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39 Abstract: The desire for high sensitivity, resolution, low toxicity and fast clearance contrast 
40 
41 agents has driven the research for new nanomaterial systems. The drawbacks of traditional 
42 
43 molecular probes limit their bioimaging ability, hence the exploration of emerging 
45 
46 nanomaterials for multimodal bioimaging continues with rational designs. The key for 
47 
48 realizing effective multimodal bioimaging is harnessing the physical and chemical properties 
50 
51 of the nanomaterials. Although some nanomaterials possess multimodality intrinsically, those 
52 
53 imaging modes might not be sufficient to meet the increasing demand of various applications. 
54 
55 
56 Therefore, the fabrication of novel composite structures by integrating various nanomaterials 
57 
58 or molecules may overcome the challenging issues in multimodal bioimaging. This review 
59 
60 

presents the overview and considerations for multimodal bioimaging and the requirements on 
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the nanomaterials. The recently emerged nanomaterials and their composite structures for 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

multimodal bioimaging are highlighted, including the recent emerging two-dimensional 

materials. The traditional nanomaterials also showed breakthroughs in terms of novel 

structures and morphologies, in which would affect the contrast ability, entrance and 

clearance from the in-vivo models. Finally, some suggestions for toxicity studies of 

nanomaterials and new strategies are presented for realizing the advance of multimodal 
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14 bioimaging. 
15 
16 
17 
18 1. Introduction 
19 
20 
21 
22 The visualization of internal organs and body structures has aided  the understanding of 
23 
24 different biological processes, the functions of organs and tumor diagnostics. The main 
25 
26 

obstacle of bioimaging is the physical properties of the levels of organization in organisms, 
28 
29 such as the near-infrared (NIR) absorption by fat tissues[1], different X-ray absorption 
30 
31 coefficients of soft/hard tissues[2] and the imaging depths or area of interest in the organs. 
33 
34 These considerations drive the rapid development of imaging modes to reveal the desired 
35 
36 information by different stimuli, such as light, magnetic field and ultrasound. Some body 
37 
38 
39 features of animals are able to provide contrast without any injections of contrast agents, for 
40 
41 example, the red blood cells of animals are capable of reflecting ultrasound[3] while their 
42 
43 

bones may absorb X-ray.[4] However, the contrast agents are essential in some circumstances 
45 
46 to enhance the contrast of structures or fluids for delicate images. Traditional imaging 
47 
48 techniques have played important roles in biomedical imaging due to their superior imaging 
50 
51 depths, such as computed tomography (CT), magnetic resonance imaging (MRI), positron 
52 
53 emission tomography (PET) and single photon emission computed tomography (SPECT).[4] 
55 
56 These imaging modes usually require contrast agents, generally known as functional organic 
57 
58 molecules, including barium or iodine and radioactive tracers, which are used for CT and PET, 
59 
60 
61 respectively. However,   these   molecular   probes   show   their   respective   limitations   in 



bioimaging applications, such as insufficient circulation time of iodine/barium-based 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

molecules,[5] short half-life of radioactive fluorine-18 (18F)[6] and high toxicity of the leaky 

gadolinium (Gd3+) ions in Gd-chelates.[7] 

These limitations offer new opportunities for nanoprobes to show their bioimaging abilities, 

taking advantages of their facile bio-functionalization and the enhanced permeability and 

retention (EPR) effect. Moreover, the size of the bottom-up synthesized nanoprobes could be 
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14 tuned from around sub-ten to hundreds of nanometers by modifying the synthesis conditions. 
15 
16 
17 In the family of nanoprobes, optical  nanoprobes are unique in  their emission properties 
18 
19 because the engineered emissions can be used for fluorescent imaging (FI) or luminescent 
20 
21 

imaging (LI). The doped ions inside the host materials might also possess magnetism or X-ray 
23 
24 absorption property. In the early stage of development, photoluminescent (PL) CdSe 
25 
26 semiconductor quantum dots (QDs) had been exploited as the nanoprobe for bioimaging.[8] 
28 
29 The high quantum yield and single excitation for multi-color emission had drawn substantial 
30 
31 attention in the biomedical imaging field. Despite the excellent optical property, the high 
33 
34 toxicity and PL intermittency (blinking)[9] limited their imaging ability. The toxicity was 
35 
36 originated from the release of Cd2+ ions by photo-oxidation under ultraviolet excitation 
37 
38 

(UV).[10] Although the toxicity was reduced by shell coating, the shallow penetration of UV 
40 
41 (around tens of micrometers[11]) was not favorable for in-vivo FI. 
42 
43 On the other hand, it should be noted that the nanoprobes are not necessary to be emissive, for 
45 
46 instance, the commercialized microbubbles (MBs) typically with a size of 1-10 µm are good 
47 
48 candidates for ultrasound imaging (USI).[12-14] They consist of a biocompatible shell of lipid, 
50 
51 polymer or protein encapsulating a core filled with perfluorocarbon gas or air, which 
52 
53 contributes to the large enchogenity difference for better ultrasound (US) contrast. In addition, 
54 
55 
56 MBs can even be modified with different shell materials for photoacoustic imaging (PAI).[15,16] 
57 
58 Although they are readily commercialized, the probes are not able to reach the tumor site for 
59 
60 

USI diagnostics owing to the small pores (around 380-780 nm) of the blood vessels at tumor 



site.[17] To date, extensive attempts on reviewing multimodal bioimaging applications by 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

different nanomaterials were available in the literature.[18-24] Some of these reviews focused 

on single material system and the scope might be too broad. Therefore, we aim to provide a 

systematic and concise summary on the recent multimodal bioimaging development of these 

scattered groups of nanomaterials apart from some organic-based probes, such as the 

aggregation-induced emission luminogens[25] and metal-organic framework.[26] In particular, 
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59 

14 nanobubbles and two-dimensional (2D) materials including their derivatives are seldom 
15 
16 
17 reviewed. To start with, the common imaging modes and their respective features are 
18 
19 summarized and discussed. Then, the overview of the spectrum of some nanomaterials for 
20 
21 

multimodal bioimaging including gold nanostructures, carbon quantum dots (CQDs), 
23 
24 lanthanide (Ln3+) ions-doped upconversion nanoparticles (UCNPs), echogenic nanobubbles 
25 
26 (NBs) and 2D materials along with their derivatives is presented. Subsequently, the recent 
28 
29 advances of different classes of nanomaterials and their conjugates for multimodal bioimaging 
30 
31 are reviewed with typical examples. Finally, we present emerging candidates for multimodal 
33 
34 bioimaging and suggestions on the future development. 
35 
36 
37 
38 
39 
40 2. Overview of multimodal bioimaging and nanomaterials 
41 
42 
43 
44 
45 
46 2.1. Multimodal bioimaging 
47 
48 

