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Abstract
Specific visualization of body parts is needed during surgery. Fluorescence-guided surgery (FGS) uses a fluorescence contrast
agent for in vivo tumor imaging to detect and identify both malignant and normal tissues. There are several advantages and clinical
benefits of FGS over other conventional medical imaging modalities, such as its safety, effectiveness, and suitability for real-time
imaging in the operating room. Recent advancements in contrast agents and intraoperative fluorescence imaging devices have led
to a greater potential for intraoperative fluorescence imaging in clinical applications. Photodynamic therapy (PDT) is an alternative
modality to treat tumors, which uses a light-sensitive drug (photosensitizers) and special light to destroy the targeted tissues. In
this review, we discuss the fluorescent contrast agents, some newly developed imaging devices, and the successful clinical
application of FGS. Additionally, we present the combined strategy of FGS with PDT to further improve the therapeutic effect for
patients with cancer. Taken together, this review provides a unique perspective and summarization of FGS.

Keywords
fluorescence-guided surgery, photodynamic therapy, cancer, lymph node mapping, combination strategy, multifunctional platform

Introduction

The preoperative detection, localization, and assessment of the

tumor demarcation from normal tissues are of great clinical

significance for surgeons to evaluate the resectability of malig-

nant tissues. However, in the operating room, the surgeons can

predominantly use visual examination and palpation to deter-

mine the extent of the tissues to be removed. Palpation or visual

examination may be insufficient for a surgeon to confirm and

locate all tumor sites via intraoperative detection, particularly

for some nonpalpable and invisible occult tumors.1 Some vital

organs, such as the brain, require not only complete removal of

the malignant tissues but also maximal preservation of the

normal tissues with minimal damage. Although modern intrao-

perative technologies such as the intraoperative injection of

visible dyes and the application of radio-guided occult lesion

localization can indeed provide tremendous amounts of infor-

mation for surgeons during procedures, real-time imaging is

urgently required for patients undergoing surgery, considering

the changes occurring in their bodies. This demand gave birth

to intraoperative visual fluorescence imaging techniques and

fluorescence-guided surgery (FGS). This technical procedure

includes preoperative or intraoperative administration of

fluorescent agents to the targeted tissues as a preparation,

excitation of the fluorescent agents that have accumulated in

specific tissues with a laser beam, and monitoring of the

fluorescence emission intensity during surgery under a fluor-

escence microscopy camera.2 Currently, at least 3 fluorescent

contrast agents, including indocyanine green (ICG),

5-aminolevulinic acid (5-ALA), and methylene blue (MB),

have been successfully applied in clinical usage for FGS.3-5

The agents that are used for FGS can also serve as photosen-

sitizers for photodynamic therapy (PDT) and could thus also

mediate fluorescence imaging, which is designated as photo-

dynamic diagnosis (PDD).6

Fluorescence-guided imaging techniques have clinical

advantages and disadvantages compared with the conventional
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imaging modalities. They are much safer and cause less dam-

age in patients due to their nonradioactive labeling properties.1

Because the near-infrared (NIR) light is invisible to the human

eye and because a very dilute fluorescent contrast agent is

required, this technology does not alter the appearance of the

surgical field. However, the fluorescence imaging can only

reach a limited depth in contrast to that of radio-based imaging

modalities because visible light can only penetrate micrometer

distances and NIR light (700-900 nm) can travel several milli-

meters in tissues.1 In contrast, a high signal to background

noise ratio provided by the fluorescence signal, especially the

NIR light, can lead to a high contrast and resolution of the

relatively superficial structures in the surgical scenario. In

addition, great advancements have been achieved in the mod-

ification of intraoperative fluorescence imaging devices

(IFIDs), thus enabling surgeons to simultaneously view the

fluorescent and color images.7-9 Although FGS has exhibited

a great potential to improve the intraoperative ability to detect

and discriminate tumors from normal tissues, a combined strat-

egy with PDT might be more efficient to eradicate occult and

residual tumors. The PDT, which generates a cytotoxic singlet

oxygen through interactions between optical light and a photo-

sensitizer in the presence of oxygen, is emerging as a useful and

localized treatment for tumors.10,11 Because many photosensi-

tizers can also be employed as contrast agents, it is highly

feasible to harness these photosensitizers as dual-functional

agents for clinical applications. However, most free-form

photosensitizers lack sufficient solubility and active targeting,

which hampers their accomplishment of dual functions in

vivo.12 The recent progression of multifunctional platforms has

attracted significant attention, and they are based on nanopar-

ticles and are equipped with active targeted moieties and inte-

grated, but not limited to, fluorescence imaging and PDT.13,14

It is speculated that the combination of FGS with PDT might be

established on multifunctional platforms.

Herein, we discuss the fluorescent contrast agents that are

most widely used for FGS, the newly developed IFIDs, and the

successful clinical application of FGS for treating tumors and

lymph node metastases. We also present the combined strategy

of FGS with PDT and the development of multifunctional plat-

forms that might be a promising resolution for this strategy.

Intraoperative Fluorescence Imaging

Current methods for tumor margin detection predominantly

involve palpation and visual inspection in the operating room.1

To obtain precise, specific, and radical resection of cancerous

tissues, many preoperative and intraoperative imaging modal-

ities engage in demarcation of malignant margins and metas-

tasis and the preservation of normal tissues. Conventional

methodologies, including computed tomography, magnetic

resonance imaging (MRI), positron emission tomography

(PET), and ultrasound scans, can provide massive amounts of

information for surgeons during operations.15 When these

scans are repeatedly conducted and updated throughout sur-

gery, a consecutive visualization of the cancer morphologies

can be obtained. Although these procedures suffer from poor

tissue contrast and unsatisfactory spatial resolution, their

advantages, such as their real-time and intuitionistic presenta-

tion, can dramatically facilitate intraoperative manipulation.16-

18 Additionally, the traditional imaging modalities mentioned

above contain several limitations for use in the surgical arena.19

First, the imaging instrumentations are too cumbersome or

dangerous to be positioned in the busy operating room.

