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Abstract

The idea of multifunctional nanomedicine that enters the human body to diagnose and treat 

disease without major surgery is a long-standing dream of nanomaterials scientists. Nanomaterials 

show incredible properties that are not found in bulk materials, but achieving multi-functionality 

on a single material remains challenging. Integrating several types of materials at the nano-scale is 

critical to the success of multifunctional nanomedicine device. Here, we describe the advantages 

of silica nanoparticles as a tool for multifunctional nano-devices. Silica nanoparticles have been 

intensively studied in drug delivery due to their biocompatibility, degradability, tunable 

morphology, and ease of modification. Moreover, silica nanoparticles can be integrated with other 

materials to obtain more features and achieve theranostic capabilities and multimodality for 

imaging applications. In this review, we will first compare the properties of silica nanoparticles 

with other well-known nanomaterials for bio-applications and describe typical routes to synthesize 

and integrate silica nanoparticles. We will then highlight theranostic and multimodal imaging 

application that use silica-based nanoparticles with a particular interest in real-time monitoring of 

therapeutic molecules. Finally, we will present the challenges and perspective on future work with 

silica-based nanoparticles in medicine.
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1. Introduction

A microscopic system that can help doctors diagnose and treat diseases has fascinated the 

public and researchers since 1966. The emergence of nanotechnology in the 1980s pushed 

this dream closer to reality. Efforts towards building a multifunctional nanomedicine device 

include studies in multimodal imaging and theranostic nanomedicine1. These tools can 

diagnose patients using a variety of imaging modalities and can deliver cargo for imaging 

and/or therapy.

1.1 Definition and categories of nanomaterials

Nanomaterials are materials that have unique properties as a function of their intrinsic 

features smaller than 1000 nm. These materials typically differ in physical properties from 

bulk materials2. Nanomaterials that are popular in biology and medicine can be either man-

made or natural. Man-made nanomaterials include carbon nanotubes3–6, graphene7–10, 

liposomes11–14, dendrimers15–19, polymers20–26, silicon27 and silicas28–34 and other sol-

gels35, quantum dots36–39, up-conversion nanoparticles (UCNPs)40–44, superparamagnetic 

iron oxide nanoparticles45–49, other metal oxides nanoparticles50–53, and noble metals54–58. 

Natural nanomaterials used in nanomedicine are mainly deoxyribonucleic acid (DNA)59–62. 

In nanomedicine, these nanomaterials are commonly synthesized in the form of 

nanoparticles which range in size between one and several hundred nanometers3, 63.

1.2 Properties of nanomaterials

Regardless of the underlying material, nanoparticles have a large surface area and high 

surface-to-volume ratio. These particles are comparable to the size of DNA plasmids, 

antibodies, enzymes, other biological macromolecules as well as cell products like 

exosomes64 (Figure 1). This large surface area enables a high loading capacity of functional 

molecules such as therapeutics and imaging agents. Also, some nanoparticles have large 

porosity which is beneficial to high loading. Important factors that influence the 

nanoparticles’ biodistribution include size, surface charge, dispersity, and hydrophobicity65 

(Figure 2). Generally, nanoparticles with a size smaller than 8 nm will be rapidly cleared by 

the kidneys. Larger nanoparticles between 30 to 200 nm can accumulate in tumors by the 

enhanced permeability and retention (EPR) effect66. The small size of nanoparticles also 
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benefits cell endocytosis67, 68. The surface properties are also important for nanoparticles 

because altering the surface chemistry of a nanoparticle will change its hydrodynamic size 

and surface charge as well as its reactivity (e.g., binding affinity).

Figure 2 shows that nanoparticles with positive surface charge are often more toxic because 

of complications such as hemolysis and platelet aggregation. Positively charged 

nanoparticles can also have shorter circulation half-lives than negative and neutral 

counterparts66. Hydrophobic nanoparticles will be rapidly cleared by the reticuloendothelial 

system (RES)65.

While nanoparticles share a small size and high surface area, they differ in terms of the 

endogenous properties that govern their biocompatibility. The advantages and disadvantages 

as well as applications of various nanoparticles are presented in Table 1. Carbon nanotubes 

are pseudo one-dimensional nanomaterials that can penetrate through different cellular 

barriers. The high specific surface area and void in the center of carbon nanotubes can be 

used for drug delivery3–6. Graphene is a two-dimensional (2D) sheet of sp2-hybridized 

carbon atoms packed into a honeycomb lattice. The high surface area gives graphene a high 

adsorption capacity for molecules7–10.

Liposomes are spheres composed of lipid bilayer similar to biological membranes. 

Liposomes have been used to load cargos such as therapeutic molecules, nucleic acids, and 

fluorocarbon gas to achieve drug delivery, lipofection, and ultrasound contrast agents.11–14 

Dendrimers are highly branched polymers that can form nanoparticles with voids to load 

drugs and genes. Dendrimers can also be used as a blood substutite15–19. DNA origami 

utilizes the nanoscale folding of DNA and has been applied to drug delivery59–62. Quantum 

dots are luminescent zero-dimensional particles, and their photoluminescence can be 

manipulated to specific wavelengths by controlling the particle diameter69. They are 

commonly used in fluorescence/luminescence imaging36–39.

UCNPs are nanoparticles that absorb two or more incident photons of relatively low 

energy70. These are then converted into one emitted photon with higher energy. These 

nanoparticles usually contain transition metals and are used for bio-imaging40–44. 

Superparamagnetic iron oxide nanoparticles have also been widely used as MRI contrast 

agents and manipulators combined with magnetic fields45–49. Other commonly investigated 

metal oxides nanoparticles include titanium oxide, zinc oxide, and manganese oxide (MnO) 

nanoparticles50–52. Noble metal nanoparticles are usually nanoscale particles composed of 

gold and/or silver, and these have surface plasmon resonance (SPR) that can enhance the 

sensitivity of several spectroscopic measurements such as fluorescence, Raman scattering, 

and second harmonics71, 72. Other emerging nanomedicines include fullerenes73, 

nanoclays74, and micelles75.

1.3 Potential and challenges of nanomaterials in medicine

Nanomedicine based on the above nanomaterials has been reported to improve the medical 

imaging and treatment of various diseases, such as cancers79–82, degenerative diseases83, 84, 

heart disease85, 86, diabetes87, 88, and toxin detection89. Some nanomaterials are 

commercially available for their medical applications. For example, Abraxane, Doxil, and 
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Megace ES are Food and Drug Administration (FDA)-approved nanotechnology-based 

drugs used to treat cancers80. Moreover, there are many nanomaterials that are currently in 

clinical trials. For instance, Cornell Dots (C-dots) are a nanoparticle-based diagnostic tool 

that is used for imaging tumors90 and currently in clinical trials. However, these commercial 

nanosystems have only one function.

