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The reaction of amino groups of protein and the carbonyl groups of reducing sugar molecules, non-
enzymatically induce a series of chemical reactions that form a heterogeneous group of compounds
known as advanced glycation end products (AGEs). The accumulation of AGEs is associated with various
disease conditions that include complications in diabetes, Alzheimer’s disease and aging.

The current study monitored the extent of non-enzymatic glycation of human serum albumin (HSA) in
order to estimate the formation of HSA related AGEs in the presence of 2 nm gold nanoparticles. The rate
of glycation was evaluated using several analytical methods. Physiological concentrations of HSA and
glyceraldehyde mixtures, incubated with various concentrations of negatively charged 2 nm gold nano-
particles, resulted in a lower reaction rate than mixtures without 2GNP. Moreover, increasing concentra-
tions of gold nanoparticles exhibited a pronounced reduction in AGE formation. High performance liquid
chromatography, UV-visible spectroscopy and circular dichroism analytical methods provide reliable
techniques for evaluating AGE formation of HSA adducts.
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1. Introduction

Non-enzymatic glycation reaction plays an important role in
human physiology. This reaction occurs as a result of the interac-
tion of the carbonyl groups of sugars with the free amino groups
of proteins to form Schiff base adducts [1]. Schiff bases undergo
Amadori rearrangements and follow by a series of reactions that
can include cyclization, oxidation, and dehydration to form more
stable advanced glycation end products (AGEs) [2]. These adducts
were observed to form in vitro as well as in vivo when they have
been linked with long-term complications of progressive disease
conditions in diabetes, Alzheimer’s and atherosclerosis [3-5]. In
addition, structural modification of proteins by sugars alters the
percentage of alpha helical content of these proteins, consequently
resulting in functional changes of proteins [6].

Earlier studies have demonstrated that free amino groups of
human serum albumin (HSA), the most abundant protein in plas-
ma, can non-enzymatically react with reactive carbonyl groups of
p/L glyceraldehyde (GA) to form glycation adducts [7]. This present
study investigates the effect of gold nanoparticles on the rate of
HSA related AGE formation.

The emergence of new nanostructured materials could involve
their use in disease prevention and diagnosis [8]. Metallic
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nanoparticles are often used as non-enzymatic catalysts in the pro-
duction of redox active biosensors [9]. Gold nanoparticles (GNPs),
in particular, are among the most commonly used nanostructures
in biological applications. For example, GNPs have been used for
therapeutic applications in the treatment of chronic lymphocytic
leukemia by increasing drug efficacy due to their biocompatibility,
high surface area, and practical ability of surface functionalization
[10,11]. GNPs can conjugate with different globular proteins like
bovine serum albumin [12] and cytochrome ¢ [10,13]. GNPs can
be seeded on alpha crystalline protein at physiological pH. Glyca-
tion on GNP seeded protein is pH dependent [14]. Interestingly,
GNP also has been used to determine the glycation status of
proteins, where GNP modified alpha crystalline and human hemo-
globin were found to be resistant to glycation by fructose [14].
Amino groups in proteins are speculated to be the seeding sites
for GNP and this was found by analyzing GNP seeding on fructosy-
lated hemoglobin molecules [15]. An analysis of CD and Fourier
transform infrared techniques (FTIR) of GNP seeded hemoglobin
has shown that seeded GNP induces a stable and fixed protein
structure independent of the glycation status of the protein [16].
Inhibition of AGE formation has been reported with gold and silver
nanoparticles [14,17].

The objective of this study was to investigate and evaluate
the rate and extents of the AGE formation in the presence of
varied concentrations of 2 nm GNP (2GNP) and to utilize a com-
bination of reliable analytical methods to analyze the HSA re-
lated AGEs.
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2. Materials and methods
2.1. Chemicals and reagents

GA and low metal-ion-containing HSA were purchased from
Sigma Chemical (St. Louis, MO, USA). Citrate reduced stable aque-
ous colloidal solution of 1.5 x 10'* particles/mL spherical 2GNP
was purchased from Ted Pella Inc. (Redding, CA, USA). Disposable
UV transparent cuvettes (12.5 x 12.5 x 36 mm) were obtained
from Fisher Scientific (New Lawn, NJ, USA). Unless otherwise indi-
cated, all other reagents and solvents were of analytical grade and
were purchased from Sigma-Aldrich Chemical (St. Louis, MO, USA).

