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a b s t r a c t   

Recent advances in the synthesis of nanomaterials with diagnostic and therapeutic capabilities have been 
rapidly reshaping the landscape of precision medicine. Impressive progress has been made toward the 
design and production of innovative theranostic nanomaterials to treat a variety of diseases, yet their po
tential is currently limited by low bioavailability, biocompatibility, or undesirable pharmacokinetics, hin
dering their widespread clinical implementation. Here, we summarize the state of the art for theranostic 
nanoparticles and discuss the diverse administration routes being used in the diagnosis and treatment of 
different diseases. In addition to the most commonly used intravenous (IV) administration, newly emerging 
nanomaterial administration routes are described in depth to explore the potential benefits of these routes 
that can bypass biological barriers and thereby facilitate the delivery of nanoparticles to boost imaging 
sensitivity and therapeutic efficacy in specific use cases. Some of the biggest challenges facing nanoparticle 
delivery systems are site-specific targeting, controlled nanoparticle accumulation, and safe metabolic 
processing. By providing examples of their in vivo applications for various diseases, we highlight the 
benefits, challenges, and opportunities of theranostic nanoprobes and routes of administration to inform 
future nanoparticle design. 

© 2021 Elsevier Ltd. All rights reserved.    
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Introduction 

Nanomaterials, especially those exhibiting diagnostic and ther
apeutic functions, have proven to be powerful tools for biomedical 
applications with utility across a broad array of diseases [1–11]. With 
respect to in vivo applications, nanomaterials can be engineered to 
maximize the benefits of their unique properties. These efforts have 
improved nanoparticle contrast to enable ultra-sensitive imaging, 
increased circulation time relative to small molecules, employed 
multiple surface binding sites to confer multiple functionalities, 
achieved higher accumulation in diseased tissues, reduced toxicity, 
and provided a number of other application-specific benefits. Their 
high surface-to-volume ratio facilitates the incorporation of multiple 
moieties such as targeting or antifouling molecules, while their 
small size is favorable for diverse administration routes that can 
achieve favorable biodistribution in target tissues of interest. Their 
administration routes can strongly affect drug pharmacokinetics, 
absorption, distribution, metabolism, the duration of the therapeutic 
effect, excretion, and toxicity. As new theranostic nanoformulations 
are rapidly emerging, there is an increasing need for improving their 
delivery to ensure satisfactory safety and efficacy. 

Although the need to design functional nanoparticles that are 
safe and effective within the context of their disease application is 
obvious, the effect of administration routes on these factors has been 
underappreciated, as shown in Scheme 1. For instance, intravenous 
administration of nanoparticles is still considered as the potentially 
curative therapeutic approach for some cancers and vascular dis
eases. Nanoparticles modified with targeting moieties can readily 
target the tissue of interest and be modified with anti-biofouling 
polymers to create reticuloendothelial system (RES)-evading parti
cles with long circulation half-lives. However, nanoparticles directly 

entering the systemic circulation via intravenous injection may ac
cumulate undesirably in the liver and spleen, causing chronic in
flammation and long-term toxicity, particularly when they are not 
biodegradable. Similarly, oral administration is often the preferred 
route for clinical administration due to its safety, convenience, and 
patient compliance, but it suffers from low bioavailability due to the 
biochemical barriers in the complex gastrointestinal (GI) environ
ment and physiological barriers such as the mucus layer and robust 
intestinal epithelial cell tight junctions. Moreover, early degradation 
in the oral cavity can lead to nanoparticle activity in non-target 
tissues that can reduce their efficacy and cause adverse side effects. 
Alternatively, locoregional administration enables nanomaterials to 
bypass key biological barriers to achieve a high local concentration 
in the desired area, enabling their use for long-term drug release 
while reducing the risk of systemic toxicity [6,12–14]. In some cases, 
the unique immunogenicity of nanomaterials can activate the local 
immune response [15]. However, this route may be difficult to use 
for deep tissue targets due to poor accessibility. Therefore, admin
istration route is a key factor that should be considered when en
gineering advanced theranostic nanotools. 

In this review, we focus on the recent advances in functional 
nanomaterials and their administration pathways suitable for dis
ease theranostic applications. Using examples that include in vivo 
studies for different diseases, we highlight both the opportunities 
and benefits of the theranostic nanoprobes are highlighted. Finally, 
we then present the current challenges and future perspectives for 
both fundamental studies and potential clinical translation. 

Intravenously administered nanoparticles as theranostics 

Intravenous injection is currently one of the most commonly 
used administration route in the clinic [16,17]. It has several sig
nificant advantages including the rapid onset of effects, easy dose 
control, and high bioavailability because it bypasses first-pass me
tabolism and is compatible with large dosage volumes. 

Theranostic nanoparticles are most commonly administered via 
this route in preclinical research and demonstrated exciting poten
tial for the diagnosis and treatment of cancer and vascular diseases  
[18–21]. Through the use of intravenous nanoformulations, the 
rapid, nonspecific clearance and poor biodistribution that plague 
conventional low molecular weight drugs can be overcome by 
packaging the agents within sterically stabilized, long-circulating 
nanosystems. The surface of these nanosystems can be further 
modified with ligands to actively target cellular/molecular targets in 
the diseased tissue [22,23]. Based on these advantages, several nano- 
based formulations medicated by this route have been approved by 
FDA [24,25], such as the PEGylated liposomal encapsulation of 
doxorubicin for ovarian cancer treatment (Doxil, 1995), the ultra
small superparamagnetic iron oxide for metastatic disease detection 
in lymph nodes (Combidex, 2005), and the nanoparticle albumin- 
bound paclitaxel for the treatment of breast cancer (Abraxane, 2005) 
that is followed by metastatic non-small cell lung cancer (2012) and 
metastatic pancreatic cancer (2013). 

Nevertheless, the intravenous route still poses several problems, 
including the harmful side effects associated with systemic dis
tribution [26–28]. A large proportion of intravenously administered 
nanoparticles will be recognized by the immune system and cap
tured by the RES ( e.g., liver and spleen), which could accumulate 

Scheme 1. Nanomaterial administration routes with their advantages and dis
advantages. 
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and cause chronic damage to these tissues if they are difficult to 
break down and clear [29,30], largely preventing their clinical ap
plication. 

Recent studies have investigated the interactions between na
noparticles and various proteins in bodily fluids (e.g. the protein 
corona) [31–34], developed new approaches for targeting na
noagents to tumors [35], engineered particles to be compatible with 
standard in vivo clearance pathways [36,37], designed particles that 
avoid potential systemic toxicity after intravenous injection [38,39]. 
These studies help to provide insight into best practices for the 
clinical implementation of injectable nano-preparations to accel
erate translation. 

The design of tumor-targeting nanomaterials administered in
travenously was motivated primarily by the enhanced permeability 
and retention (EPR) effect, sometimes termed the “royal gate” for 
drug delivery since nanomaterials could pass through the compro
mised integrity of tumor vasculature and accumulate inside tumors, 
thereby reducing side effects compared to conventional treatments  
[40,41]. However, some researchers have challenged the value and 
even existence of the EPR effect in humans, suggesting that it may 
only function in rodents [42,43]. However, regardless of the ad
vantages provided by the EPR, nanomedicines can still present key 
advantages for cancer therapy including their compatibility with 
active targeting strategies to improve delivery to the tumor micro
environment. 

Due to a wide variety of sizes, compositions, and surface func
tionalization strategies, it is difficult to directly compare nanoma
terials produced by different labs, resulting in the unpredictability of 
in vivo pharmacokinetics and pharmacodynamics. Ideally, the field 
would implement a standardized set of analytical methods to enable 
the formation of broad conclusions regarding the effects of basic 
properties (size, surface charge and modification) and important 
downstream properties (diagnosis, therapeutics, biological dis
tribution, biocompatibility, and clearance) on formulation quality 
and safety. This cohesive effort could enable researchers developing 
intravenously injected nanoparticles to understand the principles of 
nanomaterial safety and thereby rationally design their formulations 
to overcome current safety concerns and progress towards clinical 
translation. 

Cancer theranostics 

Nanotherapeutics have been considered promising cancer treat
ments for several decades because of their potential to overcome the 
lack of specificity of conventional chemotherapeutic drugs and 
provide clinicians with a better option for cancer treatment [5]. In 
order to ensure their distribution to tumors throughout the body, 
nano-based anti-cancer therapies have been most widely adminis
tered via intravenous injection. 

The aforementioned EPR effect is the most basic passive me
chanism by which intravenous nanomaterials can passively target 
tumors. This mechanism was originally applied to macromolecular 
drugs [44], but has elicited more interest in the field of nanodrugs. In 
contrast to macromolecular drugs, the permeability of particles 
through the vasculature decreases as particle size increases. There
fore, nanomedicines with sizes ranging from 20 to 200 nm have the 
advantage of remaining in circulation for an extended period of time 
because, unlike smaller molecules and particles which can easily 
pass through most vascular epithelium, these materials do not 
readily pass through vasculature [19]. This special pharmacokinetic 
behavior provides nanomedicines with better tumor targeting effi
ciency because nanoparticle extravasation through tumor vascu
lature into the tumor is a cumulative process. As such, the route of 
intravenous administration represents a unique advantage in tumor 
selectivity for nano anti-cancer drugs. 

Based on the theoretical advantages of intravenous nano-for
mulations, there has been an explosion in the investigation of na
nomaterials for cancer diagnosis and treatment over the past several 
decades. In the 1970 s, researchers found that liposomes can serve as 
a convenient and controllable drug carrier, which provided a new 
therapeutic feature in the treatment of cancer [45–48]. In the sub
sequent studies, other nanomaterials with distinctive chemical 
compositions and physical properties were identified and applied to 
cancer diagnosis and treatment [49–51]. These nanomaterials have 
been combined with constantly improving imaging modalities, 
sometimes enabling microscopic localization. In 1999, Weissleder 
proposed the concept of “molecular imaging”, which shifted the 
focus of imaging from nonspecific physiologic or anatomical prop
erties to specific molecular sources [52]. The construction of tar
geted molecular probes that can actively identify biomarker 
molecules of disease after intravenous injection has become one 
critical and growing area of research. By modifying nanoprobes with 
targeted moieties, they can both passively accumulate in tumor sites 
through the EPR effect and actively detect cancer biomarkers, which 
will have a synergistic effect on tumor contrast [53]. The Gao group 
proposed a concise ‘‘one-pot’’ route to prepare surface-reactive, 
biocompatible Fe3O4 nanocrystals as magnetic resonance (MR) 
contrast agents featuring an anti-carcinoembryonic antigen mono
clonal antibody which improved tumor accumulation and cancer 
diagnosis of nanoparticles [54,55]. Similarly, NaGdF4 nanoparticles 
covalently functionalized with an anti-EGFR monoclonal antibody 
(mAb) achieved promising tumor-specific targeting and strong 
magnetic resonance (MR) contrast enhancement in an in
traperitoneal xenograft tumor model in mice [56]. In order to further 
improve the targeting efficiency of nanoprobes, Liu et al. subse
quently replaced larger antibodies with a smaller target molecule, 
folic acid, to increase the loading capacity, which can specifically 
assist the nanoparticles to identify the folate receptor highly ex
pressed on the surface of the tumor cell membrane. The primary 
tumors in more complicated physiological environments can be 
successfully detected by such targeted nanoprobes [57]. Similarly, Li 
et al. designed tumor-specific rare earth nanoprobes consisting of 
core-shell-shell structures and folic acid to detect subcutaneous 
tumors through up-conversion (UCL) and down-conversion emis
sions, respectively, which allowed to image the heterogeneous ex
pression of folate receptor within the tumors [58]. This work clearly 
showed the spatial distribution of pathological-related molecules 
within small tumors, but also demonstrated the superior potential of 
optical imaging (OI) techniques in extracting additional information 
with high imaging sensitivity. Further, this was achieved with ima
ging equipment that costs far less than modalities currently used in 
the clinic, such as magnetic resonance imaging (MRI), computed 
tomography (CT), and positron emission tomography (PET). Another 
notable advantage of OI techniques is that multiple targeted probes 
with different spectral characteristics can be used for multichannel 
imaging simultaneously, enabling co-localization analyses of dif
ferent pathological molecules [59]. The Dai group combined ErNPs 
and PbS QDs with different spectral properties to image the het
erogeneous bio-distributions of PD-L1 and CD8+ cytotoxic T lym
phocytes (CTLs), respectively. This multichannel OI technology based 
on multi-target nanomaterials approach can be used to detect CTLs 
in the tumor microenvironment in response to immunotherapy as 
well as altered CD8 signals in tumor and spleen due to immune 
activation, which can serve as a tool for evaluating the efficacy of 
cancer immunotherapies [60]. 