Indeed, diagnosis and therapy are currently two separate steps. Multiple nanosystems are 

needed if each nanosystem can only perform one of those functions, but can results in 

problems with interference and dosage. First, nanosystems may interfere with each other 

causing unexpected side effects or decreasing the diagnostic and/or treatment efficacy. 

Second, using a higher dosage of materials increases the risk of toxicity. Therefore, 

developing multifunctional systems has a critical role in improving human health.

Multifunctional diagnostic and therapeutic incorporate several nanomaterials into one host 

material. This material must be compatible with a wide variety of functional molecules 

and/or nanoparticles. Silica nanoparticles are an excellent example for a host material 

because they demonstrate multi-functionality, biocompatibility, stability, and 

biodegradability.

1.4 Advantages of silica nanoparticles

Silica nanoparticles have many advantages for medicine. First, the chemistry is easily tuned 

to create nanomaterials with defined sizes, shapes, and surface properties91. The easily 

modifiable chemistry in silica is essential for optimal biocompatibility and 

biodistribution28, 92. Silica nanoparticles synthesis has a history spanning over 60 years. 

Monodispersed amorphous silica nanoparticles were first synthesized by Kolbe in 195693 

and was then improved by Stöber and Fink in 196894. Stöber’s method tunes the size of 

silica nanoparticles from tens of nanometers to several micrometers in diameter by changing 

the ratio of catalyst and precursor. In the early 1990s, “Template”-guided synthesis methods 

for mesoporous silica nanoparticles (MSNs) were reported by scientists from Japan and the 

Mobil corporation95–97. Examples of tunable silica nanomaterials include solid spheres93, 94, 

mesoporous particles95–98, mesoporous hollow spheres99, 100, rattle-typed spheres101, foam-

like nanoparticles102, nanotubes103, mesoporous red blood cell-shaped nanoparticles31, etc. 

Figures 3A–H show examples of silica nanoparticles with different morphologies31. In 

addition, the surface of silica nanoparticles can be easily modified with functional 

molecules104 including spacers for colloidal stability105, antibodies for active targeting106, 

fluorophores for imaging107, magnetic nanoparticles108 for manipulation or MRI, gating 

molecules to stimulate drug release109, functional groups to tune surface charge32, and 

therapeutic agents110 (Figure 3I).

Silica nanoparticles may have good biocompatibility because they degrade to nontoxic 

silicic acid in vivo111–113, and silicic acid is naturally found in many tissues and can be 

excreted from the body through urine112. However, the toxicity depends on their dosage114, 

crystallinity34, 114, 115, particle size91, 116, 117, surface properties116, 118, and administration 

route119, 120. Higher dosage increases the risk for toxicity. Crystal silica nanoparticles are 

toxic and cause silicosis115. But amorphous silica has been used as a food additive for 

decades because of its excellent biocompatibility34, 114. Smaller particles have been reported 
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to be less biocompatible than larger ones91, 116, 117, possibly due to the increased specific 

surface area. However, this is still controversial121. Decreasing the surface hydroxyl groups 

increases the silica nanoparticles biocompatibility118. The size and surface properties of 

amorphous silica nanoparticles can easily be tuned to increase the biocompatibility. 

Nanoparticles administered orally have less immunotoxicity than intravenous, 

intraperitoneal, and subcutaneous route, but also lower bioavailability with less availability 

for the immune cells to interact with the nanoparticles121.

Silica nanoparticles are intrinsically stable, and moreover their degradability and circulation 

time can be tuned122–125. Generally, silica nanoparticles carry drug in their mesopores and 

release the drug through diffusion. Therefore, stability is important to enable the silica 

nanoparticles to be retained in the body and release the drug. This stability also guarantees 

no drug leakage from capped porous silica nanoparticles that release drug as a function of 

external stimuli124, 126. Though silica nanoparticles are usually cleared by the human body 

within a short time, surface modifications such as PEGylation can prolong the circulation 

period of silica nanoparticles127. On the other hand, imaging contrast agents need to be 

quickly cleared to decrease background signal and prevent interference with future scans. In 

this case, increasing the pore size of silica nanoparticles and doping them with metal ions 

can accelerate their degradation to get a short circulation time113, 125.

Finally, pure silica nanoparticles have intrinsic theranostic potentials stemming from high 

acoustic mismatch with most soft tissues. Also, silica nanoparticles can be customized to 

label cells and tissues and therefore increase their ultrasound contrast after 

transplantation31, 68, 128, 129. The therapeutic effects of silica nanoparticles result from their 

large surface area and porous structures. The large surface area provides plenty of 

conjugation sites or physical binding sites for therapeutic molecules130–132, and the pores in 

the silica nanoparticles can physically hold and protect cargo133–135.

In summary, silica nanoparticles are ideal for nanomedicine and biomaterials research due to 

their various morphologies, facile chemical modification, tunable pore size and porosity, 

biocompatibility, tunable stability and biodegradability, and theranostic potential.

2. Synthesis, modification, and integration of silica nanoparticles

2.1 Synthesis of silica nanoparticles

Silica nanoparticles can be prepared via bottom-up or top-down methods. Bottom-up 

synthesis usually involves catalyzed hydrolysis and condensation of silica sources94, 98. The 

top-down synthesis of silica nanoparticles includes electrochemical etching of silicon wafer 

and pyrolysis of quartz sand118, 136.

Bottom-up synthesis is very common in laboratory research because it is simple, safe, and 

can make various morphologies. Bottom-up synthesis typically uses an aqueous or ethanol 

based solvent, and this method usually involves silica sources, catalysts, and templates. The 

most prevalent silica source is an alkoxide of silicon scuh as tetraethyl orthosilicate (TEOS). 

The alkoxide first hydrolyzes and produces silicate species and alcohol (Equation 1). The 

silicates then condense and form Si-O-Si linkages (Equation 2). In addition, organosilanes 
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such as aminopropyl-trimethoxysilane and mercaptopropyl-methoxysilane are usually used 

as co-precursors, which can introduce functional groups to the silica nanoparticles surface1.

