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Abstract

Infection, trauma, and autoimmunity trigger tissue inflammation, often leading to pain and
loss of function. Therefore, approaches to control inflammation based on nanotechnology
principles are being developed in addition to available methods. The metal-based nanoparti-
cles are particularly attractive due to the ease of synthesis, control over physicochemical
properties, and facile surface modification with different types of molecules. Here, we report
curcumin conjugated silver (Cur-Ag) nanopatrticles synthesis, followed by their surface func-
tionalization with isoniazid, tyrosine, and quercetin, leading to Cur-Ag™, Cur-Ag™", and
Cur-AgQrc nanoparticles, respectively. These nanopatrticles possess radical scavenging
capacity, haemocompatibility, and minimal cytotoxicity to macrophages. Furthermore, the
nanoparticles inhibited the secretion of pro-inflammatory cytokines such as interleukin-6,
tumor necrosis factor-a, and interleukin-1p from macrophages stimulated by lipopolysac-
charide (LPS). The findings reveal that the careful design of surface corona of nanoparticles
could be critical to increasing their efficacy in biomedical applications.

1. Introduction

Reactive oxygen species (ROS) are highly active, short-lived, small molecules, which are essen-
tial in signaling functions, and regulation of physiological activities (e.g., cell growth, differen-
tiation, senescence, or apoptosis) in living cells. However, excessive production of ROS results
in oxidative damage in cells/tissues, leading to the progression of inflammatory diseases [1, 2].
Inflammation, per se, is a defensive mechanism triggered by infection and injury against for-
eign pathogens. While acute inflammation mainly involves prostaglandins, chronic inflamma-
tion entails numerous inflammatory cytokines, including IL-1 and TNF-a [1, 3, 4]. In
addition, specific ROS species behave pro-inflammatory by activating c-Jun N-terminal kinase
(JNK), protein kinase C, growth factor tyrosine kinase receptor, and extracellular signal-regu-
lated kinase signaling pathways [3].
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Clinically, inflammation is managed through non-steroidal anti-inflammatory drugs
(NSAIDs) and glucocorticoids for acute and chronic inflammation. However, high dosages
and prolonged use of these drugs have numerous side effects. Thus, it is imperative to find
alternatives to the chronic and sole use of NSAIDs and glucocorticoids. In this context, plant-
derived phytochemicals are helpful because of their lower toxicity. However, adverse events
may arise due to incorrect species of medicinal plants or dosing and interaction with other
drugs. Therefore, alternative approaches for new anti-inflammatory agents with sustained
release and better efficacy are sought. In this direction, nanotechnology offers promise in drug
development with enhanced efficacy and controlled drug release.

In the past few decades, tremendous interest has been reported in biomedical research of
metallic nanoparticles such as silver (Ag) and gold (Au). These can reduce oxidative stress
through their efficient radical scavenging activities. Ag-based nanoparticles also confer a
broad range of antimicrobial activity and are used in various wound dressings to control bacte-
rial infections. They are also well known for anti-fungal, anti-inflammatory, and antioxidant
activities [5, 6]. Thus, Ag nanoparticles have contributed significantly to the field of biomedi-
cine. However, the nanoparticle synthesis route is vital to extend their full potential, and hence
it is crucial to develop monodispersed particles and fine-tune their physicochemical properties
to reduce toxicity [7-9].

The biosynthetic methods involving phytochemicals enable novel opportunities in reducing
Agions to form Ag nanoparticles. Alkaloids, flavonoids, and anthraquinones are natural active
components of curcumin (Curcuma longa), a plant-based natural lipophilic compound [10].
Curcumin shows anti-inflammatory, antioxidant, anti-cancer, and anti-bacterial activities
[11]. In addition, it targets various transcription factors and inhibits the production of pro-
inflammatory cytokines, including interleukin 6/8 and TNF-o [12]. It is also an inducer of cell
death via extrinsic and intrinsic apoptosis pathways and regulates gene expression [13]. How-
ever, curcumin’s efficacy is limited because of its poor water solubility, low absorption, and
rapid degradation. These problems can be surmounted by loading or conjugating curcumin
on the surface of nanoparticles [14, 15]. In addition, the release of hydrogen from curcumin
shows a reduction of metal ions and thus acts precursor for nanoparticle formation [16],
whereas nanoparticle’s utility in biomedicine depends upon their surface modification with
drugs, biomolecules, ligands, or amino acids [17-22].

In this study, we report curcumin-based Ag nanoparticles (Cur-Ag) synthesis, followed by
their surface alteration with isonicotinic acid hydrazide (INH, isoniazid), tyrosine (Tyr,
4-hydroxyphenylalanine), and quercetin (Qre, plant flavonol) to formulate Cur-Ag™", Cur-
Ag"™", and Cur-Ag¥* nanoparticles, respectively. These molecules were selected based on
their potential biomedical capabilities. Thus, isoniazid is an antibiotic, tyrosine is an amino
acid of biological origin, and quercetin is an antioxidant. Isoniazid is the first-line antibiotic
used to treat Mycobacterium infection by inhibiting mycolic acid, a structural component of
the Mycobacterium cell envelope. Isoniazid surface-modified particles can enhance the bio-
availability of the drug in treating tuberculosis [23, 24]. Conjugation of isoniazid with other
molecules, including curcumin, can lower hepatotoxicity, improve stability, and enhance bio-
availability [25].

