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Objectives: Diabetes mellitus (DM), cancer and cardiovascular diseases (CVD) are major contributors to
human miseries and death. Additionally, previous findings stated that cancer is also known to be associ-
ated with diabetes. Therefore, in the given study, facile synthesis of gold nanoparticles (AuNPs) using gly-
cation reaction was achieved and further, their bioconjugation with herbal drug garcinol (G) was
performed (G-AuNPs) in order to enhance the antiglycative, antidiabetic and anticancer efficacy of the
garcinol.
Methods: The antiglycation and antidiabetic potential of garcinol bioconjugated AuNPs (G-AuNPs) were
assessed through different experiments. Further, anticancer potential against adenocarcinoma cells were
also assessed.
Results: The study confirmed 78.6 % bioconjugation of G over the surface of AuNPs. Furthermore, the
antiglycation study depicted that G-AuNPs are found to be more effective inhibitor of the glycation reac-
tion in contrast to pure G. The findings represented that G-AuNPs significantly blocks the formation of
early glycation adducts and AGEs, also they mask the glycation prone free arginine and lysine residues
from participating in the glycation process. Additionally, our a-amylase inhibition assay results demon-
strated that pure G (IC50 � 8.9 lM) has significantly higher a-amylase inhibition activity compared to
standard inhibitor, acarbose (IC50 � 0.118 mM). Also, the anticancer study described that G and G-
AuNPs treatment resulted in death of the cells via apoptosis, which resulted in elevated permeability,
condensed chromatin, deep blue fluorescent, and condensed nucleus of A549 cells. Our findings also
revealed that the potential of mitochondrial membrane (DWm) of A549 cells were also disrupted at much
lower concentration of G-AuNPs (13.3 lM) as compared to pure G (28.7 lM).
Conclusion: The key findings of the investigation suggested that G-AuNPs acted as a potent antiglycation,
antidiabetic, and anticancer agent.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

When it comes to human suffering, diabetes mellitus (DM) is a
major contributor due to the fact that people who suffer from this
disorder are more likely to have vision issues (retinopathy), kidney
problems (nephropathy), and nerve problems (neuropathy). In
addition, cardiovascular disease is also known to be linked to DM
(Rafi et al., 2020). Diabetes symptoms and treatment are unique
to each individual and cannot be addressed in a generic manner.
Type II diabetes mellitus (T2DM) is known to be linked to the
development of advanced glycation end products (AGEs), a product
of non-enzymatic glycation reaction. Non-enzymatic glycation
occurs when amino groups of proteins combine with free carboxyl
groups of sugars leading to the formation of AGEs. An intermediate
step of glycation, Schiff’s base formation leads in the generation of
free radicals, which in turn generate AGEs, that plays a vital role in
the development of Age-related diseases (Rehman et al., 2020).

In addition, oxidative, carbonyl, and glycative stress have
recently received considerable attention for their purported influ-
ence on the advancement of cancer. Variable transcription factors
can be triggered by oxidative stress such as nuclear factor ery-
throid-2-related factor (Nrf2), nuclear factor kappa B (NF-jB), pro-
tein-53 (p-53), activating protein-1 (AP-1), b- catenin/Wnt,
hypoxia-inducible factor-1a (HIF-1a), and peroxisome
proliferator-activated receptor-c (PPAR-c)(Ahmad et al., 2018)
(Ahmad, Yasir, et al., 2017). Activated transcription factors can
result in roughly 500 distinct changes in gene expression, altering
expression patterns of growth factors, inflammatory cytokines,
anti-inflammatory, and regulatory cell cycle molecules, and anti-
inflammatory molecules. These gene expression variations can
transform a normal cell into a cancer cell. AGEs bind to and activate
the receptor for AGEs (RAGE) via AGE-RAGE interaction, which is a
significant modulator of inflammation-associated tumours. Dicar-
bonyls like, glyoxal (GO), methylglyoxal (MG) and 3-
deoxyglucosone (3-DG) fashioned throughout lipid peroxidation,
glycolysis, and protein degradation are viewed as key precursors
of AGEs (Ahmad, Khan, et al., 2017). In living organisms, these
dicarbonyls lead to carbonyl stress, possibly resulting in carbonyl
impairment of proteins, DNA, carbohydrates, and lipoproteins.
The damage caused by carbonyls results in numerous lesions, some
of which are involved in cancer pathogenesis. In normal physiolog-
ical conditions, AGE formations occurs at a low pace, but in hyper-
glycaemic situations, it is accelerated 5–6 times(Akhter et al.,
2013)(Rafi et al., 2020)(Ahmad et al., 2013). The development of
AGEs during the normal ageing process in animals and human tis-
sues has been strongly advocated by previous studies (Alenazi
et al., n.d.)(Wani et al., 2013).

In recent years, researchers have been focusing on the potential
use of medicinal plant extracts in cancer treatment. In preclinical
studies, a few medicines that suppress components of the acceler-
ated glycation process have shown promising results. Numerous
antidiabetic and anticancer drugs have been acquiring a lot of
attention in recent years based on their viability, functionality
and safety. Since phytochemicals from dietary plants possess
antidiabetic, antiglycation as well as anticarcinogenic potentials,
focusing on these compounds would be far more feasible and safer
than other pharmaceutical agents.

Furthermore, researchers have increasingly turned to inorganic
nanoparticles in recent years because of their superior optical,
chemical, photochemical, and electrical capabilities as compared
to their bulk material (Azmi et al., 2021)(Dawadi et al., 2021)
(Królikowska et al., 2003)(Al Hagbani et al., 2022). Based on miscel-
laneous applications of metallic nanoparticles in emerging medical
fields, the biosynthetic approach of nanoparticle synthesis has
been well-thought-out as an alternative of conventional proce-
dures, including physical and chemical synthesis methods
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(Alshahrani et al., 2021) (Shankar et al., 2003)(Mukherjee et al.,
2001)(Armendariz et al., 2004)(Shankar et al., 2004)(Durán et al.,
2005)(Khan et al., 2021). Among the inorganic nanomaterials, gold
nanoparticles have considerable importance due to their unusual
chemical and physical properties. A range of applications is raised
by surface conjugation, which deliberates specific functions to
nanoparticles, including targeted drug delivery via bio vectors,
and high solubility in desired solvents. Therefore, a high loading
efficiency nanocarrier would be of great importance in delivering
the anticancer and antiglycation drug for a longer time, and it
remains stable in the bloodstream resulting in improved perme-
ability and retention effect.

Previous studies have demonstrated a high demand for green
synthesis of inorganic nanoparticles as a clean, environment
friendly, and non-toxic approach by utilizing antitumor, antioxi-
dant and antibacterial natural products (Rahim et al., 2013). The
use of antiglycation and anticancer herbal drugs bioconjugated
with nanoparticles is an exciting possibility that is a largely unfa-
miliar field (Kolishetti et al., 2010). Various nanoparticle-based
drug delivery strategies including anionic gold nanoparticles medi-
ated delivery of cisplatin (Iram et al., 2019), enzalutamide (Baker
et al., 2020), and cisplatin/doxorubicin (Iram, Zahera, Khan, Khan,
Syed, et al., 2017) against cancer and delivery of secnidazole
against bacteria (Khan et al., 2015); PEGylated PLGA NP-
encapsulated paclitaxel and etoposide against osteosarcoma cells
(B. Wang et al., 2015), bisphosphonate nanoparticles carrying dox-
orubicin against osteosarcoma cells (Rudnick-Glick et al., 2014),
methoxy-poly aldehyde taking curcumin and doxorubicin against
Hep G-2 cancer cells (Zhang et al., 2016) and polymeric nanoparti-
cles carrying doxorubicin-carbonate (Xiong et al., 2015). Compara-
tively, with the conventional drugs, the nanoparticles of
size<200 nm have the potential of escaping the reticuloendothelial
system (RES) and have prolonged circulation in the blood, includ-
ing increased retention effect and permeation followed by accumu-
lation to the tumour site (Al Hagbani et al., 2022)(Green et al.,
1995). Apart from the numerous varieties of nanoparticles, gold
nanoparticles have been designated because of their harmless nat-
ure, bio - compatibility, and the ability to easily conjugate diverse
functional groups on their surface (Nicol et al., 2015) (Al Hagbani
et al., 2022). Gold nanoparticles exhibit a large surface to volume
ratio that provides a plentiful drug molecule loading that can be
delivered to the target sites.

Access of nanoparticles carrying drugs to the target cells is an
active process, and nearly all the endocytic pathways are energy-
dependent (Khan et al., 2021)(Hong et al., 2009). The nanoparticle
access to the cells depends on various interfacial and physical char-
acteristics of nanoparticles, such as hydrophobicity, shape, size,
and surface charge. The access is also dependent on the nature of
the target cells and their plasma membrane properties (Verma &
Stellacci, 2010) including the density, type, and recycling rate of
receptors, as well as the fluidity of the membrane, and receptors
(Mailander & Landfester, 2009). Various pathways may be used
by the nanoparticles concurrently with varying efficiencies. In
due course, the cargo gets fused with the lysosome and gets
demolished by enzymolysis and acidification in lysosomes.
(Xiang et al., 2012), therefore for a remarkable effect, nanomedi-
cine must have to bypass this route, avoiding degradation. The
studies also exposed that surface charge has a significant role in
the uptake of nanoparticles.

