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Abstract
Glycated albumin (GA) has been reported as an important biomarker for diabetes mellitus. This
study investigates an optical sensor comprised of deoxyribonucleic acid (DNA) aptamer,
semiconductor quantum dot and gold (Au) nanoparticle for the detection of GA. The system
functions as a ‘turn on’ sensor because an increase in photoluminescence intensity is observed
upon the addition of GA to the sensor. This is possibly because of the structure of the DNA
aptamer, which folds to form a large hairpin loop before the addition of the analyte and is
assumed to open up after the addition of target to the sensor in order to bind to GA. This pushes
the quantum dot and the Au nanoparticle away causing an increase in photoluminescence. A
linear increase in photoluminescence intensity and quenching efficiency of the sensor is observed
as the GA concentration is varied between 0—14 500 nM. Time based photoluminescence studies
with the sensor show the decrease in binding rate of the aptamer to the target within a specific
time period. The sensor was found to have a higher selectivity towards GA than other control
proteins. Further investigation of this simple sensor with greater number of clinical samples can
open up avenues for an efficient diagnosis and monitoring of diabetes mellitus when used in
conjunction with the traditional method of glucose level monitoring.

Keywords: aptasensor, glycated albumin sensor, DNA aptamer, FRET, glycated albumin,
molecular beacon, optical sensor

(Some figures may appear in colour only in the online journal)

1. Introduction

Diabetes has been termed as one of the leading causes of
global mortality. According to the World Health Organiza-
tion, in 2014, approximately 422 million adults were found to
have diabetes in comparison to 108 million people in 1980
[1]. Diabetes is a chronic state where the pancreas is unable to
produce enough insulin and hence results in elevated glucose
levels in bloodstream [2]. Such a condition is referred to as
hyperglycemia [3]. It causes elevated concentrations of

0957-4484/17 /435505+11$33.00

glycated proteins such as albumin and hemoglobin in the
human system [4, 5]. Diabetic nephropathy is a type of kidney
failure caused by the incidence of diabetes.

The most common clinical method adopted for mon-
itoring diabetes, so far, is the combined measurement of blood
glucose and glycated hemoglobin (HbAlc) levels. However,
HbAlc levels can often be unreliable for patients with dis-
orders such as hemolytic anemia, thalassemia etc. Fructosa-
mine is also utilized for tracking glycemic index. However,
fructosamine concentrations are highly dependent on

© 2017 IOP Publishing Ltd  Printed in the UK
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concentrations of proteins, bilirubin, hemoglobin and various
low molecular weight substances in the human system [5, 6].
The half-lives for some of these proteins have not been esti-
mated yet. Hence, fructosamine concentrations are often
inaccurate. Therefore, glycated albumin (GA) has been
determined to be a much more accurate marker for diabetes
mellitus [5] especially for patients undergoing hemodialysis
[7] or having hematologic disorders [8].

GA has come to the forefront as a tool for both the
control and diagnosis for diabetic patients. GA begins with
human serum albumin (HSA) and is developed into GA
through a series of modifications and reactions. GA may be
used as a glycemic control tool based on the extent of gly-
cation depending on time allowed for glycation and amount
of glucose available for reaction with HSA [9]. GA can also
be used as an accurate marker in such pathologies including
hemolytic anemia and deficiency anemia of diabetic patients
[10]. While many markers exist that are currently used for
diabetes management and predictive measures, GA provides
many advantages including earlier detection and prolonged
circulation in the body. Measurement of glucose levels in the
blood is the standard management method for diabetes
management and detection. GA provides an alternative
method to simple blood glucose detection and may offer an
alternative diagnostic and prognostic marker for many dia-
betic patients. Using GA as a marker over long controlled
periods of time (2-3 months) is made possible through the
extended life span of hemoglobin levels in red blood cells [9].
Advantages of GA detection over typical blood glucose level
measurement is also the ability to detect worsening glycemic
control at an earlier stage compared to HbAlc detection [11].
It has also been seen that prolonged elevation of GA levels
can lead to irreversible damage that is associated with dia-
betes mellitus, including neuropathy and coronary artery
disease [12]. Therefore, to achieve a better diagnosis and
management of diabetes, detection of glucose levels can be
assisted by GA detection.

