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Abstract
Quercetin is a plant origin phytochemical with several pharmaceutical activities such as antioxidant, immunomodulatory, and 
anti-inflammatory effects. However, consumption of quercetin is limited due to its low aqueous solubility and poor bioavail-
ability. The aim of the present study was to synthesize silver and gold nanoparticles of quercetin with a view to improve its 
aqueous phase solubility and investigate the effects on LPS-induced neuroinflammation in BV-2 microglial cells. The aver-
age size of silver and gold-quercetin nanoparticles was 53 and 27 nm, respectively. Absorption peaks in the UV–Vis spectra 
were observed at 555 and 405 nm for gold and silver-quercetin nanoparticles, respectively. The particle size and mapping 
of silver and gold-quercetin nanoparticles were also determined using a STEM detector. The inflammatory stimulation of 
the BV-2 cells with LPS caused an elevated release of proinflammatory prostaglandin, E2, nitric oxide (NO), upregulated 
cyclooxygenase-2, inducible NO synthase mRNA, and protein levels, which were markedly inhibited by the pretreatment with 
gold-quercetin nanoparticles (highly soluble in water) without causing any cytotoxic effects. The findings of the present study 
suggest that the potential of gold-quercetin nanoparticles are much better than quercetin and that gold-quercetin nanoparticles 
might provide protection against inflammatory neurodegenerative disease via suppression of acute microglial activation.
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Abbreviations
COX-2	� Cyclooxygenase-2
iNOS	� Inducible nitric oxide synthase
PGE2	� Prostaglandin E2
NO	� Nitric oxide
LPS	� Lipopolysaccharide
EDX	� Energy-dispersive X-ray

SEM	� Scanning electron microscopy
DMSO	� Dimethyl sulfoxide
DMEM	� Dulbecco’s modified Eagle medium
FBS	� Fetal bovine serum
PAGE	� Polyacrylamide gel electrophoresis
BCA	� Bicinchoninic acid assay
GAPDH	� Glyceraldehyde 3-phosphate dehydrogenase
MAPKs	� Mitogen-activated protein kinases

Introduction

Generally, microglial cells have been used as models to test 
the effects of herbal extracts and plant-derived compounds 
on neuro-inflammation induced by lipopolysaccharide, which 
activates toll-like receptors and upregulates proinflammatory 
genes and their active metabolites (Yu et al. 2015; Simonyi 
et al. 2015; Jeong et al. 2014). Activation of microglial cells 
in the inflammatory processes has increased phagocytosis and 
antigen presenting properties and this activation is involved in 
the immune response by secretion of cytokines, chemokines, 
reactive oxygen/nitrogen radicals, and arachidonic acid 
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metabolites (Kettenmann et al. 2011; Agostinho et al. 2010). 
The existing microglial activation damage of neurons through 
these proinflammatory products at minimum causes an 
increase in neuron death (Heneka et al. 2014; Marín-Teva et al. 
2010). Therapeutic approaches with the use of bioflavonoids 
to alleviate LPS-induced proinflammatory gene activation 
underscore the important role of these compounds as potential 
therapeutic targets to ameliorate neuro-inflammatory neurode-
generative diseases (Choi et al. 2011; Baby et al. 2014).