However targeted drug-delivery based on nanoparticles is a
highly proper and significant application of nanotechnology due
to their variety of advantages compared with conventional drugs,
such as improved cancer-bearing survival rate, enhanced tumour
targeting, enhanced drug uptake, and reduced side effects (Khan
et al., 2021)(Tomuleasa et al., 2012). A noteworthy clinical perfor-
mance in comparison to traditional drugs is observed in several
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FDA-approved nanomedicines (Iram et al., 2016), however, it has
also been observed that stable gold nanoparticles work more effi-
ciently exerting fewer side effects than the pure drugs at a much
lower concentration compared to that of the pure drug (Tsang
et al., 2009)(Khan et al., 2021)(Fratoddi et al., 2015)(Verissimo
et al., 2016).

Being non-toxic, the plant kingdoms are known to maintain the
liveliness of human beings, and due to this, the ayurvedic and Unani
medicines are recognized to have great potential; these systems
depend on a variety of medicinal plants and are used for dealing with
various diseases including cancer (M. Sharma & Govind, 2009). Cur-
rently, many anticancer modern drugs are resulting from natural
products (Rosangkima & Prasad, 2004). Plants possessing medicinal
properties contain phytochemicals that exhibit immune-
modulatory antioxidant potential leading to a significant anti-
cancer potential. Garcinol (G), a benzophenone isolated from Garcinia
Indica, has been tremendously used as a traditional medicine with an
extremely noteworthy antioxidant and anticancer potential due to
the existence of phenolic hydroxyl groups and b-diketone moiety
(Liu et al., 2015)(Saadat & Gupta, 2012)(Sang et al., 2002), Since G
is a highly potent drug against glycation and cancer, a noble delivery
systemmight be developed using G bioconjugated gold nanoparticles
with enhanced antiglycation and anticancer potential along with
patient compliance and diminished side effects.

The present study focuses on the assessment of antiglycation
and anticancer potential of G-AuNPs comparatively with its pure
form. In this regard, we hypothesize that G-AuNPs would signifi-
cantly increase the therapeutic effectiveness of the drug against gly-
cation by interfering with early glycation end products and might
also act as a potent anticancer effect. We also characterized G-
AuNPs using UV–vis spectroscopy, zeta potential, inductively cou-
pled plasma mass spectroscopy, transmission electron microscopy,
fourier transform infrared spectroscopy, and circular dichroism
analysis. The drug loading efficiency was also calculated by UV–Vis-
ible spectroscopy. The antiglycation potential of pure G and G-
AuNPs were examined by UV–vis spectroscopy, nitroblue tetra-
zolium reduction assay, hydroxymethyl furfural tests, carbonyl con-
tent analysis, free arginine and lysine analysis method and
fluorescence spectroscopy. Additionally, the antidiabetic potential
was tested by a-amylase inhibition assay. Furthermore, the cyto-
toxic effect of G and G-AuNPs were examined on human normal
keratinocyte HaCat cells, followed by the examination of the anti-
cancer properties tested on human lung adenocarcinoma A549 cells
(Fig. 1).
2. Material and methods

2.1. Materials

Garcinol (G) was obtained from Cayman Chemical, Michigan, U.S.
A., Chloroauric acid H[AuCl4] was purchased from Sigma-Aldrich
Chemicals Private Limited, Bangalore-India. Bovine serum albumin
(BSA) along with 20-Deoxyribose sugar, nitro blue tetrazolium
(NBT), trichloroacetic acid (TCA), oxalic acid, sodium bicarbonate,
sodium carbonate, disodium hydrogen phosphate, sodium chloride,
sodium hydroxide was obtained from HiMedia Laboratories Pvt ltd,
Mumbai, Maharashtra (India). Ethanol and sodium azide were
obtained from Merck, and 2, 4, 6 trinitrobenzene 1 sulphonic acid
(TNBS) was obtained from G-Biosciences (St. Louis, U.S.A). Phenan-
threnequinone and triphenylphosphine were purchased from Sigma
Aldrich. Dinitrophenylhydrazine (DNPH) and ethyl acetate were
obtained from Rankem (VWR Lab Products Pvt. ltd. Bengaluru-
India). Guanidine hydrochloride was obtained from S.D. Fine-chem
limited, hydrochloric acid (HCL) from Thermo Fisher Scientific India
Pvt. ltd, Maharashtra-India. NBT solution was prepared.
3

2.2. Glycation reaction mediated synthesis of AuNPs

The process was carried out in two steps, firstly glycation assay
has been prepared, afterwards H[AuCl4] was supplied to the reac-
tion mixture for the synthesis of AuNPs.

For glycation assay, a reaction having BSA (6 lM) and 20-
Deoxyribose (100 mM) in 0.1 M phosphate buffer saline (PBS),
pH 7.2 with 0.05 % sodium azide was set for 19 days at 37 �C
and this reaction mixture was utilized as control, additionally in
another similar reaction mixture,1 mM (H[AuCl4]) was supplied
at the third day to the reaction mixture. The colour change in in
the reaction mixture containing (H[AuCl4]) indicated the synthesis
of gold nanoparticles (AuNPs) which was further confirmed by UV–
Visible spectroscopy (Rafi et al., 2020). Further, a similar reaction
except the addition of H[AuCl4] was used as a control (Rafi et al.,
2020). The extraction of AuNPs from the reaction mixture was
extracted/recovered through centrifugation (10,000 g) for 30 min.
All unbound components of AuNPs were removed by flushing them
with 50 % ethanol and twice with Milli Q water.

2.3. Bioconjugation of synthesized AuNPs with G

In-vitro glycation reaction mediated synthesized AuNPs were
coupled with the herbal drug G utilising a coupling agent or activa-
tor, 1-ethyl-3-(3-dimethyl) carbodiimide (EDC). A reaction volume
of 5 ml had been made including 250 lg G, 250 lg AuNPs, and
50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) buffer and incubated at 40 �C for 3–4 h. The trace amounts
of EDC were added dropwise at regular intervals during the afore-
said incubation time period.

2.4. Loading efficiency (LE) of G on G-AuNPs

By analysing the difference in wavelength at 276 nm, before and
after the bioconjugation, the total loading percentage of G on G-
AuNPs was determined (Pan et al., 2002). Finally, the overall load-
ing percentage on G-AuNPs is calculated by adding these absor-
bance intensities together. By entering the values of A and B into
the following equation, the loading efficiency of G was calculated.

Percent loadingof GonG� AuNPs ¼ A� B
A

� 100

Where A is the total quantity of drug G added for bioconjuga-
tion with AuNPs, and

B is the absorbance intensity of G in the supernatant post bio-
conjugation process.

Both A and B were measured at 276 nm, which resembles the
pure G’s characteristic peak. (Pan et al., 2002). The sum of the
unbound drug during bioconjugation with AuNPs was measured
using the standard curve of the native drug G, established at the
wavelength of 276 nm. The amount of bioconjugated drug was
determined by subtracting the cumulative amount of drug added
in the reaction mixture from the amount of unbound drug. The fol-
lowing equation was used to quantify the precise quantity of the
bioconjugated drug.

Percent of Gbioconjugated ¼ Total amount of Gbioconjugated
Total amount of G added

� 100
2.5. Characterization of synthesized AuNPs and G-AuNPs by various
physical techniques

For spectroscopy analysis, a Shimadzu dual-beam spectropho-
tometer (model UV-1601 PC) with a resolution of 1 nm was used.