Similarly, amino acid-based surface corona can offer a natural identity to nanoparticles.
Thus, tyrosine is a proteinogenic amino acid [26], and its presence on the nanoparticle’s sur-
face can provide an additional biological identity to the particle. Moreover, due to the zwitter-
ionic nature of amino acids, the surface charge of nanoparticles can be easily tailored by
varying the solution pH [27, 28]. Likewise, quercetin is vital for antioxidant, anti-cancer, anti-
inflammatory, and antiviral activities [29]. However, its poor water solubility, chemical insta-
bility, and low bioavailability limit the biomedical application of quercetin. To overcome these
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issues, modification, and further enhancement of efficacy in the nano-formulation-based sys-
tem have been accomplished, and the nanoscale size material can facilitate their interaction
with various biomolecules [30]. Hence, surface functionalization of Cur-Ag nanoparticles with
isoniazid, tyrosine, and quercetin can provide unique opportunities to control the cell inflam-
matory haemostasis balance due to the involvement of diverse surface chemistries.

2. Experimental section
2.1. Materials and regents

Curcumin, dimethyl sulphoxide (DMSO), ethylenediaminetetraacetic acid (EDTA), hydrogen
peroxide (H,0,) 30% (w/v), isoniazid, phosphate-buffered saline (PBS), lipopolysaccharides
(LPS), potassium hydroxide (KOH), potassium persulfate (K,S,0s), quercetin, silver nitrate
(AgNO:3), tyrosine, 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), and 2°-
7*-Dichlorofluorescin diacetate (DCFH-DA) were procured from Sigma Aldrich, St. Louis
Missouri, United States. Dialysis membrane (LA 398-5MT) was acquired from Hi-media labo-
ratory, Mumbai; sodium dodecyl sulfate (SDS) from Merck, and sodium chloride from Fisher
Scientific, Mumbai, respectively. Dulbecco‘s modified Eagle medium (DMEM) has low glucose
and 10% heat-inactivated fetal bovine serum from Sigma Aldrich, USA, with an antibiotic con-
coction (5 mg/mL penicillin, 5 mg/mL streptomycin, and 10 mg/mL neomycin from Gibco
Inc, Tokyo, Japan). Radioimmunoprecipitation (RIPA) cell lysis buffer from Thermo Scien-
tific, Carlsbad, USA, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels, polyvinylidene fluoride (PVDF) membrane from Immuno Blot, Bio-Rad, California,
USA, blotted membrane from EzBlock Chemi, Atto, Corp, Japan, primary antibodies; anti-
rabbit IL-6, anti-rabbit TNF-a, anti-rabbit- IL1f, anti-rabbit B-actin from cell signaling Tech-
nology Inc, Danvers, MA, USA, tris buffered saline (T-TBS) membranes with horseradish per-
oxidase (HRP) conjugated secondary antibody, and Enhanced chemiluminescence (ECL)
reagents from GE health care, Tokyo, Japan, were procured and used as instructed.

The Raw 264.7 macrophage cells from RIKEN cell bank of RIEKN cell engineering division,
Tsukuba, Ibaraki, Japan; RNAiso reagents from Takara Biolabs, Tokyo, Japan. OxiSelect™
intracellular ROS assay Kit from Cell BioLabs, Inc, San Diego, CA, USA. Semi-quantitative
PCR (g-PCR) by DreamTaq Green PCR master mix from Thermo Fisher Scientific, Waltham,
MA, USA, and bicinchoninic acid (BCA) protein assay kits from Thermo Scientific, Carlsbad,
USA. All the chemicals and reagents were used as received according to manufacturer instruc-
tions. Ultrapure milli-Q water was used throughout the study with a resistivity of 18.2 MQ cm
at 25°C. All the glassware used to prepare nanoparticles were thoroughly washed with aqua-
regia (a mixture of concentrated HCI and HNO3).

2.2. Curcumin-mediated synthesis of Ag nanoparticles and their surface
functionalization

In a typical experiment, Cur-Ag nanoparticles were synthesized using curcumin as a reducing
and stabilizing agent. First, in a 50 mL aqueous solution, 1 mM KOH and 0.25 mM curcumin
were allowed to heat, followed by dropwise addition of 1 mM of AgNO; under constant stir-
ring. After adding AgNOj3 (within 5-10 mins), a yellowish-brown color developed, indicating
the formation of Cur-Ag nanoparticles. Next, to increase the metal content (2x) in the solution,
Cur-Ag nanoparticles were subjected to slow heating with constant stirring. Additionally, the
concentrated Cur-Ag nanoparticles solution was dialyzed using a dialysis membrane to
remove the unreacted molecules and ions against Milli-Q water for 3 h at room temperature.
Later, the concentrated, and dialyzed Cur-Ag nanoparticles, further surface functionalized
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with 0.25 mM of isoniazid, tyrosine, or quercetin to produce Cur-Ag™", Cur-Ag™" and Cur-
AgY, respectively. After successful surface modification, these solutions were again subjected
to dialysis to remove any unbound molecules from the surfaces against Milli-Q water.

2.3. Physicochemical characterization of nanoparticles

The Cur-Ag, Cur-Ag™", Cur-Ag™” and Cur-Ag¥® nanoparticles were characterized by
UV-Visible spectroscopy (Biomate 3S, ThermoFisher, USA), Fourier-transform infrared spec-
troscopy (Thermo Scientific NICOLET iS5, USA), transmission electron microscopy
(JEOL1010), atomic absorption spectroscopy (Shimadzu AA 7000, Tokyo, Japan), and zeta-
sizer (version V2.3, Malvern, UK). Interactions of nanoparticles with cells characterized by
confocal laser scanning microscope TCS Sp8 (Lieca Optical Inc, Wetzlar, Germany), agarose
gel electrophoresis (BioRad Inc, Tokyo, Japan), bands detection using BioRad digital imaging
system (BioRad Inc, Tokyo, Japan), and band intensity analyzed by ImageQuant TL software
(GE, Healthcare Life Science, IL, USA).

