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Abstract: Conventional cancer treatment techniques show several limitations including low 

or no specificity and consequently a low efficacy in discriminating between cancer cells and 

healthy cells. Recent nanotechnology developments have introduced smart and novel therapeutic 

nanomaterials that take advantage of various targeting approaches. The use of nanotechnology 

in medicine and, more specifically, drug delivery is set to spread even more rapidly than it has 

over the past two decades. Currently, many nanoparticles (NPs) are under investigation for drug 

delivery including those for cancer therapy. Targeted nanomaterials bind selectively to cancer 

cells and greatly affect them with only a minor effect on healthy cells. Gold nanoparticles (Au-

NPs), specifically, have been identified as significant candidates for new cancer therapeutic 

modalities because of their biocompatibility, easy functionalization and fabrication, optical 

tunable characteristics, and chemophysical stability. In the last decade, there has been significant 

research on Au-NPs and their biomedical applications. Functionalized Au-NPs represent highly 

attractive and promising candidates for drug delivery, owing to their unique dimensions, tun-

able surface functionalities, and controllable drug release. Further, iron oxide NPs due to their 

“superparamagnetic” properties have been studied and have demonstrated successful employ-

ment in numerous applications. In targeted drug delivery systems, drug-loaded iron oxide NPs 

can accumulate at the tumor site with the aid of an external magnetic field. This can lead to 

incremental effectiveness in drug release to the tumor site and vanquish cancer cells without 

harming healthy cells. In order for the application of iron oxide NPs in the human body to be 

realized, they should be biodegradable and biocompatible to minimize toxicity. This review 

illustrates recent advances in the field drug and small molecule delivery such as fluorouracil, 

folic acid, doxorubicin, paclitaxel, and daunorubicin, specifically when using gold and iron 

oxide NPs as carriers of anticancer therapeutic agents.

Keywords: small molecules, drug delivery, nanoparticles, gold nanoparticles, iron oxide 

nanoparticles

Introduction
To date, small molecules are some of the most critical molecules for biological func-

tion, which most medicines contain.1 Many organic molecules show low solubility 

in aqueous media, and incomplete drug delivery as the main reason in 40% of all 

drug failures. As high-throughput techniques continue to fabricate a number of chemi-

cal entities for treating complex disease pathways, there is an increased demand to 

find effective and significant molecular delivery methods in an appropriate manner. 

Therefore, there is a profound need to deliver a wide range of hydrophobic and neutral 

small molecules with exact spatiotemporal control.1

Cancer is the leading cause of death around the world.2 As a highly efficient tech-

nique for the treatment of cancer in the clinics, chemotherapy has been widely used. 
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However, anticancer drugs with a small molecular structure 

have several limitations in direct administration such as 

adverse side effects, rapid elimination of drugs, nonspecific 

cytotoxicity, severe multidrug resistance, and low bioavail-

ability. To solve the above mentioned limitations, several 

drug carriers at the nanoscale including metal nanoparticles 

(NPs), liposomes, ceramic materials, and polymeric micelles 

have been used. Systems with carrier-based delivery show 

significant therapeutic efficacy and lower side effects com-

pared with free drugs. However, lower drug loading and 

unpredictable carrier metabolism or degradation in the body 

lead to very low therapeutic efficiency.3

A considerable amount of research has been conducted on 

drug delivery via polymeric scaffolds. Biomaterials used in 

drug delivery can be broadly categorized as 1) synthetic bio-

degradable polymers, which includes relatively hydrophobic 

materials such as the α-hydroxy acids (such as polylactic-co-

glycolic acid [PLGA]), and polyanhydrides, and 2) naturally 

occurring polymers, such as complex sugars (hyaluronan, 

chitosan [CHI]) and inorganics (hydroxyapatite).4 Despite the 

discovery of a large number of materials that could serve as 

therapeutics, very few candidates have shown clinical suc-

cess. Poor activity in vivo is most often attributed to their low 

“bioavailability”, the extent, and rate at which a drug reaches 

and affects the target tissue. However, the potential toxicity 

from dose dumping, inconsistent release, and drug–polymer 

interactions require detailed evaluation.5

Recently, the development of NPs for the anticancer 

agent delivery of small molecular structures has drawn great 

attention from the medical research community. In cancer 

treatment, small molecules used as routine usable agents 

of chemotherapeutics have some limiting characteristics 

in their clinical applications, such as low water solubility, 

nonspecific biodistribution, and lack of targeting as well as 

low therapeutic indices. Furthermore, drug-resistant develop-

ment, shortly after initial treatment, reduces efficacy of not 

only conventional chemotherapeutics but also newer targeted 

therapeutic agents. However, the delivery of small molecules 

with therapeutic properties by NPs has some advantages that 

may overcome these limitations.

The US National Cancer Institute defined NPs as col-

loidal particles in the size range of 1–100 nm. It is likely 

that NPs .10 nm and ,100 nm are more effective. For the 

glomerular capillary wall, with the measurement of sieving 

coefficients, on the basis of sieving coefficients measured 

for the glomerular capillary wall, the estimated NP diameter 

as the threshold for first-pass elimination by the kidneys is 

10 nm.6 By contrast, the vasculature of a tumor is immature 

and leaking of macromolecules from the blood can take place 

in the interstitial space in tumor tissues. This phenomenon 

is called the “enhanced permeability and retention (EPR) 

effect”. Based on evidence of accumulation, the effect of 

EPR is effective for both human cancers and animal tumor 

models. As mentioned, chemical molecules with a diameter 

in the range of 100 nm173 can leak from the blood and accu-

mulate within the tissues of the tumor, but larger NPs show 

restricted diffusion into the extracellular space, which leads 

to limitations in the NP efficiency by preventing them from 

easily reaching cancer cells. Experimental results obtained 

from animal models suggest that particles with a size ,150 

nm, neutral or slightly negative charged, have the ability to 

move through tumor tissues. NPs of the size range of 50–100 

nm and a nearly neutral charge can penetrate throughout 

large tumors following systemic administration. Moreover, 

the addition of a targeting moiety to NPs can guide them to 

cells and tissues of tumors.7

This selective accumulation in cells and tissues of tumors 

gives the potential for NPs to significantly improve the thera-

peutic outcome of cancer treatment while minimizing the 

devastating side effects associated with many current thera-

pies. NPs that carry a small molecule anticancer agent have 

several advantages such as solubility improvement, which 

facilitates drug delivery, greater half-life (t1/2) in circulation, 

enhanced accumulation of drugs to targeted cancer cells and 

tissues, stable and constant release of drugs, and reduced 

efflux pump-mediated drug resistance. One of the major 

challenges in the development and clinical application of 

NPs is understanding the precise mechanism of the release 

of anticancer agents from NPs and delivering them to the 

tissues of targeted tumors and cells. Moreover, the effects 

of NP biodistribution on the toxicity in major organs should 

be clarified.8

Several drugs conjugated to gold and iron NPs have 

been used for drug delivery systems (DDS), such as cisplatin, 

carboplatin, oxaliplatin,9 and epirubicine.10 In this review, 

we will focus primarily on 5-fluorouracil (5-FU), folic acid 

(FA), doxorubicin (DOX), paclitaxel (PTX), and daunorubi-

cin (Dau) as drugs, which have been used for drug delivery 

using iron and gold NPs.

Gold NP conjugates in DDSs
DDSs provide positive attributes to a “free” drug by improve-

ment in solubility, in vivo stability, and biodistribution. 

They can alter unfavorable pharmacokinetics of some “free” 

drugs as well. Furthermore, a large pharmaceutical loading 

for DDSs can create “drug reservoirs” for controlled and 
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sustained release to maintain drug levels within a therapeutic 

window.11 Several materials can be used in formulations of 

NPs including polymers, lipids (liposomes), and viruses 

(viral-like NPs) with distinct characteristics. Organometallic 

and inorganic compounds as well as metals, like silica, gold, 

iron oxide (IO) NPs, and nanotubes, can be used as small 

molecule carriers.8,12–14 Some metal-based NPs potentially 

have the ability to mimic the function of an enzyme. Gold 

nanoparticles (Au-NPs) have displayed unique enzymatic 

properties that make them useful in biological and biomedical 

applications. Moreover, Au-NPs acting as artificial enzymes 

have shown “hidden talents”, including their ability to mimic 

the functions of esterase, peroxidase, nuclease, superoxide 

dismutase, and catalase. Moreover, Au-NPs with either nega-

tive or positive surface charges reveal peroxidase mimicking 

activity. These enzyme-like activities of Au-NPs are related 

to functional groups and help researchers to design and 

develop biosensors, clinical studies, immunoassays, targeted 

drug delivery, bioimaging applications, and photothermal 

activity of microorganisms and cancer cells.3–7 Au-NPs can 

be made biocompatible, displaying no toxicity with facile 

synthesis, shape, and size tenability. In addition to bio-

logical safety and user-friendly techniques for constructing 

Au-NPs, they have no toxic degradation products. Metallic 

colloidal Au-NPs can be fabricated in various forms (dots, 

rods, etc) and are commercially available in different size 

ranges and are detectable at low concentrations.15 NPs can 

easily enter cells; however, the involved mechanism(s) are 

not well understood. It is thought that the NP influx occurs 

by endocytosis, where the particles are inserted and diffuse 

through the lipid bilayer of the cell membrane. Au-NPs even 

after protein linkage (like with antibodies) show an ability to 

enter cells without cytotoxic effects.16 They are conjugated 

with antibodies against exclusive cancer cell surface recep-

tors that have been used to specifically bind to cancerous 

cells. Au-NPs with a size of 20 nm have been conjugated to 

different cellular targeting peptides to make functional NPs 

that penetrate biological membranes and target the nucleus.17

In the study of acute oral toxicity, no signs of gross tox-

icity or adverse effects were found when a Au-NP suspen-

sion with a size of 50 nm was investigated, the single dose 

for acute oral LD50 being 5,000 mg/kg body weight.18 

In addition, positive results from an in vivo mouse model 

were obtained with photothermal ablation therapy for colon 

carcinoma after intravenous administration of polyethylene 

glycol (PEG)-coated gold nanoshells.19 In 2016, Jiang et al20 

developed a sensor of a fluorescence switch for facile and 

sensitive detection of both anticancer drug and calf thymus 

DNA (ctDNA) based on glutathione (GSH)-stabilized gold 

nanoclusters (Au-NCs). The Au-NP fluorescence can be 

effectively quenched by mitoxantrone (MTX) due to the 

MTX absorption on the Au-NP surface and the transfer-

ring photoinduced electron process from Au-NCs to MTX 

subsequently. Their proposed method was used for ctDNA 

detection in real samples with significant results.

