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Abstract Accurately delineating tumor boundaries is key to predicting survival rates of cancer patients

and assessing response of tumor microenvironment to various therapeutic techniques such as chemo-

therapy and radiotherapy. This review discusses various strategies that have been deployed to accurately

delineate tumor boundaries with particular emphasis on the potential of chemotherapeutic nanomaterials

in tumor boundary delineation. It also compiles the types of tumors that have been successfully delineated

by currently available strategies. Finally, the challenges that still abound in accurate tumor boundary

delineation are presented alongside possible perspective strategies to either ameliorate or solve the prob-

lems. It is expected that the information communicated herein will form the first compendious baseline

information on tumor boundary delineation with chemotherapeutic nanomaterials and provide useful in-

sights into future possible paths to advancing current available tumor boundary delineation approaches to

achieve efficacious tumor therapy.
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1. Introduction

Chemotherapy is a major clinically relevant strategy for cancer
treatment, often preceding surgery and complemented with
radiotherapy. Accurately mapping the boundaries of tumor tis-
sues with surrounding healthy tissues are important for various
therapeutic strategies, such as chemotherapy, radiotherapy and
tumor resection. In the past years, various bioimaging modalities
have been deployed to locate tumor tissues and form contrasts
between tumor and healthy tissues. Some of such imaging mo-
dalities require the pre-injection of dye molecules and/or contrast
agents that are usually not selective in action. It has also been
observed that the imaging agents that are even administered
intratumorally find their ways to neighboring tissues, thus jeop-
ardizing effective tumor mapping. Additionally, low signal res-
olution of many available imaging modalities precludes them for
use in proper tumor mapping. It is therefore desirable to develop
a robust approach to map tumor boundaries with normal tissues.
The gains of accurate tumor boundary mapping go beyond
early diagnosis of tumor in clinic to enhancing adequate evalu-
ation of tumor therapeutic outcomes, which hitherto pose serious
challenges in both microscopic and macroscopic bioimaging
techniques1,2.

Present-day clinical tumor resection relies mainly on visual
observations of the surgeon which is limited by human eye
impairment and experience of the surgeon, particularly when the
tumors are infiltrated and visually indistinguishable from adjacent
normal tissues3e5. Complementary bioimaging with techniques
such as magnetic resonance imaging (MRI) and fluorescence
imaging have been leveraged to acquire information on tumor
location to aid surgeons. However, intraoperative MRI has
received less attention because it interrupts the surgical procedure
and is expensive6. Fluorescence imaging on the other hand has
garnered increasing interest as a rapid and cost-effective modality
that locates tumor tissues by spectral properties during intra-
operative tumor mapping, but suffers from relatively low spatial
resolution7,8. Moreover, there are mounting reports on the toxic
effects of MRI and fluorescence imaging contrast agents which
complicate the reliefs that patients should experience after suc-
cessful tumor treatment9.

There have been concerted efforts by numerous researchers to
detect the boundaries between tumors and normal cells. As a
paradigm, single-point spectral measurements were utilized to
develop a fluorescence imaging-based model for tumor boundary
mapping to enhance intraoperative tumor resection3. It entailed a
theoretical model obtained from observations of envisaged spec-
tral signature when an excitation laser moves across a tumor
boundary. Information from discretized contributions of estab-
lished spectral signatures, including those from tumor and normal
cells, were obtained in the tissue surface vicinity of the laser spot
to derive the model, which enabled an enhanced tumor boundary
detection irrespective of the disparity between laser spot size and
target detection resolution.

In this review, we summarized the research advances in map-
ping tumor boundaries. First, we discussed the various techniques
that have been applied to detect the boundaries. This was nar-
rowed down to specific chemotherapeutic nanomaterials that have
been synthesized in our research group in the past decade and their
possible contributions to tumor boundary delineation. Second, a
detailed look into the various tumors that have been investigated in
this regard is provided. Finally, a perspective on the current status
and prospects of adequately mapping tumor boundaries is pre-
sented. This study is therefore expected to provide meaningful
guide for understanding the gains of proper boundary mapping
between tumors and normal cells which can be leveraged to
enhance current tumor therapeutic techniques, particularly
chemotherapy.

2. Chemotherapeutic nanomaterials

The past decade haswitnessed significant advances in nanomaterial-
based drug delivery, especially for tumor treatment10e13. As regards
tumor chemotherapy in general, research in our laboratories on
tumor-targeted chemotherapeutic nanomaterials have also contrib-
uted a great deal to recent advances on tumor chemotherapy. Spe-
cifically, interesting nanomaterial-based drug delivery systems with
excellent biocompatibility and tumor microenvironment respon-
siveness have been developed in our research group including
doxorubicin (DOX)-loaded zeolitic imidazole framework (ZIF)
nanomaterials with pH-responsiveness14, cisplatin-loaded ZIF
nanomaterials with mitochondrial targeting in platinum-resistant
ovarian tumor15, and 5-fuorouracil-loaded amorphous ZIF nano-
materials with high drug-loading and tumor microenvironment
responsiveness16. Such nanomaterials demonstrated appreciable
capability to deliver substantial amounts of chemotherapeutic drugs
to tumor sites for achieving meaningful tumor regression.

Research on chemotherapeutic nanomaterials these days does
not only involve using the nanomaterials for tumor chemotherapy,
but also encompasses meaningful efforts to use chemotherapeutics
as agents to enhance the efficacy and accuracy of tumor boundary
delineation with fluorescence, MRI, CT, ultrasound, and other
imaging modalities. The boundaries of various kinds of tumor
cells including brain, liver, breast and prostate tumor cells have
been delineated successfully in conjunction with chemotherapy,
where drug delivery systems were used in a double-edge-sword
approach to convey both chemotherapeutic drugs and bioimaging
agents to tumor sites. Unfortunately, the toxicity and non-
specificity concerns of typical chemotherapeutic nanomaterials
coupled with the potential downsides of the degradation products
of drug and bioimaging agents’ combination in a single nano-
material hitherto preclude wide adaptation of this approach. To the
best of our information, nanomaterials that integrate both
chemotherapeutic drugs and imaging agents are still in the pilot
scale. Even though there are have been success in this approach,
we believe that much effort is still needed to appropriately
leverage chemotherapeutic nanomaterials for tumor boundary
delineation and meet the stringent demands for clinical translation.
The next section describes the use of chemotherapeutic nano-
materials in boosting tumor boundary delineation using various
bioimaging modalities independently or in combinations.
3. Strategies for tumor boundary delineation

Early and accurate delineation of tumor boundary are key aspects
in predicting patient survival rates and evaluating tumor micro-
environment responses to radiation therapy and chemotherapy in
both preclinical and clinical settings. In clinical aspect of tumor
therapy also, accurately identifying invasive tumor edges of pri-
mary tumors, small tumor lesion that have been locally invaded,
and drug-resistant tumors that remain after neoadjuvant therapy
could substantially decrease the incidence of tumor recurrence and
enhance survival rates of patients. Presently, gross examination
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and frozen tissue section, as well as histological assessment of
excised tumor dominate the landscape of clinical protocols for
evaluating tumor boundaries17,18. However, such assessments are
unreliable as the pathological evaluation of tumor tissues reveal
high proportions of tissues with positive tumor boundaries19,20.

The main drawback of accurate tumor boundary detection lies
on non-invasive tumor lesions, which do not commonly exhibit
clear-cut tumor boundaries21. Also, small distant tumors that
localize around normal tissues also jeopardize accurate tumor
boundary detection17. Inflammatory anomalies and fibrosis related
to tumor-triggered obstruction or preoperative chemotherapy pose
serious challenges to surgeons in determining tumor boundaries22.
Moreover, just a hand full of frozen tissue sections can actually be
evaluated in the tumor vicinity, which encourages the possibility
of underrepresenting the involvement of tumor in the bound-
aries23. Based on the foregoing, more sensitive and accurate
strategies have been explored for early and accurate detection of
tumor boundaries. In the following sections, we discuss such
strategies including fluorescence imaging, MRI, models and al-
gorithms, and multimodal imaging.