Although miniaturized and portable devices might be devel-

oped, the high magnetic fields from MRI still hinder their wider

application. However, the contrast agents for PET are radiola-

beled chemicals, such as fludeoxyglucose (18F-FDG) or 15O,
11C, and 64Cu, which can spontaneously convert a proton to a

neutron and result in the emission of a positron. Analogically,

other radio-based imaging modalities also require the preadmi-

nistration of radionuclides into the patients, thus leading to

significant safety concerns.19 Furthermore, these aforemen-

tioned imaging technologies exhibit no limitations in terms

of depth penetration in the body, which cannot offer the desir-

able contrast and spatial resolution for surgical guidance.19 Of

note, recent endeavors have paved the way for precise surgical

navigation with visible and NIR fluorescence optical imaging.

Fluorescence imaging detects the fluorescence signal

emitted by a fluorophore that is preintroduced and absorbed

into specific cells or tissues and then illuminated by the

corresponding incident wave light. The visible light can pene-

trate tissue on the micrometer scale, whereas NIR light

(700-900 nm) can travel through blood and tissue several milli-

meters, reaching even 1 cm.1 However, the shortened propa-

gating distance compared with the radioactive rays allows the

precise identification of targets beneath the surface. The fluor-

escent signal with limited penetration ability provides a very

detailed image with high spatial and temporal resolution when

the signal can be appropriately collected and corrected.1

Strikingly, the optical imaging based on the NIR window has

attracted significant research attention because of the several

advantages presented by the NIR spectrum.20 First, many bio-

logical compounds exhibit autofluorescence within the ultra-

violet (<400 nm) and visible (400-650 nm) wavelength regions.

The heterogeneous signals originating from multiple sources,

including the intrinsic biological fluorescence signal and

extrinsic contrast agents, makes it too difficult to discriminate

the targeted tissues from the normal ones. Second, many endo-

genous chromophores in normal tissues mainly absorb and

scatter visible light other than NIR light. Thus, the attenuation

is highly minimized in the NIR region, and NIR fluorescence

imaging is inherently safer when applied in patients. Addition-

ally, the scattered light from the excitation source is highly

reduced in the NIR region compared with visible light as a

function of the principle that the scattering intensity is propor-

tional to the inverse fourth power of the wavelength. These

features contribute to an excellent signal to background ratio

(SBR) or signal to noise ratio for NIR fluorescence imaging in

tissues.20 Moreover, the development of targeted contrast

agents improves SBR even more significantly by enhancing the

selective accumulation in targeted tissues and simultaneously
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reducing nonspecific bindings. In a nutshell, intraoperative

fluorescence imaging, especially those utilizing NIR light,

exhibits high contrast, spatial resolution, and safety compared

with conventional modalities.

Contrast Agents

The intraoperative fluorescence imaging system requires the in

situ excitation of exogenous fluorophores that emit a longer

wavelength with improved tissue penetrating ability. To per-

form the visualization procedure based on the fluorescent sig-

nal, 2 fundamental elements should be optimized: the

administration of a proper contrast agent and an efficient

intraoperative imaging device. There was great enthusiasm for

the development of contrast agents with excellent characteris-

tics suited for intraoperative fluorescence imaging. Basically,

several crucial parameters should be considered, including a

high solubility, extinction coefficient with a large Stokes’

shift, quantum yield, and photobleaching threshold.21,22

Herein, we do not detail the distinct physicochemical and

optical properties of the contrast agents that are currently

available or still being developed for intraoperative fluores-

cence imaging. This information can be gained in reference

articles.19,23 Although a variety of contrast agents have been

shown to be suitable for fluorescence imaging in vitro and in

vivo, only a few agents have been applied to FGS. Notably,

almost all of them can also serve as photosensitizers, includ-

ing ICG, 5-ALA, and MB.24-26

Indocyanine green. Indocyanine green, with absorption and

emission maxima of 780 nm and 820 nm, respectively,27 is a

classic photosensitizer that can produce toxic chemical species

and heat when excited at the proper wavelength. However, its

pronounced drawbacks have limited its wider application in

PDT, photothermal therapy, and imaging. These drawbacks

include a low fluorescence quantum yield, aqueous instability,

a short circulation time, and photodegradation, as well as a lack

of specificity to tumor tissues.28 To improve performance in

clinical applications, ICG has been encapsulated into a variety

of nanoparticles and equipped with targeting moieties or incor-

porated into multifunctional platforms.29,30 In the realm of

molecular imaging, these strategies significantly promote the

tissue signal of interest and simultaneously decrease the back-

ground signal. Clinically, the vast majority of surgical tech-

niques performed with ICG are based on the free form.

Indocyanine green is the most widely used contrast agent in

surgical navigation and is one of the few NIR contrast agents

that is approved by the Food and Drug Administration (FDA)