5-FU release from Au-NPs
5-FU is a pyrimidine analog that acts using the mechanism 

of irreversible inhibition of thymidylate synthase. It is used 

in different types of cancer treatment, such as in liver, colon, 

gastrointestinal, rectal, skin, ovarian, and breast cancers. 

5-FU shows several side effects such as severe gastrointesti-

nal toxicity, hematologic disturbance, skin reactions, severe 

bone marrow deficiency, hair thinning, hand–foot syndrome, 

and heart toxicosis, which lead to a limitation in its use. More-

over, it has low bioavailability with a short plasma half-life. 

5-FU is metabolized rapidly and should be administrated by 

intravenous injection. To overcome the mentioned problems, 

some approaches have been applied, such as the synthesis 

of 5-FU chemical derivatives and encapsulation of drugs 

into different delivery systems, such as ion exchange resins, 

polymeric particles, vesicular systems, and hydrogels.21 An 

overview of Au-NPs/5-FU and their applications is presented 

in Table 1.

Very few 5-FU/Au-NPs formulations have been tested 

against colorectal cancer cells. In one of the most recent stud-

ies, Safwat et al loaded 5-FU onto Au-NPs using two thiol-

containing ligands, thioglycolic acid (TGA) and GSH. They 

synthesized Au-NPs at different molar ratios of a 5-FU/ligand 

and evaluated them by different methods. A study of the 

anticancer efficacy of 5-FU/GSH–Au-NPs was done using 

flow cytometry in cancerous tissue obtained from patients 

having colorectal cancer. Au-NP stability and the profile of 

drug release were evaluated as a salt concentration function 

and pH of the solution. The 5-FU/ligand molar ratio of 1:1 for 

TGA–Au-NPs and 2:1 for GSH–Au-NPs was the optimum 

ratio of 5-FU loading. Coating Au-NPs with pluronic F127 

led to improvement in stability against salinity. The release of 

5-FU from the Au-NPs was pH-dependent and where faster 

release was observed at pH5. 5-FU/GSH–Au-NPs, induced 

apoptosis and stopped the progression of cell cycle growth 

in colorectal cancer cells. Better anticancer effects against 

colon cancer cells was achieved for the 5-FU/GSH–Au-NPs 

compared with the free drug.21

For 40 years, 5-FU has been used as a chemothera-

peutic agent against many types of cancer. As a pyrimidine 
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antagonist, 5-FU acts as a block for the synthesis of RNA 

or DNA nucleotides. High doses of 5-FU must be used to 

attain the required therapeutic level. However, one of the 

main restrictions to its use is the development of multidrug 

resistance in the tumor cells. Moreover, continuous admin-

istration of high doses of 5-FU causes severe toxic effects 

on the surrounding living cells.22,23 Solid lipid nanoparticles 

(SLNs) are colloidal particles consisting of lipid materi-

als, which are stabilized with the use of varying types of 

surfactants. SLNs are received readily by the skin due to 

their hydrophobic nature, enabling the encapsulation of the 

hydrophobic drugs with ease.24 Khallaf et al applied SLN to 

Ehrlich’s ascites tumors in order to evaluate the ability of 

SLN to deliver chemotherapeutic agents via the skin. The 

Ehrlich tumor is a spontaneous murine mammary adenocar-

cinoma. They engineered highly penetrating, shell-enriched 

NPs, which were loaded with a hydrophilic chemotherapeutic 

agent, 5-FU. Various ratios of lecithin and poloxamer 188 

have been used by them for the production of shell-enriched 

NPs by enabling reversed micelles within this region of the 

shell-enriched SLN. The 5-FU localization within the shell 

region of the SLN was confirmed using 5-FU Au-NPs as 

a tracer. The colloidal Au-NPs were localized in the shell 

region, forming a papillated zone at the surface of the SLN. 

SLNs were introduced within the hydrogel shape of sodium 

carboxyl methylcellulose and then used for the mice skin 

bearing Ehrlich ascites carcinoma. For 6 months, the treat-

ment of mice was accomplished with the gel twice daily. 

SLN-treated mice exhibited reduced inflammatory reactions, 

with reduced degrees of keratosis.25

Studies demonstrated that FA, or vitamin B9, played a 

vital role in mammalian cell growth. FA has a high bind-

ing affinity with the folic acid receptor (FAR), which is 

upregulated on the surface of many cancer cells, and limited 

distribution was found in normal tissues.26 Several studies 

have reported NPs with FA for site-specific targeting and an 

improvement of FAR-mediated uptake by cancer cells. In 

recent research, Ngernyuang et al developed a new method 

for drug sensitivity for carrying drugs through the conjugation 

of Au-NPs by FA as a targeting agent. 5-FU and FA were 

used to functionalize the Au-NPs, using a shell of PEG as a 

linker. They tested the cytotoxicity of Au-NPs-PEG-5-FU-

FA in CCA cell lines (M139 and M213), which express FAR. 

The obtained results revealed that Au-NPs-PEG-5-FU-FA 

increased the cytotoxic effects in M213 and M139 cells by 

7.95% and 4.76%, respectively, compared with those treated 

with free 5-FU   + FA. As shown in Figure 1, it was found that 

the Au-NPs-PEG-5-FU-FA cytotoxicity correlated with the 

expression of FAR, suggesting the potential for using FA as a 

targeted therapy. The cytotoxicity mechanism was mediated 

via the mitochondrial apoptotic pathway as determined by an 

apoptosis array. Their results shed some light on the use of 

Au-NPs for the conjugation of potential compounds and FA 

as a targeted therapy, which contribute to the improvement 

of the efficacy of anticancer drugs.27

Porphyran (PFR) is a well-known sulfated polysaccharide 

that is extracted from red seaweed. The application of PFR 

for the green synthesis of metal NPs has gained prominence 

as a result of its biocompatibility, biodegradability, nontox-

icity, low cost, and natural abundance. Moreover, PFR can 

act simultaneously as a reducing and capping agent, which 

eliminates the need to add other reagents during the synthetic 

process. Therefore, PFR can be considered as a convenient 

green material for NP production, and the nanocomposite 

based on these two materials may find a promising and 

attractive applicability in the chemical modification of elec-

trodes.28,29 Carbon paste electrodes modified with porphyran-

capped Au-NPs (CPE/Au-NPs-PFR) were used by Lima et al 

to detect 5-FU as an anticancer drug.30 They synthesized 

Au-NPs by using PFR that acts as a stabilizing and reduc-

ing agent. At 70°C, 128.7 nm was the smallest particle size 

that was obtained. By using cyclic voltammetry (CV) and 

Table 1 Overview of Au-NPs/5-FU and their applications

Nanoparticles Drugs Applications References

Au-NPs/thioglycolic acid and glutathione 5-FU Patients having colorectal cancer 21

Au-NPs/PEG 5-FU M139 and M213 cells 27

Porphyran-capped Au-NP-modified carbon paste electrode 5-FU Electrochemical sensor 30

Au-NPs/polyamic acid 5-FU HeLa cells 31

Fluorescent chitosan/silver–gold nanocomposite 5-FU Colorimetric sensing and 5-FU delivery 32

Au-NPs/chitosan 5-FU HepG2 33

Au-NPs capped with cetyltrimethylammonium 5-FU HaCaT 34

Abbreviations: Au-NPs, gold nanoparticles; 5-FU, 5-fluorouracil; PEG, polyethylene glycol.
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electrochemical impedance spectroscopy experiments, the 

electrochemical performance of the electrodes was enhanced 

by using the nanocomposite as a consequence of the high 

conductivity and large surface area presented by the Au-NPs. 

The CPE/Au-NPs-PFR was able to electrocatalyze the 5-FU 

oxidation by CV and differential pulse voltammetry. Besides 

the good sensitivity, CPE/Au-NPs-PFR revealed optimal 

reproducibility and did not suffer a significant interference 

from potentially electroactive biological compounds. The 

good analytical performance of the modified electrode for 

the determination of 5-FU in pharmaceutical formulations 

was confirmed with significant percent recoveries and good 

relative SD.

FA release from Au-NPs
The surfaces of Au-NPs have a strong binding affinity toward 

amines, thiols, and disulfides.7 Particularly, the simple Au-

thiol chemistry affords surface conjugation with different 

types of proteins, peptides, and DNA, either via a naturally 

available thiol group such as cysteine or others with an incor-

porated thiol group. Hence, for NP internalization, the surface 

can be modified using a ligand known to be efficiently inter-

nalized by target cells via receptor-mediated endocytosis.