3.1. Fluorescence imaging

Recent progress in developing molecular imaging contrast agents
has enabled proper visualization of tumor boundaries by non-
invasive optical imaging strategy. Various compounds including
anti-cancer drugs, antibodies, peptides, and small molecules have
effectively been labelled with optical imaging dyes to generate
promising fluorescent probes24e27.

Tumor boundary was adequately mapped by NIR fluorescence-
labeled antibody28. The NIR antibody molecule was designed to
target epithelial cell adhesion molecule which was validated by far
red reporter iRFP expressed by the tumor cells. This enabled
effective colocalization of the NIR molecule signals for direct
evaluation of the tumor boundary (Fig. 1A). Receiver operating
characteristic assessment was employed to validate the fluores-
cence signals against established pathology of local and metastatic
tumor lesions, resulting in about 96% accuracy. Expectedly, the
local tumor boundary was mapped with more accuracy using
quantitative NIR fluorescence imaging with the epithelial cell
adhesion molecule-targeting antibody in comparison with an
isotope-labeled NIR antibody as control. This therefore estab-
lished the potential of fluorescence imaging in accurately mapping
tumor boundaries. However, there are some limitations in the
study. For instance, the authors carried out ex vivo and in situ
imaging as the mice small retroperitoneal cavity tissues were quite
difficult for the clinical devices deployed in the study to access.
Additionally, the metastatic prostate cancer model, a popular
subcutaneous model, may not be significantly relevant in the clinic
for delivering macromolecular fluorescence probes such as the
NIR fluorescence-labeled antibody probe developed in the study.

Leveraging tumor-targeting, a urokinase plasminogen activator
receptor-targeted probe was developed for effective fluorescent
imaging of tumor boundary and chemotherapy29. This was ach-
ieved with the amino terminal fragment (ATF) of urokinase
plasminogen activator in two systems: (1) near infrared fluores-
cence (NIR) dye-labeled recombinant 135-amino acid peptides,
and (2) NIR-dye-ATF peptides conjugated to polymer-coated iron
oxide nanoparticles. For more clarity, urokinase plasminogen
activator is a serine protease that interacts with its corresponding
receptor (urokinase plasminogen activator receptor) for the main
purpose of regulating diverse pathways that occur in matrix
degradation, metastasis, angiogenesis, and cell motility30. The
nanoprobes accumulated in tumors, especially in tumor bound-
aries where they showed strong fluorescence signals. This enabled
appropriate mapping of the tumor boundaries (Fig. 1B). It could
be seen that strong signal for Cy5.5 and IRdye-800 were found in
the tumor xenograft. Cy5.5 signal was also detected in the intes-
tine region. Also, strong IRDye 800 signal was detected both in
the tumor and liver tissues. A high magnification image of the
tumor (zoom, 0.8 �) showed the presence of Cy5.5-hATF probes
(red fluorescence) in both the tumor center and the tumor border.
However, the authors reported that a high amount of IRDye 800
ScFvEGFR probes (green fluorescence) was found in the center of
the tumor. Moreover, the tumor-targeted chemotherapeutic nano-
materials enabled orthotopic MCF-10DCIS human breast and
MIA PaCa-2 human pancreatic tumor chemotherapy by substan-
tial DOX release from the nanocarrier system.

Impressive efforts have also been made in our research group
to delineate tumor boundaries with nanomaterial-based drug de-
livery systems. This encompasses several researches where
chemotherapeutic nanomaterials could also provide single or
multimodal imaging of tumor for boundary delineation. As a
paradigm, various nanocarriers have been developed in our labo-
ratories and loaded with specific anti-cancer drugs that possess
fluorescence imaging capability. For instance, change in mem-
brane protein as a result of multidrug resistance by cancer cells
(MCF-7/ADR)31, was leveraged to develop a promising chemo-
therapeutic cancer treatment strategy in our research group32. As
Y1 receptor protein and P-glycoprotein are overexpressed on
multidrug resistant cancer cells, a selective Y1 ligand (AP) was
deployed to stabilize an anti-cancer drug (DOX) and P-glyco-
protein inhibitor tariquidar (Tar) co-loaded nano-micelles
(Fig. 2A). The co-delivered P-glycoprotein inhibitor tariquidar
successfully impeded DOX efflux with resultant enhanced tar-
geted drug delivery and accumulation in multidrug resistant can-
cer cell nuclei to significantly inhibit cancer cell proliferation. It is
also of interest to note that this strategy prevented liver metastasis,
a common occurrence in cancer cases responsible for numerous
cancer-related deaths, resulting in prolonged survival extents up to
60 days post-treatment (Fig. 2B). More importantly, a near
infrared Dye moiety (IRDye 780) was incorporated into the nano-
micelle which enabled adequate determination of tumor boundary
by fluorescence imaging (Fig. 2C), which could provide useful
information on the size and boundary of tumors during treatment
monitoring.

A facile green strategy was used to develop DOX-loaded
nanoparticles which afforded tumor chemotherapy on the one
hand and enabled fluorescence imaging mapping of breast tumor
boundary on the other hand33. The nanoparticles of 70 nm size and
surface charge of ‒20 mV was also loaded with a photosensitizer
(chlorine e6, Ce6) to achieve photodynamic tumor therapy and
complement the chemotherapeutic outcomes. The loaded DOX
and Ce6 could effectively reach tumor sites because they were
linked by electrostatic, pep stacking and hydrophobic in-
teractions. Moreover, the size of the nanoparticles enabled their
penetration of tumor cells by the enhanced permeability effect
(passive tumor targeting) where a one-cycle treatment resulted in
no tumor recurrence attributed to the synergetic treatment strategy.
In another study, a chemotherapeutic nanomaterial was engineered
and loaded with the anti-cancer drug mitoxantrone34. Fluores-
cence imaging of lung tumor in mice resulted in effective delin-
eation of the tumor boundaries, where real-time evaluation of drug
dispersion in the tumor was also achieved.



Figure 1 (A) The boundaries of a representative local tumor lesion as obtained by boundary analyses of white light, NIRF signals, iRFP, and

their corresponding overlays. The boundaries codenamed by iRFP threshold which were determined by ROC analyses and NIRF contrast of 1.86

are indicated on the image. Adapted with permission from Ref. 28. Copyrightª2013, World Molecular Imaging Society. (B) Simultaneous

imaging of urokinase plasminogen activator receptor and EGFR expression in a human breast cancer xenograft using NIR-dye labeled ATF and

ScFvEGFR peptide probes. Nude mouse bearing an orthotopic MDA-MB-231 human breast cancer xenograft received a tail vein delivery of a

mixture of 50 mg of Cy5.5-human ATF and 50 mg of IRDye 800-ScFvEGFR for 24 h. Numbers shown in the images are signal to body background

ratios. Adapted with permission from Ref. 29. Copyrightª2013, Ivyspring International Publisher.
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3.2. MRI

Tumor imaging by MRI could provide information on tumor
location but subtle changes in tumors may be quite difficult to
notice35,36. Even though radiologist have over time traced tumor
boundaries manually in a bid to roughly estimate tumor sizes, this
practice is time-consuming and tedious. Therefore, routinely
applying this process would be impractical and the results may be
inconsistent and unreproducible due to significant intra- and inter-
Figure 2 (A) The preparation of Y1 receptor ligand-functionalized che

nanomicelles. (B) Survival extents of mice after tail vein injection of diffe

before and after the intravenous injection of NM-IRDye780, AP-NM-I

(IRDye780: 0.25 mg/kg). Adapted with permission from Ref. 32. Copyrig
observer differences. In this paradigm, Law et al.37 presented an
approach to extract brain tumor boundary in two-dimensional (2D)
MR images. In each image slice, the initial plan used was extracted
from the boundary of the preceding image slice. The tumor
boundaries were then mapped by region and contour deformation.
This method is advantageous as it has the capability of tolerating
rough initial plans.Moreover, only one coarse initial plan is required
for all other MR image slices in the series. The authors therefore
utilized information from tumors in consecutive MR images to
mo drug DOX and P-glycoprotein inhibitor tariquidar (Tar) coloaded

rent micelles. (C) In vivo fluorescence imaging of tumor-bearing mice

RDye780, NM-IRDye780&Tar, and AP-NM-IRDye780&Tar at 6 h

htª2019, Royal Society of Chemistry.
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evaluate the potency of the approach on MR image set. They found
that the approach they used could map tumor boundaries in MR
images more effectively than by manual tracing.