Due to the different vascular distribution between tissues and 
inherent resolution limitations of a single imaging modality, the 
accurate imaging of smaller tumors without known biomarkers that 
can be targeted or in complex pathological environments is a key 
challenge for intravenous nanoformulations. Improving the targeting 
capability of nanoprobes has proven insufficient to date, so new 
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trials focused on enhancing the performance of imaging techniques 
are currently being explored. One of the approaches recently being 
studied is the use of multiple modalities to overcome the weakness 
of a single imaging modality with the strengths of other imaging 
modalities [61–63]. For example, the versatility of magnetic nano
particles has allowed them to become an important platform for 
multi-modal imaging applications, such as MRI-PET/SPECT or MRI- 
OI, which combines the advantages of each imaging modality to 
achieve highly accurate and informative images [64]. Gao and 
coworkers labeled radionuclide 125I on the previously synthesized 
MR contrast agent Fe3O4-mAb to develop a novel dual-modality 
molecular probe, which successfully obtained tumor information 
from both MR and single-photon emission computed tomography 
(SPECT) [65]. They designed ultrasensitive magnetic/upconversion 
fluorescent dual-modal molecular probes through a bioconjugation 
reaction with tumor-specific antibodies with NaGdF4 particles, 
which successfully detected both subcutaneous and intraperitoneal 
tumors with MRI and OI [66]. Similarly, Ding et al. employed Mn- 

doped quantum dots with high luminescence efficiency to realize 
tumor OI/MRI dual-modal imaging [67,68]. Very recently, Lan and 
Hou designed a novel probe using MDA-MB-231 cancer cell mem
brane-mimic Gd3+-doped upconversion nanoparticles (CCm-UCNPs) 
to detect triple-negative breast cancer (TNBC), a subtype of breast 
cancer that is particularly difficult to target because it does not 
overexpress estrogen receptor, progesterone receptor, or human 
epidermal growth factor receptor 2. To prepare this probe, natural 
cell membranes were isolated from cancer cells and coated onto the 
UCNPs, which exhibited homologous targeting and immune es
caping abilities. Featuring the upconversion luminescence of UCNPs, 
the paramagnetism of Gd3+, and surface labelling with 18F, CCm- 
UCNPs were used for ultra-sensitive in vivo UCL/MRI/PET multi
modality precise imaging of TNBC, and differentiating MDA-MB-231 
from MCF-7 tumors in mouse models, showing the potential for 
multiple clinical applications [69]. The intravenous nanoprobes 
mentioned above were designed to induce an adequate signal in 
multiple imaging modalities, which, in combination, achieved both 

Fig. 1. (a) The working mechanism of the DNA-based fluorescent reporter, which must be simultaneously processed by TE and APE1 to produce a specific fluorescent signal, 
enabling the imaging of the correlated activity of the two enzymes both in vitro and in vivo. (b) Fluorescence spectra and (c) reaction kinetics of TP–AP (50 nM) responding to TE 
(10 U L−1) and/or APE1 (1 U mL−1). (d) Fluorescence images of mice with a bilateral tumor model at different time points after i.v. injection of TP–AP. (e) Quantification of the 
fluorescence intensity at the two tumor sites in (d). (f) Ex vivo imaging and (g) fluorescence intensities of the tumors and major organs at 4 h post-injection of the probe. 
Reproduced with permission [74]. Copyright 2021 Wiley-VCH Verlag GmbH & Co. KgaA. 
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high spatial resolution (via MRI) and high sensitivity (via OI, PET, or 
SPECT), thereby detecting the biological targets with higher accu
racy. This multimodality imaging approach enhances the potential 
clinical value of intravenously administered nanoformulations for 
cancer. 

Because intravenously injected nanomaterials are inevitably 
distributed in normal tissues while entering the disease lesions, 
another strategy to improve imaging accuracy is to reduce the 
background of normal tissue, thereby highlighting the signal of the 
lesion. Nano-systems incorporating stimuli-responsive materials 
have been designed to sensitively produce signals only in the target 
region(s), which greatly increases the signal-to-background ratio, 
thereby providing high resolution and real-time quantitative de
tection of certain biomarkers [70]. These important hallmarks, in
cluding hypoxia, low extracellular pH, enzymes, and reducing 
conditions are closely associated with the proliferation, angiogen
esis, invasion, and metastasis of cancer, presenting the potential of 
“smart” stimuli-responsive nanoprobes [71]. Gao and coworkers 
proposed a protease-activated pH-sensitive ratiometric optical 
imaging nanoprobe. In this system, a matrix metalloproteinase-9 
(MMP-9)-cleavable peptide served as the linker to conjugate the 
ratiometric fluorescent dye (ANNA) to Fe3O4 nanocrystals, an ideal 
quencher for this ratiometric dye. After the cleavage of the peptide 
in the MMP-rich tumor microenvironment, the fluorescence of the 
dye is no longer quenched. In this strategy, the responsibility of 
MMP-9 is to reduce the nonspecific background, while ratiometric 
fluorescence can mitigate the negative effects of fluorophore con
centration and tissue depth on fluorescence intensity, and allow 
quantitative measurement of pH [72]. On this basis, Ma et al. ex
tended the concept by adding the NIR fluorescent dye Cy5.5 as the 
internal reference. The constant emission of this internal reference 
and the fluorescence of MMP-activated pH-sensitive ratiometric dye 
(ANNA) can form another ratiometric fluorescent system to quanti
tatively map the activity of MMP-9 in the tumor microenvironment. 
The correlation between pH and MMP-9 during tumor growth and 
invasion can be deeply understood by using this probe [73]. Single 
stimulus–responsive probes provide selective and sensitive strate
gies for visualizing the tumor microenvironment with a high signal- 
to-background ratio. Comparing with the single stimuli-responsive 
probes, multi-stimuli ones enable more exact and specific imaging of 
tumor, avoiding the possibility of a “false positive” result. Very re
cently, Li and coworkers developed a cooperatively activatable, DNA- 
based fluorescent reporter named TP-AP that can precisely visualize 
the correlated activity of two key enzymes related to tumor devel
opment and prognosis, including telomerase (TE) and apurinic/ 
apyrimidinic endonuclease 1 (APE1). Through the TE-triggered DNA 
elongation and the APE1- induced cleavage, the conformation of TP- 
AP will be altered inside the tumor region, thereby activating the 
fluorescent signal by breaking the fluorescence resonance energy 
transfer (FRET) to further visualize the activity of two enzymes 
(Fig. 1a-c). More importantly, TP-AP can be used to perform real- 
time pharmacodynamic assessments through monitoring the activ
ities of two enzymes in tumors. The fluorescent intensity in the 
cisplatin-treated tumor was 2.1-fold higher than that of untreated 
tumors, which is a very promising finding, potentially improving the 
accuracy of clinical cancer prognosis (Fig. 1d-g) [74]. Intravenous 
administration of nanoformulations with multi-parameter imaging 
capabilities can serve as a non-invasive tool to replace many of the 
functions of invasive multi-index biopsies, which could greatly re
duce the pain of patients and avoid the potential risk of invasive 
detection to promote cancer metastasis. In addition, this approach is 
also promising because it could be used to customize specific 
treatment strategies for individual patients and enable the estab
lishment of patient-specific “personalized medicine” in the near 

future. Apart from the optical imaging, Zhang et al. further realized 
the non-invasive and quantitative detection of tumor-specific bio
markers in vivo through clinically compatible imaging modality, i.e., 
MRI. They reported an Fe3O4 nanoparticle-based glutathione (GSH) 
responsive nanoprobe, which can form agglomerates within tumors 
to give rise to strong GSH concentration-dependent interlocked re
laxivities. Through the theoretical analysis, a quantitative correlation 
between the interlocked MRI signals and local GSH concentration 
was established, which was further applied for mapping the het
erogeneous distribution of GSH within an intracranial tumor 
(2.4 mm × 1.6 mm) in vivo. This methodology will offer a practical 
route for quantitatively mapping tumor-specific biomarkers in vivo 
with unlimited detection depth [75]. 

Intravenous nanotherapeutics have not only been used as tumor 
imaging agents, but also as carriers that prolong drug circulation 
time and control drug release [76,77]. Nanomaterials with integrated 
single/multi-modal diagnostic and therapeutic functional agents 
have attracted considerable attention in recent years due to their 
promising potential in precision medicine [78–80]. For example, Li 
and coworkers developed a bovine serum albumin (BSA)-mediated 
aqueous synthesis approach for ultrasmall Bi2S3 nanoparticles. 
Owing to their small size and colloidal stability, BSA-capped Bi2S3 

nanoparticles display outstanding residence time in circulation with 
a half-life of up to 14.85 h, which is favorable for the accumulation of 
nanoparticles in the tumor to achieve specific PA/CT imaging. Owing 
to the synergy between their excellent photothermal conversion 
efficiency up to 51% and large X-ray attenuation coefficient, the 
photothermal and radiosensitization effects of these nanoparticles 
enable effective eradication of tumors in mice with the ability to 
increase survival up to 100% 40 d after treatment [81]. This type of 
noninvasive imaging-guided treatment strategy combines diagnostic 
and therapeutic capabilities, which provide information about the 
size and location of tumor as well as a clear target for exogenous 
stimulation that can minimize damage to normal tissue surrounding 
the tumor. 

Surgical resection is currently one of the most important means 
for the treatment of early-stage cancers; however, the precise and 
complete removal of the tumor remains challenging due to a myriad 
of issues including loss-of-function from excessive healthy tissue 
excision, which is especially problematic when tumors are in critical 
tissues, such as brain. To address this problem, intravenous nano
materials can be combined with image-guided surgery (IGS) [82]. 
The highly specific, robust detection of tumors using high contrast 
images has the propensity to not only ensure complete tumor re
moval at the margin but also reduce excessive resection of sur
rounding normal tissues. Tumor-specific nano-imaging agents can 
precisely delineate the carcinoma boundary to provide more reliable 
operation guidance [8,83]. For instance, under the guidance of Ag2S 
QD-based NIR-II fluorescence, the deep sentinel lymph nodes and 
lymphatic vessels of tumor-bearing nude mice can be clearly iden
tified with high spatial and temporal resolution for accurate dis
section, thereby reducing the probability of tumor recurrence [84]. 
Similarly, these Ag2S QDs have also been used for the highly sensi
tive preoperative tumor imaging and intraoperative excision of brain 
tumors using NIR-II fluorescence imaging. This study showed that 
fewer residual tumor cells (4.5%) at the surgical site were detected 
compared with that of the naked eye-guided surgery (14.2%) [85]. 

Unfortunately, nanoparticle distribution is not confined to tu
mors. Even when using targeted nanoparticles, a subset of the in
travenous injection is invariably delivered to normal tissues 
nonspecifically, especially the liver and spleen, which may lead to 
potential side effects. The stimuli-responsive nanomaterials men
tioned above may be able to overcome this challenge because they 
only become activated in the tumor while remaining “silent” in 
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normal tissues [22,23,86]. Zhang et al. designed an activable na
noprobe by coating upconversion nanoparticles with coordinatively 
unsaturated gallic acid(GA)-Fe(III) complexes. After intravenous in
jection, the nanoprobe binds to transferrin to enhance tumor tar
geting, passes the impaired blood vessel, and consequently 
accumulates in the tumor. Once internalized by cancer cells through 
transferrin receptor-mediated endocytosis, the coordinatively un
saturated shell of the probes is activated by the low lysosomal pH by 
breaking the superexchange coupling to release Fe(III), T1 effect for 
MRI is boosted. Apart from this activatable MR imaging property, the 
released Fe3+ ions in the tumor are capable of directly catalyzing 
damaging free radical formation via Fenton-like reaction, known as 
Ferroptosis, while the remaining GA-Fe(III) serve as heating centers 
upon laser irradiation to realize MRI-guided PTT (Fig. 2) [87]. These 
kinds of nanoagents can greatly reduce the systemic toxicity caused 
by intravenous administration, and therefore have great potential for 
clinical translation. 

In recent years, cancer immunotherapy has achieved substantial 
success in the clinic, which mainly includes chimeric antigen re
ceptor (CAR) T-cell therapies and checkpoint blockade treatment 
with antibodies that block the inhibitory receptors cytotoxic T 
lymphocyte antigen-4 (CTLA-4) or programmed death-1 (PD-1)  
[3,13,88–100]. A variety of injectable nano-immunoregulators have 
been developed to provoke host immunity and result in anticancer 
effects of immune systems. Tan and Liu designed a kind of apta
mer–multivalent–drug conjugate (ApMDC) nanomicelles. After op
timizing the pharmacokinetics by adjusting the feed ratio in 
co–selfassembly, the best complementation was reached to ensure 
both blood circulation and tumor-targeting ability, which led to 
strong ICD of tumor cells and further boosted the antitumor immune 
responses of the checkpoint blockade [93]. In another work, Liu and 
co-workers reported a chemotherapy and photodynamic combined 
treatment to provoke the antitumor immune response against PD-1 
(α-PD1) through core-shell metal ion-drug nanoparticles formed by 
self-assembly of Mn2+ with chemotherapeutic doxorubicin and 
photosensitizer chlorin e6. After intraveneous injection, nano
particles promoted the antitumor immune response of the check
point blockade to fight against both the primary and distant tumors. 
Moreover, Mn2+ endowed the nanoparticles with T1 MRI perfor
mance for tumor diagnosis as well [89]. Compared with traditional 
molecular-based contrast agents or therapeutic drugs, intravenous 
nanoformulations have exciting capabilities that can combine mul
tiple beneficial functions, such as cell targeting, ultra-sensitive 
imaging, and stimuli-responsive therapy in a single entity. 

Theranostics for cardiovascular diseases 

The advantages of nanotherapeutics administered intravenously, 
such as long circulation time and excellent active targeting perfor
mance for special biomarkers, can be leveraged for applications 
beyond oncology and are especially well-suited for characterizing 
and treating cardiovascular diseases [19,101,102]. 

Angiography, a vascular imaging technology through intravenous 
injection of relevant contrast agents, has been used to detect carotid 
stenosis, cerebral aneurysm, peripheral vascular disease, and other 
vascular diseases [103,104]. MRI and CT are the most commonly used 
imaging modalities in clinical angiography. Intravenous injection of a 
contrast agent significantly enhances the contrast between blood 
vessels and surrounding tissues, subsequently improving the image 
quality [105,106]. However, the short half-life of blood and rapid 
extravasation into the extravascular space limit the usefulness of 
low-molecular-weight contrast agents [107–111]. Alternatively, na
nomaterials, which feature a slightly larger size less prone to ex
travasation and offer a prolonged circulation lifetime, can be 
employed as enhanced angiography agents [112,113]. 