Fig. 1. Schematic representation of synthesis of AuNPs, bioconjugation with G (G-AuNPs), characterization, cytotoxicity analysis, antiglycation activity & a- amylase
inhibitory activity of pure Garcinol (G), AuNPs and G-AuNPs.
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TEM (Transmission Electron Microscopy) was performed on a Tec-
nai G2 Spirit TEM instrument assembled with BioTwin lens config-
uration (Hillsboro, OR, USA) with an accelerating voltage of 80 kV.
The sample was made by drying a drop of AuNP and G-AuNP solu-
tion on carbon-coated TEM copper grids and then measuring it
4

under the microscope. A dynamic light scattering (DLS) particle
size analyzer was used to determine the mean particle size of G-
AuNPs (Zeta Sizer Nano-ZS, Model ZEN3600, Malvern Instrument
ltd, Malvern, UK). A disposable sizing cuvette of 1.5 ml (DTS0112
small volume) was used to collect the sample. In deionized water,
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the sample powder was dissolved to a concentration of 0.5 percent
(w/v). Sonic & Material Inc., New Town, CT, USA, was used to son-
icate the particles for 1 min at 30 W (20 sec on and 5 sec off). The
sum of triplicate measurements for a single sample was used to
calculate the mean particle size. A Zeta Sizer Nano-ZS, Model
ZEN3600, was used to calculate the surface charge of G-AuNPs
(Malvern Instrument ltd, Malvern, UK). Fourier transform infrared
spectroscopy (FTIR) was used to analyze the conformational shifts
and binding in G-AuNPs which is performed on a Shimadzu FTIR-
8201 PC instrument in the diffuse reflectance mode with a resolu-
tion of 4 cm-1. Two hundred fifty-six scans of the bioconjugate film
were taken in the range 400–4000 cm-1 to achieve good signal-to-
noise ratios. By coupling the inductively coupled plasma mass
spectroscopy (ICP-MS) analysis reading with drug loading effi-
ciency values, we also resolved the total number of drug molecules
attached to each AuNP. After the successful bioconjugation of
AuNPs with drug G, the secondary structural changes were deter-
mined by (Far-UV CD) through spectropolarimeter (Jasco J1500).
Different secondary forms are represented by the spectrum
between 200 and 260 nm using a 1 mm path length cuvette(Rafi
et al., 2020)(Ashraf et al., 2015).

2.6. Antiglycation potential of G and G-AuNPs

For antiglycation experiments, six different reactions (total vol-
ume� 3 ml) were formulated in separate test tubes containing BSA
(0.4 mg/ml), 20-Deoxyribose sugar (100 mM) in phosphate buffer
saline (PBS) at pH 7.4 comprising 0.05 % sodium azide with Pure
G (concentrations � 1,2 and 4 mM) and G-AuNPs (Concentrations
� 16.25, 32.55, and 65.1 lM) at different concentrations to analyse
the potential of inhibitors. Additionally, the above reaction mixture
without any inhibitor(s) was treated as a control. The reaction mix-
tures were incubated for sixteen days at 37 �C and dialysis was per-
formed to remove unbound constituents.

2.7. Determination of keto-amine content

Protein glycation generates Amadori products/ketoamines,
which further transform into AGEs, even more stable compounds.
Therefore, the inhibition of keto-amine formation via pure G,
AuNPs and G-AuNPs was examined by nitroblue tetrazolium assay
(NBT) (Ravindran et al., 2010). For NBT assay, 20 ll modified BSA
(control) was mixed with NBT (0.25 mM) and different concentra-
tions of pure G and G-AuNPs in separate reactions in 180 ll sodium
carbonate-bicarbonate buffer (100 mM; pH 10.8) at 31 �C for
40 min. Subsequently, the absorption intensity was measured on
daily basis at 525 nm until a decline in the absorbance intensity
was observed and finally the keto-amine content was calculated
using the formula below (Ahmad et al., 2012) using the extension
coefficient of 12,640 M�1cm�1.

Ketoamine content ¼ Absorbance intensity at 525nm
12640

� 106
2.8. Quantification of hydroxymethylfurfural (HMF) content

Thiobarbituric assay (TBA) was used to quantify the HMF con-
tent in unmodified BSA (native), glycated BSA (control), glycated
BSA treated with G and G-AuNPs (test reactions) (Ansari et al.,
2009). HMF is a glycation intermediate generated during the devel-
opment of early glycation end products. The HMF concentration
was determined by combining the aforementioned samples with
400 ll of 1 M oxalic acid, keeping the reaction mixture at 100 �C
for 1 h and then cooling to room temperature. The samples were
then precipitated with 500 ll of 40 % trichloroacetic acid at 24 �C
for 10 min followed by centrifugation at 8,000 rpm at 24 �C. The
5

supernatant was removed and 500 ll thiobarbituric acid
(0.05 M) was added, followed by 30 min of incubation at 40 �C.
At 443 nm, the absorption was measured against thiobarbituric
acid, which served as a blank, and the concentration of HMF
(nmol/ml) was determined utilizing molar extinction coefficient
of 4x104 M�1cm�1.

2.9. Determination of carbonyl content

Carbonyls attached to proteins are intermediates in the forma-
tion of AGEs, and their concentration increases with the degree of
glycation. Therefore, the amount of carbonyl content in native
samples containing unmodified BSA (native), glycated BSA (con-
trol), glycated BSA treated with G and G-AuNPs (test reactions)
was determined. 400 ll of DNPH solution was mixed with 100 ll
of each of the above-mentioned samples, and the mixture was
incubated in the dark for 60 min in order to precipitate the speci-
mens. The reaction was completed by adding 500 ll of trichloroa-
cetic acid to the mixture. Following that, a 5-min incubation on ice
was performed, followed by centrifugation at 4 �C and 10,000 rpm.
Subsequently, the precipitates were washed three times with
ethanol-ethyl acetate in a ratio of 1:1(v/v), and the precipitate
was dissolved using 6 M guanidine hydrochloride. At 360 nm,
the absorbance was measured against guanidine hydrochloride,
which was used as a blank. Carbonyl content was calculated using
an extinction coefficient of 22000 M�1cm�1, as previously pub-
lished (Ansari et al., 2009).

2.10. Determination of unbound lysine content

Lysine residues are glycation-prone; therefore, the level of
unbound lysine residues tends to decrease during glycation. Thus,
the proportion of free lysine was measured using the 2, 4, 6
trinitrobenzenes-1-sulphonic acid (TNBS) method in unmodified
BSA (native), glycated BSA (control), glycated BSA treated with G
and G-AuNPs (test reactions). During the experiment, 500 ll of
each of the above-mentioned samples was thoroughly mixed with
500 ll of 4 % (w/v) sodium bicarbonate buffer and 500 ll of 0.1 %
aqueous TNBS solution. After 2 h of incubation at 40 �C, 25 ml of
concentrated HCL was added, afterwards, the samples were incu-
bated for another 90 min at 110 �C. Subsequently, after cooling
the reaction mixture to room temperature, the samples were cen-
trifuged for 10 min at 3000 rpm and the supernatant was added
with ether (5 ml) to eliminate the TNP a amino complex. The resul-
tant solution was maintained in boiling water to allow the leftover
ether to evaporate. Finally, the absorbance of the reaction mixture
was measured at 346 nm against a blank using a quartz cuvette
with a path length of 1 cm on a bio spectrum - kinetics spectropho-
tometer (Eppendorf). (S. D. Sharma et al., 2002). the percentage of
unmodified lysine residues was calculated using the following
equation:

Percent of unmodified lysine residues =
[(Absorbance of glycated BSA- Absorbance of unmodified or
inhibitor treated BSA)/ (Absorbance of glycated BSA)] � 100
2.11. Quantification of unbound arginine residues

Along with occurrence at lysine residues, the glycation reaction
also tends to occur at the arginine residues making it a prone site
for glycation. These arginine residues produce fluorescence when
interact with phenanthrenequinone, therefore we assessed the
percentage of unreacted arginine in unmodified BSA (native), gly-
cated BSA (control), glycated BSA treated with G and G-AuNPs (test
reactions) using standard method (Smith & MacQuarrie, 1978). For
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the quantification procedure, 500 ll of 200 lM phenan-
threnequinone was added to each sample and properly mixed, fol-
lowed by the addition of 0.5 ml of 2 N NaOH and incubation at
30 �C for 60 min. Following incubation, the samples were treated
with 0.5 ml HCl (1.2 M), and the fluorescence spectra of all the
above-mentioned samples were recorded in the wavelength range
of 350–450 nm using a 312 nm excitation wavelength (Smith &
MacQuarrie, 1978).

2.12. Fluorescence studies for determination of AGEs in G and G-AuNPs
treated samples

As mentioned in a prior study, fluorescence spectra were
recorded (Rafi et al., 2020)(Jairajpuri et al., 2015) on carrying
eclipse fluorescence spectrophotometer G9550-64000 by Agilent
technologies has a temperature controller with a steady tempera-
ture keeper with a precision of 0.1 �C and a quartz cell with a 1 cm
path length. The unmodified BSA (native), glycated-BSA (control)
and G plus G-AuNPs treated samples were excited at wavelength
of 340 nm, and emission intensities were measured between 330
and 550 nm. (Sattarahmady et al., 2007). The following equation
calculated percent change in the fluorescence Intensities (% FI):

Increase in fluorescence intensity =
[(FI of modified BSA - FI of unmodified or inhibitor
treated BSA)/ (FI of modified BSA)] � 100
2.13. a-amylase inhibition assay of G and G-AuNPs

The slightly modified standard procedure was adopted (Bern-
feld, 1955) to investigate the in vitro inhibitory potential of G,
AuNPs and G-AuNPs against porcine pancreatic a-amylase. The
enzyme was dissolved in the ice-cold phosphate buffer (20 mM,
pH 6.7) in order to achieve the final concentration of 0.15 unit/
mL. Except the blank, 25 ll of a-amylase was mixed with 10 ll
of samples (glycated BSA as a control, G, AuNPs and G-AuNPs) in
separate test tubes. The mixtures were pre-incubated for 20 min
at 37 �C. After incubation, 25 ll substrate (0.5 % w/v starch in
20 mM phosphate buffer; pH 6.7) was added to each test tube in
order to start the reaction. Further, the vortexed mixture was incu-
bated for 15 min at 37 �C. 200 ll of DNS color reagent (40 mM DNS,
1 M K-Na tartarate and 0.4 M NaOH) was added, vortexed and
boiled in a water bath at 100 �C for 10 min. Subsequently, the mix-
ture was cooled down, and the absorbance was read at 540 nm.
Each experiment was performed in triplicates including the blank.
Inhibition was calculated using the formula:

Percent inhibition = 100 � (mean product in sample/mean pro-
duct in control) � 100.