2.2. Experimental mixtures preparation

Stock solutions of 105 mg/mL HSA and 60 mM GA were pre-
pared separately in 0.1 M phosphate buffered saline (PBS) of pH
7.2. Two experimental reaction mixtures were prepared as stated
below and the formation AGEs was monitored over time.

(i) Thirty millimolar GA and 35 mg/mL HSA with and without
2GNP (5 x 10'3 or 1.5 x 10'3 particles/mL) in a final volume
of 2 mL of the PBS at pH 7.2.

(ii) HSA was pre-incubated with 5 x 10'3 or 1.5 x 10'3 particles/
mL of 2GNP for 7 days at 37 °C before adding 30 mM GA.

All reaction mixtures were then incubated for 12 days under
sterile conditions at 37 °C. Samples of 10-day incubation were used
to HPLC, CD and FTIR analysis.

Blanks, HSA (35 mg/ml) and GA (30 mM) alone, were also incu-
bated for the same length of time. Aliquots were drawn from the
incubated reaction mixtures at five-day intervals and were stored
in —20 °C until analyzed. For the purpose of removing remaining
traces of reducing agents in the matrix, 2GNP was ultra-centrifuged
for 2.5 hat 2 x 10 rpm and the original matrix was removed. Then
the concentrated 2GNP is dissolved in deionized water before anal-
ysis. Concentrations of 2GNP solutions after centrifuging were
determined by concentration vs. absorbance (4 =225 nm) calibra-
tion curves.

2.3. UV-visible spectroscopy

Absorbance spectra were obtained on a SpectroMax M, spectro-
photometer (Molecular Devices, Sunnyvale, CA, USA) across the
wavelength range 270-500 nm using UV-transparent plastic, 96
well plates. All samples were diluted 20-fold before analysis, and
all aliquots of the incubated reaction mixtures were analyzed for
UV absorbance at 279 nm. Based on repeated scanning from 250
to 700 nm, these wavelengths are found to be optimal for detecting
AGE.

2.4. High performance liquid chromatography analysis

HPLC analysis was performed on a Hitachi analytical HPLC sys-
tem comprising a L-7100 low-pressure gradient pumps, L-7200
sequential auto-sampler and a high sensitivity diode array detector
(190-800 nm) and managed by D-7000 HPLC System Manager
software. The products formed in the incubated mixtures of HSA
and GA with different concentrations of 2GNP and were identified
on a Phenomenex Jupiter 5u, 300 A, C4, HPLC column (250 mm x
4.6 mm x 5 um). Mobile phases A and B were 0.1 M aqueous
ammonium acetate and 100% HPLC analytical grade acetonitrile,
respectively. A stepwise elution of 90:10 of B: A of the mobile phases
was applied for 15 min followed by 10:90 of B: A of mobile phases for
another 15 min in the entire analysis. Prior to HPLC analysis, all the

solvents were filtered with 0.45 pum membranes (Millipore, Bille-
rica, MA, USA) and degassed for 15 min before use. All the profiles
were obtained at fixed wavelength of 279 nm. The accuracy and
reproducibility of the HPLC method was confirmed to be within 5%
based on repeated testing.

2.5. Circular dichroism analysis

CD spectra of HSA-GA mixtures treated with different concen-
trations of 2GNPs and control samples were recorded in the far-
ultraviolet region (190-250 nm) on a Jasco J-720 spectropolarime-
ter (Tokyo, Japan) using a quartz cuvette of 1 mm path-length.
Spectra obtained are averages of 10 consecutive scans performed
using a bandwidth of 1 nm, response time of 2 s and a scan speed
of 20 nm/min and baseline corrected by subtracting corresponding
blanks.