Si OR 4 + H2O RO 3Si OH + ROH Equation 1

(RO)3Si OH + HO Si OR 3 RO 3Si − O − Si OR 3 + H2O Equation 2

R represents alkyl groups and is usually methyl or ethyl groups. The hydrolysis of silica 

sources can be catalyzed either by acids or bases. Under basic conditions, the polymerization 

and condensation of silicate species are reversible, which makes it easier to obtain 

homogenous silica products. On the contrary, highly acidic conditions lead to rapid 

hydrolysis and precipitation of silica particles. The production of silica nanoparticles can be 

accelerated by decreasing pH, but that often results in poly-disperse products98. Templates 

are used to generate porous structure in the silica nanoparticles. The most common 

templates are surfactants that form micelles in solvents and create mesopores that are 

smaller than 5 nm. This pore size is suitable for small molecule cargos. Larger pores are 

needed to load macromolecules and small nanoparticles such as quantum dots. To enlarge 

silica nanoparticles pores, polymers and pore expanding agents are normally used137. 

Interestingly, cells and organs can also be used as templates138, 139.

Top-down methods are more hazardous to implement because they require highly corrosive 

hydrofluoric acid (electrochemical etching) or high temperatures (>1500°C, pyrolysis)140. 

Moreover, tuning silica nanoparticles morphology is difficult using top-down methods. For 

example, fumed silica nanoparticles prepared by pyrolysis are nonporous and range in size 

from 5 to 50 nm. These nanoparticles are commonly used as light abrasives in toothpaste or 

as anticaking agents and desiccants. On the contrary, the silica nanoparticles obtained by 

electrochemical etching have an irregular 2D porous structure. The direct products from 

electrochemical etching are porous silicon stand-free films. To create porous silica 

nanoparticles, the silicon films are broken down by sonication and then oxidized136, 141.

2.2 Surface modification of silica nanoparticles

The surface of silica nanoparticles can be modified with polymer chains either chemically 

(by covalent bonding) or physically (by physisorption)142. Physical modification is usually 

reversible. It is not as common as chemical modification due to the instability of the non-

covalent bond143.

Subsequent chemical modification is enabled by the silanol and siloxane groups on the 

silica. The number and form of the silanol groups changes as a function of synthesis 

route118. Colloidal silica nanoparticles are almost completely hydroxylated, and all silanols 

have hydrogen bonds. Fumed silica nanoparticles have much lower silanol contents—only 

about half of the surface has silanols. Approximately 10% of the silanols on fumed silica 

nanoparticle surfaces are isolated. Heat treatment can decrease the silanol content on both 

types of silica nanoparticles.118
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Silanol groups are the main reason underlying the facile modification of silica nanoparticles. 

These groups can react with abundant and commercially available silane reagents. Silanes 

then introduce other functional groups onto the surface of silica nanoparticles. The most 

frequently used silanes have amine or sulfur groups at the end of an alkylsilane along with 

various PEG-silanes. Amine or thiol-ended groups offer a facile linker chemistry with 

commonly used linking moieties such as N-hydroxysuccinide (NHS) functionalized 

molecules, isothiocyanates, maleimides, etc106, 144. Both of these functional groups can also 

be used to tune the surface charge of the silica nanoparticles32, 145. Alkylsilanes are used for 

hydrophobic surface treatment and to increase the echogenicity of silica nanoparticles146. 

PEG-silanes graft PEG onto silica nanoparticles, improve the particles stability in biological 

fluids, and prolong the in vivo circulation time147, 148. Table 2 presents the most frequently 

used silanes for nanoparticle surface modification and their functions.

2.3 Formulations/functions of silica in integrated nanoparticles

Silica mainly exists as a core, shell, or matrix for doping in integrated nanoparticles. Table 3 

summarizes the major functions of silica as a function of its formulation in the nanoparticles 

along with relevant literature sources. The synthesis of nanoparticles with a silica core 

involves the preparation of silica nanoparticles followed by a multi-step 

modification106, 158, 159. The synthesis of the silica core is similar to the preparation of silica 

nanoparticles—mainly polymerization and condensation of silica sources98.

Similarly, the core/silica shell structures are made via a multistep procedure160. Generally, 

the silica shell is formed by growing a layer of silica on the surfaces of other nanomaterials 

such as gold nanoparticles, gold nanorods, quantum dots, and iron oxide nanoparticles. The 

surfaces should have a significant chemical or electrostatic affinity for silica161, otherwise 

the surfaces need to be activated. For example, the surfaces of gold nanomaterials have a 

weak has and therefore stabilizers are typically used on the surface of gold to prevent 

coagulation. Therefore, the gold surface is usually treated with MPTMS before coating with 

silica162.

Doping functional ions, functional groups, and/or molecules into the silica matrix is another 

method to create multi-functional nanoparticles163, 164. There are two methods to dope silica 

nanoparticles. The first method is a one-pot sol-gel synthesis that mixes silica sources with a 

wide variety of organic dye molecules, metal ion chelators, or even iron oxide or quantum 

dots164. The other method is reverse microemulsion, which is suitable for doping 

hydrophobic organic dyes into silica nanoparticles165–167. This method involves creating a 

homogeneous mixture of water, oil, and surfactant molecules; the dye molecules often need 

to be modified to increase their affinity for silica165.

One big challenge for the translation of hybrid silica nanoparticles is simplified synthetic 

steps that integrate both cargo and carrier. It is currently difficult to achieve one-pot 

synthesis whereby the cargo is loaded into the nanoparticles as they are being synthetized. 

This is due to the multiple components involved—especially when sensitive therapeutic/

diagnostic molecules are added. Thus, post-synthetic loading remains common to retain the 

biological activity of the sensitive molecular cargo. However, this method is time-consuming 
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and inefficient, which is difficult to be used industrially. Future research efforts should 

design creative ways to solve this problem.

3. Integrated silica nanoparticles in nanomedicine

3.1 Theranostic and multimodal imageable silica nanoparticles

Theranostic and multimodal imageable nanoparticles are nanoparticles that act as both 

diagnostic and therapeutic agents. Theranostic nanoparticles are valuable tools for 

identifying and selecting patients followed by treating selected patients positively. 

Multimodal nanoparticle contrast agents combine the advantages of different imaging 

modalities.

In this context, a variety of diagnostic information can be obtained depending on the particle 

design. For example, theranostic medicines can provide insights into the availability of a 

molecular target in the tissue, the vascular permeability and retention of the molecule, the 

drug release from the particle, and the response of the target tissue178.

Nevertheless, the silica components in these integrated systems play various important roles 

in stabilizing and protecting the core nanoparticles or dopants. They offer multiple chemical 

modification methods and serve as a therapeutic reservoir to achieve target delivery and/or 

controlling release. For example, coupling fluorophores into silica nanoparticles can 

diminish the effect of fluorophore photobleaching. Peng et al. developed intracellular pH 

sensitive nanoparticles that can detect cellular pH from pH 4–7144. These nanoparticles are 

silica nanoparticles doped with two fluorophore sensors. Silica increases the stability and 

sensitivity of the fluorophores and allows for high quantification and measurement 

reversibility by diminishing photobleaching of the dyes.

