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a b s t r a c t

Advanced glycation end products (AGEs) have been implicated in diabetic complications. To measure
AGEs, especially Nε-(carboxymethyl)lysine (CML), in sera from Zucker diabetic fatty rats (ZDF) and Zucker
lean rats (ZL), we used a novel method of protein chip and surface plasmon resonance imaging (SPRI).
Serum samples were obtained from male ZDF and ZL rats at 20 weeks of age. Antibodies to AGEs or CML
were immobilized on a gold surface, which was modified by cysteine-tagged, protein-G constructs. The
gold chip upon which the serum was spotted was optically coupled with a prism coupler. The reflected
images from the gold chip were obtained using a charge-coupled device (CCD) camera. The direct analysis
iabetic complications
ε-(carboxymethyl)lysine (CML)
urface plasmon resonance imaging (SPRI)
ucker diabetic fatty rats (ZDF)

of the glycated proteins and products using SPRI showed that AGEs and CML levels were elevated in ZDF
serum, compared with ZL serum. The lowest detection limit of AGEs was 10 ng/ml, with a working range
covering the physiological range. These results indicate that the protein chip and SPRI system is very
suitable for the measurement of glycated proteins and end products in serum samples. This system offers
high sensitivity without any fluorescent or other labeling of the components and saves a substantial
amount of time, resources, and labor. Our results suggest that SPRI systems can be used as a tool to
diagnose diabetic complications.
. Introduction

Chronic hyperglycemia accelerates non-enzymatic glycation
eactions between reducing sugars and free reactive amino groups
f proteins. With time, such reactions result in the formation of
arly products, such as a Schiff base and an Amadori product
ketoamine). Further reactions, including dehydration, condensa-
ion, and rearrangements, yield advanced glycation end products
AGEs), which are characterized by a brown color, fluorescence, and

ross-linking (Huebschmann et al., 2006). The formation of AGEs,
uch as Nε-(carboxymethyl)lysine (CML) and pentosidine, has been
mplicated in diabetic complications and age-associated diseases,
uch as atherosclerosis, cataracts, and Alzheimer’s disease (Farboud

Abbreviations: AGEs, advanced glycated end products; CML,
ε-(carboxymethyl)lysine; SPRI, surface plasmon resonance imaging; ZDF, Zucker
iabetic fatty rats; ZL, Zucker lean rats.
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et al., 1999). Diabetic patients and animals show higher levels of
AGEs than their non-diabetic counterparts (Tan et al., 2004; Sohn
et al., 2007).

Zucker diabetic fatty (ZDF) rats, an animal model of type 2 dia-
betes, develop severe hyperglycemia, obesity, and insulin resistance
(Chander et al., 2004). AGEs present in tissues can be measured
by immunohistochemistry using specific antibodies (Sohn et al.,
2007). Both CML and pentosidine have been traditionally quan-
tified by high-performance liquid chromatography (HPLC), gas
chromatography/mass spectrometry (GC/MS), and enzyme-linked
immunosorbent assays (ELISAs) in serum samples (Sohn et al.,
2007; Degenhardt et al., 1997; Culbertson et al., 2003). In the urine,
AGEs levels are routinely detected by HPLC (Huebschmann et al.,
2006).

Surface plasmon resonance imaging (SPRI) biosensors coupled
with protein or antibody arrays have become widely utilized for
analysis of protein and ligand concentrations, including concentra-

tions of DNA-binding proteins and ligands that bind to proteins for
drug screening (Campbell and Kim, 2007). Protein chip technology
is a sensitive, rapid, and quantitative approach for screening a candi-
date substance as a potential drug. Thus far, the majority of currently
available protein arrays are designed for detection methods using

ghts reserved.
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ither fluorescent or enzymatic tags (Phelan and Nock, 2003; Park
t al., 2008). However, the SPRI system uses direct detection via a
abel-free method (Park et al., 2008). To determine whether AGEs
evels in serum and urine samples can be measured using SPRI
iosensor systems, we examined the AGEs and CML levels from both
DF and ZL rats.

. Experimental

.1. Animals

Male Zucker diabetic fatty (fa/fa, ZDF, n = 5) and Zucker lean (fa/+
r +/+, ZL, n = 5) rats were obtained at 6 weeks of age from Charles
iver Laboratories (Wilmington, MA, USA) and acclimated for 1-
eek prior to the study. Rats were allowed free access to water

nd food (Purina #5008, Ralston Purina, St. Louis, MO, USA) for 13
eeks. The experiments were performed according to the National

nstitutes of Health’s (NIH) Guide for the Care and Use of Laboratory
nimals, and were approved by the Committee on Animal Care at
ur institute.

