihydrate (HAuCl, - 3H,0) in aqueous 0.1 M NazPOu,q buffer at pH
10.4. By reacting with insulin for 12 hours in the dark at 4°C, red-emissive insulin-Au
nanodots were generated. The optimized procedure above was found after temperature, pH
value, reaction time and concentrations were adjusted to achieve the sufficient quantum yield
(Q.Y.) and maintain the bioactivity of insulin. The crude products were then purified by
centrifugal filtration (4000xg) for 30 min with a cutoff of 5 kDa to obtain the insulin-Au
nanodots for subsequent applications.

Steady-state absorption and emission spectra of insulin-Au nanodots were recorded
with spectrophotometer (U-3310, Hitachi) and fluorimeter (FS920, Edinburgh), respectively.
The spectral responses of excitation and emission of the fluorimeter were both calibrated. The
emission Q.Y. of insulin-Au nanodots is determined by comparison method in which
[4-(Dicyanomethylene)-2-methyl-6- (4-dimethylaminostyryl)-4H-pyran] (DCM dye) solution
in methanol with known Q.Y. of ~0.44 served as a standard. Emission lifetime measurement
was performed with fluorimeter comprising a built-in time-correlated single photon-counting
system and a pulsed hydrogen or nitrogen lamp as the excitation source. Kinetic data were
analyzed by using an iterative least-squares fitting procedure in combination with a
deconvolution method, allowing partial removal of the instrumental time-broadening and
providing a temporal resolution of approximately 300 ps. The emission decay was fitted with
sum of exponential functions.



(B) Characterization

The insulin crystals were grown using the sitting drop vapor diffusion method at 25 C.
A drop contained 15 mg/mL insulin dissolved in 0.1 M Na,HPO,/NazPO, at pH 10.4. The
reservoir solution was 0.425 M Na;HPO4/NasPO,4. 1 mM HAuUCI, (pH 10.4) was added into
an aqueous solution containing insulin crystal to make insulin-Au crystals. The images and
spectra of crystals were recorded by confocal fluorescence microscopy (LSM710 NLO,
Zeiss).

The size of insulin-Au nanodots was determined by transmission electron microscope
(TEM, JEM 1230, JEOL) operated at 200 kV and dynamic light scattering (DLS) in order to
determine their shape, dimension and size distribution. The specimen is prepared by
drop-casting the Au nanodots suspension on a Cu-grid-supported quantifoil. By observing the
casted materials at the hole area of the supporting film, background-less image is then
obtained.

X-ray photoelectron spectrometry (XPS) was used to determine the chemical state of Au.
Au nanodots were drop-casted on a Si wafer. The spectra were recorded with a scanning
ESCA microprobe (PHI 5000 VersaProbe, ULVAC-PHI) using a micro-focused,
monochromatic Al Ko X-ray (25 W, 100 um). The take-off angle of the photoelectron was
45°. A dual beam charge neutralizer (Ar" gun and flooding electron beam) was used to
compensate the charge up effect.

2. Biological activity of insulin-Au nanodots
(A) Cytotoxicity

The cellular toxicity of insulin-Au nanodots was evaluated by using a colorimetric assay
agent, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Roche). Mouse
C2C12 myoblast cells were seeded on a 10 cm petri dish with 3x10° cells per well in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Gibco). For cell expansion, the cells were cultured
under the atmosphere of 5% CO, at 37.0°C. Cells were passed through trypsinization, and
nucleated cells were centrifuged at 1000xg for harvesting. For cytotoxicity test, cells were
seeded in a 24-well plate with density of 3x10* cells/well in 1 mL DMEM to promote the
uptake of the particles. For contrast with control group, five different concentrations (250, 200,
150, 100, and 50 pg/mL) of insulin-Au nanodots were added to the cells. After 24 hours of
incubation at 37.0°C, each well was washed with phosphate-buffered saline (PBS, 137 mM
NaCl, 2.68 mM KCI, 10 mM Na,HPO,, 1.76 mM KH,PO,, pH 7.4) twice, and incubated with
500 uL. DMEM with 10% of MTT agent for 3 hours. After removal of the medium, the newly
formed purple MTT-formazan was dissolved in 300 pL dimethyl sulfoxide (Sigma-Aldrich)
and the absorbance was measured at 595 nm with a microplate reader (BIO-RAD model 680,
VERSA Max). A total of three replicates were performed.