The common imaging modes and instrumentations are listed in Table 1. These imaging 
50 
51 modes possess their respective features, advantages and limitations. The rationale of 
52 
53 developing multimodal imaging is to understand the strength and weaknesses of each imaging 
55 
56 mode, and combine different modes in a single material system for synergetic imaging. The 
57 
58 typical example is the combination of PET/CT[27], which allows the radiologist to obtain 
60 
61 superior structural information and functional information of organs. In addition to PET/CT, 



the integration of MRI/SPECT/FI not only enable the visualization of the interested tissues 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

and biodistribution of the imaging probe but also the quantification of the probe ex-vivo using 

fluorescence (FL).[28] Importantly, the FL absorption and emission properties of the 

nm[29] nanoprobes can be tailored to fit the biological windows (around 700-900 and 1000- 

1700 nm[30]) for improved penetration and resolution in the in-vivo multimodal images, such 

as the imaging of mouse brain at a depth of more than 2 mm.[31] Moreover, the trimodal 
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14 upconversion luminescence (UCL)/MRI/CT bioimaging[32,33] allows deep tissue imaging via 
15 
16 
17 the selection of MRI/CT imaging modes towards targeting organs while UCL imaging was 
18 
19 known to be sensitive and displayed superior planar resolution. The above examples have 
20 
21 

showed the strategic choices of modalities for multimodal bioimaging. 
23 
24 
25 
26 Table 1. Summary of imaging modes 
28 
29 
30 
31 Imaging 
33 
34 mode 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

Selected imaging 

system 

Strengths Weaknesses References 

FI/LI In-Vivo FX PRO • Good planar • Shallow • 31, 34, 
 (Bruker) resolution imaging depth  35 

  (~100 nm) (~ 2 mm)   

  
• High • No 3D 

  

  sensitivity information   

MRI SIGNA • Non-ionizing • Not suitable • 36 
 (GE Medical 

 
Systems) 

• Soft tissue 
 

imaging 

for patient 
 

with metallic 

  

   implant   

   
• Noisy   

 



CT Discovery • • • 3D Ionizing 37 
1 
2 
3 

CT750HD (GE information radiation 
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47 

57 

4 
5 Healthcare) 
6 
7 
8 
9 
10 
11 
12 PET Inveon 
13 
14 

(Siemens) 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 SPECT NanoSPECT/CT 
30 
31 
32 (Bioscan) 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 USI Vevo LAZR 
45 
46 (Fujifilm) 
48 
49 
50 
51 
52 
53 
54 PAI Vevo LAZR 
55 
56 (Fujifilm) 
58 
59 
60 

available 
 
• Relatively 

• Low 
 

sensitivity 

 

cheaper  

• Functional • Low spatial • 38, 39 

information resolution   

of organs (~1-2 mm)   

available • Shorter half- 
  

 life of tracers   

 (110 min for   

 18F)   

• Cheaper than • Low spatial • 39, 40 

PET resolution (~   

• Longer half- 
 

life of tracers 

1-2 mm) 
 

• Long scan 

  

(up to tens of time   

hours)    

• Non invasive • Limited field • 41 

• Portable of view 
 

• Obstructed by 

  

 bones   

• High spatial • Costly pulse • 42, 43 

resolution laser   

100-400 µm • Disturbed by   
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5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 2.2. Nanomaterials 
19 
20 

resolution at 

the depth of 

several 

centimeters) 

• Low acoustic 

scattering 

acoustic 

absorbing 

object 

21 Apart from the imaging modes, it is worthwhile to exploit the properties of the cutting-edge 
22 
23 nanomaterials for multimodal bioimaging. The types of nanomaterials for multimodal 
24 
25 

bioimaging are summarized in Figure 1. Owing to the rapid development of nanomaterials 
27 
28 and conjugation techniques, the as-synthesized materials may have already demonstrated 
29 
30 intrinsic multimodal bioimaging property. However, some of the material systems require 
32 
33 surface modifications to immobilize the functional ligands or moieties for additional 
34 
35 bioimaging modes. For example, the intrinsic magnetism of Gd3+ ions and iron oxide (Fe3O4) 
37 
38 nanoparticles can readily support the MRI mode while the radioactive tracers, such as 18F and 
39 
40 copper-64 (64Cu) isotopes, can emit gamma radiation for nuclear imaging modes. These 
41 
42 
43 functional materials form composite structure with the nanomaterials via doping, electrostatic 
44 
45 attraction, covalent coupling, and so on. Interested readers may refer to other reviews for 
46 
47 

more knowledge on surface modifications and composite formation strategies.[44-47] Gold 
49 
50 materials possess unique plasmonic absorption property as their size shrinkage to nanoscale. 
51 
52 By converting photons into phonons, conventional gold nanoparticles (AuNPs) or nanorods 
54 
55 (AuNRs) can induce remarkable photothermal effect and this is not only useful for thermal 
56 
57 therapy and acting as optical quenchers[48] but also PAI. The atomic mass of gold is also 
58 
59 
60 relatively large to absorb X-ray for contrast in imaging. Since the gold nanostructures exhibit 
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27 

32 

44 

49 

irreversible aggregation in aggressive medium, one of their key features is the need for 
1 
2 passivation, commonly with the use of polyethylene glycol ligands or functional shells. 
3 
4 

Moreover, the rapid renal clearance of the gold nanomaterials was validated in the 
6 
7 literature.[49-51] As a result, these aspects manifest the basis for multimodal bioimaging. On the 
8 
9 other hand, carbon is a light and abundant material with low toxicity to organisms[52-54], it is 
11 
12 advantageous to harness the synthetic conditions and the physical properties for biodiagnoistic 
13 
14 applications. It is crucial to distinguish the differences between carbon nanodots (CNDs) and 
15 
16 
17 CQDs to avoid confusion in terminology. In general, CNDs and CQDs can be distinguished 
18 
19 from their crystalline structures and the hybridization state of the carbon atoms in these 
20 
21 

structures.[55,56] Nevertheless, CNDs and CQDs are both PL materials; except that the origin of 
23 
24 the luminescent mechanism can be additionally attributed to surface detects or zigzag edges 
25 
26 other than the well-known quantum confinement. Similar to gold nanostructures, carbon 
28 
29 nanostructures with remarkable photothermal effect are an effective PAI contrast agent. In 
30 
31 contrast to the traditional PL nanomaterials, UCNPs offer non-invasive and tissue penetrating 
33 
34 NIR excitation for UCL. It is well-known that NIR radiation is optically transparent to 
35 
36 biological tissue and hence exhibiting higher penetration depths for in-vivo applications. 
37 
38 
39 Conventional fluorescent materials, such as organic dyes and QDs are usually excited by UV 
40 
41 or visible light[57] while the wavelengths for UCL are employed at 980 and 808 nm due to the 
42 
43 doping of Yb3+ and Nd3+ ions, respectively.[58] Notably, sensitization of UCNPs at 808 nm is 
45 
46 superior to that at 980 nm because of minimized water absorption for better tissue 
47 
48 penetration.[29] However, the mechanism for 808 nm-harvested UCL is different to that of 980 
50 
51 nm because of the need for core-shell structure.[59,60] The optical energy can be transferred 
52 
53 from core to shell region via the spatially separated Ln3+ dopants without severe cross 
54 
55 
56 relaxations. In addition to the excitation wavelengths, the Ln3+ ions in the UCNPs also offer 
57 
58 surpassing physiochemical properties including long lifetime, large anti-Stokes shift, narrow 
59 
60 

and sharp emission peaks (10-20 nm full width half maximum)[61], absence of 
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44 