MRI also plays a crucial role in neurosurgery by providing
adequate image guidance, and can potentially map the boundaries
of residual glioma after the first surgery and provide update on
neuronavigation data which compensates for brain shift resulting
from loss of cerebrospinal fluid and the removal of brain tissue38.
However, it was reported that intraoperative magnetic resonance
spectroscopy could substantially assist in mapping the biological
boundaries of gliomas39.

Research in our laboratories involving nano-ZIF-90 drug de-
livery system combined Y1 receptor protein overexpression in
tumors with Mn and 5-fluorouracil loading to obtain a tumor
chemotherapeutic nanomaterial with potential for delineating
tumor boundary by MRI (Fig. 3A)40. The nano-ZIF-90 was post-
synthetically modified with a specific Y1 receptor [Asn28, Pro30,
Trp32]-NPY (APT). The nano-ZIF system exhibited dual target-
ability for breast cancer and mitochondria, appreciable biocom-
patibility, minimal 5-fluorouracil erosion during in vivo
circulation, and ultimate substantial tumor regression in a typical
targeted tumor chemotherapy. Of course, the Mn moiety is
responsible for the T1-weighted MRI signal enhancement in the
tumor region (Fig. 3B), thus providing insights into the exact
location, size and boundary of tumor that could benefit successful
tumor resection in the clinic.

Taking the interaction of chemotherapeutic nanomaterials with
macrophages in vivo into account, our research group developed a
Y1 ligand (AP)-functionalized biodegradable photoluminescent
waterborne polyurethane (BPLP-WPU) polymeric nano-micelles
(denoted as BWM) with antiphagocytosis capability for tumor
chemotherapy41. The was successfully imparted on the nano-
micelles by incorporating a self-peptide (SP) designed from
CD47 human glycoprotein. The nano-micelle also featured DOX
and superparamagnetic iron oxide nanoparticles (SPION) co-
loading to achieve tumor chemotherapy and MRI-enabled
adequate detection of tumor, respectively. Upon intravenous in-
jection of the nano-micelles, the Y1 ligand promoted targeting of
tumor cells, where DOX was substantially released via pH
responsiveness (Fig. 3C). This strategy significantly reduced drug
leakage during circulation, thus minimizing chemotherapeutic
drug-associated side effects (toxicity), prolonging survival times,
and ensuring that sufficient quantity of drugs is conveyed to the
tumor site to achieve efficacious treatment. Moreover, the co-
loaded SPION in the AP&SP-BWM-SPION afforded T2-
weighted MRI signal enhancement in the tumor region in
furtherance of adequate tumor location, size determination, and
boundary delineation (Fig. 3D).

Chemokine (C-X-C motif) receptor 4 (CXCR4), overexpressed
in esophageal cancer cells, was utilized in recent research in our
laboratories to synthesize a nano-ZIF-7 drug delivery system for
tumor chemotherapy42. Different from regular tandem nano-as-
semblies43, the study is the first report on tandem post-synthetic
modification of ZIF-7 by exchanging the ZIF-7 network with an
organic ligand (CXCR4 inhibitor) and Mn ions. This strategy
yielded an active-targeting nano-ZIF-7 network with capacity for
5-fluorouracil loading to effect DNA damage in esophageal cancer
cells. Advantageously, the Mn ions provided the much-desired T1-
weighted MRI signal enhancement in the tumor region, which not
only guided the tumor chemotherapeutic strategy but provided
useful information on the size and boundary of the tumor.
In addition to delineating tumor boundary, another study went
a step further to also use MRI to monitor the spatial and temporal
DOX-release patterns in rats bearing 12 mm fibrosarcoma44. The
nanomaterial described in the study had lysolipid-based temper-
ature-sensitive liposomes as the DOX carrier and manganese as
the MRI contrast agent. The researchers also deployed Krus-
kaleWalli’s test and the KaplaneMeier product-limit method to
determine DOX concentration in tumors and tumor volume vari-
ations. Importantly also, the study established that hyperthermia is
responsible for the release of DOX and manganese from the
temperature-sensitive liposomes at the tumor sites for chemo-
therapy and clear-cut MRI-guided tumor boundary mapping,
respectively. In another study, the boundary of bladder tumor, a
common urinary tract tumor in the clinic, was effectively delin-
eated by MRI using vincristine-loaded polydopamine-coated
Fe3O4 nanoparticles45. Polydopamine, a conductive polymer, in
the chemotherapeutic nanomaterial was leveraged to offer tumor
photothermal therapy to complement vincristine-mediated
chemotherapy, while the common MRI contrast agent Fe3O4

nanoparticles offered MRI-guided tumor boundary delineation.
Another chemotherapeutic DOX-loaded nanomaterial enabled
clear delineation of tumor boundary when a pH-switching MRI
agent based on manganese was successfully delivered to the tumor
site alongside the chemotherapeutic DOX46. Both positive and
negative MRI contrast enhancements in the tumor region were
recorded as pH changed. Specifically, relaxivity changed from
0.65 to 5.61 L/(mmol$s) as pH decreased from 7.4 to 4.5. At the
same time, the DOX moiety in the nanomaterial which could
provide effective tumor regression was released progressively as
manganese ions were released from the chemotherapeutic nano-
material. It then follows that the nano-delivery system described in
the study is capable of progressively releasing both DOX and
manganese ions to offer simultaneously tumor regression that
could be monitored from its delineated boundary.

3.3. Ultrasound imaging

The major advantages of using ultrasound in the clinic for tumor
detection are that the ultrasound equipment is relatively cheap and
convenient. Notwithstanding, there are literature reports that
suggest that intraoperative ultrasound is not actually ideal for
detecting tumor residues47,48. A group of researchers have also
pointed out its susceptibility to peritumoral edema, hemorrhage,
and other interference causes49. The good news is that advance-
ments in ultrasound technology, heralding the development of
linear array ultrasound and 3D ultrasound have significantly
enhanced the quality of intraoperative ultrasound images50,51.
Also, B-mode ultrasound technique holds the promise of
improving the extent of tumor resection and patient prognosis,
especially for brain tumors but still have some challenges in tumor
boundary delineation as biopsies reveal tumor cells beyond the
boundaries mapped by such technique52.

In as much as the B-mode ultrasound has been deployed in
mapping tumor boundaries and can offer comparable accuracy in
residual tumor detection as with intraoperative MRI53, it cannot
effectively delineate biological tumor boundaries. As the tech-
nique could identify blood vessels, cortical structures, co-register
multi-modal preoperative ultrasound images, and correct surgical
resection-triggered tissue deformation54, it may be possible to
accurately delineate tumor boundary by the preoperative multi-
modal ultrasound images. The authors in this review therefore



Figure 3 (A) Schematic of bio-application and potential mechanism of APT-Mn-ZIF-90/5-Fu for tumor therapy and the binding mode of APT

with Y1R. The binding mode of APTwith Y1R is shown on the lower right side; Y1R is shown in cartoon representation. APT (green carbons) and

receptor residues (pink carbons) involved in the ligand binding are shown as sticks. The H-bonds are represented by the yellow dashed lines. (B)

T1-weighted MR images of MCF-7 tumor-bearing nude mice after intravenous injection of PBS, Mn-ZIF-90, and APT-Mn-ZIF-90 at 24 h, the red

circles indicate the tumor regions. Adapted with permission from Ref. 40. Copyrightª2019, Creative Commons Attribution License. (C) Y1

receptor ligand (AP) and SP-functionalized novel BPLP-WPU micelles (BWM) could evade premature drug erosion and macrophage opsoni-

zation during systemic circulation. (D) In vivo T2-weighted MR images of MCF-7 tumor bearing nude mice 20 h after intravenous injection of

AP&SP-BWM-SPION (15 mg/kg for Fe). Adapted with permission from Ref. 41. Copyrightª2018, Elsevier Limited.
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believe that the actual advantage of intraoperative B-mode ultra-
sound is in providing real-time imaging guidance during tumor
treatment. Notwithstanding, chemotherapy has enabled effective
breast tumor boundary delineation with B-mode ultrasound im-
aging55. The shape parameter of integrated backscatter and
homodyned K distribution, as well as tumor size in the longest
measured dimension, were successfully assessed based on B-mode
ultrasound information which also served as a marker for neo-
adjuvant chemotherapeutic response. This strategy was then suc-
cessfully deployed in a recent study to effectively delineate breast
cancer boundaries prior to neoadjuvant chemotherapy56.