2.4. Assessment of radical scavenging capacity (RSC) of nanoparticles

ABTS assay was performed to determine the RSC of nanoparticles. Three different concentra-
tions of Cur-Ag, Cur-Ag™", Cur-Ag™", and Cur-Ag¥* nanoparticles (0.0412 mmol/L, 0.0618
mmol/L, and 0.0824 mmol/L) were allowed to react with ABTS™. A decrease in the absorbance
was measured at 734 nm to calculate the percentage RSC. ABTS ™ radicals were formed by
reacting 7.4 mM of ABTS and 2.45 mM of potassium persulphate in the ratio of (2:1) by keep-
ing them in the dark for 12-16 h at room temperature. The color change is an indication of
radical formation. These pre-formed ABTS " radicals were further diluted to achieve an absor-
bance of 0.67+0.02 with absolute ethanol at 734 nm. The formed ABTS ™ radical cation is
inhibited by the antioxidant nature of nanoparticles [31, 32].

2.5. Haemocompatibility of nanoparticles

The effects of Cur-Ag, Cur-Ag™", Cur-Ag"™ and Cur-Ag¥ nanoparticles are assessed on
red blood cells (RBCs) at 5 different concentrations of nanoparticles. The assay was performed
using 5 mL of blood sample in a pre-EDTA stabilized tube and centrifuge at 10,000 rpm at 4°C
for 10 min to separate blood components by settling RBC at the bottom. Then, the supernatant
was discarded, and the pellet with RBCs was resuspended in 0.9% sodium chloride (isotonic to
RBC) to make a suspension. Next, the nanoparticles were treated with five different concentra-
tions (0.00412 mmol/L, 0.0206 mmol/L, 0.0412 mmol/L, 0.0618 mmol/L, and 0.0824 mmol/L)
of nanoparticles with 2.1 mL of diluted RBC suspension and incubated for 3 h on a shaker at
room temperature. After incubation, centrifugation was carried out at 10,000 rpm/3 min, and
the haem release in the supernatant was measured at 540 nm to calculate the percentage of hae-
molysis. The same treatment was also given to positive and negative controls by taking 1%
SDS and 0.9% sodium chloride with the respective volume of RBC suspension.

2.6. MTT assay

Cell proliferation of mouse Raw 264.7 macrophages was evaluated using MTT assay. The assay
was performed by having cells from early (3-4) passage and cultured in Dulbecco‘s modified
Eagle low glucose medium with 10% heat-inactivated fetal bovine serum and antibiotic combi-
nation including (5 mg/mL penicillin, 5 mg/mL streptomycin, and 10 mg/mL neomycin) at
37°C with 5% CO,. Semi confluent cells (1x10* cells/mL) were seeded and treated with differ-
ent concentration 0.00 mmol/L, 0.0011 mmol/L, 0.0027 mmol/L, 0.0054 mmol/L, and 0.0082
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mmol/L of nanoparticles and further incubated for the standard time of 16 h. The intracellular
purple formazan was quantified with a UV-Vis spectrophotometer at an absorbance of 570
nm.

2.7. Intracellular ROS detection by fluorescence microscopy

The generation of intracellular ROS was measured by fluorescence microscopic method using
the intracellular ROS assay Kit. 1x10° cells/mL of mouse RAW 264.7 macrophages were seeded
onto the culture suitable coverslips and treated with different nanoparticles for 16 h under a
typical cell culture procedure. Following the treatment, 10 uM of 2°-7‘-Dichlorofluorescin dia-
cetate (DCFH-DA) was added at 37°C for 1 h. After treatment with DCFH-DA, cells were
fixed with 4% paraformaldehyde and mounted on the cover glass. The degree of green-fluores-
cent intensity was observed at 20x under a confocal laser scanning microscope.

2.8. Cytokine expression assays

Semi-confluent Raw 264.7 macrophages were treated with 1 ug/mL of LPS with or without dif-
ferent test nanoparticles (Cur-Ag, and Cur-Ag"”", 0.0054 mmol/L at 24 h; Cur-Ag™", and
Cur-Ag¥, 0.0054 mmol/L at 12 h, and 16 h). After the treatment, total RNA was isolated
using RNAiso reagents, and the first strand of cDNA was prepared. The transcript levels of the
gene of interest were measured by semi-quantitative PCR (q-PCR) using the DreamTaq Green
PCR master mix. Further, PCR products were electrophoresed on 1% agarose gel, and result-
ing bands were detected using the Bio-Rad digital imaging system. Band intensity was analyzed
by ImageQuant TL software. B-actin was used as a housekeeping gene to normalize the indi-
vidual inflammatory gene.

Following primers were used in the study of the inflammatory genes:

IL6: forward: 3- CCGGAGCCGGAGAGGAGACTTCACAG -5¢
TNE: forward: 3*-TACTGAACTTCGGGGTGATTGGTCC-5¢
IL1p: forward: 3- CACAGCAGCACATCAACAAG -5°

The mRNA expression profiles were further corroborated by Western blotting. Briefly,
macrophages treated with LPS, and nanoparticles were lysed with cold RIPA cell lysis buffer,
and a BCA protein assay kit was used to determine protein concentrations, followed by resolv-
ing 10 pg protein in 17% SDS-PAGE gels. Later, the separated protein was transferred to the
PVDF membrane and blocked (blotted membrane) for 1 h after incubation with primary anti-
bodies (anti-rabbit IL-6, anti-rabbit TNF-q, anti-rabbit IL-1f, anti-rabbit - actin) at room
temperature. In the end, these were probed with HRP conjugated secondary antibody (after
washing with T-TBS membranes), and immunoreactivity of protein expression was detected.