Au-NPs with a functionalized surface with a specific 

antibody, such as the anti-EGFR for epithelial cancer cells, 

have been developed for diagnostic applications and thermo-

phototherapy of cancer cells.11–14 Furthermore, several other 

Figure 1 Targeted delivery of 5-FU to cholangiocarcinoma cells using folic acid.
Note: Data from Ngernyuang et al.27

Abbreviation: 5-FU, 5-fluorouracil.
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agents including antibodies, aptamers, peptides, and proteins 

have also been recognized for targeting cancer cells. For 

tumor-specific delivery, the FAR is known as a useful 

target compared with the above different strategies for NP 

receptor-mediated endocytosis, because FARs are upregu-

lated on a variety of human cancer cells including breast 

cancers, endometrium, ovaries, kidneys, brain, colon, and 

myeloid cells of hematopoietic origin. The folate receptors 

lacking in nonproliferating normal cells differentiate them 

from tumor cells.24 FA has a high affinity for cell surface 

receptors. In addition, it is nonimmunogenic, highly stable, 

and cheap with a small molecular size. Thus, it facilitates 

the easy internalization of NPs through the cell membrane. 

The applications of Au-NPs/FA are summarized in Table 2.

Currently, the development of the Au-NP-folate conju-

gate system of high efficiency is a challenge in this field. 

Numerous research studies using PEG, poly(amidoamine) 

dendrimers, PLGA, poly-l-lysine (PLL), and poly(d,l-

lactic-co-glycolic acid) and their block copolymers have 

been reported to be in development to design a biodegrad-

able hydrophilic folate-NP conjugate for cancer targeting 

systems.26–30 These targeting systems show good efficiency 

in their internalization and biocompatibility; however, the 

large size of these macromolecule-based systems does not 

Table 2 Overview of Au-NPs/FA and their applications

NPs Drugs/targeting 
agent

Applications References

Glutathione-capped Au-NPs FA HeLa and mouse  
fibroblast (FB) cells

35

Polyethylenimine-entrapped Au-NPs FA KB-HFAR cells and  
KB-LFAR cells

37

Negatively charged Au-NPs with the transferrin targeting ligands and positively  
charged Au-NPs with the folate receptor targeting ligands

FA Prostate cancer  
cells

41

Au-NPs prepared by using a strong antioxidant quercetin and dextran sulfate  
as a stabilizing agent

FA NIH 3T3 FB and  
human breast  
cancer cell lines  
(MCF-7)

42

Au-NPs functionalized with FA FA Cervix cancer cells 43

Positively charged Au-NPs capped with folate quaternary chitosan FA Human umbilical  
vein endothelial cells

44

Gum kondagogu-capped Au-NPs FA A549 (lung cancer)  
cells

38

Folate-conjugated Au-NPs FA KB cancer cells and  
L929 normal cells

45

Folate-conjugated gold-photoactive polymer NPs FA C6 glioma brain  
cancer cells

46

Au-NPs on FA-modified dendritic mesoporous silica-coated reduced graphene 
oxide nanosheets

FA MCF-7 (human 
breast carcinoma  
cell lines) and A549 
(human lung  
carcinoma cell lines)

39

Au-NPs/dimethyldioctadecylammonium/bromide/
dioleoylphosphatidylethanolamine

FA MCF-7 and A549 47

Modified Au-NPs with covalently bonded thiol linkers FA MDA-MB-231 48

Gold nanorods/amphiphilic polysaccharide-based graft copolymer and an amino  
derivative of the α,β-poly(N-2-hydroxyethyl)-d,l-aspartamide

FA 16HBE and HDFa 49

Gold nanobipyramids FA MCF-7 40

Biocapped Au-NPs using hirsutus leaf extract FA HeLa, RKO, and 
A549

50

FA-Au@poly(acrylic acid)/mesoporous calcium phosphate Janus NPs FA HeLa 51

Au-NPs modified with thionine FA A549 52

Poly(ethylene glycol)-coated gold@iron oxide core–shell NPs FA KB and MCF-7 53

Abbreviations: Au-NPs, gold nanoparticles; FA, folic acid; HBE, human bronchial epithelial cells; HDFa, human dermal fibroblasts; MDA-MB, typical human breast cancer 
cells; RKO, human colon carcinoma cell line; HeLa, cell line derived from cervical cancer cells; HFAR, high folate receptor; LFAR, low folate receptor; HFAR, high folic acid 
receptor; LFAR, low folic acid receptor; NPs, nanoparticles.
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facilitate intravenous delivery.31 In order to effectively pass 

a NPs-folate-conjugated system from the blood stream and 

reach the target cell of interest, their size and colloidal stabil-

ity in the physiological environment should be considered 

as important factors.35 The closest chemical formula of FA 

is C
19

H
19

N
7
O

6
 (Mw =441.4 Da). Folate (the salt of FA) is 

an ingredient needed for the biosynthesis of purines and 

pyrimidines in the pathway of DNA synthesis.36

Zhang et al35 developed a simple chemical technique 

to couple FA on the Au-NPs surface using GSH. GSH is a 

natural tripeptide (γ-Glu-Cys-Gly) with small size that has 

two carboxyl groups, one -SH group and one amino group. 

Moreover, it is the most abundant thiol species in the cytoplasm 

and a major reducing agent in biochemical processes. It has 

been used as a coupling and stabilizer agent in the fabrication 

of GSH-capped Au-NPs (GSH–Au-NPs). Through the thiol 

group of the cysteine moiety, GSH was immobilized on the 

surface of Au-NPs, and FA was conjugated with Au-NPs via 

the reaction between carboxyl groups of GSH and amino groups 

of FA. For the preparation of fluorescently labeled NPs coupled 

with fluorescein isothiocyanate (FITC), GSH also provided an 

amino group. By using confocal laser scanning microscopy and 

transmission electron microscopy, they confirmed the targeting 

of FA-GSH–Au-NPs to HeLa cells with a high-level folate 

receptor expression and 102 cells/mL as a detection limit.32

In 2016, Zhou et al presented a facile technique for the 

preparation of FA-targeted multifunctional Au-NPs using 

polyethylenimine (PEI) modified with PEG as a template 

for tumor computed tomography imaging applications. In 

their study, PEG monomethyl ether and FA-linked PEG have 

been used for the modification of PEI; a fluorescein isothio-

cyanate was applied as a template for the fabrication of the 

Au-NPs, followed by transformation of the remaining PEI 

surface amines to acetamides. The obtained FA-conjugated, 

PEI-entrapped Au-NPs (FA-Au PENPs) have a gold core 

size of 2.1 nm with water solubility, colloidal stability, and 

noncytotoxicity at a Au concentration range of 100–800 µM. 

Flow cytometry and confocal microscopy data showed that 

the FA-Au PENPs were able to target cancer cells.37

Recently, Kumar et al developed a green synthesis tech-

nique for gum kondagogu-capped Au-NPs (GK-Au-NPs) 

by a natural polysaccharide. The anionic gum-capped GK-

Au-NPs enabled the coupling of FA and FITC to fabricate 

a fluorescently labeled Au-NP (F2-Au-NP) successfully. 

Activity of F2-Au-NPs was investigated on both cancer cells: 

folate receptor positive (MCF-7) and folate receptor negative 

(A549). Characterization of the physicochemical properties 

showed that NPs have a size of 37 nm, smooth surface, 

Au-NPs crystallinity, and existence of gum kondagogu in 

the F2-Au-NPs. Cellular uptake of F2-Au-NPs revealed an 

excellent affinity toward folate receptor-positive cells. An in 

vitro viability study showed biocompatibility in high levels 

for GK-Au-NPs and F2-Au-NPs in A549 and MCF-7 cells.38

Malekmohammadi et al prepared a new sandwich-like 

nanocomposite as a multifunctional smart nanocarrier for 

targeting curcumin (Cur) delivery and cell imaging by 

immobilizing Au-NPs on FA-modified, dendritic, meso-

porous, silica-coated, reduced graphene oxide nanosheets 

(Au-NPs@GFMS). The nanocarrier exhibited a number 

of interesting properties, including good biocompatibility, 

biodegradability, and suitable surface area, which resulted 

in high drug loading capacity. In addition, this new DDS 

showed sustained-release and pH-responsive properties. 

The in vitro cytotoxicity test of the free curcumin, free 

nanocarrier (Au-NPs@GFMS), curcumin-loaded, folate-

conjugated nanocarriers (Cur-Au-NPs@GFMS), and 

curcumin-loaded nanocarriers without folate conjugation 

(Cur-Au-NPs@GAMS) against two human cancer cell 

lines, specifically MCF-7 (human breast carcinoma cell 

lines) and A549 (human lung carcinoma cell lines), dem-

onstrated that the therapeutic efficacy of Cur-Au-NPs@

GFMS was significantly greater than those of other com-

pounds. This is because the cancerous cells can uptake the 

folate-conjugated drug nanocarrier via a receptor-mediated 

mechanism. Fluorescence microscopic images and different 

staining techniques were also used to visualize the cellular 

uptake, anticancer activity, specific targeting ability, and 

photothermal potency of Cur-Au-NPs@GFMS toward the 

MCF-7 cancer cells.39

Figure 2 presents the synthesis of bioconjugated gold 

nanobipyramids (Au-NBPs) for the detection of surface-

enhanced raman scattering (SERS) and near-infrared (NIR)-

triggered photothermal therapy (PTT) in breast cancer. 

Generally, Au-NBPs were first encoded with the Raman 

reporter 2-naphthalenethiol (2-NAP) via the Au−S bond. To 

specify enhancement for the recognition of MCF-7 cancer 

cells, NAP-Au NBPs were functionalized with heterofunc-

tional thiol-PEGamine (SH-PEG-NH
2
), and subsequently FA 

was covalently grafted to the PEG-NAP-Au NBPs through 

the carboxyl group of the FA reaction and a free amine group 

of SH-PEG-NH
2
. In the final step, the obtained bioconjugated 

Au-NBPs were applicable for the detection of SERS and 

NIR-triggered PTT in breast cancers.