Quercetin and sugar-containing derivatives, the most abun-
dant flavonoids, are found widely in plants. Recent studies have 
demonstrated that bioflavonoid quercetin can suppress oxida-
tive stress (Terao 2009; Olayinka et al. 2015; Gardi et al. 2015; 
Fraga et al. 2019; Abdel-Diam et al. 2019) and inflammatory 
responses (Gerin et al. 2016; Seo et al. 2015) in immune cells. 
However, the application of quercetin is limited due to its poor 
solubility, low bioavailability, and instability in a physiological 
medium, which restricts the use of this flavonoid for oral admin-
istration (Nathiya et al. 2014). Over the last decade, there have 
been an increasing number of newly developed drug molecules 
that exhibit poor water solubility, as well as limited availability. 
One of the biggest problems in drug development is to improve 
the solubility and oral bioavailability of these novel drugs (Sav-
jani et al. 2012). Conjugation of poorly water-soluble querce-
tin with nanoparticles might be a good approach to overcome 
these limitations. The advantages of using nanoparticle carriers 
include an increase in the solubility and dissolution rate due to 
their high surface area and good adhesion to biological surfaces 
(Bhattacharjee et al. 2016). Gold nanoparticles are biologically 
stable materials and cause no severe side effects in biological 
systems, with demonstrated applications in drug delivery (Hor-
nos Carneiro and Barbosa 2016). Silver nanoparticles are also 
widely considered for conjugation with biomolecules. There are 
several versatile methods to synthesize highly mono-dispersed 
nanoparticles (Jeevanandam et al. 2010).

This study was conducted to conjugate quercetin with gold 
and silver nanoparticles, which were synthesized in the pres-
ence of quercetin, by citrate reduction of chloroauric acid and 
silver nitrate. The potential effects of quercetin and its con-
jugates with nanoparticles on cytotoxicity, proinflammatory 
mRNA, and protein expression [cyclooxygenase-2 (COX-2) 
and inducible nitric oxide synthase (iNOS)] with prostaglandin 
E2 (PGE2) and NO production induced by lipopolysaccharide 
in microglial BV-2 cells were also investigated.

Materials and methods

Synthesis of gold and silver nanoparticles 
conjugated with quercetin

Gold nanoparticles were synthesized by reducing 
chloroauric acid (Sigma, St. Louis, MO, USA) with 

trisodiumcitrate according to the Turkevich method 
(Turkevich et  al. 1951). To synthesize gold nanopar-
ticles, 0.5  mL of 1% trisodium citrate was added to 
20 mL of 0.01% chloroauric acid under reflux. Quercetin 
(1 mg/100 µL DMSO) was then added to the reaction mix-
ture as soon as the mixture began to reflux. Silver nanopar-
ticles were synthesized by reducing silver nitrate (Sigma, 
St. Louis, MO, USA) with trisodium citrate according to 
the Turkevich method (Turkevich et al. 1951). To synthe-
size silver nanoparticles, 5 mL of 1% trisodium citrate 
was added to 20 mL of 10−2 M silver nitrate under reflux. 
Quercetin (1 mg/100 µL DMSO) was then added dropwise 
to the mixture to synthesize quercetin-silver nanoparti-
cle conjugates. Gold and silver nanoparticles were then 
centrifuged at 10,000 rpm for 10 min, and after that, the 
obtained materials were washed three times with deionized 
water to remove unreacted quercetin and other undesired 
molecules.

Characterization of gold and silver‑quercetin 
nanoparticles

The UV–Vis absorption spectra of free quercetin and its 
conjugates with nanoparticles were recorded on a Shi-
madzu UV-2450 spectrophotometer. The external mor-
phology and the diameters of the particles were studied 
with a scanning electron microscopy (SEM) using a scan-
ning transmission electron microscopy detector by EVO 
LS 10. The silver samples were coated with gold before 
taking SEM images. Dynamic light scattering (DLS) 
measurements were performed to obtain the size of parti-
cles using a Zetasizer ZEN3690 Malver. Energy-dispersive 
X-ray (EDX mapping) analysis was conducted using an 
EVO LS 10 high-resolution SEM to confirm the presence 
and distribution of gold and silver in the particles.

Cell culture

BV-2 mouse microglial cells were cultured in 75 cm2 flasks 
containing Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% FBS, 2 mM glutamine, 100 U/mL 
penicillin, 10 µg/mL streptomycin, and grown in a 5% CO2 
atmosphere at 37 °C.