and European Medicines Agency for clinical use.27 Indocya-

nine green has a relatively short circulation half-life (150-180

seconds), which limits the total amount of ICG delivered to

tumors and ultimately reduces the contrast enhancement.31 The

conventional fluorophores mentioned above such as ICG and

5-ALA are highly susceptible to photobleaching, which leads

to significant limitations in the fluence rate.19 However, ICG

can selectively accumulate in or around tumors, and it is thus

suitable for the intraoperative imaging of tumor margin and

residual. The effectiveness of intraoperative fluorescence ima-

ging guidance with ICG or its modified forms has been vali-

dated repeatedly in a variety of preclinical and clinical

applications. For example, imaging-guided sentinel lymph

node (SLN) mapping based on ICG has been applied in various

cancer types, including breast, skin, colorectal, cervical, vul-

var, lung, gastric, esophageal, and endometrial cancers.1 In

fact, ICG tends to bind to serum proteins in vivo and to behave

as a macromolecule, thereby increasing the hydrodynamic dia-

meter and fluorescence intensity. Thus, this effect would pro-

vide a better retention rate for ICG and facilitate the detection

of cancerous tissues.32

5-Aminolevulinic acid. 5-Aminolevulinic acid is a natural meta-

bolite that is produced via the hemoglobin metabolic path-

way.33 When administered topically or orally, 5-ALA can

induce the synthesis and accumulation of a photosensitive and

fluorescent molecule called protoporphyrin IX (PpIX) in neo-

plastic tissues.34 The selective accumulation of PpIX is mainly

correlated with the low expression of 1 enzyme, ferrochelatase,

in malignant tissues compared with most normal tissues.34 The

PDT mediated by 5-ALA has gained great interest in the treat-

ment of various tumors, such as brain, lung, esophageal, gas-

trointestinal, bladder, prostate, head and neck, oral, and skin

cancers.35 Apart from its selectivity per se, nanoparticle-based

approaches and active targeting methods can further enhance

the selective accumulation of PpIX in cancer tissues.36,37 The

fluorescence signal emitted by PpIX can be detected and used

to discriminate cancer tissues from normal tissues. Further-

more, a combined strategy based on 5-ALA can be adopted for

theranostic applications.38

In the European Union, 5-ALA has been authorized for the

fluorescence-guided resection of malignant glioma since

2007.39 Protoporphyrin IX within malignant tissues can be

excited at a wavelength of 405 nm and has an emission peak

with approximately half the emitted fluorescence at approxi-

mately 635 nm.40,41 Visual red fluorescence emission com-

bined with a distinct background, such as mucosal tissue

exhibiting white color, can provide sufficient contrast for sur-

gical guidance.42 Because exogenous 5-ALA can conveniently

penetrate the blood–brain barrier and travel further into the

brain, this agent is highly recognized and extensively applied

to the fluorescence visualization of brain tumors. However, it is

relatively uncontrollable to modulate the fluorescence signal

induced by 5-ALA because they are dramatically influenced by

the metabolic activity of tumor cells.43

Methylene blue. Methylene blue is a widely known histological

dye with a characteristic color caused by the strong absorption

band in the 550- to 700-nm region.26 After decades of endea-

vors, the basic features of the photodynamic activity of MB

have been illuminated, and PDT mediated by MB has also

progressed in clinical practice against various tumors.26

Furthermore, recent advancements in nanoscale materials and

active targeting strategies have significantly improved the
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therapeutic efficiency and decreased the side effects of PDT

with MB.44

Methylene blue has been used as a visible (dark blue) dye in

surgery for many years.45 The reflectance images mainly

emphasize the highly scattering connective tissues of blood

vessels rather than cancer cells.45 However, dilute MB exhibits

an almost undetectable color to the human eye and can serve as

a moderate-strength fluorophore that emits at approximately

700 nm.46-48 Because MB is excreted by the liver and kidneys,

it is suitable for visualization of the biliary tract, ureters, and

arteries under NIR lighting.49 In fact, MB can not only function

as a perfusion tracer in vivo but it can also facilitate the clear

definition of SLNs, tumors, and vital structures through NIR

fluorescent imaging.5,50,51

Intraoperative Fluorescence Imaging Devices

Appropriate fluorescence contrast agents and IFIDs are the 2

essential elements in procedures for intraoperative FGS. The

IFID should be able to capture, recognize, analyze, and send

out the fluorescence signal. Practically, these systems often

comprise a camera, a light source and excitation module, an

optics device for light perception, a computer with analytical

software, and a mechanical structure to support the whole

system.52 To reduce the interference of IFID in the conven-

tional operative workflow, imaging systems can also be inte-

grated with preexisting devices in the operating room, such

as the optical microscope.53

In general, several properties should be included in an ideal

IFID in the operating room.52 First, it should be competent to

excite certain fluorescence contrast agents and detect the signal

emission from the fluorophores on a macroscopic scale. Sec-

ond, an IFID would be preferentially equipped with a variety of

light sources and various tracers to emit and recognize a wide

range of spectra to achieve different surgical purposes. Third,

considering the circumstances in the operating room, the

device should be portable, adjustable, and amenable to sterili-

zation. Furthermore, the interpretation and presentation of the

optic signal should be straightforward and digital, which make

it easier to read. Finally, the price of the devices should be

reasonable for its further development. We depict the progres-

sion of IFID systems for FGS in the following paragraphs, and

some advanced and representative devices are illustrated in

Figure 1.

Conventional fluorescence imaging systems use dark-field

imaging for laparoscopic surgery, resulting in great difficulties

in the visualization of nonfluorescent images and significant

interruptions of the surgical workflow during the image switch-

ing procedure.7 To overcome these shortcomings, a brightfield/

color fluorescence camera of the HyperEye Medical System

(Mizuho Co, Tokyo, Japan) has been developed for gastroen-

terological surgeries.56 The PINPOINT endoscopic fluores-

cence imaging system (Novadaq, Mississauga, Ontario,

Canada) can overlay color and fluorescent images in a synchro-

nous fashion for integrating normal and fluorescent images.55

This system can be used in fluorescence imaging of the cystic

duct, common bile duct, and gallbladder. The first generation

of a surgical imaging system was developed in Beth Israel

Deaconess Medical Center, that is, FLARE (fluorescence-

assisted resection and exploration), and this device has under-

gone considerable refinements and modifications over the

decades, including a hands-free operation system with more

compact optics and an interpretive software.9 Furthermore, this

imaging system has been successfully applied to the first-in-

human testing for SLN mapping in breast cancer. This system

allows the simultaneous detection and presentation of the color

video and NIR fluorescence emission, as well as acquisition of

the camera image in real time.9

An NIR fluorescence thoracoscope (SPY scope; Novadaq

Technologies Inc) has been approved by the FDA and Health

Canada for a rigid thoracoscope with a 0-degree endoscopic

view. This system can provide both color and NIR fluorescence

images simultaneously without distortion of the surgical

view.57 Wada et al developed a minimally invasive SN map-

ping system that integrated the preoperative transbronchial

ICG injection with intraoperative NIR thoracoscopic imaging

and optimized multiple factors to determine the fluorescence

intensity in porcine lungs.57 Regarding segmentectomy, Oh

et al developed an intraoperative color and fluorescence ima-

ging system (ICFIS) that could visualize the area of interest by

merging the fluorescent signals with the anatomical color

images.8 Furthermore, the studies were conducted to validate

the image-guided segmentectomy using ICFIS in animal mod-

els and to determine the optimal dosage of contrast agent ICG

to ensure a safe and efficient fluorescent signal during surgery.

Okusanya et al developed a portable, modular IFID for

FGS.52 This system comprised an NIR charged–coupled device

camera, an adjustable filter, an LED light source, and an image

presentation system. The system was able to distinguish the

NIR signal in tissues with a high SBR in either the laboratory

or the clinical setting.