DOX delivery by Au-NPs
As shown in Table 3, DOX is one of the most used chemo-

therapeutic agents. Although it shows a killing ability of the 

cancerous cells by inhibition of the nucleic acid synthesis 
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within cells, there are three main problems that should be 

solved with DOX: 1) it has a short lifetime in the human 

body, 2) it shows a large volume of distribution and high 

toxicity, and 3) it has a narrow therapeutic index due to 

low solubility. To overcome the DOX nonspecificity and 

high toxicity, many studies have been done and proposed 

on DOX conjugation to hydrophilic polymers leading to 

reduced toxicity levels while sustaining therapeutic effi-

cacy.54 Specifically, polymer NPs are emerging as a useful 

tool for a wide variety of therapeutic and biomedical appli-

cations, including DOX delivery.

Manivasagan et al proposed multifunctional, DOX-loaded, 

fucoidan-capped Au-NPs (DOX-Fu Au-NPs) for drug deliv-

ery and photoacoustic imaging (PAI). Biocompatible Au-NPs 

were fabricated through a naturally occurring fucoidan (Fu) 

as a reducing and capping agent. At pH 4.5, the DOX release 

from DOX-Fu Au-NPs was greater than at pH 7.4. The in vitro 

cytotoxic effect of DOX-Fu Au-NPs, DOX, Fu Au-NPs, and 

fucoidan showed reduced proliferation of human breast cancer 

cells at an inhibitory concentration of 5, 15, 30, and 35 µg/mL, 

respectively, at 24 hours. In a concentration-dependent man-

ner, DOX-Fu Au-NPs induced both early and late apoptosis 

compared with untreated control cells. The ability of DOX-Fu 

Au-NPs as a contrast agent (CA) for in vitro breast cancer 

imaging with PAI was also demonstrated successfully.54

In 2018, Ramalingam et al developed a DOX-conjugated 

DDS on the Au-NPs surface of polyvinylpyrrolidone (PVP). 

Their results showed that the viability of cancer cells from 

human lungs can be reduced significantly by the combination 

of highly effective cellular entry and a responsive intracel-

lular release of DOX from the DOX@PVP-Au-NPs complex. 

They demonstrated that the in vitro cytotoxic effect of PVP-

Au-NPs, free DOX, and DOX@PVP-Au-NPs inhibited the 

proliferation of human lung cancer cells at an appropriate 

IC50 concentration, and also they increased the generation 

of ROS, sensitized mitochondrial membrane potential, and 

induced both early and late apoptosis in lung cancer cells. 

In addition, DOX@PVP-Au-NPs highly upregulated tumor 

suppressor gene expression compared with DOX and PVP-

Au-NPs and induced intrinsic apoptosis in lung cancer cells.55

DOX shows a cumulative dose-dependent side effect of 

cardiotoxicity. Du et al designed an Au-NP-based DDS to 

solve this problem. They synthesized five thiolated DOX 

analogs and evaluated their biological activities. Then, two 

of the fabricated analogs and PEG-stabilizing ligands were 

conjugated to Au-NPs and the Au-DOX constructs were 

investigated. The obtained results revealed that native drug 

release was achievable by the action of reducing agents 

such as under acidic or GSH conditions, but reductive drug 

release was the cleanest release profile. Au-NPs (Au-DOX) 

were fabricated with various loading values of PEG and 

DOX, and one formulation was investigated for toxicity 

and stability of mammalian cells. The results indicated that 

the construct was stable under physiological conditions. 

λ λ

Figure 2 Bioconjugation of gold nanobipyramids for the detection of SERS and targeted photothermal therapy in breast cancer.
Note: Data from Feng et al.40

Abbreviations: SERS, surface-enhanced raman scattering; PTT, photothermal therapy; EM, electromagnetic field.
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Table 3 Overview of Au-NPs/DOX, Au-NPs/paclitaxel (PTX), and their applications

NPs Drugs/targeting 
agent

Applications References

Au-NPs pectin (Pec-Au-NPs) DOX Breast cancer cells 57

DOX-loaded fucoidan-capped Au-NPs DOX Human breast cancer cells 54

Protein-gold cluster-capped mesoporous silica NPs DOX/gemcitabine A549 lung cancer cells 58

Gelatin-DOX conjugate (GLT-DOX)-coated Au-NPs  
(DOX-GLT/EGCG Au-NPs)

DOX PC-3 cancer cell 59

Biosynthesized Au-NP Peltophorum pterocarpum DOX Cancer cells (A549, B16F10)  
and tumor growth in an  
in vivo model

60

Gelatin-coated Au-NPs DOX MCF-7 breast cancer cells 61

Au-NPs/polyvinylpyrrolidone DOX A549, H460, and H520  
lung cancer cells

55

DOX-loaded Au-NPs DOX A2780 human ovarian cancer  
cell line

56

Pectin-capped Au-NPs DOX Human Caucasian  
hepatocyte cells

62

Human serum albumin (HSA)-coated gold nanorods  
(GNR/PSS/HSA NPs)

DOX Combined cancer  
photothermal therapy  
and chemotherapy

63

Gold nanoplatform targeting carbonic anhydrase IX epitope DOX HT29 tumor cells 64

Oligonucleotide-conjugated Au-NP DOX SW480 cells 65

Oligonucleotides attached to Au-NP DOX SW480 65

Colloidal Au-NPs DOX HepG2 66

Au/Fe3O4 DOX Targeted chemo-photothermal 67

Cisplatin and DOX-bioconjugated bromelain-encapsulated  
Au-NPs

DOX MG-63 and Saos-2 68

Platinum (core)-gold (shell) bimetallic NPs with chitosan DOX HEK293, Caco-2, HepG2,  
and MCF-7

69

Magnetic and Au-NP-embedded silica nanoshuttles DOX HeLa 70

Ultrasmall Au-NPs were appended to the openings of mesoporous 
silica NPs

DOX A549 71

Multifunctional Au-NP DOX A549 72

Fetuin-conjugated Au-NPs DOX NCI-H460 73

Au-NPs coated DOX VX2 and raw 264.7 74

Asialoglycoprotein receptor/PTX-conjugated Au-NPs PTX Liver tumor (HepG2) cells 75

Gold NP-coated pluronic-b-poly(l-lysine) NPs PTX MDA-MB-231 cells 76

Au-NPs with two-layer (hexadecanethiol/phosphatidylcholine)  
and three-layer (with high-density lipoprotein) NPs

PTX Lung cancer 77

Biocompatible Au-NPs/chitosan oligosaccharide PTX MDA-MB-231 78

Gold-PTX nanoconjugate PTX H460 and H460PTX 79

Dithiocarbamate-functionalized PAMAM dendrimer used to cross-
link the shell of arginine Au-NPs

PTX B16F10 cells 80

Polymer-coated gold/graphene hybrid PTX MCF-7 and 16 HBE 81

Liposomes and Au-NPs used to construct a liposome with a hybrid 
cluster bomb structure

PTX HepG2 82

Multifunctional nanoparticulate theranostic system simultaneously  
encapsulating PTX, Au-NPs, and iron oxide NPs in poly(ethylene  
oxide)-block-poly(ε-caprolactone)

PTX MCF-7 and MDA-MB-231 83

Abbreviations: Au-NPs, gold nanoparticles; DOX, doxorubicin; NPs, nanoparticles; PAMAM, poly(amidoamine); PTX, paclitaxel; HSA, human serum albumin; PSS, 
poly(sodium 4-styrenesulfonate).
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No histopathology was conducted in Au-DOX-treated mice 

and no differences were observed from mice treated with 

saline, while mice treated with a DOX equivalent dose 

showed significant observable lesions.56

As depicted in Figure 3, negatively charged Au-NCs@

BSA were attached to a mesoporous silica nanoparticle 

(MSN)-NH3+ surface with positively charged simple mix-

ing in a solution with neutral aqueous solutions saturated in 

cargo molecules. Hence, guest molecules were trapped both 

within the porous channels of MSN and in the capping layer 

of Au-NC@BSA. Figure 3 showed the successful design 

of the MSN-Au-NC@BSA as a nanocarrier. The DOX and 

BSA protein interaction was found to induce the formation 

of a highly loaded shell around gemcitabine-loaded MSN 

NPs leading to exceptionally high payloads. An overview 

of Au-NPs/DOX and their applications is shown in Table 3.

Delivery of PTX using Au-NPs
PTX, an isolated product from the Pacific yew bark,43 is 

one of the chemotherapeutic drugs with a significant effect. 