Superparamagnetic iron oxide nanoparticles are among the most 
common nanosized MRI contrast agents administered via in
travenous injection. The MR relaxivity of magnetic iron oxide can be 
tuned by altering nanoparticle size [114,115]. Large iron oxide na
noparticles can be used as a good T2 contrast agent because of the 
high r2 derived from their innately high magnetic moment [116,117]. 
The magnetic moment of iron oxide nanoparticles declines rapidly 
with a decrease in particle size due to a reduction in the volume 
magnetic anisotropy and spin disorders on their surfaces. Small iron 
oxide nanoparticles featuring five unpaired electrons and a large 
surface area are potential candidates for T1 contrast agents [118,119]. 
The Hyeon group prepared uniform, extremely small-sized iron 
oxide nanoparticles (ESIONs) at various sizes down to 1.5 nm with 
high r1 relaxivities greater than 4.7 mM−1 s−1, 3 T and low r2/r1 ratios 
of less than 6.2, which can escape from the RES and resist clearance 
by the kidney. ESIONs with high r1 relaxivity and long circulation 
time enabled high-resolution T1-weighted MR imaging of blood 
vessels as small as 0.2 mm in diameter [120]. Subsequently, they 
used polyethylene glycol-stabilized iron oxide nanoclusters as T1 

MRI contrast agents and shown the ability to enhance the contrast of 
magnetic resonance angiography (MRA) in several large animal 
models, including rabbits, dogs, and macaques. Moreover, dynamic 
MRI also enables the detection of cerebral ischemia in macaques and 
beagles and shows higher sensitivity than clinical gadolinium-based 

Fig. 2. (a) Illustration of the activation of upconversion nanoparticle (UCNP) based UCNP@GA-Fe(III) probe in the acidic tumor microenvironment. (b) The activated T1-weighted 
MR images of tumor acquired before and after the injection of UCNP@GA-Fe(III) probes and Fe3+ release mapping within the tumor based on I475/I800 ratio of upconversion 
luminescence together with the probe‘s therapeutic mechanisms, including PTT treatment and the ferroptosis pathway. Reproduced with permission [87]. Copyright 2019 Wiley- 
VCH Verlag GmbH & Co. KgaA. 
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contrast agents [121]. Very recently, Cheon and coworkers designed 
a nanoparticle with a polysaccharide supramolecular core and a shell 
of amorphous-like hydrous ferric oxide, which exhibited great T1 

MRI performance. This particle allowed for depicting the cerebral, 
coronary, and peripheral microvessels in rodents and lower-ex
tremity vessels in rabbits through MRI at resolutions of the order of a 
few hundred micrometers, largely expanding the range of preclinical 
and clinical applications of MR angiography [119]. 

Recently, in addition to conventional MR and CT angiography, OI 
in the second near-infrared window (NIR-II, 1000–1700 nm) under 
~800–1000 nm excitation has afforded high-resolution imaging at 
sub-centimeter tissue depths, benefiting from suppressed photon 
scattering and diminished tissue autofluorescence in this spectral 
range [122,123]. Dai and coworkers used this type of optical angio
graphy by employing single-walled carbon nanotubes as fluor
ophores to perform real-time in vivo fluorescence imaging of mouse 
hind limb vasculature in the NIR II region. Both high spatial (~30 µm) 
and temporal (< 200 ms per frame) resolution for small-vessel ima
ging were achieved at depths of 1–3 mm in the hind limbs. Ad
ditionally, arterial and venous vessels can be clearly distinguished by 
using a dynamic contrast-enhanced NIR-II imaging technique [124]. 
They also engineered rare-earth Er-based nanoparticles for rapid 
imaging of mouse cerebral vasculature in the NIR-IIb window, which 
was achieved with a short, 20 ms exposure time per frame to yield 
high spatiotemporal resolution [125]. Due to their advantages, which 
include a high signal-to-noise ratio and high time-resolution, NIR-IIb 
emissive nanoparticles have promise for potential clinical use. 

Although there are many forms of cardiovascular diseases, acute 
cardiovascular events, which are often caused by atherosclerosis  
[126,127], remain one of the leading causes of mortality and mor
bidity worldwide. Traditionally, imaging of atherosclerosis has fo
cused on anatomical or physiological features at advanced stages of 
the disease, either by directly revealing luminal stenosis or by in
directly evaluating the functional consequences of the stenosis. 
These techniques are based on contrast analysis, but do not provide 
information on the active cellular and molecular processes that drive 
the evolution of atherosclerotic plaques [128,129]. This is a key 
limitation because many plaques that cause acute coronary syn
drome originate from non-flow-limiting lesions, which can also lead 
to the formation of thrombosis and are likely to cause fatal acute 
myocardial infarctions or sudden coronary deaths [130,131]. Cur
rently, clinical risk factors and available biomarkers are unable to 
accurately predict acute events caused by plaques. Therefore, more 
advanced technologies are needed to detect “vulnerable athero
sclerotic plaques,” which are more likely to cause an acute vascular 
event. To overcome this limitation, one group has investigated a 
method for determining the biological composition of the plaque, 
which is the direct evidence of clinical acute complications of 
atherosclerotic vascular disease [132,133]. Nanomaterials with the 
ability to identify specific biomarkers have been employed as novel 
tools to distinguish the biological characteristics of atherosclerotic 
plaques and thereby determine their potential to produce acute 
complications. Gao and Cao synthesized Fe3O4 nanoparticles as MRI/ 
optical dual-modality probes to detect vulnerable plaques in vivo 
based on osteopontin (OPN) content, which is highly expressed in 
foamy macrophages in vulnerable atherosclerotic plaque [134]. After 
that, they constructed another OPN-specific nanoprobe (UCNP-anti- 
OPN) based on upconversion luminescent nanoparticles. Because of 
their binding specificity, these nano-probes are able to differentiate 
vulnerable and stable atherosclerotic plaques optical and MR in vivo 
(Fig. 3a-e) [135]. More recently, these researchers constructed 
NaGdF4:Yb,Er@NaGdF4 upconversion nanoparticles targeting mac
rophage receptor with collagenous structure (MARCO) by con
jugating polyclonal antibodies to the surface of NaGdF4:Yb,Er@ 
NaGdF4 via a condensation reaction. This nanoprobe with favorable 
biocompatibility and affinity for binding M1 macrophages could be 

used for non-invasive dual MRI and OI to identify macrophages ex
hibiting an M1 phenotype in vulnerable atherosclerotic plaque in 
vivo (Fig. 3f-g) [136]. 

In addition to the specific detection of vulnerable plaques, na
nomaterials can also influence biological processes in a targeted 
manner, providing a new means for therapeutic plaque disruption  
[137]. For example, activation of peroxisome proliferator-activated 
receptor gamma (PPARγ) pathways in vulnerable plaques can effec
tively reduce plaque burden and associated inflammation. Using this 
strategy, Choi developed a macrophage mannose receptor (MMR)- 
targeted biocompatible nanocarrier loaded with lobeglitazone 
(MMR-Lobe), which is able to specifically activate PPARγ pathways 
within inflamed vulnerable plaques and effectively reduce both 
plaque burden and inflammation. This nanotherapeutics with tar
getable PPARγ activation capabilities could be a promising ther
apeutic strategy for treating vulnerable plaques [138]. 

Taken together, it is clear that theranostic nanoparticles ad
ministered intravenously have the potential to provide additional 
information about atherosclerotic plaques that can assist in risk 
segmentation and treatment selection. Once an inflamed plaque at 
risk of rupture is identified, the optimal systemic or local interven
tion can be employed to reduce the risk of a severe acute event. 
Further, this combined diagnostic and therapeutic approach can not 
only improve plaque detection but also directly act on plaques to 
improve outcomes in preclinical studies and potentially in patients 
as well. 

Orally administered nanoparticles as theranostics 

Oral administration remains the preferred route for clinical 
treatment of many diseases mainly due to its safety, convenience, 
and high patient compliance [139–149]. When drugs are adminis
tered via this route, their therapeutic efficacy largely depends on 
consistent systemic exposure following adequate absorption. These 
orally administered drugs must be absorbed through the gastro
intestinal tract into the systemic circulation or site of action to ex
hibit their pharmacological effect. However, many drugs display low 
oral bioavailability mainly due to poor transport across the intestinal 
epithelium and first-pass metabolism, a pre-systemic phenomenon 
in which a drug is routed to the liver where it is vulnerable to 
clearance before entering the systemic circulation [150,151]. 

Fortunately, recent advances in oral nanoparticle delivery has 
indicated the potential to overcome these challenges. Several studies 
have demonstrated that nanoparticle-mediated delivery can dra
matically improve bioavailability, drug circulation time, and biodis
tribution, which are important factors for the diagnosis and 
treatment of many diseases [152–154]. Specifically, the physico
chemical and pharmacokinetic parameters of encapsulated drugs 
can be finely tuned by adjusting the physicochemical properties, and 
surface modification of nanocarriers to ensure that the drugs can 
reach their target after passing through the long digestive tract  
[155]. In addition, nanocarriers also have the ability to protect the 
drugs from the harsh environment of the GI tract, which prevents 
premature drug degradation and thereby functionally increases 
systemic bioavailability [156]. Ferumoxsil, a formulation of super
paramagnetic silanized iron oxide nanocrystals, was approved by the 
FDA in 1996 as an oral MRI contrast agent that is well-tolerated and 
effective in marking the bowel and in delineating the normal organs 
as well as the pathologic targets [157]. At present, more and more 
orally administered nano-formulations are being developed to deal 
with various diseases [158–160]. 

Colon disease theranostics 

Oral drug administration is an obvious choice for targeting co
lonic diseases, such as colorectal cancer (CRC), irritable bowel 
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syndrome (IBS), and inflammatory bowel disease (IBD). It is crucial 
to precisely identify and target diseased areas in the distal colon to 
avoid harm to surrounding healthy tissue [161,162]. 

CRC is one of the most serious malignant diseases, stemming 
from the epithelial cells lining the colon of the GI tract, which is the 
second most common cause of cancer death in the United States. It is 
estimated that in 2020, approximately 147,950 individuals would be 
diagnosed with CRC and 53,200 would die from this disease [163]. 
CRC usually originates from polyps in the inner wall of the colorectal 
epithelium, which is able to invade muscles and tumor-draining 
lymph nodes and finally spreads to other organs, mainly the liver. On 
the other hand, IBD is a collective term for a group of chronic re
current gastrointestinal diseases, which can share some general 
clinical features, such as cycles of relapsing and remitting mucosal 
inflammation. The exact cause of IBD has not been fully understood, 
and there is no cure for IBD at present. The current treatment 
strategy is mainly to seek the relief of inflammation. 

Although the site-specific accumulation of oral drugs has become 
increasingly important in the local treatment of colon diseases, it 
also poses some limitations in this administration route. The com
plexity of the GI environment, variable pH, and the presence of di
gestive enzymes may promote the early degradation of drugs, which 
leads to the pre-systemic metabolism of drugs in the stomach and 
small intestine, thereby causing the reduction in reaching the target 
site(s) and increases the potential of adverse side effects [164]. 
Therefore, it is necessary to design systems that protect against 
these factors to achieve consistent controlled drug release. Currently, 
several systems (such as pellets, tablets, and capsules) have been 
used clinically to control the release of drug in the GI tract, but they 

are largely unable to combat the drawbacks of these conventional 
colon-targeted drugs. Therefore, nanotechnology has been employed 
to develop the new oral formulations, which are expected to safely 
escort drugs to colonic disease targets [165]. These nanomaterials, 
which possess a large specific surface area and targeting moieties, 
are able to increase interactions between drugs and the GI tract and 
specifically bind to tumor cells to promote drug internalization as 
well. Based on these advantages, oral nanomaterials have been 
widely studied in preclinical animal models to demonstrate proof of 
concept [166,167]. 

As mentioned above, loading targeting molecules onto the sur
face of nanodrug delivery systems is a viable approach that can 
enable them to target a site of interest. During the pathogenesis of 
many colon diseases, some ligands or receptors are commonly 
overexpressed by colon epithelial cells and immune cells, which can 
be used as targets for nano-drug delivery systems [161]. For ex
ample, Shen and coworkers designed a doxorubicin and super
paramagnetic iron oxide nanoparticle-loaded solid lipid 
nanoparticle (SLN) delivery system that accumulates in colon tu
mors and provides chemo/magnetothermal combination therapy at 
tumors through the hierarchical targeting of folate (FA) and dextran- 
coated on the particle surface. Both in vitro and in vivo character
ization showed that the dextran shells on SLN surfaces not only 
retarded the cellular transport of the FA-coated SLNs by the proton- 
coupled FA transporter on brush border membranes in the small 
intestine, but also enhanced particle residence time in the colon 
through specific associations with dextranase. The enzymatic de
gradation of the dextran shell in the colon can expose FA residues, 
thereby enhancing cell uptake of SLN. After oral administration, this 

Fig. 3. (a) A depiction of the UCNP-anti-OPN probe, and (b) the varied stress-induced plagues in ApoE−/− mouse, (c) in vivo upconversion luminescent images after intravenous 
injection of the UCNP-anti-OPN probe (the region of interest is encircled with red circles for showing the oscillatory shear stress (top) and lowered shear stress region (bottom) of 
the constrained vessel), (d) histological analyses, and (e) quantified data of the different plaque regions upon various staining. Reproduced with permission [135]. Copyright 2017, 
American Chemical Society. (f) Illustration of anti-MARCO UCNP probe, in vivo upconversion luminescent images of carotid artery before and at different time points after 
intravenous injection of the anti-MARCO UCNPs probe, the quantitative analysis of signal intensity, (g) together with an MRI of the carotid arteries of apoE−/− mice after 
intravenous injection of antiMARCO UCNP probe. Reproduced with permission [136]. Copyright 2019, Elsevier. 
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SLN treatment system can effectively inhibit primary colon cancer 
and prevent peritoneal metastasis in mice without obvious systemic 
side effects [168]. In addition to the artificial modification of target 
molecules, natural polysaccharides have been frequently in
vestigated as colon-specific oral delivery systems. Because of their 
immunogenicity, they can be selectively phagocytized by immune 
cells such as DCs and macrophages, leading to preferential accu
mulation in inflamed tissues. Xu and coworkers reported a targeted 
oral delivery system that loaded the clinically used anti-in
flammatory drug methotrexate (MTX) into yeast glucan particles 
(YGPs) for IBD therapy. YGPs/MTX were internalized by RAW264.7 
macrophage cells through dectin-1 and CR3 receptors and demon
strated enhanced accumulation in inflamed tissue using a mouse 
model of colitis, which significantly improved the efficacy of MTX 
while reducing side effects. This study provides new insight into 
incorporating naturally occurring polysaccharides as targeting 
agents for the treatment of inflammatory diseases [169]. 