The process of glycation of HSA is divided into several
stages, first of which combines reduction of sugar (glucose)
with primary amine groups to form a reversible Schiff base,
which through further modification develops an Amadori
product [13-17]. Many sugar molecules may be used to
modify albumin, including galactose and fructose [18]. Fol-
lowing the Amadori product formation, the next stage involves
the oxidation of glycated proteins that form reactive dicarbonyl
compounds [9]. These reactive compounds further react with
lysines and arginines to form AGE compounds, which include
methylglyoxal-derived hydroimidazolone isomer 1 (MG-HI1)
and glyoxal-derived hydroimidazolone isomer 1 (G-H1) that
have been seen in previous studies of GA [9]. Through these
numerous steps of modification, HSA is glycated and goes
through the transition to become GA. The primary functional
groups of GA that are affected by glycation are lysine, arginine
and cysteine [19]. The functional impact of GA has been
shown to stabilize the tertiary and secondary structures and
acquire a high life span [20]. The glycation process is often
associated with oxidation processes as well, which are referred
to as glycoxidation and affect early stages of the glycation

process [21]. Previous studies show that higher levels of GA
induce oxidative damage to cells [22, 23].

Single stranded deoxyribonucleic acid (DNA) aptamers
have been extensively studied by researchers previously for
the detection of a wide range of targets such as metals ions
including lead [24, 25], mercury [26], potassium [25], as well
as biomolecules such as ATP [27] and AMP [28], and pro-
teins such as C-reactive protein (CRP) [29], interferon gamma
(IFN-v) [30], etc. DNA aptamers are defined as oligonu-
cleotides, which contain a single, typically short, sequence of
DNA that bind to specific antigens including molecules and
ions. Using these short DNA sequences, targeting of specific
molecules such as GA is facilitated through the aptamer
binding sequences. One approach used frequently with apta-
mers involves using quantum dots; the resulting complexes
are referred to as molecular beacons (MBs) [31]. MBs find a
wide variety of applications in DNA binding protein detection
[32, 33], metal ions such as potassium [34, 35], and have also
been used as nucleic acid hybridization probes extensively
[36]. Quantum dot technology is facilitated by aptamer and
molecule binding via fluorescence resonant energy transfer
(FRET). Dyes, quenchers, and metal nanoparticles can all
serve as possible acceptors via FRET [37]. The mechanism of
FRET transfer may be facilitated through quantum dot-gold
nanoparticle interactions. When a quantum dot is brought into
proximity of an Au nanoparticle once the aptamer binds the
target molecule, the quantum dot fluorescence is then quen-
ched via energy transference to the gold nanoparticle instead
of the energy being emitted as a photon [25]. Since the
absorption spectrum of gold nanoparticles is quite broad, they
are quite effective as a quenching mechanism for quantum dot
technology. Previous studies have established the quenching
efficiency is proportional to 1/d° for distances smaller than d,,
and 1/ d* for distances larger than d;, defined as d being the
distance of the emitter from the quencher and d, is the
characteristic distance where quenching and light emission
are seen to be equal approximately 5 nm [25]. Nanosurface
energy transfer is another phenomenon based on FRET for
the case where a point-like object interacts with a local sur-
face to promote quenching of light emission; in this case the
change in light emission scales as 1/d", and demonstrates the
wide range of utility of FRET-based phenomena [25]. Gold
nanoparticles have the capability to work through both FRET
and NSET technology which demonstrates why they are
typically used as quenchers in quantum dot systems.

Previous works show that GA can be detected using
enzymatic methods [5, 38—40], affinity chromatography [6,
41-43], immunochemistry [44, 45]. While enzymatic sensors
suffer various drawbacks such as high pH and temperature
sensitivity [46], higher chances of denaturation and are
therefore highly difficult to use enzymes in an in vitro
environment [47, 48], the other methods require longer pro-
cessing times and exhibit poor precision [38]. Optical sensing
of GA has been determined to be one of the most promising
methods of detection since they do not require significant
sample preparation and are relatively faster and cheaper [49].
Raman spectroscopy has been used to detect GA [50].
However, the limit of detection (LD) of the method was
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Figure 1. Molecular beacon for the detection of glycated albumin. This figure illustrates the principle behind the detection of glycated
albumin using fluorescence resonant energy transfer. An increase in PL intensity is observed after the addition of the addition of the target in

the sensor.

higher than that of the sensor proposed in our study. Other
GA detection platforms includes fructosamine 6-kinase based
electrochemical sensing [51, 52], electrochemiluminescence
sensing [53], surface plasmon resonance sensing [54] and
aptamer based sensing [55].

