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Summary
Background Given the lack of visual discrepancy between malignant and surrounding normal tissue, current breast
conserving surgery (BCS) is associated with a high re-excision rate. Due to the increasing cases of BCS, a novel
method of complete tumour removal at the initial surgical resection is critically needed in the operating room to
help optimize the surgical procedure and to confirm tumour-free edges.

Methods We developed a unique near-infrared (NIR) fluorescence imaging probe, ICG-p28, composed of the clini-
cally nontoxic tumour-targeting peptide p28 and the FDA-approved NIR dye indocyanine green (ICG). ICG-p28 was
characterized in vitro and evaluated in multiple breast cancer animal models with appropriate control probes. Our
experimental approach with multiple-validations and -blinded procedures was designed to determine whether ICG-
p28 can accurately identify tumour margins in mimicked intraoperative settings.

Findings The in vivo kinetics were analysed to optimize settings for potential clinical use. Xenograft tumours stably
expressing iRFP as a tumour marker showed significant colocalization with ICG-p28, but not ICG alone. Image-
guided surgery with ICG-p28 showed an over 6.6 £ 103-fold reduction in residual normalized tumour DNA at the
margin site relative to control approaches (i.e., surgery with ICG or palpation/visible inspection alone), resulting in
an improved tumour recurrence rate (92% specificity) in multiple breast cancer animal models independent of the
receptor expression status. ICG-p28 allowed accurate identification of tumour cells in the margin to increase the
complete resection rate.

Interpretation Our simple and cost-effective approach has translational potential and offers a new surgical proce-
dure that enables surgeons to intraoperatively identify tumour margins in a real-time, 3D fashion and that notably
improves overall outcomes by reducing re-excision rates.
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Introduction
Breast cancer is primarily treated via surgical excision of
the tumour with the surrounding normal breast tissue
margin. In the early stage, these treatments take the
form of breast-conserving surgery (BCS) or
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lumpectomy.1 Although BCS provides satisfactory cos-
metic outcomes, the re-resection rate is »20%, and of
these surgeries, »85% are performed due to the pres-
ence of initial positive margins.2 Although there is often
a need for further surgery and additional tissue removal
owing to the inherent challenges in achieving negative
margins, existing guidelines recommend against excis-
ing a wider negative margin in routine practice.3 Cur-
rently, surgeons rely primarily on visual and tactile cues
to distinguish between healthy and malignant tissues
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Research in context

Evidence before this study

The positive margin rate following breast-conserving
surgery (lumpectomy) is unignorably high. Although
current methods of tumour margin assessment such as
frozen section, imprint cytology, and intraoperative
ultrasound are helpful, there is a clinical need for simple
and accurate methods to intraoperatively identify
tumour margins. NIR imaging is a promising approach
and ICG as an NIR contrast agent has been tested in
translational and clinical studies. ICG is a bright NIR dye
and has an excellent safety record in humans. However,
it is likely that the lack of ligand specific binding allows
it to easily leak out of the tumour. To overcome the limi-
tations of ICG is to utilize tumour-targeted molecules
labelled with ICG. With a similar approach, several other
NIR imaging agents are currently under investigation,
although few are approved for clinical use.

Add value of this study

In this study, we established a new near-infrared fluo-
rescence imaging probe ICG-p28 by utilizing ICG
labeled with the cell-penetrating peptide carrying a
tumour-targeting motif. This study demonstrated that
intraoperative imaging with ICG-p28 accurately identi-
fied the tumour margins, improving tumour recurrence
rate in multiple breast cancer animal models indepen-
dent of the receptor expression status.

Implications of all the evidence available

Based on results obtained from clinically relevant stud-
ies, this paper highlights the significance of our imaging
approach and translational potential. The simple and
cost-effective real-time imaging with ICG-p28 can offer
a positive impact on surgical treatment outcomes.
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and thus may leave residual lesions in the tumour bed.4

MRI, mammography, ultrasound, and CT etc. are read-
ily available imaging modalities typically used to assess
the tumour lesion prior to the surgical procedure.
Although these traditional imaging modalities have
been of immense help in advancing tumour detection
and determining the extent of resection(s),5 the need for
accurate intraoperative imaging remains one of the
most important unmet needs in the management of
breast cancer at the time of the initial BCS.