Silica can also decrease the toxicity of nanoparticles that contain toxic components such as 

heavy metals. Doping functional elements such as lanthanide ions into silica is another 

useful strategy to make multifunctional nanoparticles. For example, gadolinium (Gd) is a 

commonly used MRI T1 contrast agent, but it is toxic due to its accumulation in tissues like 

brain, bone, and kidneys179. Silica nanoparticles doped with gadolinium not only improve 

the MRI contrast but also decrease the toxicity of Gd.

Rieter et al. added a paramagnetic monolayer of silylated Gd complex onto a luminescent 

[Ru(2,2′-bypyridine)3]Cl2 core by a water-in-oil reverse microemulsion method176. This 

nanoparticle offers fluorescent and MRI signals due to the [Ru(2,2′-bypyridine)3]Cl2 core 

and the Gd in the silica shell. The silica is also conjugated with 

diethylenetriaminetetraacetate (DTTA), which provides seven binding sites for Gd3+ ions to 

minimize the toxicity of nanoparticles owing to the leaching of Gd3+ centers. The 

nanoparticle is sufficiently small (<50 nm) to be endocytosed by monocyte cells and allows 

multimodal in vitro imaging of the cells. The authors are using this nanoparticle as target-

specific contrast agents for optical and magnetic resonance (MR) imaging of rheumatoid 

arthritis in mice176.
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Our group previously designed a multimodal silica nanoparticle which has a fluorescent, 

ultrasound, and MRI signal177. The ultrasound contrast can increase the contrast of the stem 

cells and guide the injection of stem cells, and the MRI signal is proportional to the cell 

numbers, which can be used to track the cell numbers after injection. The nanoparticle was 

prepared based on the Stöber method including fluorescein isothiocyanate (FITC)-

conjugated organosilanes with TEOS; GdCl3 was used for Gd doping (Figure 4A). Silica 

produces ultrasound contrast because it has a high acoustic impedance mismatch with cells 

and soft tissues. Silica reflects more ultrasound, and thus the silica materials have more 

ultrasound signal than soft tissues in ultrasound images. The size of these nanoparticles can 

be tuned, and the ultrasound contrast of these nanoparticles is size dependent (Figure 4B–D). 

This nanoparticle is used to label and track stem cells to improve stem cell therapeutic 

efficacy.

Later work developed a theranostic system using this nanoparticle by introducing pores into 

the silica nanoparticle113. The nanoparticles retain the multimodal imaging signals–

ultrasound, MRI, and fluorescence (Figure 5A–E). Sectioning transmission electron 

microscopy (TEM) images show these nanoparticles are located in the cytoplasm of the cell 

(Figure 5F–H). Moreover, the pores are used to load a prosurvival agent for stem cells and 

slowly release the insulin-like growth factor (IGF) inside cells (Figure 6A, B). This system 

increases cell survival up to 40% (p<0.05) versus unlabeled cells under in vitro serum-free 

culture conditions (Figure 6C).

Sweeney et al. used a similar silica nanoparticle doped with gadolinium oxide and 

conjugated with tetramethylrhodamine-isothiocyanate (TRITC) to improve real-time 

monitoring and staging of mouse bladder cancer models180. They injected murine flanks 

with MB49 cancer cells, and then injected silica nanoparticles to examine differences in 

MRI signal between tumors and bladder epithelium. The integrated silica nanoparticles 

enhanced both T1 and T2 weighted MRI signals in the tumors, allowing detailed in vivo 
evaluations (Figure 7). The localization of particles helped delineate the tumor’s edges, 

which are usually difficult to detect. This system can potentially be used for theranostic 

purposes, as therapeutic carriers for anticancer agents, and diagnostic tools for tumor 

visualization.

Lin et al. developed a theranostic targeting mesoporous silica nanoparticle with multiple 

imaging modalities by doping and surface conjugation181. The nanoparticles are doped with 

europium (Eu) and Gd ions. These ions introduce fluorescence and magnetism to the 

mesoporous structure, and thus the nanoparticles can be used as a fluorescent tool. The MRI 

indicates the location and size of the tumor. The doped nanoparticle is then conjugated with 

the anticancer drug camptothecin (CPT) by disulfide bonds. This disulfide bond can be 

cleaved by a high concentration of intracellular glutathione for intracellular controlled 

release. Moreover, the surface of the nanoparticle is modified with folic acid, which can be 

used to target most human cancer cells. In vitro and in vivo studies show that these 

integrated silica nanoparticles can target, image, and destroy the tumors in mice.

Silica is also highly useful for assistance in functionalizing nanoparticles. Fluorescent and 

radio-opaque nanoparticles can be used for CT, MRI, and diffuse optical tomography171. 
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They have a silica core that is doped with tris(2,2′-bipyridyl) dichlororuthenium(II) 

hexahydrate. The core is surrounded by a layer of n-(trimethoxysilyl-propyl)ethyldiamine 

tri-acetic acid trisodium salt that traps paramagnetic Gd3+ ions. Finally, the particles are 

wrapped by an additional silica shell layer containing amine groups on the surface that can 

be used for functionalization. This multimodal (optical, radiology, CT, and MRI) contrast 

agent can help in the preoperative diagnosis and in the intraoperative surgical resection of 

tumors or other surgical lesions171.

Mesoporous silica-coated MnO nanoparticles also show great potential as MRI contrast 

agents for cell tracking50. These nanoparticles have a MnO/SiO2 core shell structure, and the 

nanoparticles are named as HMnO@mSiO2 nanoparticles where the symbol @ usually 

means inside. (Figure 8A, B). The innate r1 relaxivity of MnO provides the MRI signal of 

the nanoparticle (Figure 8C, D). The silica increases the biocompatibility of MnO core. This 

nanoparticle can label MSCs in vivo and shows intense signals (Figure 8E, F). Moreover, the 

MRI signal can be detectable 14 days after the injection (Figure 8F).

The MnO/SiO2 core shell structure can also be used for a theranostic and multimodal 

imaging system. Choi et al. embedded MnO/SiO2 core/shell nanoparticles into porous 

poly(propylene fumarate) (PPF) scaffolds and used the MRI signal change to monitor the 

release of nanoparticles from the PPF scaffold surface. The anti-cancer drug doxorubicin 

(DOX) was loaded on the surface of the MnO/SiO2 NPs by electrostatic interaction between 

the drug with the negatively charged porous silica surface182. Additionally, the porous silica 

shell can also enhance the water-dispersibility of the core and minimize the leakage of the 

core ions. Moreover, silica shell prevents the aggregation between MnO nanocores and 

therefore increases the dispersity of MnO nanocores.