49 

autofluorescence, low toxicity, high resistance against photoblinking (up to 3 hours)[62] and 
1 
2 bleaching. Therefore, UCNPs had been widely used in nano-biosensing and bioimaging 
3 
4 

works.[63,64] The high atomic mass of Ln3+ ions and special electronic configuration of Gd3+ 
6 
7 ions enable the UCNPs with magnetism and X-ray absorption ability, hence UCNPs are 
8 
9 commonly used as nanoprobes for multimodal bioimaging.[65,66] In addition to optical probes, 
11 
12 the similar enchogenity of organ tissues and blood vessels manifests the demand for advanced 
13 
14 ultrasound-enhanced contrast agents (UCAs) to generate contrast of large tissues, especially 
15 
16 
17 tumor sites. Therefore, more light has been shined onto novel NBs with a size less than 1000 
18 
19 nm for effective extravascular multimodal imaging.[67] The shrinkage from MBs to NBs 
20 
21 

endows the NBs with typical EPR effect of nanoprobes. The intrinsic NBs show enchogenity 
23 
24 for single USI mode or USI/PAI mode depending on shell materials, they might need further 
25 
26 surface conjugations of functional molecules for multimodality. 2D materials are few-layer 
28 
29 atomic thick, therefore their electrical transportation and optical properties had attracted a 
30 
31 substantial amount of attention in the optoelectronic and electronic device field.[68-72] 
33 
34 Graphene and graphitic carbon nitride are typical examples of 2D materials that had been 
35 
36 extensively studied in the previous researches,[73-76] whereas the 2D transition metal 
37 
38 
39 dichalcogenides (TMDs), hexagonal boron nitride (h-BN) and black phosphorous (BP) 
40 
41 nanosheets emerged as a new class for biological applications, the cytotoxicity studies 
42 
43 indicated that they were biocompatible.[77-79] Moreover, previous reports even showed that 
45 
46 TMDs might enhance cell uptake due to improved ligand-receptor interaction.[80,81] The NIR 
47 
48 absorption and heavy metal atoms in 2D TMDs provide intrinsic PA/X-ray contrast while the 
50 
51 2D QDs prepared from their 2D parents possess FL property due to quantum confinement and 
52 
53 edge effects.[82] These attractive properties enable the 2D materials and their derivatives as a 
54 
55 
56 potential platform for multimodal bioimaging. 
57 
58 
59 
60 
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13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 Figure 1. Summary of cutting-edge nanomaterials for multimodal bioimaging. 
30 
31 
32 3. Cutting-edge nanomaterials for multimodal bioimaging 
34 
35 
36 3.1. Gold nanostructures 
37 
38 
39 The structural engineering of gold nanostructure enabled the preparation of different 
40 
41 morphologies, such as nanoprism[83], nanostar[84], nanocage[85], nanoshell[86] and 
42 
43 

nanotripods.[87] They are basically formed from nucleation, followed by directional growth in 
45 
46 the presence of surfactants. Therefore, the plasmonic property of the yielded structures can be 
47 
48 

modulated by different shapes. Su and co-workers prepared a yolk-shell structure of AuNRs 
50 
51 with porous Fe3O4 shell for MRI/PAI image-guided drug therapy.[88] The reported technique 
52 
53 differs from the conventional direct conjugations because of the non-contact nature between 
55 
56 AuNRs and Fe3O4. This avoided the undesired limited attaching, inferior magnetic property 
57 
58 and plasmonic peak broadening. The dual-modal MRI/PAI monitored the drug release profile 
59 
60 
61 in a real time manner. In another report, Kohane and co-workers synthesized gold nanostars 
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(AuNSs) capped with metal-drug polymer shell for image-monitored therapy.[89] The use of 
1 
2 nanostar structure increased the surface area for drug loading. In addition to MRI, the two- 
3 
4 

photon luminescence could be used for monitoring the distribution of the AuNS in the 4T1 
6 
7 tumor at microscopic level. The effort to tune and synthesize anisotropic gold 
8 
9 nanoarchitectures for enhanced plasmonic property can be beneficial to bioimaging because 
11 
12 of improved contrast ability and clearance. Cheng et al. presented their systematic validation 
13 
14 of forming gold nanotripods (AuNTs) for multimodal bioimaging.[87] The proof of the tripod 
15 
16 
17 structures (tripod-T and tripod-A) (Figure 2(a)) was accompanied with stringent synthetic 
18 
19 conditions and numerical simulation analysis of the electric field intensities at different planes. 
20 
21 

After that, the AuNTs were functionalized with RGDfc peptide and 64Cu for targeted dual- 
23 
24 modal PAI/PET bioimaging. The biodistribution of the functionalized AuNTs was studied by 
25 
26 using PET scans, revealing that the functionalized AuNTs were almost cleared via hepatic and 
28 
29 renal excretion. Moreover, the tumor uptake was supported by using blocking dose of 
30 
31 c(RGDfc), attributed to the targeting function of the peptide. Apart from PET, the PA 
33 
34 intensities yielded a linear relationship with the concentrations of the injected AuNTs. It was 
35 
36 found that the functionalized AuNTs at the tumor site were around 200 pM. In addition to the 
37 
38 
39 relatively bulky structure, the size of gold can even be shrunk down towards molecular scale 
40 
41 as gold nanoclusters (AuNCs)[90], showing fluorescence and even additional 
42 
43 ferromagnetism.[91] A new strategy for the bio-synthesis of AuNCs-Fe complexes in tumors 
45 
46 was discovered by using [AuCl4]- and Fe2+ ions as precursors.[92] The preliminary FI results 
47 
48 fostered further investigations on the formation of the AuNCs-Fe complexes from the tumor 
50 
51 extract. Subsequently, MRI and CT were performed in HepG2 xenograft tumor mice to 
52 
53 examine the multimodality of the AuNCs-Fe complexes. In addition, the mice were sacrificed 
54 
55 
56 and the   internal   organs   were   examined   by   FI   to   evident   the   biodistribution   and 
57 
58 biocompatibility (Figure 2b). The novel  in-situ route might enable possibility of clinical 
59 
60 