.2. Preparation of a gold chip and SPRI measurements for AGEs

A gold chip was prepared as previously reported (Park et al.,
008). Briefly, a bare gold chip (K-MAC, Korea) was immersed in
iranha solution [70% (v/v) H2SO4 and 30% (v/v) H2O2] at 55 ◦C
or 30 min and rinsed thoroughly with distilled water and ethanol.

ysteine-tagged recombinant protein G (100 �g/ml in PBS) was

ncubated with the gold surface at 37 ◦C for 1 h and rinsed with
BS (pH 7.4). The gold chip was blocked with BSA (1 mg/ml in
BS; Sigma, St. Louis, MO, USA) to prevent non-specific binding
nd rinsed with PBS. Specific antibodies for AGEs (6D12, Wako,

ig. 1. Schematic illustration of the SPRI system for the detection of AGEs in sera. AGEs
-bound, gold chip surface. Subsequently, a serum sample is spotted onto the specific A
nalyzed by SPRI.
ectronics 25 (2009) 248–252 249

Osaka, Japan) and CML (Abcam, UK) were immobilized on the
protein G-modified gold surface at room temperature for 1 h.
The chips were washed in distilled water. Serum or urine sam-
ples were applied to the gold surface and allowed to react for
2 h. The chips were then washed in distilled water and dried.
Serum or urine proteins were diluted in PBS containing 15% (v/v)
glycerol and spotted onto the specific antibody chips using a pro-
tein arrayer (BioOdyssey calligrapher Miniarrayer) equipped with
a Stealth pin (Telechem International, USA). After spotting, the
chip was incubated for 1 h at 55% humidity then rinsed with
PBS. For the limit of detection (LOD), AGEs (MBL International,
USA) in 15% serum were serially diluted to a final concentra-
tion (1000–0.001 �g/ml) and the experiments were repeated three
times. The reflected images from the gold chip were obtained
using a charge-coupled device (CCD) camera (Sony, Japan) and
subsequently analyzed by the SPRI system (Spot analysis program
multi-gauge V3.1).

2.3. Quantification of AGEs in serum

AGEs in serum samples were measured by a competitive ELISA.
The assay was performed using a monoclonal anti-AGE antibody
(6D12, Wako, Osaka, Japan) as previously described (Mitsuhashi et
al., 1997).

2.4. Statistical analysis
Data are expressed as the mean ± SEM and analyzed by the
unpaired Student’s t-test using GraphPad Prism 5.0 software
(GraphPad, San Diego, CA, USA). Differences with a value of P less
than 0.05 were considered statistically significant.

-specific antibodies are immobilized onto a cysteine-tagged, recombinant protein
GE antibody chip. AGEs in the serum become bound to the chip surface and are
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. Results and discussion

.1. Test of serially diluted AGEs-BSA and serum samples using an
PRI system

Fig. 1 shows a schematic illustration of the SPRI system for
etection of AGEs using an anti-AGE antibody immobilized onto

he surface of a gold chip. To determine AGEs levels using this
ystem, we tested the serially diluted, AGEs-BSA and rat serum
amples. As shown in Fig. 2A, PBS and BSA (negative controls)
ad virtually no signal and AGEs-BSA samples yielded signals that
orrelated with concentrations of 0.001–1000 �g/ml. The serum

ig. 2. Analysis of serially diluted AGEs-BSA and serum samples using the SPRI system. (A
PRI of diluted sera. The serum samples were diluted with PBS containing 15% (v/v) glycer
he specific antibody chip using a protein arrayer. (C) The limit detection of AGEs in 15% s
he mean ± SEM. *P < 0.001 vs. BSA (1000 �g/ml) in 15% sera.
ectronics 25 (2009) 248–252

samples of diabetic and non-diabetic rats were diluted with PBS
containing 15% (v/v) glycerol to 85%, 30%, and 15% of the original
sample and were randomly spotted onto the AGEs-specific anti-
body chip. The 85%-, 30%-, and 15%-diluted serum showed 7.21,
11.34, and 19.12 relative percent differences between diabetic (ZDF)
and non-diabetic (ZL) rats. The 15%-diluted samples clearly dif-
fered (Fig. 2B). The SPRI system exhibited a linear response in

the range of 0.001–1000 �g/ml (R2 = 0.958) for detection of AGEs.
The limit of detection (LOD) of AGEs in sera was 10 ng/ml, with
a working range covering the physiological AGEs levels (Fig. 2C).
PBS and BSA (1000 �g/ml) in 15% sera were used as negative con-
trols.