Monaco et al. synthesized a core-shell Fe3O4@SiO2@Au nanosystem coated with 11-(4-

mercaptobenzamido) undecanoate, poly(lactic-co-glycolic acid)-b-PEG-NH2, and folic 

acid183. This nanosystem provides in vivo targeting capabilities and MRI-PA dual imaging 

signals. The combination of MRI and PAI offer mutual benefits—it overcame the depth and 

resolution limits of PAI and the temporal resolution of MRI. The MRI signal is produced by 

iron oxide while the PA signal is produced by the gold shell. The multilayer nanoparticles 

are then embedded in the so-called polymeric micelles to improve their biocompatibility183. 

The researchers then conjugated folic acid on the polymeric micelle surface to get a water-

soluble nanocarrier that actively targets folate receptors that are often overexpressed in solid 

tumors. Their final system is highly biocompatible and can be manipulated to build other 

targetable nanostructures.

Mesoporous silica shells can also improve the performance of gold nanorods (AuNRs) in 

biomedical applications. AuNRs show great potential in multiple imaging modalities and 

therapies including CT, PA, PDT, and PTT. However, AuNRs have a low drug loading 

capacity and suffer from clustering, aggregation, and shape deformation. Zhang et al. 

fabricated a mesoporous silica shell coated AuNRs and loaded doxorubicin to the 

nanoparticle. These particles enable imaging, chemotherapeutics, and hyperthermia within a 

single nanoparticle platform for cancer treatments (Figure 8A)184. The silica forms a 

protective layer outside the AuNRs and prevents them from aggregation (Figure 8B, C). The 
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silica-coated nanorod showed stable surface plasmon resonance (Figure 8D). In addition, the 

release of doxorubicin from the nanoparticle can control the pH and near infra-red laser 

(Figure 8E). Moreover, the system can kill cancer cells by photothermal therapy. These 

properties make this nanoplatform a potential candidate for new therapeutic modalities such 

as image-guided drug delivery, hyperthermia, and combination therapy.

Kircher et. al. synthesized novel nanoparticles for MRI, photoacoustic, and Raman imaging 

in brain tumors185. These triple-modality contrast agents are used to delineat detailed brain 

tumor margins to remove more tumor tissue. These contrast agents are created with a 60-nm 

gold core, a Raman-active layer, a silica shell, and a gadolinium coating (Figure 9A, B). 

These nanoparticles are highly sensitive and detectable in the picomolar range for all three 

modalities (Figure 9C–E). In addition, it was shown that particles injected intravenously 

accumulated within the brain tumor but not in the adjacent healthy tissue (Figure 10), which 

allows for a noninvasive brain tumor delineation. This nanoparticle-based triple-modality 

contrast agent offers more accurate brain tumor imaging and resection.

Other than the functions mentioned above, Chen et al. also found that the silica shell can 

amplify the photoacoustic intensity of gold nanorods172. The group studied the relationship 

between photoacoustic signals and heat transfer properties in silica coated AuNRs. They 

found that the additional silica layer acted as a signal amplifier by reducing interfacial heat 

resistance between gold and a range of solvents (Figure 11). The addition of a silica layer 

0-20 nm thick increased photoacoustic signal by up to 3-fold, peaking at 20 nm thickness. 

The addition of a silica layer to AuNRs appears to be a beneficial way to increase their 

utility as contrast agents for PAI.

3.2 Monitoring the release of therapeutic molecules

The real-time monitoring capabilities of molecules can provide an abundance of 

physiological and pathological information of the patients. Theranostic devices with 

integrated real-time monitoring abilities are emerging and offer more feedback on treatment. 

Integrated silica nanoparticles also show great potential in the field for real-time monitoring 

of molecules.

The silica component is an ideal cargo carrier. In 2005, Gruenhagen et al. monitored 

adenosine triphosphate (ATP) release from MCM-41 silica nanoparticles186. ATP was used 

as a model cargo and the release mechanism was studied through the use of ATP-activated 

luciferase, which produces bioluminescent signal with ATP exposure. Due to the capability 

of real-time monitoring for cargos during release, the authors found the release kinetics of 

encapsulated molecules can be controlled by changing the capping molecules.

Lai et al. (2013) reported a versatile fluorescence resonance energy transfer (FRET)-based 

drug delivery system110. These nanosystems consist of a coumarin-labeled cysteine tethered 

mesoporous silica nanoparticles as the drug carrier and a FITC-β-cyclodextrin (CD) as 

redox-responsive molecular gate blocking the pores. A FRET donor-acceptor pair of 

coumarin and FITC was integrated within the pore-unlocking event (Figure 12A). The 

presence of glutathione (GSH) in the environment of the particle provokes a redox response, 

unblocking the particle’s pores and releasing the encapsulated drugs. The extent of drug-
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release can be controlled by the ratio of FITC-β-CD to GSH and monitored by pathological 

cell viability and FRET signals (Figure 12B).

Lai et al. developed a polypeptide-wrapped mesoporous silica coated multicolor up-

conversion nanoparticle (UCNP@MSN) as a drug delivery system. This is advantageous 

because the drug release can be monitored in real-time187. They functionalized the system 

with zinc-dipicolylamine analogue (TDPA-Zn2+) and wrapped it with polypeptides to entrap 

the loaded drug–DOX. The TDPA-Zn2+ and polypeptide layer caused DOX to quench the 

ultraviolet (UV) emission upconverted from incoming NIR by the upconversion 

nanoparticles. ATP displaced the peptides because it has a higher binding affinity with 

TDPA-Zn2+. When ATP displaced the peptides, DOX was released through the open pores 

of the particles (Figure 13). The release can then be monitored through ratiometric changes 

in luminescence resonance energy transfer (LRET). The authors also showed that this 

system could be further functionalized with receptors like folic acids to distinguish different 

diseases.

Liu et al. synthesized an NIR-triggered nanosensor that monitors drug-release by using 

upconverted luminescence and MRI simultaneously188. The nanosensor is composed of 

UCNPs surrounded by a mesoporous silica shell as well as doxorubicin and azobenzene to 

create a FRET donor-acceptor pair with UCNP (Figure 14). They found that under NIR 

exposure, drugs loaded into the particles were released, which led to a steady increase in 

MRI and upconverted luminescence signals. DOX quenched the upconverted emission from 

UCNPs, and its release increased the upconverted luminescence signal intensity. The loaded 

drug also made it less likely for water molecules to bond with Gd3+ ions. When DOX was 

released, water from the surrounding environment diffused into the particle and interacted 

with Gd3+. This increased the T1 MRI signal intensity.