2.14. In-vitro cytotoxicity analysis & anticancer potential of G & G-
AuNPs

2.14.1. Cell viability (MTT) assay
Normal human keratinocyte HaCat cells and human lung ade-

nocarcinoma A549 cells were seeded in a 96 well plate at a density
of 1x104 cells per well and incubated at 37 �C for 24 h in a humid-
ified 5 % CO2 incubator. After 24 h incubation period, normal
human keratinocyte HaCat cells were treated in triplicates with
pure G (1, 2, 3, 4, 5, 6, and 7 mM), AuNPs (80, 160, 240, 320, 400
and 480 lM) and G-AuNPs (50, 75,100, 125,150,175 and
200 lM) and incubated for another 48 h before being removed
from the media and stained with 50 ll of 3-(4,5-dimethylthiazol-
2-yl)-2,5- diphenyltetrazolium bromide (MTT). The plates are then
6

incubated for another 4 h in a 5 % CO2 incubator. The resulting for-
mazan crystals were then dissolved in 150 ll of Dimethyl sulfox-
ide. Subsequently, the reduced MTT was quantified using an
ELISA reader (Microplate Reader (BIORAD-680) that calculated
optical densities at a wavelength of 570 nm with a reference filter
set at 655 nm. Finally, the percentage of inhibition exerted by G
and G-AuNPs was determined using the formula:

Percent Inhibition = [100-{(Atest-Ablank)/(Acontrol-Ablank)}] � 100.
Atest resembles the absorbance of the test sample, Ablank resem-

bles the absorbance of the blank sample, and Acontrol resembles the
absorbance of the control sample. Additionally, the IC50 of the test
samples were determined by fitting the observed data using ORI-
GIN 6.1.

2.14.2. Comparative cytomorphological analysis of HaCat and A549
cells

Normal human keratinocyte HaCat cells and human lung ade-
nocarcinoma A549 cells were treated with the G and G-AuNPs at
the IC25, IC50, and IC75 concentrations followed by incubation at
37 �C for 48 h in a 5 % CO2 incubator. The inverted phase-
contrast microscope was used to detect morphological alterations
in the cells after the 48-h incubation period. (Nikon ECLIPSE Ti-S,
Nikon Corporation, Tokyo Japan).

Investigation on nuclear condensationUsing the fluorescent
nuclear stain DAPI, the apoptotic ability of G & G-AuNPs in human
lung adenocarcinoma A549 cells was investigated. The A549 cells
were first plated in a 96-well plate, then treated with G & G-
AuNPs at the IC50 concentration determined by a cell viability
assay. The cells were then rinsed in phosphate buffer saline (PBS)
and fixed for 10 min in 3.7 % paraformaldehyde. The fixed cells
were permeabilized with a solution containing 3 % paraformalde-
hyde and 0.5 % Triton X-100, and DAPI was then used to stain
the treated cells and their photographs were captured via a fluores-
cence microscope (Nikon ECLIPSE Ti-S, Japan). The resulting apop-
totic cells have shown fragmented and condensed nuclei.

2.14.3. Measurement of intracellular reactive oxygen species (ROS)
level

Utilizing the DCFH-DA technique, the intracellular ROS produc-
tion was analysed. This analysis was based on the ROS-derived pro-
duction of highly fluorescent product 20,70-dichlorofluorescein
(DCF) from the non-fluorescent dye 20,70-dichlorofluorescein diac-
etate (DCFH-DA). The human lung adenocarcinoma A549 cells
were plated in a 12 well plate with 2 x105 cells per well, and
24 h incubation was done at 37 �C in a 5 % CO2 incubator. The cells
were then treated with G & G-AuNPs at the IC50 concentrations cal-
culated by the viability assay and incubated for another 12 h before
being incubated for a time period of 30 min with 10 lM DCFH-DA
at 37 �C and eventually washed to eliminate any excess DCFH-DA.
Finally, the resulting images were captured using a fluorescence
microscope (Nikon ECLIPSE Ti-S, Japan),

2.14.4. Detection of the mitochondrial membrane potential (DWm)
A selective mitochondrial fluorescent dye (Mito Tracker Red

CMX Ros) was utilised to detect alterations in mitochondrial mem-
brane potential. In a 12-well plate, A549 cells (2x105 cells/well)
were plated and allowed to adhere overnight. The cells were then
treated with G & G-AuNPs at IC50 concentrations determined by a
cell viability assay. Subsequently, the treated cells were then
washed, followed by fixing with 3.5 % paraformaldehyde for
15 min at 37 �C before being permeabilized with 0.05 % v/v Triton
X-100. Finally, the cells were stained for 30 min in the dark with
Mito Tracker Red (25 ng/ml) and images were captured using an
inverted fluorescence microscope (Nikon ECLIPSE Ti-S, Japan).
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3. Results

3.1. Characterization of synthesized AuNPs and G-AuNPs

A variety of bionanotechnological applications have been made
possible by the unique properties and surface activities of gold
nanoparticles (AuNPs) (Al Hagbani et al., 2022)(Alshahrani et al.,
2021)(Khan et al., 2021). It is possible to synthesize AuNPs by using
a wide range of techniques. All of these methods make use of
reducing and encapsulating drugs or biomolecules. It is also possi-
ble to add ligands, pharmaceutical chemicals and other moieties to
the GNP framework. By minimizing the necessity for a reducing/-
capping agent, this approach also reduces the danger of residual
contamination caused by an external chemical or biomolecule
(Khan et al., 2021). The synthesis of AuNPs was validated in this
study by a steady colour shift of the reaction solution to ruby red
after incubation. Therefore, surface plasmon resonance (SPR) in
AuNPs explains the colour change. The formation of early glycation
end products (EGEPs) during the glycation of BSA aided in the syn-
thesis of AuNPs in this investigation. According to NBT data as rep-
resented in our previous study (Rafi et al., 2020), AuNPs of a
significant size were generated on the day when EGEP creation
was at its peak (Day 8 of the reaction), suggesting that EGEPs are
responsible for reducing the gold salt into AuNPs and that, after
reduction, they may act as a cap on AuNPs.
3.2. UV–Visible spectroscopy

The UV–Visible absorption spectra of G-AuNPs displayed a surface
plasmon resonance (SPR) band centred at 536 nm including the char-
acteristic peak of the drug centred at 276 nm. Compared to the SPR
band of synthesized AuNPs, an 8 nm redshift is observed resulting
from bioconjugation of the AuNPs with G, as shown in Fig. 2 A. The
aforesaid redshift is observed due to the capping of G over the surface
of the AuNPs resulting by bioconjugation procedure.
3.3. TEM, DLS and zeta potential

The core size of G-AuNPs has been validated by TEM micro-
graphs and found to be � 29 d. nm (Fig. 2 B). The findings of the
TEMmicrograph indicated an increase in the size of the AuNPs post
bioconjugation with G. Also, the blurr image of TEM indicated the
bioconjugation. Further, the UV visible spectroscopy showed the
characteristic peak (276 nm) of the drug G demonstrated that G
is successfully bioconjugated over the surface of the AuNPs
(Fig. 2 A). TEM computes the size of nanoparticles by direct trans-
mitting electrons that have only inorganic core details and that do
not contain a hydration layer.

To examine the elevation in hydrodynamic radius of G-AuNPs in
contrast to AuNPs, DLS was also performed. In an aqueous solution,
the surface of the nanoparticles is bound by a thin electrical dipole
film in the liquid. Therefore, when the DLS of the AuNPs is done,
the hydrodynamic particle layer and the coating materials (solvent
layer that is covered by the nanoparticle) is analyzed (Berne &
Pecora, 2000). DLS of the synthesized AuNPs was found to be 71 d.
nm, whereas, after the bioconjugation with G, G-AuNPs showed
the size of 79.5 d. nm including the hydrodynamic layer (Fig. 2 C).
Besides, zeta potential is responsible for propagating, aggregation,
ionization, exposure, or shielding of charged moieties and nanoparti-
cle adsorption. (Rabinovich-Guilatt et al., 2004). The synthesized
nanoparticles zeta potential was found to be �15.9 mV, and of G-
AuNPs were observed to be�18.4mV (Fig. 2 D). The functional group
of lysine-rich early glycation end products that capped the AuNPs is
responsible for the nanoparticle’s negative charge and attributed to
the high stability of the AuNPs and G-AuNPs(Ansari & Dash, 2013).
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The differences in AuNPs and G-AuNPs zeta potential is attributed
to the bioconjugation of G to AuNPs.