In this study, we have synthesized a MB, where the DNA
aptamer is attached to the quantum dot on one end and Au
nanoparticle quencher to the other end for the detection of GA
(figure 1). Such a platform can be potentially used for mon-
itoring diabetes.

2. Methods

2.1. Aptamer structure and modification

The GA binding aptamer used in this study was purchased
from Biosearch Technologies (Petaluma, CA). It consists of
23 base pairs and has been modified on both ends with an
amine group on the 5’ and a Thiol group on the 3’ (5’Amino
C6/TGCGGTTGTAGTACTCGTGGCCG/Thiol C6 SS 3').
The aptamer was dissolved into Tris Ethylenediamine Tetra-
ethyl Acetate buffer to obtain 100 M aptamer solution.

2.2. Materials

GA, non-glycated HSA, transferrin and Immunoglobulin-G
(IgG) were purchased from Sigma Aldrich (St. Louis,

MO). CRP was obtained from EMD-Millipore (Temecula,
CA) while recombinant human IFN-y was purchased from
BioLegend (San Diego, CA). Human serum (HS) was
obtained from AB plasma of human male (Sigma Aldrich
Inc., St. Louis, MO.) 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and tris(2-carboxyethyl) phosphine
(TCEP) are obtained from Pierce Biotechnology (Rockford,
IL). 20nm carboxyl coated CdSe/ZnS QDs e-flour ITK
655NC with an average radius of 20nm were purchased
from Life Technologies (Carlsbad, CA). Monomaleimide
functionalized nanogold (Au) particles having a diameter of
l1.4nm was obtained from Nanoprobes (Yaphank, NY).
Nanosep molecular weight cutoff (MWCO) filters of 10 and
100 k pore sizes were purchased from Pall Lifesciences (Ann
Arbor, MI).

2.3. Synthesis of MB

9 pl of TCEP was added to 20 ul of the 100 uM GA aptamer
and incubated for 30 min at room temperature. This process
facilitates the reduction of the dithiol groups in the aptamer.
100 pl of deionized water was added to one vial of Au
nanoparticles. The entire volume of Au nanoparticle solu-
tion was added to the thiol activated GA aptamer-TCEP
solution in a 3:1 ratio. The final solution was further incu-
bated for 2 h at room temperature. After 2 h, the excess gold
nanoparticles were filtered out by centrifuging the solution
twice at 7000 rpm for 15 min each using a 10k MWCO
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filter. 13 ul of quantum dots were mixed with 87 ul of
10 mM borate buffer (pH 7.4). This quantum dot solution
was further added to the GA aptamer/Au nanoparticle
solution in the presence of 23 ul of 4 ug ul~' EDC/Sulfo
NHS solution. This solution was then allowed to stir gently
for 2 h at room temperature. Subsequently, the samples are
centrifuged at 7000 rpm for 5 min using a 100k MWCO
filter in 50 mM borate buffer (pH 8.3). This process is
repeated 10 times to eliminate unbound aptamers and EDC
from the sensor solution.

2.4. Analytical selection and prediction of secondary structure
of GA aptamer

The secondary structure of the GA binding aptamer was
determined using M-fold web server [56—58]. The parameters
that were used to determine the structure was temperature
and ionic concentration. Two temperature conditions were
considered: (1) 25°C, which is the room temperature and
(2) 37°C, which is the temperature under physiological
conditions. For each of these temperatures, there were two
different ionic condition considered: (1) 1.37 mM Na' and
(2) 10mM Na™.