Extensive research is ongoing to identify new, rapid,
and accurate intraoperative margin assessment tools,
some of which are currently undergoing clinical test-
ing.6 For example, among biophotonic-based techni-
ques, image-guided surgery using fluorescence imaging
offers many advantages for surgeons. Near-infrared
(NIR) imaging is an emerging biomedical imaging
modality for fluorescence-guided surgery because of its
significant light absorption, ability to assist in real-time
visualization, and lack of ionizing radiation. In vivo
imaging in the NIR range (700�900 nm) is superior to
that in the visible spectrum owing to its low scattering,
negligible tissue autofluorescence, and relatively high
tissue penetration.7 The first FDA-approved NIR dye,
indocyanine green (ICG), has been used in clinical prac-
tice to determine the liver function, cardiac output, and
blood flow etc) for over fifty years due to its proven
safety and the feasibility of its use. Also, ICG has been
tested for tumour margin identification.8�10 Although
ICG can localize to breast tumours, the primary disad-
vantages of ICG are its short half-life, and its lack of a
tumour-specific interaction mechanism as a passive
fluorescent dye.9,11,12 Thus, creating a new tumour-tar-
geted version of ICG could overcome the limitations
and be more useful in the clinic.

The tumour-targeted delivery of imaging agents or
drugs is one of the major challenges in cancer therapy.13

As targeted delivery could improve the usefulness of
such agents, various delivery vehicles, including small
molecules, antibodies, proteins, and peptides, have
been investigated.14 Peptides are generally more specific
than small molecules due to their high complexity and
are relatively inexpensive to manufacture. In particular,
cell-penetrating peptides (CPPs) have been shown to be
a promising agent for improving the delivery and intra-
cellular uptake of diagnostic and therapeutic agents.15

They also have advantages over greater molecular
weight antibodies in terms of feasibility of synthesis,
derivatization flexibility, low immunogenicity, and
physicochemical parameters.16 These characteristics
suggest that the development of CPPs as carrier mole-
cules is a promising strategy for tumour-targeted deliv-
ery.

We previously reported that Pseudomonas aeruginosa
azurin and its derived peptide p28 preferentially enter
various cancer cells17 and induce antiproliferative
effects.18,19 As a single therapeutic agent, p28
(NSC745104) was tested in two phase I clinical trials
and granted the FDA Orphan Drug and Rare Pediatric
Disease designations due to its demonstrated prelimi-
nary efficacy without apparent adverse effects, toxicity
or immunogenicity in patients with advanced solid
tumours and in paediatric patients with recurrent and
refractory central nervous system tumours (NCI and
Pediatric Brain Tumor Consortium).20�22 As such, p28
is a potentially ideal CPP that can serve as a tumour-tar-
geted carrier17,18,21,22 since it preferentially penetrates
cancer cells,17,18 is highly water soluble and stable,23 and
clinically exhibits no significant adverse effects, toxicity
or immunogenicity in humans.21,22 Here, we developed
a new noninvasive NIR-based probe, ICG-p28, com-
posed of clinically nontoxic p28 and FDA-approved
ICG. Our approach was not designed for tumour diag-
nosis (tumour localization). Our experiments were spe-
cifically designed to improve the identification of
positive margins, intraoperatively. We report that
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image-guided surgery with ICG-p28 clearly defines
margins in a real-time, 3D fashion, resulting in ade-
quate tumour excision in clinically relevant settings.
These findings hold promise for improved outcomes in
BCS and can guide the development of simplified (in
terms of overall procedure/operation time)24 and more
cost-effective protocols.
Methods