B-mode ultrasound has been used to clearly map the boundary
of breast tumor in mice with the aid of a chemotherapeutic
nanomaterial57. The study used a mixture of DOX-encapsulated
polymeric nanoparticles and perfluoropentane (PFP) nano/micro-
bubbles that were stabilized by the same biodegradable block
copolymer to achieve the tumor chemotherapy and boundary
delineation. When intravenously injected into mice, the DOX-
encapsulated polymeric nanoparticles and PFP nanobubbles
preferentially extravasated into the interstitium of tumors.
Consequently, the nanobubbles could coalesce to generate
microbubbles with strong, long-lasting ultrasound contrast that
effectively delineated tumor boundaries. Additionally, the DOX
was significantly retained within the microbubble cavity but
released on-demand in response to therapeutic ultrasound. In a
more elaborate chemotherapeutic nanomaterial design via film
dispersion method, liposome was used as a nano-carrier to
encapsulate DOX, gold nanospheres, and PFP for tumor
photothermal-chemotherapy and ultrasound imaging58. Whereas
gasification of the PFP enabled ultrasound-mediated tumor
boundary delineation (Fig. 4), the gold nanospheres converted
near infrared light to heat to afford tumor photothermally rein-
forced chemotherapy mediated by DOX.

3.4. Mammography

Mammography is a standard method for early identification of
tumor cells. It is however impractical for radiologists to analyze
numerous mammogram images per day as it could be tedious and
time-consuming, which could cause false positives or false neg-
atives. Typical mammogram images usually have labels,
scratches, and pectoral muscles, which are quite difficult to
expound. Such artefacts possess dense grey values that appear as
abnormal images, which could misguide presenting segmentation
strategies and hinder segment accurate pathology-bearing regions.
Therefore, it is important to suppress the artefacts to improve the
reliability of mammography, especially for biomedical applica-
tion59,60. Also, as the visual appearance of mammogram images
are quite indistinguishable, proper delineation of tumor bound-
aries in such images is crucial in computer-aided diagnosis (CAD)
systems61. Early studies showed that mammography has also been
used to screen asymptomatic women to enable the detection of
occult breast cancers and to minimize mortality rates by 30% in
women (50‒69 years)23,29.

In biomedicine, mammography has been successfully deployed
in various imaging aspects for delineation purpose. For instance,
Mustra and Grgic62 presented an adaptive contrast enhancement
protocol to detect breast skin-air interface in a typical CAD



Figure 4 In vivo ultrasound images of tumor sites in 4T1 tumor-bearing mice at 24 h (A) or 48 h (B) post-injection of DHPL-29. The tumor

sites were treated with NIR laser irradiation (2 W/cm2) for 2 min or 5 min. (C) In vivo ultrasound images of tumor sites in 4T1 tumor-bearing mice

before and during the perfusion of SonoVue�. The yellow dotted line indicates tumor sites. The yellow arrow indicates microbubbles produced

after NIR light irradiation. Scale bars, 0.5 cm. Adapted with permission from Ref. 58. Copyrightª2018, Ivyspring International Publisher.
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system. The protocol combined adaptive histogram equalization
strategy on a small are of interest that contained actual edge and
edge detection operators. They also delineated pectoral muscle by
combining contrast enhancement utilizing adaptive histogram
equalization and polynomial curvature estimation on selected area
of interest. Recently, Zebari et al.63 used mammography to
delineate the breast region in mammogram images obtained from
image analysis society (mini-MIAS), INbreast, and Breast Cancer
Digital Repository (BCDR) databases, which informed the
boundary of breast and pectoral muscle for proper breast tumor
detection during treatment monitoring.

Nanomaterials have also found their way into mammography
imaging and subsequent tumor boundary delineation. For instance,
gold nanoparticles were recently investigated for mammographic
molecular imaging and showed very promising performance64.
Notably, optimized conditions of nanoparticle size (10e20 nm)
and injection concentration (10 mg/mL or higher) were estab-
lished in the study to guide future development of nanomaterials
for mammographic imaging. Breast tumor boundary delineation
with the gold nanoparticles enabled an estimation of the tumor
size (Fig. 5AeD). Hsu et al.65 in another recent study on the
utilization of nanomaterials in mammography showcased silver-
sulfide nanoparticles with size-tunability property for dual-
energy mammography. Renal clearance of silver-sulfide nano-
particles has been a limitation to their clinical translation for use
in other bioimaging modalities such as CT and fluorescence im-
aging where such nanoparticles have been found effective66,67. It
is interesting to note that the 3.1 nm silver-sulfide nanoparticles
synthesized by Hsu et al.65 are renally clearable as about 85% of
the injected dose was cleared via urine in 24 h post-injection.
These recent successes in utilizing gold and silver-sulfide nano-
particles in mammographic imaging suggest that chemothera-
peutic nanomaterials could also be introduced to achieve
simultaneous tumor chemotherapy and boundary delineation.

3.5. Raman imaging

Raman spectroscopy detects inelastic scattered light emanating
from the interaction of matter and light39. It therefore provides
information on the chemical fingerprints of cells, biological fluids
and tissues. It can effectively differentiate between white matter,
gray matter, necrosis, and glioma, which positions it as a potent
technique for intraoperative identification of residual tumors68.
Using a portable handheld device in direct contact with the tumor
resection boundary, Raman spectroscopy can intraoperatively
identify tumors which are unidentifiable with MRI69. Conse-
quently, numerous Raman spectroscopy modalities have been
developed such as surface-enhanced Raman scattering70,71,
surface-enhanced resonant Raman spectroscopy72,73, stimulated
Raman spectroscopy (SRS)74,75, and coherent anti-Stokes Raman
spectroscopy (CARS)76,77, which have been shown to play sig-
nificant roles in identifying glioma boundaries78.

Compared with other label-free bioimaging methods (e.g., two-
photon fluorescence, second harmonic generation, and third har-
monic generation)22, coherent Raman spectroscopy including SRS
and CARS have high chemical selectivity, which enable their
application in complex bioimaging procedures such as brain im-
aging79,80. Particularly, SRS and CARS provide improved sensi-
tivity against conventional Raman scattering because of the
coherence of their signal production, which enables fast and real-
time imaging in epi-mode or reflectance81,82. The inherent 3D
optical sectioning ability of nonlinear optical spectroscopy is
suitable for intraoperative bioimaging, which eliminates the ne-
cessity of thin tissue sectioning for creating microscopic images83.
Furthermore, SRS microscopy offers the unique advantage of
rapid histopathological analysis in situ against traditional histo-
pathology. It also outperforms CARS in bioimaging due to its
inherent linear relationship between signal intensity and chemical
concentration, and non-distorted spectrum which has close
resemblance with spontaneous Raman spectrum, consequently
allowing for quantifying chemical imaging84.

Nanomaterials have also been integrated with SERS imaging
and therapeutic modalities including chemotherapy, photothermal
therapy, and photodynamic therapy85,86. A recent smart design of
chemotherapeutic nanomaterial with SERS imaging capability that
effectively mapped tumor boundaries and evaluated drug scattering
in tumors alongside cellular imaging has been reported34. The
study also enabled real-time monitoring of anti-cancer mitoxan-
trone drug release throughout cell cycle in a low-dose (200 mg/mL)
chemotherapy. SERS spectra of three different tumors were also



Figure 5 Mammogram image of the healthy breast (A), the breast with calcified tumor (B), the image schematizes the insertion of Au-NPs in

the tumor tissue (C) and the geometrical dimension of the tumor volume (D). Adapted with permission from Ref. 64. Copyrightª2019, Elsevier

Limited. (E) Ex vivo Raman images of excised ovarian tumor and glioblastoma mouse brain tumor with adjacent H&E histology correlation.