3.4. Circular dichroism analysis

CD was performed to assess if lysine-rich(Ansari & Dash, 2013)
early glycation end products have undergone conformational
changes after successful bioconjugation with AuNPs. Two negative
bands at 208 and 222 nm distinguish the far-UV CD signal. These
bands resulted by amide group p- p* and n- p* transitions, are typical
in proteins with a high helical content(Greenfield, 1999). CD of the
modified BSA sample (control), AuNPs and G-AuNPs were performed.
The observed results portrayed a loss of 88.19 % in negative ellipticity
at 208 nm in G-AuNPs against negative ellipticity of AuNPs at
208 nm. However, 56.13 % loss in negative ellipticity at 222 nm
has been observed in G-AuNPs comparative to the negative ellipticity
of AuNPs (222 nm) (Fig. 2 G). Conformational modifications that
occurred after the bioconjugation of G with AuNPs culminated in a
decreased percentage of negative ellipticity. Our findings are well
justified based on the previous studies which addressed that elliptic-
ity transition after bioconjugation with gold nanoparticles are
resulted by structural adjustment (Matei et al., 2019).

3.5. Fourier transform infra-red spectroscopy

FTIR spectra of AuNPs and G-AuNPs are shown in Fig. 2 E & F.
The AuNPs spectrum revealed distinct frequencies at 3429.1,
2102.86, 1,641.26, 1081.77 cm�1 with a transmittance of 3.78,
31.62, 12.17, and 30.74 % respectively while the G-AuNP spectrum
obtained after the bioconjugation of drug G with AuNPs repre-
sented distinct frequencies at 3405.29, 2107.67, 16.42.46 and
1083.26 with a transmittance of 0.1, 25.06, 2.8 and 28.39 % respec-
tively. These altered frequencies and transmittance are attributed
to the structural modifications that occurred after the possible cap-
ping of G over AuNPs (Yamaguchi et al., 2000)(Fernando et al.,
2019a). The existence of asymmetric CAH stretching vibrations
in the range 3100–3000 cm�1, which is the characteristic region
for detection of CAH stretching vibrations, can be seen in aromatic
organic compounds; derivatives of benzene(Vinod et al., 2015)
(Bellamy, 2013)(Puviarasan et al., 2002). A broad peak at
3405.29 cm�1 (Krishnaprabha & Pattabi, 2016) allocated to CAH
stretching vibrations observed in our result confirms the presence
of G over the surface of AuNPs after efficient bioconjugation with
AuNPs comparative to the FTIR of the sample containing only syn-
thesized AuNPs(Fernando et al., 2019b).

3.6. Analysis of drug loading efficiency

The loading percentage of G over AuNPs was calculated and
found to be 78.6 % attributed to efficient capping of G over AuNPs.
The recorded values of A and B were 2.035 and 0.554 respectively.
The standard curve of pure drug G curve was plotted at 276 nm
(Fig. 2 H), and the unbound drug was calculated from the standard
curve. The amount of the bioconjugated drug was computed by
excluding unbound drugs from the total amount of drug used in
the reaction mixture. The exact quantity of G bioconjugated with
AuNPs was found to be 39.3 lg/ml of the reaction mixture.

3.7. Inductively coupled plasma mass spectrometry (ICP-MS) analysis

The elemental analysis of AuNPs and G- AuNPs revealed that an
ample amount of drug G is loaded over the surface of AuNPs. The
number of AuNPs under ICP-MS was found to be 3.485 X 1016

against 38746 ppb of gold in AuNPs. Similarly, 18149 ppb corre-
spond to 7.08 G molecules/AuNPs was established with ICP-MS
analysis (Table 1).



Fig. 2. (A) SPR band of AuNPs (527 nm) & G-AuNPs (536 nm) (B) TEMmicrograph of G-AuNPs (26.5 d. nm) at 50 nm and 100 nm resolution(inset), (C) Size distribution profile
of G-AuNPs, DLS (�79.5 d. nm) (D) Zeta potential (-18.6 mV) of G-AuNPs (E) FTIR measurements of AuNPs (F) FTIR measurements of G-AuNPs performed in the range 4000–
450 cm�1 (G) Far UV CD spectra of modified BSA sample (control), AuNPs and G-AuNPs (H) Standard curve of pure drug garcinol plotted at varying concentrations at its
characteristic peak (276 nm). The investigations are the average of three independent experiments/scans performed under identical experimental conditions.
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3.8. Antiglycation studies of G and G-AuNPs

3.8.1. Early glycation adducts, keto-amine inhibition exerted by G and
G-AuNPs

Glycation reaction is initiated by the establishment of Schiff’s
base, followed by the formation of keto-amines or amadori prod-
ucts which are known to be early markers of the glycation process.
8

To further suppress the establishment of AGEs, the inhibitory effect
of G and G-AuNPs at different concentrations was evaluated by
measurement of the keto-amines produced through NBT reduction
assay. As shown in the Fig. 3, the keto-amine content examined in
glycated BSA was found to be 44.02 ± 0.22 nmol/mg in comparison
to unmodified BSA (native), which was found 1.92 ± 0.04. Further-
more, it has been observed that test inhibitors G and G-AuNPs and



Table 1
ICP-MS analysis of synthesized AuNPs and G-AuNPs and calculated amount of drug molecules attached to single nanoparticle after 78.6 % bioconjugation.

Sample ICP-MS reading of samples(ppb) No. of molecules

AuNPs 38746 ppb 3.485 X 1016 AuNPs.
G-AuNPs 18149 ppb 7.08 molecules attached to single AuNP
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standard inhibitor AG inhibited amadori products formation to dif-
ferent degrees. Under experimental conditions, it has been
observed that the number of keto-amines produced in the presence
of 4 mM AG is 32.79 ± 0.03, while in the presence of 1 mM, 2 mM &
4 mM G, the keto-amines produced were 34.95 ± 0.05, 28.87 ± 0.09
and 17.97 ± 0.10 nmol/mg respectively (Fig. 3 A & B). However, in
the presence of different concentrations (16.25, 35.55 and
65.1 lM) of G-AuNPs the keto-amines produced were found to
be 39.45 ± 0.05, 35.79 ± 0.12 and 32.50 ± 0.14 nmol/mg, respec-
tively. Nevertheless, in the comparison to G-AuNPs, the AuNPs at
a concentration of 0.5 mM were observed to produce 41.77 ± 0.1
9 nmol/mg of keto-amine (Fig. 3 C & D). The results of the NBT
assay indicated that G is a significant inhibitor of amadori product
development but the results also justified that G-AuNPs have also
inhibited the keto-amine formation at much lower concentration
Fig. 3. (A) NBT reduction assay for unmodified BSA (native), glycated BSA (control) and gl
(B) The bar diagram represents keto-amine contents of unmodified BSA (native), glycated
AG (C) NBT reduction assay for unmodified BSA (native), glycated BSA (control) and g
(standard inhibitor) (D) The bar diagram represents keto-amine contents of unmodified B
and G-AuNPs. The data represented are the mean ± SD of three determinations under ide
significantly different from control at ** p < 0.01, non-significantly different from contro
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than pure G. Several inhibitors of AGEs are known to function at
the late stage of glycation, while others play their inhibitory role
in the early stages of glycation. (Mesías et al., 2013). The NBT
reduction assay test confirmed the inhibitory role of G and G-
AuNPs in the early stages of glycation by inhibiting the formation
of keto-amines.

3.8.2. Inhibition of hydroxymethyl furfural content by G and G-AuNPs
Similar to keto-amine moieties, HMF is an intermediate product

of the glycation process. HMF is a thiobarbituric reactive substance
resulting from hydrolysis in the earliest stages of glycation. The
HMF content in the glycated BSA sample (control) was found to
be increased by 89.65 % (9.09 ± 0.01 nmol/ml) compared with
the unmodified native BSA (0.94 ± 0.04 nmol). However, in the
presence of different concentrations of test inhibitor G (1 mM,
ycated samples treated with varying concentrations of G and AG (standard inhibitor)
BSA (control) and glycated samples treated with varying concentrations with G and
lycated samples treated with varying concentrations of AuNPs, G-AuNPs and AG
SA (native), glycated BSA (control) and glycated BSA samples treated with AG, AuNPs
ntical experimental conditions. Significantly different from control at *** p < 0.001,
l at ns p > 0.05.