Peptide synthesis and ICG conjugation
Peptides, p28, retro-inverso p28 (RI p28), and AA3H25

were synthesized by CS Bio, Inc. at >95% purity and
mass balance. Peptides were dissolved in PBS buffer at
pH 7 and reacted with ICG-maleimide in anhydrous
DMSO for 3 h at room temperature in the dark.26 The
reactions were dialyzed (M.W. 2000 cut-off, Pierce)
against PBS at 4 °C for 24 h and purified by filtration
over Sephadex G-25 (GE Healthcare). The final products
were identified by HPLC and MALDI mass spectros-
copy.
ICG-p28 characterization
The PDE neo� (Photodynamic Eye; Mitaka USA, UT) is
an FDA 510(k)-cleared NIR camera composed of a
charge-coupled device (CCD) camera unit that detects
an 800 nm NIR signal. In general, the PDE unit (cam-
era connected to a small control unit and LCD monitor)
has been used for NIR imaging clinical applications
with ICG for identifying hepatic segments and bile
ducts.27 ICG and ICG-p28 in 20% intralipid emulsion
(Sigma; St. Louis, MO), which reportedly mimics the
light scattering and absorption properties of tissue,28

were recorded by the PDE camera unit. Various concen-
trations of ICG-p28 (0.2 pM to 20 µM) and ICG were
monitored at 3 mW/cm2 excitation.
Construction of breast tissue-mimicking phantoms
Optical technology at the NIR wavelength for tissue
measurement is advantageous because it can avoid the
influence of autofluorescence and allow measurements
of relatively deep tissues. To determine the depth detec-
tion limit, tumour-simulating inclusions containing
ICG-p28 were incorporated into tissue phantoms at pre-
defined locations and imaged with the PDE unit. A pre-
viously published procedure for making tissue
phantoms29,30 was followed with modifications, as illus-
trated in Supplemental Figure S1. Briefly, 10% gelatine
powder (Spectrum; New Brunswick, NJ) was dissolved
in 50 mM Tris buffer containing 150 mM NaCl at pH
7.4. The gelatine was dissolved by stirring at 50 °C, fol-
lowed by cooling to 37 °C. Bovine haemoglobin and
intralipid (20%; Sigma) were then added. To determine
the maximal penetration depth of the NIR fluorescence
signal, an inclusion containing 200 nM ICG-p28 was
www.thelancet.com Vol 76 Month February, 2022
positioned in the phantom tissue. Subsequently, the
phantom tissue was excised in 2 mm layers at a time
towards the inclusion. At all depths, real-time imaging
was performed with an intraoperative PDE neo system.
The distance between the PDE camera and the phantom
was fixed at 200 mm. The intensity of the images
acquired using the PDE neo system was rated quantita-
tively. The mean§SD values were calculated.
Cell cultures
The human breast cancer cell lines MDA-MB-231
(ATCC Cat#: HTB-26, RRID: CVCL_0062) and IOWA-
1T (ATCC Cat# CRL-3292, RRID:CVCL_6G16) were
obtained from American Type Culture Collection (Man-
assas, VA). MDA-MB-231-iRFP cells were established
and characterized in our laboratory. MDA-MB-231 cells
were transfected with the piRFP plasmid with Lipofect-
amine 2000 (Invitrogen). Transfectants stably express-
ing the iRFP gene were selected in the presence of
puromycin at 0.5 µg/ml. They were cultured in MEME
medium supplemented with 10% heat-inactivated foetal
bovine serum at 37 °C in a humidified incubator with
5% CO2. Single-generation patient-derived xenograft
(PDX) cells of triple-negative breast cancer cells (Model
ID: TM00090) were obtained from Jackson Laboratory.
Detection of cancer cells in vitro by ICG-p28
MDA-MB-231 cells were treated with 0.5 mg/kg
(»130 nM) ICG-p28 followed by 2 h incubation at 37 °C
in a humidified incubator with 5% CO2. Cells were then
washed with PBS, trypsinized and counted. Various cell
numbers at 100,200,300, and 500 per 1 µl volume
(=1 mm diameter) were imaged with the PDE unit.
Animal models
Tumour models were established by subcutaneously (s.
c.) implanting 1.0 £ 106 MDA-MB-231, IOWA-1T or
MDA-MB-231-iRFP cells into the right back (kinetic
analysis) and mammary fat pads (MFPs; qualitative
margin analysis) of 4- to 5-week-old female athymic
mice (Jackson Laboratory). For additional quantitative
margin analysis, tumour models were established by
implanting triple-negative PDX cells (stage IV) in the
MFPs of 4- to 5-week-old female NOD/Scid/IL2Rgnull