2.6. Fourier transformation infrared spectroscopy

FTIR spectroscopy was used to investigate the changes in pro-
tein structure reacted with 2GNP and GA. Buffer subtracted trans-
mission spectra were recorded in the wavenumber range of 600-
4000 cm™~! using a Perkin Elmer spectrum 100 FTIR spectrometer
(PerkinElmer, Inc., Shelton, CT, USA).

3. Results

Analytical studies were performed with protein mixtures con-
taining 2GNP estimating the difference of UV absorbance and sec-
ondary structure of HSA. With HSA-GA mixtures, 2GNP were found
to produce substantial change in non-enzymatic reactivity. The re-
sult described henceforth is focused on the effect of 2GNP in HSA
glycation by GA.

3.1. Formation of new AGE adduct

Fig. 1A shows UV absorbance (279 nm) profiles of incubation
mixtures containing a constant concentration of HSA (35 mg/mL),
GA (30 mM) and various concentrations of 2GNP at 37 °C for
12 days. Blanks were HSA and GA, alone which were incubated
for similar lengths of time as the experimental samples.

Since the controls of GA or HSA alone did not show a significant
change in absorbance reading, the increase of absorbance over
time in case a in Fig. 1A is strictly due to products of non-enzy-
matic reaction and the variation of absorbance readings reflected
the extent of products formed in the medium. Data presented in
Fig. 1A cases b and c revealed that the increases in absorbance
intensity were directly related to the concentration of 2GNP and
incubation time. In case c, increasing the GNP concentration results
in a significant reduction in the absorption spectra, which indicates
that the presence of high concentrations of the GNP in the reaction
mediums resulted in a reduction of the formation of new adducts.
The absorbance measurements of HSA-GA mixtures with GNP
(5 x 10" or 1.5 x 10" particles/mL) were increased within first
3 days and eventually fell below that of the control mixtures of
HSA-GA without GNP at 10 days incubation and mixtures con-
tained 5 x 10! particles/mL of 2GNP showed prominent reduction
of UV absorbance readings than that of the mixtures with lower
concentration of 2GNP. This finding confirms that GNP reduces
the extent of new adduct formation after incubating for 10 days
and also indicates that 2GNP at 5 x 10'2 particles/mL concentra-
tion significantly inhibits non-enzymatic AGE formation of HSA.

Fig. 1B shows UV absorbance (279 nm) profiles of mixtures of GA
added to the pre-incubated mixtures of HSA-2GNP solutions (c and
d) and further incubated for 12 days. Fig. 1B-c and -d absorbance
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Fig. 1. UV absorbance spectral profiles of HSA and GA with and without 2GNP. (A) UV absorbance profiles of mixtures of HSA (35 mg/mL)-GA (30 mM) incubated with and
without various concentrations of 2GNP at 37 °C for 12 days. (B) UV absorbance profiles of mixtures of GA (30 mM) added to pre-incubated HSA (35 mg/mL) with various
concentrations of 2GNP and continued incubation for 12 days at 37 °C. UV absorbance readings were taken at 279 nm. All data points represent the averages of three replicate
measurements.

profiles of HSA-2GNP-GA mixtures of both concentrations incubated without 2GNP (a). This observation indicates that there
(5 x 10" or 1.5 x 103 particles/mL) showed a dramatic reduction is a notable reduction of the formation of new adducts when sugar
of absorbance readings compared to control HSA-GA solutions reacts with pre-incubated HSA and gold nanoparticles. Moreover,
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no significant difference was observed between ¢ and d absorbance
curves, indicated that the new AGE adduct formation is independent
of the 2GNP concentration when HSA is pre-incubated with nano-
particles. This result is further confirmed by HPLC and CD profiles.

