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Abstract: The functionalization of nanomaterials with suitable capping ligands or bioactive agents is
an interesting strategy in designing nanosystems with suitable applicability and biocompatibility;
the physicochemical and biological properties of these nanomaterials can be highly improved for
biomedical applications. In this context, numerous explorations have been conducted in the function-
alization of silver (Ag) and gold (Au) nanomaterials using suitable functional groups or agents to
design nanosystems with unique physicochemical properties such as excellent biosensing capabilities,
biocompatibility, targeting features, and multifunctionality for biomedical purposes. Future studies
should be undertaken for designing novel functionalization tactics to improve the properties of Au-
and Ag-based nanosystems and reduce their toxicity. The possible release of cytotoxic radicals or ions,
the internalization of nanomaterials, the alteration of cellular signaling pathways, the translocation of
these nanomaterials across the cell membranes into mitochondria, DNA damages, and the damage of
cell membranes are the main causes of their toxicity, which ought to be comprehensively explored. In
this study, recent advancements in diagnostic and therapeutic applications of functionalized Au and
Ag nanomaterials are deliberated, focusing on important challenges and future directions.

Keywords: functionalization; gold nanomaterials; silver nanomaterials; drug delivery; cancer
theranostics; biosensing

1. Introduction

The functionalization of nanomaterials with suitable capping ligands or bioactive
agents is an interesting strategy in designing nanosystems with suitable applicability and
biocompatibility; the physicochemical and biological properties of these nanomaterials
can be highly improved for biomedical applications [1–4]. In this context, numerous
explorations have been performed in the functionalization of silver (Ag) and gold (Au)
nanoparticles (NPs) with unique physicochemical properties to obtain high sensitivity
and selectivity, biocompatibility, targeting features, and multifunctionality for biomedical
purposes [5–7]. For instance, Au nanocontrast agents with high biocompatibility and
optical properties have been applied for the sensitive detection of different diseases [8].
Additionally, folate-conjugated Au nanomaterials demonstrated excellent potential for
targeted cancer therapy [9]. Nanorods (NRs) of Au could efficiently convert photon energy
into heat, providing suitable hyperthermia effects to suppress tumor growth (in vitro and
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in vivo) [10]. Polycationic chitosan/Au NRs have also been designed with promising
potential for the photothermal therapy and gene therapy of breast cancer [11].

Surface-functionalized Au NPs with distinctive optical, electrical, photothermal, and
specific surface plasmon resonance features have been explored as strong colorimetric and
fluorescent sensors that can provide immense opportunities for broad biomedical applica-
tions [12]. Different nanosystems have been constructed on the basis of Ag and Au NPs
functionalized with a variety of compounds such as amino acids, polymers/biomolecules,
fluorophores, and thiol-based organic molecules for cancer theranostics, sensing and imag-
ing, and drug and gene delivery purposes. There are various chemical, physical, and
bioecological methods for synthesizing these NPs with different sizes and morphologies,
including nanolithography, thermolysis, milling, laser ablation, pyrolysis, chemical va-
por deposition, electrochemical techniques, seeding-growth techniques, and microwave
(MW)-assisted methods, among others [12–14]. Additionally, surface modifications of
these NPs for specific functions have been performed using chemical reduction, secondary
modification, physical sorption, green-based approaches, self-assembling of monolayers,
polymer coating, covalent immobilization of ligands, bio-affinity immobilization of ligands,
MW-assisted techniques, etc. The specific functionalization processes can help to improve
the stability and biocompatibility of these nanomaterials in addition to reducing their
aggregation and sedimentation [12,13,15–17]. Future studies should be undertaken toward
the design of novel functionalization tactics to improve the properties of Au- and Ag-based
nanosystems and reduce their toxicity (Table 1). The possible release of cytotoxic radicals
and ions, the internalization of nanomaterials, the alteration of cellular signaling pathways,
the translocation of these nanomaterials across the cell membranes into mitochondria,
and the damage of cell membranes are the main causes of their toxicity, which should
be comprehensively explored [18,19]. In this study, recent advancements in the biomedi-
cal applications of functionalized Au and Ag nanomaterials are deliberated, focusing on
important challenges and future directions.

Table 1. Functionalized Ag and Au NPs with versatile diagnostic and therapeutic applications.

NPs Functional or Capping Agents Drugs/Therapeutic Agents Applications Refs.