(NSG) mice (Jackson Laboratory). The animal surgeon
was blinded to the experimental conditions such as ani-
mal identification and treatment group.
In vivo kinetic analysis of ICG-p28
MDA-MB-231 cells were injected s.c. into 4- to 5-week-
old female athymic mice. ICG-p28 or ICG alone was
injected intravenously (i.v.) (tail vein) at 0.2, 0.5, or
1 mg/kg-b.w. Animals were imaged using an Odyssey
scanner (LI-COR Biosciences) at 6�72 h post i.v.
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administration. The tumour background ratio (TBR)
was determined using ImageJ software (National Insti-
tutes of Health), where a region of interest (ROI) was
drawn over the whole tumour and a background ROI
was drawn over adjacent tissue. An ROI was manually
generated around each tumour (800 nm channel).
Tumour margin assessment
MDA-MB-231-iRFP cells (1.0 £ 106 cells in 0.1 ml PBS)
were inoculated s.c. into the right back of mice. Athymic
mice bearing tumours received i.v. ICG-p28 or ICG at
0.5 mg/kg-b.w. Twenty-four hours after injection, whole
tumours (»200 mm3) in each group were resected
along with surrounding tissue. Specimens were imaged
ex vivo with an Odyssey scanner with the 700 nm chan-
nel for iRFP and the 800 nm channel for ICG-p28 or
ICG alone. The area measurements were determined by
ImageJ, and concordance rates of fluorescent signals
from 700 and 800 nm in each group [ICG-p28 group
(n = 10) and ICG alone group (n = 5)] were calculated.
The mean+SD values were calculated.
Quantitative assessment of ICG-p28 for tumour
margin determination and tumour recurrence follow-
up
Once NSG mice developed PDX tumours of similar
sizes (200�300 mm3), the mice were randomly divided
into five groups: ICG-p28, ICG alone, ICG-AA3H pep-
tide, ICG-RI p28, and PBS. Each agent was injected i.v.
(tail vein) with the corresponding compound at the
equivalent of ICG-p28 0.5 mg/kg-b.w. Twenty-four
hours after injection, all surgical procedures were
started under sterile conditions. Following anaesthesia
administration, the PDE imaging system was used to
monitor NIR fluorescence throughout the entire surgi-
cal procedure. For the PBS group, malignant tissue
identified via visual and tactile cues was resected under
white-light illumination, while only tissue demonstrat-
ing contrast enhancement was resected in the ICG,
ICG-p28, ICG-AA3H, and ICG-RI p28 groups; images
of the fluorescence signal were displayed on an adjacent
monitor, and all ICG-positive tissue foci (suspected as
tumour tissues) were excised. For all groups, whole
tumour removal (200�300 mm3) with an approxi-
mately 2 mm safety margin was performed under guid-
ance of the PDE imaging system (except the PBS
control group). The remaining surgical bed/surround-
ing mammary tissue at the 6 and 12 o’clock positions
was also resected with approximately 2 mm in contigu-
ous dimensions (»2 mm3 in each sample and group).
Following tumour excision, the skin incisions were
closed using a nylon suture, and the mice were returned
to their cages and kept for an additional four weeks and
monitored for tumour recurrence. Four weeks after sur-
gery, the mice were evaluated to determine whether any
of the tumours had recurred due to remnant positive
margins at the resection site.
Detection of residual cancer cells in the tumour margin
by Alu sequencing
A quantitative analysis using human-specific Alu
sequence (huAlu) was performed on samples collected
from the margins. Since Alu-repeat DNA sequences are
specific to human cells,31 human-derived tumours
implanted into mice can be identified by detecting the
presence of huAlu. We standardized the quantitative
detection of huAlu in resected tumours and surround-
ing margin tissues according to previously published
methods.32,33 Human tumour cells in the five groups
(ICG-p28, ICG alone, ICG-AA3H, ICG-RI p28, and
PBS; 8 mice in each group) were identified based on the
quantitative detection of huAlu present in the mice.
Genomic DNA was extracted from harvested tissues
using the DNeasy Blood & Tissue Kit (Qiagen). To iden-
tify human cells in the mouse tissues, primers specific
for huAlu (sense: 50- ACG CCT GTA ATC CCA GCA
CTT -30; and antisense: 50- TCG CCC AGG CTG GAG
TGC A -30) were used to amplify the huAlu repeats pres-
ent in the extracted genomic DNA by real-time PCR
(5 ng genomic DNA, 0.5 µM each primer, and PowerUp
SYBR Green Master Mix; Life Technologies, USA).
Each reaction was performed in a final volume of 10 µl
under the following conditions: polymerase activation at
50 °C for 2 min and 95 °C for 2 min followed by 30
cycles at 95 °C for 30 sec, 63 °C for 30 sec, and 72 °C for
30 sec. A quantitative measure of amplifiable mouse
DNA was obtained through amplification of the mouse
GAPDH genomic DNA sequence (mGAPDH) with
mGAPDH-specific primers (sense: 50- AGG TCG GTG
TGA ACG GAT TTG -30; antisense: 50- GGG GTC GTT
GAT GGC AAC A -30) using the same PCR conditions
described for huAlu. The fluorescence emitted by the
reporter dye was detected, and the threshold cycle (Ct)
was recorded as a quantitative measure of the amount
of PCR product in each sample. The amount of huAlu
DNA and mGAPDH DNA in the margins was calcu-
lated by comparison with a standard curve, and the cal-
culated amount of huAlu DNA was normalized against
the relative quantity of mGAPDH. The mean§SD val-
ues were calculated.
Histological analysis
Resected tissues were placed in containers prefilled with
buffered 3.7% formalin (Anatech) and fixed for 24 h.
Formalin was replaced with 70% ethanol following fixa-
tion. Samples were paraffin-embedded, and blocks were
cut into 4 mm-thick sections and mounted onto slides.
Ki-67 (Lab Vision Cat# RM-9106, RRID:AB_2,341,197)-
and H&E-stained slides were analysed by a pathologist
blinded to the experimental groups and surgical
www.thelancet.com Vol 76 Month February, 2022
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resection results. The pathologist was responsible for
determining a tumour’s presence, margin status, and
general characteristics of resected tissues.
Ethics statement
All experiments were approved by University of Illinois
at Chicago (UIC) Institutional Animal Care and Use
Committee (IACUC) and conformed to the guidelines
set by United States Animal Welfare Act and the
National Institutes of Health.
Statistical analysis
To achieve robust and unbiased results, our study
included the use of appropriate statistical methods, pro-
spective sample size/replications, and standards (nega-
tive- and positive-controls) in addition to blinded
procedure during experiments. Animal models pro-
posed in this application included randomization and
multiple experimental models to maintain scientific
integrity and reproducibility. Power analysis was done
to determine appropriate animal size for the studies.
The effect size (F) was calculated from the squared dif-
ference among means of ratio (tumour/normal tissue)
of fluorescence intensities that is anticipated or desired,
divided by the maximum variance. Power was then cal-
culated by using the function pwr.anova.test in R pack-
age pwr. The minimum number of animal/group
(Sample size) was estimated, suggesting that the sample
group size 8 was sufficient to run the experiment. Data
processing and statistical analysis were performed using
GraphPad Prism ver. 8 (GraphPad Software) and R ver-
sion 4.0.5 (The R Foundation for Statistical Comput-
ing). Friedman’s nonparametric rank test was used for
recurrent tumour volume data. F test was used for Alu
sequences after validating the normality for its log trans-
formation as shown in Supplementary Figure S5. Two-
sided testing was performed for each analysis, and
P < 0.05 was considered statistically significant.
Role of the funding source
Funding source had no role in the study design, data
collection, data analyses, data interpretation, writing of
the report and the decision to submit the manuscript
for publication.
Results

