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ABSTRACT: Diabetes mellitus is a chronic metabolic disease involving continued elevated blood glucose levels. It is a leading cause
of mortality and reduced life expectancy. Glycated human serum albumin (GHSA) has been reported to be a potential diabetes
biomarker. A nanomaterial-based aptasensor is one of the effective techniques to detect GHSA. Graphene quantum dots (GQDs)
have been widely used in aptasensors as an aptamer fluorescence quencher due to their high biocompatibility and sensitivity. GHSA-
selective fluorescent aptamers are first quenched upon binding to GQDs. The presence of albumin targets results in the release of
aptamers to albumin and consequently fluorescence recovery. To date, the molecular details on how GQDs interact with GHSA-
selective aptamers and albumin remain limited, especially the interactions of an aptamer-bound GQD (GQDA) with an albumin.
Thus, in this work, molecular dynamics simulations were used to reveal the binding mechanism of human serum albumin (HSA) and
GHSA to GQDA. The results show the rapid and spontaneous assembly of albumin and GQDA. Multiple sites of albumins can
accommodate both aptamers and GQDs. This suggests that the saturation of aptamers on GQDs is required for accurate albumin
detection. Guanine and thymine are keys for albumin-aptamer clustering. GHSA gets denatured more than HSA. The presence of
bound GQDA on GHSA widens the entrance of drug site I, resulting in the release of open-chain glucose. The insight obtained here
will serve as a base for accurate GQD-based aptasensor design and development.

■ INTRODUCTION
Diabetes mellitus is a chronic metabolic disease involving
continued elevated blood glucose levels. Severe diabetes can
cause serious complications such as blindness, kidney failure,
heart attacks, and cerebral infarction.1−3 Monitoring fasting
blood glucose and glycated hemoglobin (HbA1c) is a common
measure for diabetes screening and diagnosis.4 Thus, many
HbA1c-detecting strategies have been designed for effective
HbA1c detection.5−7 However, such methods are not suitable
for pregnant women and patients with kidney and/or
cardiovascular diseases.8,9 Thus, new effective biomarkers for
diabetes screening and monitoring are in urgent need. To date,
glycated human serum albumin (GHSA) has been suggested as
a new promising diabetes biomarker.10−14 In diabetes patients,
the GHSA level can be 2−3-fold higher than that of healthy
people.15,16 No fasting is required for GHSA measurement.

GHSA was reported to provide more relevant and immediate
glucose information relative to HbA1c in children, adolescents,
and pregnant women.17,18 Therefore, many attempts have been
made to search for GHSA detection strategies.19−21 Previously,
liquid chromatography,22,23 affinity chromatography,24,25 col-
orimetry,26 Raman spectroscopy,27 and immunochemistry28

were studied to detect a GHSA level; however, such methods
are costly and time-consuming. More convenient and faster
techniques such as a lateral flow assay,17 an electrochemical
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immunoassay,29 specific gel electrophoresis,30 and optical
biosensors20,31−35 are introduced.

One of the promising techniques is nanomaterial-based
aptasensors due to their good selectivity and sensitivity and
cost-effectiveness.36−38 For nanomaterial-based aptasensors, a
short DNA aptamer was employed as a recognition molecule
to detect an analyte such as GHSA. Nanomaterials such as
metal nanoparticles,39 graphene,33−40 and graphene quantum
dots (GQDs)41 were used as a substrate and/or a
luminophore. Among nanomaterials, zero-dimensional nano-
sized GQDs have come into focus because of their unique
photoluminescence properties, high photostability, non-
toxicity, and especially more biocompatibility when compared
to other nanosized materials.42−45 The capability to be a good
substrate for biomolecules and quenching agents46 also allows
the involvement of GQDs in many disease biosensor platforms,
including GHSA detection.40,41,47−50 GQDs were used in
aptasensors as an aptamer linker and/or a fluorescence
quencher.20,31,32,51 For fluorescent aptasensors, analyte-selec-
tive fluorescent aptamers are first adsorbed onto GQDs in a
solution, resulting in fluorescence quenching. The presence of
analytes such as albumin induces the release of an aptamer to a
target, resulting in fluorescence recovery. Several studies
indicate the high sensitivity of GQD-based aptasensors,41,52,53

but the molecular insight into the formation of GQD-aptamer-
GHSA complexes in GQD-based aptasensors is still limited.
Especially, how albumin recognizes and interacts with a GQD-
bound aptamer in an aqueous solution remains unclear. Such
information is important for accurate design and development
of potential GQD-based aptasensors. Therefore, in this work,
the recognition mechanism of albumin to a GQD-bound DNA
aptamer in an aqueous solution is revealed. Both GHSA and
human serum albumin (HSA) are studied in comparison.