diagnosis of deeply seated early neoplasms. The combination of AuNPs and AuNCs to form 
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32 

quantum rattles (QRs) in a hollow mesoporous silica shell can maximize the performance of 
1 
2 gold nanostructures for multimodal bioimaging.[93] The AuNCs featured paramagnetism, NIR 
3 
4 

fluorescence and photothermal properties while the immobilized AuNPs in the hollow cavity 
6 
7 provided a hydrophobic zone to load the doxorubicin (DOX) for drug delivery. The 
8 
9 multimodality property was further evaluated in a murine colorectal carcinoma tumor model 
11 
12 after justifying the entrance pathway of the QRs in cell model. Figure 2(c)-(f) depict the 
13 
14 multimodal in-vivo imaging of the QRs in LS174T-luc tumor model in CD1 nu/nu mice. The 
15 
16 
17 NIR FI result suggested the accumulation of the QRs at the tumor site with the support from 
18 
19 the control experiment using bare hollow mesoporous silica shell (Figure 2(c)). Furthermore, 
20 
21 

Figure 2(d) clearly shows the enhanced MRI of the tumor, indicating the distribution of the 
23 
24 QRs at the tumor site. Additionally, the PAI was performed by using 670 nm laser as 
25 
26 presented in Figure 2(e) and (f). The PA signal from the QRs was processed with false yellow 
28 
29 color; the QRs exhibited enhanced PA contrast despite the strong PA signal from the blood 
30 
31 vessels. 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
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1 
2 
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4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 Figure 2. (a) Scanning transmission electron microscopy image and the numerical simulation 
49 
50 analysis of the two types of AuNT (The upper panel shows the image and yz plane electric 
51 
52 field intensity at 700 nm of tripod-T while the lower panel is tripod-A),[87] (b) Ex-vivo FL 
54 
55 examination of major organs (l for liver, t for tumor, h for heart, s for spleen, lu for lump, and 
56 
57 k for kidney) from U87 xenograft mice models in different groups (control (con), Au, Fe, and 
58 
59 

Au-Fe) at 48 h post injection,[92] (c) NIR FI of the QRs and bare hollow mesoporous silica 
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11 

16 

21 

26 

33 

38 

43 

55 

shell (HS) in the LS174T-luc tumor model in CD1 nu/nu mice, (d) MRI of the tumor showing 
1 
2 the longitudinal relaxation rate, the red arrow indicates the focal point of increased relaxation 
3 
4 

rate. The PAI (e) before and (f) after irradiated by 670 nm laser. The false yellow color 
6 
7 represented the PA contrast by the QRs, the scale bar is 1 mm.[93] 
8 
9 
10 3.2. Carbon quantum dots 
12 
13 Carbon nanotubes are traditionally regarded as promising materials for PAI owing to their 
14 
15 

ability to produce ultrasound waves upon pulsed laser excitation.[94-99] In addition, recent 
17 
18 reports indicated that Gd3+ ions were successfully doped into the carbon host matrix to endow 
19 
20 magnetism to the material.[100-102] Therefore, the multimodality performance of the carbon- 
22 
23 based quantum dots can be validated in cell or small animal models. One of the early works 
24 
25 regarding the use of CQDs for in-vivo FI was done by Sun and co-workers.[103] The CQDs 
27 
28 were injected via different pathways and the FI studies provided evidence for the 
29 
30 biocompatibility of CQDs for future in-vivo applications. In a later work, they prepared brain 
31 
32 

cancer-targeting CQDs by simple pyrolysis route.[104] Importantly, the FI results indicated the 
34 
35 blood-brain-barrier penetration ability of CQDs. This work showed the high potential of 
36 
37 

CQDs as smart nanomedicine. Recently, Su et al. reported the dual-modal FI/MRI by using 
39 
40 CQDs-decorated Fe3O4-silica core-shell nanocomposite.[105]   The nanocomposite was 
41 
42 functionalized with folic acid to accomplish target imaging and the results suggested high cell 
44 
45 uptake of the nanocomposite. By using a similar approach, Liu et al. stabilized Fe3O4 with 
46 
47 nitrogen-doped CQDs for trimodal FL/MRI/CT in-vivo.[106] The multifunctional structure 
48 
49 
50 exhibited high FL quantum yield at around 21 % with small average size of 11 nm. The tumor 
51 
52 in the mice was clearly observed by FI, MRI and CT. In addition, the biodistribution study 
53 
54 

indicated the EPR effect of nanoprobes at tumor site. The injected Fe3O4-CQDs were mostly 
56 
57 cleared via urine excretion pathway after two hours of injection. At this point, one should 
58 
59 realize the biocompatibility of CQDs to living organisms and its flexibility for conjugating 
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with other nanomaterials for nanocomposites. Apart from conjugates, CQDs can be doped 
1 
2 with different ions to strengthen their imaging performance. Yao et al. showed that Gd3+, Eu3+ 
3 
4 

and Mn2+ ions could be doped into CQDs for dual modal FI/MRI.[107] The waste crab shell 
6 
7 was used as the precursor for preparing the CQDs with different doping and a high survival 
8 
9 rate of the embryonic development of zebrafish culture incubated with the doped CQDs 
11 
12 suggested the good biocompatibility of the CQDs. On the other hand, red emissive CQDs are 
13 
14 beneficial for bioimaging with their merits of the high tissue transparency in the range of 650- 
15 
16 
17 950 nm.[29] Ge et al. synthesized a type of CQDs using polythiophene phenylpropionic acid as 
18 
19 precursor.[101] The as-prepared CQDs showed intense red emission at 640 nm and a 
20 
21 