2.5. Optical detection of GA

The GA samples for the optical detection test were prepared
by adding 0.005, 0.1, 1, 5, 10, 40 and 95 mg GA to 1 ml of
0.01 XPBS each. 5 ul of these GA samples were then added
to 750 pl of sensor solution in a cuvette while keeping the
cuvette undisturbed in the holder. The DNA aptamer in the
sensor is allowed to bind to GA for 2 h before the photo-
luminescence intensity is recorded. The same conditions were
repeated during the optical detection experiments with the
control proteins and the clinical samples. The control proteins
used for these experiments are non-glycated HSA, CRP,
transferrin, IgG and IFN-y. Their stock solutions were also
made in 0.01 XPBS.

HS was used for preparation of clinical samples. 100 pul
of HS solution is spiked with 0.1 mg named sample-S2 (see
Results and discussion) and 0.95 mg of GA named sample S3
to simulate real life clinical sample and unspiked HS solution
named sample S1 was used as the control counterpart for
the clinical samples. The sample volume is used as 5 ul for
the clinical samples to maintain uniformity with the pure
samples.

2.6. Instruments

The photoluminescence measurements of the sensor were
conducted using a USB4000 Ocean Optics (Dunedin, FL,
USA) spectrophotometer with a continuous 375 nm LED
excitation. The centrifuge used was Fisher Scientific Accus-
pin micro (Fisher Scientific, USA).

3. Results and discussion

3.1. Analytical selection and prediction of secondary structure
of GA binding aptamer

The GA binding aptamer was chosen based on a previous
study by Apiwat et al [55], where the DNA aptamer showed
sensitivity towards GA. Apart from this, the choice was also
based on the possibility of FRET between the quantum dot
and the Au nanoparticle quencher. Since, the length of a
single DNA base is 0.34 nm, the 23 base GA binding aptamer
has a length of 7.82 nm. The presence of the Amino C6
modifier along with the Thiol C6 SS modifier will add another
1.2nm approximately to the length of the DNA aptamer
because of their combined 12 C—C bonds. This will result in
an approximate distance of 9 nm between the quantum dot
and the Au nanoparticle quencher.

The M-fold webserver software predicted the secondary
structures of the GA aptamer under the conditions mentioned
in section 2.3. The aptamer was found to have a similar
structure for all the conditions and is characterized by the
formation of a hairpin loop at G> and C?'. This has been
clearly shown in figures 2(a)-(d). The aptamer structures
shown in figures 2(a)—(d) have been chosen in such a way that
they have the lowest AG. Table 1 represents the AG values of
the aptamer under all the condition mentioned in section 2.3.

Based on the structure of the aptamer at 1.37 mM Na™
concentration at a folding temperature of 25 °C (figure 2(a)),
it can be concluded that the GA binding aptamer remains in a
hairpin loop structure before the addition of any analyte. This
phenomenon results in bringing the quantum dot and the Au
nanoparticle quencher closer to each other to an approximate
distance of 2 nm (figure 3). As discussed later in the paper, an
increase in photoluminescence is observed on the addition of
the analyte, therefore it is assumed that the hairpin loop plays
a significant role the binding of GA to the aptamer by opening
up the hairpin loop and putting the quantum dot and Au
nanoparticle quencher farther apart to a maximum distance of
9 nm approximately (figure 3).

3.2. Optical detection of GA

3.2.1. Sensitivity and specificity of the aptasensor towards
GA. The sensitivity of the aptamer based sensor towards
GA was evaluated by adding the target progressively in
concentrations ranging between O and 14 500nM in the
assay. As shown in figure 4(a), the photoluminescence
intensity increases with an increase in the concentration of
GA in the liquid sensor assay. This behavior is repeated
when other sensor samples are tested with the same
procedure and exhibits a steady linear increase in
photoluminescence intensity over the same concentration
range of GA (figure 4(b)). This phenomenon can be
attributed to the conformational change of the aptamer. In
section 3.1, it has been mentioned that the DNA aptamer
acquires a large hairpin loop like structure, which brings the
quantum dot and the Au nanoparticle quencher closer. On
the addition of GA, it is assumed that the aptamer unfolds
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Figure 2. Secondary structure of the GA binding aptamer at (a) 1.37 mM Na* concentration and 25 °C temperature, (b) 10 mM
Na™ concentration and 25 °C temperature (c) 1.37 mM Na* concentration and 37 °C temperature and (d) 10 mM Na™ concentration and
37 °C temperature.

Table 1. Variation of Gibb’s free energy values when the GA binding aptamer folds under different ionic and temperature conditions.