HSA has a heart-like shape composed of 585 amino acids
with three homologous domains (I, II, and III). Each domain
contains two subdomains (A and B) (Figure 1A). HSA has two
drug sites [Sudlow sites I (warfarin−azapropazone binding
site) and II (indole−benzodiazepine binding site)] located
inside domains IIA and IIIA (Figure 1A). In the presence of
blood glucose, a free amino group on HSA interacts with an
aldehyde group on glucose to form an Amadori product.54−56

Recently, a crystal structure of GHSA has been solved.57 Two
glucose molecules [open- (GLO) and closed- (GLC) forms]
were found inside drug site I or Sudlow site I (Figure 1A). A
previous work shows that the GHSA structure gets damaged
more than HSA during binding to a bare GQD.50 This may
interfere with the binding ability of albumin to an aptamer
probe in an aptasensor. To better understand the formation of
a GHSA-aptamer-GQD complex in a solution, molecular
dynamics (MD) simulations were performed here. The
assemblies of HSA and GHSA to the GQD-aptamer complex
(GQDA) are studied in comparison. Two different albumin
orientations (front and back poses facing GQDA) are
investigated to mimic possible binding poses of albumin
onto the aptamer-GQD complex (Figure 1C). Both front and
back orientations used here are based on previously reported
ligand-binding sites on an albumin surface.52−62 The insight
obtained here will serve as a base for accurate GQD-based
aptasensor design and development.

■ MATERIALS AND METHODS
The 10 ns equilibrated structures of both GHSA and HSA
were obtained from previous studies,63,64 where their initial

structures were adopted from the Protein Data Bank (PDB
codes: 1E78 and 4IW2). The GHSA-selective aptamer
sequence was obtained from a previous work.33 This aptamer
shows high selectivity for GHSA than other abundant proteins
such as IgG and Hb in blood.52 This single-stranded DNA
aptamer contains 23 nucleotides compris ing 5’-
TGCGGTTGTAGTACTCGTGGCCG-3′ (Figure 1C). A
GQD sheet has a dimension of 48 Å × 42 Å constructed by
a Nanotube Builder module implemented in the Visual
Molecular Dynamics (VMD) program.65 A GQD topology
was generated using OPLS forcefields.66 The GQD-aptamer
complex (GQDA) was taken from a previous study,67 where
the GQD-aptamer complex used here was obtained from the
200 ns final snapshot of a GQD-aptamer assembly. For each
albumin, two systems where a GQD-aptamer was placed at a
distance of 10 Å from the back (B) and front (F) of a protein
were set (see Figure 1C for initial configurations). The infixes
of “-F” and “-B” refer to the GQDA position. Two repeats were
performed for each albumin. The suffixes of “_1” and “_2”
were used for repeats (1 and 2). Four simulations were
performed for HSA (HSA-F1, HSA-F2, HSA-B1, and HSA-B2)
and GHSA (GHSA-F1, GHSA-F2, GHSA-B1, and GHSA-B2).
There are eight systems in total. For each system, the complex
was placed in an 11 × 11 × 11 nm3 periodic cubic box. Each
system was neutralized by counter ions and solvated with
TIP3P water molecules68 and 1 M NaCl.

MD simulations were conducted using GROMACS 2020
packages (www.gromacs.com) with Amber ff99SB-ILDN.69

The energy minimization was done for 5000 steps using
steepest descent algorithms to relax steric conflicts generated
during the setup. Long-range electrostatic interactions were
treated using the particle mesh Ewald method70 with a short-
range cutoff of 1 nm, a Fourier spacing of 0.12 nm, and fourth-
order spline interpolation. All simulations were performed in a
constant number of particles, pressure, and temperature

Figure 1. (A) Cartoon representations of apo HSA (left) and GHSA
(right) where two glucose molecules are located at Sudlow site I. The
albumin-selective DNA aptamer in a complex with a GQD is shown in
(B). Two initial conformations of albumin (front and back) on an
aptamer-GQD complex in this work are shown in (C).
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(NPT) ensemble. All bonds were constrained by LINCS
algorithms.71 The temperatures of the protein, solvent, and
ions were each coupled separately using the v-rescale
thermostat72 at 300 K with a coupling constant τt = 0.1 ps.
The pressure was coupled using the Berendsen algorithm at 1
bar with a coupling constant τp = 1 ps. The time step for
integration was 2 fs. Coordinates were saved every 2 ps for
subsequent analysis. The 10 ns equilibration runs were
performed and followed by the 500 ns production runs.