photothermal conversion efficiency up to 38.5 %. These properties were highly suitable for FI 
23 
24 and PAI. Figure 3 presents the in-vivo and ex-vivo FI and PAI. It could be observed that the 
25 
26 accumulation of the CQDs at the tumor site due to the EPR effect (Figure 3(a)). Figure 3(b) 
28 
29 and (c) show the relative FL intensities of different internal organs in a sacrificed mouse and 
30 
31 strong FL signal was detected in the tumor attributed to the CQDs uptaken. The highest FL 
33 
34 intensity was observed at around 5 h post injection and dropped steadily until 24 h (Figure 
35 
36 3(d)). Moreover, Figure 3(e) presents the PAI at different time points after injection. The 
37 
38 
39 strongest PA signal was recorded at 6 h post injection, which was similar to the results in FI. 
40 
41 The enhanced contrast indicated that the CQDs were a promising candidate for biodiagnoistic 
42 
43 applications. 
45 
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Figure 3. (a) Real-time in-vivo FI after injection at different time intervals, (b) Ex-vivo FI of 
34 
35 the mice tissues (From top to bottom: hear, liver, spleen, lung, kidneys and tumor), (c) FL 
36 
37 intensities of the mice tissues, (d) Average FL intensities at the tumor area over 24 h, (e) PAI 
39 
40 of tumors in mice after injection of CQDs at different time intervals and (f) Mean PA 
41 
42 intensities at the region of interest over 24 h.[108] 
43 
44 
45 
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1 3.3. Ln3+ ions-doped upconversion nanoparticles 
2 
3 In recent years, UCL nanoprobes have been extensively introduced for diverse theranostic 
5 
6 applications. For example, Han et al. proposed NIR-activated drug delivery systems using 
7 
8 silica-coated NaYF4:Yb/Tm UCNPs coupling with AuNPs.[109] However, the single UCL 
9 
10 
11 imaging modality responsible for therapy activation cannot effectively provides a real-time 
12 
13 report of the UCNPs distribution in case any damages are posed to the intact cells. To 
14 
15 

overcome this   limitation,   multimodal   nanoprobes   are   highly   demanded   to   provide 
17 
18 complementary data for the diagnosis. The T1-weighted magnetic properties of Gd3+ ion- 
19 
20 doped UCNPs are useful for MRI/UCL dual-modal imaging.[110-113] MRI modes of MR 
22 
23 angiography (MRA) and MR perfusion (MRP) were firstly exploited in nontoxic PEGylated 
24 
25 NaYF4:Yb3+/Er3+@NaGdF4 UCNPs.[114] Given by the negative-lattice shielding effect of Gd3+ 
27 
28 ions, the core-shell UCNPs exhibited excellent T1 relaxivity of 3.2 folds higher than the 
29 
30 commercialized Magnevist® contrast agent, sophisticatedly giving high-resolution MRA 
31 
32 
33 image of the vascular system in rat models. For the sake of better tissue penetration, it is 
34 
35 always desirable to integrate NIR-to-NIR UCL into the multimodal nanoprobes. By 
36 
37 

harvesting excitation in biological transparency window, neodymium (Nd3+) dopants pose 
39 
40 minimized heating effect for deeper UCL imaging of bio-tissues.[115] Li. et al. has prepared 
41 
42 rose bengal (RB)-decorated NaGdF4:Yb/Er@NaGdF4:Yb/Nd UCNPs by thermal 
44 
45 decomposition for efficient photo-controlled PDT of 4T1 breast cancer cells in-vitro and in- 
46 
47 vivo.[116] The UCNPs exhibited not only NIR-to-NIR UCL but large r2/r1 relaxivity ratio of 75 
48 
49 
50 at 7 T for ultra-high field T2-weighted MRI, which were important to achieve real-time 
51 
52 image-guided PDT without significant photothermal damages. Apart from the Ln3+ ion-based 
53 
54 

MRI contrast   agents,   UCNPs   coated   by   paramagnetic   Fe3+-containing   metal-organic 
56 
57 framework (MOF) were examined as UCL/MRI dual-modal contrast agents.[117] The well- 
58 
59 agreed MRI and UCL contrasts proved the success of targeted imaging of KB cells and KB 
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tumor-bearing mice by the folic acid-conjugated UCNP@MOF. Due to high penetration 
1 
2 depth and good spatial resolution of PAI, a nanocomposite consisting of Nd3+-doped multi- 
3 
4 

shell UCNPs and indocyanine   green (ICG) dye has been established for trimodal 
6 
7 UCL/PAI/MRI imaging.[118] Small blood vessels at a deep depth of 4.8-10 mm under the skin 
8 
9 of SCC7 tumor-bearing mice were clearly imaged by the strong PA contrast from ICG. 
11 
12 Radioactive tracers are responsible for PET and SPECT to acquire 3D structural images with 
13 
14 the help of CT scan. Interestingly, Li's group integrated these two imaging modalities 
15 
16 
17 individually into UCNPs by using 18F[119] and Samarium-153 (153Sm)[120,121] to achieve 
18 
19 UCL/PET (or SPECT). By detailed and systematic investigations, 18F-decorated UCNPs were 
20 
21 

promising PET scan contrast agent while 153Sm-containing UCNPs were a good blood pool 
23 
24 agent with long circulating time. Recently, Rieffel et al. incubated 64Cu radioisotope as PET 
25 
26 tracers in porphyrin-phospholipid (PoP)-coated NaYbF4:Tm@NaYF4 UCNPs and six imaging 
28 
29 modalities of UCL/FL/PAI/PET/CT/Cerenkov luminescence (CL) was demonstrated.[122] This 
30 
31 may give a new insight for the development of hyper-integrated imaging systems. By 
33 
34 assembling AuNR dimer with chlorine6 (Ce6)-labeled UCNPs, a novel core-satellite 
35 
36 theranostic agent with UCL/PAI/CT/MRI capabilities was created for effective image-guided 
37 
38 

combined phototherapies (Figure 4(a)).[123] Images of the NR dimer-UCNP-Ce6 assemblies 
40 
41 were obtained at 0, 4 and 24 h post-injection based on the multiple imaging techniques 
42 
43 (Figure 4 (b)-(e)), in which much stronger contrasts were observed after 24 h post-injection. 
45 
46 The results had justified the efficient passive-targeting ability of the assemblies and 
47 
48 demonstrated the possible real-time image-guided therapies. By comparing to numerous 
50 
51 control groups, NR dimer-UCNP-Ce6 assemblies performed excellent photothermal therapy 
52 
53 to the HeLa tumor-bearing mice as indicated by a rapid temperature rise from 25.1 to 56.5 °C 
54 
55 
56 within 5 min of 980 nm laser irradiation. The combined therapies efficiency was also 
57 
58 monitored by tumor size measurement over 15 days and the treatment with NR dimer-UCNP- 
59 
60 