Promotion and stabilization of microtubes and further G2 

or M phases of the cell cycle inhibition followed by the 

death of cells are its mechanism in the treatment of several 

cancer types. However, PTX has been categorized as a 

class IV chemical drug according to the Biopharmaceutical 

Classification System, because it has low permeability and 

water solubility.84

Gao et al fabricated asialoglycoprotein receptor 

(ASGP-R)-targeting, and PTX-conjugated Au-NPs (galac-

tose/PTX-Au-NPs) for the precise treatment of liver cancer 

(HepG2) cells. Based on their findings, for the designed con-

jugate, the tumor cell selectivity was close to six times of that 

incubated with control conjugates without Gal modification 

in liver normal (L02) cells. The drug level in the tumor vs the 

liver of Gal/PTX-Au-NPs was 121.0% at 8 hours postinjec-

tion, a fold increase of 15.7 in tumor specificity compared 

with that of Au-NPs conjugated with PTX.75

Sun et al used an easy one-step technique to synthesize 

Au-NP-coated pluronic-b-poly(l-lysine) NPs (pluronic-

PLL@Au-NPs). Then they employed it as a delivery carrier 

for PTX in chemo-photothermal therapy, with pluronic-

PLL as the reducing agent for Au-NPs synthesis. MTT and 

calcein-AM assays were applied to determine cell viability 

of MDA-MB-231 cells treated with PTX-loaded pluronic-

PLL@Au-NPs, and cells were then irradiated with near 

infrared light. In vitro cytotoxicity and blood compatibility 

results showed excellent biocompatibility of the pluronic-

PLL@Au-NPs. MDA-MB-231 cells treated with PTX-

loaded pluronic-PLL@Au-NPs showed higher cytotoxicity 

compared with Taxol alone. As confirmed by in vitro and 

in vivo studies, the as-prepared pluronic-PLL@Au-NPs are 

excellent products for chemo-photothermal therapy.76 An 

overview of Au-NPs/PTX and their applications is shown 

in Table 3.

Figure 3 Protein-gold cluster-capped mesoporous silica NPs for high drug loading, autonomous gemcitabine/DOX codelivery, and in vivo tumor imaging.
Note: Data from Croissant et al.58

Abbreviations: Au-NCs, gold nanoclusters; DOX, doxorubicin; MSN, mesoporous silica nanoparticle; NPs, nanoparticles.
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Modification of Au-NPs for Dau delivery
Leukemia, which results in death in many cases around the 

world, is a cancer type that usually involves blood cells and bone 

marrow. One of the common types of child cancer is known as 

acute lymphoblastic leukemia (ALL), and chemotherapy is one 

of the most used ALL treatments in children. One of the most 

common chemotherapeutic drugs is Dau, which is an anthra-

cycline antibiotic. Dau clinical administration has been limited, 

owing to its cumulative cardiotoxicity mainly in children.85

Taghdisi et al, in their study, fabricated sgc8, an aptamer 

for protein tyrosine kinase-7 (PTK7), for Dau-specific 

delivery to Molt-4 cells. The results of flow cytometry 

revealed that the aptamer–Dau complex was internalized 

effectively to Molt-4 cells but not to U266 cells. They 

observed no cell viability significant change between the 

Dau and aptamer–Dau complex treated with Molt-4 cells.85

In another study, Danesh et al modified polyvalent 

aptamer (PA)–Dau-Au-NP complexes and assessed their 

efficacy in human ALL T-cells (Molt-4, target). They loaded 

efficiently Dau (10.5 µM) onto 1 mL of PA-modified Au-

NPs. Dau was released from the fabricated complex in a pH-

sensitive manner and faster release was observed at pH 5.5. 

The obtained flow cytometry analysis results indicated that 

the PA–Dau-Au-NP complex was internalized into target 

cells, but not into nontarget cells. The MTT assay results 

were consistent with the internalization data. PA–Dau-Au-

NP complexes had less cytotoxicity in B lymphocyte human 

myeloma cells (U266, nontarget), and more cytotoxicity 

in Molt-4 cells, compared with both Dau alone and the 

Apt–Dau-Au-NP complexes. The PA–Dau-Au-NP complex 

cytotoxicity was effectively antagonized using the antisense 

of PA. The designed system of drug delivery had efficient 

drug loading and tumor targeting capabilities, drug release 

in a pH-dependent manner, and demonstrated controllable 

Dau delivery to tumor cells.86

As shown in Figure 4, Manivasagan et al78 synthesized 

biocompatible Au-NPs by using CHI oligosaccharide (COS) 

as a stabilizing and reducing agent and loaded subsequently 

with PTX to show their use in the drug delivery and PAI of 

MDA-MB-231 cells. PTX-COS Au-NPs were of spherical 

shape with sustained and pH-dependent drug release profiles 

and strong cytotoxic effects against MDA-MB-231 cells. The 

process was apoptosis induction with an improved genera-

tion of ROS. Fluorescence microscopy and flow cytometry 

were used to prove the cellular internalization of PTX-COS 

Au-NPs. The synthesized complex was also evaluated for 

optical CAs for PAI.61

Moreover, Figure 5 shows an overall scheme for the 

biosynthesized Au-NPs using COS, subsequent PTX loading 

on COS-stabilized gold nanoparticles (COS Au-NPs), and a 

possible mechanism for the cellular uptake of PTX-loaded 

COS-stabilized gold nanoparticles (PTX-COS Au-NPs) in 

MDA-MB-231 cancer cells. In addition, these biosynthesized 

Au-NPs were able to attach to biological macromolecules 

and were loaded subsequently with PTX to show their use in 

anticancer drug delivery and PAI of cancer cells.61

In the work by Rezaei et al, an electrochemical ultrasensi-

tive DOX impedance immunosensor was investigated by the 

immobilization of a monoclonal antibody (mAb) on Au-NPs 

associated with a thiol base sol–gel (TBSol–Gel)-modified 

gold electrode. The fabricated immunosensor capability 

for DOX determination in spiked human serum and urine 

samples was examined, and the obtained results demonstrated 

that the immunosensor can be used as a good tool for DOX 

determination in biological samples.87

Surface plasmon resonance of Au-NPs
The increasing availability of nanostructures with highly 

controlled optical properties in the nanometer size range has 

created widespread interest in their use in biotechnological 

systems for diagnostic applications and biological imaging.88 

Quantum dots are widely used and studied for diagnostic 

applications and biological imaging due to their unique size-

dependent fluorescence properties,89 but potential human 

Figure 4 PTX-loaded chitosan oligosaccharide-stabilized Au-NPs as novel agents for drug delivery and photoacoustic imaging of cancer cells.
Note: Data from Manivasagan et al.78

Abbreviations: Au-NPs, gold nanoparticles; COS, chitosan oligosaccharide; PTX, paclitaxel.
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toxicity and cytotoxicity of the semiconductor material are 

two major problems for its in vitro and in vivo application. 

Colloidal Au-NPs have become an alternative consideration 

due to their ease of preparation, ready bioconjugation, and 

potential noncytotoxicity.90 Immuno-Au-NPs conjugated to 

antibodies have provided excellent detection qualities for 

cellular labeling using electron microscopy. Au-NPs have 

the ability to resonantly scatter visible and near-infrared 

light upon the excitation of their surface plasmon oscilla-

tion. Au-NPs have several advantages for cellular imaging 

compared with other agents. They scatter light intensely, and 

they are much brighter than chemical fluorophores. They do 

not photobleach, and they can be easily detected in as low as 

a 10-16 M concentration. Sokolov described the scattering of 

anti-EGFR/Au-NPs for cervical cancer when stimulated with 

a laser at a single wavelength. Irradiation with a laser will 

only scatter light that is close to the laser wavelength used.91

MRI contrast agent
Small-sized IO NPs can exhibit superparamagnetic behavior 

with very weak magnetic interactions and good dispersion; 

when an external field is applied, they will undergo transition 

from a superparamagnetic state to a ferrimagnetic state. This 

distinctive feature together with other properties, such as a 

large surface area and high biocompatibility, makes them 

promising nanoagents for highly sensitive MRI, targeted drug 

delivery, multimodal diagnosis, and treatment of a number of 

diseases and biological sensing.92,93 The general requirements 

of magnetic hyperthermia agents are mainly related to their 

Ms, surface coating, and size. These parameters strongly 

affect both the magnetic behavior of the particles and their 

stability, biocompatibility, and biodistribution.94,95 Magnetic 

resonance-guided focused ultrasound surgery (MRgFUS), 

as a promising noninvasive ultrasound thermal treatment 

for soft tissue lesions, has been utilized in the treatment 

of prostate, kidney, and liver cancer. In particular, there is 

precise control of beam direction, and ongoing feedback 

is provided to detail temperature changes at and around 

the treated tissue in MRgFUS.96 Despite its great promise 

in the noninvasive treatment of cancers, MRgFUS is cur-

rently limited by the insensitivity of MRI for visualization 

of small tumors, low efficiency of in vivo ultrasonic energy 

deposition, and damage to surrounding tissues. In 2017, 

Wang et al reported the development of an active targeting 

nano-sized theranostic superparamagnetic iron oxide (SPIO) 

platform for significantly increasing the imaging sensitivity 

and energy deposition efficiency using a clinical MRgFUS 

system. The surfaces of these PEGylated SPIO NPs were 

decorated with anti-EGFR mAbs for the targeted delivery 

to lung cancer with EGFR overexpression. The potential 

Figure 5 Overall scheme for the biosynthesis of Au-NPs using COS, subsequent loading of PTX on COS-stabilized Au-NPs (COS Au-NPs), and the possible mechanism for 
the cellular uptake of loaded COS-stabilized Au-NPs (PTX-COS Au-NPs) in MDA-MB-231 cancer cells.
Note: Data from Manivasagan et al.78

Abbreviations: Au-NPs, gold nanoparticles; COS, chitosan oligosaccharide; PTX, paclitaxel.
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of these targeted nano-theranostic agents for MRI and 