Ag

Polyvinyl alcohol and chitosan Naproxen Strong inhibitory effects against biofilm
generation and sustained drug release [20]

Polyvinyl alcohol Doxorubicin and curcumin Anticancer and antibacterial applications;
drug delivery system [21]

Polyethylene glycol I-131 radionuclide Tumor theranostic guided drug delivery [22]

Polyvinyl alcohol,
polyvinylpyrrolidone, pectin Mafenide acetate Skin wound healing and

antibacterial activity [23]

Chitosan Ag/chitosan Burn wound healing [24]

Bioactive agents from Aesculus
hippocastanum

Resveratrol, bioactive agents
from plant leaf extract

Antibacterial, antioxidant, and drug release
system activities [25]

Nucleotide (adenosine
triphosphate) - Antimicrobial and anticancer effects [26]

Au

Polyethylene glycol and
polyamidoamine G4 dendrimer Doxorubicin pH-triggered intracellular anticancer

drug release [15]

Bovine serum albumin Methotrexate Anticancer drug delivery system [27]

Pullulan 5-fluorouracil and folic acid Anticancer drug delivery system [28]

Heavy metal binding proteins in
recombinant Escherichia coli Doxorubicin Anticancer effects; drug delivery system [29]

L-cysteine methyl ester
hydrochloride conjugated to

poly(ethylene glycol)

Small interfering RNA
(siRNA)

Gene delivery (in vitro and in vivo) and
cancer therapy [30]

Capped with glutathione and
conjugated with a CALNN

peptide
Linalool Cancer therapy (ovarian cancer cells,

SKOV-3) [31]
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Table 1. Cont.

NPs Functional or Capping Agents Drugs/Therapeutic Agents Applications Refs.

A layer of DNA-capped
quantum dots Doxorubicin; DNA sequence Cancer therapy; doxorubicin-resistant

cell line [32]

L-Cysteine methyl ester
hydrochloride

Targeted delivery of plasmid
DNA encoded p53 gene Cancer therapy and gene delivery [33]

Poly
di(carboxylatophenoxy)phosphazene

nanospheres
- Computed tomography and

photoacoustic imaging [34]

Folate - Targeted bioimaging [7]

Polycaffeic acid/folate Bortezomib Cancer therapy; tumor inhibition [35]

Au and Ag Bioactive agents from Butea
monosperma leaf extract Doxorubicin Cancer therapeutics [36]

Bimetallic Au-Ag Folic acid, poly(amidoamine)
dendrimers - Targeted computed tomography imaging

of cancer cells (in vitro) [37]

2. Therapeutics and Diagnostics
2.1. (Bio)imaging and (Bio)sensing

The visualization of Au nanomaterials can simply be performed by photometry and
electron microscopy due to the high electron density, specific absorption, and scattering
in the visible and near-infrared region [38]. These nanomaterials have been explored for
(bio)imaging, (bio)sensing, and cellular labelling, providing excellent opportunities for
the specific detection of various diseases (Table 2) [38,39]. The capping agents in biosens-
ing can provide some benefits such as specific recognition, improved biocompatibility
and biodegradability, electrostatic interactions, enhanced stability, and water solubility.
For the detection of viral infections, Lew et al. [40] reported the construction of a novel
nanosystem based on epitope-functionalized Au nanomaterials for the specific recognition
of SARS-CoV-2 IgG antibodies, providing opportunities for detecting the SARS-CoV-2
infection with high specificity (100%) and sensitivity (83%) [40]. Similarly, an enzyme-
linked immunosorbent assay was deployed for the detection of SARS-CoV-2 by applying
aptamer-functionalized Au nanomaterials that specifically targeted the spike membrane
protein of the virus (Figure 1) [41]. Consequently, the designed nanosystems detected 16 nM
and higher concentrations of spike protein in phosphate-buffered saline using plasmon
absorbance spectra; 3540 genome copies/µL of inactivated SARS-CoV-2 could be detected
using this technique [41].
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Figure 1. Specific detection of SARS-CoV-2 spike protein using aptamer-functionalized Au NPs. 
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Figure 1. Specific detection of SARS-CoV-2 spike protein using aptamer-functionalized Au NPs.
Adapted from Ref [41] with permission. Copyright 2021 Elsevier.
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Table 2. Some selected examples of functionalized Ag and Au NPs with (bio)sensing applications.

NPs Functional Agents Applications Remarks Refs.