3.2. AGE formation in HSA-GA-2GNP mixtures

Fig. 2A shows the HPLC elution profiles of HSA (35 mg/mL) and
GA (30 mM) with and without 2GNP which were incubated for
10 days at 37 °C. Under the same elution conditions, HSA alone
(Fig. 2A-a) eluted at 13.7 min. and GA did not show a separate peak
at 279 nm. A series of new peaks that emerged and increased in
intensity over time represent formation of several AGE species.
According to the intensities of those new peaks, peak numbered
2, 3, 4, 5, increased and the peak numbered 1, which represent
unmodified HSA decreased simultaneously. This indicates HSA
had been modified by GA to form new AGE products. HSA with
GA elution profile (Fig. 2A-b) showed four additional peaks num-
bered 2, 3, 4, and 5, eluted at retention times 12.9, 8.7, 8.2, and
7.4 min respectively, whereas profiles of HSA-GA with 2GNP at
1.5 x 103 particles/mL concentration (Fig. 2A-c) and HSA-GA with
2GNP (5 x 10! particles/mL) (Fig. 2A-d) indicated only three AGE
species formed, a result confirms that fewer AGE species are
formed in the presence of 2GNP. Furthermore, these HPLC profiles
demonstrated that the formation of AGEs was dependent on 2GNP
concentration, a conclusion reached after comparing the profiles of
the incubated HSA-GA mixtures with various concentrations of
2GNP. Compared to profiles of b and c (Fig. 2A), the intensity of
peak 2 was greatly diminished in the profile of HSA-GA with
higher concentration (5 x 103 particles/mL) of 2GNP mixture (d),
indicating decreased heterogeneity of AGEs at high 2GNP concen-
trations. This result coincided with observed lowering of UV absor-
bance data at 2GNP 5 x 10! particles/mL concentrations than that
of the mixtures with lower concentrates of 2GNP.

Fig. 2B shows the HPLC profiles of GA added to the pre-incu-
bated HSA and 2GNP mixtures and further incubated for 10 days.
Compared to the control HSA-GA mixture without GNP (Fig. 2B-
a), profiles b and c both demonstrated prominent diminution of
peak 4 and the similar intensities of peaks 2 and 5. This observation
led to the conclusion that after conjugation with 2GNP, HSA
showed special properties as it reacted with GA to form the same
number of AGE species (Fig. 2B peak number 2, 3, and 5), each to
the same concentration, and at the same rate. This observation is
congruent with the finding of a recent report that bovine serum
albumin coated with GNPs were more stable molecular aggregates
and this stability is assumed to be imparted by steric and electro-
static interactions between nanoparticles and the protein [19].

The diminution of peak number 4 (Fig. 2B-b and -c) when GA
reacts with pre-incubated HSA and 2GNP, and its presence in the
HPLC profile of mixtures of HSA-GA without 2GNP, leads to the
assumption that certain glycation sites are notably hindered by
2GNP preventing formation of specific AGE species represented
by peak 4 in Fig. 2B-a.

3.3. HSA secondary structure change

Fig. 3 shows typical CD curves of HSA, HSA by GA, and glycated
HSA by GA in the presence of 2GNP, in which each is incubated for
10 days. The CD curve of HSA showed a larger deviation indicating
that HSA had the maximum of a-helical content and conversely,
HSA and GA mixture incubated for 10 days showed marked reduc-
tion of deviation representing diminution of o-helical content is
due to modification of HSA structure by GA.

Fig. 3A shows the amount of a-helical content of HSA secondary
structure when HSA was incubated with GA and different concen-
trations of 2GNP (1.5 x 103 or 5 x 10" particles/mL). As compared

to CD measurements of HSA-GA control, more o-helical content of
the protein retained in mixtures with 2GNP indicating the extent of
HSA modification in the presence of 2GNP was reduced. These pro-
files showed more o-helix content remained in HSA secondary
structure when the mixtures contained 5 x 10" particles/mL con-
centration of 2GNP than that of the mixtures with 1.5 x 10'2 parti-
cles/mL of 2GNP, indicating the reduction of structural modification
of HSA is dependent on concentration of 2GNP.