In neurosurgery, a microscope-integrated fluorescent mod-

ule has been developed that could allow a surgeon to observe

the low fluorescence signal from fluorescein without disrupting

the workflow of microsurgery under the operating room

microscope.58

A wearable real-time fluorescence imaging and display sys-

tem, the fluorescence goggle, was developed at Washington

University.59,60 The fluorescence intensity of tissues can be

interpreted and presented directly in the goggle eyepiece,

which can be easily worn by a surgeon. Thus, the system can

provide a surgeon with a broad range of views that change with

the wearer’s head movement and gaze direction. The success of

this type of system has demonstrated the feasibility of imaging

hepatocellular carcinoma (HCC) intraoperatively with high

contrast via the transarterial hepatic injection of ICG.59 Of

note, this fluorescence goggle system is simple and cheap, and

it has great value for guiding accurate tumor resection.

An important issue that should be considered is the light

source in the operating room. The frequently used over-the-

bed operating room lights and headlamps could be problematic

for intraoperative imaging because they emit white light and
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NIR light, resulting in a false-positive signal.61 Keating et al

developed and tested a novel headlamp system that could filter

out the NIR light and provide a clear scenario for intraoperative

fluorescence imaging.62 This system is modified by a standard

surgical headlamp with the simple improvement of an additional

2 sequential 25-mm-diameter heat-absorbing glass filters.

Clinical Applications of FGS for Tumors

Sentinel Lymph Node Mapping

The presence of lymph node metastases in patients with tumor

is an essential prognostic factor and an important indicator for

therapeutic modulation. In a variety of cancers, SLN mapping

is currently accepted as a standard of care, such as in breast

cancer and cutaneous melanoma.1 During surgery, identifying

metastatic nodes or conducting SLN mapping, along with

lymph nodes dissection, is an intractable issue. Clinically, sen-

tinel lymph node biopsy (SLNB) is predominantly performed

using 3 modalities, including the injection of radioactive tracer,

a visible blue dye (isosulfan blue or patent blue), or both.63,64

The advantages of visible dye–guided lymph node mapping are

its ease of use, cost-effectiveness, and safety, whereas its dis-

advantages include a lower detection rate compared with radio-

colloid, the potential risk of leakage, and halation of the image

induced by adaptation of the dyes.65 Although preoperative

lymphoscintigraphy facilitates the intraoperative identification

of lymph node with high efficiency, the cost of radiocolloids

and the health-care professional equipment, as well as the

heavy hardware, hinder its wider application in SLN mapping.

The recent introduction of fluorescence-guided SLN map-

ping has been extensively examined in various clinical

Figure 1. Schematics of several advanced intraoperative fluorescence imaging systems. A, Mini-FLARE (fluorescence-assisted resection and
exploration) portable near-infrared fluorescence imaging system.54 B, FLARE surgical imaging system.9 C, Intraoperative color and fluorescence
imaging system (ICFIS).8 D, PINPOINT endoscopic fluorescence imaging system.55

He et al 5



scenarios, including breast cancer, colorectal cancer, vulvar

cancer, lung cancer, gastric cancer, melanoma, and esophageal

cancer. A representative result is shown in Figure 2A to C.67,68

The prevailing advantages of SLN mapping using fluores-

cence imaging include a low concentration of the required

contrast agent, no apparent staining of the surgical field com-

pared with visible dyes, and no ionizing radiation, as well as

increased spatial and temporal resolution compared with

radiotracers.69 Additionally, fluorescence imaging can pro-

vide not only image of SLNs but also a real-time transcuta-

neous and intraoperative visualization of lymphatic vessels by

monitoring the fluorescence signal from the point of the con-

trast agent administration.70-72

The recommended method to record the fluorescence signal

is through continuous transcutaneous monitoring or real-time

visualization because the entrance timing and endurance of

contrast agents in SLNs might be quite variant. Thus, a snap-

shot of the fluorescence signal may omit valuable information,

and the choice of timing is clearly difficult and too experiential.

The whole time required for the fluorescence-guided SLN

mapping procedure ranged from 8 to 25 minutes and the mean

time was 15 minutes in a study of 25 consecutive patients with

breast cancer.73 In the following sections, we list some repre-

sentative studies that have examined fluorescence-guided SLN

in various cancer types.

Large validated studies, including the Axillary Lymphatic

Mapping Against Nodal Axillary Clearance trials, showed that

SLNB is a safe and reliable method to accurately stage the

axillary lymph node in breast cancer.63 In an initial study, the

lymphatic channels draining from the areola to the axilla were

immediately imaged, and SLNs could be dissected under fluor-

escence guidance.73 A pathological method confirmed the

lymph node metastases identified by the fluorescence signal,

with no false-negative cases. In another study, the detection rate

was 97.7%, and the sensitivity of metastatic involvement in the

SLNs among 43 patients was 94.4%. Furthermore, a low false-

negative rate was indicated by only 1 case exhibiting no positive

fluorescence signal in SLNs.70 Compared with the blue dye, the

detection rate of SLNB was higher in fluorescence imaging

(97.2% vs 81.3%), and the numbers of identified

SLNs indicated the advantage of fluorescence-guided SLNB

(3.6 vs 2.1).74 The capacity of NIR fluorescence imaging for

SLNs was comparable to that of lymphoscintigraphy in patients

with breast cancer.9 A study showed that a total of 35 SLNs

were detected using a radioactive method, equivalent to the

results obtained by NIR fluorescence mapping.54

In colon cancer, conventional methods for SLNB are based

on radiocolloid, blue dye, or a combination of both, and the

detection rate ranges from 81% to 98%, with a sensitivity up to

90%.75-77 Fluorescence-guided SLN imaging possesses several

advantages over conventional modalities, as presented in the

upper section. In pigs, SLNs can be identified with an accuracy

of 100% under both in vivo and ex vivo conditions.78 In the

same study, this method led to the successful detection of SLNs

in all 24 consecutive patients, and the average number of SLNs

was 3.0. Analogously, another report showed that ICG fluor-

escence imaging could identify 1.7 SLNs, on average, with a

detection rate of 96% and a sensitivity of 82%.75 Intriguingly,

this method could also be used to detect tumoral lymph nodes

in colorectal cancer, such as retroperitoneal and mesocolic

lymph node metastases.79

Regarding gastric cancer, a study showed that the visualiza-

tion of lymphatic vessels draining from the primary gastric

tumor toward the lymph nodes could be easily achieved under

Figure 2. Clinical applications of intraoperative fluorescence imaging. A to C, The present near-infrared (NIR) fluorescent sentinel lymph node
mapping in a female patient with breast cancer. A, The color image. B, The NIR fluorescence image. C, The merged pseudocolored image from
(A) and (B).9 D to F, The present fluorescence imaging of the tumor margin during the surgical resection of glioblastoma multiforme. D, Color
image. E, Visible fluorescence image. F, Merged pseudocolored image from (D) and (E).66
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a laparoscopic ICG fluorescence imaging system among all