MTT assay

The cytotoxic effects of free quercetin, quercetin-gold, and 
quercetin-silver nanoparticles were evaluated by an MTT 
(3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bro-
mide) reduction assay (Janjic and Wollheim 1992). BV-2 
cells were treated with 0–40 µg/mL free quercetin, 0–400 µg/
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mL gold-quercetin, and silver-quercetin nanoparticle conju-
gates in phenol-free red 1% FBS supplemented DMEM for 
24 h and then rinsed three times with ice-cold PBS. MTT 
(Sigma, St. Louis, MO, USA) was added to make the final 
concentration of 0.5 mg/mL. After 4 h incubation, a solubi-
lization buffer (10% sodium dodecyl sulfate in 0.01 mol/L 
HCl) was added and the colored formazan crystals were gen-
tly resuspended. The absorbance at 570 nm was recorded 
with a microplate reader (Bio-Tek ELX800, BioTek Instru-
ments Inc., Winooski, VT, USA).

Quantitative real‑time PCR

Total RNA isolation from cells was performed via phenol-
guanidine thiocyanate extraction using RNAzol isolation 
reagent (Sigma-Aldrich, St. Louis, MO, USA), according 
to the manufacturer’s instructions. The total RNA (1 µg) 
was reverse-transcribed to cDNA using a Transcriptor High 
Fidelity cDNA synthesis Kit (Roche Diagnostics GmbH, 
Mannheim, Germany) in a 20-µL reaction mixture. To quan-
tify cDNA, qPCR was performed using FastStart Essential 
DNA probe master mix (Roche Diagnostics GmbH, Man-
nheim, Germany) and catalogue assay kits (kits consist 
a mixture of primers and probes for the determination of 
iNOS, COX-2, β-actin). Quantitative real-time PCR was 
conducted using a Light Cycler 480 (Roche Diagnostics 
GmbH, Mannheim, Germany). For each sample, the level 
of the target gene transcripts was normalized to β-actin.

Western blot

After the treatment procedure, cells were washed in ice-cold 
PBS three times and lysed in RIPA buffer supplemented with 
2 mM Na3VO4 and protease inhibitor cocktail (Complete 
MiniTM, Roche, Mannheim, Germany) at 4 °C. The lysate 
was clarified by centrifugation at 10,000 rpm for 10 min 
at 4 °C to remove insoluble components. Cell lysates were 
normalized for protein content using BCA reagent (Pierce, 
Rockford, IL, USA). Equal amounts (30 µg) of protein were 
loaded onto 10% PAGE gels and separated by a standard 
SDS-PAGE procedure. Proteins were transferred to a PVDF 
membrane (Bio-Rad, Hercules, CA, USA) and blocked with 
5% non-fat dry milk in TBST. To detect protein expression, 
the blots were probed with the specific antibodies against 
COX-2, iNOS (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) followed by the secondary antibodies coupled 
to horseradish peroxidase. The detection of GAPDH (Cell 
Signaling Technology INC. Beverly, MA, USA) with a spe-
cific antibody was used as an internal control. The immu-
noreactive proteins on the membrane were detected by 
chemiluminescence using SuperSignal® West Pico (Pierce, 
Rockford, IL, USA) on X-ray film.

Enzyme‑linked immunosorbent assay (ELISA)

Mediums were collected after pretreatment with free querce-
tin and its nanoparticle conjugates for 24 h followed by LPS 
treatment (in phenol-free red, serum-free medium) for 6 h 
and assayed for cytokine PGE2 using SUNRED Biological 
Technology ELISA kits (Shanghai, China) following the 
manufacturer’s protocol.

Total nitric oxide (NOx) assay

The NOx levels were determined by a vanadium chloride 
(VCl3)/Griess assay (Miranda et al. 2001). Vanadium chlo-
ride (0.8% w/v in 1 M HCl) was used to reduce released 
nitrate to nitrite in the medium. Finally, Griess reagents (1:1, 
2% w/v Sulphanilamide in 5% HCl: 0.1% w/v N (1 naphthyl) 
ethylenediamine dihydrochloride in H2O) were added to con-
vert nitrite into a deep purple azo compound. The absorb-
ance of azochromophore at 540 nm was measured using a 
plate reader. Total NOx levels in the medium were calculated 
from a standard curve of 10–1000 µmol/L of sodium nitrate.