In addition, when GA was added to previously incubated HSA-
2GNP mixtures, both concentrations of GNP demonstrated rela-
tively small change in HSA secondary structure (Fig 3B). These
two CD curves of HSA-2GNP-GA mixtures showed insignificant
difference in deviation from each other and this shows their a-heli-
ces contents are fairly similar. This observation demonstrates that
GA reacts with pre-incubated HSA-2GNP, in a concentration inde-
pendent manner. Consistent with prior reports, this study also
assumes 2GNP of both concentrations may have altered the sec-
ondary structure of HSA in a similar manner leading to identical
conformational structure [16]. Evidently, the interaction with
2GNP prior to reacting with GA, HSA demonstrates significant
retention of structural characteristics as compared to the HSA-
GA incubated without 2GNP. Although HPLC results showed reduc-
tion of certain AGE product formation in the presence on 2GNP, CD
result confirms a similar effect of 2GNP on altering secondary
structure of HSA. FTIR results of the current study also produced
a consistent result.

3.4. Changes of amino acid residues of HSA

Fig. 4A and B represents FTIR spectra of HSA-GA mixtures incu-
bated for 10 days with and without 2GNP in the range of 1400-
2000 cm~!. The secondary structure analysis was based on
Amide-I and Amide-II bands, within the region 1300-2000 cm™!
after subtraction of the background absorption. The spectra include
two major bands: Amide I and Amide II transmittance bands, as de-
picted in Fig. 4A and B, appeared at a mean frequency of 1652 cm™!
and at 1548 cm™! respectively, representing the amount of car-
bonyl and amino bonds in side chains of amino acid residues of
HSA structure [18]. The corresponding spectra altered in shape as
the HSA reaction with GA progressed, which indicated that the al-
tered secondary structural elements were evolved throughout the
time studied. These shifts in band positions of the spectra were
attributable to alteration in HSA structure due to modification by
GA and 2GNP.

The analysis of the structure of the Amide I and II bands in
Fig. 4A and B indicated that there is 0.9% difference in transmit-
tance between modified HSA by GA and native HSA.

As shown in Fig. 4A, while the presence of 2GNP 5 x 102 parti-
clessmL and GA in HSA solution, transmittance of both amide
bands I and II were minimally changed indicating more unaffected
amide bonds and amino groups were present in the solution con-
tained 2GNP 5 x 10'3 particles/mL. Modified HSA in the presence
of 5 x 103 particles/ml 2GNP showed 0.6% transmittance differ-
ence whereas mixtures with 1.5 x 10'3 particles/mL 2GNP showed
no difference compared to control HSA-GA mixture without 2GNP.
This indicates mixtures with 5 x 10! particles/mL 2GNP, retained
more unaffected carbonyl and amide bonds in HSA secondary
structure compared to HSA-GA mixture, and HSA-GA with
1.5 x 10" particles/mL 2GNP mixtures. This can be attributed to
minimal secondary structural changes of the protein in the pres-
ence of 5 x 10" particles/mL of 2GNP and this specifies more pro-
nounced inhibition of HSA modification by 5 x 10! particles/mL
2GNP.

Fig. 4B shows the FTIR spectrum of solutions that obtained from
GA reacted with pre-incubated HSA-GNP mixtures. Compared to
extensively glycated control HSA-GA, both FTIR spectra of 2GNP
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Fig. 2. (A) Reversed phase HPLC elution profiles of HSA with GA mixtures after 10 days of incubation. (a) HSA, (b) HSA-GA mixtures without 2GNP, (c) HSA-GA with 2GNP
(1.5 x 10" particles/mL), and (d) HSA-GA with 2GNP (5 x 103 particles/mL). (B) Reversed phase HPLC profiles of pre-incubated HSA with 2GNP. (a) HSA with GA incubated
for 10 days, (b) GA added to pre-incubated HSA-2GNP (1.5 x 10'3 particles/mL) and further incubated for 10 days, and (c) GA added to pre-incubated HSA-2GNP
(5 x 103 particles/mL) and further incubated for 10 days. All readings were taken in triplicates. UV absorbance was measured at 279 nm wavelength.
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Fig. 3. CD profiles of (A) HSA-GA with and without 2GNP incubated for 10 days. (B) GA added to pre-incubated HSA-2GNP and further incubated. All samples were diluted
2 x 10* times with deionized water before obtaining the CD profile. Repeat studies revealed no significant difference in CD profiles.