Nanomaterials can also be designed to specifically protect GI 
from physical and chemical damage. For example, after radiation 
therapy of CRC, the healthy part of GI may also be destroyed, which 
will lead to a series of gastrointestinal diseases including anorexia, 
abdominal pain, diarrhea, and hematochezia, badly reducing the life 
quality of patients. Zhao and coworkers developed nanoparticles 
based on BSA-modified graphdiyne (GDY), known as GDY-BSA na
noparticles. These nanoparticles possessed satisfied chemical stabi
lity and can retain in GI after oral administration, which 
consequently prevented ROS-induced apoptosis of gastrointestinal 
cells, and successfully decreased radiation-induced diarrhea of mice  
[170]. In another study, Gu and coworkers carried out a series of 
studies on GI radioprotection by using carbon nanoparticles sus
pension injection (CNSI), the first clinically approved carbon nano
particles in China. CNSI is stable enough to maintain a long residence 
time in GI and can effectively scavenge the free radicals to inhibit the 
ROS-induced mitochondrial membrane and DNA damages [171]. 

Stimuli-responsive nanomaterials used in intravenous adminis
tration (mentioned in Section 2.1) can also serve as delivery systems 
for oral drugs to further control drug release. The complicated gas
trointestinal environment provides a rich source of stimuli that can 
trigger drug release from environmentally responsive nanomaterials, 
such as pH-dependent [172], ROS-sensitive [173,174], microbial-tar
geting [175,176], or enzyme-sensitive [177] particles. For example, Li 
and coworkers developed a nanotube-in-microsphere drug delivery 
platform by encapsulating halloysite nanotubes (HNTs) in a pH-re
sponsive hydroxypropyl methylcellulose acetate succinate polymer 
using microfluidics. This nanotube/pH-responsive polymer compo
site prevented the premature release of loaded drugs after exposure 
to the harsh conditions of the gastrointestinal tract (pH < 6.5), but 
quickly released drug and enhanced the drug permeability to inhibit 
colon cancer cell proliferation in response to the neutral colon pH  
[178]. In another study, Nagasaki and coworkers designed redox 
nanoparticles (RNPO) for oral chemotherapy with ROS responsive
ness and scavenging abilities. The results indicated that RNPO 
showed higher accumulation in colonic mucosa and selective in
ternalization in tumor cells using a mouse model. No significant 
toxicity was observed in off-target organs after long-term oral ad
ministration, which can be attributed to the avoidance of systemic 
absorption and lower uptake by healthy intestinal cells. Moreover, 
benefiting from the ability of ROS scavenging, RNPO significantly 
suppressed tumor growth after accumulation at tumor sites [179]. In 
addition, a smart ROS-responsive nanoparticles (AON) containing a 
pro-resolving annexin A1-mimetic peptide Ac2–26 was developed 
by Zhang and coworkers, which released packaged Ac2–26 peptide 
only at disease sites with highly expressed ROS. After oral admin
istration, AON effectively protected Ac2–26 from degradation in the 
complex environment of the GI tract. Once the nanoparticles 
reached the inflamed colons of mice with IBD, site-specific release 

and accumulation of Ac2–26 was be triggered by high levels of ROS. 
Therapeutically, AON reduced symptoms of inflammation, ac
celerated intestinal mucosal healing, reshaped the gut microbiota 
composition, and increased short-chain fatty acid production 
(Fig. 4). Additionally, oral delivery of this nanomedicine displayed an 
excellent safety profile in a mouse model, enhancing confidence 
about its clinical potential as a targeted precision therapy for IBD and 
other inflammatory diseases [175]. Zheng and coworkers found that 
the microbiota in the human gut is strongly correlated with the 
progression of CRC. They showed that oral administration of ir
inotecan-loaded dextran nanoparticles covalently linked to azide- 
modified phages that inhibit the growth of F. nucleatum can sig
nificantly improve the efficiency of first-line chemotherapy treat
ments of CRC using mice bearing orthotopic colorectal tumors or 
with spontaneously formed colorectal tumors. They also showed 
that the oral administration of the phage-guided, irinotecan-loaded 
nanoparticles in piglets does not cause adverse reactions such as 
allergy, which indicated the potential safety of this approach [180]. 

However, in some circumstances, smart oral drug release con
trolled by a single stimulus is still limited by the response me
chanism and may not be intelligent enough to effectively deliver 
drugs to colon diseases [165]. For instance, time-dependent drug 
delivery systems may release drug prematurely in the stomach or 
small intestine, leading to drug absorption into the bloodstream, 
which reduces the amount of drug that reaches colonic lesions and 
can contribute to side effects. In addition, gastrointestinal disorders 
and microbial changes associated with the disease may affect phy
siological parameters, such as pH, enzyme expression, etc., which 
may lead to unanticipated drug release behavior. To improve the 
accuracy of drug delivery, smarter nanodrug delivery systems em
ploying multiple stimuli-responsive drug release strategies may be a 
feasible approach to further improve efficacy. For example, in one 
study, nanoparticles composed of enzyme-sensitive polymers and 
pH-sensitive polymers were formulated and employed to jointly 
control the drug release [181,182]. In another study, particles with 
pH- and temperature-responsiveness were prepared, which could 
potentially be applied for small intestine (and colon)-specific oral 
drug delivery [183]. Compared with single-sensitive nano-systems, 
the dual-sensitive nanoparticles displayed better drug delivery and 
release capabilities. 

Overall, these studies demonstrate the potential for nanother
apeutics to achieve targeted drug delivery to diseases in the color
ectal region via oral administration. 

Diabetes mellitus theranostics 

Diabetes mellitus is a highly prevalent metabolic disease that 
results in abnormally high blood sugar levels. While treatments are 
available, completely curing the disease has proven difficult. 
Hyperglycemia can cause both acute and chronic issues, such as 
retinopathy and neuropathy, which seriously compromise patients’ 
quality of life [184]. Owing to their different pathology, diabetes 
mellitus can be classified into two types. Type 1 diabetes is asso
ciated with an autoimmune disorder, in which pancreatic β-cells are 
attacked, reducing or impairing insulin production. Type 2 diabetes, 
on the other hand, is characterized by a lack of responsiveness to 
insulin. The subcutaneous injection of insulin or its analogs can be 
used in both types of diabetes patients, in order to manage the blood 
sugar level [185,186]. However, due to the pain, discomfort, and the 
risk of local infection, the fear of injection is pervasive across patient 
populations, resulting in sub-optimal compliance. 

Oral medication of insulin or its analogs, therefore, has been 
proposed to realize painless self-administration, which is expected 
to improve patient experience, compliance, and disease outcomes  
[187]. However, the physiologically complicated gastrointestinal 
tract has thus far prevented the clinical translation of the vast 
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majority of oral protein formulations, including insulin [188,189]. 
The first biochemical barriers to oral protein delivery include the 
acidic pH of the stomach and proteolytic enzymes. The former can 
unfold the proteins, rendering them inactive, while the latter can 
readily cleave proteins. In this case, nano-systems have been de
veloped to serve as insulin carriers in order to protect insulin from 
being destroyed [190,191]. For example, inorganic nanoparticles 
have been used for the oral delivery of peptides and proteins [192]. 
The main merits of these particles include their favorable bio
compatibility, high physical and chemical stability, their ability to 
respond to specific stimuli, and their good stability in acidic and 
high-enzyme environments, enabling them to protect their protein 
cargo. Joshi and coworkers orally administered insulin-loaded gold 
nanoparticles to diabetic Wistar rats, which effectively controlled 
the blood glucose level [193]. Deng and coworkers fabricated in
sulin-loaded SeNPs through an ionic cross-linking/in situ reduction, 
which exhibited good stability in the digestive fluids and con
trollable insulin release, thereby causing a comparable decrease in 
glycemic levels relative to subcutaneous insulin injection in both 
normal and diabetic rats [194]. Similarly, titanium dioxide [195], 
mesoporous silica [196], and zirconium phosphate [197] nano
particles have been used to deliver proteins orally and have shown 
the ability to effectively prevent the degradation of proteins in the GI 
tract. 

In addition to the aforementioned biochemical barriers to oral 
protein delivery, insulin must also pass through the mucus layer, a 
hydrogel-like layer mainly composed of mucins lining the GI tract, 
and cross another formidable physical barrier formed by intestinal 
epithelial cells between the intestinal lumen and blood flow before 
entering the bloodstream [198]. Endothelial cell tight junctiosn lock 
the cell-cell interface, preventing paracellular transport of most ions 

and large molecules, including insulin, which may lead to the 
sharply decreased bioavailability of protein drugs. 

To break through these barriers, several nanoscale drug delivery 
systems have been designed. One reasonable approach is to extend 
the residence time of drugs in the gut through mucoadhesion, so as 
to increase the probability of drugs entering the bloodstream [199]. 
For example, the use of polymer micelles might prevent unwanted 
drug release in the acidic conditions of the stomach while also 
promoting mucoadhesion and increasing the gut residence time to 
enhance the bioavailability [200,201]. Durrer and coworkers found 
that the mucoadhesion of poly(styrene) latex nanoparticles showed 
enough adsorption to serve as drug carriers for enhanced oral ad
ministration [202,203]. In addition to mucosal adsorption, some 
engineered nano-formulations can interact with specific receptors 
on intestinal epithelial cells through the use of targeting molecules  
[204,205]. Since bioadhesion is receptor-mediated, it is not re
stricted to mere binding, but may subsequently trigger the active 
transport of large molecules or nanoscale drug carrier systems by 
vesicular transport processes (endo-/transcytosis). For instance, 
Pridgen and coworkers developed drug-encapsulated nanoparticles 
by modifying the IgG Fc (NP-Fc) on the surface, which is capable of 
targeting FcRn that is expressed throughout the intestine for and 
enhanced nanoparticle absorption through the intestinal epithelium 
after oral administration. Using a mouse model, they demonstrated 
that FcRn enabled the NP-Fc to cross the intestinal epithelium and 
reach systemic circulation. This targeted ability of NP-Fc to FcRn 
improved absorption efficiency at least 11.5-fold compared to non- 
targeted NPs. More importantly, the targeted nanoparticles loaded 
with insulin as a model nanoparticle-based therapy for diabetes 
were orally administered at a clinically relevant insulin dose of 
1.1 U kg−1 and elicited a prolonged hypoglycemic response in wild- 

Fig. 4. (a) Schematic illustration of a ROS-responsive peptide nanotherapy and targeted treatment of colitis. (b) Schematic illustration of treatment regimens. (c) The relative 
bodyweight of mice during a 7-day treatment course. (d) Changes in disease activity index (DAI). (e) Photos (left) and quantified lengths (right) of colonic tissues isolated from 
mice after 7 days of treatment. (f) Miniendoscopic images of colons from mice at day 7 after different treatments. (g) H&E-stained histological sections of colonic tissues. (h) 
Immunofluorescence analysis of colonic cryosections. Epithelial cells were stained with a Cy3-labeled anti-cytokeratin 18 antibody, and nuclei were stained with DAPI. 
Reproduced with permission [175]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KgaA. 
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type mice. This effect was abolished in FcRn knockout mice, in
dicating that the enhanced nanoparticle transport was specifically 
due to FcRn [206]. It is also feasible to combine drug delivery sys
tems with permeation enhancers to facilitate transepithelial trans
port [207]. Whitehead and coworkers found that anionic 
nanoparticles can induce the relaxation of tight junction, increasing 
intestinal permeability and enabling the oral delivery of proteins. 
They loaded insulin and exenatide on negatively charged silica na
noparticles as oral nano-formulations, which possess permeation- 
enhancing ability attributable to integrin binding on the surface of 
epithelial cells. As a result of the hypoglycemic effect, in healthy 
mice, the duration of oral administration of 10 U kg−1 insulin to 
maintain hypoglycemia was several hours longer than that of sub
cutaneous injection of 1 U kg−1 insulin. In addition, the oral delivery 
of 10 U kg−1 insulin led to a dose-adjusted bioactivity of 35%, 29%, 
and 23% of the subcutaneous injection of 1 U kg−1 insulin in healthy, 
hyperglycemic, and diabetic mice, respectively [208]. Li and cow
orkers encapsulated insulin inside a nanoemulsion containing the 
permeation enhancer C10 glyceride, which showed the ability to 
open tight junctions between intestinal epithelial cells reversibly to 
increase the trans-epithelial permeability of insulin via paracellular 
transport [209]. In addition to the aforementioned approaches for 
approving the absorption of nanomaterials, recently, Cao and cow
orkers reported a micelle platform featuring a virus-mimetic zwit
terionic surface, a betaine side chain, and an ultralow critical micelle 
concentration, which promotes the drug penetration through the 
mucus and efficient transporter-mediated epithelial absorption 
without the need for tight junction opening. This micellar platform 
was used to fabricate a prototype oral insulin formulation by en
capsulating a freeze-dried powder of zwitterionic micelle insulin 
into an enteric-coated capsule. These biocompatible oral insulin 
formulations exhibited a high oral bioavailability of more than 40%, 
which offers a possibility to fine-tune insulin administration profiles 
and provide long-term safety, enabling the oral delivery of protein 
drugs (Fig. 5) [210]. 

Although these nanoscale oral administration strategies have 
shown promising bioavailability and effective penetration en
hancement necessary to address the clinical need, the potential 
systemic toxicity should be considered more carefully. In addition, 
more research, especially pharmacokinetic studies, is required in 
non-human primates to assess interspecies translatability and the 
potential for clinical use. 

Cancer theranostics 

As mentioned above, orally administered formulations possess 
many merits, such as easy acceptance and convenience for patients. 
With respect to cancer, compared with intravenous injection, oral 
administration of chemotherapeutic agents offers additional ad
vantages, including the potential elimination of the pain and log 
duration of intravenous infusions [211,212]. However, due to the 
properties of clinical chemotherapy drugs and contrast agents (in
cluding toxicity and metabolic behavior) as well as the complicated 
physical and chemical barriers in the gastrointestinal tract, the 
majority of anti-cancer agents are given by intravenous adminis
tration and only a small number of them are currently provided to 
patients as oral formulations [213]. 