All results provided here are the average values from two
repeats. The data were analyzed by GROMACS and locally
written code. Hydrogen bonds were computed using the “gmx
hbond” option where the hydrogen-donor-acceptor cutoff
angle was set to 30° and the cutoff radius (X-acceptor) was
0.35 nm. “Gmx hbond” was also used to compute the number
of contacts using the “-contact” option. Molecular graphic
images were prepared using VMD.65 C-alpha RMSD and
RMSF calculations were computed using an initial structure
from each production run as a reference. Secondary structure
analysis was calculated by “do_dssp” command.

■ RESULTS AND DISCUSSION
At the beginning, the decreased albumin-GQDA distances in
Figure 2A,B clearly demonstrate the fast and spontaneous
adsorption of the GQD-aptamer complex onto both albumins.
The front and back sides of albumin can adhere on GQDA.
However, HSA and GHSA seem to induce the difference in
GQDA binding abilities. The diverse HSA-GQDA distances in

Figure 2A imply the various HSA-GQDA packing abilities,
while both the front and back sides of GHSA can fasten
GQDA with a similar degree of compactness (the constant
GHSA-GQDA distances of ∼0.4 nm in Figure 2B). This
difference may be due to the GHSA-selective DNA aptamer
used in this work.33,73 In addition, the structural drift and
fluctuation of HSA and GHSA are measured via the root-
mean-square deviations (RMSDs) and root-mean-square
fluctuations (RMSFs) of all C-alpha atoms (Figure 2C,D).
RMSDs of all systems are shown in Figure S1 in the
Supplementary Information. Overall, HSA shows slightly
higher structural flexibility than GHSA in both front and
back binding poses (Figure 2C). Domains I and III seem to
show high flexibility, especially domain I (Figure 2D). Such
higher structural flexibility is driven by the high mobility of
subdomain IA in all cases (Figure 3). Not only subdomain IA

but subdomain IIIB is also found to contribute to the structural
fluctuation (Figure 3). Like HSA, subdomain IA of GHSA is
also mobile. Compared to apo albumins,63,64,73,74 domain III
was reported to be mobile in a solution, whereas the presence
of bound GQDA here significantly reduces the dynamics of
domain III and concurrently enhances the mobility of
subdomain IA (Figure 3). The presence of bound GQDA
seems to induce a significant change in the structural dynamics
of albumins.

To further investigate the change in the protein structure,
the secondary structures of all albumins are computed and
compared to apo HSA and free GHSA in Table 1. The binding

Figure 2. (A) and (B) Distances between the centers of masses of
albumin and GQDA in all systems. (C) Average C-alpha RMSDs of
albumins in all systems. (D) Protein RMSFs of all systems.

Figure 3. C-alpha RMSDs of each subdomain in HSA and GHSA
systems. Subdomains IA, IB, IIA, IIB, IIIA, and IIIB are colored in
black, red, green, blue, orange, and magenta, respectively.
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of GQDA to an albumin seems to destroy the helical structure
significantly (Table 1). The apo HSA and free GHSA can
maintain ∼65−70% helicity, but the binding of GQDA causes
∼5−15% helical denaturation (Table 1). The more GQDA
contacts are formed, the more protein structures are denatured.
Especially, the glucose-bound GHSA (∼12−13%) appears to
be denatured more than HSA (∼5−10%). This may be due to
the presence of bound glucose. More details will be discussed
later in the text.

In terms of GQDA binding, the multiple GQDA binding
sites on an albumin are captured (Figure 4A,B). However, such
areas are the same DNA-binding sites as reported in a previous
work of a free albumin in a solution.73 An albumin in GHSA-
F1 induces the highest number of GQDA contacts (∼286
contacts) due to the interactions with a bare GQD surface
(Figure 4B). Seemingly, domain II contributes to all HSA-
GQDA complex formation with different degrees of binding