Adapted with permission from Ref. 90. Copyrightª2019, Creative Commons Attribution License. (F) Tumor images captured by the camera of

the endoscope through electronic devices (left: through transparent bioelectronic devices; right: through control metal devices) after chemo-

therapeutic nanomaterial administration. Adapted with permission from Ref. 101. Copyrightª2015, Creative Commons Attribution License.
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successfully obtained using the chemotherapeutic nanomaterial,
thus pointing to the effectiveness of SERS imaging in a variety of
tumors and their boundary delineation. Also, the in vivo SERS
detection of the chemotherapeutic nanomaterial holds strong
promise for SERS image-guided cancer chemotherapy. Hu et al.87

also deployed SERS detection in their report of docetaxel-mediated
tumor chemotherapy. Whereas SERS imaging enabled clear-cut
detection of the tumor, the anti-cancer drug (docetaxel) provided
chemotherapy using the rod-shaped chemotherapeutic nano-
materials with average size between 40 and 120 nm. Another study
investigated pH-triggered chemotherapy combined with photody-
namic therapy and SERS imaging with a chemotherapeutic nano-
material88. The design strategy of the spherical 70-nm silver
nanoparticles-based chemotherapeutic nanomaterial features
decoration with folic acid targeting ligand by amide bond linkage,
and conjugation to DOX by acid-cleavable hydrazone bond. A
polyethylene oxide spacer was used to attach the folic acid to DOX
for ensuring plethora delivery of DOX to tumor cells via folate-
mediated endocytosis. Subsequently, SERS detection of the
tumor cells was possible, aided by the chemotherapeutic SERS
nanobioprobe.

He et al.89 demonstrated a smart design of Raman tagged core-
shell chemotherapeutic nanomaterials which simultaneously per-
formed tumor chemotherapy, phototherapy, and SERS imaging.
The nanomaterial (denoted as Au@Cu3(BTC)2) specifically
comprised of gold nanoparticles (core), 4-mercaptobenzoic acid
(Raman reporter molecule), DOX (chemotherapeutic agent), and
copper(II) carboxylate metal organic frameworks (shell). Not only
did the gold nanoparticles core act as a photothermal agent to
thermally destroy tumor cells and promote DOX release for
chemotherapy, it also served as a SERS substrate to enhance the
Raman signal of 4-mercaptobenzoic acid. Subsequently, it was
clear to distinguish the boundaries of A549 cells by the chemo-
therapeutic nanomaterial-mediated SERS mapping. Raman im-
aging modality was also used in a recent study to delineate breast
tumor and glioblastoma brain tumor boundaries in mice model
using DNA-decorated gold nanoparticles (Fig. 5E)90. Even though
no chemotherapeutic drug was loaded in the nanomaterial, the
effectiveness of DNA-decorated gold nanoparticles in the imaging
suggests that chemotherapeutic nanomaterials can also be inte-
grated to even enhance the gold nanoparticles-mediated photo-
thermal therapeutic performance alongside tumor boundary
mapping.

Also, SERS mapping of tumor boundary was possible with the
DOX component of a chemotherapeutic nanomaterial91. In the
two-step SERS mapping, both DOX and graphene oxide nano-
particles could be effectively traced to give clear-cut boundary
regions of the tumors, where DOX component provided pH-
responsive tumor chemotherapy that was complemented by gold
nanoparticles-mediated photothermal therapy. From the foregoing,
we infer that reports on effective tumor boundary delineation with
chemotherapeutic nanomaterials via SERS imaging are still scarce
but could be a promising strategy.

3.6. Endoscopy

Recent advancements in endoscopy including narrow band
endoscopy and magnified endoscopy have yielded improved
possibilities of tumor boundary delineation. Boundary delineation
by image-enhanced endoscopy is by digital endoscopy, optical
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digital endoscopy, and chromoendoscopy. Digital endoscopy in-
volves setting a particular wavelength of observation with
consideration of traditional endoscopic images to process and
improve the visualization of images92e94. Optical digital endos-
copy requires an optimization of the central wavelength between
415 and 540 nm as light is intensively absorbed by blood and
subsequently reflected at the gastric mucosa95,96. This method is
particularly useful in acquiring clear images in the short-
wavelength region. In chromoendoscopy-based delineation, three
methods prevail: (1) contrast method where unevenness is ach-
ieved between tissues with indigo carmine or acetic acid, (2)
staining method involving the use of toluidine blue to stain bio-
logical tissues of interest, (3) dye reaction method in which dyes
such as Congo red undergo reactions to highlight specific tissues,
and (4) fluorescence method where a fluorescent dye such as ac-
ridine orange is injected in the mucosa to observe fluorescence at
select regions97e100.

In this paradigm, Iizuka et al.97 determined the lateral spread
of gastric cancer lesion using a combination of indigo carmine and
acetic acid method to provide useful tumor preoperative guidance.
This strategy enabled a clear naked-eye observation of delineated
gastric tumor boundaries in lesions. In a related study involving
104 gastric cancer patients, Kawahara et al.98 early-stage gastric
cancer was first observed in the patents and sprinkled with indigo
carmine. The researchers used a graphic software to delineate
boundaries of the early-stage gastric cancer which provided clear-
cut visualization of the tumor boundaries.

As the gastrointestinal tract is quite difficult to access and
target during tumor diagnosis and/or treatment, endoscopy that
integrates imaging and treatment in the gastrointestinal tract are
highly sought-after. This quest in endoscopy formed the basis of a
report where a light from an endoscope was used to disassemble a
nanocarrier, subsequently releasing the loaded chemotherapeutic
drug DOX for both tumor treatment and boundary mapping pur-
poses101. Interestingly, the strategy not only enabled tumor
boundary mapping, but also provided temperature monitoring, pH
sensing, radio frequency ablation, photothermal therapy and
chemotherapy of colon tumor. However, tumor boundary delin-
eation with the chemotherapeutic nanomaterial was not clear-cut
(Fig. 5F). The study therefore points to a basis for closed-loop
solution to colon tumor treatment. Endoscopy was also used for
real-time imaging of chemotherapeutic SERS nanoparticles in the
gastrointestinal tract102. The strategy enables multiplexed molec-
ular data generation and quick circumferential scanning of the
hollow organ surfaces such as the gastrointestinal tract to produce
quantitative images of relative concentrations of the nanoparticles.
Although the study did not involve tumor imaging and/or tumor
boundary delineation, it strongly contributes to the application
potential of nanoparticles in endoscopy-mediated imaging, which
could be expanded to introduce chemotherapeutic nanomaterials.

3.7. CT imaging

The use of CT scanning to delineate tumor boundaries dates back
to 1980s when Williams et al.103 compared human observation of
liver boundaries with their computer-edge detection algorithm.
They tested computer program performance on lucite liver tumor
phantom CT images. This included normal livers with computer-
generated pseudo tumors of given size, liver tumor edge gradients,
and object contrast, and 12 abnormal livers with 19 focal tumors,
eight well-characterized and 11 ill-characterized tumors. The
edge-linking algorithm successfully delineated the boundaries of
pseudo tumors with object contrast of 3% or higher. In the
abnormal livers, the algorithm successfully delineated nine focal
tumors, provided near success in five focal tumors, but failed in
five focal tumors. Generally, the performance of the algorithm is
consistent with that of the human observer but was not recom-
mended for routine clinical use.