Orally administered nanotherapeutics have also shown the po
tential to serve as general diagnostics for cancer. For example, Li and 
coworkers developed a nano-based oral formulation for breast 
cancer detection. They prepared highly bright and long afterglow 
Cr3+-doped ZnGa2O4 (ZGC) nanoparticles, which can be activated 
repetitively by 657 nm LED light for deep tissue penetration and 
long-term bioimaging. The surface c(RGDyK) peptide and the 
radioisotope 99 mTc endow these nanomaterials with great targeting 
properties and afterglow luminescence/SPECT/CT dual-modality 

imaging of orthotopic breast cancer after oral administration. 
Importantly, the lattice fringes presented by nanoparticles found in 
feces and urine demonstrated their in vivo stability, thus minimizing 
their potential side effect [214]. Nanosystems can also be used as 
drug carriers to realize the oral delivery of chemotherapy drugs  
[215,216]. For example, Lin and coworkers demonstrated that the 
nanosuspension of niclosamide (nano-NI) can effectively inhibit the 
growth of ovarian cancer cells. This suspension induced a metabolic 
shift to glycolysis at a concentration of less than 3 μM in vitro and 
suppressed tumor growth without obvious toxicity at an oral dose of 
100 mg/kg in vivo. In a pharmacokinetic study, oral administration of 
nano-NI showed rapid absorption (reaching the maximum plasma 
concentration within 5 min) and improved bioavailability (the esti
mated bioavailability for oral nano-NI was 25%) [217]. In another 
study, Sung and coworkers proposed an oral drug delivery system 
that spontaneously initiates an effervescent reaction to form gas- 
bubble carriers, which concurrently deliver lipophilic paclitaxel 
(PTX) and hydrophilic gemcitabine (GEM) in the small intestine 
(Fig. 6). The bursting of the bubbles promotes the intestinal ab
sorption of the drugs, in which the lipophilic PTX is initially ab
sorbed through the intestinal lymphatic system and then enters 
systemic circulation, whereas the hydrophilic GEM is directly taken 
up into circulation, ultimately accumulating in pancreatic tumors. 
According to the PET imaging, the 18F-FDG uptake in the group 
treated with oral drugs was considerably less than that in the other 
control groups, suggesting a markedly reduced metabolic activity of 
the tumor cells. This orally delivered formulation minimized toxic 
side effects and increased the bioavailability of PTX, which can en
hance the suppression of tumor growth relative to the intravenous 
formulation [218]. 

In addition, immunotherapy through oral administration is also a 
possible strategy for treating cancer. In this approach, the natural 
function of the immune system is used to protect the patient and can 
be highly advantageous because of the immune system’s potency, 
specificity, and memory [219]. Cancer vaccines, a recently developed 
class of immunotherapies, have also demonstrated promise for 
preventing tumor progression and stymieing cancer recurrence  
[92,143,220–226]. Due to the undesirable nature of injections, sev
eral needle-free oral nanovaccine delivery systems have been de
veloped to cope with various diseases, including cancers. Compared 
with injectable nanovaccines, oral vaccines can produce both anti
genic-specific systemic antibodies (IgG) in blood and mucosal an
tigen-specific (IgA) antibodies, resulting in a more comprehensive 
immune response [219,227]. Currently, nanoparticle formulations 
are being explored to develop stable oral vaccines. These formula
tions possess some degree of intrinsic adjuvant or im
munostimulatory properties due to their larger sizes, have the ability 
to co-modify multiple antigenic epitopes, targeting ligands, or ex
ternal adjuvants on a single carrier, and are expected to effectively 
deliver antigens to the desired area with the structural integrity, and 
promote these substances to synergistically induce an immune re
sponse. Huang and coworkers designed virus-like particles based on 
papillomavirus pseudoviruses encoding the truncated carcinoem
bryonic antigen (CEA) without NH2-terminal signal peptide as an 
oral nanovaccine to induce intestinal mucosal and systemic CEA- 
specific CTL responses, which inhibited the growth of CEA+ color
ectal tumors [228]. Ge and coworkers encapsulated the melanoma- 
associated antigen (MAGE-1), heat shock protein (HSP70), and sta
phylococcal enterotoxins A (SEA) complex protein in a nanoemulsion 
using a magnetic ultrasound method to prepare the nanovaccine NE 
(MHS), which can fiercely elicit the cellular immune responses 
against melanoma associated antigen (MAGE-1), thus delaying the 
growth of B16-MAGE-1 tumors in mice and prevent tumor recur
rence as well [229]. Similarly, Tan constructed alginic acid-coated 
chitosan nanoparticles (A.C.NPs) as oral delivery carriers for a le
gumain DNA vaccine to protect against breast cancer. This oral DNA 
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vaccine demonstrated the ability to prevent DNA degradation in 
acidic environments and suppress tumor growth through activation 
of CTL to prolong survival time in a mouse model of orthotopic 
breast cancer [230]. More recently, Miao and coworkers developed 
nanoscale biomimetically mineralized Al-based MOFs that can be 
used to preserve a protein antigen as protective armor at ambient 
temperature, and function both as an antigen delivery vehicle in 
highly degradative GI environments and an adjuvant to promote 
immune reactions. Furthermore, to overcome mucosal barriers, a 

yeast-derived capsule is used to carry the Al-MOF-armored antigen 
as a “Trojan Horse”-like transport platform to target intestinal M 
cells and convey them through the main gateway of the mucosal 
epithelium, inducing potent and long-lasting immunity, suggesting 
the strong potential of this approach for oral vaccination [189]. 

These preclinical studies have demonstrated the prospects of oral 
nanovaccine for tumor immunotherapy. Despite all this, oral nano
vaccines still have their shortcomings. In comparison with injected 
vaccines, oral administration requires more numerous and larger 

Fig. 5. (a) Schematic representation of DSPE-PCB micelles for oral delivery of insulin. (b) Representative TEM image of DSPE-PCB/insulin formulation. (c) Representative TEM 
image of epithelial tissues collected 1 h after the ileum injection of DSPE-PCB/gold nanoparticles. Scale bar, 0.2 µm. (d) Blood glucose-lowering (pharmacological) performance of 
the DSPE-PCB/insulin capsule on diabetic rats through oral gavage. (e) Serum insulin concentration (bioavailability) for the DSPE-PCB/insulin capsule on diabetic rats through oral 
gavage, compared with that of the Polysorbate 80/insulin capsule and native insulin capsule at the same dose of 20 IU/ kg−1. s.c. injected native insulin at 5 IU kg−1 was used as a 
control. (f) Food effect on the glucose-lowing efficacy of the DSPE-PCB/insulin capsule. (g) Absorption sites and kinetics of orally delivered insulin. Reproduced with permission  
[210]. Copyright 2020, Nature Publishing Group. 
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doses to achieve a potent and long-lasting immunogenic effect [231], 
which could cause oral tolerance [232]. Furthermore, due to the 
complexity of the gastrointestinal environment, it is difficult to 
quantify the actual degree of the immune response at different 
mucosal sites following oral administration. 

Locoregionally administered nanoparticles as theranostics 

One potential limitation of oral and systemic administration is 
the inadequate therapeutic concentration at the target site. Even 
with the aforementioned nano-delivery systems containing tar
geting molecules, the local concentration in the desired area remains 
limited by the level of receptor expression of the cells within lesions 
and the specificity of interactions [233,234]. These restrictions can 
be overcome by locoregional administration, in which the ther
anostic agents can be directly delivered to target sites after the lo
cations of lesions are identified [6,12,235,236]. In addition, 
locoregional administration is an attractive approach for reducing 
potential systemic toxicity caused by non-specific uptake by organs  
[12,237–239]. Under this route of administration, nano-drug de
livery systems show considerable promise not only because they can 

control the kinetics of drug release to meet the long-term drug de
mand of chronic diseases, but also because they combine multiple 
treatment modalities to achieve multi-pathway therapeutics, which 
could enable them to overcome the inherent biological complexity 
of a variety of diseases [12,240–244]. 

Implantation for long-term diseases treatment 

Systemic delivery of nanodrugs through intravenous injection is 
able to transport drugs throughout the body. However, even for 
nanodrug systems with targeting moieties, this administration route 
does not avoid some level of nonspecific distribution, which may 
consequently result in damage to vital organs, such as the liver, 
kidneys, and spleen, causing long-term complications and systemic 
toxicity [245,246]. In addition, drugs delivered through the circula
tion can also be limited in their ability to target sites that are rela
tively nonvascularized or blocked by additional biological barriers, 
such as bone and joint diseases or brain diseases isolated by blood- 
brain barrier [247,248]. For these diseases, the implantation of drug 
delivery depots locally at the target site offers a promising approach 
to ensure the concentration of drug in the desired area [12]. 

Fig. 6. (a) Compounds in an enteric-coated capsule and mechanisms by which they spontaneously initiate effervescent reaction to generate gas-bubble carriers that enable 
concurrent delivery of PTX and GEM in the small intestine and their routes of absorption following continuous bursting of bubbles. (b) Schematics and corresponding fluorescence 
microscopic photomicrographs of the evolution of CO2 bubble carriers and their transformation to DiO-encapsulated nanoemulsions and dispersion of Rho in SIF. (c) Antitumor 
efficacy of each treatment modality revealed by PET imaging. Reproduced with permission [218]. Copyright 2020, Elsevier. 
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Locoregionally implanted nanosystems may be most beneficial if 
they remain at the target site for a prolonged period of time and 
exhibit controlled release over that period, which can improve effi
cacy while decreasing side effects [12]. For example, surgically im
planting biodegradable polyphosphoester microspheres that 
demonstrate the controlled release of paclitaxel (Paclimer) can 
safely bypass the blood-brain barrier and locally release paclitaxel 
for up to 90 days in brain tumors, which extends survival in a rodent 
model of glioma with minimal morbidity and optimal pharmacoki
netics [249]. This Paclimer-based delivery of paclitaxel was subse
quently shown to be safe for intraparenchymal delivery at the tested 
doses in normal dogs [250]. In another study, Nance and coworkers 
demonstrate that paclitaxel (PTX)-loaded, poly(lactic-co-glycolic 
acid) (PLGA)-co-PEG block copolymer nanoparticles with an average 
diameter of 70 nm can effectively penetrate the brain tumor par
enchyma and significantly delay tumor growth following local ad
ministration to the gliosarcomas bearing Fischer rats, suggesting 
that the employment of drug-loaded brain penetrating nanoparticles 
is a promising approach to achieve sustained and more uniform drug 

delivery to treat aggressive gliomas and potentially other brain 
disorders [251]. 

In addition to brain tumors, the accessibility of the prostate due 
to its anatomical location makes it a potential candidate for locor
egional nanodrug delivery with a minimally invasive procedure  
[252]. For example, in one study, radioactive 103Pd:Pd@198Au:Au-PEG 
nanoparticles were injected intratumorally in a mice model of 
prostate cancer. After 4 weeks of treatment, tumor volume was 75% 
lower compared with the control group [253]. In another study, the 
pharmacokinetic behavior of drugs administered intravenously and 
into the prostate was compared using a beagle dog model. This study 
showed that the drug plasma concentration in the group received 
intraprostatic infusions of drug was only 4% of the plasma con
centration delivered by intravenous injection of the same dose of 
doxorubicin, suggesting that the systemic exposure by intraprostatic 
route is comparatively low, which is hopeful to largely avoid the 
nonspecific delivery of the drugs to the healthy tissue [254]. Due to 
the reduced toxicity of locoregionally delivered anti-cancer drugs, 
these nanotherapeutics have attracted more attention and are 

Fig. 7. (a) Schematic illustration of neutrophil-NPs for suppressing synovial inflammation and ameliorating joint destruction in inflammatory arthritis. Neutrophil-NPs are 
constructed by wrapping polymeric cores in natural human neutrophil membranes, which mimic source cells to bind with immunoregulatory molecules without potentiating the 
immune cascades for disease progression. (b) Images of H&E staining and safranin-O staining on knee sections from mice treated with neutrophil-NPs, PBS, or anti-TNF-α 
antibody. (c) Images of immunohistochemical staining for CD248 and fibronectin on knee sections from mice treated in different groups. (d) Change of hind knee diameter on day 
70 compared to that on day 0. (e) Cartilage content was quantified from safranin-O-stained sections of mice treated in different groups. Reproduced with permission [264]. 
Copyright 2018, Nature Publishing Group. (f) Mechanism of NO-induced inflammatory effect in RA and alleviation of RA by NO-Scv gel. NO directly damages cartilage, upregulates 
osteoclasts inducing deformation of bone, and further aggravates the inflammation along with proinflammatory cytokines. (g) Images of paws and (h) clinical score of RA model 
mice treated with different samples until day 35. Reproduced with permission [265]. Copyright 2019, American Chemical Society. 
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currently being studied in preclinical and clinical trials. In a murine 
model of colon cancer with liver metastases, galactosylated lipo
somes loaded with doxorubicin administered locoregionally through 
the spleen showed higher hepatic deposition than when they were 
administered tail vein injection, displaying a corresponding sig
nificant decrease of tumor progression in the liver and mesenteric 
lymph nodes [255]. In addition to maintaining high local con
centrations, nanodrug delivery systems can combine multiple ther
apeutic effects to overcome the tolerance of cancer cells to 
monotherapy. For example, Liu’s group designed a NIR-triggered in 
situ hybrid hydrogel system consisting 131I-labeled copper sulfide 
(CuS/131I) nanoparticles as the photothermal-/radiotherapeutic 
agents, poly(ethylene glycol) double acrylates (PEGDA) as a poly
meric matrix, and the 2, 2′-azobis[2-(2-imidazolin-2-yl)propane] 
dihydrochloride (AIPH) as the thermal initiator. After locoregional 
administration of the precursor solution into tumors, photoacoustic 
imaging was employed to track the intra-tumor diffusion of CuS/131I 
NPs. Under the monitoring of photoacoustic imaging, the tumor was 
exposed to 915 nm NIR laser at the most suitable time after ad
ministration, which could induce photothermal heating of CuS/131I 
NPs and a mild increase in tumor temperature to activate the AIPH 
and initiate the polymerization of PEGDA. With in situ gelation, 
CuS/131I NPs are then fixed within the tumor for a long time without 
significant leakage into normal organs. Meanwhile, photothermal 
heating could also result in effective relief of tumor hypoxia by 
promoting tumor blood flow, providing an excellent synergistic 
treatment response to eliminate tumors with photothermal-bra
chytherapy [256]. 