Au

Aptamer Colorimetry; detection of Escherichia coli
O157:H7

Au NP-based colorimetric biosensing with flexibility for
specific diagnosis; high sensitivity [42]

Aptamer
Surface-enhanced Raman scattering (SERS)

biosensor; label-free detection of
interleukin-6 (IL-6) in serum

Quantitative analysis of IL-6 in 10−12–10−7 M range can
be obtained; the aptamer-SERS assay detected IL-6 in

blood with lower limit of detection of 1 pM
[43]

Epitope Detection of SARS-CoV-2 IgG antibodies Excellent specificity (~100%) and sensitivity (~83%) [40]

Aptamer Detection of SARS-CoV-2 spike proteins

Specific detection of pathogenic virus; 16 nM and
higher concentrations of spike protein could be

detected in phosphate-buffered saline using plasmon
absorbance spectra; 3540 genome copies/µL of
inactivated SARS-CoV-2 could be recognized

[41]

Peptide aptamers Biosensing of cancer biomarker (Mdm2),
in vitro

Excellent chemical and colloidal stability;
high sensitivity [44]

Ag

Citrate Specific detection of glutathione

Selective detection of glutathione; the linear range was
10–100 µg mL−1 and the correlation coefficient was
0.993; the limit of detection was ~1.74 µg mL−1; the

limit of quantification was ~5.30 µg mL−1

[45]

Aptamer
For specific detection of Michigan cancer

foundation-7 (MCF-7) human breast cancer
cells and MUC1 biomarker

The sensor could detect MCF-7 cells in the concentration
range from 1.0 × 102 to 1.0 × 107 cells mL−1 with a

detection limit of 25 cells
[46]

Citrate-functionalized Ag NPs were prepared for the sensitive detection of glutathione
in human biological blood and serum samples using surface-enhanced infrared absorption
spectroscopy [45]. Accordingly, silver NPs interacted with glutathione on the basis of
structural orientation, energy, and affinity, offering a suitable method for the sensitive and
selective determination of glutathione (the linear range = 10–100 µg mL−1 and correlation
coefficient = 0.993); the limit of detection was ~1.74 µg mL−1 with a limit of quantifica-
tion of ~5.30 µg mL−1 [45]. In another study, a surface-enhanced Raman spectroscopy
(SERS)–based platform with high sensitivity was constructed utilizing SERS-active hol-
low polypyrrole nanohorn and peptide-functionalized Au NPs. Subsequently, silver was
deposited on the inside and outside of the nanohorn surface to prepare this SERS-active plat-
form, providing excellent opportunities for the specific detection of proteolytic biomarkers
and for early diagnosis of diseases [47].

Biocompatible glycol chitosan–coated Au NPs were designed as photoacoustic contrast
agents for the cellular imaging of cancers [48]. The prepared nanosystems exhibited suitable
cellular uptake in breast cancer cells due to the synergistic effects of glycol chitosan and
Au NPs, triggering enhanced photoacoustic signals in tissue-mimicking cell phantoms.
These signals initiated from the plasmon coupling effect of these Au-based nanosystems
after the cellular uptake in the cancerous cells [48]. Similarly, a nanosystem with high
localization and an enhanced electromagnetic field was constructed from poly(perylene
diimide), polyethylene glycol, and Au NPs. This nano-agent with improved optical features
illustrated suitable applicability for photoacoustic imaging and photothermal therapy [49].
Additionally, a multifunctional nanohybrid system as a photosensitizer was constructed
utilizing 4-mercaptobenzoic acid-capped Ag NPs with improved singlet oxygen formation
and fluorescence features to be applied simultaneously for bioimaging and photodynamic
ablation of HeLa cancer cells. As a result, this biocompatible nanosystem with enhanced
photostability and negligible fluorescence quenching (~5%) could be deployed for cell
tracking. The findings of this study demonstrated that this brightly fluorescent nano-agent
had improved efficacy (~4 times higher than the control sample) in photodynamic therapy
under low-intensity white light irradiation (40 mW cm−2) for ~10 min, offering a smart
platform for advanced theranostics in future bio- and nanomedicine [50].
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2.2. Drug and Gene Delivery