The silica component can also act as fixative for small molecules to offer contrast for 

monitored drugs. Wang et al. conjugated Stöber silica nanoparticles with methylene blue to 

monitor the blood concentration of heparin in real time32. Methylene blue is an FDA 

approved dye and it shows thermal expansion when it absorbs infrared light, which is also 

known as photoacoustic signal. The authors showed that heparin could increase the 

photoacoustic signal of methylene blue, and moreover, the signal increase is proportional to 

the concentration of heparin within the clinical dosage range. Silica nanoparticles were used 

to immobilize the methylene blue and prevent this dye from diffusing into the circulation 

(Figure 15A). Silica adsorbs methylene blue through electrostatic forces, and the surface 

charge of the silica nanoparticles affects the sensitivity of detection. Thiol modified silica 

nanoparticles are more sensitive than non-modified ones (Figure 15B, C). PAI is based on 

ultrasound imaging. PAI inherits the real-time imaging performance and the signal is stable 

over time (Figure 15D). Therefore, this method can monitor the heparin concentration 

changes without waiting for long time. This system can also detect low molecular weight 

heparin, which is not detectable by the conventional method—activated partial 

thromboplastin time (aPTT).

Though the real-time monitoring capabilities of molecules can provide abundant of 

physiological and pathological information of the patients as well as feedback for 
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treatments, the development of such devices is still in its nascent stage because of the 

limitations of real-time imaging modalities. Therefore, more efforts are needed for real-time 

imaging modalities.

4. Conclusions and prospectives

Silica is critical for integrated nanoparticles and offers great potential in theranostic, 

multimodal imaging, and real-time monitoring for molecules. Silica nanoparticles are easily 

made and tuned to various morphologies. They also show great biocompatibility and tunable 

degradability. Silica nanoparticles themselves can be used for drug delivery and ultrasound 

imaging contrast agents. Moreover, silica nanoparticles can be easily combined with other 

inorganic and/or organic components, which offers more features. Integrated silica-based 

nanoparticles can be used in nuclear imaging, MRI, radiography, optical imaging, ultrasound 

imaging, and magnetic particle imaging. The integrated particles can also be used in target 

delivery, controlled release, radiation therapy, hyperthermia therapy, photodynamic therapy, 

and immunotherapy. Extensive research has shown the great potential of integrated silica 

nanoparticles in theranostic and multimodal imaging.

Despite the huge number of studies on silica-based integrated nanoparticles for applications 

in bio-imaging and drug delivery, they have not made a significant impact in the clinic yet. 

The only silica-based integrated nanoparticle close to FDA approval are C-dots, which 

exhibit positron emission tomography (PET) and optical dual-modality imaging189. More 

studies are needed to improve their colloidal stability, optimize biodistribution, and 

customize biodegradation to promote the translation of these nanomedicines. Moreover, 

similar to all the other nanomedicine systems, increasing the targetability of integrated silica 

nanoparticles is critical to their translation with respect to manufacturing, cost, toxicity, and 

imaging and therapeutic efficacy—targetability of nanoparticles affects the actual drug dose 

at the desired location190.

We have summarized recent work that used integrated silica nanoparticles to monitor 

biomolecules. However, most of the systems are based on fluorescence, which is limited for 

in vivo and clinical study because of poor penetration depth of light. Therefore, developing 

new real-time imaging modalities with high penetration depth is necessary. Photoacoustic 

imaging is an emerging technique with both real-time capability and increased penetration 

depth191. However, the field is still premature due to the lack of designs for combining 

photoacoustic contrast agents with other functional materials. We expect that more 

integrated nano-designs will be studied to offer theranostic systems that also provide real-

time feedback in vivo.
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Figure 1. 
The sizes of nanomaterials are comparable to biomolecules and organisms. (Adapted from 

reference64).
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Figure 2. 
The physicochemical characteristics (effect of size, zeta-potential, and dispersibility) of 

nanoparticles influence its biocompatibility. Qualitative trends in relationships between the 

independent variables of size (neglecting contributions from attached coatings and 

biologics), zeta potential (surface charge), and dispersibility with the route of uptake and 

clearance (shown in green), cytotoxicity (red), and RES recognition (blue). (Adapted from 

reference65)
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Figure 3. 
TEM images of solid Stöber silica nanoparticles (A, E), MCM-41 mesoporous silica 

nanoparticles (B, F), mesocellular foam silica nanoparticles (C, G), and exosome-like silica 

nanoparticles (D, H) (Adapted from reference31). (I) Multifunctionality of silica 

nanoparticles. PEG is polyethylene glycol.
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Figure 4. 
(A) Cardiac stem cell therapy uses human mesenchymal stem cells loaded ex vivo with 

nanoparticles, which consist of silica (SiO2) framework that backscatters ultrasound (black 

waves) and stabilizes Gd3+ and FITC fluorophores. (B) The ultrasound signals for 0.5 mg of 

different-sized NPs in an agarose phantom are shown at 40 and 16 MHz. Inset, batch-to-

batch variability in ultrasound signal of 5 mg of NPs. (C) The size distribution within the 

299-nm batch size selected from (B) had a mode size of 300 nm via TEM. Inset, TEM image 

of NPs. (D) Dynamic light scattering (DLS) of the 299-nm batch. Reproduced with 

permission177. Reprinted with permission from AAAS.
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Figure 5. 
(A) Coronal view of 40 MHz ultrasound imaging of decreasing number of MSNs-labeled 

mesenchymal stem cells (MSCs). Green boxes outline the boundaries of wells in the 

phantom. (B) Transverse view from T1-weighted MRI of the same cell sample. Scale bar 

and intensity bar to the right of A apply to both panels. (C) Dose response curves for 

increasing numbers of cells shows linear relationships at R2 >0.97 for both MRI and 

ultrasound (US). (D) Epifluoresence microscopy with MSCs nucleus in blue and MSNs 

fluorescently tagged in green. Punctate areas are seen indicating endosomal accumulation of 

MSNs. (E) Confocal microscopy image indicating that the MSNs are located both on the cell 

periphery and interior. Panels (F-H) are three representative TEM images of MSCs labeled 

with MSNs. Note that the MSNs are located both on the cell periphery (F, H) and interior 

(G). Nuc: nucleus; Black arrows: MSNs. Reproduced with permission113.
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Figure 6. 
(A) The ability of IGF to increase cell survival under serum-free conditions was studied at 

increasing concentrations of IGF—values of 200 ng/mL were optimal and significantly 

(p<0.001) increased viability 25% relative to untreated cells. (B) The release kinetics of IGF 

from the MSNs showed sustained release up to 48 hours. Here, red triangles are the percent 

of total release (right axis) and the black diamonds are absolute fluorescence from free IGF. 