Ce6 resulted in complete elimination of the tumor without any observable re-growth. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 Figure 4. (a) Schematic illustration of DNA-based AuNR dimer and UCNP core-satellite 
19 
20 
21 assembly for multimodal imaging guided combination phototherapy. (b) UCL imaging, (c) 
22 
23 CT, (d) PAI, and (e) T1-weighted MRI of HeLa tumor-bearing mice taken at different time 
24 
25 points after intravenous injection with NR dimer-UCNP-Ce6 (200 µL 2 mg mL-1, in terms of 
27 
28 the AuNR amount).[123] 
29 
30 
31 
32 
33 3.4. Echogenic Nanobubbles 
34 
35 One of the motives for NB development is to overcome the size limitation of MBs to enter 
37 
38 tumor sites. Huang and co-workers had investigated on the penetration ability of PEGylated 
39 
40 lipid NBs to tumor site using gastric cancer xenograft as the studying model.[124] Their results 
41 
42 
43 indicated that the NBs were able to penetrate the endothelial cells of the tumor and entered the 
44 
45 tissue space. In a similar report, the conjugation of NBs with fluorescent Affibody and HER2 
46 
47 

antibody had validated the in-vitro and in-vivo USI ability of NBs.[125] The NBs-Affibody 
49 
50 conjugates were also compared with the commercialized SonoVue® MBs in term of the size 
51 
52 property. The NBs-Affibody conjugates were able to pass through the tumor capillaries and 
54 
55 the MBs only accumulated at the tumor vessels. Song et al. demonstrated the trimodal 
56 
57 MRI/USI/PAI in-vitro using Herceptin-decorated and superparamagnetic iron oxide 
58 
59 
60 nanoparticles/paclitaxel-embedded NBs (PTX-SPIONs-HER-NBs).[126] The fine structure was 
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fabricated by combining a modified double-emulsion evaporation process with carbodiimide 
1 
2 technique. The preliminary studies from the cell model were expected to extend to in-vivo 
3 
4 

model. The concept of stimuli responsive nanomaterials[127,128] can also be applied in NB- 
6 
7 based composite fabrications. Huang et al. fabricated NBs for dual modal MRI/USI 
8 
9 bioimaging and US-triggered drug release by using thermo-responsive polymer.[129] The 
11 
12 nanocomposite consisted of a perfluoropentane (PFP) core with SPIONs encapsulated in the 
13 
14 Pluronic F127 polymer shell. The fabrication sequence shown in Figure 5(a)-(d) was 
15 
16 
17 performed in an emulsion consisting of the SPIONs, drug (BCNU) and dichloromethane 
18 
19 solvent. The thermo-responsive polymer could form a stable hollow structure loading the 
20 
21 

hydrophobic Fe3O4 nanoparticles via the two-step annealing process and the core was then 
23 
24 filled with the perfluoropentane gas. Moreover, Figure 5(e) shows US image of the glioma 
25 
26 tumor of mice, which was marked with a yellow circle. Additional US contrast was observed 
28 
29 in Figure 5(f) due to the application of magnetic targeting (MT). The corresponding MR 
30 
31 images in Figure 5(g) and (h) agreed well with the contrast in the USI mode, attributed to the 
33 
34 accumulation of SPIONs. On the other hand, it is worthy-noting that the trade-off among size, 
35 
36 echogenic contrast enhancement and therapeutic efficiency of UCAs recently endowed the in 
37 
38 
39 situ size-converting UCAs desirable to achieve effective extravascular USI. For instance, 
40 
41 Paproski et al. showed the transformations from porphyrin nanodroplets (NDs) to MBs by 
42 
43 using high pressure US[42] and Liu   et al.   utilized the transformation of magnetic 
45 
46 nanoliposomes to MBs inside the tumor cells to burst the tumor.[130] These examples 
47 
48 suggested the high potential of the strategy for advanced imaging routes. Emelianov and co- 
50 
51 workers presented their systematic study on using ICG-loaded perfluorocarbon (PFC) NDs for 
52 
53 enhanced PAI and USI.[131] Although there was no biological species demonstration in the 
54 
55 
56 work, a polyacrylamide tissue-mimicking construct was used to prove the proof-of-concept 
57 
58 transformation. The ICG molecules acted as the photosensitizer and the loading into the PFC 
59 
60 

NDs was confirmed by confocal microscopy. The basic principle of the droplet to NBs 
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transformation was the vaporization of the liquid in the droplet, therefore enhanced contrast- 
1 
2 to-noise PA and US signals were observed upon the irradiation of pulse laser. Huynh et al. 
3 
4 

showed another transformation route from porphyrin MBs to NBs by using low frequency US 
6 
7 pulses (conversion pulses).[132] The porphyrin MBs were transformed into NBs in the range of 
8 
9 5-500 nm and the pulse-dependent transformation was examined with the multimodal 
11 
12 USI/PAI/FI signals. Stronger PAI/FI signals but weaker USI signals were obtained with an 
13 
14 increased number of conversion pulses. The success of the size-conversion was also validated 
15 
16 
17 in the in-vivo multimodal bioimaging of KB-xenograft-bearing mice exposed to conversion 
18 
19 pulses. Figure 5(i) shows a decrease in US contrast due to the conversion pulses applied after 
20 
21 

20 s post injection and this also supported the circulation of the MBs to the tumor site. In 
23 
24 consistent with the pulse-dependent study, enhanced PA contrast was clearly observed in the 
25 
26 tumor xenograft irradiated by conversion pulses (Figure 5(j)), suggesting the in-situ 
28 
29 transformation from MBs to NBs. It was also remarkable that the transformation contributed 
30 
31 to better EPR effect of the material to give PA contrast lasting for at least 2 h, while the group 
33 
34 without conversion pulse  recorded a  quick  decay in PA  contrast in 30 min. This work 
35 
36 introduced a   new   opportunity   for   US-based   transformation   methods   in   multimodal 
37 
38 
39 bioimaging. 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
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24 
25 
26 
27 
28 
29 
30 
31 Figure 5. (a)-(d) Schematic mechanism and sequence for the fabrication of SPIONs 
32 
33 encapsulated NBs in the emulsion consisting of SPIONs, BCNU and the solvent. USI of the 
34 
35 

glioma tumor of the mice (e) before MT and (f) after MT. The corresponding MRI of the 
37 
38 tumor (g) before MT and (h) after MT. The darkening indicated the accumulation of SPIONs 
39 
40 and yellow marking was the tumor site.[129] (i) Porphyrin MBs were intravenously injected 
42 
43 into KB xenograft-bearing mice and a cross-section of the tumor was imaged using high- 
44 
45 frequency US. Left: The MBs circulated into the tumor without conversion pulse (Scale bars, 
46 
47 
48 2 mm). Right: Conversion pulse was applied after the 20 s time point, a decrease in contrast 
49 
50 mode US signal was observed, for example at 40 s. (Scale bars, 3 mm). (j) Conversion of 
51 
52 