Statistical analyses

Possible associations between the groups were analyzed 
with SigmaPlot 12 statistical software using the t test. p val-
ues < 0.05 were considered as statistically significant. An 
increase or decrease of mRNA levels was also calculated by 
REST (relative expression software tool) software developed 
for group-wise comparison and statistical analysis of relative 
expression results.

Results and discussion

Preparation and characterization of nanoparticles

One important observation in this study is that, dried 
nanoparticles resuspended in water formed a very homo-
geneous dispersion, unlike quercetin, which precipitates 
in water. Undissolved pieces of quercetin were clearly vis-
ible in the suspension. The formation of gold and silver 
nanoparticles following the addition of free quercetin to 
the reaction medium right after addition of chloroauric 
acid or silver nitrate solutions was observed visually by a 
change in the color of the solutions. The color of the gold 
nanoparticle solution changed from red wine to a pale vio-
let color after drop-wise quercetin addition (Fig. 1). The 
color change in the silver nanoparticle solution appeared 
a pale orange color to a pale brown color after quercetin 
addition (Fig. 2). This is due to the excitation of the sur-
face plasma vibrations, indicating the formation of nano-
quercetins. The nanoparticles were primarily characterized 
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by UV–visible spectroscopy. Absorption peaks were 
observed at 555 and 405 nm for gold (Fig. 1) and silver 
(Fig. 2) nanoparticles (Fig. 1), respectively. Single peaks 
formed by the gold-quercetin and silver-quercetin nano-
particle conjugates observed in the UV–visible spectro-
scopic analyses confirmed the uniform size and shape of 
the nanoparticles. The average size of the particles and 
size distributions of the synthesized nano-quercetins were 
determined by the particle size analyzer and the results are 
shown in Fig. 1. The results show that the average particle 
diameter for gold-quercetin (Fig. 1) and silver-quercetin 
(Fig. 2) nanoparticles are 27 and 53 nm, respectively. An 
EDX technique can be used to determine the composition 
of a material. In this study, the X-ray mapping capability 
of the EDX technique was used to observe the elemental 

distribution in the nanocomposite films. In the X-ray map-
ping technique, the positions of specific elements emit-
ting characteristic X-rays within an inspection field can be 
indicated by a unique color. A STEM detector was used 
to measure the particle size and mapping of silver in the 
material. The standard EDX spectrum recorded on the 
examined sample is shown in Fig. 3a. In the right part of 
the spectrum, a peak located at 3 keV can be seen. This 
maximum is related to the silver characteristic line L. The 
maximum peak at 0.2 keV located on the left part of the 
spectrum comes from carbon and the maximum located 
at 0.5 keV relates to the oxygen characteristic line. The 
carbon and oxygen spots in the samples confirm the pres-
ence of stabilizers composed of quercetin chains and their 
oxygen. It can be understood that silver is homogenously 

Fig. 1   Characteristic features of 
gold-quercetin nano particles. 
Color changes (yellow color 
solution: free quercetin in 
DMSO, red wine color solution: 
gold nanoparticle, pale violet 
color solution: gold-quercetin 
nanoparticle conjugates), size 
distributions and UV–Vis 
spectra of the synthesized 
gold-quercetin nanoparticle 
conjugates