Chemotherapeutic nanomaterials have been explored for tumor
boundary delineation using CT scans. For instance, radionuclide
technetium-99m labeled dendrimer-entrapped gold nanoparticles
were synthesized for tumor imaging and loaded with DOX to also
achieve breast tumor chemotherapy104. The researchers reported
that the chemotherapeutic nanomaterials exhibit appreciable
colloidal stability in various conditions, biocompatibility, and can
be successfully labeled with the radionuclide with high radio-
chemical stability. However, the boundaries of breast tumors they
investigated in vivo were not clearly delineated by the CT scan-
ning. Keshavarz et al.105 investigated a chemotherapeutic nano-
material for CT imaging and cisplatin-mediated chemotherapy.
They found that the alginate-based chemotherapeutic nano-
material that was co-loaded with gold nanoparticles and cisplatin
could substantially reduce the proliferation of CT26 cells derived
from mouse colon adenocarcinoma, and provided CT contrast
enhancement in vitro. Unfortunately, there were no in vivo in-
vestigations in the study to establish the in vitro results and test the
tumor boundary delineation capability of the nanomaterials.

Another in vitro study used FePt chemotherapeutic nano-
materials to study CT imaging and chemotherapy of HeLa
cells106. It was reported that the viability of cells significantly
decreased after incubation with the FePt nanoparticles with an
observed concentration-dependent CT signal enhancement. There
are also no in vivo data to understand the behavior of the nano-
materials in animal models, especially for tumor boundary
delineation. Zhu et al.107 investigated dendrimer-entrapped gold
nanoparticles that were loaded with the anti-cancer drug DOX for
CT-guided chemotherapy. The chemotherapeutic agent featured
gold core 2.8 nm, DOX moieties conjugated onto each of the
dendrimers, and exhibit colloidal stability in various conditions.
Although substantial DOX-induced and pH-responsive tumor-
growth suppression and CT imaging of brain tumor, the study
lacked in vivo data which could have provided information on
tumor boundary delineation with the chemotherapeutic nano-
materials. From our literature search, we can infer that CT-based
tumor boundary delineation with chemotherapeutic nano-
materials is quite scarce.

3.8. Multimodal imaging

Multimodal bioimaging leverages complementary information
from a combination of imaging modalities to provide a more
wholistic imaging of tissues. In a study that pathologically
compared multitarget biopsy that was guided by multimodal
bioimaging revealed that multimodal bioimaging can map tumor
boundaries beyond what could be achieved with single imaging
modalities such as MRI alone108. Moreover, various studies have
buttressed this by establishing that multimodal imaging approach
to tumor boundary delineation can improve the extent of resection
and patient prognosis39,109,110. For brain tumor treatment, it was
reported that when the treatment was guided by multimodal
neuronavigation, tumors could be precisely located prior to
craniotomy111.

Zhou et al.112 deployed both fluorescence spectroscopy and
Resonance Raman spectroscopy to delineate tumor boundaries
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relying on native molecular fingerprints of gastrointestinal and
breast tissues. The approach leveraged the benefits of Resonance
Raman spectroscopy in situ for diagnosing real-time tumor vari-
ations which provides a very useful modality for image-guided
intraoperative boundary assessment in clinic, and could benefit
postoperative evaluations. Using Resonance Raman spectroscopy,
tumor boundary delineation was conducted by scanning lesion
from the center or around the tumor area ex vivo for determining
the variations in tumor tissues with normal tissue rims and
considering native molecular fingerprints. Accurate tumor
boundary delineation was recorded from the variations in Reso-
nance Raman spectral peaks within a distance of 2 mm. The re-
searchers verified the results with fluorescence spectroscopy
conducted at excitation wavelengths of 300, 320, and 340 nm
within a positive boundary, using normal tissues as reference.
They therefore established a combination of dual modal (Reso-
nance Raman spectroscopy and fluorescence spectroscopy) tech-
nique for accurate label-free tumor boundary delineation for
intraoperative clinical evaluations.

In an early study involving 26 patients, MRI and CT imaging
modalities were conducted to ascertain primary tumors in bone
and soft tissues113. Both imaging modalities provided real-time
detection of tumors. However, MRI technique effectively delin-
eated the tumors and their relation to neighboring tissues in 21 out
of the 26 patients. Not just the tumor delineation, MRI also pro-
vided superior visualization of marrow abnormalities in 12 pa-
tients than was attained with CT scanning. The researchers
therefore recommended MRI over CT as the preferrable imaging
modality for assessing and delineating tumors in bone and soft
tissues.

Recent studies have also featured the application of
nanomaterial-based drug delivery systems for potential multimodal
tumor boundary delineation. Particularly, Fe(III)-complexed porous
coordination network (PCN) was synthesized in nanometer size to
detect tumor by both fluorescence imaging and MRI using a
chemotherapeutic nanomaterial denoted as PCN-Fe(III)-PTX114.
The complementarity of both imaging modalities is useful to
enhance adequate size and boundary delineation of tumor. Fluores-
cence imaging-based determination of tumor area was a conse-
quence of the tetrakis (4-carboxyphenyl)-porphine component of the
chemotherapeutic nanomaterial, while T1-weighted MRI signal
enhancement was by the Fe moiety (Fig. 6AeC). Moreover, the
nanomaterial provided sufficient release of an anti-cancer drug
(paclitaxel, PTX) in tumor region and generated reactive oxygen
species to afford chemo-photodynamic cancer therapy (Fig. 6D).

Ultrasound and photothermal imaging have also been com-
bined in our research group to determine the location and
boundary of tumor tissues in mice using a ZIF-90-based chemo-
therapeutic nanomaterial115. The nanomaterial was coated with
polydopamine to imbibe it with photothermal therapeutic and
imaging capabilities which complemented the DOX-mediated
chemotherapy to achieve synergistic tumor treatment. Another
study showcased the deployment of SERS and fluorescence im-
aging modalities in delineating tumor boundaries using a silver
nanoparticles-based chemotherapeutic nanomaterial88. Interest-
ingly, effective tumor regression mediated by the anti-cancer drug
DOX and its biodistribution in tumor were adequately monitored
by fluorescence imaging. Endoscopy was also combined with
fluorescence imaging in a study with DOX-loaded chemothera-
peutic nanomaterial to achieve tumor boundary delineation101.
The researchers utilized active targeting via antibody conjugation
to target colon tumors (HT-29) using the chemotherapeutic
nanomaterial. Upon light irradiation from the endoscope, DOX
was released to effect tumor chemotherapy, while its inherent
fluorescence property was leveraged to image tumor and delineate
corresponding boundaries by fluorescence imaging. The advan-
tages and disadvantages of the various tumor boundary delineation
strategies are summarized in Table 1.

4. Tumors types in boundary mapping

4.1. Brain tumor

Brain tumor is still one of the most difficult tumors to treat with
nanomaterial-based drug delivery systems, due to the impedance
of blood‒brain barrier126. However, attempts have been made to
adequately map the boundaries of brain tumors. For instance, Zhu
and Yan127 proposed a method for mapping brain tumor bound-
aries in MRI images using a Hopfield neural network. The
boundary mapping problem was formulated via optimizing the
boundary points to decrease energy functions based on active
contour model. Impressively, the method offers less computing
time against the ‘snakes’ algorithms, thus positioning it as a faster
approach to mapping brain tumor boundaries. In another study,
brain tumor segmentation was conducted using a set of pre-
processing steps followed by morphological operations128.
Models and algorithms have also been employed in delineating
brain tumor boundaries in MRI images. For instance, Zhu and
Yan127 used a Hopfield neural network to delineate tumor
boundaries in human MRI scans. Chan et al.129 also utilized model
and algorithm-based approach to successfully delineate brain
tumor boundaries. In a recent study, the known spectral signatures
of glioblastoma were used for boundary delineation3. Two-color
stimulated Raman spectroscopy has also been used delineate
brain tumor boundaries130. The delineated boundaries coincided
with those manually mapped on H&E-stained slides by a surgical
pathologist. It was established using mice models that two-color
stimulated Raman spectroscopy could effectively map brain
tumor boundaries in vivo that appeared generally normal under
standard bright-field circumstances. However, none of the studies
mentioned above incorporated chemotherapeutic nanomaterials as
agents for brain tumor boundary delineation.