MRgFUS ablation was evaluated in vitro and in vivo in a rat 

xenograft model of human lung cancer (H460). Compared 

with nontargeting PEGylated SPIO NPs, the anti-EGFR 

mAb-targeted PEGylated SPIO NPs demonstrated a better 

targeting capability to H460 tumor cells and greatly improved 

the MRI contrast at the tumor site. Meanwhile, their results 

showed that the targeting NPs, as synergistic agents, could 

significantly enhance the efficiency for in vivo ultrasonic 

energy deposition in MRgFUS. Moreover, they demonstrated 

that a series of MR methods including T2-weighted image, 

T1-weighted image (T1WI), diffusion-weighted imaging, and 

contrast-enhanced T1WI imaging could be utilized to nonin-

vasively and conveniently monitor the therapeutic efficacy 

in rat models by MRgFUS.97 In particular, the metal ferrite 

NP MFe
2
O

4
 (M = Mn, Co, Ni, etc) represents an important 

class of magnetic ternary compound NPs, which have found 

wide biomedical applications, mostly as highly sensitive 

MRI nanoprobes for the in vivo and noninvasive detection 

of clinically important biological targets.98 Recent advances 

in this field have revealed that the ultrasmall magnetite NPs 

with sizes ,5 nm can exhibit remarkable and counterintuitive 

T1 MR enhancement due to their strong size-related effects, 

in stark contrast to the conventional SPIO-based CA such as 

Feridex, which is the representative T2 CA.99,100

IO NP conjugates in DDSs
Magnetic nanoparticles (M-NPs), including the core of IO 

and its polymeric shell, present an effective carrier for the 

enhanced tumor delivery of therapeutic agents. The IO core 

shows that the high magnetic susceptibility enables non-

invasive manipulation of M-NPs by magnetic fields. Local-

ized, magnetically assisted capture of blood-borne M-NPs, 

termed “magnetic targeting”, has been shown to enhance drug 

delivery of subcutaneous tumor lesions in both clinical and 

preclinical settings.101 In order to reduce the tumor metastasis 

and recurrence, an efficient DDS with local drug release on 

demand over a prolonged duration in tumors and interstitial 

tissue is highly desirable, so as to reduce systematic toxicity. 

Hence, the incorporation of magnetic hyperthermia agents 

and chemotherapeutic agents into hydrogels has attracted 

special attention owing to the superiority of an alternating 

magnetic field, eg, remote controlled, contactless actuation, 

and deep penetrability. The combination therapy of mag-

netic hyperthermia and chemotherapy with on-demand drug 

release reached a much higher therapeutic effect than single 

therapy without significant side or systematic effects.102

The summarized applications of IO NPs/drugs are pre-

sented in Table 4.

5-FU release from IO NPs
Das et al reported a fabrication method for a magnetic gado-

linium oxide−IO core, mesoporous silica shell gated with 

boronic acid functionalized with highly luminescent carbon 

quantum dots (BNSCQD). They used a porous silica shell 

as a anticancer drug 5-FU reservoir, whereas the BNSCQD 

cap played a controller role in drug transportation under a 

simulated intracellular environment. Based on the experiment 

Table 4 Overview of iron oxide nanoparticles/drugs and their applications

Nanoparticles Drugs/targeting  
agent

Applications References

Magnetic mesoporous silica gated with doped carbon dot 5-FU Fluorescence imaging of Sla-
overexpressed HePG2 cancer cells

103

Magnetic iron oxide/mesoporous silica nanocomposites 
(m-MCM-41)

5-FU Drug release system 104

Chitosan-co-PEG/poly(glycerol sebacate)-co-PEG-coated iron oxide 5-FU Carrier for 5-FU anticancer, HT29 
cell line

105

Polylactic-co-glycolic acid (PLGA) NPs as 5-FU carriers with/without 
iron oxide core

5-FU Carrier for 5-FU anticancer human 
colon cancer cell line HT29

106

PLGA-coated magnetite nanographene oxide 5-FU Rabbit plasma 107

Polycaprolactone (PCL)/chitosan (CHI)-coated superparamagnetic 
iron oxide nanographene oxide (SPION-NGO)

5-FU CT26 colon cancer cell line 108

Magnetic NPs Fe3O4 5-FU 7,901 cancer cells 119

Magnetic field-sensitive methylcellulose and PCL gels 5-FU Targeted and controlled release 110

B-cyclodextrin–PEG–polyethyleneimine-coated iron oxide NPs 5-FU L929 and MCF-7 111

Encapsulation of superparamagnetic Fe3O4 5-FU 7,901 cancer cells 112

(Continued)
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Table 4 (Continued)

Nanoparticles Drugs/targeting  
agent

Applications References

Polyglycerol-coated iron oxide NPs FA Human cervical carcinoma cell line 113

Magnetic mesoporous silica NPs FA Cancerous HeLa cells 114

Folate-decorated cobalt ferrite nanoparticles coated with PEG FA HSF 1184 (human skin fibroblast 
cells) and HeLa (human cervical 
cancer cell, FAR+)

115

Iron oxide NPs/hyperbranched polyglycerol FA MCF-7 cells 116

Iron oxide NP-conjugated chitosan-graft-poly(2-dimethylaminoethyl 
methacrylate)

FA L929 (mouse fibroblast) cell line, 
MCF-7 (human breast cancer) cell 
line, and MDA-MB-231 (human 
breast cancer) cell line

117

Iron oxide NPs FA MRI detection and hyperthermia 
treatment of lymph node metastases 
of prostate cancer

118

Magnetite@SiO2 nanostructures FA Human cervical cancer line 119

Aminosilane MNPs FA Colorectal cancer and an animal 
model of cancer xenograft

120

Magnetic NPs/PEG FA Human cervix epitheloid carcinoma 
HeLa cells, human breast carcinoma 
cells MCF-7 and MDA-MB435

121

Starch/ZnO-coated iron oxide NPs FA Human lymphocytes, HepG2, and 
MCF-7 cell lines

122

Fe3O4-ZnO hybrid NPs FA Photodynamic therapy, human 
epithelial colorectal adenocarcinoma 
(Caco-2) cells

123

Poly(N-isopropylacrylamide) hydrogel core/superparamagnetic 
magnetite NPs

FA Cervical cancer cell line (HeLa) 124

Polyethylenimine superparamagnetic iron oxide NPs FA MRI and PD-L1 siRNA delivery for 
gastric cancer

125

Iron oxide NPs/functionalized with FA and rhodamine FA Cell proliferation assay on HeLa 
cells

126

Bovine serum albumin-coated superparamagnetic γ-Fe2O3 NPs FA U251 127

Amine group immobilized iron oxides, Fe3O4-NH2, attached on the 
surface of self-assembled triblock copolymer, poly[(acrylic acid)-
block-(N-isopropylacrylamide)-block-(acrylic acid)]

FA MCF-7 128

Basic cobalt ferrite (CoFe2O4) particles covalently bonded with a 
photosensitizer

FA PC-3 129

Carboxylated quercetin conjugated to superparamagnetic iron 
oxide NPs modified by (3-aminopropyl) triethoxysilane, FA, and 
carboxylated PEG

FA MCF-7, HeLa, and A549 130

Superparamagnetic iron oxide functionalized with (3-aminopropyl) 
triethoxysilane and PEG

FA U87 131

Superparamagnetic iron oxide NPs coated with chitosan and 
FA-conjugated chitosan

FA MCF-7 132

FA-targeted iron oxide (Fe3O4) NPs FA Human serous ovarian cell line 
(Skov-3)

133

Iron oxide NPs/chitosan, FA/loaded with aqueous poorly soluble 
quercetin

FA PC-3 and MCF-7 134

Magnetic mesoporous silica NPs/CuS nanocrystals/photothermal 
agent/PEG

FA HeLa 135

PEGylated PEG bis(carboxymethyl ether)/Fe3O4 NPs DOX Cancer therapy 136

(Continued)
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Table 4 (Continued)

Nanoparticles Drugs/targeting  
agent

Applications References

Fe3O4@MoS2 nanocubes DOX Human breast cancer xenograft in 
nude mice

137

DOX-loaded dendritic-Fe3O4 supramolecular NPs DOX Magnetic drug targeting and tumor 
regression in spheroid murine 
melanoma model

138

PEGylated cubic Fe3O4 NPs DOX Mouse skin fibrosarcoma  
(WEHI-164) cells

139

Magnetite NPs hydrophilized by nonionic surfactant pluronic  
F127–polyethylene-polypropylene oxide polymer

DOX LNCaP and PC-3 prostate cancer 
cell lines

140

Chitosan-functionalized Fe3O4 NPs DOX Ovarian cancer cell (SK-OV-3) and 
breast cancer cell line (MCF-7)

141

Fe3O4 NPs coated with poly(N-isopropylacrylamide) DOX Human cervical carcinoma cell line, 
MRI

142

Iron oxide NPs/DOX-loaded calcium phosphate/arginylglycylaspartic 
acid

DOX T24 bladder cancer cells 143

Sodium alginate-polyvinyl alcohol-bovine serum albumin-coated 
Fe3O4 NPs

DOX HepG2 and L02 cells 144

FA-conjugated PEG-coated MNPs DOX HeLa cell line 145

Fe3O4-inositol hexaphosphate DOX MG-63 cell line 146

Genipin-cross-linked iron (III) oxide/polyetherimide NPs DOX HeLa cell line 147

Polyvinyl alcohol hydrogel grafted by modified Fe3O4 NPs DOX DOX delivery 148

Cucurbit[7]uril-modified iron-oxide NPs DOX HeLa cells, MCF-7, A2780, Dox-
resistant A2780, and HEK293 cells

149

Dextran-coated superparamagnetic iron oxide NPs DOX Human pancreatic carcinoma cell 
lines MIA PaCa-2

150

Dual-targeted NPs loaded with DOX and MNPs DOX MCF-7 151

Superparamagnetic iron oxide NPs DOX LO2 and HepG2 152

Liposome-capped core-shell mesoporous silica-coated 
superparamagnetic iron oxide NPs