2.9. Statistical analysis

One-way and two-way ANOVA (analysis of variance) with Tukey’s post-test analysis were
used for statistical comparisons using the GraphPad Prism™ software (San Diego, CA; Version
5.0). Data are expressed as mean + SE or mean + SD. Unless specified otherwise, all experi-
ments were performed in triplicates.

3. Results and discussion

As illustrated in Fig 1, the present work focuses on preparing Ag nanoparticles with an aque-
ous solution of curcumin (reducing and stabilizing agent) and AgNO; under an alkaline
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Fig 1. Formation of Cur-Ag nanoparticles at alkaline pH by reducing silver ions through curcumin. The particles were next treated with isonicotinic acid
hydrazide (isoniazid), tyrosine, and quercetin to obtain corresponding functionalized nanoparticles (Cur-Ag™", Cur-Ag™", and Cur-Ag¥, respectively). The
chemical structures of curcumin, isonicotinic acid hydrazide, tyrosine, and quercetin are also shown.

https://doi.org/10.1371/journal.pone.0276296.9001

environment. After preparing Cur-Ag nanoparticles, they were functionalized using isoniazid,
tyrosine, and quercetin to generate Cur-Ag™"", Cur-Ag"”™ or Cur-Ag?" nanoparticles,
respectively.

Curcumin (Cur) has three important functional groups, an aromatic methoxy phenolic
group, o, B-unsaturated B-diketo linker, and keto-enol tautomerism. The keto and the pheno-
lic groups are involved in H-bonding [33]. In an alkaline pH environment, the phenolate and
enolate anions of curcumin help reduce Ag” ions, thus producing Cur-Ag nanoparticles. Fur-
thermore, at the alkaline pH, the nanoparticles formed show a high dispersity facilitated by a
higher number of Ag(I) binding [34]. Next, surface functionalization was performed with iso-
niazid, tyrosine, and quercetin to obtain Cur-Ag™", Cur-Ag™" or Cur-Ag? nanoparticles.
The molecules for functionalization were selected based on their unique properties. Oxidized
isoniazid, under alkaline pH conditions, binds on the surface of Cur-Ag nanoparticles as car-
boxylic acid binds to Ag [23, 24]. In tyrosine, the phenolic group gets converted into the semi-
quinone group and acts preferred site of binding on Cur-Ag nanoparticles [35, 36]. In
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addition, tyrosine’s aromatic moiety, C = O, and -NH, functional groups are involved in bind-
ing. This binding interaction is mediated through the C = O of curcumin and the NH, group
of tyrosine [37]. Moreover, the aqueous solution has alkaline pH well above the isoelectric
point of tyrosine (PI~5.66), indicating the overall negative surface charge, which was con-
firmed by zeta potential values [28]. In quercetin, the presence of phenolic group and H-
donating ability promotes reduction. In the reduced form, the OH groups convert into the car-
bonyl group (C = O). These C = O groups in the oxidized form of polyphenol electrostatically
stabilize the metal nanoparticles [38] and can attach to the surface of Cur-Ag nanoparticles to
form Cur-Ag?"
quercetin on the surface of Cur-Ag nanoparticles are shown in Fig 2D.

Fig 2A and 2B demonstrate the absorption spectra, optical images of nanoparticle solu-
tions, and TEM micrographs of synthesized Cur-Ag and subsequent surface-functionalized
Cur-Ag™", Cur-Ag™™ and Cur-Ag?"™ nanoparticles. A good color change is an indication of
AgNPs formation. The color changed from colorless to pale yellow at the start of curcumin,

nanoparticles. The chemical reactions for binding of tyrosine, isoniazid, and

which intensified as the reaction proceeded and subsequently changed to yellow-brown with
time, suggesting the development of Cur-Ag nanoparticles. This color change indicates the
excitation of metal nanoparticle surface plasmon vibration [39]. In addition, variation in color
intensity was observed from Cur-Ag nanoparticles to Cur-Ag™", Cur-Ag™", and Cur-Ag¥*
nanoparticles indicating successful functionalization (Fig 2B).

Further, UV-visible spectroscopy was performed to confirm the synthesis and stability of
nanoparticles in aqueous solutions. Cur-Ag nanoparticles gave surface plasmon resonance
(SPR) at ~428 nm due to the m—7* transition, and an additional band at ~262 nm was also
observed due to the n—7* transition from carbonyl and hydroxyl group [40, 41]. After surface
modification of Cur-Ag nanoparticles with isoniazid, the SPR band red-shifted to ~432 nm.
Similarly, the functionalization of Cur-Ag with tyrosine shifted the SPR to ~430 nm. However,
when Cur-Ag nanoparticles are functionalized with quercetin, the values remain unchanged at
~428 nm, which might be due to the strong binding interactions of curcumin and quercetin
molecules (Fig 2A). Similarly, as shown in S1 Fig in S1 File, the pyridine group of pure isonia-
zid exhibits an absorption band at ~262 nm due to n—n* transition [24], and the pristine tyro-
sine indicates an absorption band at ~224 nm owing to n—m* transitions of the peptide bonds
[42], and quercetin at ~264 nm due to m1—m* electronic transition of aromatic chromophore
[43]. Finally, the TEM analysis was carried out to determine the morphology of nanoparticles,
as shown in Fig 2B(a-d). All the Cur-Ag, Cur-Ag™", Cur-Ag""", and Cur-Ag?" nanoparticles
are spherical to quasi-spherical in shapes with higher monodispersity. Moreover, there were
no visible signs of aggregation in any of the nanoparticles solutions, indicating the stability of
Cur-Ag, Cur-Ag™, Cur-Ag™", and Cur-Ag?* nanoparticles, and it was confirmed employ-
ing zeta (C-) potential measurements of the nanoparticles.