Apart from cancer treatments, local administration can also be 
used for orthopedic diseases [257]. Rheumatoid arthritis (RA) is a 
common chronic inflammatory disorder, the exact cause of which 
still remains elusive [258,259]. Thus the current treatment of this 
disease mainly aims to alleviate inflammation [260]. Intervention 
with small molecule drugs or biological agents via local adminis
tration (intra-articular injection) is one of the main approaches used 
in conservative treatment, which puts the drugs precisely in the 
arthritic area to eliminate inflammation to slow disease progression  
[261,262]. Through this administration route, multifunctional nano- 
systems can not only optimize the pharmacokinetics such as the 
longer half-life and higher residence time in the local area, but also 
boost the pharmacodynamics profile through simultaneously parti
cipating in or regulating a variety of biochemical reactions occurred 
in the inflammatory region such as downregulating the expression 
of inflammatory cytokines and improving oxidation protection, 
therefore realizing better efficacy of RA [263]. The Zhang group 
showed a nanoparticle-based broad-spectrum anti-inflammatory 
strategy for RA treatment administered via intra-articular adminis
tration. By fusing neutrophil membranes onto polymeric cores, the 
membrane-coated nanoparticles neutralized proinflammatory cy
tokines, suppressed synovial inflammation, targeted deep into the 
cartilage matrix, and provided strong chondroprotection against 
joint damage. In a mouse model of collagen-induced arthritis and a 
human transgenic mouse model of arthritis, the neutrophil mem
brane-coated nanoparticles yielded significant therapeutic im
provement by ameliorating joint damage and suppressing overall 
arthritis severity (Fig. 7a-e) [264]. Similarly, Kim and coworkers 
developed an innovative NO-scavenging nanogel (NO-Scv gel) as a 
therapeutic material for treating RA, which has been shown to ef
fectively consume NO by its NO-cleavable moieties in vitro to reduce 
the inflammatory effects caused by activated macrophages (Fig. 7f- 
h). Importantly, the most promising therapeutic effect of the NO-Scv 
gel is in its ability to suppress the onset of RA in vivo in a mouse 
model when compared to the effects of commercial drug dex
amethasone through intra-articular administration [265]. In addi
tion, Yan and coworkers developed a nano-system with the 
advantages of both efficient lubrication and favorable drug release 

behavior, which not only protected the chondrocytes from oxidative 
stress-induced degeneration, but also provided prevented the de
velopment of osteoarthritis based on a rat destabilization of the 
medial meniscus (DMM) model [266]. More recently, Zheng and 
coworkers proposed a new strategy based on nanofibers made of 
poly (ε-caprolactone) (PCL) and a PCL-grafted lignin (PCL-g-lignin) 
copolymer for the treatment of osteoarthritis in which lignin offers 
intrinsic antioxidant activity and PCL tailors the mechanical prop
erties. After arthroscopic implantation of nanofibrous membranes of 
PCL-lignin, the membranes effectively inhibited ROS generation and 
activated antioxidant enzymes through an autophagic me
chanism [267]. 

In addition to arthritis, pneumonia can be treated through a si
milar localized approach. Tu and coworkers used N-fumaroylated 
diketopiperazine (FDKP) as a carrier to prepare azithromycin (AZM)- 
loaded effervescent inhalable microparticles (AZM@FDKP-E-MPs), 
which achieved deep lung deposition, helped evade pulmonary 
phagocytosis, and enhanced the antibacterial efficacy of AZM. This 
antibiotic delivery route significantly reduced the dose and fre
quency of administration needed to achieve a similar therapeutic 
effect by providing a higher local therapeutic efficacy rather than 
through conventional systemic administration, which potentially 
minimized the possibility of antibiotic resistance develop
ment [268]. 

Overall, locally administered nano-based drug depots is a feasible 
approach, which can effectively ensure the local concentration of the 
drug and reduce the risk of systemic exposure as well compared 
with intravenous administration [12]. Different from the low-mo
lecular-weight drugs with high diffusion rates in tissues, nanosys
tems can readily realize long-term retention in the local area and 
controlled drug release for prolonging the duration of favorable local 
drug concentrations, which is very significant for delaying the pro
gression of chronic diseases. In particular, nanosystems can be de
signed to integrate multiple functions, such as releasing diversified 
drugs at the same time or simultaneously participating in a variety 
of biochemical reactions. The synergy brought by such design can 
undoubtedly produce a more significant curative effect in local 
treatment. Despite these merits, this administered route is still 
limited to situations in which the target location is well-defined in 
advance and easily accessible. 

Immunomodulation for cancer immunotherapy 

As mentioned in Section 3.3, cancer immunotherapies have at
tracted considerable attention and been effective in some patients in 
the clinic. However, it may be a double-edged sword: drugs that 
activate the immune system may also cause severe nonspecific 
systemic inflammation and autoimmune side effects, resulting in 
significant weight loss, systemic cytokine storms, and even lethality 
from systemic immunotoxicity [269]. The oral administration of 
nanovaccines (mentioned in Section 3.3) may be able to reduce 
toxicity to mitigate immunotoxicity, which reduces the possibility of 
systemic side effects. Another simple approach is the direct local 
administration of immunomodulatory drugs [270]. 

For oral administered immunomodulatory drugs, due to the in
sufficient interaction between antigens and cells of the adaptive 
immune system, many orally and intravenously administered vac
cine are limited by an inadequate immune response [271]. In con
trast, locally administered vaccines that directly deliver the antigens 
and adjuvants in immune cell-rich areas can overcome these lim
itations. Different from traditional local implant chemotherapy 
drugs depots, the local immune response after locoregional admin
istration can provide systemic protection to other sites that did not 
directly receive any drug, which is a key clinical advantage of local 
immunotherapy for treating both primary and metastatic disease  
[96,272,273]. 
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Antigen-presenting cells (APCs) are a class of immune cells that 
are responsible for ingesting antigens and presenting them to T 
lymphocytes, which plays a key role in both innate and adaptive 
immunity [274,275]. Based on this property, ex vivo artificially en
gineered APCs pulsed with tumor-specific neoantigens have been 
employed as vaccines to specifically present the tumor-associated 
antigens to T cells in patient's body, and activate their immune 
system to fight against tumors [276,277]. Despite the success of 
autologous APC production to date, engineers continue to develop 
approaches that can improve the yield and function of cultured APCs  
[275]. In this regard, nanoparticle-antigen complexes with strong 
immunogenicity can be more efficiently engulfed by APCs and sub
sequently induce their maturity, in which nanomaterials with large 
specific areas and high loading capacities have been used as carriers 
to transport antigen cargos to the desired area [97]. Dendritic cells 
(DCs) are one of the most powerful antigen-presenting cells, which 
can not only capture the antigens and present them to T lympho
cytes, but also secrete various cytokines to promote the activation of 
T cells and B cells simultaneously. However, the DCs and T lym
phocytes in tumor-draining lymph nodes are often im
munosuppressed by cancer cells. Therefore, local administration of 
nano-based engineering DCs to tumor-draining lymph nodes can 
significantly increase the anti-tumor immune response of the body. 
Liu’s group loaded ovalbumin (OVA) on UCNPs, which can be effi
ciently engulfed by DCs to label them and induce DCs maturation 
and cytokine release to construct a DC-based vaccine. The in vivo 
homing behavior of this vaccine to draining lymph nodes after in
tradermal injection at the right footpad was observed through up
conversion luminescence (UCL) imaging. Importantly, the strong 
antigen-specific immune responses including enhanced T cell pro
liferation, interferon gamma (IFN-γ) production, and cytotoxic T 
lymphocyte (CTL)-mediated responses induced by nanoparticle- 
pulsed DC vaccine, suggesting promise for DC-based im
munotherapy against cancer [278]. Kim and coworkers introduced 
immunostimulatory adjuvants to nanoparticle-antigen complexes to 
construct a nanovaccine for the effective and simultaneous delivery 
of both antigen and adjuvant to DCs. Their ex vivo engineered DCs 
were then shown to induce a powerful T cell-mediated immune 
response and enhance antitumor immunity through injecting sub
cutaneously into the footpad [279]. 

The results of preclinical researches have shown that it is feasible 
to activate T cells in the body by employing the artificially modified 
APCs ex vivo [280]. However, the quality and activity of extracted 
APCs are limited by the patient's physical condition. Moreover, 
manufacturing APC-based vaccines is an expensive and cumbersome 
procedure and also elicits robust regulatory scrutiny, which may 
pose additional obstacles to their development [281]. For example, 
Sipuleucel-T (Provenge; Dendreon), the first autologous APC-based 
therapeutic cancer vaccine approved by FDA in 2010, can indeed 
prolong the survival of patients with advanced prostate cancer [282], 
however, due to the high price and unsatisfied efficacy, the market 
performance of Sipuleucel-T fails to meet expectations, which 
eventually led to the bankruptcy of Dendreon. To overcome the 
challenges, acellular approaches, in which the chemosynthetic im
munomodulators are directly injected into the body to induce the 
maturity of APCs in vivo, have been developed to complement vac
cine-based tumor immunotherapies, and may even be ther
apeutically superior. This approach can not only avoid the 
complicated process of APC extraction and ex vivo culture, but also 
make it feasible to do large-scale synthesis. Compared with en
gineered APC vaccines, the main challenge of acellular vaccines are 
the decreased efficacy at inducing APC maturation in vivo. Thus, the 
locoregional administration of acellular vaccines in APC-rich area is 
often employed. However, even with this improved route, the con
ventional immunostimulants with small molecular size and am
phiphilic characteristics still diffuse quickly with no enough time to 

activate the DCs, therefore various nano-based formulations have 
been developed to promote better local retention of im
munotherapeutics and block their passive diffusion into the circu
lation [223,224,283,284]. Nanoscale vaccines are expected to stay in 
the desired site for a long time period due to their size and surface 
modification, which not only ensures a high local drug concentra
tion, but also extends interaction time between agents and DCs, 
subsequently eliciting stronger immune response. Yang and cow
orkers constructed a nanovaccine formulation by coating adjuvant 
NPs with mannose-modified tumor cell membranes for cancer im
munotherapy. Specifically, PLGA nanoparticles were loaded with 
R837, an agonist against toll-like receptor 7 (TLR 7), and then en
capsulated with membranes from B16-OVA cancer cells, which is 
further modified with mannose to target DCs. As a result, the na
novaccine showed enhanced DC uptake and achieved a stronger 
stimulatory effect to trigger DC maturation. Upon intradermal in
jection, the nanovacccine was shown to migrate to draining lymph 
nodes and trigger tumor-specific immune responses, acting as an 
effective prophylactic vaccine to delay tumor development [285]. Li 
and coworkers have developed a novel class of magnetosomes 
through coating TLR agonist CpG-ODN and Fe3O4 nanoparticles with 
anti-CD205 mAb-modified cancer cell membranes. The Fe3O4 na
noparticles enabled magnetic retention of the magnetosomes in the 
lymph nodes as detected by MRI, which increased the time window 
for antigen uptake by DCs. Moreover, the cancer cell membrane 
provided various cancer-specific neoantigens for a subsequent 
multi-antigenic response. In addition, the anti-CD205 mAb was 
shown to promote the uptake of CD8+ DCs, thus facilitating MHC I 
cross-presentation [286]. 

In addition, the tumor-specific immune response triggered by 
localized nanovaccines has the potential to be combined with im
mune checkpoint blockade (ICB) therapy to not only a significant 
abscopal effect to attack whole-body spreading metastatic cancer 
cells, but also result in immune memory to inhibit tumor recurrence  
[287,288]. Liu group designed an in situ formed alginate (ALG)-based 
hydrogel to trap radioisotope 131I-labeled catalase (Cat) along with 
immune adjuvant (CpG) (131I-Cat/CpG/ALG). After intratumoral in
jection, 131I-Cat/ CpG/ALG not only relieved hypoxia in the tumor by 
decomposing the tumor endogenous H2O2 to promote the radio
therapy of tumor, but also triggered a strong systemic anti-tumor 
immune response after local radiotherapy. This anti-tumor re
sponses were further amplified after anti-CTLA-4 treatment, sig
nificantly inhibiting the tumor metastasis and recurrence [289]. 

In addition to peri-tumor or peri-tumor draining lymph node 
administration, another application of nano-based local im
munotherapy is for the treatment of lung tumors. Zhao and cow
orkers reported an inhalable nanoparticle immunotherapy targeting 
pulmonary APCs to enhance anti-cancer immunity against lung 
metastases (Fig. 8). Inhalation of phosphatidylserine-coated lipo
somes loaded with the STimulator of INterferon Genes (STING) 
agonist cyclic guanosine monophosphate–adenosine monopho
sphate (NP-cGAMP) can rapidly distribute to both lungs and subse
quently be taken up by APCs without causing immunopathology in 
mouse models of lung metastases. This process can enhance cyto
solic release of cGAMP to stimulate STING signaling and type I in
terferons production by APCs, resulting in the pro-inflammatory 
tumor microenvironment in multifocal lung metastases [290]. More 
recently, in another work, Perry and coworkers utilized PRINT 
(particle replication in nonwetting templates) nanoparticles as a 
vehicle to deliver CpG into murine lungs through orotracheal in
halation for treating metastatic lung cancer through im
munotherapy. In two murine orthotopic metastasis models of non- 
small-cell lung cancer-344SQ (lung adenocarcinoma) and KAL- 
LN2E1 (lung squamous carcinoma), local delivery of PRINT-CpG into 
the lungs promoted substantial tumor regression and mitigated the 
systemic toxicity that is typically associated with soluble CpG. After 
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treatment, the cured mice were also resistant to tumor rechallenge. 
Importantly, these nanoparticles showed extended retention of CpG 
within the lungs, thereby prolonging the elevation of proin
flammatory cytokines within the lungs without a corre
sponding—and potentially harmful—systemic increase, which 
highlights the enhanced safety of local immunotherapy [291]. 