Au NPs with a large surface area can be deployed as effective platforms for therapeutic
agents, allowing for the efficient binding of targeting agents and drugs. In one study, Au
nanomaterials stabilized by pullulan were coupled with 5-fluorouracil and folic acid for
targeted drug delivery and cancer imaging [28,51]. These nanosystems can be delivered to
the cells via active or passive target delivery approaches. The passive targeting approach
includes the deposition of the nanoparticles within the tumor’s irregular vasculature to
permit the transfer of large particles through the endothelium. The passive targeting
approach depends on the enhanced permeability and retention (EPR) effect; however,
active targeting hinges on ligand–receptor binding precisely formed for targeting analytes
to attain specificity and selectivity features. In one study, a drug delivery nanosystem
was designed on the basis of multifunctional Au NPs for the intracellular delivery of a
doxorubicin anticancer drug (Figure 2) [15]. The NPs were further stabilized with thiolated
polyethylene glycol, and then covalently coupled with a polyamidoamine G4 dendrimer.
Notably, it was indicated that polyethylene glycol polymer–coated Au NPs exhibited
better colloidal stability and biocompatibility with negligible toxicity compared to citrate-
coated Au NPs. Consequently, doxorubicin was efficiently and specifically delivered to the
targeted cells, providing pH-triggered multifunctional nanoplatforms for the intracellular
transferring of different anticancer agents [15].

RNA-conjugated Au NPs were fabricated to efficiently knock down the formation of
luciferase in cancerous cell lines (HeLa cells) transfected luciferase. These conjugates exhib-
ited a longer lifetime (~6 times longer) than the double-stranded RNA; in addition, the cells
could simply penetrate with no need of deploying any transfection agents [52]. Moreover,
Au NPs coated with a layer of DNA-capped quantum dots were loaded with doxorubicin
for cancer therapy. Accordingly, the DNA sequence could bind to an mRNA-encoding
MRP1 (a crucial factor in drug resistance) inside the cancerous cells to improve therapeutic
efficacy [32]. Similarly, a biocompatible drug delivery nanosystem has been introduced for
colorectal cancer therapy (in vivo) based on doxorubicin-loaded oligonucleotides attached
to Au NPs (~13 nm) [53].

2.3. Cancer Diagnosis and Therapy

Currently, numerous in vitro and in vivo studies have been performed on cancer diag-
nosis and therapy applications of Au NPs due to their unique physicochemical properties
and high versatility [54,55]. Functionalized Au NPs with high biocompatibility exhibited
attractive potential in photothermal therapy and the thermal destruction of cancers [56].
For instance, Au NRs functionalized with folic acid were deployed for targeted delivery
to melanoma cells [57]. The prepared nanosystem exhibited alluring possibilities for pho-
tothermal cancer therapy. As a result, apoptosis (~10.2%), necroptosis (~18.3%), and necro-
sis (~17.6%) of tumor cells could be obtained at lower temperatures, but after increasing the
temperature to 49 ◦C, the pattern of cell death changed to necrosis-dominant (~52.8%) [57].
Moreover, fungal-crude-protein-extract–mediated Au nanomaterials (~19.72 nm) were
functionalized with an aptamer to improve their cytotoxic effects on cancerous cells while
reducing their toxicity in normal NIH3T3 cells. Consequently, the nanosystem exhibited im-
proved accumulation in cancerous cells, thus providing nucleolin-targeted cell cytotoxicity
via nucleus damage and stimulation of oxidative stress [58]. For the detection of cancer cells,
a nanosystem was designed on the basis of fluorescently labeled peptide-functionalized Au
nanomaterials and chitosan polymer for the specific targeting and imaging of urokinase
plasminogen activator receptor positive cells (Figure 3). This nanosystem with improved
uptake potential should be further explored for specific molecular targeting and imaging
in cancers and tumors (especially in metastasis) [59].
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Figure 2. The preparative process and mechanisms of pH-triggered multifunctional nanosystems
constructed from Au NPs, polyethylene glycol (PEG), and polyamidoamine (PAMAM) G4 dendrimer
for targeted delivery of doxorubicin (DOX). 1-ethyl-3-(3-dimethylaminopropyl) carbodimide (EDC);
O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU); diisopropyl ethy-
lamine (DIPEA). Adapted from Ref [15] with permission. Copyright 2017 Elsevier.