SI. no.  Parameter AG (kcal mol ™)
1 1.37 mM Na* concentration and 25 °C temperature —0.18
2. 10 mM Na™ concentration and 25 °C temperature -0.72
3. 1.37 mM Na™ concentration and 37 °C temperature 0.95
4 10 mM Na* concentration and 37 °C temperature 0.37
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Figure 4. (a) Photoluminescence intensity of as a result of adding varied concentrations GA to 750 ul of the DNA aptamer based sensor
solution. (b) Linear increase in the averaged photoluminescence intensity over the logarithm of the GA concentrations added to the sensor.
The photoluminescence intensity was collected from six different sensor samples (n = 6) and the GA concentrations stated are its

concentration in the assay.

from the hairpin loop like structure in order to bind to GA.
This pushes the quantum dot and the Au nanoparticle
quencher further apart, thus, causing an increase in the
photoluminescence intensity. GA consists of a large number
of arginine and lysine residues [59]. It has been previously
studied that arginine and lysine exhibits a strong interaction
with guanine while arginine also interacts with adenine and
thymine [60]. The chosen DNA aptamer has 9 guanine
bases and 7 thymine bases out of the entire 23 base structure

and these bases comprise a major part of the hairpin loop as
well as the external loop. Therefore, there is a high
possibility that the hairpin loop plays a crucial role in the
GA-aptamer complex formation.

The quenching efficiency (figure 5(a)) of the sensor was
calculated by using the equation (1), where QE is the
quenching efficiency, I is the photoluminescence intensity
after the addition of target analyte at a specific concentration
and I is the photoluminescence intensity before the addition
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Figure 5. (a) Quenching efficiency demonstrated by the sensor on the addition of progressive addition of GA concentrations, the logarithm of
which has been shown here. This represents the sensitivity of the sensor samples to the target GA. (b) Relationship between PL intensity and
concentration of GA in nM. Experiments have been conducted with six different sensor samples in both cases (n = 6).

Table 2. Comparison of the limit of detection of several GA detecting platforms with that of the proposed aptasensor in this study.

SL. no.  Type of sensor Limit of detection Reference
1. Enzymatic assay based electrochemiluminescence sensor 0.1 M (6.6 ig ml™") [53]

2. Enzymatic assay based sensor 0.36 mgml ™" [62]

3. Electrochemical aptasensor 3 pgml™! [63]

4. Raman spectroscopy based sensor 13.7 UM [50]

5. Graphene based optical aptasensor 50 pg ml™! [55]

6. Enzymatic assay based colorimetric sensor 0.47 mg ml~! [61]

7. HPLC based boronate immunoassay >10.9 uM [45]

8. Hydrazine based colorimetric sensor 0.7 uM [64]

9. Affinity chromatography based immunoturbimetric sensor  0.81 mg 1™ [6]

10. Optical aptasensor 1.08 nM (0.067 ugml™")  This work

of target.

QE = (ﬂ) x 100. (D)
I

As can be seen in figure 5(a), the sensor exhibited
quenching efficiencies of 9.74% 4 1.12% and 41.09% +
0.81% when the concentration of GA in the assay was 0.5 nM
and 14 500 nM respectively. The concentration of GA (in nM)
was converted to the corresponding logarithm value to
show the linear behavior of the sensor (R? = 0.99).
Figure 5(b) represents the behavior of the sensor when the
original PL intensities are plotted w.r.t. the concentration of
GA in nM.

The LD was calculated using equation (2), where SDy is
standard deviation for blank sample, sensitivity is the slope
of the quenching curve (shown in figure 5(a)). LD is the
logarithm value of the GA concentration expressed in nM.

LD = 25D
Sensitivity

@)

It was found that the average LD for the sensor was
1.008 nM. Considering the molecular weight of GA is
66.5 kDa, the LD (1.008 nM or 0.067 zg ml~ ") of this sensor
is significantly lower than those reported in previous studies
such as 0.47mgml~' from the enzymatic assay [61] and
50 ug ml~" from the graphene based aptasensor [55]. Table 2
compares the LD of this aptasensor with various other GA
sensing platforms. It clearly shows that the LD of the
aptasensor proposed in this paper is superior to previously
published platforms. Also, the concentration of GA in HS was
found to be 3-105.3 uM (0.2-7.0 mg ml_l) [55, 61]. There-
fore, the aptasensor can potentially detect the presence of GA
easily in diabetic serum.