Fig. 2   Characteristic features of 
silver-quercetin nano parti-
cles. Color changes (yellow 
color solution: free quercetin 
in DMSO, pale orange color 
solution: silver nanoparticle, 
pale brown color solution: 
silver-quercetin nanoparticle 
conjugates), size distributions 
and UV–Vis spectra of the 
synthesized silver-quercetin 
nanoparticle conjugates
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distributed in the material investigated in the mapping 
(Fig. 3b). The size of particles was also measured using 
STEM. According to the STEM results in Fig. 3c, the sil-
ver particles have an average size of 10 nm. EDX mapping 
results (Fig. 4b) were obtained using a STEM detector and 
observed that the gold nanoparticles did not show homog-
enous distribution in Fig. 4c. The EDX spectrum in Fig. 4a 
shows the existence of a characteristic gold peak at 2 keV. 
Particle size was measured with two different methods for 
both silver and gold nanoparticles. Results show that the 
average particle sizes of nanoparticles range from 10 nm 
to 40 nm for both silver and gold according to the particle 
size analyzer and STEM studies.

Anti‑neuroinflammatory activities of quercetin 
and quercetin‑nanoparticles

First, the effects of quercetin and quercetin-nanoparticles 
on BV-2 cell viability were investigated (Fig. 5). Querce-
tin dose triggered microglial cell death. After 24 h incuba-
tion, quercetin significantly reduced the viability of cultured 

microglial cells at the concentration (conc.) > 2.5 μg/mL. 
While 2.5  μg/mL or lower concentrations of quercetin 
decreased cultured cell viability, the differences did not 
reach any statistical significance. 24-h treatment with gold-
quercetin and silver-quercetin significantly reduced the 

Fig. 3   Characterization of silver-quercetin nanoparticle conjugates. a EDX spectrum, b EDX mapping, c EDX size distribution of silver-querce-
tin nanoparticle conjugates

Fig. 4   Characterization of gold-quercetin nanoparticle conjugates. a EDX spectrum, b EDX mapping, c EDX size distribution of gold-quercetin 
nanoparticle conjugates

Fig. 5   Cytotoxicity of quercetin and nano-materials. Effects of 
quercetin, gold-quercetin, and silver-quercetin nanoparticle conju-
gates on BV-2 cell viability. n = 4, *p < 0.05 vs. control cells
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viability of cultured microglial cells at the conc. > 200 μg/
mL. The non-toxic concentration of 1 and 2.5 µg/mL querce-
tin, 100 and 200 µg/mL gold and silver-quercetin nanoparti-
cles were used for further experiments to test their protective 
effects against LPS-induced neuro-inflammation.

Microglial cells play a significant role in neuro-inflamma-
tion and host defense mechanisms that have been extensively 
studied in LPS-stimulated BV-2 macrophage cells, because 
the cells are very susceptible to LPS stimulation by activa-
tion of multiple inflammatory genes (Svensson et al. 2010; 
Petrova et al. 1999). The effects of LPS doses on activation 
of proinflammatory mediators COX-2 and iNOS at the levels 
of mRNA (Fig. 6a) and protein (Fig. 6b) after 6-h incubation 
time were investigated. Following LPS stimulation, up-reg-
ulation of the COX-2 and iNOS mRNA levels accompanied 
by an increase in their protein levels were observed in a LPS 
dose of 1.50 and 2.00 µg/mL. Consequently, a 2.00 µg/mL 
LPS dose during 6 h incubation was used for further assays 
of stimulation of neuroinflammatory response in microglial 
cells.

The in vitro and in vivo anti-inflammatory potential of 
quercetin can be elucidated on different cell lines and in 
animal models. Quercetin was able to inhibit LPS-induced 
tumor necrosis factor α and nitric oxide (NO) production 
in Raw 264.7 macrophages (Manjeet and Ghosh 1999). 
Furthermore, in N9 microglial cells, pretreatment with 
quercetin caused a reduction of LPS-induced proinflam-
matory cytokines TNF-α and interleukin (IL)-1α mRNA 
levels. This effect of quercetin resulted in a decreased apop-
totic neuronal cell death induced by microglial activation 
(Bureau et al. 2008). Treatment with quercetin regulated 
inflammatory response in BV-2 microglial cells upregulate 
hemeoxygenase-1 levels against endotoxic stress through the 
involvement of MAPKs (Sun et al. 2015). Quercetin, but not 
quercetin-3-glucuronide, ameliorated systemic inflamma-
tion by enhancing anti-inflammatory IL-10 levels in a LPS-
injected mice sepsis model (Liao and Lin 2015). Quercetin 