(C) Sustained release of (IGF) from porous MSNs increases cell survival under serum-free 

media challenge as studied with MTS assay. The * indicates that the IGF-NPs had a 

statistically significant increase in viability versus incomplete media (p<0.05) and free IGF 

(p<0.05). IGF: Free IGF; BSA: Bovine Serum Albumin Control; MSNs/IGF: MSNs loaded 

with IGF; ICM: Incomplete Media (serum-free); CM: Complete Media. Error bars represent 

the standard error. Reproduced with permission113.
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Figure 7. 
MSNs bind preferentially to bladder cancer cells relative to normal bladder epithelia in vivo 

as shown in a series of renderings of T2-weighted MRI scans acquired before (A-C) and 

after (D-F) intravascular instillation of Gd2O3–TRITC–MSN. (A, D) 2D grayscale view, T: 

tumor. (B, E) Three-dimensional (3D) rendering images. (C, F) The tumor is segmented and 

rendered with a pseudo color map. Finger-like projections are revealed which are not 

observed before the injection of particles (C). Histology confirms anatomical observations 

and particle penetrations in the structures within the tumor: bright field (G) and fluorescent 

microscopy (H). Scale bars 1 mm (A-F); 250 μm (G, H). Reproduced with permission from 

Ref180.
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Figure 8. 
(A) TEM image. (B) HRTEM image of a single nanoparticle. (C) T1 map of HMnO@mSiO2 

nanoparticles suspended in water at 11.7 T. (D) Plot of 1/T1 versus Mn concentration. The 

slope indicates the specific relaxivity (r1). (E) In vivo MRI shows no hyperintense signal 

(red arrow) was detected in mouse transplanted with unlabeled MSCs. (F) Hyperintense 

signals (green arrows) were detected in mouse transplanted with HMnO@mSiO2-labeled 

MSCs and were still detectable 14 days after the injection. Reproduced with permission 

from Ref50.
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Figure 8. 
(A) Schematic illustration of mesoporous silica-coated gold nanorods (Au@SiO2) as a novel 

multifunctional theranostic platform for cancer treatment. TEM images of (B) AuNRs and 

(C) Au@SiO2; (D) extinction spectra of AuNRs, Au@SiO2, and Au@SiO2–DOX, and (E) 

DOX release profiles from Au@SiO2–DOX with and without near infrared (NIR) laser 

irradiation at different pH. Reproduced with permission from Ref184.
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Figure 9. 
Characterization of the NPs. (A) Simplified diagram: A 60 nm gold core is surrounded by a 

thin Raman active layer that is protected by a 30 nm silica coating. The silica coating was 

further functionalized with maleimide-DOTA-Gd, which was conjugated to the thiol group 

on the silica. DOTA, tetraazacyclododecane-1,4,7,10-tetraacetic acid, is a chelator. (B) 

Transmission electron microscopy images of NPs. (C) Particle relaxivity derived from T1 

maps of probe dilutions in MRI phantoms. Data represent mean of two separate phantoms 

containing separate probe conjugations. Inset: T1 map of a MRI phantom containing NPs at 

concentrations ranging from 3.2 nM (1) to 25 pM (8). (D) Optical absorbance of NPs. (E) 

Raman spectrum of NPs with characteristic peaks at 1,021 cm−1, 1,204 cm−1, 1,340 cm−1, 

1,614 cm−1, and 1,638 cm−1. (F, G) During 30 min of continuous laser irradiation, the 

optical absorbance (F) and the Raman signal (G) remained constant. Adapted by permission 

from Macmillan Publishers Ltd: [Nature Medicine]185, copyright (2012).
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Figure 10. 
Triple-modality detection of brain tumors in living mice with integrated nanoparticles. Three 

weeks after orthotopic inoculation, tumor-bearing mice (n = 4) were injected intravenously 

with the NPs. Photoacoustic, Raman, and MRI images of the brain (skin and skull intact) 

were acquired before and 2 h, 3 h, and 4 h after injection, respectively. (A) 2D axial MRI, 

photoacoustic, and Raman images. The post-injection images of all three modalities 

demonstrated clear tumor visualization. The photoacoustic and Raman images were co-

registered with the MR image, demonstrating good co-localization between the three 

Chen et al. Page 31

J Colloid Interface Sci. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



modalities. (B) 3D rendering of MR images with the tumor segmented (red; top); overlay of 

3D photoacoustic images (green) over MRI (middle); and overlay of MRI, segmented tumor 

and photoacoustic image (bottom) showing good co-localization of the photoacoustic signal 

with the tumor. (C) Quantification of signal in the tumor shows significant increase in MRI, 

photoacoustic and Raman signals before versus after the injection (*** indicates P < 0.001, 

** indicates P < 0.01). Adapted by permission from Macmillan Publishers Ltd: [Nature 

Medicine]185, copyright (2012).
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Figure 11. 
(A) Ultrasound, (B) photoacoustic, and (C) combined ultrasound and photoacoustic images 

(top to bottom) of inclusions containing PEGylated AuNRs and gold−silica core−shell 

nanorods with 6 nm silica coating, 20 nm silica coating, and 75 nm silica coating (left to 

right). Each image covers a 6 mm by 6 mm field of view. Reproduced with permission from 

Ref172. Copyright (2011) American Chemical Society.
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Figure 12. 
Schematic representation of the redox responsive FRET-MSNs. (A) The coumarin-labeled 

cysteine on the surface of the FRET-MSNs acts as a donor and the FITC-β-CD acts as an 

acceptor thereby forming a FRET system when the disulfide bond is intact (left). The 

disulfide bond is cleaved in the presence of redox stimuli and then the molecular valve 

FITC-β-CD is removed from the surface of the MSNs. Thereby the FRET between coumarin 

and FITC is abolished. (B) The drug delivery is triggered by glutathione, rich in the 

cytoplasm of cancer cells. Simultaneously, change of FRET signal report the uncaging event 

and estimate the dosing amount of drug. Figure 1A is a magnified representation of Figure 

1B, indicating the FRET system. Reproduced with permission from Ref110. Copyright 

(2013) American Chemical Society.
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Figure 13. 
Schematic representation of the real-time monitoring of ATP-responsive drug release from 

polypeptide wrapped TDPA-Zn2+-UCNP@MSNs. Small molecule drugs were entrapped 

within the mesopores of the silica shell on the nanoparticle by branched polypeptide capping 

the pores through a multivalent interaction between the oligo-aspartate side chain in the 

polypeptide and the TDPA-Zn2+ complex on nanoparticles surface. The UV–visible 

emission from the multicolor UCNP under 980 nm excitation was quenched because of the 