In order to study the DNA-protein reaction behavior, a
time based optical study was conducted. In this, once 5 pul
of GA of a certain concentration was added, PL intensities
were recorded after specific intervals of time (0—120 min).
Figure 6(a) shows that the PL intensities increases almost
linearly with the progression of time and concentration of
GA. The time based quenching values (QEt) represented
figure 6(b) have been calculated as the normalized difference
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Figure 7. Response of the aptasensor towards control proteins. This
graph compares the specificity of the sensor to GA and other control
proteins, some of which have a high structural similarity with GA
such as HSA. Experiments have been conducted in tripli-

cates (n = 3).

between PL and PL, by using equation (3), where PL
represents the PL intensity recorded after a specific period of
time following the addition of target while PL, is the PL
intensity before the addition of target.

(PL — PLo)

Er —
QEr PLg

3

It was observed that the slopes of the quenching curves
decrease with the increase in concentration of the target GA.
This indicates that the reaction rate decreases with increase in
concentration of GA. This behavior can be attributed to the
fact that the DNA binding sites are getting occupied as more
GA is introduced in the sensor.

The specificity test of the aptasensor was conducted by
comparing its response to GA and some control proteins,
HSA being the most important out of them. As can be seen in
figure 7, GA exhibited the maximum quenching of
41.09% + 0.81% followed by HSA (9.93% + 0.45%),
Transferrin (6.97% + 0.85%) and CRP (3.65% =+ 0.45%).
The cross reactivity of the aptamer with HSA is because HSA
has a very similar structure to that GA. However, the control
solutions for HSA, Transferrin, CRP and IgG were prepared
in such a way that their concentration in assay was 15 uM
except IFN-+y which was kept at a concentration of 142 nM.
Since, GA shows a quenching efficiency significantly higher
than that exhibited by the control proteins at the same
concentration, it can be said that the aptamer chosen is fairly
specific to GA.

3.2.2. Aptasensor response to clinical samples. Experiments
with clinical samples were performed to evaluate the viability
of this sensor to detect GA in human blood using glucose
meters or continuous glucose monitoring method. The HS
which contains most of the proteins, electrolytes, antibody
and antigens except the fibrinogen, white blood cells and red
blood cells which consists of 55% of the total volume of
blood. Hence using HS as the background matrix for the
clinical sample can be used to hypothesize the effect of real
blood sample. Total protein content of the serum is
4-9 gmdL " specified by the manufacturer [65], hence the
percentage quenching of 10% for sample S1 shown in
figure 8(a) is assumed to be due to presence of proteins in the
serum. Percentage quenching exhibited by the sample S2 is
lower compared to that of sample S1 hence, pure HS sample
can produce false positives for detection of 100 nM of GA.
Whereas sample S3 shows a statistically significant higher
quenching efficiency compared to control sample, hence
sample S1 does not behave as a false positive target for
detection of 1 M GA concentration. The possible reason
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to quenching obtained for HSA in figure 7. Sample S1 behaves as a false positive for the concentration of 100 nM which almost 30 times
higher compared to limit of detection obtained from characteristics curve. (b) shows the change in quenching efficiency with time after

addition of 5 ul of samples S2 and S3 to the sensor sample.

behind high cross-reactivity towards HS is due to presence of
different electrolytes and high concentration of albumin.

4. Conclusion

In this study, we have developed and characterized a simple
DNA aptamer based sensor for the detection of GA. It
functions on the principle of FRET rendering an increase in
photoluminescence with the increase in GA concentration.
This research demonstrates the capacity of the aptamer-based
sensor to detect pure GA samples over a wide concentration
range from 1.008-14 500 nM, where its LD is 1.008 nM and
is specific to the target. Although, the sample demonstrates a
certain range of cross reactivity in the clinical samples, it can
still be used in diabetes diagnosis and monitoring more
effectively if used in conjunction with the traditional method
of glucose monitoring. This is because the photoluminescence
signal will be higher for GA than any other protein at the
same concentration level.
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