As shown in Table 1, the zeta (£) -potential and DLS measurements were applied to assess
the surface charge and hydrodynamic radii (Ryyq) of synthesized Cur-Ag, Cur-Ag™"", Cur-
Ag"", and Cur-Ag¥“ nanoparticles. The effective surface charge and hydrodynamic radius of
nanoparticles play a central role in determining the aggregation states of nanoparticles. Cur-
Ag nanoparticles showed {-potential values of -26.5 mV, which further changed after their sur-
face functionalization. For Cur-Ag™", Cur-Ag™", and Cur-Ag?" nanoparticles, the effective
C-potential values are found to be -26.7 mV, -28.4 mV, and -25.1 mV, correspondingly
(Table 1). The reported high negative {-potential values of the nanoparticles are responsible
for electrostatic repulsion between the nanoparticles, and that is why these nanoparticles are
highly stable [34]. The DLS studies confirmed the hydrodynamic size of nanoparticles, which
was found to be 23.83 nm, 30.13 nm, 30.32 nm, and 32.71 nm for Cur-Ag, Cur-Ag™", Cur-
Ag"", and Cur-Ag?™ nanoparticles, respectively. The hydrodynamic size of Cur-Ag™"", Cur-
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Fig 2. Physicochemical characterization of nanoparticles by UV-visible spectroscopy, TEM micrographs, nanoparticles solution images, and FTIR.
Typical SPR absorbance bands of Ag nanoparticles (Panel A). Digital photographs of the nanoparticle’s solution and TEM micrographs of Cur-Ag (a), Cur-
AgINH (b), Cur—AgTyr (c), and Cur—AgQrc (d) nanoparticles, respectively. The scale bar in TEM micrographs is 50 nm (Panel B). Critical vibrational frequencies
of curcumin, isonicotinic acid hydrazide, tyrosine, and quercetin on the surface of Ag nanoparticles; a, b, ¢, and d correspond to Cur-Ag, Cur-AgINH, Cur-
Ag™", and Cur-Ag¥ nanoparticles, respectively (Panel C). The chemical reactions of tyrosine, isoniazid, and quercetin molecules at alkaline pH at the surface
of Cur-Ag nanoparticles (Panel D).

https://doi.org/10.1371/journal.pone.0276296.9002

Table 1. Hydrodynamic size and - potential values of Cur-Ag, Cur-Ag™", Cur-Ag™" and Cur-Ag¥*

nanoparticles.

Sample Ryya (nm) {-values (mV)
Cur-Ag nanoparticles 23.83 -26.5 + 0.551
Cur-Ag™ nanoparticles 30.13 -26.7 + 0.208
Cur-Ag"™™ nanoparticles 30.32 -28.4 + 1.500
Cur-Ag¥* nanoparticles 32.71 -25.1 +0.321

https://doi.org/10.1371/journal.pone.0276296.t001
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Ag™", and Cur-Ag¥“ show a percentage increase of ~26.43%, ~27.23%, and ~37.26% for Cur-
Ag™, Cur-Ag™", and Cur-Ag¥“ nanoparticles concerning Cur-Ag nanoparticles. The
increase in the hydrodynamic size of post-functionalized nanoparticles (Cur-Ag™", Cur-
Ag"™", or Cur-Ag?™) confirmed the surface modification of Cur-Ag nanoparticles.

Further, FTIR was employed to identify the presence of different functional groups on the
surface of nanoparticles and to confirm the capping of curcumin, isoniazid, tyrosine, or quer-
cetin molecules on nanoparticles (Fig 2C). As shown in S2 Fig and S1 Table in S1 File, the
curcumin shows vibrational frequencies at ~1272 cm™", ~1636 cm™, and ~2114 cm™". Due to
the C-O stretching of the phenolic group, C = O stretching of conjugated ketone, and symmet-
ric vibration of the CH; group [44]. Likewise, pristine isoniazid (S2 Fig in S1 File) exhibited
its unique vibrational frequencies at ~1435 cm™ due to C-N stretching or -NH bending, ~1634
cm™ for C = O stretching, ~1216 cm™* due to C-OH (phenolic OH) stretching, ~1228 cm™
because of N-N single bond, ~1417 cm™" due to pyridine ring, ~1488 cm™ for N-O stretching,
and ~1557 cm™' due to N-H bending [45]. In tyrosine, the frequencies are found to be at
~1217 em™, ~1229 cm™, ~1558 cm™!, ~1633 cm™!, and ~1737 cm™ originating from the C-OH
(phenolic) stretching, N-N single bond, N-H bending, carbonyl stretching vibration from the
carboxylate ion, and C = O stretching mode, respectively [46, 47]. Similarly, for quercetin mol-
ecule show its fundamental vibrational frequencies at ~1170 cm™, ~1229 cm ™ or ~1267 cm ™,
and ~1525 cm' assigned to stretching of the benzene ring, C-O stretch of phenolic OH
(-C-O-H) group and C = C stretching. All the nanoparticles (Cur-Ag, Cur-Ag™", Cur-Ag'"",
and Cur-Ag¥) reveal distinctive vibrational frequencies with some changes for curcumin,
isoniazid, tyrosine, or quercetin molecules on individual nanoparticles, which confirms the
presence of the corresponding molecule on the surface of Ag nanoparticles. All the critical
vibrational frequencies and the groups they originate from are shown in S1 Table in S1 File
for all the nanoparticles.