ICG-p28 characterization in vitro and kinetics in vivo
Because ICG-p28 is a new NIR compound whose prop-
erties have yet to be explored, we characterized its photo-
chemical properties with a PDE neo� imaging unit, an
FDA 510(k)-cleared NIR system composed of a CCD
camera unit that detects 800 nm NIR signals. This PDE
system (the camera coupled with a small control unit
www.thelancet.com Vol 76 Month February, 2022
and an LCD monitor) has been used for clinical applica-
tions involving NIR imaging with ICG for identifying
hepatic segments and bile ducts, among other physio-
logical systems.34,35 The advantage of the PDE unit lies
in its size and portability, which enables surgeons to
hold the camera unit (1.1 lb) and easily obtain real-time
NIR images from various angles during surgery. First,
we tested the sensitivity of the PDE unit in detecting
ICG-p28. ICG-p28 was placed in a 5% intralipid emul-
sion, which reportedly mimics the light scattering and
absorption properties of tissue.36 Both ICG-p28 and
ICG alone showed almost identical fluorescence quan-
tum yields (FFs) at concentrations ranging from 0.2
pM to 20 µM in a concentration-dependent manner
(Figure 1a). The use of antibodies conjugated to ICG is
limited, as ICG loses its NIR fluorescence due to the
interaction between ICG and IgG molecules with large
molecular weights/multiple domains (»150 kDa).37 In
contrast, when ICG was conjugated to p28, it did not
lose its fluorescence, probably due to the size of p28
(2.9 kDa, »1/50 the size of IgG).