patients with clinical T1 gastric cancer.80 In another study,

31 patients were tested for NIR imaging-ICG guidance during

robotic gastrectomy.81 A mean lymph node retrieval of 29 was

achieved in adenocarcinoma resections and 5 in wedge resec-

tions. Thus, fluorescence imaging is a useful method for visua-

lizing lymph nodes during minimal access surgeries.

A minimally invasive laparoscopic approach combined with

NIR imaging–guided SLN mapping is also used in cervical

cancer. A recent study performed simple or radical laparo-

scopic hysterectomy along with SLN mapping by NIR imaging

on 49 patients with clinical stage I cervical cancer or stage I

endometrial cancer.68 The results revealed a detection rate of

100%, and the sensitivity and negative predictive value of SLN

detection were both 100%. Another study indicated that

fluorescence-guided technology could be capable of the simul-

taneous mapping of pan lymph nodes and SLNs in the same

subject. This dual-channel intraoperative imaging system could

identify and resect all pan lymph nodes and SLNs in patients

with cervical cancer.7

Tumor Imaging

Intraoperative tumor detection can significantly improve the

integrity and accuracy of malignant tissue resection.82 How-

ever, the current modalities for intraoperative tumor margin

assessment, such as frozen section techniques, intraoperative

ultrasound, imprint cytology, and 2-view specimen mammo-

graphy, do not fully meet the clinical expectations.83 These

laborious and time-consuming modalities also fail to provide

continuous and real-time monitoring during operations.83

Fluorescence-guided imaging is a promising alternative to pro-

vide a high degree of sensitivity and specificity for tumor mar-

gin detection and thus perfectly meet the clinical demand.

However targeting strategies, such as the utilization of antibo-

dies that can specifically recognize cancer cells or contrast

agents that can be activated by tumor-specific enzymes, have

been extensively studied.84,85 To date, none of the active tar-

geted fluorescent contrast agents have been completely

approved for clinical applications.

Breast cancer. A research group evaluated the feasibility of

intraoperative NIR fluorescence imaging in a simulated clinical

environment as an investigation for future NIR fluorescence–

guided breast-conserving surgery.27 In their practice, a gel-

based breast phantom that mimics the optical characteristics

of breast tissues was used as a model and mixed with tumor-

like fluorescent inclusions. Based on this system, a clear

change in the signal strength of the fluorescence image

occurred during the surgical simulation procedure, which

might assist surgeons in carefully advancing the margins.27

Another research group used ICG intraoperative imaging to

detect murine tumors before and after resection, and this ima-

ging procedure demonstrated no significant adverse events.83

Similarly, it is possible for intraoperative fluorescence imaging

to identify almost all patient breast tumors, including

nonpalpable ones (refer to PMID 27756411). Intraoperative

NIR fluorescence imaging could also be used to detect the

tumor residual in patients after standard surgery.83 Further-

more, self-assembled ICG nanoparticles functionalized by hya-

luronic acid were introduced into FGS.16 This configuration

exhibited significant improvements in specificity for tumor

margin imaging and provided higher contrast optical images

compared to free-form ICG for surgical removal. More

recently, a hybrid tracer with both radioactivity and fluores-

cence was developed for the combined pre- and intraoperative

localization of nonpalpable lesions in breast cancer.86 Deep

tumors in critical locations could be detected by the acoustic

signal derived from the gamma ray detection probe, while the

targeted lesions could be visualized in a real-time optical image

by the ICG fluorescence signal. After excision, the residual

lesions could be found based on the anatomical situation visua-

lized by radio guidance combined with visual information.86

Liver cancer. The ICG fluorescence imaging has been effectively

used to identify microscopically confirmed HCC and liver

metastases and provide an intraoperative visualization of the

liver segment. The initial study showed that well-differentiated

HCCs exhibited regular and highly fluorescent lesions,

whereas poorly differentiated HCCs and liver metastases

exhibited rim fluorescent-type lesions in tissues.87,88 This

fluorescence imaging modality could delineate any lesions

with a limited penetration depth and enable the highly sensitive

identification of small liver cancers on surgical specimens. A

preclinical study conducted in dogs showed that the sensitivity

and the positive predictive value of ICG fluorescence imaging

for HCC were 71.4% and 90.0%, respectively.89 Another study

suggested that ICG fluorescence imaging could be applied to

detect the extrahepatic metastases of HCC by intravenous

injection of the contrast agent.90 The preclinical data showed

that the positive predictive value of intraoperative ICG fluor-

escent imaging and ICG fluorescent imaging of the patient

tissue specimen was both 100%, and the sensitivities were

92% and 96%, respectively. In a systematic study, all liver

tumors could be detected by ICG fluorescence imaging.91 Nev-

ertheless, the overall rate of diagnostic accuracy by ICG fluor-

escence imaging was lower than that of intraoperative

ultrasonography, which is an essential tool for determining the

liver tumor location. This discrimination resulted from the dif-

ferent rates of fluorescence of various tumors and the tumor

depth as well as the limited size of small tumors.91

Meanwhile, a recent study showed that ICG fluorescence

imaging for HCC might provide an influential false-negative

rate.59 The tumors in 3 of the 5 considered patients did not

exhibit higher fluorescence than the nontumor liver tissue;

thus, the fluorescence contrast could not be applied in hepatic

surgical resection. Consequently, there is a demand for devel-

opment of a more tumor-selective molecular probe. A group

synthesized arginine–glycine–aspartic acid (RGD)-conjugated

ICG mesoporous silica nanoparticles as an intraoperative fluor-

escent probe and used the probe to test selectivity.92 The results

showed that this novel probe led a significantly enhanced
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optical signal in hepatic tumor lesions, provided remarkable

optical contrast at the liver tumor margin, and displayed a high

potential for the detection of residual microtumors.