A novel nanosystem was constructed via the conjugation of gadolinium (Gd)(III)
complexes and prostate-specific-membrane-antigen–targeting ligands to the surfaces of Au
NPs for targeted magnetic resonance–guided radiotherapy with improved targeting preci-
sion and efficacy. The designed nanocontrast agents exhibited robust magnetic resonance
contrast and radiation therapy efficiency (in vitro and in vivo), providing encouraging
nanosystems for cancer therapy and diagnosis with good tumor accumulation and high
in vivo radiation dose amplification. However, toxicity and biocompatibility issues along
with their clinical translation ought to be systematically addressed [60]. Similarly, Gd(III)-
labeled DNA-Au NP conjugates were synthesized as multifunctional nanoprobes for cancer
diagnostics (optical and magnetic resonance imaging probes). Compared to the molec-
ular dithiolane-Gd(III) complexes, relaxivity was enhanced ~4.5-fold [61]. Additionally,
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prostate-specific membrane antigen (as a targeting ligand) was conjugated to Au NPs for
localized prostate cancer therapy and diagnosis. Consequently, the designed nanosystems
demonstrated enhanced radiotherapy efficacy with improved cellular uptake and tumor-
targeting properties [62]. Yang et al. synthesized nanoprobes of Au/alpha-lactalbumin
for the treatment and imaging of breast cancer, with a biodegradability and safety profile;
this method showed great potential for the systemic recognition and targeted/localized
treatment of different cancers [63].
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2.4. Photothermal and Photodynamic Therapy

With their controlled treatment area of light exposure, photothermal (PTT) and pho-
todynamic therapy (PDT) have been broadly applied in bio- and nanomedicine. The
performance of PDT includes the excitation of a photosensitizer at a precise wavelength.
The photosensitizer transfers its energy to the molecular oxygen and thus produces reactive
oxygen species (ROS), destroying tumor cells through necrotic or apoptotic cell death
pathways. PTT can be applied as a therapeutic method in which a therapeutic factor is
stimulated with a specific wavelength of light and energy to create heat through photo
absorption, thereby killing the surrounding cancer cells. In this method, a near-infrared
laser (NIR) is applied to irradiate the tumor cells locally in order to uniformly enhance the
temperature in the tumor and inhibit damage to healthy cells; effective ablation occurs
when the center of the tumor reaches a therapeutic temperature above 55 ◦C [64,65].
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Au NRs and nanoshells have been widely used in PTT because of their robust absorp-
tion in the NIR region [66]. Since Au NPs show a strong tendency to aggregate, researchers
have overwhelmed this subject through functionalizing them with hydrophilic polymers,
including chitosan, hyaluronic acid, and polyethylene glycol (PEG), to enhance stability and
avoid decline of heat conversion properties. Moreover, these polymers increase the stability
and solubility of NPs, nonetheless also making them suitable for PDT and PTT therapy. Au
NPs were modified with chitosan and were connected to a PS porphyrin derivative, recog-
nized as meso-tetrakis (4-sulphonatophenyl) porphyrin (TPPS), for PDT and PTT therapy.
The NPs manufactured a good quantity of singlet oxygen and a high temperature of 55 ◦C,
indicating that this drug has potential for use in tumor phototherapy applications [66].

Au NRs were modified with PEG toward the synthesis of PEG-Au NRs and conjugated
by a TPS at the end of the PEG chain, thus creating TPS-PEG-Au NRs. Energy absorp-
tion under NIR-laser irradiation enhanced the temperature of the Au NRs and formed
ROS derived from talaporfin sodium. The combination of nanoplatforms and NIR-laser
irradiation showed outstanding cytotoxic effects against lung cancer cells under an NIR
laser. Au NSs are effective multifunctional NPs simultaneously used in PTT and PDT using
NIR-laser irradiation. The outcomes offer an advantageous model of nanomedicine for
cancer therapy using NIR lasers [67]. Kayani et al. developed nanosystems constructed
from PEG-curcumin (Cur)@Au NPs for PTT and sonodynamic therapy of melanoma cancer.
The nanoplatform triggered localized hyperthermia and apoptosis of cancerous cells under
PTT and ROS generated by sonodynamic therapy with synergistic effects [68].

The functionalization of nanomaterials with aptamers can offer a highly efficient
diagnostic assay to probe target cells and tissues. Thus, various studies have recognized
aptamers for imaging, detection, and intracellular analysis [69]. An aptamer-conjugated Au
NRs/Ce6 complex was established to target cancer therapy. The Sgc8 aptamer can target
leukemia T cells and is conjugated to Au NRs by covalent bonding. Short DNA sequences
labelled with Ce6 hybridize with the aptamer on the surface of Au NRs, which causes
fluorescence quenching due to the proximity of Ce6 to the gold surface. With the binding
of aptamer and target cancer cells, Ce6 is released and functions as a PDT agent under NIR
(812 nm) light irradiation. Also, in the study, the aptamer-Au NR conjugates significantly
killed cancer cells by combining PDT and PTT under NIR irradiation, thus indicating their
feasibility for multimodality targeted cancer therapy [70].