In brain tumors, our research group has also leveraged the
overexpressed Y1 receptor protein in an assortment of brain tumor
cells such as glioma cells to develop a Y1 ligand (AP)-conjugated
nanomaterial-based delivery system131. This afforded a DOX-
loaded nano-micelle that circumvents the highly impenetrable
blood‒brain barrier to specifically target glioma cells (Fig. 7A).
The Y1 ligand (AP)-conjugation effectively stabilizes the nano-
micelle in physiological environment and facilitates DOX pH-
responsive release in tumor microenvironment. Interestingly, the
an IRDye 800CW component also enabled the determination of
tumor boundary in mice brain (Fig. 7B), which is highly desirable
for ascertaining the actual location, size and boundary of tumor
during the tedious surgical resection of brain tumors.

4.2. Breast tumor

Efforts have been made to adequately map breast tumor bound-
aries using various techniques. Benign breast tumor has been
differentiated from the malignant counterpart in an early study by
proper tumor boundary mapping technique132. The authors pro-
posed an area-based measurement of image edge profile acutance
that elucidates the transition in density of an area of interest along



Figure 6 (A) Mice with PANC-1 tumors were imaged fluorescently at the indicated time after intravenous PCN-Fe(III) injection. (B) Fluo-

rescent images of tumors and primary organs 28 h post-injection. (C) In vivo T1-weighted MR imaged from mice administered PCN-Fe(III)-PTX.

(D) The real photographs of mice in all five groups on different days after PTX chemotherapeutic drug-enhanced photodynamic therapy. Adapted

with permission from Ref. 114. Copyrightª2020, Tsinghua University Press and Springer-Verlag GmbH Germany.

2650 Ozioma Udochukwu Akakuru et al.
normal to the area of interest at all boundary pixels. This also
entailed an investigation of the potential of acutance in quantita-
tively determining the breast tumor boundaries. They observed
that acutance alone could differentiate benign and malignant
tumor up to 95% of accuracy level, based on their boundaries.

NIR-dye-labeled theranostic nanoparticles in drug resistant
breast tumor cells were synthesized to map breast tumor bound-
aries30. Importantly, systemic delivery of the tumor-targeted
nanoprobes in mice orthotopic human breast or murine breast
tumor model led to extensive accumulation of the nanoprobes in
tumor and stromal cells, enabling adequate tumor boundary
mapping by fluorescence imaging. At 24 h post-intravenous in-
jection, it was reported that the nanoparticles adequately mapped
the tumor boundary in human breast cancer cells MDA-MB-231
(Fig. 8A) but not in murine breast cancer cells 4T1 (Fig. 8B).
Fluorescence imaging of DCIS tumor remaining after tumor-
targeted therapy using the theranostic nanoparticles was also
conducted (Fig. 8C), while Prussian blue staining analysis
revealed high amount of the tumor-targeted nanoparticles in the
edge of the tumor (Fig. 8D). After four treatments, the residual
tumor showed strong fluorescent signal. CD 31 and CD 68 positive
tumor blood vessels and macrophages, respectively, were found in
the tumor stromal region (purple arrows) but only a hand full
occurred within the tumor nodules (yellow arrows). Prussian blue
staining revealed a low amount of blue iron positive cells in the
necrotic tumor region (yellow arrow) and a high level of blue iron
positive cells in the tumor stroma (blue arrow).

Raman spectroscopy and fluorescence imaging have been used in
combination to provide a synergistic approach towards breast tumor
boundary delineation112. The approach holds strong promise in tumor
delineation considering the advancements in Raman spectroscopic
instrumentation, fibre optical probe modality, and high accuracy
delectation device. In mammogram images, the breast region was
adequately delineated to provide information on the actual location
and tumor volume63. Breast tumor boundaries have also been suc-
cessfully delineated by fluorescence imaging29. The strategy
involved injecting a targeted contrast agent to enhance the fluores-
cence signal contrast at the boundaries. Not just that the approach
effectively delineated the boundaries of breast tumor, it could also
detect residual tumors even at small contrast agent concentrations in
such tumors. Another study also successfully used DOX-loaded
liposome nanoparticles to delineate murine breast tumor bound-
aries by a combination of ultrasound andfluorescence imaging58. The
chemotherapeutic nanomaterial described by the authors also had



Table 1 Advantages and disadvantages of imaging modalities used for tumor boundary delineation.

Imaging

modality

Advantage Disadvantage Ref.

Fluorescence Non-invasiveness

No ionizing radiation

Low acquisition time

High sensitivity

Inexpensive

Relatively low spatial resolution

Limited tissue depth penetration

Whole body imaging not possible

Potential contrast agent toxicity

116,117

MRI Non-invasiveness

High spatial resolution

Unlimited tissue depth penetration

Non-ionizing radiation

Excellent soft tissue contrast

Whole body imaging possible

Relatively low sensitivity

Expensive

Long acquisition time

Potential contrast agent toxicity

Not suitable for patients with implants

118e120

Ultrasound Non-invasiveness

Low acquisition time

Low cost

No ionizing radiation

High sensitivity

Whole body imaging not possible

Limited spatial resolution

Unsuitable for digestive organs

Data is difficult to quantify

118,119

Mammography Inexpensive

Low acquisition time

Radiation risk

Overdiagnosis

False positive and false negative results

Data is difficult to quantify

116,121

Raman Non-invasive

Labe-free

High specificity

Minimal water interference

Sample-dependent autofluorescence

Low sensitivity

Long acquisition time

Expensive

Sophisticated data analysis often required

122,123

Endoscopy No external scar

Real-time visualization

Could serve as light source for

other tumor therapies

Expensive

Long acquisition time

124,125

CT Non-invasiveness

High contrast resolution

Unlimited tissue depth penetration

Low acquisition time

Whole body imaging possible

High dose of ionizing radiation

Limited soft tissue resolution

116,118e120
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gold nanoparticles whose photoconversion capability was leveraged
to provide tumor photothermal therapy that complimented DOX-
mediated chemotherapy.

4.3. Liver tumor

Liver tumor boundaries have been delineated using various tech-
niques such as CT imaging103,133,134, fluorescence imaging135, and
computational framework136. Real-time surgical navigation by CT
and fluorescence imaging with intraoperatively administered ICG
was used to delineate the boundary between liver tumor and
surrounding normal tissues135. The study involved 50 liver pa-
tients whose liver resection boundaries were determined by
photodynamic eye. The researchers observed significant fluores-
cence contrast between liver tumors and normal liver in 32 pa-
tients. Portal vein anatomy was examined after the administration
of ICG, which enabled observations of boundaries for half of the
liver or particular liver sections in nine patients. Moreover, the
approach enabled preoperative detection of eight tiny superficial
tumors in the patients.

Yu et al.137 evaluated the capability of As2O3 chemotherapeutic
nanoparticles as anti-cancer drug to treat liver tumor and map the
boundaries. They used CT imaging to measure tumor longest
dimension by response evaluation criteria in the liver tumors. The
study also determined hepatic toxicity, rate of tumor necrosis, extent
of vascular endothelial growth factor, as well as microvessel den-
sity. Whereas the As2O3 nanoparticles provided chemotherapy, the
liver tumor shape was determined by CT imaging, while both outer
tumor boundary and inner regions of necrosis were distinctly
delineated in H&E images (Fig. 8E). Another study investigated
alginate nanoparticles that were modified with glycyrrhetinic acid
and loaded with DOX for liver tumor chemotherapy and boundary
delineation138. After tail-vein injection inmice, DOX concentration
reached 67 mg/g and offered more than 4-fold increase in liver
chemotherapy compared to free DOX. Moreover, the liver tumor
boundarywas adequatelymapped inH&E images enabled byDOX-
mediated necrosis. Also, glycyrrhetinic acid-modified hyaluronic
acid nanoparticles that were loaded with docetaxel showed sub-
stantial liver tumor chemotherapy and boundary mapping139. The
glycyrrhetinic acid-based nanoparticles were modified with hyal-
uronic acid to obtain the monodispersed nanocarrier of 208 nm size
and surface charge of ‒27 mV for conveying docetaxel to liver
tumor site. The high drug loading capacity (12.59) and encapsula-
tion efficiency (85%) of the chemotherapeutic nanomaterial
enabled adequate suppression of HepG2 tumor cells growth and
boundary mapping my confocal imaging.