The results of preclinical23 and two phase I clinical
trials of p28 as a monotherapeutic agent21,22 have iden-
tified the therapeutic dose of p28 for treating cancer
patients. Since fluorescent imaging techniques rely on
the concentration of each contrast agent,38 the optimum
dose range for ICG-p28 in mice with MDA-MB-231
human breast cancer tumours was determined with the
PDE unit. Each mouse was injected i.v. with ICG-p28 or
ICG alone at 0.2�1.0 mg/kg (»50 to 250 nM). The
mice were imaged at various time points (6�72 h), and
the ratio of the NIR signal intensity of the tumour tissue
and normal tissue (thigh) was calculated. Significant
contrast between the tumour and surrounding normal
tissues was detected at 24 h following the injection of
ICG-p28 at 0.2�1.0 mg/kg (Figure 1b). As the higher
doses of ICG-p28 (>1.0 mg/kg) required a longer time
to achieve clear contrast (“washout”) because of the
high background signal, the tumour-specific signal was
determined to be optimal at 0.2�0.5 mg/kg concentra-
tions within a practical time scale (24 h) for clinical use
(Figure 1b). In contrast, ICG alone at the same dose was
excreted rapidly, and the tumour site could not be dis-
tinguished (tumour/normal tissue ratio »1) according
to the NIR images (Figure 1b). This result illustrates the
preferential uptake of p28, which leads to longer reten-
tion at the tumour site and clear contrast imaging of the
tumour vs. surrounding tissue.

As described earlier, the use of optical technology at
the NIR wavelength for tissue measurement is advanta-
geous, as it can avoid the influence of autofluorescence
and allow measurements of relatively deep tissues.39 To
determine the detection limit of the objective size and
depth, various sizes of tumour-simulating inclusions
containing ICG-p28 (Figure 1c) and phantoms40 incor-
porating these inclusions at predefined locations
(Figure 1d) were imaged with the PDE unit. Even with
5