Brain cancer. The FGS has attracted great attention globally for

the treatment of malignant brain tumors, and most studies have

focused on the use of 5-ALA as a fluorescent contrast

agent.6,93,94 A variety of reports have demonstrated that this

technique possesses a very high sensitivity and specificity for

malignant glioma tissue by 5-ALA guidance because these

values were often close to or over 90% (refer to PMID

25946082). A representative result is shown in Figure 2D to

F.33 However, diverse fluorescence patterns can be observed in

malignant brain cancers; solid red fluorescence is found in the

bulk of malignant glioma tumors, whereas pink fluorescence is

mainly exhibited at the tumor margin where cancer cells infil-

trate the normal brain.95-97 The visible fluorescence emitted by

tumor tissues could be valuable for predicting the tumor

aggressiveness because biopsies from strongly fluorescing tis-

sues predominantly contain high-density, highly proliferating

tumors and biopsies from weakly fluorescing tissues mainly

contain infiltrating tumors.98 In a recent study, the ALA inten-

sity was considered a strong predictor of the degree of tumor

cellularity in most areas of fluorescence.99 Because ex vivo

quantitative measurements of the PpIX concentration in tis-

sues are more sensitive for identifying malignancy in both

low- and high-grade tumors than the intraoperative fluorescence

imaging, an improved fluorescence detection technology is

needed to achieve improved sensitivity and differentiation

of tumors.100

Combination strategies have been applied to precisely

define the tumor margins. A variety of surgical adjuncts, such

as cortical and subcortical mapping, motor-evoked potential

monitoring, speech monitoring in awake settings, and early

second surgeries for tumor remnants, as well as 5-ALA fluor-

escence imaging, might contribute to the maximization of

tumor resection with an acceptable postoperative deficit.101

However, multiple studies have shown a histological difference

in intraoperative solid tumor depiction using 5-ALA fluores-

cence imaging and gadolinium-diethylenetriamine pentaacetic

acid–enhanced MRI, especially for lesions >9 cm3 because

5-ALA fluorescing tissues significantly exceed those of MRI-

enhanced tissues such as lesion numbers in terms of contrast

intensity.102 The combination of 5-ALA with MRI resulted in a

significantly increased extent of resection, but it did not lead to

an increase in complications or neurological deficits.102

Furthermore, intraoperative MRI-guided resection might be a

powerful tool to treat 5-ALA-negative gliomas, and 5-ALA

showed great potential for high-grade gliomas.103 Additionally,

5-ALA fluorescence and PET image are distinct index markers

for cytoreduction surgery for gliomas because 5-ALA-induced

fluorescence and 11C-methionine uptake are independent

indices of the tumor cell density.104

The modified contrast agent was also developed and applied

to visible intraoperative delineation of brain tumors. Another

group designed a tumor-targeted dye loaded on nanoparticles

and evaluated the in vitro properties.105 The incubation of

glioma cells with dye-loaded NPs could lead to visible, quan-

tifiable cell tagging in a dose- and time-dependent manner. The

targeted moiety relied on a peptide, F3, which binds to the

tumor cell surface receptor nucleolin. Molecular targeted ima-

ging can further improve the precision of tumor resection with

intraoperative fluorescence guidance.

The Combination of FGS With PDT

In the above-described sections, we systematically discuss the

primary theoretics and clinical applications of FGS with photo-

sensitizers. The fluorescence signal emitted by photosensitizers

provides significant advantages for the intraoperative discrim-

ination of malignant tissues from peripheral normal tissues. In

fact, these contrast agents and their modified forms are dual-

functional platforms; fluorescence attributes contribute to

fluorescence imaging, and PDT utilizes the attributes of photo-

activity. Consistent with decades of practice, PDT has been

demonstrated to be an efficient modality for various cancers.

For example, PDT can induce direct killing and immunological

effects on breast cancer (refer to PMID 27833041). The PDT

has been also conducted for treatment of primary and metasta-

sizing liver cancer (refer to PMID 12743863; 23377406). In

many scenarios, surgical resection remains the only curative

modality, and PDT and other therapies such as chemotherapy

and radiotherapy have a secondary or an adjunct position. After

an extensive interrogation of FGS with photosensitizers, 1

question arises concerning whether a combined strategy inte-

grating FGS with PDT would be an alternative to eradicate

cancer cells and improve the prognosis. This question is

derived from the observation that FGS cannot guarantee

100% removal of all tumors because tiny invasive tumors or

tumors with marginal fluorescence emission might be present.

The combined strategy can be conducted in different proce-

dures: neoadjuvant PDT can efficiently destroy malignant tis-

sues, thereby enhancing resectability or reducing the required

resection extent106; intraoperative PDT denotes the irradiation

of the resection cavity with a proper wavelength during or after

surgery107; and postoperative PDT is conducted after suture of

the incision.108 The clinical data suggested that a combined

strategy could more beneficial to patients with cancer than

surgery alone. Neoadjuvant PDT along with chemotherapy has

been shown to be effective and safe to facilitate the conversion

of surgical candidates in locally advanced non-small cell lung

cancer.106 Intraoperative PDT for primary and recurrent glio-

mas can, in general, result in an increase in the median survival

of patients.109 Another study showed that the 12-month overall

survival rate and 6-month progression-free survival rate were

both 100% among newly diagnosed gliomas.107 Postoperative

PDT exhibited great potential to achieve locoregional tumor

control or even eradicate residual tumors, which were often the

origin of recurrence. In a prospective randomized controlled

trial, PDT with ALA and Photofrin significantly improved the

eradication of residual tumors and survival rate in patients with

glioblastoma multiforme after FGS.110 In summary, PDT could
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be an efficient adjuvant modality and assist surgical resection

in eradicating cancer cells.