ability, while domains I and III are the main player for the tight
binding in most cases (Table 2). Exceptionally, GHSA-F2
employs domain II for the attachment, while GHSA-B1 and
GHSA-B2 require both domains I and II (Table 2 and Figure
4A,B). For GQDA, both DNA and GQD contribute to the
albumin-GQDA assembly with different degrees of binding
ability (Figure 4C). It is interesting that only DNA is adequate
to induce the albumin-GQDA assembly in HSA-F1 (Figure
4C). However, GQD is also able to interact with an albumin,
as seen in GHSA-F1 (Figure 4C), which is commonly found in
previous studies.50,75,76 The favorable binding energies can also
confirm that both an aptamer and GQD can attract albumins,
but an aptamer is more attractive for albumins (Table S2 in the
Supplementary Information). However, the ability of GQDs to
bind to albumins highlights the requirement of full GQD
coverage for a precise aptamer-GQD-based albumin detection.
A set of albumin-DNA hydrogen bonds are also computed in
Figure 4D. The number of albumin-DNA hydrogen bonds is
maximized when a DNA aptamer binds to the back of domain
III (∼17−28 hydrogen bonds in GHSA-B1 and GHSA-B2),
while the binding to the albumin center requires ∼8 hydrogen
bonds to stabilize the complex (Figure 4D). It can be seen
from Figure 4C,D that the association of albumin and GQDA
employs both electrostatic (hydrogen bonds) and hydrophobic
forces. The influence of such interactions depends on the
binding position on GQDA. Seemingly, DNA attracts an
albumin by electrostatic interactions, whereas GQD uses
hydrophobic forces to drive the GQDA-albumin clustering.
For example, HSA-F2, HSA-B1, HSA-B2, and GHSA-F1 form
a low number of albumin-DNA hydrogen bonds due to the
presence of more GQD contacts (Figure 4C). In contrast,
when an albumin is adhered by DNA, a high number of
hydrogen bonds are captured (Figure 4D). This finding

Table 1. Secondary Structure of Albumins in All Cases
Compared to Bare HSA and GHSA

system

secondary structure percentage (%)

helix (%) loops and turns (%) coil (%)

free HSA 65.82 20.85 14.36
HSA-F1 55.56 24.79 14.02
HSA-F2 59.18 23.51 12.83
HSA-B1 58.12 24.44 12.31
HSA-B2 59.83 23.42 12.99
free GHSA 70.26 16.41 11.79
GHSA-F1 57.26 24.79 12.82
GHSA-F2 57.43 23.42 12.99
GHSA-B1 57.95 24.62 13.85
GHSA-B2 58.27 22.74 14.53

Figure 4. Final snapshots of HSA (A) and GHSA (B) systems. A number of albumin-DNA and albumin-GQD contacts are shown in (C).
Hydrogen bonds between albumin and DNA are displayed in (D).
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demonstrates the ability of both hydrophobic and electrostatic
interactions for GQDA-albumin clustering. However, except
GHSA-F1, it is noticeable that most GHSAs seem to produce
more DNA contacts than HSA (Figure 4C). This may be due
to more GHSA-selective aptamers as reported in a previous
work.73

To explore how DNA interacts with an albumin, the
hydrogen bonds between an albumin and aptamer are
computed in Figure 5. Positively charged residues, lysine and
arginine, are found to play a dominant role in albumin-DNA
adhesion (Figure 5). This is due to the attraction from a
phosphate backbone on DNA (Table S1 in the Supplementary
Information). Nonetheless, other polar and apolar residues
(such as glutamic acid, leucine, valine, cysteine, glutamine, and
threonine) also contribute to such DNA-albumin clustering
(Figure 5). Nucleobases can also interact with both albumins

(Table S1 in the Supplementary Information). Seemingly, an
albumin can bind to most of the DNA chain, except residues
12−17. Such an area is located close to the top of the hairpin
region and aligned on the edge of the GQD (Figures S2 and S3
in the Supplementary Information). Guanine (G) and thymine
(T) seem to be preferable for binding to albumin (Figure 5).
In the case of HSA-F1 and GHSA-B2, where a high number of
DNA interactions are captured, both albumins mostly interact
with two legs of an aptamer (residues 1−11 and residues 19−
23) (Figures 6 and S3 in the Supplementary Information).
Compared to a GQD-free system from a previous work,73 both
3′ and 5′ ends of DNA were found to play a role in DNA-
albumin adduct formation. This suggests that the aptamer
contains an albumin-specific region. In contrast, HSA-F2,
HSA-B2, and GHSA-F1 can generate a few number of
hydrogen bonds with DNA owing to the large exposure to

Table 2. Average Number of Contacts with Standard Deviation between Each Domain and GQDA Complexa

system domain I (1−192) domain II (193−385) domain III (386−585)

HSA-F1 78.97 ± 30.72 2.58 ± 5.72 107.45 ± 53.45
HSA-F2 4.09 ± 13.57 42.94 ± 15.36 110.42 ± 27.43
HSA-B1 157.81 ± 44.26 1.37 ± 5.47 0
HSA-B2 49.92 ± 20.06 2.07 ± 6.57 88.25 ± 19.00
GHSA-F1 0 24.96 ± 33.14 262.04 ± 99.05
GHSA-F2 0 112.40 ± 24.44 31.28 ± 18.91
GHSA-B1 65.94 ± 19.27 78.75 ± 14.88 0
GHSA-B2 104.33 ± 30.41 103.01 ± 24.10 0

aOnly contacts within 0.35 nm are counted here.