Figure 1. Characterization of ICG-p28. a, NIR fluorescence from ICG-p28 or ICG in a 5% intralipid emulsion was recorded with the
PDE unit at 3 mW/cm2 excitation intensity (N = 3). The intralipid solution alone showed no fluorescence and thus served as a control.
The fluorescence quantum yield (FF) of ICG-p28 was similar to that of ICG at picomolar to micromolar concentrations. b, The signal-
to-noise ratio (signal at 800 nm: tumour, noise: surrounding normal tissue, thigh muscles) in MDA-MB-231 tumour-bearing mice was
recorded with the PDE unit and quantitatively analysed in a dose-dependent manner. The prescans were performed before injection
of the NIR agent. ***: P < 0.001, *: P < 0.05 (ANOVA), n.s.: not significant mpk: mg/kg. c, The specific NIR signals (800 nm) of tumour-
simulating inclusions of different sizes (1�3 and 5 mm) containing 200 nM ICG-p28 were measured. d, The specific NIR signals
(800 nm) of tumour-simulating inclusions containing 200 nM ICG-p28 inserted into phantoms at depths of 0�2 cm were measured.
d(i), Side view of the phantom. d(ii), Top view of the phantom. Red arrows: locations of the tumour-simulating inclusions. The dis-
tance between the PDE camera (which captured images at 3 mW/cm2 excitation intensity) and the phantom was fixed at 200 mm.
The results are presented as the mean+SD. e, NIR fluorescence (800 nm) from various numbers of MDA-MB-231 cells (N = 3 in each
cell number) exposed to ICG-p28 at 0.5 mg/kg for 2 h were recorded with the PDE unit.
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the smallest objective (1 mm), NIR fluorescence imag-
ing of ICG-p28 at nanomolar concentrations was able to
detect NIR-specific signals (Figure 1c) and probe tissue
at a depth of approximately one centimetre in an intrali-
pid emulsion mimicking tissue scattering properties
(Figure 1d). We also estimated the detection limit of the
cell number in vitro. Cancer cell suspensions with vari-
ous numbers of MDA-MB231 were imaged with the
PDE unit. NIR-specific signals were detected from
MDA-MB-231 cells as low as 200 cells in 1 mm size
(Figures 1e, Supplemental S2).

Based on these imaging and dosing parameters, we
performed real-time PDE imaging of immunodeficient
mice with two different subtypes of human breast can-
cer: oestrogen receptor (ER)-positive breast cancer,
which accounts for approximately 80% of all human
breast cancers,41 and triple‑negative breast cancer
(TNBC; negative for ER, progesterone, and Her2
www.thelancet.com Vol 76 Month February, 2022



Figure 2. Real-time imaging with ICG-p28 in xenograft mouse models. MDA-MB-231 (a) or IOWA-1T (b) breast cancer cells were
injected s.c. into mice (N = 8 in each cell line). Once the tumours (<10 mm) developed, 0.5 mg/kg ICG-p28 was injected i.v. into the
mice. Twenty-four hours post-ICG-p28 injection, the mice were imaged with the PDE system during tumour removal. White light
photographs (upper) and snapshot NIR PDE images are shown (lower; dorsal view, greyscale at 800 nm). The liver (green arrows)
showed relatively high signal intensity from the excretion of ICG. Red arrows: tumours. The representative animal image showed
the preferential uptake of ICG-p28 in a small lymph node (LN, yellow arrowhead in b). c, H&E-stained sections of the primary tumour
(upper) and a sciatic LN (lower, yellow arrowhead) located at the superficial gluteal muscle, which was confirmed to be tumour posi-
tive (magnification 200x, inset 40x).
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receptor expression), which accounts for 10�15% of all
human breast cancers42 and generally displays a poorer
prognosis than ER-positive breast cancer. Athymic mice
xenografted with MDA-MB-231 (TNBC) (Figure 2a) or
IOWA-1T (ER+, PR-, Her2-) human breast cancer cells
(Figure 2b) s.c. received a single injection of ICG-p28 i.
v. at 0.5 mg/kg (»125 nmole/kg). Twenty-four hours
after ICG-p28 injection, we observed the preferential
uptake of ICG-p28 by tumours and clear contrast
between the tumour and the surrounding tissue
(Figure 2a,b), suggesting that our approach can be
applied to broad types of breast cancer independent of
receptor expression patterns. Notably, during tumour
resection, intraoperative NIR imaging revealed the pref-
erential uptake of ICG-p28 concentrated over a period
of time in a small (�1 mm) sciatic lymph node (LN)
(Figure 2b). Hematoxylin and eosin (H&E)-stained sec-
tions confirmed the presence of cancer cells within the
LN (Figure 2c), suggesting that ICG-p28 can identify
other cancer foci in the breast parenchyma. Future stud-
ies are needed to explore the ability of ICG-p28 to iden-
tify positive lymph nodes during surgery.
ICG-p28-based assessment of the tumour margin in an
MDA-MB-231-iRFP tumour-bearing model
To determine whether ICG-p28 can precisely delineate
tumour margins, we created an MDA-MB-231-iRFP
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(TNBC) cell line that stably expresses the NIR fluores-
cence protein iRFP as a tumour marker. Although we
do not intend to use the iRFP gene expression system
in humans, it provides an excellent experimental model
to assess the accuracy of tumour margin detection
according to a real-time comparison of the fluorescence
between iRFP and ICG-p28. The 700 nm channel is
suitable for detecting tumours generated by these cells
in vivo, as it can be used to monitor iRFP-specific fluo-
rescence in cancer cells without affecting the 800 nm
fluorescence and thus the signal from ICG-p28.43,44