(1.5 x 10'3 particles/mL or 5 x 10'3 particles/mL) modified HSA
with GA showed relatively small difference in transmittance after
incubating 10 days. This shows that GA implicates similar struc-
tural changes to HSA when HSA was previously reacted with
2GNP. This observation is consistent of the HPLC and CD data of
the current study, which provides evidence for concentration inde-
pendent HSA structural changes induced by 2GNP.

4. Discussion

The non-enzymatic glycation of proteins has been widely stud-
ied; this phenomenon has been found to play a major role in hu-
man physiology. The reactive carbonyl groups of sugars react
with the nucleophilic amino groups of the amino acid residues of
protein and form Schiff base adducts that can rearrange to form

AGE after a variety of chemical reactions [1]. Accumulation of
AGEs, resulting from glycation, in vivo has been reported to account
for many of the chronic complications of diabetes, including ath-
erosclerosis, renal failure, cataract formation and Alzheimer’s dis-
ease [3-5]. The current study made an effort to evaluate the
influence of gold nano-particles on the AGE formation of HSA
and GA, in vitro.

It is known that amino groups present on the amino acids side
chains interact with gold colloids [6]. Although, methodological
studies demonstrated that larger nanoparticles could aggregate,
it has not been reported that 2GNP tends to aggregate while react-
ing with proteins. Nanoparticles have a very large surface-to-vol-
ume ratio, so that even a small amount of particles present
extremely large surface areas available for protein binding.

It has been reported that the major serum proteins albumin,
immunoglobulin and fibrinogen associate with a wide range of
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particles with a variety of sizes and seemingly produces different 20-50 nm) and these particles have a relatively low affinity to large
molecular compositions [19]. Due to its high abundance, albumin proteins [18]. In contrast, this study indicates 2GNP, small nanopar-
is widely experimented with larger sized nanoparticles (i.e. ticles, have a considerable influence in HSA-GA glycation reaction.
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The incubation of HSA (35 mg/ml), GA (30 mM) in the presence
of 5 x 10" particles/mL of 2GNP resulted in a decrease in AGE for-
mation of the protein and this finding was confirmed with a com-
bination of analytical methods. Earlier studies in our lab reported
that the GA readily reacts with a HSA [20] and CD spectra showed
HSA was destabilized by GA. The present study reports that the
reactivity of HSA and GA can be reduced by 2GNP and the destabi-
lization of HSA by GA is also reduced in the presence of 2GNP in a
concentration dependent manner. We hypothesize that 2GNP par-
ticles can react with free amino groups of certain common glyca-
tion sites of HSA and obstruct the amino groups from GA reactivity.

Some of the free amino groups of protein can react with gold
nanoparticles by donating electrons to the 2GNP and 2GNP also
can form electrostatic interactions with protonated amino groups.

The HPLC data confirms that the formation of AGEs was influ-
enced by gold nanoparticles and demonstrated this interaction is
a concentration-dependent process. Prior studies reported and
anti-glycation activity of GNP on hemoglobin and crystalline pro-
tein [15]. Consistently, the present study confirms that HSA modi-
fication by GA in the presence of 2GNP shows evidence of
reduction in non-enzymatic glycation, a situation that can cause
changes in both the HSA structure and stability due to the reaction
of HSA and 2GNP.

In summary, this study discloses that (i) gold nanoparticles of
2 nm in size can reduce the rate of non-enzymatic modification
of HSA by GA and (ii) gold nanoparticles can change the secondary
structure of HSA in a concentration independent manner.

In conclusion, the present study provides the insights of the po-
tential applications of gold nanoparticles, which may help to re-
duce diabetic complications and chronic diseases related to non-
enzymatic glycation. Findings of this study further support the
view of the anti-glycation properties GNPs, and may offer useful
link with therapeutic applications in reducing AGE related disease
conditions.
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