After confirming the physicochemical characteristics of Cur-Ag, Cur-Ag™", Cur-Ag™",
and Cur-Ag¥™ nanoparticles, they were subjected to investigate their potential biological
properties, including %RSC, haemocompatibility, and cell viability/anti-inflammatory effects
using mouse Raw 264.7 macrophages.

The ABTS assay is one of the most widely used synthetic radical assays for estimating anti-
oxidant activity. ABTS is first oxidized by potassium persulphate to generate cation radicals of
ABTS™, which are formed by emitting one electron from the nitrogen atom. The produced
blue-green color of radicals can be measured spectroscopically at 734 nm. The ABTS ™ reacts
with antioxidant molecules leading to the decolorization of the solution, and the calculated %
RSC is directly related to the antioxidant activity of the compounds [48, 49]. RSC of Cur-Ag,
Cur-Ag™", Cur-Ag™", and Cur-Ag¥* nanoparticles was tested at three different doses 0.0412
mmol/L, 0.0618 mmol/L, and 0.0824 mmol/L, as shown in Fig 3A. Cur-Ag nanoparticles show
antioxidant behavior like the study reported earlier. The antioxidant nature is derived from
the hydrogen in the phenolic or central methylene groups [50, 51]. Post-functionalization
leads to an increase in activity for Cur-Ag™"", Cur-Ag"”", or Cur-Ag¥" nanoparticles. The
order of increasing activity was Cur-Ag?¥> Cur-Ag™"> Cur-Ag"""> Cur-Ag nanoparticles.
The maximum activity of Cur-Ag®"™
which strongly influences scavenging of free radicals by donating hydrogen atoms or an elec-
tron to the free radicals [52]. The antioxidant activity of the flavonoids depends on their func-
tional group arrangement [53] on the surface of nanoparticles. A comparison of 0.0618 mmol/
L Ag concentration of all the nanoparticles with the statistical analysis is also shown in Fig 3A,
which indicates the significant %RSC of Cur-Ag?" nanoparticles (p<0.0001). In similar
experimental conditions, curcumin, isoniazid, tyrosine, quercetin, and AgNO; were also tested
for their RSC, as displayed in S3 Fig in S1 File. The isoniazid showed negative values

nanoparticles is due to their excellent antioxidant nature,
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Fig 3. Radical scavenging capacity (RSC) and toxicity of nanoparticles: Panel A: %RSC. Panel B: Haemocompatibility (% Haemolysis). Panel C: %cell viability
of mouse RAW 264.7 macrophages treated with Cur-Ag (a), Cur-Ag™" (b), Cur-Ag™ (c), and Cur-Ag® (d) nanoparticles. Panel D: generation of ROS by
2’,7-dichlorodihydrofluorescein diacetate assay in mouse macrophage cells co-treated with lipopolysaccharides (LPS) and nanoparticles. Panel E: relative
fluorescent intensity. In Panels D and E, the a’, b’, ¢, and d’ represent co-treatment of LPS with Cur-Ag, Cur—AgINH, Cur—AgTyr, or Cur—AgQrc nanoparticles,
respectively. In Panels A, B, and C, the results are expressed as mean + SE, whereas in Panel E, the results are expressed as mean + SD. The data shown is a
compilation of three independent trials. P-values are shown above the square brackets; p < 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0276296.9003

indicating a negative impact on the RSC due to inducing free radicals, which then exert toxic-
ity to the cells. However, free AgNO3, curcumin, tyrosine, and quercetin have shown RSC
activity because of their inherent nature, and the activity of these molecules was found to be
lesser than those of synthesized nanoparticles [54-56].

Nanoparticle exposure can lead to cellular injuries, nucleic acid damage, cardiovascular dis-
eases, and anemia [57, 58]. In the body, blood is the most common circulating fluid; hence,
nanoparticle exposure is inevitable [59]. Thus, it is essential to evaluate the probable toxic
effects of synthesized nanoparticles on RBCs. In this context, nanoparticles’ different sizes and
dose-dependent activity have been evaluated for toxicity toward blood [57]. Further, it has
been established that using different capping and stabilizing agents can reduce nanoparticles’
toxicity [60]. Furthermore, the rupturing of RBCs after nanoparticle treatment can release its
internal component into the surrounding fluid that can be visually detected by showing a red
color [61]. Therefore, a haemocompatibility assay was performed to evaluate the toxic effects
of Cur-Ag, Cur-Ag™", Cur-Ag"”, and Cur-Ag¥" nanoparticles on RBCsby selecting four dif-
ferent concentrations: 0.00412 mmol/L, 0.0206 mmol/L, 0.0412 mmol/L, 0.0618 mmol/L, and
0.0824 mmol/L (Fig 3B). The %haemolysis increased with the concentration of nanoparticles
in a dose-dependent manner (p < 0.05). Whereas a comparison of Cur-Ag, Cur-Ag™", Cur-
Ag™", and Cur-Ag¥“ nanoparticles at 0.0618 mmol/L Ag concentration shows significantly
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higher haemolysis for Cur-Ag™" and Cur-Ag?™ with respect to pristine Cur-Ag nanoparticles
(p>0.9999). However, it is important to state that less than 5% haemolysis was observed at all
the evaluated concentrations, confirming the haemocompatibility of the Cur-Ag, Cur-Ag™"",
Cur-AgTYr, and Cur-AgQrc nanoparticles. Similarly, the effects of pristine AgNO3, curcumin,
isoniazid, tyrosine, and quercetin were also assessed on RBCs (S4 Fig in S1 File).