DOX MCF-7 and U87 153

Fe3O4 NP-capped mesoporous silica DOX HepG2 154

Superparamagnetic Fe3O4 NPs DOX L929 and HeLa 155

Azobis[N-(2-carboxyethyl)–2-methylpropionamidine] DOX MCF-7 156

Superparamagnetic iron oxide NPs DOX U251 157

Iron oxide@meso-silica NPs DOX HeLa cell line 158

Polyacrylic acid-functionalized Fe3O4 NPs are conjugated with FA 
through peptide bonding

DOX HeLa cell line 159

Fe3O4 encapsulated in inner aqueous phase and hydrophobic drug 
(curcumin)

DOX HeLa cell line 160

PEG carboxyl–poly(ε-caprolactone)-modified MNPs PTX Mouse H22 hepatocarcinoma cells 
(H22), human embryonic kidney 
cells (HEK293T), and hepatoma 
carcinoma cell (Hep G2)

161

Loaded magnetic NPs modified with methoxy PEG-lysine-oleic acid PTX Liver, left kidney, and right kidney 
cell

162

Fe3O4⋅dopamine-bovine serum albumin/hyaluronic acid PTX MRI 163

TAT peptide-conjugated magnetic PLA-PEG nanocapsules PTX Human lung adenocarcinoma 
epithelial cells A549

164

Peptide H7K(R2)2-modified, theranostic liposome-
superparamagnetic iron oxide NPs

PTX H7K(R2)2 in MDA-MB-231 cell line, 
MRI

165

(Continued)
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Table 4 (Continued)

Nanoparticles Drugs/targeting  
agent

Applications References

Fe3O4 NPs into porous isoreticular metal PTX HeLa and NIH3T3 166

Methoxy PEG-poly(d,l-lactide-co-glycolide)(MPEG-PLGA) PTX HeLa and A549 167

Superparamagnetic polymer microcontainers Dau pH-sensitive controlled release 
mechanism

168

Dau-loaded MNPs Dau Human chronic myelogenous 
leukemia cells (K562 cells)

169

Magnetic iron oxide NPs coloaded with Dau and 5-bromotetrandrin Dau Human leukemia K562/A02 cells 170

PLA multiwalled carbon nanotubes Fe3O4 composite nanofibers Dau Leukemia cancer cells 171

ZnFe2O4 NPs Dau HeLa cells 172

Abbreviations: Dau, Daunorubicin; DOX, doxorubicin; 5-FU, 5-fluorouracil; FA, folic acid; FAR, folic acid receptor; MNPs, magnetic nanoparticles; NPs, nanoparticles; PEG, 
polyethylene glycol; PLA, polylactic acid; PTX, paclitaxel. 

results, the fabricated construct is a promising theranostic 

material because of its advantages in stimuli-responsive drug 

release, significant optical imaging, and MRI. A drug release 

experiment under various pH values and in the presence of 

the competitive binding ligand SLa clearly showed excellent 

responsiveness of the BNSCQD-capped MSN hybrid system 

toward dual stimuli.103

In another study, Egodawatte et al evaluated three different 

solvents (dimethyl sulfoxide, water, and water/acetone) for load-

ing of 5-FU into magnetic IO/mesoporous silica nanocomposites 

(m-MCM-41) with and without functionalization of aminopro-

pyl. Their findings showed that the 5-FU loading and release 

characteristics from m-MCM-41 depended on the polarity of the 

solvent and the surface functionalization of the host. The greater 

capacity of hydrogen bonding in the amine functionalized with 

5-FU accounted for a lower release of 5-FU when water/acetone 

and water were applied as loading solvents.104

As demonstrated in Figure 6, Naghizadeh et al tested 

polyglycerol sebacate-PEG/CHI-PEG-coated IO (PGS-PEG/

CS-PEG@Fe
3
O

4
) NPs as a carrier for 5-FU in a controlled 

release study in vitro. They measured the ability of PGS-

PEG/CS-PEG@Fe
3
O

4
 NPs, to deliver 5-Fu by analyzing the 

drug release rate in physiological simulated media. The data 

obtained from the study in the physiological fluids clearly 

showed that drug release from PGS-PEG NPs as a control was 

remarkably faster than that observed when PGS-PEG/CS-PEG 

NPs were used. In their study, PGS-PEG/CS-PEG@Fe
3
O

4
 

NPs were developed under mild conditions to improve the 

biocompatibility and drug targeting of NPs for cancer therapy. 

In order to prepare CS-PEG for bonding PEG to the hydroxyl 

group of CS, the amine groups at the C2 position of the CS 

were protected using sodium dodecylsulfate (SDS) and then 

removed simply by dialyzing the precipitation against a Tris 

solution. To engineer the release of the drug at two different 

rates, they suggest blending of CS-PEG with PGS-PEG and 

using this composition as a polymeric shell of M-NPs for drug 

delivery. This polymeric composition was used as a nanocar-

rier for solubilizing the poorly soluble anticancer drug 5-FU. 

Drug-loaded M-NPs were synthesized and its potential for use 

as a 5-FU carrier for HT29 target delivery was investigated.105

Shen et al109 reported the synthesis of a thermoresponsive 

system for the release of a drug, which encapsulated the 

Fe
3
O

4
-NPs and the drug model 5-FU with a thermosensitive 

polymer poly(N-isopropylacrylamide) (PNIPAM). As the 

drug release channel, they used mesoporous SiO
2
, which 

could enhance the drug loading rate and reduce drug loss.

Figure 6 Controlled release of 5-fluorouracil from CS-PEG/PGS-PEG-coated iron oxide.
Note: Data from Naghizadeh et al.105

Abbreviations: CS-PEG, chitosan-co-poly(ethylene glycol); PGS-PEG, poly(glycerol sebacate)-co-poly(ethylene glycol).

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1649

Jahangirian et al

They coated successfully rhodamine 6G (R6G) and 

CHI on the SiO
2
 spherical surface. The results confirmed 

the intermolecular interactions of the nanocomposites. R6G 

is a typical fluorochrome, which is usable in cell imaging. 

A study using fluorescent imaging by confocal laser scan-

ning microscopy showed that the fabricated nanocomposites 

Fe
3
O

4
/PNIPAM/5-Fu@mSiO

2
-CHI/R6G could specially 

target cells of a tumor.

In Figure 7, a drug carrier system synthesis process for 

Fe
3
O

4
/PNIPAM/5-Fu@mSiO

2
-CHI/R6G, which is tempera-

ture-responsive at different temperatures in vitro is depicted. 

In the system for drug delivery, Fe
3
O

4
-NPs were used as the 

source of magnetism and treatment of hyperthermia. Under 

the magnetic field and based on the magnetocaloric function 

of M-NPs, thermoresponsive drug delivery was controllable. 

The Fe
3
O

4
/PNIPAM/5-Fu@mSiO

2
-CHI/R6G drug carrier 

showed low cytotoxicity and was usable as a cell imaging 

agent via a MTT study and images from confocal laser scan-

ning microscopy.

Modification of IO NPs with FA
Fakhimikabir et al investigated the therapeutic role of FA-

conjugated, polyglycerol-coated IO NPs on HeLa cell radio-

sensitivity when irradiated with 6 MeV electron beams. It was 

observed that the uptake penetration rate for cells treated with 

FA-PG-SPIONs was more compared with nontargeted NPs. 

No significant reduction was observed for cell viability based 

on the data obtained by the trypan blue dye exclusion test for 

all groups in comparison with the control group. The results 

showed that the radiation dose increment in the presence of 

different concentrations of the NPs increased radiosensitivity. 

The highest concentration of FA-PG-SPIONs led to the most 

radiosensitivity. It was shown that FA-PG-SPION at higher 

concentrations with a combination of 6 MeV electron beams 

could enhance HeLa cell radiosensitization.113

In another study, Avedian et al prepared a drug delivery 

nanocarrier to cells of tumors based on magnetic mesopo-

rous silica NPs (MMSNs), including an IO (Fe
3
O

4
) core 

coated with mesoporous silica and a pH-responsive shell of 

poly(ethyleneimine)-conjugated FA. They loaded erlotinib 

as an anticancer drug and evaluated the release profile at 

different pH values over 4 days. The obtained hemolysis 

confirmed a negligible hemolytic activity of the prepared 

NPs. Moreover, they did not observe any significant toxic-

ity for erlotinib-free MMSNs, while the erlotinib-loaded 

MMSNs inhibited the proliferation of HeLa cells. In 

addition, FA-labeled NPs had a higher cytotoxic effect on 

cancerous HeLa cells. Accordingly, the obtained results 

revealed a system with controlled targeted drug delivery 

to decrease the side effects of anticancer drugs.114 The 

sequential steps for the preparation of Fe
3
O

4
@MSN/PEI-

FA are shown in Figure 8.

Zhang et al proposed FA-conjugated Fe
3
O

4
 NPs as a CA 

for T2 negative for MRI to accurately detect ovarian cancer 

tissues in an intraperitoneal xenograft tumor model. The FA-

conjugated Fe
3
O

4
 NPs (9.2±1.7 nm) had a low cytotoxicity 

effect to these human serous ovarian cell line (Skov-3). The 

cellular uptake results showed the targeting specificity of 

the FA-targeted Fe
3
O

4
 NPs to Skov-3 cells overexpressing 

FARs. They suggested that the FA-targeted Fe
3
O

4
 NPs are 

a promising detection agent for human ovarian carcinoma 

using MRI and are usable for the treatment of hyperthermal 

tumors as well.133

Patel et al synthesized a FA-conjugated hybrid Fe
3
O

4
-

ZnO NPs (FZ-SFA) and investigated their interactions and 

photosensitivity with cancerous cells under radiation. For this 

purpose, silanisation and chemical conjugation of FA to the 

hybrid Fe
3
O

4
-ZnO cores was carried out. The photosensitizer 

photocatalytic properties were assessed and optimized using 

methylene blue photodegradation. Moreover, cell viability 

assessment and effective photoinduced cytotoxicity of NPs 

were completed using colorectal adenocarcinoma (Caco-2) 

cells. The subsequent preparation stages are presented sche-

matically in Figure 9. FZ NP surface modification was carried 

out with silica and the subsequent esterification of FA with 

N-hydroxysuccinimide. Folate conjugation correlated to a 

further increase in the magnitude of the negative charge. 