Fig. 4. (A) Bar diagram showing percent decrease in HMF/CC content in glycated BSA samples treated with varying concentrations of G (B) Percent decrease in HMF/CC
content in glycated BSA samples treated with varying concentrations of G-AuNPs. AG is used as a standard inhibitor (C) Bar diagram represents a percent of unreacted lysine
residues in glycated BSA (control) and samples treated with varying concentrations of G (D) Percent of unreacted lysine residues in glycated BSA (control) and samples treated
with varying concentrations of G-AuNPs. The data represented are the mean ± SD of three determinations under identical experimental conditions. Significantly different
from control at *** p < 0.001, significantly different from control at ** p < 0.01, non-significantly different from control at ns p > 0.05.
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2 mM & 4 mM), the HMF content was reduced to 6.92 ± 0.02,
5.71 ± 0.03 and 3.63 ± 0.02 nmol/ml, respectively, representing
23.91 ± 0.23, 37.18 ± 0.29 and 60.10 ± 0.23 % reduction in HMF con-
tent. Whereas AG (4 mM) was used as a standard inhibitor, showed
6.45 ± 0.03 nmol/ml of HMF justifying a 29.08 ± 0.28 % decrease in
the HMF comparatively with the control reaction (Fig. 4 A).

However, in the presence of test inhibitor G-AuNPs at concen-
trations of 16.25, 35.55, and 65.1 lM, the amount of HMF recorded
to 7.91 ± 0.04, 7.10 ± 0.02 and 6.59 ± 0.03 nmol/ml, respectively
justifying a 12.98 ± 0.48, 21.89 ± 0.19 and 27.51 ± 0.38 % decrease
in the HMF comparative to the HMF content observed in the con-
trol sample. However, AuNPs (0.5 mM) have shown a slight reduc-
tion of 9.90 ± 0.11 % in HMF compared with the control sample
(Fig. 4 B). These decline in HMF content levels in the samples,
which contain inhibitors in various concentrations, align with the
NBT findings. The decrease in HMF levels suggests that the inhibi-
tors prevent the structural changes in BSA caused by 20-
Deoxyribose (Siddiqui et al., 2018). In contrast to the pure G and
aminoguanidine, G-AuNPs were found to be substantially strong
inhibitor at much lower concentrations.
10
3.8.3. Estimation of carbonyl content in the G and G-AuNPs treated
samples

Glycation of BSA with 20-Deoxyribose sugar results in an
increase in carbonyl content, which can be used as an oxidative
stress biomarker. When BSA gets modified with 20-Deoxyribose,
the CC content levels elevates to 4.1 ± 0.03 nmol/mg of protein,
a > 5-fold increase compared to the unmodified native BSA (0.74
± 0.001). According to the findings of our experiment the test inhi-
bitors, G and G-AuNPs have shown a concentration-dependent
diminution in CC. The CC in samples containing test inhibitor G
at concentrations 1, 2, and 4 mM are found to be 3.06 ± 0.037, 2.
48 ± 0.003, and 1.52 ± 0.005 nmol/mg, respectively of protein, jus-
tifying a decrease of 26.32 ± 1.37, 40.29 ± 0.42 and 63.48 ± 0.37 %,
respectively compared to the CC in glycated BSA (control). How-
ever, the sample containing AG (4 mM) as standard inhibitor has
shown CC 2.74 ± 0.01 nmol/mg of protein justifying a decrease of
33.92 ± 0.72 % (Fig. 4 A).

However, test inhibitor G-AuNPs at much lower concentrations
16.25, 35.55, and 65.1 lM have shown the CC content of 3.50 ± 0.
006, 3.11 ± 0.009 and 2.98 ± 0.004 nmol/mg, respectively of protein



Fig. 5. Fluorescence spectroscopy of (A) unmodified BSA (native), glycated BSA (control) and samples treated with varying concentrations of G (B)The bar diagram represents
the percent of free arginine residues in unmodified BSA (native), glycated BSA (control) and samples treated with varying concentrations of G. (C) Fluorescence spectroscopy
of unmodified BSA (native), glycated BSA (control) and samples treated with varying concentrations of G-AuNPs, AG is used as a standard inhibitor. The spectra are the
average of three determinations under identical experimental conditions (D). The bar diagram illustrates the percent of free arginine residues in unmodified BSA (native),
glycated BSA (control) and samples treated with varying concentrations of G-AuNPs; the data represented are the mean ± SD of three determinations under identical
experimental conditions. Significantly different from control at *** p < 0.001, significantly different from control at ** p < 0.01, non-significantly different from control at ns
p > 0.05.
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justifying a significant decrease of 15.59 ± 0.75, 25.09 ± 0.71 and
28.08 ± 0.57 % in CC comparatively with the glycated BSA (control).
However, AuNPs (0.5 mM) have shown a slight decrease of 11.04
± 1.51 % in CC (Fig. 4 B). This strong inhibition of the CC content
might be attributed to the strong antioxidant activity of the G
(Hirata et al., 2005)(X. Wang et al., 2011). The lower levels of car-
bonyls in the inhibitor-treated samples corresponded to lower
levels of amadori products, justifying that G is a superior inhibitor
of both early and late-stage glycation, eventually blocking the for-
mation of more stable AGEs.

3.8.4. Determination of the inhibitory effect of G and G-AuNPs via free
lysine estimation

The glycated BSA samples showed a substantial reduction in
free lysine residues. Only 49.76 ± 2.02 % of the total lysine residues
are left unreacted in the glycated BSA (control), implying the
involvement of remaining arginine residues in the glycation pro-
11
cess. However, relative to the glycated BSA samples (control), the
test inhibitor-treated samples (G and G-AuNPs) had a slightly
higher percentage of unreacted lysine residues. The samples trea-
ted with 1,2- and 4-mM G showed 61.88 ± 2.51, 71.44 ± 2.91 and
84.58 ± 3.44 %, respectively of unreacted lysine residues (Fig. 4
C). At the same time, samples treated with standard inhibitor AG
(4 mM) showed 63.46 ± 2.57 % of free lysine residues.

However, the samples treated with 16.25, 35.55, and 65.1 lM
G-AuNP have shown 57.76 ± 2.35, 64.67 ± 2.63 and 66.16 ± 2.68
%, respectively unreacted lysine residues, while the 0.5 mM AuNPs
treated samples showed 53.87 ± 2.18 % of unreacted lysine resi-
dues (Fig. 4 D). According to recent research, the percent reduction
in the unreacted lysine residues in glycated BSA samples is attrib-
uted to the level of glycation at lysine residues in the protein
(Siddiqui et al., 2018). The inhibition level exerted by G and G-
AuNPs is demonstrated by the reduction in the percent lysine resi-
dues compared to the free lysine in the glycated BSA (control).



Fig. 6. Fluorescence spectra of (A) unmodified BSA (native), glycated BSA (control) and samples treated with varying concentrations of G (B)The bar diagram represents the
keto-amine contents of unmodified BSA (native), glycated BSA (control) and samples treated with varying concentrations of G (C) Fluorescence spectra of unmodified BSA
(native), glycated BSA (control) and samples treated with varying concentrations of G-AuNPs, AG is used as a standard inhibitor. The spectra are the average of three
determinations under identical experimental conditions (D) The bar diagram represents a percent decrease in fluorescence intensity of unmodified BSA (native), glycated BSA
(control) and samples treated with varying concentrations of G-AuNPs the data represented are the mean ± SD of three determinations under identical experimental
conditions. Significantly different from control at *** p < 0.001, significantly different from control at ** p < 0.01, non-significantly different from control at ns p > 0.05.
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3.8.5. Inhibitory effect of G & G-AuNPs via unreacted arginine
estimation

Glycation and the development of AGEs both are resulted from
the binding of arginine residue to reducing sugar molecules. The per-
centage of unreacted arginine residues was calculated using phenan-
threnequinone, which, when reacts with the arginine residues in the
sample mixture, produces fluorescence in the range of 300–500 nm
at the emission wavelength of 395 nm. During the estimation pro-
cess, a substantial reduction of 61.1 % in the fluorescence intensity
of glycated BSA (control) was observed in comparison to unmodified
native BSA, implying that only 39.64 ± 0.85 % of (unreacted) arginine
was not involved in the glycation process in the glycated BSA (con-
trol). In contrast, others are involved in the glycation reaction. Our
findings showed that the samples treated with 1,2 and 4 mM of test
inhibitor G showed 53.63 ± 0.68, 60.97 ± 0.60, and 77.92 ± 0.20 %,
respectively of unreacted arginine residues, whereas the standard
inhibitor AG (4 mM) treated samples showed 57.46 ± 0.66 % of unre-
acted arginine residues (Fig. 5 A & B).