Although Au-based NPs are the most widely examined materials for PTT, recent
studies have revealed that this approach may also be suitable for the application of Ag
NPs, as they have the strongest light-scattering and surface plasmon [71]. Researchers have
developed chitosan-modified Ag nano-triangles (NTs) that exhibited high specificity to
the NCI-H460 cell line. An 80% decrease in cell viability was observed with 0.3 µg mL−1

Ag NTs and an 800 nm laser, although the viability of the cells pre-incubated with gold
nanorods and subjected to NIR stimulation was only reduced by 20% [72]. Ag NPs with
triangular shapes could be applied for PTT against MCF7 and MDA-MB-231 breast cancer
cells, with a concentration of ~50 µg mL−1 under irradiation at 800 nm laser [73]. In addition,
Ag-PEG-HER2 NPs were designed for the PTT of cancers. The 35-nm-size modified NPs
were synthesized through grinding with Lavandula angustifolia Mill extracts (Figure 4A),
which exhibited a hypothermic effect under light radiation treatment. Light irradiation
effectively generated ROS with a cytotoxic effect of the HER2-targeted Ag NPs. Tumor
growth inhibition upon treatment with the HER2-targeted Ag NPs could be obtained,
inhibiting the metastatic spread after the treatment. These NPs have enormous potential
for the photothermal therapeutic treatment of HER2-overexpressing cancers [71].

2.5. Tissue Engineering and Regenerative Medicine

Endolichenic fungus–derived anti-quorum–sensing chrysophanol was decorated on
Ag nanomaterials to produce anti-adhesion and anti-biofouling coating materials against
bacterial invasion, offering enhanced and long-term prevention of bacterial adhesion
and subsequent colonization in urinary catheters [74]. Accordingly, these biocompatible



Pharmaceutics 2022, 14, 2182 9 of 16

nanosystems could efficiently affect the lipopolysaccharide formation, hydrophobicity of
surface, and virulence gene expression of bacterial biofilm cells, as well as environmental
DNA content, thus reducing the invasion and generation of biofilms (in vivo) [74]. Similarly,
Terminalia catappa–functionalized silver NPs were prepared against multidrug-resistant
Pseudomonas aeruginosa, Candida albicans, and methicillin-resistant Staphylococcus aureus [75].
This functionalized nanosystem exhibited high inhibitory effects against biofilm generation,
showing inhibitory effects against the colonization and adherence of biofilm-forming cells.
The possible mechanisms included structural changes (such as disintegration, separation,
and deformation) in bacterial cell walls and membranes, which caused cell death by
considerable loss of membranes or the integrity of cell walls [75].

In addition, PEG-Ag NPs were synthesized with enhanced bactericidal effects toward
S. aureus, in which an increase in hydroxyl ions on the surface of the silver NPs could be
the reason for their improved bactericidal effect [76]. Impressively, Au NPs were conju-
gated with the vascular endothelial growth factor-A165 (a proangiogenic growth factor)
and (11-mercaptoundecyl)-N,N,N-trimethylammonium cation (with antibacterial activity)
to produce nanosystems with dual functions including antimicrobial and proangiogenic
performances for wound healing in diabetic mice [77]. Consequently, these nano-agents ex-
hibited high antimicrobial activities against multidrug-resistant bacteria such as methicillin-
resistant S. aureus. They showed robust bactericidal activities (in vivo) and enhanced the
generation of collagen fibers and epithelialization, offering favorable materials for wound
healing and treating chronic wound infections [77].

Au NPs have been established as promising nanomaterials for bone regeneration.
These NPs can improve the osteogenic differentiation of mesenchymal stem cells, act as
osteogenic agents, increase the grafting of bone implants, and hasten bone formation in bone
defects [78,79]. Results have illustrated that hydrogels loaded with Au NPs can increase the
differentiation, proliferation, and alkaline phosphate activities of human adipose–derived
stem cells to be differentiated into osteoblast cells [80]. Chitosan-conjugated Au NPs
affected bone differentiation. Positively charged NPs with a hydrodynamic diameter of
40 nm were formed through the chitosan reduction assay. The results revealed that Au
NPs conjugated with chitosan can enhance the expression of marker genes related to bone
differentiation in mesenchymal stem cells derived from human fat at low concentrations.
They illustrated that such nanostructures can improve osteogenesis through the Wnt/β-
catenin signaling pathway and can be deployed in bone tissue engineering [81]. PEGylated
Au NPs with a size of 45 nm showed good biocompatibility and osteogenic differentiation
on MC3T3-E1 cells. PEGylated Au NPs can increase alkaline phosphatase (ALP) activity, the
expression of osteogenic marker genes, and up-regulated β-catenin and p-GSK-3β genes
(Figure 5). In addition, Au NPs @PEG-gel encouraged bone regeneration effectively in vivo.
This evaluation of the effects of functionalized Au NPs on osteogenic differentiation and
bone regeneration could shed light on their clinical translational applications [82].