Because the photosensitizers listed herein could also serve

as contrast agents for FGS, the administration of solely 1 agent

could accomplish the administration of 2 therapies, that is, FGS

and PDT. It would be more economical and simplify the

therapeutic procedures than the separated administration of 1

contrast agent for FGS and 1 photosensitizer for PDT. Addi-

tionally, consecutively taking advantage of 1 photosensitizer

could help reduce the adverse events not only in the severity

but also in quantity associated with photosensitive contrast

agents such as skin phototoxicity. In an experimental study,

combined therapy utilizing ALA as a contrast agent and photo-

sensitizer significantly prolonged the survival of tumor-bearing

rabbits compared with the group treated with FGS alone.111

This regimen might kill the peripheral tumor residual and

would clearly delay potential recurrence. In the clinical setting,

the combination of PDT with the surgical cavity might be a safe

technique that ultimately completes the destruction of tumor

cells.112 Of note, the recent progression in multifunctional plat-

forms has enabled, but has not been limited to, the use of FGS

and PDT as 1 agent.

Multifunctional Platforms That Are Suitable
for the Combination of FGS With PDT

Although a variety of photosensitizers exhibit excellent photo-

chemical and photophysical properties in vitro for fluorescence

imaging and PDT, only a small fraction of them has been

incorporated into clinical applications. The dissatisfactory

solubility and poor selectivity of photosensitizers are the 2

dominating limitations. A longstanding interest in this research

is to develop nanoscale carriers for photosensitizers that would

increase their aqueous solubility and enhance cellular interna-

lization.113 To increase the selective accumulation of photo-

sensitizers in cancer cells, both passive and active targeting

strategies have been involved in recent endeavors. Thus, we

present some potential photosensitizers that have not been

applied in FGS but exhibit sufficient fluorescence properties.

Additionally, targeting strategies are discussed in the combina-

tion of FGS with PDT.

Potential Photosensitizers

Chlorine e6 (Ce6) has been demonstrated to be an effective

alternative for fluorescence imaging and PDT. It exhibits

highly effective NIR light–induced in vivo phototoxicity in

cancer cells in mice when absorbed in upconversion nanopar-

ticles.114 Based on confocal laser scanning microscopy ima-

ging, strong fluorescence was detected inside cancer cells.

Another study indicated that Ce6-conjugated polymers could

employ dual-modal imaging (MRI and fluorescence imaging)

and combined photothermal and PDT.115 This multifunctional

platform exhibited a clearly enhanced inhibitory effect on

tumor growth in vitro and in vivo.

Given the strong absorption within the NIR window, phtha-

locyanine (Pc) has also demonstrated significant potential as a

theranostic agent. The Pc-loaded graphene nanoplatform was

found to produce efficient fluorescence emission for fluores-

cence imaging and reactive oxygen species for the destruction

of ovarian cancer cells.116 Additionally, the novel design of

highly biocompatible carbon nanodots loaded with zinc Pc

could achieve simultaneous fluorescence imaging and PDT in

HeLa cells and animal models.113

Photochlor, or 2-[1-hexyloxyethyl]-2-devinyl pyropheo-

phorbide-a, a hydrophobic photosensitizer with a peak absor-

bance at 665 nm, has demonstrated excellent safety and

efficacy for the treatment of various cancer types.117 Fluores-

cence imaging revealed the tumor selectivity with an approx-

imately 2- to 3-fold differential between tumor and adjacent

normal tissues. The incorporation of 2-[1-hexyloxyethyl]-2-

devinyl pyropheophorbide-a into Au nanocages signifi-

cantly improved the efficacy of PDT and showed no toxicity

in mice.118

Apart from the classic photosensitizers mentioned above, a

variety of new photosensitizers are emerging, and the majority of

them might also exhibit fluorescence property. One porphyrin

derivative, NMM, also named N-methyl mesoporphyrin IX,

showed significantly increased fluorescence intensity upon bind-

ing to gold nanoparticles.119 Further, irradiating the conjugate

with white light could induce the efficient production of reactive

oxygen species for PDT. Another group also designed and tested

novel dyad compounds based on porphyrin for their spectral

properties.120 The results suggested promising optical properties

and exhibited high light-induced cytotoxicity in vitro. A com-

plete list of photosensitizers that exhibit potential and sufficient

value for fluorescence imaging is not present herein.

Improved Targeting

To improve the selective accumulation of photosensitizers and

thereby accomplish targeted fluorescence imaging and photo-

toxicity in cancer cells, targeting strategies should be performed.

In general, 3 strategies have been employed to assist in targeting

cancer cells and providing enhanced optical contrast between

malignant and normal tissues. The first strategy is passive

enrichment for cancer, which implies that macromolecular

agents, such as nanoparticles, preferentially accumulate in can-

cers via the effect of enhanced permeability and retention. Sec-

ond, the development of activatable multifunctional agents with

the capacity to respond to a given stimulus is dramatically

increasing.121 Exogenous stimuli (such as the applied mag-

netic/electrical field, ultrasound, and light) and endogenous sti-

muli (such as the temperature, pH, and enzymatic activity) could

both be utilized and developed to control the activation of multi-

functional agents.122-125 Additionally, an enhanced selectivity

and specificity for malignant cells can be achieved through the

use of targeted moieties that are able to recognize the specific

receptors or ligands distributed on the surface or inside cells.

The passive strategy incorporating the fabrication of nanos-

cale agents for the delivery of photosensitizers to cancerous
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tissues has been extensively reviewed, and it is thus not pre-

sented in this article. Nevertheless, we emphasize the active

strategies applied to develop multifunctional platforms with

clinical potential for combining FGS with PDT.