Further, cell viability studies were conducted on mouse Raw 264.7 macrophages to evaluate
the toxic effects of nanoparticles on cells. The MTT assay was performed to assess the cell via-
bility dose-dependent for all the synthesized nanoparticles. The MTT assay is based on the
conversion ability of yellow tetrazolium MTT salt into blue MTT formazan crystals by the
mitochondrial succinate dehydrogenase enzyme of living cells. Viable cells take up the dye and
pass it into mitochondria, which are then solubilized to release MTT formazan, and it can be
measured spectrophotometrically at 570 nm to confirm viability [62, 63]. As shown in Fig 3C,
the assay performed on mouse Raw 264.7 macrophages using different concentrations 0.00
mmol/L, 0.0011 mmol/L, 0.0027 mmol/L, 0.0054 mmol/L, and 0.0082 mmol/L of respective
nanoparticles. For the concentration of 0.00 mmol/L, the viability is considered to be 100%.
The viability seems to be varied with the surface modification. Cur-Ag nanoparticles at 0.0011
mmol/L concentration showed ~100% viability, which drops significantly to ~79%, ~69%, and
~40% with the increasing doses. Cur-Ag"™" and Cur-Ag™" nanoparticles demonstrated good
cell viability at all the evaluated doses. The Cur-Ag¥" nanoparticles indicated the highest via-
bility (p<0.0001), and at 0 the upper evaluated dose 0.0082 mmol/L, it shows over ~200% cell
viability, which may be attributed to the quercetin surface corona. The results demonstrate the
nanoparticles’ biocompatibility and the importance of their surface functionalization.

Nevertheless, it has been reported that Ag nanoparticles can induce toxic effects on cells by
inhibiting cell growth, cell morphology changes, and ROS production [64]. These ROS under-
lie oxidative stress, which damages the intracellular structures, including mitochondria, and
DNA ribosomes, ultimately leading to cell death [65, 66]. Therefore, to further assess the effect
of nanoparticles’ potential toxicity on different organelles via ROS production, in vitro
DCFH-DA assay was performed [67]. DCFH-DA is taken up by the cells, and the presence of
the cellular esterase cleaves the acetyl groups, leading to the form of DCFH. Further oxidation
of DCFH by ROS converts the molecule to DCF, which emits green fluorescence at an excita-
tion wavelength of 485 nm, and an emission wavelength of 530 nm [68]. The effects of Cur-
Ag, Cur-Ag™, Cur-Ag™", and Cur-Ag?™ nanoparticles of 0.0054 mmol/L concentration
were assessed on mouse Raw 264.7 macrophages, as shown in Fig 3D. The treatment of Cur-
Ag, Cur-Ag?", and Cur-Ag"'" nanoparticles showed mild emission of green fluorescence
when co-treated with lipopolysaccharides (LPS).

In contrast, Cur-Ag™" nanoparticles show some fluorescence, indicating that the formu-
lated Cur-Ag, Cur-Ag?®™ and Cur-Ag™" nanoparticles are nontoxic to the internal organelles
and provide a protective effect to LPS-treated macrophages (Fig 3D). However, LPS-Cur-
Ag™ nanoparticles showed slight fluorescence compared to all other LPS co-treated nano-
particles, indicating their lesser protective impact, which can be attributed to the antibiotic sur-
face corona of nanoparticles. The relative fluorescence intensity of these nanoparticles co-
treated with LPS is also evaluated (Fig 3E), and from the results, it can be concluded that the
low impact of nanoparticles on the cells can be attributed to their specific surface
biomolecules.

Besides cell death, the nanoparticles have been shown to enhance the expression of pro-
inflammatory cytokines and activate inflammatory cells, which further increase the generation
of ROS in cells [69]. Therefore, the production of pro-inflammatory IL-6, IL-1pB, and TNF-o
cytokines by co-treatment of 0.0054 mmol/L of Cur-Ag, Cur-Ag™", Cur-Ag™", and Cur-
Ag¥ nanoparticles with LPS is assessed. LPS is well known to stimulate the production of

PLOS ONE | https://doi.org/10.1371/journal.pone.0276296 October 21, 2022 11/19


https://doi.org/10.1371/journal.pone.0276296

PLOS ONE

Ag nanoparticles for inflammatory homeostasis

Ratio activity vs. B-actin >

(@)

Ratio activity vs. B-actin

B ® Control M LPS A LPS+b E IL-18 —
® Control B LPS A LPS+a woti 0675 ﬂ
<0.0001 0.5654 0.5654 f : - 1 TN F-u
_ < o - . c 8 0.8610 0.0013 ‘ ’ 0.0050 _
< = o — IL-6
0.2007 0.0001 ‘ <0.0001 ..G 0.0010 00196 00438
61 @ g -
g' Control LPS LPS+a
41 2 4
2 IL-18
©
2 o 2
allll AN all! 5 &N & v —
oL~ ' e 0-

IL-1B TNF-a IL-6 IL-1B8 TNF-a IL-6 B-actin
Control LPS LPS+b
@ Control B LPS A LPS+c D
r 1
o0ros oo | 00001 o Control WLPS 4 LPS+d TN [ ——
<0.0001 0.0201 <0.0001
— c 8
(lU 0.9999 0.0035 ‘ <0.0001
di-. 6' <0.0001 0.0154 <0.0001 B-actln n
g Control LPS LPS+c
>
2
8, TN [ ———
=
HoE I —
Ix [] [] 2 |0
Control LPS LPS+d