inhibits the activation of the proinflammatory enzymes 
cyclooxygenase, lipoxygenase, and iNOS accompanied by 
production of their inflammation enhancing products includ-
ing prostaglandin E2 and NO (Kim et al. 1998). In this study, 
we provided evidence that the transcriptional over activation 
of COX-2 and iNOS with protein levels by LPS-stimulated 
microglial cells can be inhibited markedly by low-dose 
quercetin (1 µg/mL) pretreatment. An aqueous solution of 
gold-quercetin nanoparticles demonstrated markedly bet-
ter anti-inflammatory effects by decreasing inflammation-
producing enzymes (COX-2 and iNOS) expression at both 
transcriptional (Fig. 7) and translational (Fig. 8) levels com-
pared to a DMSO solution of free quercetin. As expected, 
LPS-stimulated NO (Fig. 9) and PGE2 (Fig. 10) biosynthesis 
in microglial cells. These findings emphasize that aqueous 
solutions of both gold and silver nanoparticles demonstrated 
better results by inhibiting NO and PGE2 production com-
pared to DMSO solutions of free quercetin.

Fig. 6   Proinflammatory markers activated by LPS. a Effects of lipopolysaccharide on iNOS and COX-2 mRNA levels, b effects of lipopolysac-
charide on iNOS and COX-2 protein levels n = 3, *p < 0.05 vs. control cells

Fig. 7   Anti-inflammatory effects of nano-materials. Effects of querce-
tin, gold-quercetin, and silver-quercetin (indicated concentrations) 
on iNOS and COX-2 mRNA levels in LPS (2 µg/mL) activated BV-2 
cells. n = 3, *p < 0.05 vs. LPS treated cells
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Conclusion

Conjugation of quercetin with gold and silver nanoparticles 
can overcome the solubility problem of quercetin in non-
toxic aqueous mediums. The findings of the present study 
suggest that the potential of gold-quercetin nanoparticle con-
jugates is much better than pure quercetin treatment. Gold-
quercetin nanoparticle conjugates might provide protection 
against inflammatory neurodegenerative disease via suppres-
sion of acute microglial activation.

Acknowledgements  Thanks to Dr. Lucia Rackova (from the Slovak 
Academy of Sciences) for kindly supplying BV-2 cells. This research 
was supported by The Scientific and Technological Research Council 
of Turkey (TUBITAK) 2209A-Undergraduate Scholarship Program For 
National Students (1919B011501082).

Compliance with ethical standards 

Conflict of interest  There is no conflict of interest to declare.

References

Abdel-Diam MM, Samak DH, El-Sayed YS, Aleya L, Alarifi S, 
Alkahtani S (2019) Curcumin and quercetin synergistically attenu-
ate subacute diazinon-induced inflammation and oxidative neuro-
hepatic damage, and acetylcholinesterase inhibition in albino rats. 
Environ Sci Poll Res 26:3659–3665

Agostinho P, Cunha RA, Oliveira C (2010) Neuroinflammation, oxi-
dative stress and the pathogenesis of Alzheimer’s disease. Curr 
Pharm Des 16:2766–2778

Baby N, Patnala R, Ling EA, Dheen ST (2014) Nanomedicine and its 
application in treatment of microglia-mediated neuroinflamma-
tion. Curr Med Chem 21:4215–4226

Bhattacharjee S, Sarkar B, Sharma AR, Gupta P, Sharma G, Lee SS, 
Chakraborty C (2016) Formulation and application of biodegrad-
able nanoparticles based biopharmaceutical delivery—an efficient 
delivery system. Curr Pharm Des 22:3020–3033

Bureau G, Longpre F, Martinoli MG (2008) Resveratrol and querce-
tin, two natural polyphenols, reduce apoptotic neuronal cell death 
induced by neuroinflammation. J Neurosci Res 86:403–410

