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23Nanoparticles (NPs) have been extensively investigated for applications in both experimental and clinical
24settings to improve delivery efficiency of therapeutic and diagnostic agents. Most recently, novel multifunctional
25nanoparticles have attracted much attention because of their ability to carry diverse functionalities to achieve
26effective synergistic therapeutic treatments. Multifunctional NPs have been designed to co-deliver multiple
27components, target the delivery of drugs by surface functionalization, and realize therapy and diagnosis
28simultaneously. In this review, various materials of diverse chemistries for fabricating multifunctional NPs with
29distinctive architectures are discussed and compared. Recent progress involvingmultifunctional NPs for immune
30activation, anticancer drug delivery, and synergistic theranostics is the focus of this review. Overall, this
31comprehensive reviewdemonstrates thatmultifunctional NPs have distinctive properties thatmake themhighly
32suitable for targeted therapeutic delivery in these areas.
33© 2013 Published by Elsevier B.V.
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61Pharmaceutical carriers have been widely investigated in both
62laboratory and clinical settings to improve the efficiency of delivering
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63 therapeutic and diagnostic agents via different administration routes
64 [1–3]. Advances in nanotechnology have provided powerful tools and
65 techniques for rational design of these carriers [4–7]. In particular,
66 nanoparticles (NPs) have attracted tremendous interest in the design
67 of drug delivery vehicles in recent decades [8–13] and provide significant
68 advantages. First, by using nano-scale carriers, the in vivo solubility and
69 stability of active pharmaceutical agents (APIs) can be improved, paving
70 the way for the use of different administration routes for enhanced and
71 efficacious delivery [14,15]. Secondly, the small size of the vehicles can
72 be exploited to carry payload across the cellular membrane that cannot
73 be achieved by conventional methods [16,17]. Third, the large surface
74 area/volume ratio afforded by NPs provides the capability to load large
75 amounts of payload and opportunities for engineering the particle
76 surface to achieve targeted delivery [18–21]. And finally, unlike
77 conventional administration, in which the drug concentration in blood
78 plasma increases rapidly and decays exponentially during drug
79 metabolism [22], NP based drug delivery systems can realize controlled
80 target delivery of payload [23]. Controlled release can further improve
81 the effectiveness of the therapies by reducing both the under-dosing
82 and overdosing issues that are often observed in conventional drug
83 administration protocols [24–27].
84 Beyond the conventional methods of conferring individual
85 functionality, such as delivery of a single type of pharmaceutical
86 compound, multifunctional NPs have been designed to carry out diverse
87 functions [28–31]. In contrast to conventional (i.e., mono-functional)
88 NPs,multifunctional NPs simultaneously achieve co-delivery ofmultiple
89 therapeutic agents, and provide target delivery by appropriate surface
90 modification of the carriers' surface [32,33]. In this regard, numerous
91 types of multifunctional NPs fabricated with different materials have
92 emerged, including polymer NPs, mesoporous NPs, magnetic NPs, gold
93 NPs and others [34].
94 Multifunctional NPs also provide unique advantages for the treatment
95 of specific diseases [35–38]. For example, in cancer treatment, a number
96 of research efforts have been devoted to designing multifunctional NPs
97 to achieve co-delivery of therapeutic agents including proteins, small
98 molecules drugs, and genes (DNA and siRNA) [12,35,39]. Multifunctional
99 NPs (e.g., with cell penetrating peptides on their surface) can cross
100 cancer cell barriers and become preferably retained within target cells
101 via the endowed permeability and retention (EPR) effect [40–43],
102 which provides the capability to deliver high quantities of drug to
103 cancer cells. In addition, by co-loading imaging agents or molecules,
104 the NPs can also provide diagnostic capabilities such as optical imaging
105 or magnetic resonance imaging [44–47]. Moreover, the NP surface can
106 be functionalized with ligands that can specifically target receptors on
107 the cell surface for preferential or targeted drug delivery, which is
108 especially critical in cancer treatment [48–50]. Furthermore, NPs can
109 be tailored to deliver payloads across a number of biological barriers,
110 such as the blood–brain barrier (BBB) which consist of tightly packed
111 layer of endothelial cells surrounding the brain [51,52].
112 In this review, we will discuss the numerous types of materials used
113 for fabricating multifunctional NPs and summarize recent progress in
114 the use of multifunctional NPs. Fig. 1 shows a cartoon representation of
115 a theranostic NP. Therapeutic drugs can be loaded within the NP carriers
116 functionalizedwith specific targetingmolecules on the surface.More than
117 one type of drug molecule or imaging agent can be co-encapsulated
118 within the carrier devices for multiple application purposes. Previous
119 reviews on multifunctional nanoparticles for drug delivery have been
120 mainly focused on a single type of material such as polymeric micelles,
121 mesoporous silica nanoparticles, or gold nanoparticles for fabricating
122 multifunctional NPs [39,44,53–56] or on specific applications such as
123 drug or gene delivery and bioimaging [34,47,50,57]. A comprehensive
124 critical analysis of different types of nanoparticle fabrication and
125 their corresponding biomedical applications is needed to provide
126 useful comparisons and broader perspectives to fulfill the potential
127 of multifunctional nanoparticles in drug delivery and bioimaging
128 applications. The objective of this review is to summarize and

129provide critical analysis of the recent synthesis and fabrication techniques
130of multifunctional NPs and their corresponding therapeutic and imaging
131applications. We will discuss (1) multifunctional NP synthesis and
132fabrication using different types of materials and (2) applications for
133immunotherapy, cancer therapy, as well as synergistic therapy with
134biomedical imaging (i.e., theranostics).

1352. Design and fabrication of multifunctional NPs

136Over the past decade, numerous nano-scale platforms of drug
137delivery, cellular targeting, and biomedical imaging have emerged and
138provided synergistic therapeutic outcomes [58–62]. Multifunctional NPs
139fabricated using various chemistries with distinctive architectures have
140been designed and evaluated for potential drug delivery applications
141[63,64]. In general, NPs can be classified as organic/polymeric and
142inorganic as shown in Fig. 2, which summarizes the specific types of
143materials under each category. Polymers provide more flexibility in
144terms of chemistry and structure for fabricating nanoparticles in contrast
145to inorganic materials. In organic-based nanomaterials, polymeric NPs,
146micelles, and liposomes primarily consist of amphiphilic copolymers
147with biocompatibility, while crosslinked nanogels provide a network
148with highly porous structure, and dendrimers have tree-like branched
149structures [65,66]. Inorganic nanocarriers such as mesoporous silica,
150magnetic nanoparticles, gold nanoparticles, and quantum dots have
151unique properties and provide capabilities for tracking, while their rigid
152surfaces are amenable to functionalization [67]. Appropriate NPs need
153to be designed rationally according to specific situations and needs. The
154structure and fabrication of the different types of multifunctional NPs
155shown in Fig. 2 that have been developed for drug delivery, cellular
156targeting, and biomedical imaging will be discussed in the following
157section.

1582.1. Multifunctional organic NPs

159Organic or polymeric NPs have been widely used in designing drug
160delivery vehicles and have shown tremendous promise in biomedical

Fig. 1. Sch. of multifunctional NPs with targeted drug delivery and bioimaging
functionalities.
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