Fig 4. Impact of the nanoparticles on transcription of pro-inflammatory genes: Co-treatment of Cur-Ag (Panel A), Cur-Ag™" (Panel B), Cur-Ag™" (Panel C),
and Cur-Ag¥® (Panel D) nanoparticles with lipopolysaccharides (LPS) on the activation of pro-inflammatory cytokines (TNE-o, IL-6, and IL-1B) expression
on mouse Raw 264.7 macrophages; B-actin acts as a standard. In Panels A, B, C, and D, the results are expressed as mean + SD. The data shown is a compilation
of three independent trials. P-values are shown above the square brackets; p < 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0276296.9004

pro-inflammatory IL-6, IL-1B, and TNF-o. As illustrated in Fig 4, the treatment of mouse
264.7 macrophages with LPS increased the transcription of pro-inflammatory genes. However,
the co-treatment of macrophages with Cur-Ag, Cur-Ag™", Cur-Ag""", or Cur-Ag¥ nanopar-
ticles caused a significant decrease in the transcription of pro-inflammatory cytokines espe-
cially for IL-6. Moreover, the Western blotting was performed for the similar concentrations
of Cur-Ag, Cur-Ag™", Cur-Ag™”, and Cur-Ag? nanoparticles as shown in Fig 5. Herein, it
is essential to state that the B-actin was used as a housekeeping gene to assess macrophage
inflammatory response (Figs 4 and 5).

The expression of pro-inflammatory cytokines protein expression increased with the treat-
ment of LPS. However, co-treatment with the nanoparticles significantly reduced (p<0.0001)
the expression of pro-inflammatory cytokine TNF-oas shown in (Fig 5A). This can be attrib-
uted to the presence of curcumin, isoniazid, tyrosine, or quercetin biomolecules helps in
reduction of pro-inflammatory cytokines (IL-6, IL-1B, and TNF-a). To further validate the
observations, pure curcumin, isoniazid, tyrosine, and quercetin molecules were employed in
similar experimental conditions, as shown in S5 and S6 Figs in S1 File. From Figs 4 and 5, it
can be clearly concluded that the different surface coronas of the nanoparticles can influence
different genes and accordingly up or down-regulate the cytokines expression. In addition, the
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Fig 5. Impact of the nanoparticles on protein expression of TNF-a, IL-6, and IL-1f. The experiments were carried out with mouse Raw 264.7 macrophages
by Western blotting after co-treatment with LPS and Cur-Ag (Panel A), Cur—AgINH (Panel B), Cur—AgTyr (Panel C), or Cur—AgQrc (Panel D) nanoparticles,
respectively. B-actin acts as a standard. In Panels A, B, and C, the results are expressed as mean + SD. The data shown is a compilation of three independent
trials. P-values are shown above the square brackets; p < 0.05 was considered statistically significant.
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Ag nanoparticles are reported to have anti-bacterial, anti-fungal, and immunomodulatory
activities [70-72].

In contrast, curcumin shows anti-inflammatory action due to the presence of keto form
and a double bond in the structure leading to controlling various transcription factors, cyto-
kines, and protein kinases [73]. Moreover, curcumin inhibits the synthesis of inflammatory
molecules like TNF-o, which is responsible for producing inflammatory products. It modu-
lates the inflammatory response by down-regulating the expression of cyclooxygenase-2
(COX-2), lipoxygenase (LOX), and phospholipase A2 (PLA2s) enzyme pathway that hinders
the inflammatory response mediators [74, 75]. Likewise, free quercetin inhibits the production
of TNF-o and nitric oxide (NO) in murine macrophages [76]. The findings confirm that the
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double functionalized nanoparticles can down-regulate pro-inflammatory genes. By choosing
specific biomolecules and nanoparticles, the biomedical potential of the particles can be fine-
tuned, and new prospects in nanomedicine can be achieved.

4. Conclusion

Hitherto, silver nanoparticles have been used for their anti-bacterial potential, whereas curcu-
min is a naturally occurring traditional therapeutic agent. However, due to the water-insoluble
nature, the full therapeutic benefits of curcumin have not been realized. Recent developments
in nanotechnology and the essential role of surface corona wherein organic-inorganic moieties
can be conjugated can open new avenues for biology and medicine. Therefore, in the present
study, Cur-Ag nanoparticles are synthesized, and a suitable surface corona of isoniazid, tyro-
sine, and quercetin is engineered around them to develop Cur-Ag™", Cur-Ag™”, and Cur-
Ag? nanoparticles. The impact of the dual surface corona containing curcumin and a func-
tional biomolecule has been evaluated by different in vitro biological assays. The interaction of
nanoparticles with RBCs, mouse RAW 264.7 macrophages, and pro-inflammatory cytokines
confirm their haemocompatibility, cytocompatibility, and anti-inflammatory properties.
Among the Cur-Ag, Cur-Ag™", Cur-Ag™™ and Cur-Ag?"™ nanoparticles, Cur-Ag?™ nano-
particles showed relatively higher radical scavenging capacity, positive impact on cell viability
and cell proliferation, and lesser generation of reactive oxygen species. Furthermore, the spe-
cific surface corona on nanoparticles can influence different genes and accordingly up or
down-regulate cytokine expression to control inflammation. The present study indicates the
importance of engineered nanoparticle surfaces to unravel their innovative potential for nano-
medicine applications. However, additional in vivo and experimental model studies must be
conducted for further use of such functional nanoparticle systems.
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