Similarly, samples treated with 16.25, 35.55, and 65.1 lM of
test inhibitor G-AuNP have shown 47.53 ± 0.46, 52.56 ± 0.50, 56.
12
20 ± 0.38 % of unreacted arginine residues, respectively. Moreover,
AuNPs treated samples showed 45.16 ± 0.73 % of unreacted argi-
nine residues (Fig. 5 C & D) compared to unmodified BSA samples
(native), the percentage of reacted arginine residues was deter-
mined by a decrease in fluorescence intensity (at the emission
wavelength of 395 nm) after the glycation reaction. Because BSA
contains a total of 23 arginine residues, it is more prone to glyca-
tion; thus, the percent reduction in unbound arginine residues is
attributable to the BSA being modified by 20-Deoxyribose. This is
consistent with the fact that arginine residues had a significant role
in the generation of AGEs during the reaction. Whereas the
inhibitor-containing reactions contained significantly more unre-
acted arginine residues than the control reaction. It was deduced
that inhibitors hindered the development of AGEs, hence minimis-
ing the role of lysine residues in the process.
3.8.6. Inhibition of AGEs via G and G-AuNPs
Glycation reaction leads to the development of fluorogenic

AGEs. (Kessel et al., 2002), these fluorescent AGEs have hetero-
cyclic structures that allow glycation adducts to exhibit fluores-



Fig. 7. Bar diagram representing percent inhibition of a-amylase exerted by varying concentrations of (A) G and (B) Standard inhibitor acarbose. The data represented are the
mean ± SD of three determinations under identical experimental conditions. Significantly different from control at *** p < 0.001, significantly different from control at **
p < 0.01, non-significantly different from control at ns p > 0.05.
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cence (Akhter et al., 2013). By using fluorescence spectroscopy,
inhibition of fluorogenic AGEs in the samples was determined.
The unmodified BSA (native), glycated BSA (control) and samples
containing test inhibitors G and G-AuNPs and standard inhibitor
AG at varying concentrations were all excited at 340 nm, with an
emission wavelength of 433 nm (Fig. 6). It has been observed that
the fluorescence intensity (FI) of glycated BSA (control) containing
no inhibitor increased by 87.54 ± 0.20, which is a significant pre-
dictor of AGE formation after glycation. However, comparative to
the glycated BSA (control) the samples treated with 1-, 2- and 4-
mM G samples portrayed 24.77 ± 0.85, 43.00 ± 0.69 and 64.07 ± 0.
06 %, respectively decrease in the FI, while the standard inhibitor
AG(4 mM) showed 43.89 ± 0.47 % decrease in FI indicating the
reduced formation of AGEs (Fig. 6 A & B).

Additionally, the samples treated with 16.25, 35.55, and
65.1 lM of G-AuNP have shown 15.76 ± 0.72, 26.47 ± 0.71 and
27.25 ± 0.79 %, respectively decreases in FI. However, the sample
containing AuNPs showed an 11.41 ± 0.80 % reduction in FI
(Fig. 6 C & D). The antiglycation effects of G and G-AuNPs were
found to be positively associated with free radical scavenging
activity and significant antioxidant activity as observed previously
(Hirata et al., 2005)(X. Wang et al., 2011).
3.9. a-amylase inhibition potential of G and G-AuNPs

The G and G-AuNPs were examined for the a-amylase inhibi-
tory property to investigate the anti-diabetic potential. The hydrol-
ysis of complex starches to maltose is derived by pancreas a-
amylase. The inhibition of a-amylase results in delayed carbohy-
drate digestion and absorption, reducing the amount of postpran-
dial glucose (Apostolidis et al., 2007; Shim et al., 2003). In the
current analysis, G showed concentration dependent inhibition of
a-amylase production with an IC50 value of 8.9 lM (Fig. 7), which
is significantly higher compared to the IC50 value of standard inhi-
bitor acarbose (0.118 mM). However, owing to confirmative shifts
in a-amylase caused by the association of the AuNPs in AuNPs and
G-AuNPs, there was no inhibition in the a-amylase activity upto
the concentration of 65.1 lM (Deka et al., 2012). Furthermore,
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our findings showed that G is an effective a-amylase inhibitor
and may be used for therapeutic use in humans due to significant
inhibitory activity compared to acarbose. G intake from processed
foods and beverages may help prevent diabetes and obesity in
patients as well as treat diabetes.

3.10. In-vitro cytotoxic effect of G & G-AuNPs on HaCat and A549 cells

Using the MTT assay, the in-vitro cytotoxic effects of G and G-
AuNPs on HaCat and A549cells were assessed at different concen-
trations (10, 20, 40,60, 80, 100, 120, 140 160 and 180 lM) of pure G
and G-AuNPs with untreated corresponding cells serving as con-
trol. Similarly, the cytotoxicity analyses studies against same cell
lines were calculated at various concentrations (5, 10, 15, 20, 25
and 30 lM) of G and G-AuNPs. It was found that cytotoxicity
was dose-dependent. Pure G was found to inhibit cell fifty percent
propagations of HaCat cells at 43.63 lM (Fig. 9B) whereas it halted
half of the growth of A549cells at 28.7 lM (Fig. 9 C). However, no
cytotoxicity was observed in case of AuNPs when tested against
HaCat cells upto the concentration of 480 lM, but the IC 50 of
AuNPs against A549cells were depicted to be 200.16 lM. Interest-
ingly, G-AuNPs were found to produce IC 50 s against HaCat and
A549cells at 86.05 lM (Fig. 9 B) and 13.3 lM (Fig. 9 C) concentra-
tions, respectively. Our findings indicated that G-AuNPs had much
lower IC50 values than pure G, implying that the anti-cancer poten-
tial of pure G has increased enormously whereas cytotoxic effect
minimised after bioconjugation with AuNPs.
4. Study of cytomorphological changes in HaCat cells

Image tools software was used to analyze the morphological
changes occurred in the HaCat cells after the treatment with IC25,
IC50 and IC75 concentrations of G and G-AuNPs. The degree of
roundness of the cells was an excellent measure of stress level in
the cell (Fig. 8). HaCat cells were treated with G & G-AuNPs at
the aforesaid concentrations for 48 h, and the results revealed that
after 48 h of treatment with pure G & G-AuNPs, the majority of
cells transformed, detached from the substratum, and entered sus-



Fig. 8. Cytomorphological images of normal human keratinocyte HaCat cells after treatment with G and G AuNPs at a concentration of IC25 (21.81 lM), IC50 (43.63 lM) and
IC75(65.44 lM) of pure G and IC25 (43.02 lM), IC50 (86.05 lM) and IC75(129.07 lM) of G-AuNPs.
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pended culture conditions, while others exhibited irregular bulges
(blebs) in their plasma membrane. After the experiment, it has
been observed that the number of live control cells was signifi-
cantly higher than the number of live cells that resulted after the
treatment with G and G-AuNPs. However, the form and morphol-
ogy of the untreated cells were unaffected.

4.1. Assessment of nuclear condensation and internalization of G and
G-AuNPs

Using the fluorescent stain 40, 6-diamidino-2-phenylindole
(DAPI), potential mechanistic insights into G and G-AuNP internal-
ization and their cellular uptake were explored. G-AuNPs could be
taken up by cancerous cells via an endocytosis process, followed by
drug release of G-AuNPs from the endosome/lysosome into the
cancerous cells, where the interaction between herbal drug G
and DNA occur (Hande, 1998). A549 cells were incubated with
IC50 concentrations of G and G-AuNPs (determined previously by
MTT assay) for 24 h at 37 �C until being stained with DAPI. In con-
trast to the untreated cells serving as control, G and G-AuNPs expo-
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sure caused an apoptotic impact in cells (Fig. 10), including
improved permeability, which reflected in condensed chromatin
and a bright blue fluorescent condensed nucleus in A549 cells
(Fig. 10). Our results showed that A549 cells treated with G and
G-AuNPs have shown 69.23 % (Fig. 10 B) and 87.36 % (Fig. 10 C)
in increase in fluorescence intensity respectively. This nuclear con-
densation observed in the G and G-AuNPs treated cells might be
the result of the cytotoxic reaction caused by stress in the cells
(Cutts et al., 2005).