porphyrin MBs to NBs in tumor xenografts enabled the retention of NBs in the tumor, as 
54 
55 confirmed by PAI. PA images of the tumor xenograft are shown without or with conversion 
56 
57 pulse applied at pre-injection and 5 to 60 min. (Scale bars, 2 mm).[132] 
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3.5. Two-dimensional materials and their derivatives 
1 
2 2D materials are single or few layered-structure materials, in which the inter-layers are held 
4 
5 by weak van der Waals' forces while the atoms in the 2D plane is connected by strong ionic 
6 
7 or covalent bonds.[133] The first report about the doping of erbium (Er3+) ions into 2D MoS2 
8 
9 
10 was achieved by using a modified chemical vapor deposition,[134] in which presented NIR- 
11 
12 NIR UCL and downshifting luminescence (DSL) properties. The Er atoms were identified by 
13 
14 

using STEM as indicated in Figure 6(a). The atomic contrast of Er differentiated them from 
16 
17 the Mo and S atoms. The emission spectra of Er-doped MoS2 are shown in Figure 6(b) and (c), 
18 
19 in which single 980 nm laser can simultaneously realize NIR-NIR UCL and DSL. These 
21 
22 wavelengths may be useful for bioimaging owing to the high transparencies at the NIR I and 
23 
24 NIR II windows. Apart from optical properties, transition metal dichalcogenides (TMDs) are 
25 
26 
27 mostly studied group among the family of 2D materials for multimodal bioimaging, because 
28 
29 of their relatively heavy atomic mass for potential X-ray contrast. Moreover, their NIR 
30 
31 

absorption can also support PAI. Therefore, the dual modal CT/PAI had been explored in the 
33 
34 2D TMDs. Liu and co-workers synthesized PEGylated WS2 nanosheets for CT/PAI-guided 
35 
36 photothermal therapy.[37] The WS2 nanosheets were prepared by breaking the interlayers of 
38 
39 bulk WS2 using Li+ ions and sonication. The CT images suggested the PEG-WS2 nanosheets 
40 
41 were effectively uptaken by the 4T1 tumor-bearing mice via the reticuloendothelial systems. 
43 
44 Moreover, the PAI experiment revealed that intravenous injection resulted in more uniform 
45 
46 signal distribution throughout the  whole tumor  structure. Wang et al. utilized a one-pot 
47 
48 solvothermal method to synthesize MoS /Bi S composite with PEG passivation.[135] The 
49 2 2 3 
50 
51 reported synthetic route overcame the concerns of toxic gaseous byproducts released from the 
52 
53 

conventional technique. It was found that the CT imaging ability of the composite was 
55 
56 enhanced in comparison to that with the same Bi concentration and their superior CT ability 
57 
58 was regardless of injection methods. Despite the increase in PA signal, the CT/PAI abilities of 
60 
61 the composite can be improved with targeting functions. By the integration with magnetic 
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species, the modality of TMDs can be extended to MRI. Yu et al. fabricated a MoS2/Fe3O4 
1 
2 nanocomposite for MRI/PAI with image-guided photothermal therapy.[136] The T2-weighted 
3 
4 

MRI accompanied with MT presented enhanced contrast after 24 h post injection. 
6 
7 Subsequently, the same MT strategy was applied in PAI, enhanced contrast was observed 
8 
9 after 0.5 and 6 h post injections. This example indicated the role of MT in multimodal 
11 
12 bioimaging. Further to the composite structure of MoS2 with Fe3O4, Liu et al. immobilized 
13 
14 64Cu with MoS2 and Fe3O4   via  Cu-S adsorption to form a  multifunctional platform for 
15 
16 
17 CT/PET/PAI (Figure 6(a)).[137] The PEGylation of the composite was tested in water, saline 
18 
19 and glutathione prior to in-vivo multimodal bioimaging, it was found that double PEGylation 
20 
21 

(dPEG) exhibited the best stability in ionic condition. Figure 6(b) presents the time-dependent 
23 
24 PET scans of the 4T1 tumor of mice as shown in Figure 6(e) suggested the effective passive 
25 
26 targeting function of the composite after 3 h post injection. The PA images taken after 
28 
29 intravenous injection of the composite (Figure 6(c)) indicated the even distribution of the 
30 
31 composite around the tumor site. Moreover, the T2 contrast of MRI in Figure 6(d) 
33 
34 demonstrated substantial darkening of tumor site (red circle) and the liver due to accumulation 
35 
36 of the composite after 24 h post injection. This also provided the fact about the uptake of the 
37 
38 
39 composite via the liver (blue arrow). Very recently, Lin and co-workers presented the use of 
40 
41 MoS2@Fe3O4-ICG/Pt(IV) nanoflowers for multimodal bioimaging  and phototherapies.[138] 
42 
43 The composite was prepared by a simple one-step hydrothermal method but it integrated three 
45 
46 imaging modes and three therapeutic modes by singly 808 nm excitation. In addition to the 
47 
48 MRI and PAI modes, the infrared thermal imaging can monitor the photothermal effect on the 
50 
51 tumor in a real time manner. The hyper-integration and simple preparation provided an ideal 
52 
53 platform for future theranostic applications. Aside from TMDs, graphene oxide (GO) and 
54 
55 
56 their composites played important role in the multimodal bioimaging application.[139,140] Liu 
57 
58 and co-workers anchored SPIONs on reduced GO nanosheets for photothermal therapy and 
59 
60 

trimodal FI/PAI/MRI   in-vivo.[141] The   thorough   surveys   on   the   bioimaging   ability, 
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biodistribution and toxicity provided grounds for future developments of using GOs-based 
1 
2 composites for theranostic applications. In another report, Yang et al fabricated GO- 
3 
4 

conjugates to form an image-guided drug delivery platform for metastatic breast cancer.[142] 
6 
7 The composite was labelled with the organic fluorophore fluorescein isothiocyanate and 64Cu 
8 
9 for FI/PET. Moreover, monoclonal antibody was used as the targeting agent to deliver the 
11 
12 DOX to the cancer site. The composite showed superior drug delivery performance compared 
13 
14 to GO. It is the fact that the QD counterparts of 2D TMDs were subject to strong quantum 
15 
16 
17 confinement due to the decreased dimension, which thus resulted in their unique energy band 
18 
19 structures for multicolor emissions.[143,144] Recent reports indicated the 2D QDs only presented 
20 
21 