The strong performance of current pre-clinical studies using lo
cally administered nanovaccines provides motivation for further 
advancing nano-based immunotherapies for human cancer treat
ment [98]. However, the local administration of nanoimmune agents 
does not completely limit their systemic exposure and subsequent 
toxicity [270]. Although lymph node follicles are able to capture and 
retain antigens to induce germinal centers and long-lived humoral 
immunity, this control over antigen retention has been limited. The 
extended release of immunotherapeutics from nanomaterial ma
trices confers vastly superior safety and efficacy relative to admin
istration of the same small molecular compounds in solution, but 
these immunomodulatory agents still have the possibility of directly 
entering the systemic circulation via lymphatic drainage. Chen 

discovered that antigen conjugated to nanoparticle carriers of dif
ferent sizes impacts the intralymph node transport and specific cell 
interaction. As a result, the smaller nanomaterials (5 −15 nm) will be 
eliminated by follicular dendritic cell (FDC) networks within 48 h 
whereas a majority of larger particles (50 −100 nm) will be retained 
for at least 5 weeks [292]. In addition, nanomaterials may also leak 
into the bloodstream through the incomplete blood vessel in the 
tumor site after in situ injection [35]. Similarly, studies have shown 
that during long-term interstitial retention of nanoparticles in the 
lung, nanoparticles can translocate across the air−blood barrier, 
leading to persistent retention in secondary organs and tissues in the 
ranking order liver >  soft issue >  spleen >  kidneys >  skeleton > 
blood >  uterus >  heart >  brain, which may pose potential safety risks  
[293,294]. Therefore, while local administration is a well-char
acterized strategy that can alter the pharmacokinetics of drug 
treatments, this simple approach does not fully isolate im
munotherapies from the systemic circulation. Combining this ad
ministration route with the advantage in larger and surface- 
modified nanomaterials may provide a better approach that can 

Fig. 8. (a) Schematic of the action of the inhalable NP-cGAMP for enhancing antitumor immunity against lung metastases. (b) Procedures of tumor model establishment, 
treatment, and imaging process. (c) IVIS images of three representative animals from each treatment group. (d) Kaplan–Meier survival curves of the treatment groups up to 140 
days after tumor were plotted and statistically analyzed by log-rank test. Reproduced with permission [290]. Copyright 2019, Nature Publishing Group. 
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make full use of the abscopal-like effects of immunotherapies while 
mitigating systemic toxicity. 

Microneedle mediated transdermal delivery 

Transdermal drug delivery is a useful alternative drug adminis
tration route compared to oral administration because it avoids 
degradation in the GI tract and first-pass metabolism through the 
hepatic portal vein system, thereby lowering the risk of off-target 
accumulation and systemic toxicity [295–297]. 

Piercing the stratum corneum by physical means to reach phy
siological fluid is one of the main approaches being studied to de
liver nanomaterials. However, conventional subcutaneous injection 
with needles or syringes is associated with pain and transdermal 
administration often causes more intense pain than intravenous 
administration due to an abundance of nerve endings in the epi
dermis, which scares many patients. 

To overcome this limitation, microneedle (MN) technologies have 
been developed by academic laboratories and pharmaceutical 
companies and are rapidly emerging as a minimally invasive ap
proach for transdermal sensing, sampling, and molecule delivery  
[295,296,298–305]. The microscale sharp needles with appropriate 
length can pierce the stratum corneum while avoiding nerves or 
damaging dermal blood vessels, resulting in painless access to 
dermal layers. The tiny and shallow wounds resulting from the MNs 
can heal on the order of minutes to hours. Over the last decade, MNs 
have been extensively applied to transdermal delivery of therapeutic 
compounds (e.g., insulin, proteins, DNA, vaccines, and cells) and 
transdermal diagnostic applications [295,306,307]. 

MN technology can be perfectly integrated with nanotechnology 
to apply in medical fields [308]. In combination, nanomaterials can 
be successfully delivered to the dermis, so as to realize the detection 
and monitoring of a variety of physiological parameters, as well as 
the treatment of some specific diseases. Langer, Jaklenec, and cow
orkers developed dissolvable microneedles that deliver spatial dis
tribution patterns of biocompatible, near-infrared quantum dots 
(NIR QDs) encapsulated in polymeric microparticles to the skin 
dermis (Fig. 9). These particle patterns from QDs, with a copper 
indium selenide core and aluminum-doped zinc sulfide shell, are 
invisible to the naked eye yet detectable using an inexpensive, 
modified smartphone. By co-delivering a vaccine, the patterns of 
particles in the skin could serve as an on-person medical record to 
encode key information, such as vaccination history. Benefiting from 
their greatest resistance to photobleaching, discrete microneedle- 
delivered QD patterns remained bright and could be accurately 
identified using a machine learning algorithm 9 months after they 
were administered intradermally to rats, while co-delivery of in
activated poliovirus led to protective antibody production. This in
visible, intradermal “on-body” recordkeeping opens up new avenues 
for decentralized data storage and biosensing applications, which 
has great potential for clinical translation, and could enhance the 
distribution of medical care, especially in the developing 
world [309]. 

Stimuli-responsive nanomaterials can selectively respond to 
specific stimuli even in complicated physiological or pathological 
environments. Based on such properties, these responsive nano
materials can serve as a drug carrier to fill or embed in microneedles 
to achieve both painless transdermal drug delivery and precisely 
controlled drug release [310,311]. The Gu group reported a novel 
glucose-responsive insulin delivery device to mimic the function of 
pancreatic cells by using a painless microneedle-array patch con
taining glucose-responsive nanovesicles GRVs, which were loaded 
with insulin and glucose oxidase (GOx) enzyme. The GRVs were self- 
assembled from hypoxia-sensitive hyaluronic acid (HS-HA) con
jugated with 2-nitroimidazole (NI). In the hyperglycemic state, the 
glucose will be oxidized by enzymes, leading to a local hypoxic 

microenvironment, which will promote the reduction of HS-HA and 
rapidly trigger the dissociation of vesicles and subsequent insulin 
release. This smart insulin patch can effectively regulate the blood 
glucose in a mouse model of chemically induced type 1 diabetes  
[312]. Since the diffusion of glucose in MNs may limit the release of 
insulin, they subsequently described innovative MN-based glucose- 
signal amplifiers for smart insulin delivery. The MNs encapsulated 
synthetic glucose-responsive nanovesicles, which were used to 
amplify the glucose signals through sequential enzymatic reactions. 
The amplified glucose signal within the MN microenvironment was 
able to trigger insulin secretion from the pancreatic β-cell capsules 
positioned on the base of the patch [313]. Similarly, this technology 
can also be used to avoid the frequent and repeated administration 
of insulin, which can result in poor patient compliance, as previously 
mentioned. Chen and coworkers designed MN array patches loaded 
with a mineralized particle formula to deliver exendin-4 (Ex4) while 
avoiding the leakage of GOx for the long-term treatment of type 2 
diabetes. Using diabetic C57BL/6 db/db mice as a model, they de
monstrated that a crosslinked alginate patch loaded with 300 µg Ex4 
could control the BG of mice for 5–6 days [314]. 

These results demonstrated the advantages of combining MNs 
and nanotechnology, which could potentially facilitate desirable 
nanoparticle deposition or permeation into deeper skin layers. By 
delivering nanoparticles in microneedles, they can diffuse within the 
skin, thus expanding their spatial treatment coverage. Benefiting 
from these properties, the combination of the nanoparticles and 
MNs drug delivery system has been also employed for superficial 
disease treatment. For example, Zhu and coworkers successfully 
fabricated composite-dissolving MN patches for treating superficial 
tumors with a combination of chemotherapy and PTT. DOX and in
docyanine green (ICG) were encapsulated in the MNs, in which the 
PVP and mesoporous silica nanoparticles were used as stabilizers to 
ensure the chemotherapy and PTT efficiency of MN patches. Once 
applied at superficial tumor sites, DOX and ICG were quickly re
leased by dissolution of the MN tips in the interstitial fluid. The 
combination of chemotherapy and PTT was activated under NIR ir
radiation to further enhance the benefit [315]. In another work, black 
phosphorus (BP)-loaded separable MNs were employed as re
sponsive oxygen delivery carriers for wound healing. Specifically, 
MNs composed of a polyvinyl acetate (PVA) backing layer and gelatin 
methacryloyl (GelMA) tips were loaded with BP QDs and he
moglobin (Hb). After the MNs were applied to the wound, the PVA 
rapidly dissolved and the noncytotoxic, biocompatible GelMA tips 
were left inside the skin. After generating heat from BP QDs under 
irradiation from a near-infrared ray, the oxygen reversibly bound 
with Hb was released, thereby treating the full-thickness cutaneous 
wound [316]. 

Besides treating diabetes and superficial diseases, another at
tractive application of combining MN and nanoparticles technolo
gies lies in the area of vaccine delivery. Microneedles were shown to 
not only improve the skin penetration of the vaccine, but also pro
mote the interaction between the large network of resident APCs 
and antigen to induce an efficient immune response [317–319]. Quan 
and coworkers found that low-dose influenza virus-like particle 
(VLP) administered by microneedles were more immunogenic than 
the same dose intramuscular (IM) injection and similarly im
munogenic as high-dose IM injection in a mouse model [320]. Gu 
and co-workers reported a self-degradable MN patch, which was 
loaded with ketal-modified dextran-based nanoparticles en
capsulating anti-programmed cell death receptor 1 antibody (anti- 
PD-1) and glucose oxidases (GOx) for cancer. After topical applica
tion of MNs, the encapsulated GOx converted glucose into gluconic 
acid, which induced dissociation of dextran and release of anti-PD-1 
mAb in the metastatic melanoma. Importantly, the infiltration of 
CD8+ T cells in the metastatic tumor was enhanced as well as their 
activity, which inhibited the formation of tumor metastasis [99]. 
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Moreover, the combination of MNs and targeted nanoparticles can 
provide an alternative route to deliver drugs to specific cells or tis
sues. This specific targeting of immune cells that lie in the dermis 
has been shown to enhance the immune response. For example, 
Huang and coworkers using CPP-PEI1800-Man nanoparticles deliv
ered by microneedles as a Trp-2 DNA vaccine delivery system for 
cancer immunotherapy. This epidermal DC-targeting DNA vaccine 
delivery system successfully elicited both protective and therapeutic 
immune responses. The mechanism of antitumor activity was likely 
based on the recruitment of CD4+ and CD8+ T cells and the induction 
of IFN-γ and IL-12 cytokine production [321]. 

Overall, MNs combined with nanotechnology is promising for 
clinical transdermal drug delivery because of their substantial ad
vantages over conventional injection and tremendous success in 
preclinical studies. Nevertheless, some issues should be considered 
carefully. First, due to the potential risk of infections and irritation of 
the skin, it is necessary to ensure the healing behavior of the skin 
after MNs application, especially for the MNs systems served as 
long-term administration tools. Second, skin permeability and 
painlessness should be balanced. If longer needles are used, the 
nanomaterials or drug formulations can be delivered at a deeper 
level, but also increase the possibility to stimulate pain receptors 

Fig. 9. (a) Fluorescent microparticles are distributed through an array of dissolvable microneedles in a distinct spatial pattern. (b) Microneedles are applied to the skin for 
2–5 min, resulting in the dissolution of the microneedle matrix and retention of fluorescent microparticles. (c) A NIR LED and adapted smartphone are used to image patterns of 
fluorescent microparticles retained within the skin. By selectively embedding microparticles within microneedles used to deliver a vaccine, the resulting pattern of fluorescence 
detected in the skin can be used as an on-patient record of an individual’s vaccination history. Adapted smartphone images of pigmented human skin before microneedle 
application (d) without and (e) with the 850-nm long-pass filters. Smartphone images of human skin after application (f) without and (g) with the 850-nm long-pass filters. (h) 
Cropped, but otherwise raw, smartphone images collected from a fixed distance showing the intradermal NIR signal from PMMA-encapsulated QDs delivered via microneedle 
patches on rats 0, 12, and 24 weeks after administration. (i) Representative histological samples collected from rats receiving microneedle-delivered PMMA particles containing 
QDs (top) 1 day, (medium) 2 weeks, and (bottom) 4 weeks after administration stained with hematoxylin and eosin or Masson’s trichrome, respectively. Arrows indicate the 
location of microparticles. Reproduced with permission [309]. Copyright 2019, American Association for the Advancement of Science. 
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Fig. 10. (a) Schematic showing the in situ sprayed bioresponsive fibrin gel containing aCD47@CaCO3 nanoparticles within the post-surgery tumor bed. aCD47@CaCO3 nano
particles encapsulated in fibrin scavenge H+ in the surgical wound site and release aCD47, thus promoting both polarization of TAMs to an M1-like phenotype and blockade of the 
‘don’t eat me’ signal in cancer cells. (b) Schematic illustrating aCD47@CaCO3 @fibrin therapy in a mouse model of incomplete tumor resection and distant tumor. Tumors on the 
right side were designated as ‘primary tumors’ with aCD47@CaCO3 @fibrin treatment, and those on the left side were designated as ‘distant tumors’ without any treatment. (c) In 
vivo bioluminescence imaging of B16F10 tumors in response to local aCD47@CaCO3 @fibrin treatment. Images associated with day 10 were taken before surgery. Experiments 
were repeated three times. (d) Growth curves for left and right tumors in untreated and treated mice. (e) Mice photographs at day 22. Reproduced with permission [338]. 
Copyright 2019, Nature Publishing Group. 
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located in the dermis. In spite of these limitations, the MN tech
nology offers substantial potential synergy with nanomaterials with 
strong potential for clinical translation. 