Choi DK, Koppula S, Suk K (2011) Inhibitors of microglial neurotoxic-
ity: focus on natural products. Molecules 16:1021–1043

Fraga CG, Croft KD, Kennedy DO, Tomas-Barberan FA, Francisco A 
(2019) The effects of polyphenols and other bioactives on human 
health. Food Funct 10:514–528

Gardi C, Bauerova K, Stringa B, Kuncirova V, Slovak L, Ponist S, 
Drafi F, Bezakova L, Tedesco I, Acquaviva A, Bilotto S, Russo 
GL (2015) Quercetin reduced inflammation and increased anti-
oxidant defense in rat adjuvant arthritis. Arch Biochem Biophys 
583:150–157

Gerin F, Sener U, Erman H, Yilmaz A, Aydin B, Armutcu F, Gurel A 
(2016) The effects of quercetin on acute lung injury and biomark-
ers of inflammation and oxidative stress in the rat model of sepsis. 
Inflammation 39:700–705

Heneka MT, Kummer MP, Latz E (2014) Innate immune activation in 
neurodegenerative disease. Nat Rev Immunol 14:463–477

Hornos Carneiro MF, Barbosa F Jr (2016) Gold nanoparticles: a criti-
cal review of therapeutic applications and toxicological aspects. 
J Toxicol Environ Health B Crit Rev 19:129–148

Fig. 8   Anti-inflammatory effects of nano-materials. Effects of querce-
tin, gold-quercetin, and silver-quercetin (indicated concentrations) on 
iNOS and COX-2 protein levels in LPS activated BV-2 cells. n = 3, 
*p < 0.05 vs. LPS-treated cells

Fig. 9   Anti-inflammatory effects of nano-materials. Effects of querce-
tin (Q), gold-quercetin (Au-Q), and silver-quercetin (Ag-Q) (indicated 
concentrations) on nitric oxide (NOx) production in LPS-activated 
BV-2 cells. n = 4, *p < 0.05 vs. Control cells, #p < 0.05 vs. LPS-
treated cells

Fig. 10   Anti-inflammatory effects of nano-materials. Effects of 
quercetin (Q), gold-quercetin (Au-Q), and silver-quercetin (Ag-Q) 
(indicated concentrations) on prostaglandin E2 (PGE2) production in 
LPS-activated BV-2 cells. n = 4, *p < 0.05 vs. control cells, #p < 0.05 
vs. LPS-treated cells



	 3 Biotech (2019) 9:212

1 3

212  Page 8 of 8

Janjic D, Wollheim CB (1992) Islet cell metabolism is reflected by the 
MTT (tetrazolium) colorimetric assay. Diabetologia 35:482–485

Jeevanandam P, Srikanth CK, Dixit S (2010) Synthesis of monodis-
perse silver nanoparticles and their self-assembly through simple 
thermal decomposition approach. Mater Chem Phys 122:402–407

Jeong JW, Lee HH, Han MH, Kim GY, Kim WJ, Choi YH (2014) Anti-
inflammatory effects of genistein via suppression of the toll-like 
receptor 4-mediated signaling pathway in lipopolysaccharide-
stimulated BV2 microglia. Chem Biol Interact 212:30–39

Kettenmann H, Hanisch UK, Noda M, Verkhratsky A (2011) Physiol-
ogy of microglia. Physiol Rev 91:461–553

Kim HP, Mani I, Iversen L, Ziboh VA (1998) Effects of naturally-
occurring flavonoids and bioflavonoids on epidermal cyclooxyge-
nase and lipoxygenase from guinea-pigs. Prostaglandins Leukot 
Essent. Fat Acids 58:17–24

Liao YR, Lin JY (2015) Quercetin intraperitoneal administration 
ameliorates lipopolysaccharide-induced systemic inflammation 
in mice. Life Sci 137:89–97