Epigallocatechin gallate (EGCG) is the most prevalent polyphenol in green tea and can
effectually scavenge ROS and can reduce autoimmune arthritis by moderating Th17/Treg.
EGCG can inhibit osteoporosis in an in vivo model and display a therapeutic effect on
periodontitis in rats [83]. EGCG-Au NPs can be applied as an anti-osteoclastogenic drug.
These nanoplatforms can be effectively taken into the cell and placed in the intracellular
compartment, where they are overwhelmed by endocytosis. Free EGCG can prevent the
osteoclast differentiation of bone marrow–derived macrophages by suppressing ROS and a
related mitogen activated protein kinase (MAPK)–signaling pathway. EGCG-Au NPs also
display excellent antioxidant activity in vitro. In vivo studies exhibited that EGCG-Au NPs
can improve bone mineral density and prevent bone resorption. Accordingly, bioactive
EGCG-Au NPs can be applied as therapeutic agents in the treatment of inflammatory
osteolysis and other bone diseases related to bone loss; these NPs (~30 nm) displayed
highly efficient anti-osteoclast effects compared to free EGCG l [84].
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Figure 4. (A) The preparative process of Ag-PEG-HER2 NPs. (B) Photothermal-induced death of 
cancer cells via targeted delivery of functionalized Ag NPs to specific cells under the light irradia-
tion, causing Ag+ ions release and ROS generation with total tumor elimination. (C-a) Immunohisto-
chemistry of primary tumor tissue and Hercep Test controls: negative HER2 expression (1+) and 
HER2 overexpression (3+). (C-b) Dynamics of tumor growth under the treatment with injections of 
phosphate-buffered saline (PBS), Ag-PEG-HER2 NPs, and Ag-PEG-HER2 with 1 h post blue light 
irradiation. (D) Bioluminescent imaging of BT/NanoLuc xenograft tumors before treatment on day 
7 and after treatment on day 80, as well as ex vivo imaging of primary tumors (day 90). Adapted 

Figure 4. (A) The preparative process of Ag-PEG-HER2 NPs. (B) Photothermal-induced death of
cancer cells via targeted delivery of functionalized Ag NPs to specific cells under the light irradiation,
causing Ag+ ions release and ROS generation with total tumor elimination. (C-a) Immunohisto-
chemistry of primary tumor tissue and Hercep Test controls: negative HER2 expression (1+) and
HER2 overexpression (3+). (C-b) Dynamics of tumor growth under the treatment with injections
of phosphate-buffered saline (PBS), Ag-PEG-HER2 NPs, and Ag-PEG-HER2 with 1 h post blue
light irradiation. (D) Bioluminescent imaging of BT/NanoLuc xenograft tumors before treatment
on day 7 and after treatment on day 80, as well as ex vivo imaging of primary tumors (day 90).
Adapted from Ref [71] with permission (CC BY) Copyright 2022 Multidisciplinary Digital Publishing
Institute (MDPI).
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ferentiation. (B) Three-dimensional (3D) micro-computed tomography (CT) images of femoral con-
dyle at 4 and 8 weeks after being treated with neat-gel and Au NPs-gel, respectively. (C) Transmis-
sion electron microscopy (TEM) images of PEGylated Au NPs with a size of 45 nm. (D,E) Staining 
images of a bone defect implanted with PEG-gel and Au NPs-45 nm@PEG-gel on weeks 4 and 8, 
respectively. Au NPs: GNPs. Adapted from Ref [82] with permission. Copyright 2020 Elsevier. 

Figure 5. (A) Schematic illustration of the role of PEGylated Au NPs in improving osteogenic differ-
entiation. (B) Three-dimensional (3D) micro-computed tomography (CT) images of femoral condyle
at 4 and 8 weeks after being treated with neat-gel and Au NPs-gel, respectively. (C) Transmission
electron microscopy (TEM) images of PEGylated Au NPs with a size of 45 nm. (D,E) Staining images
of a bone defect implanted with PEG-gel and Au NPs-45 nm@PEG-gel on weeks 4 and 8, respectively.
Au NPs: GNPs. Adapted from Ref [82] with permission. Copyright 2020 Elsevier.