4.2. Detection of reactive oxygen species

Since DCFH-DA is an oxidation-sensitive fluorogenic marker for
ROS in viable cells, it is used to calculate the extent of intracellular
ROS produced in A549 cells due to interactions with G and G-
AuNPs. The amount of fluorescent light detected was proportional
to the number of reactive oxygen species generated by the cells
(Fig. 10). The G treated cells showed a 65.2 % increase in fluores-
cence intensity (Fig. 10 E); however, G-AuNPs treated cells showed
an increase of 86.1 % in fluorescence intensity (Fig. 10 F). The fluo-



Fig. 9. (A) The cytotoxicity (dose-dependent) study of AuNPs on A549 cells (no cytotoxicity observed against Human keratinocyte HaCat cells up to the concentration of
480 lM) (B) The cytotoxicity (dose-dependent) study of pure G & G-AuNPs on Human keratinocyte HaCat cells (C) The cytotoxicity (dose-dependent) study of pure G & G-
AuNPs on human lung adenocarcinoma A549 cells. The data represented are the mean ± SD of three determinations under identical experimental conditions. Significantly
different from control at *** p < 0.001, significantly different from control at ** p < 0.01, non-significantly different from control at ns p > 0.05.
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rescent intensity observed was directly proportional to the ROS
production in the cells. A549 cells treated with G & G-AuNPs emit-
ted bright fluorescence with distorted morphology due to plasma
integrity changes resulting from ROS generation, but no noticeable
fluorescence was observed in untreated cells.
4.3. Mitochondrial membrane potential estimation

Mitotracker Red CMX Ros is used to prove that G and G-AuNPs
caused depolarization of the mitochondrial membrane in A549
lung cancer cells. Using mitochondrial potential, the dye was able
to bind to the cells. The diminished strength of Mitotracker Red
CMX Ros in G and G-AuNPs treated A549 cells was observed, sug-
gesting that the mitochondrial membrane potential (DWm) had
been disturbed (Fig. 10). Observed results indicated a significant
reduction of 48.63 % and 72.11 % in the intensity of Mitotracker
Red CMX Ros in the G (Fig. 10 H) and G-AuNPs (Fig. 10 I) treated
A549 cells respectively, justifying the disruption of the mitochon-
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drial membrane potential (DWm) (Fig. 10) of the A549 cells after
the treatment. Our study portrayed that at G-AuNPs (13.3 lM) at
much lower concentrations than pure G (28.7 lM) exerted more
disruption in mitochondrial membrane potential.
5. Discussion

Garcinol, a polyisoprenylated benzophenone from the fruit rind
of the Garcinia Indica plant, is being studied based on previous evi-
dence of free radical scavenging, chelating, and antiglycation
action (Padhye et al., 2009)(Fernando et al., 2019b)(Chang et al.,
2021)(Hemshekhar et al., 2011). In the performed study, glycation
reaction mediated synthesized AuNPs were bioconjugated with G
to obtain G-AuNPs. Eventually, the confirmation of bioconjugation
was furnished under TEM justifying a spherical shaped and
monodispersed G-AuNPs (Fig. 2B). The UV–vis spectral profile of
the G-AuNPs showed the SPR band of AuNPs centred at 536 nm
(Fig. 2 A) representing a redshift of 8 nm resulting from the possi-



Fig. 10. Images of DAPI, DCFDA, and mitrotracker red-stained A549 cells treated with G and G-AuNPs.
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ble capping of the G over AuNPs, the findings are well justified and
in accordance with previous published articles (Abu Lila et al.,
2022)(Abu Lila et al., 2022)(Alshahrani et al., 2021). Additionally,
the UV–Visible spectroscopy results of G-AuNPs represented the
characteristic peak of the drug G centred at 276 nmwhich confirms
the presence of G over the surface of AuNPs after the bioconjuga-
tion procedure.(Abu Lila et al., 2022) The observed size of the G-
AuNPs (29 d. nm) including the hydrodynamic layer around them
was portrayed by the DLS results (Fig. 2 C)(Al Hagbani et al., 2022).
The G-AuNPs were found to be highly stable in nature representing
a zeta potential value of �18.6 mV (Fig. 2 D)(Kus-liśkiewicz et al.,
2021)(Iram, Zahera, Khan, Khan, & Syed, 2017). The encapsulated
amadori products over the AuNPs underwent conformational
changes after the bioconjugation with AuNPs that can be revealed
via CD (Fig. 2 G)(Rafi et al., 2020). However, it has been also
revealed from the FTIR results that G is attached to the surface of
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the AuNPs in G-AuNPs (Fig. 2 E & F). The ample amount of G
(78.6 %) was found to be loaded over the surface of the AuNPs after
bioconjugation with G-AuNPs justifying approximately 7 mole-
cules of G attached to a single AuNP (Table 1)(Al Hagbani et al.,
2022).

Moreover, the comparative analysis of antiglycation potential
between pure G and G-AuNPs observed that both were found to
be potent glycation inhibitor preventing the glycation reaction in
the early stages of glycation confirmed by the NBT reduction assay
(Fig. 3) and HMF results (Fig. 4 A & B)(Wani et al., 2012). Our find-
ings also revealed that G and G-AuNPs exerted potent inhibition of
the CC content (Fig. 4 A & B) resulting in the strong antioxidant
effect of the aforementioned inhibitors. The test inhibitors G and
G-AuNPs also prevented free arginine (Fig. 5) and lysine residues
(Fig. 4 C & D) from participating in glycation reaction resulting in
lowering the extent of glycation(Rafi et al., 2020). As a result, they
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were observed to lower AGE development during glycation reac-
tion which was confirmed by the fluorescence spectroscopy analy-
sis of G and G-AuNPs treated samples (Fig. 6). The G-AuNPs has
shown significantly high antiglycation potential comparable to
that of the pure G due to the presence of AuNPs, as AuNPs are
known to competitively bind to the free arginine and lysine groups
which are acting as potent sites for glycation. As a result, the prone
site of the glycation might be blocked by the AuNPs, additionally,
the sufficient amount of G carried by the AuNPs might also exerted
their antiglycation effect which resulted in the more efficient
antiglycation potential of G-AuNPs. However, there was no dis-
cernible inhibition of a-amylase activity exerted by G-AuNPs; on
the other hand, pure G showed significant inhibition of the a-
amylase activity compared to the standard inhibitor acarbose
(Fig. 7).

Additionally in the performed study for cytotoxicity analysis
and anticancer potential, G and G-AuNPs portrayed a significant
anticancer potential when tested on human lung cancer A549 cell
line, as G-AuNPs are negatively charged nano systems and micro-
domains in caveolar vesicles that can interact and mediate anionic
endocytosis of anionic nanoparticles. The caveolar vesicles are typ-
ically made of cationic lipids like sphingomyelin (an amine group
present in their polar domain), therefore the G-AuNPs (anionic)
might have entered the cells via micropinocytosis and caveolae-
dependent endocytosis (Iram, Zahera, Khan, Khan, Syed, et al.,
2017), but clatherin pathway participation was ruled out due to
the anionic charge G-AuNPs.

The mechanistic insights of the anticancer potential of G and G-
AuNPs relies on the fact that the nanoparticles do not fuse with
lysosomes in the caveolae-mediated endocytosis pathway after
entering cells, which protects the drugs from degradation and
allows them to reach other organelles. During the uptake proce-
dure, the G-AuNPs-containing vesicles might have fused with the
caveosomes of the multivesicular body (MTV) after being ingested
by cells. Subsequently, the caveosomes containing G-AuNPs trav-
elled to the ER with microtubules, infiltrated the cytosol via the
ER and eventually entered the nucleus through the nuclear pore
complex. Internalization of G-AuNPs might also be achieved by
clathrin-caveolae independent endocytosis. It is a Rhoa-
dependent, Arf6-dependent, Cdc42-dependent pathway that
requires specific lipid compositions and relies on cholesterol.

However, in the performed study, after treatment with G and G-
AuNPs, an increased apoptosis level was observed in A549 cells in
the study. The activation of caspase-3 was facilitated by cyto-
chrome c from the mitochondria into the cell’s cytoplasm. As apop-
tosis is associated with decreased level of antiapoptotic protein
Bcl-2 and a significantly increased levels of pro-apoptotic proteins
Bad and Bax. Our findings depicted that the release of cytochrome c
due to generation of high-level ROS might have triggered the apop-
tosis in G-treated cells. As a result, the use of G-AuNPs is an excel-
lent strategy for delivering drugs directly into the nucleus without
causing damage to DNA or enzymes required for DNA replication,
which is critical for improving therapeutic delivery. Furthermore,
the size and shape of G-AuNPs was also a responsible cause for
smooth internalization into cells, making this cargo highly effec-
tive against lung cancer cells.
6. Conclusion

The performed study revealed a tremendous enhancement in
antiglycation and anticancer potential of the herbal compound G
post bioconjugation with AuNPs. Our findings depicted that G
and G-AuNPs inhibited the formation of early glycation adducts,
keto-amines, CC and HMF. The key findings of the performed study
also depicted that G and G-AuNPs acted as potent blockers of argi-
17
nine and lysine residues by blocking them from taking part in the
glycation reaction. Additionally, G-AuNPs are proved to be a more
potent inhibitor of the glycation process at much lower concentra-
tions than pure G. Our findings validated that pure G significantly
inhibited the a amylase enzyme activity, however, post bioconju-
gation with AuNPs (via G-AuNPs) almost negligible inhibition of
a amylase enzyme activity was observed. Additionally in the per-
formed study for cytotoxicity analysis and anticancer potential, G
and G-AuNPs portrayed a significant anticancer potential when
tested on human lung cancer A549 cell line, as G-AuNPs are nega-
tively charged nano systems that can interact and mediate anionic
endocytosis of nanoparticles. Our key findings of the anticancer
study depicted that G-AuNPs (anionic) might have entered cells
via micropinocytosis and caveolae-dependent endocytosis mecha-
nisms during cellular uptake, however during their uptake
clatherin pathway participation was ruled out due to the anionic
charge of G-AuNPs. Our findings of the study also depicted that
the size and shape of G-AuNPs was also a responsible cause for
smooth internalization into cells, making this cargo highly effec-
tive against lung cancer cells.
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