Manjeet KR, Ghosh B (1999) Quercetin inhibits LPS-induced nitric 
oxide and tumor necrosis factor-alpha production in murine mac-
rophages. Int J Immunopharmocol 21:435–443

Marín-Teva JL, Cuadros MA, Martín-Oliva D, Navascués J (2010) 
Microglia and neuronal cell death. Neuron Glia Biol 7:25–40

Miranda KM, Espey MG, Wink DA (2001) A rapid, simple spectropho-
tometric method for simultaneous detection of nitrate and nitrite. 
Nitric Oxide 5:62–71

Nathiya S, Durga M, Devasena T (2014) Quercetin, encapsulated 
quercetin and its application—a review. Int J Pharm Pharm Sci 
6:20–26

Olayinka ET, Ore A, Adeyemo OA, Ola OS, Olotu OO, Echebiri RC 
(2015) Quercetin, a flavonoid antioxidant, ameliorated procar-
bazine-induced oxidative damage to murine tissues. Antioxidants 
(Basel) 4:304–321

Petrova TV, Akama KT, Van Eldik LJ (1999) Selective modulation of 
BV-2 microglial activation by prostaglandin E (2). Differential 
effects on endotoxin-stimulated cytokine induction. J Biol Chem 
274:28823–28827

Savjani KT, Gajjar AK, Savjani JK (2012) Drug solubility: importance 
and enhancement techniques. ISRN Pharm 2012:195727

Seo MJ, Lee YJ, Hwang JH, Kim KJ, Lee BY (2015) The inhibitory 
effects of quercetin on obesity and obesity-induced inflammation 
by regulation of MAPK signaling. J Nutr Biochem 26:1308–1316

Simonyi A, Chen Z, Jiang J, Zong Y, Chuang DY, Gu Z, Lu CH, 
Fritsche KL, Greenlief CM, Rottinghaus GE, Thomas AL, Lubahn 
DB, Sun GY (2015) Inhibition of microglial activation by elder-
berry extracts and its phenolic components. Life Sci 128:30–38

Sun GY, Chen Z, Jasmer KJ, Chuang DY, Gu Z, Hannink M, Simonyi 
A (2015) Quercetin attenuates inflammatory responses in BV-2 
microglial cells: role of MAPKs on the Nrf2 pathway and induc-
tion of heme oxygenase-1. PLoS One 10:e0141509

Svensson C, Fernaeus SZ, Part K, Reis K, Land T (2010) LPS-induced 
iNOS expression in Bv-2 cells is suppressed by an oxidative 
mechanism acting on the JNK pathway a potential role for neuro-
protection. Brain Res 1322:1–7

Terao J (2009) Dietary flavonoids as antioxidants. Forum Nutr 
61:87–94

Turkevich J, Stevenson PL, Hillier J (1951) A study of the nucleation 
and growth process in the synthesis of colloidal gold. Discuss 
Faraday Soc 11:55–75

Yu JY, Ha JY, Kim KM, Jung YS, Jung JC, Oh S (2015) Anti-Inflam-
matory activities of licorice extract and its active compounds, 
glycyrrhizic acid, liquiritin and liquiritigenin, in BV2 cells and 
mice liver. Molecules 20:13041–13054


	Synthesis of gold and silver nanoparticles using flavonoid quercetin and their effects on lipopolysaccharide induced inflammatory response in microglial cells
	Abstract
	Introduction
	Materials and methods
	Synthesis of gold and silver nanoparticles conjugated with quercetin
	Characterization of gold and silver-quercetin nanoparticles
	Cell culture
	MTT assay
	Quantitative real-time PCR
	Western blot
	Enzyme-linked immunosorbent assay (ELISA)
	Total nitric oxide (NOx) assay
	Statistical analyses

	Results and discussion
	Preparation and characterization of nanoparticles
	Anti-neuroinflammatory activities of quercetin and quercetin-nanoparticles

	Conclusion
	Acknowledgements 
	References