3. Challenges and Opportunities

Despite the various advantages of surface-functionalized Au- and Ag-based nano-
materials, the use of these NPs systems for tissue targeting in the human body or in vivo
has not been more generally studied relative to other nanomaterials, such as lipid-based
systems [85]. Considering the biomedical applications of Au- and Ag-based nanocarriers
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as drug delivery systems as well as their in vivo studies, it is very important to evaluate
their behavior in biological body fluids. Since most of the metal NP–based systems are for-
mulated for intravenous administration, their first contact is blood plasma with biological
substances [86]. These systems may cause adverse responses, namely the accumulation
of nanocarriers and rapid blood flow clearance, as well as inflammatory responses in the
body. In addition, several important challenges regarding the targeting properties and
related nano–bio interactions after the incorporation of NPs in blood circulation ought to
be considered [87]. In this context, designing nanomaterials with optimal physicochemical
properties, including size, morphology, and charge, along with surface functionalization,
can significantly help to solve these challenges. For instance, after evaluating the differences
in the interaction of Au and Ag NPs with glycosylated vs. non-glycosylated transferrin,
it was revealed that the binding strength between nanomaterials and transferrin and the
alterations in the secondary protein structure largely depend not only on the physicochemi-
cal features of nanomaterials but also on their protein glycosylation status [88,89]. Notably,
functionalized NPs should first be evaluated in an animal model using a plasma cell line
type to ensure the safe transferability of these unique drug delivery systems from animal
experiments to human in vivo experiments. Furthermore, similar animal experiments, at
least in vitro experiments and blood plasma studies, should be performed with human cell
lines, and the obtained results should be compared in relevant animal studies. This can
provide possible predictions about whether the stability of metal NPs in the blood is the
same in human systems. Ideally, this is the most appropriate way to smoothly transfer
surface-functionalized NPs from animal models to human clinical trials [85].

Another challenge is finding the mechanisms and specific roles of functionalized Au
and Ag NPs in tissue engineering [75]. These are predominantly helpful since they can
deliver bioactive molecules along with diagnosing stem cell differentiation while increasing
stem cell differentiation and cell–cell interactions. However, some important challenging
questions regarding the presence of unreliable results related to the interaction between
cells and Au NPs are still unanswered [90]. While it has been stated that Au NPs can
contribute to more ROS production, it has recently been reported that ROS production is
reduced when Au NPs are incorporated into scaffolds. Notably, studies have illustrated
that Au NPs could stimulate osteogenesis of stem cells while inhibiting adipogenic differ-
entiation. Thus, finding the possible reactions of cells with Au NPs is necessary. Future
courses ought to combine both in vivo and in vitro assays in a long-term study to culmi-
nate in standardized procedures such as appropriate cell type, improved Au NP dose, and
cytotoxicity assays [91]. In one study, Au NPs were functionalized with polyethyleneimine
and polyethylene glycol to evaluate their neuronal toxicity and the cellular/sub-organ
biodistribution. Accordingly, the surface functionalization could significantly enhance the
biocompatibility and biodistribution of these NPs; size and surface chemistry were crucial
factors affecting the nanotheranostic potential of the NPs [92].

4. Conclusions and Future Outlook

Functionalized nanomaterials have been widely explored in the fields of drug and
gene delivery, cancer theranostics, imaging and diagnosis, and anti-infections. Among
the nanomaterials, functionalized Au/Ag-based nanosystems possess the special benefits
of improved biocompatibility, good biodegradability, targeting, specificity and selectivity,
low toxicity, high drug loading capacity, and sustained and controlled drug release behav-
ior. Surface functionalization of these nano-agents can help to overcome concerns about
biosafety, thus providing excellent opportunities for developing smart nanosystems with
gene and drug delivery, bioimaging and biosensing, and cancer theranostics applicability.
However, more elaborative studies should still be conducted to fill the existing research
gaps, especially pertaining to nanotoxicological assessments, optimization processes, and
related mechanisms.

The selection of suitable capping agents with multifunctional features, as well as
surface modification techniques, can play important roles in the development of these Ag-
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and Au-based nanosystems. Notably, the majority of studies in this field are focused on
the laboratory scale; thus, future explorations should be moved toward the large-scale
production and functionalization of these nanomaterials utilizing appropriate capping
agents. Toxicity and biosafety assessments are vital in acquiring multi-functionalized
nanosystems with high efficiency and low or negligible adverse side effects and should be
comprehensively performed; this is particularly true for clinical translational studies.
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