Figure 7 (A) Schematic illustration of the synthesis of neuropeptide Y1Rs ligand-modified nano-micelles (NPY-NM-IRDye/DOX) through a

self-assembling method. (B) In vivo fluorescence imaging of U87MG glioma-bearing mice before and after intravenous injection of Y1Rs ligand-

modified NM-IRDye through the tail vein. Adapted with permission from Ref. 131. Copyrightª2018, Royal Society of Chemistry.
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Chemotherapy was combined with photodynamic therapy in
another study to treat liver tumor and map their boundaries140. The
pH-responsive chemotherapeutic nanomaterial featured Pluronic
F127�lenvatinib-encapsulated halogenated boron-dipyrromethene
nanoparticles for on-demand delivery of the anti-cancer drug
lenvatinib, where the boron-dipyrromethene converted near
infrared light to produce reactive oxygen species in the liver tumor
Figure 8 Cy5.5-human peptides injected via the tail vein into nude mic

(B) 4T1 mouse mammary tumor in the mammary fat pad. (C) NIR optica

tumors. Adapted with permission from Ref. 29. Copyrightª2013, Ivysprin

showing both an outer tumor border (red line) and inner regions of n

respectively. Adapted with permission from Ref. 137. Copyrightª2011, C
site to cause synergistic therapy. Moreover, confocal imaging
enabled effective delineation of the liver tumor cells. Edabi
et al.141 investigated the efficacy of sorafenib loaded in polyvinyl
alcohol and polyethylene glycol matrix with superparamagnetic
iron oxide nanoparticles as the core as a chemotherapeutic
nanomaterial for liver tumor treatment. They subsequently
recorded a 74% sorafenib release at pH 4.8 in a pseudo-second
e bearing either (A) MDA-MB-231 human breast cancer xenografts or

l imaging, immunofluorescence, and (D) Prussian blue staining of the

g International Publisher. (E) H&E histological image of liver tumor

ecrosis (green line). N and V represent necrosis and viable tumor,

reative Commons Attribution License.
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order release kinetics. The robustness of the smart chemothera-
peutic nanomaterial could be more meaningfully leveraged for
in vivo application and subsequent tumor boundary delineation.

4.4. Prostate, gastric and other tumors

Prostate tumor boundaries in mouse model were mapped by NIR
and fluorescence imaging following orthotopic implantation28.
The study used human prostate cancer cells which express a gene
reporter that was leveraged to accurately map the tumor cell
boundaries with a targeted NIR fluorescent antibody-based probe.
The novel gene reporter was effectively targeted by the antibody-
based probe, thus enabling adequate probe localization in the
prostate tumor cells and subsequent accurate tumor boundary
mapping. The study also provided a very useful advancement in
bioimaging for guiding intraoperative procedures.

Gastric tumor boundaries have been successfully delineated by
endoscopy in various literature reports97,98,142. The approach
generally involves obtaining images of the tumors in bright field,
followed by sprinkling with popular agents such as indigo carmine
to expose the tumor boundaries. Conventionally, gastric tumor
boundaries could be delineated by endoscopy following ESD,
graphic software application or combination of ESD with tiling
method. The approach is usually complemented with histopatho-
logical analysis to further provide information on the boundaries
and tumor lesions. Chemotherapeutic nanomaterials have been
successfully deployed to map the boundaries of prostate tumors.
As a paradigm, SERS imaging was deployed in an anti-cancer
docetaxel-loaded chemotherapeutic nanomaterial to detect pros-
trate tumors87. Importantly also, the docetaxel moiety provided
effective tumor chemotherapy. The study could be leveraged to
predict docetaxel response in cancer patients which could provide
information on effective image-guided chemotherapy of prostate
tumors. A multifunctional endoscope system was utilized to
effectively map the boundaries of gastric tumors using DOX-
loaded chemotherapeutic nanomaterial101. Interestingly, the
nanomaterial design strategy featured incorporation of gold
nanoparticles for gastric tumor killing by photothermal therapy, a
photosensitizer chlorin e6 to offer photodynamic therapy and the
thermosensitive poly(N-isopropylacrylamide) shell that protected
the anticancer drug DOX from release prior to endoscopic laser
irradiation.

A chemotherapeutic nanomaterial was also used to map the
boundary of ovarian cancer by SERS imaging91. The nano-
material comprised of an anti-cancer drug DOX which was
responsible for the pH-triggered tumor chemotherapy. Moreover,
the light-to-heat conversion capability of gold nanoparticles in the
chemotherapeutic nanomaterial was leveraged to provide photo-
thermal therapy, resulting in substantial ovarian tumor regression
within 15 days of the synergistic treatment. Another study also
used SERS imaging to map the boundary of bladder tumor143.
The researchers used both passive (antibody-based) and active
(tissue permeability-based) targeting mechanisms for evaluation
via ex vivo topical application of nanoparticles to sessions of
human bladder tissue. They observed 5-fold deeper penetration
and binding to bladder tumor tissue during passive targeting in
comparison with normal bladder urothelium. This suggested the
existence of an enhanced permeability and retention effect in
human bladder tumor that enabled boundary delineation. Bladder
tumor boundary delineation was clear in the biomarker CA9
staining histological image but quite vague in the H&E and
Raman images.
5. Conclusions and future perspectives

Accurately delineating tumor boundaries is very crucial in tumor
therapy, to enable targeting residual malignant tissues near the
tumor boundaries. Presently, by applying various advanced im-
aging modalities either singly or in combination (multimodal
imaging), tumor identification and accurate boundary delineation
could be achieved in various tumor types. Various strategies
including fluorescence imaging, MRI, ultrasound imaging, CT,
Raman imaging, endoscopy, mammography, and multimodal im-
aging have been used to delineate the boundaries of brain, breast,
liver, prostate, gastric, ovarian and bladder tumors using chemo-
therapeutic nanomaterials as agents, and their successes and
challenges in tumor boundary delineation were extensively dis-
cussed in this review. Advances made in our research group about
using nanomaterial-based drug delivery systems loaded with
various bioimaging agents as potential tumor boundary delin-
eating agents were also showcased in detail.

Notwithstanding that multimodal imaging has shown significant
promise in delineating tumor boundaries, we believe that its appli-
cation in brain tumor boundary delineation has yet to be adequately
achieved which will entail more in-depth research and optimization.
The various researches involving nanomaterial-based drug delivery
systems using single-modal imaging modality to delineate tumor
margins also need to be matched with various other techniques,
especially model and algorithms, to achieve more meaningful tumor
boundary delineation. Also, such efforts can possibly herald the
incorporation of models and algorithms in 3D boundary detection of
brain tumors. We therefore believe that more research can be
channeled toward proffering solutions to those critical issues.

Moreover, we believe that such efforts can possibly herald the
incorporation of models and algorithms in 3D boundary detection
of brain tumors. In as much as intraoperative MRI can help to map
glioma boundary by multiple scanning sequences, it is obvious
that such increases in scanning sequences will elongate the
operative time, necessitate using anesthesia, and increase the
chances of patients developing infections. We believe that further
research is required for some imaging modalities such as MRI,
Raman and endoscopy by optimizing the scanning sequence,
shortening the time of scanning, and enhancing image accuracy
and corresponding quality. In general, we believe that with
continuous advancements in understanding, research, and tech-
nology, the nanomaterials-based chemotherapeutic treatment of
tumors will eventually attain a state of “total and safe tumor
regression”, and with relentless research efforts, it will be possible
to develop nanomaterial-based drug delivery systems with
formidable capability for tumor boundary delineation.
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121. Heywang-Köbrunner SH, Hacker A, Sedlacek S. Advantages and

disadvantages of mammography screening. Breast Care 2011;6:

199e207.
122. Eberhardt K, Stiebing C, Matthäus C, Schmitt M, Popp J. Advantages
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