single FI modality, it is still worthwhile to examine their potential ability for future 
23 
24 multimodality applications. Lin et al. fabricated the green luminescent BN QDs for cellular 
25 
26 bioimaging.[145] In spite of their small size, the QDs could not reach the nuclei as revealed 
28 
29 from the stained image. Xue et al. recently fabricated a new class of 2D early transition metal 
30 
31 carbide Ti3C2 QDs by facile hydrothermal method and the crystalline size was simply tuned 
33 
34 by the reaction temperature.[146] Interestingly, the QDs prepared at 150 oC showed acute 
35 
36 toxicity while those at 100 and 120 oC showed very low toxicity. Encouraged by the low 
37 
38 
39 toxicity, the QDs were incubated with RAW264.7 cells for FI. The cells emitted blue, green 
40 
41 and red emissions owing to the efficient uptake of the QDs via endocytosis. However, the 
42 
43 QDs were still not able to penetrate the nuclei. 
45 
46 
47 
48 
49 
50 
51 
52 
53 
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16 
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23 
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28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 Figure 6. (a) STEM image of the Er-doped MoS2 material, the Er atom was highlighted by 
39 
40 
41 circle. 980 nm laser excited NIR-NIR (b) UCL and (c) DSL emission spectra of the Er-doped 
42 
43 MoS2.[134] (d) STEM image and the corresponding elemental map analysis of elements in the 
44 
45 64Cu-MoS2-Fe3O4 composite. (e) PET scans and (f) PAI of the 4T1 tumor-bearing mice at 
47 
48 different time post injection of the composite. (g) T2-weighted MRI of the control and 
49 
50 experimental groups with composite injection. The red circles indicate the tumor site while 
52 
53 the blue arrows indicate the liver.[137] 
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4. Conclusions and perspectives 
1 
2 A wide spectrum of nanomaterials with different unique structures had been prepared by 
4 
5 state-of-the art physical or chemical methods. Alongside with suitable surface functional 
6 
7 groups and targeting moieties, they were able to perform multimodal bioimaging with 
8 
9 
10 outstanding contrast. The in-depth biodistribution studies can even support the clearance and 
11 
12 retention of the nanomaterials at the region of interest. To date, numerous multimodal 
13 
14 

nanoprobes have been extensively reported and examined for bioimaging, but they were still 
16 
17 limited by some factors. Au nanostructures are sensitive to pH and ionic strength of media; 
18 
19 they may exhibit irreversible aggregation in the presence of inappropriate buffers or surface 
21 
22 passivation.[147] Most of the nanoprobes can be purified by using solvents with centrifugations, 
23 
24 the purification of functionalized and as-synthesized CQDs is relatively laborious because gel 
25 
26 
27 columns, dialysis or membrane filtering are needed for the extraction prior to bioimaging 
28 
29 applications.[148-150] Ln3+ ions-doped UCNPs offer excellent physiochemical and optical 
30 
31 

properties that emerge as a competitive choice as nanoprobe, but the quantum yield (~5 %)[151] 
33 
34 remains comparatively low to CQDs (~75 %).[152] The size distribution of NBs is large, 
35 
36 usually at the range of several hundred nanometers.[153,154] The large distributions might affect 
38 
39 the in-vivo bioimaging performance as the larger particles cannot enter small structures of 
40 
41 targeted sites. Among the reviewed nanomaterials, 2D materials and their derivatives are a 
43 
44 relatively new class of nanomaterials in bioimaging, hence their long term toxicity, immune 
45 
46 response and clearance remain unclear. 
47 
48 
49 The surveys on the long-term cytotoxicity of the nanomaterials and evaluations of their 
50 
51 feasibility for future clinical diagnosis and medical imaging would be one of the future 
52 
53 

directions. The toxicity of nanomaterials stemmed from sizes, shapes, surface coatings, 
55 
56 charges and release of chemical constituents. Some nanomaterials may even generate radicals 
57 
58 under redox conditions that contribute to acute toxicity.[155,156] The toxicity of nanomaterials 
60 
61 can be studied by different approaches, including behavior observation, body weight 
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measurement, histology analysis and hematology analysis in animal models[157] or cell 
1 
2 viability, apoptosis, DNA damage and organ functions in cells lines.[156,158] Moreover, new 
3 
4 

methods were explored to increase the performance of toxicity analysis. Puzyn et al. presented 
6 
7 the nano-quantitative structure activity relationship to predict the toxicity of metal oxides in 
8 
9 bacteria[159] while Kandasamy et al. measured the toxicity of nanomaterials in cells by using 
11 
12 the electric cell-substrate impedance sensing.[160] Despite the effort, the toxicity studies are 
13 
14 constrained by the broad family of nanomaterials because of the vast combinations of 
15 
16 
17 elements. Therefore, it is difficult to generalize the toxicity of nanomaterials. The studies also 
18 
19 cannot account for uncertainties for long term toxicity. Although computational algorithms 
20 
21 

had been developed to predict toxicity, expensive animal tests are still necessary to support 
23 
24 the simulated results. In addition, it is also desirable to perform pre-clinical studies of novel 
25 
26 nanomaterials for multimodal bioimaging. Such studies may contribute to the database of 
28 
29 nanoprobes for future safety assessments. Detappe et al. presented their study on the dual 
30 
31 modal MRI/CT image-guided radiation therapy.[161] They had mimic the existing clinical 
33 
34 workflows for therapeutic agents. The flow of this study may be a useful reference for future 
35 
36 image-guided therapy studies. 
37 
38 
39 Apart from in-depth studies of the nanoprobes, the search for new, biocompatible and 
40 
41 dischargeable nanoprobes should be continued with the stringent assessment on contrast 
42 
43 ability and toxicity. It was demonstrated that the doping of Ln3+ ions into 2D materials can 
45 
46 support luminescent bioimaging with high penetration. It is believed that this superior optical 
47 
48 feature can be combined with the recently emerged 2D QDs for multimodal bioimaging, for 
50 
51 instance BP QDs were able to provide PA contrast.[162] Recent works showed that the optical 
52 
53 properties of new semiconductor QDs, such as Ag2S[163] and PbS,[164] were tailored to emit 
54 
55 
56 light at NIR II window. They also demonstrated multimodal bioimaging by forming hybrid 
57 
58 structures. In addition, the combination of NIR emissive Ln3+-doped UCNPs with AuNRs had 
59 
60 

shown the subtissue localization at NIR II window and thermal monitoring ability by using 
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43 

chicken breast tissue.[165] These reports indicated that imaging at NIR II window might be a 
1 
2 future trend for FI. On the other hand, new bioimaging concepts might be introduced into the 
3 
4 

existing multimodal bioimaging systems. The dual-core mesoporous nanoparticles were able 
6 
7 to control the temperature increment at nanoenvironment by using the hyperthermia effect of 
8 
9 SPIONs.[166] The green UCL of Er3+ ions were used to monitor the localized temperature. 
11 
12 Such effect might be potentially applied in biomedical imaging application. The concept of 
13 
14 persistent luminescence bioimaging is helpful for long-term tracking and imaging, which 
15 
16 
17 would be an attractive research trend. Recent studies demonstrated rechargeable bioimaging 
18 
19 by using NIR laser[167] and X-ray[168]; in particular the X-ray imaging can be synergistically 
20 
21 

cooperated with optical imaging for long-term monitoring. More advanced multimodal 
23 
24 bioimaging systems can be developed based on these findings. 
25 
26 
27 
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