The presence of unbound carboxylate groups on FA would 

Figure 7 Smart multifunctional magnetic nanoparticle-based drug delivery system 
for cancer thermo-chemotherapy and intracellular imaging.
Note: Data from Shen et al.109

Abbreviations: CHI, chitosan; PNIPAM, poly(N-isopropylacrylamide); TEOS, 
tetraethyl orthosilicate.
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lead to dissociation of hydrogen ions in solution and lead to 

a negatively charged surface.123

Use of IO NPs for DOX delivery
Ji et al reported a smart pH and magnetic sensitive DDS based 

on PEGylated Fe
3
O

4
 superparamagnetic NPs. The citric-

coated Fe
3
O

4
 (CIO) NPs were first synthesized and further 

functionalized to be biocompatible PEG bis(carboxymethyl 

ether) (COOH-PEG-COOH), thus PEGylated CIO (GCIO) 

NPs were obtained. DOX was conjugated to the NPs as a 

model drug via a hydrazone bond. The sphere-like GCIO NPs 

had significantly strong magnetism with a high drug loading 

capability (~89%) and a relatively uniform size distribution. 

Drug release studies revealed that the GCIO-DOX had 

pH-responsive drug-release properties. The MTT assay 

demonstrated that GCIO NPs possessed low cytotoxicity and 

good physiological stability. Further, cell viability results 

indicated that the GCIO-DOX showed effective cytotoxicity, 

although only a bit lower than free DOX. All data obtained 

indicated that the combined pH-responsive and magnetic 

multifunction DDS has numerous excellent potential applica-

tions for cancer therapy.136

In another study, Xie et al used MRI-guided chemo-

photothermal for human breast cancer xenograft therapy 

in nude mice using a novel core/shell structure of Fe
3
O

4
@

molybdenum sulfide (MoS
2
) nanocubes (IOMS NCs) 

via the integration of MoS
2
 (a typical transition-metal 

dichalcogenide) films onto IO NCs. After the PEGylation 

Figure 8 pH-sensitive biocompatible mesoporous magnetic nanoparticles labeled with folic acid as an efficient carrier for controlled anticancer drug delivery.
Note: Data from Avedian et al.114

Abbreviations: MSN, mesoporous silica nanoparticle; PEI, polyethylenimine.

      

Figure 9 Novel folic acid-conjugated Fe3O4-ZnO hybrid nanoparticles for targeted photodynamic therapy.
Note: Data from Kim et al.123
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modification of NCs, such PEGylated NCs were capped 

with 2-deoxy-d-glucose (2-DG), which is a nonmetaboliz-

able glucose analog and is attractive to resource-hungry 

cancer cells. The DOX was carried by IOMS-PEG-2DG 

NCs as drug carriers. Twenty-four hours after intravenous 

injection of IOMS-PEG(DOX)–2DG NCs, detection of a 

tumor site was accomplished by an enhanced T2-weighted 

MRI signal. A significant increment in temperature was 

observed in the tumor site by exposure to an NIR 808 nm 

laser for 5 minutes at a low power density. They found 

an efficient inhibition in tumor growth by the chemo-

photothermal effect.137

Based on Figure 10, DOX-loaded PEG and 2-DG-

modified Fe
3
O

4
/MoS

2
 core/shell NCs as a theranostic nano-

platform (IOMS-PEG(DOX)–2DG NCs) were fabricated 

using a two-step hydrothermal technique, in which MoS
2
 

were attached to the Fe
3
O

4
 NCs surface to prepare the Fe

3
O

4
@

MoS
2
 NCs (IOMS NCs). DOX acted as chemotherapy 

agent and 2-DG was used as the active targeting agent to 

prolong blood circulation time, strengthen the accumula-

tion of IOMS-PEG(DOX)–2DG NCs at the tumor site, and 

uptake increment in cancer cells. Under NIR laser radiation 

and external magnetic fields, IOMS-PEG(DOX)–2DG NCs 

revealed a significant potential for use in cancer MRI-guided 

chemo-phototherapy.

Modification of IO NPs for PTX and Dau 
delivery
Multifunctional magnetic nanoparticles (MMNPs) have been 

newly developed for tumor-targeted drug carriers. To address 

challenges such as nontoxicity, biocompatibility, stability, and 

targeting efficiency, Li et al reported on the novel drug deliv-

ery PEG carboxyl–poly(E-caprolactone)-modified MMNP 

(PEG–PCCL-MNP), suitable for magnetic targeting. The 

size of the PEG–PCCL-MMNP was 79.6 nm. PEG–PCCL-

MMNP showed good biocompatibility and little in vitro or 

in vivo cytotoxicity, as well as effective, tumor-specific cell 

targeting for drug delivery when an external magnetic field 

was applied. Based on their results, PEG–PCCL-MMNP is a 

potential biocompatible candidate for tumor-specific targeting 

drug vehicles for hydrophobic drugs.161

Chatzipavlidis et al produced magnetic pH-sensitive 

microcontainers. Figure 11 presents the preparation pro-

cess of the Fe
3
O

4
 poly(N,N0-methylenebis(acrylamide)-

comathacrylic acid) (P(MBAAm-co-MAA)) microcontainers 

and the chemical structure of Dau by a four-step process: 

1) the fabrication of citrate-modified MNPs using the copre-

cipitation technique, 2) encapsulation of MNPs in noncross-

linked poly(methacrylic acid) (PMAA) microspheres leads to 

a core/shell structure, 3) synthesis of a P(MBAAm-co-MAA) 

layer on the magnetic PMAA microsphere surface in order to 

Figure 10 DOX-loaded Fe3O4@MoS2-PEG-2DG nanocubes as a theranostic platform for MRI-guided chemo-photothermal therapy of breast cancer.
Note: Data from Xie et al.137

Abbreviations: DOX, doxorubicin; IO, iron oxide; IOMS, Fe3O4@molybdenum sulfide; NCs, nanoclusters; PEG, polyethylene glycol; PTT, photothermal therapy.
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Figure 11 Sacrificial template-directed fabrication of superparamagnetic polymer microcontainers for the pH-activated controlled release of Dau.
Note: Data from Chatzipavlidis et al.168

Abbreviations: MNPs, magnetic nanoparticles; PMAA, poly(methacrylic acid); P(MBAAm-co-MAA), poly(N,N0-methylenebis(acrylamide)-comathacrylic acid).

synthesize a trilayer hybrid microsphere, and 4) the removal 

of the PMAA layer in ethanol and formation of a stable 

P(MBAAm-co-MAA) microcontainer with MNPs entrapped 

inside the formed cavity. This simple process leads to the 

superparamagnetic formation of pH-sensitive microcontain-

ers. The magnetic pH-sensitive microcontainers were loaded 

with Dau and investigated with respect to the rate of release 

at different pH values for their functional evaluation as a 

controlled release system.168

As highlighted in this review, there has been significant 

interest and research conducted on Au-NPs and iron NPs for 

imaging, therapeutic, and drug delivery applications. Their 

biologically relevant size, ability to easily functionalize with 

biomolecules, and chemotherapeutic agents aid in their abil-

ity to improve therapeutic delivery and noninvasive disease 

diagnostics. In order for their successful use in biomedical 

applications, long-term cytotoxicity and genotoxicity of 

Au-NPs and Fe
3
O

4
 NPs should be evaluated. Nevertheless, the 

accomplishments in this review demonstrate the significant 

impact that nanotechnology has had on the biomedical field.

Conclusion
The poor stability of conventional drugs in biological fluids, 

their enzymatic degradation, and difficulties in securing their 

penetration through some barrier or the nuclei of cells are 

some of the unfavorable attributes of existing technologies. 

The development of metal NPs has been greatly accelerated 

over the past decade by advances in nanotechnology and 

molecular cell biology. Various formulations have been 

developed to diagnose and treat diseases for which conven-

tional therapy has shown limited efficacy. Iron and Au-NPs 

have come to the forefront as a promising new vehicle for 

drug delivery. Control of the manner, place, and timing of 

release of the payload are vital in drug and gene delivery 

systems. As we move forward, more effective characteriza-

tion tools are needed to better understand their behavior in 

the body. Moreover, questions about metal NP elimination 

and long-term toxicity remain barriers to clinical entry. Once 

these concerns are addressed, metal NPs will move closer to 

clinical application, improving the diagnosis, treatment, and 

monitoring of our most unmanageable diseases. A concep-

tual understanding of biological responses to nanomaterials 

is needed for their future safe development and application 

in drug delivery. Moreover, a strong collaboration between 

those working in drug delivery and particle toxicology 

is necessary for the exchange of concepts, methods, and 

expertise. Gold and IO NPs have emerged as promising 

scaffolds for drug and small molecule delivery, providing 

a useful complement to more traditional delivery vehicles. 

Their high surface area, combination of low inherent toxicity, 
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and tunable stability provide them with unique attributes that 

should enable new delivery strategies. The key issue that 

needs to still be addressed is the particle surface engineer-

ing for optimizing properties such as nonimmunogenicity 

and bioavailability.
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