(B) Binding with receptors

The cellular bindings and uptake of insulin-Au nanodots was determined by
laser-scanning confocal fluorescence microscopy (LSM710 NLO, Zeiss). For confocal
microscopic study, C2C12 myoblast cells were seeded in a 6 well plate at 3x10” cells/well
density in 2 mL DMEM. After 30 min incubation with 250 pg/mL of Au nanodots, cells were
washed three times with PBS and then fixed by 3.7% paraformaldehyde in PBS at room
temperature for 10 min. The cells were then washed twice with PBS and incubated with 0.1%
Triton X-100 (Sigma-Aldrich) plus 3% BSA (Sigma-Aldrich) in PBS at room temperature for
5 min. 4',6-diamidino-2-phenylindole (DAPI, Molecular Probes) and Alexa Fluor® 488
phalloidin were used in this optical microscopic study for nucleus and actin labeling,
respectively. Before 10 ug/mL DAPI staining in PBS for 5 min at room temperature, cell
samples were washed with PBS twice and then examined with confocal spectral
microscopeequipped with 63X (P-APO, 1.40 Oil immersion) objective, and using 405 nm
Diode laser, 488 nm Argon laser, and 543 nm He-Ne laser as excitation source.

(C) Glucose uptakes of cells

L6 rat skeletal muscle cells were cultured in DMEM with 2% FBS to differentiate. Cells
were plated at 1x10°/well in 12-well plates and maintained at 37.0°C in a humidified 5% CO,
environment. The glucose uptake of fluorescemt glucose analog, [2-(N-(7-nitrobenz
-2-0xa-1,3-diazol-4-yl)amino)-2-deoxyglucose] (2-NBDG) was determined with a multilabel
counter (Victor 1420, Wallac). The cells were incubated with 300 uM 2-NBDG together with
100 nM insulin or 100 nM insulin-Au, respectively for 30 min at 37.0°C. Cells cultured in
12-well plate were washed with Krebs-Ringer bicarbonate buffer (KRP buffer) and then
dissolved in 0.1% SDS at room temperature for 5 min. 200 pL solution from each well was
added into black plate for absorption measurement at 485nm and 535 nm. The protein content
was measured by trypan blue (Sigma), using bovine serum albumin (BSA, Sigma) as a
standard protein.

§ Results and Discussion

1. Synthesis of the fluorescent insulin-Au nanodots
(A) Synthesis

As the reaction time at room temperature increased, the luminescence color of
insulin-Au nanodots changed gradually from blue to red under 365 nm UV light. This implies
that there is a blue fluorescent intermediate before insulin-Au nanodots reach the stability
with red fluorescence [Table 1, Fig. 1 (a), (b)]. For future applications of insulin tracing in
vivo, the wavelength of the emission should be long enough to get through the tissue without
too much absorption.

The temperature affected the Q.Y. and red light percentage. Although insulin-Au
nanodots synthesized at both 4°Cand 60°C showed better Q.Y. than those synthesized at room
temperature, the best synthesis temperature is at 4°C because the strucuture of insulin remains
native under low temperature [Fig. 2 (a)].



When using 5 mg/mL insulin, the Q.Y of insulin-Au nanodots synthesized with 200 uL
HAUCl4@q) (20 mg/mL) is better than those synthesized with 100 pL HAuCla(g) (20 mg/mL)
[Fig. 2 (b)].

The optimized procedure is to add insulin 10 mg in buffer (pH 10.4, 800 pL) and
HAUCl4(q) (20 mg/mL, 200 pL) at 4°C for 12 hr.

Table 1 Luminescent color of insulin-Au nanodots

Color
- Only blue fluorescence exists blue
‘f Blue fluorescence decays; |
purple
- red fluorescence shows up.
'f Both blue and red fluorescence increase. white
’ ‘ Both blue and red fluorescence decay. pink
—_— 1day
_ 3
= <
-
(a) 3s0 400 480  so0  sso (b) 500 550 600 650 700 750
wavelength (nm) wavelength (nm)

Fig. 1 Emission spectra of insulin-Au nanodots with time
(a) Blue fluorescenct spectra changing with time (A¢,=330 nm, (Amax=400nm, filter: 370 nm)
(b) Red fluorescent spectra changing with time (A, =406 NM, (Ayax=400nm, filter: 370 nm)

= insulin-Au 37°C Abs.
= insulin-Au 37°C Em.
— insulin-Au 60°C Abs.
= insulin-Au 60°C Em.
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Fig. 2 Emission spectra of insulin-Au nanodots with time)

(a) Absorption and fluorescence spectra of insulin-Au nanodots synthesized at various temperatures
(N =406 nm, A 5= 670 NmM)

(b) Fluorescence spectra of insulin-Au nanodots synthesized with different gold ion concentrations
(N =406 nm, A = 670 NmM)




(B) Characterization

The completed insulin crystals were grown [Fig. 3 (a)] and then added into the solution
containing 1 mM HAUCIq without destruction [Fig. (b), (c)]. The fluorescence of insulin
crystals is blue (Amax=490nm), which can explain the blue fluorescence measured in solution
was from aggregate insulin. The fluorescence of insulin-Au nanodots gradually changed from
yellow (Amax=575nm) [Fig. 2 (e), (h)] to red and finally reach similar peak (Amax=670nm) to
the fluorescence of insulin-Au nanodots in solution (Amax=670nm) [Fig. 2 (f), (i)]. The highly
ordered protein assembly with nano-sized solvent-filled pores makes insulin crystals capable
of promoting Au nanodots formation.