Activatable nanoparticles can selectively deliver the encap-

sulated agents to cancer cells. The stable, long-circulating

nanoparticles under normal physiological conditions exhibit

altered properties in response to some distinct stimuli that are

present in malignant tissues. The mildly acidic pH is one of the

most widely used features of the cancer microenvironment for

the design of activatable nanoparticles.126 Recently, novel

charge-switching nanoparticles were developed. Under slightly

acidic conditions, this material will be positively charged,

thereby facilitating the interaction with negatively charged cell

membranes to enhance the cellular uptake of nanoparticles.114

Furthermore, pH-responsive nanoparticles incorporating Ce6

exhibited remarkably enhanced tumor-homing abilities and

promising applications in cancer theranostics. However,

enzymes that are overexpressed in tumor cells can also be

utilized for the development of activatable nanoparticles. For

example, matrix metalloprotease-2 in cancer cells can activate

some fluorescence imaging peptides that are capped on the

nanoplatform.127 Similarly, a smart dual-targeted theranostic

agent could become highly fluorescent and phototoxic only

when its linker is broken by tumor -associated lysosomal

enzyme cathepsin B after internalization into folate receptor–

positive cancer cells.128

The receptors or ligands that are distinctly or significantly

upregulated in cancer cells can direct the selective accumula-

tion of multifunctional agents in malignant tissues. One fre-

quently mentioned ligand is RGD peptide, which can link the

integrin avb3 receptor that is overexpressed in many tumor

types. A research group synthesized RGD-conjugated highly

loaded ICG nanoparticles as a fluorescent probe, which showed

great potential for FGS in liver tumor resection.92 Another

group fabricated a multimodal agent by conjugating nanopar-

ticles to (i) temoporfin as a photosensitizer, (ii) the RGD pep-

tide for improved tumor targeting, and (iii) a fluorescent dye

molecule for improved contrast.13 This agent exhibited a high

PDT therapeutic efficacy and excellent suitability for in vivo

fluorescence imaging. Folic acid (FA) can mediate the endo-

cytosis of folate conjugates by binding to the folate receptor,

which is upregulated in many human cancers, such as malig-

nancies of the ovary, lung, brain, and breast.129 Wang et al

reported a nanoparticle that incorporates a fluorescence ima-

ging agent and a photosensitizer functionalized by FA to gain

targeting capacity.130 This multimodal technique exhibited

enhanced delivery of photosensitizers and fluorescent dyes to

cancer cells and thereby greater potential of theranostic appli-

cations. Recently, a novel design of highly biocompatible,

fluorescent, FA-functionalized carbon nanodots was developed

that showed increased fluorescence efficiency and good cyto-

toxic effects in vitro and in animal models.113 More recently,

FA-coupled nanoprobe loading with the photosensitizer of Ce6

was designed.131 The systematic in vitro and in vivo experi-

ments demonstrated that this was a promising multifunctional

theranostic agent with specificity, efficacy, and safety. The

aptamer is another interesting molecule, which could specifi-

cally bind to the target nucleolin receptor overexpressed on

cancer cells.132 Ai et al reported the synthesis and application

of 1 gold nanoparticle modified with an aptamer and conju-

gated to a photosensitzer.119 The results supported its effi-

ciency for both targeted cell imaging and PDT. Of note, a

variety of other molecules, such as anti-human epidermal

growth factor receptor 2 antibody, cholecystokinin-2 receptor,

and carbonic anhydrase IX, to name just a few, have been

conjugated to nanoparticles, and these advancements might

also be applied to multifunctional platforms.133-136

Concluding Remarks

Fluorescence imaging techniques have exhibited great poten-

tial for improving the accuracy in surgical section and eradicat-

ing malignant tissues while preserving normal tissues as much

as possible by visualizing tissue demarcations in real time. The

fluorescent contrast agents can be administered in either sys-

tematic or topical fashion in light of the different purposes,

tissue characteristics, features of the fluorescent agents, and

instrumental conditions. Currently, the contrast agents that are

widely used in intraoperative imaging include ICG, 5-ALA,

and MB. These agents are more intensively used as photosen-

sitizers for PDT because of their optical characteristics. Thus,

the fluorescence imaging method presented in this review can

also be designated and used in PDD. Intraoperative imaging

techniques require a synchronous interplay among contrast

agents, tumor biology, imaging systems, and image analysis

algorithms. The advancement of contrast agents represents spe-

cific tumor-targeted molecular imaging by the addition of tar-

geted moieties to contrast agents such as peptides, receptors,

and other specific elements that can be recognized and inter-

nalized by tumor cells. The recently developed imaging sys-

tems merge fluorescent signals with the anatomical color

images to simultaneously visualize the normal color and fluor-

escent images without disrupting the surgical workflow. Exten-

sive clinical applications have been implemented to map SLNs,

demarcate the malignant tissues from benign tissues, and pro-

tect normal tissues from accidental injury during surgery.

Nevertheless, surgery guided by intraoperative fluorescence

imaging is not able to remove every tiny tumor in all clinical

scenarios. The FGS combined with PDT might be an alterna-

tive strategy based on evidence indicating the benefits of

adjunct PDT or neoadjunct PDT for patients with cancer.

Furthermore, this combined strategy can be established on one

platform incorporating fluorescent and photoactive agents.

Considering the clinical condition, it might not be available

to accomplish the 2 missions of the free forms of photosensi-

tizers. The recent development of multifunctional platforms

shows great potential for the integration of FGS with PDT.

These platforms might also resolve several limitations that

continue to hamper the wider usage and application of intrao-

perative fluorescence imaging and PDT. Due to the relatively

low depth of tissue penetration of the light during optical
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imaging, it currently cannot be used to depict deep tissues or

requires combined strategy with other modalities such as radio-

scintigraphy and ultrasonography. In fact, many multifunc-

tional platforms allow various imaging modalities and

therapies to be combined into 1 agent. Moreover, another dis-

advantage is that the vast majority of contrast agents fail to

actively target the tumor cells, resulting in a great insufficiency

of the targeted imaging and targeted surgery. Targeted moieties

can be equipped on multifunctional platforms for selective

accumulation in cancer cells.

Albeit it is beneficial of this combination strategy for tumor

elimination, more preclinical and clinical trials are needed to

further demonstrate this view. Practically, the procedures

should be reasonably simplified and orchestrated, because the

addition of PDT to surgery guided by fluorescence imparts

complexity to the whole protocol. With the unremitting opti-

mization of preclinical research and the continuous improve-

ments in clinical trials, we believe that image-guided surgery

and the combination of PDT will become widely used in clin-

ical applications.
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fluorescence-guided sentinel node biopsy for axillary nodal sta-

ging in breast cancer. Breast Cancer Res Treat. 2010;121(2):

373–378.

71. Hojo T, Nagao T, Kikuyama M, Akashi S, Kinoshita T. Evalua-

tion of sentinel node biopsy by combined fluorescent and dye

method and lymph flow for breast cancer. Breast. 2010;19(3):

210–213.

72. Murawa D, Hirche C, Dresel S, Hünerbein M. Sentinel lymph
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