LRET between the loaded drugs and the UCNP. The addition of small molecular nucleoside-

polyphosphates such as ATP led to a competitive binding of ATP to the TDPA-Zn2+ 

complex, which displaced the surface bound compact polypeptide because of the high 

binding affinity of ATP to the metallic complex. The drug release was accompanied with an 

enhancement in the UV–visible emission of UCNP, which allows for real-time monitoring of 

the drug release via a ratiometric signal using the NIR emission of UCNP as an internal 

reference. Reprinted with permission from Ref187. Copyright (2015) American Chemical 

Society.
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Figure 14. 
(A) The formation process of the nanoparticles. (B-D) TEM images of (B) UCNP@dSiO2, 

(C) UCNP@dSiO2@mSiO2, and (D) UCNP@hmSiO2. (E-H) STEM images and 

corresponding elemental (F, Si) mappings of UCNP@hmSiO2. Reproduced with permission 

from Ref188.
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Figure 15. 
Optimization of material for a heparin-responsive catheter. (A) Methylene blue in agarose 

was not stable with more than 40% methylene blue release in PBS after 40 min. The 

addition of nanoparticles for an integration reduced this release to less than 10%. (B) 

Photoacoustic images of methylene blue loaded on as-made silica nanoparticles (SSNP; −23 

mV) and methylene blue loaded on thiol-coated silica nanoparticles (SSNP-SH; −15 mV). 

Both were treated with PBS and heparin (Hep) but only the thiol-coated nanoparticles were 

responsive to heparin. The lower ζ-potential facilitated the photoacoustic signal increase. 

(C) Methylene blue-loaded SSNP-SH treated with heparin offers significantly more signal 

than SSNP-SH treated with PBS or SSNP. (D) The nanoparticle/agar material was treated 

with PBS or 10 U/mL heparin and imaged at 680 nm for 9 min with no decrease in signal. 

Reproduced with permission from Ref32. Copyright (2016) American Chemical Society.
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Table 1

The primary advantages, disadvantages, and main biological applications of common nanoparticle types. (CT: 

computerized tomography; MPI: magnetic particle imaging; MRI: magnetic resonance imaging; PAI: 

photoacoustic imaging76; PDT: photodynamic therapy; PTT: photothermal therapy; RES: reticuloendothelial 

system).

Nanomaterials Advantages Disadvantages Biological Applications

Carbon nanotubes3–6 Extravasation,
Small in one dimension

Toxic in certain formats,
Non-biodegradable

Raman,
PAI,
Drug delivery

Graphene7–10 High thermal conductivity,
Large surface area
Flexible

Non-biodegradable,
Poor dispersibility

Biosensors,
PTT,
Drug delivery,
Optical imaging

Liposomes11–14 Excellent biocompatibility,
Load both hydrophobic and 
hydrophilic cargos,
Fuse with cells

Unstable storage,
Rapid leakage of hydrophilic 
drugs,
Low encapsulation efficiency

Ultrasound,
Lipofection,
Drug delivery

Dendrimers15–19 Precisely controlled morphologies,
Homogeneity,
High ligand density,
Controlled degradation

Multistep synthesis,
High cost

Drug delivery,
Gene delivery,
Blood substitution

Polymer nanoparticles20–25, 77 Biocompatibility,
Wide variety,
High encapsulation

Unstable structure,
Drug leakage

Ultrasound,
Drug delivery

DNA59–62 Exquisite size control,
Functional designs

Unstable, Drug delivery

Silica nanoparticles28–34 Tunable morphologies,
Easy surface modification,
Biocompatible,
Biodegradable

Poor biodistribution Ultrasound,
Drug delivery,
Define sentinel lymph nodes

Quantum dots36–39 Tunable emission,
Single excitation,
Small,
Good biodistribution

Toxic components,
Non-biodegradable

Optical imaging,
PTT

UCNPs40–44 Narrow emission spectra,
Long luminescence lifetime
Chemically stable

Low brightness,
Size, surface, and laser power 
density dependent quantum 
yield

Optical imaging,
PTT,
Photo-induced drug delivery,
Biosensors

Superparamagnetic iron oxide 
nanoparticles45–49

MRI T2-weighted contrast,
Stable,
Biodegradable

Weak signal,
High dose,
RES accumulation

MRI,
MPI,
Hyperthermia,
Directing,
Separation

Other metal oxide 
nanoparticles50–52

Tunable morphology,
Degradable

Poor biocompatibility Antimicrobial agents,
Drug delivery

Noble metals 
nanoparticles54–58, 78

Tunable,
Stable,
Inert,
Thermally conductive,
Plasmonic

Weak signal,
High dose,
Poor biodistribution,
Non-biodegradable,
Low drug loading

CT,
PAI,
PDT,
PTT
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Table 2

The most frequently used silanes used for surface modification on silica nanoparticles (NPs) and their 

functions.

Silanes Function Group Application

(3-aminopropyl)trimethoxysil ane (APTMS)
(3-aminopropyl)triethoxysilan e (APTES)

−NH2 Reduced aggregation105,
Fluorescent labeling144,
Surface charge modification145,
DNA binding and protection from enzymatic cleavage149

(3-mercaptopropyl)-trimethox ysilane (MPTMS) −SH Conjugate with maleimides106,
Thiol/disulfide exchange reactions to attach oligonucleotides150,
Surface charge modification32, 151

Polyethylene glycol-silane (PEG-silane) −PEG Increased circulation time152,
Reduced aggregation and increase particle dispersity in aqueous 
solution127

Alkylsilane Alkyl chain Hydrophobic coating153,
Increase ultrasound contrast154

Carboxyethylsilanetriol −COOH Functionalize silica NPs and provide reactive sites for amine155

3-trihydroxysilylpropyl methylphosphonate −PO3− Functionalize silica NPs and provide reactive sites for amine156

(3-isocyanatopropyl)-triethox ysilane −NCO Functionalize silica NPs and provide reactive sites for amine157
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Table 3

Functions of silica in integrated nanoparticles.

Formulations Function

Silica core High dielectric constant enhances light absorption168,
Therapeutic reservoir for drug delivery158,169,170,
Increase ultrasound contrast129

Silica shell Facilitates functionalization of NPs surface168,171,
Amplifies photoacoustic signal172,
Therapeutic reservoir for drug delivery173,
Enhances colloidal and chemical stability of the core174,
Separates core from outside layer175,
Decreases cytotoxicity of core160

Silica matrix Prevents photobleaching of fluorophores144,
Decreases cytotoxicity113, 176, 177
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