) SPRI of serially diluted AGEs-BSA. PBS and BSA were used as negative controls. (B)
ol to 85%, 30%, and 15% of the starting samples. Diluted samples were spotted onto
era. Experiments were done in duplicated on three separate occasions. Results are
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ig. 3. Analysis of AGEs and CML levels in the sera of ZDF and ZL rats by the SPRI. (A
PRI. All data are expressed as the mean ± SEM (n = 10). **P < 0.01. (C) AGEs ELISA. Al
ndependent experiments. (E) Average CML levels. All data are expressed as the me

.2. Comparison of the SPRI and ELISA measurements of serum
GEs levels

To evaluate the AGEs levels in the serum samples of diabetic
ats, we used the SPRI protein chip system. Results indicated that
DF rats had significantly higher AGEs levels relative to ZL rats at
0 weeks of age (Fig. 3A and B). The ELISA method showed similar
esults in that the average AGEs level in the sera of ZDF rats was
.384 ± 0.148 mg/ml and was 0.6748 ± 0.095 mg/ml in the ZL rats
Fig. 3C). Serum levels of AGEs are generally measured by HPLC,
C/MS, or GC/MS methods (Jakus and Rietbrock, 2004; Peppa et
l., 2006). ELISA methods are also available for various chemically
efined AGEs, such as CML and pentosidine, in sera. The SPRI protein
hip system can measure AGEs levels from several hundred samples
imultaneously without any fluorescent or enzymatic tags.

.3. Measurement of serum CML levels using the SPRI system

CML is a major AGEs that has been chemically characterized and
s known to be formed by oxidation. CML is localized in tissues
nd is increased in the sera of diabetic subjects (Dunn et al., 1989;
urata et al., 1997; Huebschmann et al., 2006). To evaluate the CML

evels in the sera of diabetic rats, we used the SPRI protein chip sys-
em with a specific anti-CML antibody. ZDF rats had significantly
igher CML levels relative to ZL rats (Fig. 3D and E). The sera AGEs
nd CML levels strongly correlated with early diabetic complica-
ions, such as nephropathy, due to microalbuminuria (McCance et
l., 1993).
.4. Measurement of urine AGEs levels using the SPRI system

The SPRI system did not reveal a significant difference between
rine AGEs levels of ZDF and ZL rats at 7 weeks and 20 weeks of age
I of serum AGEs from two independent experiments. (B) Intensity of AGEs levels by
are expressed as the mean ± SEM (n = 5). *P < 0.001. (D) SPRI of serum CML from two
EM (n = 10). **P < 0.01.

(data not shown). However, HPLC analysis previously revealed sta-
tistically significant differences between diabetic (3625 ± 113 U/ml)
and non-diabetic rats (2900 ± 82.08 U/ml) (Huebschmann et al.,
2006). As mentioned previously, the LOD of this system was
10 ng/ml and the highest concentration of ∼0.005 �g/ml of AGEs in
diabetic rats could not be detected in urine samples because small
amount of urine (<1.5 �1) was used. The SPRI system may not have
directly detected a difference in urine due to lower AGEs levels in
urine compared with serum. In order to measure AGEs levels in
urine samples, it would be necessary to pre-concentrate the urine
during sample preparation by means of ultrafiltration .

4. Conclusions

In summary, we demonstrate for the first time that the SPRI
protein chip system is suitable for the measurement of glycated
proteins and products in sera from diabetic rats. SPRI can be used
to achieve rapid and high-throughput measurements of AGEs lev-
els from in vivo samples. This system has a high sensitivity without
requiring any fluorescent or other labeling of the components. SPRI
can also save a substantial amount of time, resources, and labor, and
is easy to fabricate. Our results provide as a guideline for accurately
assaying any AGEs form (ex. Pentosidine, Pyrraline) as biomarkers
found in sera from diabetic patients and suggest that this system
can be used as a diagnostic tool for the detection of early diabetic
complications.
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