Fig. 3 Fluorescent images and spectra of insulin crystals and insulin-Au crystals.
(a) Image of insulin crystal

(b) Image of insulin-Au crystals

(c) 3D image of insulin-Au crystals

(d) Fluorescent insulin crystals image.

(e) Fluorescent insulin-Au crystals image.

(f) Fluorescent insulin-Au crystals image after 12hr.

(9) Fluorescent spectrum of insulin crystals (A ma= 490 nm).

(h) Fluorescent spectrum of insulin-Au crystals (A e= 406 nm,A 5= 575 nm)

(i) Fluorescent spectrum of insulin-Au crystals after 12 hr (A = 406 nm,A .= 670 nm).




DLS shows the mean size of insulin-Au nanodots is 3.5+0.4 nm [Fig. 4 (d)]. The particle
size, mainly for gold nanodots, was calculated to be 0.92+0.03 nm, based on 100 particles in
TEM image [Fig. 4 (1)].

The diameter of gold nanodots is 0.92+£0.03 nm confirmed by TEM [Fig. 4 (a)] The
binding energy measured by XPS proves the type of gold and the reduction in the synthesis
because the Au 4f"? spectrum could be deconvoluted into two distinct components (red and
blue curves) centered at binding energies of 84.0 and 85.1 eV, which could be assigned to
Au(0) and Au(l), respectively (Au(0)-75.7%, Au(l)-24.3%] [Fig. 4 (b)]. There is an
asymmetrical characteristic peak, which can be further decomposed into two peaks at 84.0
and 85.3 eV. These two peaks indicate the presence of Au (0) and Au (l), respectively.
Similarly, the asymmetrical Au®? is decomposed to the Au (0) (87.76 eV) and Au (1) (88.81
eV). The results are consistent with previous study of Au nanodots, concluding the existence

of a small amount of Au (I) on the surface of Au nanodots to help stabilizing the Au nanodots.
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Fig. 4

(a) TEM image of insulin-Au nanodots on Cu-grid-supported quantifoil.

(b) The histogram analysis of the insulin-Au nanodots. Histograms showing the particle size distribution is
constructed based three TEM photographs. A total of 100 particles are used in this histogram.

(c) In-depth chemical state of insulin-Au ns was determined by XPS

(d) Size distribution of insulin-Au nanodots measured by DLS




2. Biological activity of insulin-Au nanodots
(A) Cytotoxicity
The results of MTT assay shows that insulin-Au nanodots have no significant
cytotoxicity on C2C12 myoblast cells at 250 pg/mL insulin-Au nanodots [Fig. 5 (a)].
(B) Binding with receptors
Z-stacking shows the insulin-Au nanodots was on the cell membrane and inside the cells,
which indicates the receptor-mediate endocytosis [Fig. 5 (b)]. It preliminary implies that the
red fluorescent insulin-Au nanodots remains the bioactivity of insulin.

Viability of 3T3-L1 treated with insulin-Au NCs

1000
wu I I I I I I
a0

o 50 100 150 200 250

(a ) Concentration of insulin-Au NCs (pg/mL)

Cell Viability after 24 hours

(b)

Fig. 5
(a) Cytotoxicity of insulin-Au nanodots on 3x10° C2C12 myoblast cells per well

(b) Binding of insulin-Au nanodots on C2C12 myaoblast cells




(C) Glucose uptakes by cells
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The glucose uptake promoted by insulin-Au nanodots is similar to that by insulin, which
is 20% higher than that in vehicle control. [Fig. 5]. Since the biological activity of insulin is to
stimulate the glucose uptake by binding to the specific receptors, the glucose uptake assay
demonstrates that the insulin-Au nanodots maintain the biological activity of insulin. With the
biological activity of insulin, we can trace insulin by the red fluorescence from insulin-Au
nanodots in vitro or in vivo.

B Glucose uptake based on vehicle control

14
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Vehicle control insulin insulin-Au
Fig. 6 Glucose uptake assay of insulin and insulin-Au on 1x10° L6 rat
skeletal muscle cells per well via absorption.
Conclusions

The red fluorescent insulin-Au nanodots are successfully synthesized by adding insulin 10
mg in NazPOugq) (0.1 M, pH 10.4, 800 pL) and HAUCl4¢g) (20 mg/mL, 200 pL) at 4°C for 12 hr.

The red fluorescent insulin-Au crystals are obtained, which could be used to define the
insulin-Au structure.

With the low cytotoxicity, minute photobleaching and full biological activity of insulin,
insulin-Au nanodots are promising biomarkers in vitro or in vivo. By tracing the red fluorescence
of insulin-Au nanodots, we could have a better understanding of diabetes and Alzheimer’s
disease or even help the development of new drugs.
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