Daubing and spraying on the surface of skin or wounds 

Due to various irritants such as microbes, pollutants, radiation, or 
other environmental insults, skin diseases, including acne, allergic 
dermatitis, eczema, fungal infection, are quite common [322,323]. 
Topical drugs that are applied externally through daubing or 
spraying administration are among the most common type in our 
daily lives. It is generally accepted that topical administration on the 
skin surface has fewer and generally less severe side effects than 
other administration routes [324]. Therefore, although the in vivo 
biosafety of nanotherapeutics is worrying in the aforementioned 
administration routes, such concerns might be minimized if used 
externally, which has motivated work in this area [324,325]. How
ever, the stratum corneum of the skin prevents most of the macro
molecules from entering, only small molecules (< 600 Da) can freely 
penetrate the skin [300]. To address this issue, the adjustment of the 
physicochemical properties of nano-formulations such as size, sur
face charge, and hydrophilicity/hydrophobicity, can significantly 
promote transport across the skin [326]. For example, several na
noparticle-based treatments have already been approved by FDA, 
such as Estrasorb (micellar nanoparticles) for topical menopause 
therapy. Besides, due to the lipids and lipoproteins that exist beneath 
the stratum corneum, lipophilic nanomedicines can be employed as 
a topical drug carrier. These are currently being developed and seem 
very promising for clinical use [327]. Recent investigations have 
revealed that omega 3 fatty acids can be delivered by means of na
nocarriers like nanoemulsion to treat psoriasis via topical adminis
tration. These studies also showed that targeted 
nanopharmaceuticals can provide stability against oxidation and 
improve the absorption of omega 3 fatty acids in the skin [328]. 

Apart from being simply administered to the surface of normal 
skin, some nano-formulations are also designed to be applied to 
cover wounds and accelerate the healing process. Impaired wound 
healing is a major complication of several disease processes, such as 
diabetes. These wounds are hampered by a wide variety of processes 
including hypoxia, inflammation, infection, and disruption by ROS  
[329]. Owing to the complexity of the wound bed, the efficacy of 
conventional therapies that only target single parameters is limited, 
especially when attempting to promote the closure of slow-healing 
wounds [330]. Nanomaterials can target specific cells to affect the 
physiological processes involved in wound healing and repair 
wounds through the integration of multiple pathways, resulting in 
rapid and effective recovery [331]. Annabi and coworkers developed 
an adhesive hydrogel for the local delivery of microRNAs (miR-223 *) 
encapsulated in hyaluronic acid (HA)-based nanoparticles. The hy
drogel precursor can be readily delivered to wounds and photo
crosslinked in situ under visible light. HA-based NPs loaded with 
miR-223 * were able to efficiently induce the polarization of M1 
macrophages toward the anti-inflammatory M2 state, thus driving 
wound healing by triggering the resolution of the inflammatory 
phase and promoting the formation of new vascularized skin [332]. 
In a separate study, Zhou showed that several derivatives can help 
cell migration, induce wound closure in human skin explants, and 
greatly accelerate wound healing in vivo, which has the potential to 
be employed as a wound healing formulation [333]. More recently, 
Yan and coworkers reported a sprayable in situ forming hydrogel 
composed of a copolymer of PEP and Ag@rGO nanosheets to respond 
to skin temperature, which can irreversibly crosslink on the wound 
to form a stable dressing. This sprayable hydrogel is conducive to the 
careful treatment of patients with large burns, as well as deep pe
netration into sharp wound gaps to completely seal the wound, 
leading to suture-less repair and the promotion of healing. Further, 

this hydrogel also exhibited antibacterial properties and the ability 
to prevent infection by methicillin-resistant Staphylococcus aureus 
(MRSA) in vitro and in vivo, which is highly attractive for clinical use  
[334]. In addition to promoting the healing of chronic wounds, ex
ternally applied nanomaterials can also be employed to treat surgical 
wounds. Taguchi designed an advanced sprayable wound dressing 
consisting of multifunctional hydrophobized microparticles (hMPs) 
for accelerated wound healing treatment after endoscopic sub
mucosal dissection (ESD), which successfully suppressed fibrosis and 
accelerated wound healing in swine gastric ESD models [335]. 

As mentioned in Section 2.1, the complete surgical removal of a 
solid tumor is exceptionally challenging even if using IGS technology 
to identify the tumor margin. Although some additional treatments 
such as chemotherapy and immunotherapy have been employed in 
combination with postoperative treatment, tumor recurrence after 
resection is still a frequent problem. The residual tumor cells at the 
carcinoma boundary or single cells that escaped the local tumor can 
lead to regrowth at local or distant sites; therefore, new approaches 
are needed to detect and destroy these cells [336]. Cha and cow
orkers proposed a sprayable adhesive nanoparticle-based drug de
livery system using a bioengineered mussel adhesive protein (MAP) 
for effective locoregional cancer therapy. After spraying on the ex
cised wound of the tumor, DOX loaded in MAP NPs was released in 
cancer cells due to the acidic tumor microenvironment, which sig
nificantly inhibited tumor growth in vivo [337]. In another work, Gu 
and co-workers reported a sprayed bioresponsive im
munotherapeutic fibrin gel that has been engineered to not only 
promote wound healing by creating a temporary shield to connect 
and protect injured tissue, but also inhibit local tumor recurrence 
and the development of distant tumors following surgery (Fig. 10). 
The fibrinogen solution containing anti-CD47 antibody-loaded 
CaCO3 nanoparticles (aCD47 @CaCO3) and thrombin solution can be 
quickly sprayed and mixed within the tumor resection cavity after 
surgery to form an immunotherapeutic fibrin gel in situ. In the acidic 
and inflamed microenvironment, CaCO3 nanoparticles can gradually 
dissolve and release the encapsulated aCD47, promoting the activa
tion of M1-type TAMs, and inducing macrophage phagocytosis of 
cancer cells via blockade of the CD47 and SIRPα interaction as well as 
boosting anti-tumor T cell responses. The authors also suggest that 
this convenient sprayable administration method can avoid the toxic 
effects that the systemic administration of aCD47 can elicit, which 
further highlights the low toxicity and ease of application that make 
topically administered nanodrugs enticing for clinical use [338]. 
More recently, Wang and coworkers developed a nanomedicine-as
sembled hydrogel for post-surgical tumor treatment. The thermo- 
responsive, curcumin-loaded polymer nanoparticles contained 
within a hydrogel enabled the complete coverage of the surgical bed 
of primary tumor and the spatiotemporal delivery of cognate na
nomedicines and encapsulated nanovaccines. This nanomedicine 
efficiently induced the ICD of residual cancer cells and enhanced the 
tumor immunogenicity via the formation of tumor neoantigen- 
specific T cells. This study provided a nanomedicine-based approach 
for post-surgical tumor immunotherapy through in situ adminis
tration [339]. Similarly, Tao found that exfoliated Ge nanosheets 
(NSs) exhibited a high drug-loading capacity and multi-responsive 
drug release, which can be triggered by pH or light exposure from a 
NIR laser for multimodal imaging-guided treatment. By combining 
these nanomaterials with a hydrogel, the developed drug-loaded 
Ge@hydrogel can be coated on the postoperative wound after tumor 
resection. With the help of NIR irradiation, the generated local hy
perthermia induces drug release to eliminate residual tumor cells 
and kill the surrounding bacteria, while the hydrogel served as a 
therapeutic reservoir for long-term both antitumor and antibacterial 
effects [340]. 

These works reflect the advantages of external nanodrugs in 
medical applications. To ensure the desired efficacy and low side 
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effects in clinical translation, larger animal models and larger 
amounts of validation results are required, which will also help to 
further determine the precise modalities of applications. 

Conclusions and future perspectives 

The careful selection of nanoparticle properties and administra
tion route is critical to developing theranostic probes that can di
agnose diseases and provide therapeutic effects in a manner that is 
clinically relevant. When designed appropriately, these nano
particles can increase the accumulation in the target disease site and 
then be excreted from the body owing to their small size, paving the 
way for more sensitive detection that accelerates disease detection 
and improves treatment efficacy. However, despite major advances 
in theranostic probes, their clinical use remains hindered by po
tential toxicity concerns due to off-target effects in healthy tissues/ 
organs. To fully realize the potential of these theranostic nanoma
terials and bridge the gap between potential and actual clinical- 
grade performance, additional improvements are necessary. 

Intravenously administered nanoparticles may be recognized by 
the immune system and are largely captured by the RES, e.g., liver 
and spleen, potentially leading to long-term retention in the body 
and chronic toxicity, raising concerns for clinical translation. 
Currently, our understanding of the metabolism pathways by which 
theranostic nanoparticles are processed remains very limited. In 
principle, it is generally easier to monitor the biodistribution of 
nanoparticles with the elements that are absent in the body, yet 
these materials may themselves cause adverse effects. Alternatively, 
elements naturally found in the human diet remain challenging to 
accurately trace their fate within the body due to the existence of 
background signal. To battle this problem, several strategies may 
hold promise; (1) reduce the size to enable their quick renal clear
ance and slow down RES uptake during circulation; (2) construct 
responsive nanosystems that provide their theranostic function as a 
result of small particles assembling within tumors in response to 
stimuli but then degrade into small pieces to promote elimination; 
(3) develop biodegradable nanoparticles to reduce the retention and 
suppress chronic exposure risk. 

Orally delivered nanoprobes have experienced the most clinical 
success thus far, with an FDA-approved contrast agent. This is due, in 
large part, to the reduced requirements necessary for their safe and 
effective use. Particles that remain in the GI tract are cleared with 
normal digestion, thereby avoiding potential toxicity in the kidneys 
or liver. The GI tract is also far more tolerant to materials and may 
enable the safe dosing of materials that exhibit poor biocompat
ibility when injected. However, inconsistent GI passage time and 
variable environmental pH that can vary between individuals and 
also within an individual based on food status can make consistent 
targeting and diagnosis more difficult. Alternatively, when nanop
robes are designed to penetrate the intestinal epithelium rather than 
just release drug or serve as a contrast agent, they must meet the 
same stringent biocompatibility and clearance requirements as na
noprobes injected intravenously. 

Locoregional delivery is another potentially attractive route of 
administration for some diseases. By providing a localized depot in 
the vicinity of the target, the on-target diagnostic signal or ther
apeutic effect can be concentrated and acute off-target effects can be 
mitigated. This administration route could also be valuable to 
achieve nanoprobe localization in regions that are not well-vascu
larized (e.g., cartilage), for which intravenous delivery would not be 
very efficient. Ultimately, however, the combination of locoregional 
administration and targeted nanoprobes may have limited applica
tions. Since the particles are administered to the site of their 
target already, engineered targeting moieties may be unnecessary. 
Instead, this type of delivery method may be best suited for 

nanoprobes engineered to non-invasively characterize a site or re
lease a therapeutic. 

In addition to addressing biosafety concerns, imaging sensitivity 
and treatment efficacy must also be considered. For example, 
creating formulations that exhibit rapid renal clearance may lead to 
an insufficient blood circulation time for targeting the disease and 
thus limit their imaging and/or treatment performance. Therefore, 
multiple factors including particle size, renal clearance rate, and 
practical performance need to be properly characterized and ba
lanced to meet the needs of a particular application, especially for 
intravenously administered nanoparticles. One promising approach 
is to construct multimodal nanoparticles, where the advantages of 
different modalities can be integrated to improve diagnostic sensi
tivity and accuracy. 

There is a huge reservoir of literature describing functional ma
terials that use NIR light for biomedical applications, including na
nomaterials with built-in functions that combine NIR light-based 
diagnostic and therapeutic technologies. In this respect, nanother
anostic technologies enable the non-invasive, accurate identification 
of disease location and real-time monitoring of subsequent ther
apeutic effects. This combination of properties is appealing for many 
applications, although systemic toxicity, inferior bioavailability, in
sufficient targeting specificity, and unsatisfied diagnostic/ther
apeutic efficacy vary by disease. In the future, nanomaterial 
performance and safety will need to be rationally optimized for the 
specific administration route of interest to be clinically viable. 

The clinical translation of the theranostic nanomaterials that 
offer superior properties to the current standard of care are warmly 
awaited by the clinic, yet very challenging to create in practice. 
Regardless of the administration route, the full array of effects that 
nanoparticles have on the body remains unknown and still needs to 
be determined with extensive safety studies. For example, the in
teraction of small nanoparticles and biomacromolecules such as 
serum proteins is related to their metabolic behavior and biological 
effects in vivo, but the mechanisms underlying this relationship 
remain unclear. Moreover, it also needs to be determined whether 
nanoparticles excreted through the kidney will temporarily burden 
the kidney or cause irreversible damage. 

Another major challenge is the difficulty in comparing the ther
anostic performance and pharmacokinetic behaviors of the nanop
robes prepared by different research labs due to the large varieties of 
size, shape, surface composition, and other properties. Moreover, the 
choice of animal models also significantly affects the accumulation, 
theranostic performance, distribution, and clearance of nanomater
ials in vivo. In fact, frequently used small animal models such as 
mice or rats may yield results that are ultimately not indicative of 
potential human clinical outcomes. However, the use of potentially 
more representative species introduces additional cost, feasibility, 
and perhaps even ethical concerns. As a result, it remains difficult to 
draw reliable conclusions about the effects of a single variable on the 
downstream performance for diagnostics, therapeutics, biodis
tribution, clearance pathway, etc. 

Apart from that, the large-scale production of theranostic nano
materials with highly reproducible physicochemical features that 
would be necessary for in vivo applications remains difficult. 
Because nanoparticles are synthesized in solution, the particle size is 
not only determined by synthetic parameters but also strongly af
fected by heat transduction and mass transduction of nuclei. All 
these aspects make the reproducibility and quality control of high- 
quality nanoprobes very challenging, especially at industrial pro
duction scales. In spite of the safety concerns and difficulties in 
large-scale production of multi-functional inorganic nanomaterials, 
disease diagnosis and treatment could realize their potential in the 
near future upon the development of advanced nanoprobes that 
exhibit low adverse effects and remarkable therapeutic perfor
mance. 
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In summary, it is clear that emerging nanotheranostics hold great 
promise for revolutionizing the diagnosis and treatment of many 
diseases. The ultimate goal of precision nanomedicine is to select a 
subset of patients with a common biological basis of disease who are 
most likely to benefit from a particular nanotheranostic. To accel
erate progress towards this goal, it would be beneficial if the field 
agreed upon consensus experiments and models to enable the 
comparison of nanoprobes created by different groups. Specifically, 
it would be extremely beneficial if pharmacokinetic studies, tox
icology studies, methods to ensure reproducibility during synthesis, 
and animal models were broadly agreed upon. Hopefully, with the 
development of advanced theranostic probes, precise biomarkers, 
new immunotherapeutic strategies, and more proper preclinical 
models, precision nanotheranostics will revolutionize future disease 
diagnosis and therapy. 
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