Figure 5. Occurrence of hydrogen bonds as a function of time in all systems.
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the GQD surface (Figures 4C, 5, and 6). The locations of key
residues involved in the interaction network are displayed in
Figure 6.

In addition, the effect of GQDA-albumin clustering on two
glucose molecules inside GHSA is also investigated. The exit of
bound glucose is found. This is due to the slight widening of
the entrance of drug site I measured by distances between pairs
of G202-V455 and R218-D451 located at the entrance (Table
S3 in the Supplementary Information). Ligand-free albumins
(HSA) seem to maintain their drug site I’s volumes, while the
clear expansion of the mouth of drug site I is captured in

glucose-bound systems (GHSA) (Table S3 in the Supple-
mentary Information). For the GHSA system, due to the wider
entrance, open-chain glucoses (GLOs) mostly escape out of a
drug site, except GHSA-F1 where all sugar molecules are
released (Figure 4). In the case of GHSA-F1, GLC is adsorbed
on GQDA and GLO binds to the HSA surface. Unlike GHSA-
F1, GLCs in other systems are kept inside a pocket because it
is more buried; however, GLC remains water-accessible (Table
3). The more water exposure of GLO and its location close to
the wide pocket entrance seem to facilitate its escape. When
GLO is released to the bulk, it binds to the GQDA complex
where more GQD-GLO contacts are captured (Table 3).
Nonetheless, such escaping GLOs can hydrogen bond with an
aptamer (Figure S4 and Table S4 in the Supplementary
Information). The release of glucoses observed here also
illustrates that the binding of GQDA significantly interferes
with the accessibility of drug site I.

■ CONCLUSIONS
In this work, the mechanism of albumin-GQDA adduct
formation is investigated to better understand the underlying
mechanism of GQD-based aptasensors for albumin detection.
The result shows that the aggregation of albumin and GQDA
is rapid and spontaneous. Multiple binding sites for GQDA on
albumin are identified. The top of the hairpin region of an
aptamer at the edge of the GQD seems to be the least favorite
site for albumin binding. Guanine (G) and thymine (T) seem
to be the major target for albumin attack. GHSA seems to be
more preferable to the GQDA complex than HSA. Albumin
can interact with both GQD and DNA, confirming the
requirement of full coverage of the GQD surface from a
previous work50 to prevent misleading data. Herein, no
desorption of an aptamer is revealed. More adhered aptamers
are needed to enhance the chance of DNA desorption. In
addition, the binding of the GQDA complex also seriously
destroys the glucose-binding ability of GHSA by widening the
drug site entrance. The formation of the GHSA-GQDA adduct
appears to significantly impact the ligand-binding ability of
drug site I. The desorption behavior of albumin-DNA-GRA to
mimic the step of fluorescent recovery in an aptasensor will be
our further study to comprehend the activity of the aptasensor
in detail.
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Figure 6. Cartoon views of key residues involved in the albumin-
GQDA hydrogen bonding network. Yellow labels indicate key amino
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Table 3. Number of Contacts of Each Sugar with Albumin, DNA, GQD, and Water

system sugar albumin DNA GQD water

GHSA-F1 GLC 0.25 ± 0.04 16.31 ± 9.08 31.04 ± 8.23 127.82 ± 18.49
GLO 116.20 ± 13.72 0 0 74.57 ± 14.38

GHSA-F2 GLC 125.35 ± 17.87 0 0 53.21 ± 17.20
GLO 0.15 ± 0.06 21.78 ± 10.31 28.69 ± 7.44 123.07 ± 20.02

GHSA-B1 GLC 95.53 ± 14.04 0 0 81.93 ± 22.46
GLO 46.63 ± 11.49 19.88 ± 5.55 31.49 ± 7.58 84.37 ± 17.58

GHSA-B2 GLC 103.45 ± 13.46 0 0 51.18 ± 13.59
GLO 22.37 ± 12.69 7.06 ± 8.88 25.73 ± 7.86 108.91 ± 20.35
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albumin-GQDA assembly; final snapshots of GQDA
complexes from all systems; number of hydrogen bonds
between albumin and aptamer components; and
interaction energies of albumin (Prot) with the aptamer
(DNA) and GQD (PDF)
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