Confocal (Figure 3a) and LI-COR Odyssey (Supplemental
Figure S3) images of MDA-MB-231-iRFP cells showed
that the intracellular expression of the tumour marker
iRFP allowed the accurate determination of tumour
margins. ICG-p28 or ICG alone at 0.5 mg/kg was
injected i.v. into athymic mice inoculated with MDA-
MB-231-iRFP cells; 24 h later, the xenografted tumours
and surrounding tissues were removed. The dotted lines
in Figure 3b indicate the outer edges of the soft tissues.
Ex vivo images showed good overlap between the NIR
signals (merged) from iRFP (red: 700 nm) and ICG-
p28 (green: 800 nm) (Figure 3b). Furthermore, similar
to the results presented in Figs. 1 and 2, ICG alone
exhibited poor tumour retention (Figure 3b). The con-
cordance rates of 700 and 800 nm NIR signals in the
ICG-p28 and ICG alone groups were 86% and 12%,
respectively, (Figure 3c). These results indicate that
7



Figure 3. Colocalization of ICG-p28 and the tumour marker iRPF. a, ICG-p28-treated MDA-MB-231-iRFP cells were fixed in parafor-
maldehyde, and images were acquired under a confocal microscope. Red: tumour marker iRFP (700 nm); green: ICG-p28 (800 nm);
blue: DAPI (nucleus); yellow: red+green. b, Athymic mice bearing MDA-MB-231-iRFP tumours were injected i.v. with either ICG-p28
or ICG alone at 0.5 mg/kg. Twenty-four hours after injection, representative ex vivo images of the tumour and surrounding soft tis-
sues for the ICG-p28 group (top row) and the ICG alone group (bottom row) were taken with an Odyssey scanner. The dotted line in
the images indicates the outer edge of the soft tissue. iRFP (red: 700 nm); ICG-p28 or ICG (green: 800 nm); and colocalization (yel-
low-orange). c, Concordance rate of the fluorescent signal in each group [the ICG-p28 group (N = 10) and the ICG alone group
(N = 5)]; ***: P < 0.001 (t-test). The results are presented as the mean + SD.
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ICG-p28 can preferentially localize at tumour sites and
enhance the stability of ICG due to p28 conjugation.
Intraoperative imaging of orthotopic xenografts
To evaluate whether real-time image-guided surgery can
reduce tumour recurrence, orthotopic MFP xenograft
tumour models were used. Athymic mice bearing
TNBC MDA-MB-231 or ER-positive IOWA-1T tumours
were treated with PBS, ICG alone or ICG-p28 (0.5 mg/
kg, i.v.), and NIR fluorescence was monitored with the
PDE system during tumour resection surgery, in which
tumours and surrounding tissues with a 2 mm safe
margin were removed. During tumour removal, no
apparent adverse events related to the administration of
ICG or ICG-p28 were observed, and there were no other
complications during the procedures. For the control
mice treated with PBS, only palpation and direct visuali-
zation without fluorescence imaging were used for mar-
gin determination. After tumour resection, tumour
recurrence resulting from remnant positive margins at
the resection sites was evaluated (Figure 4a). Four
weeks after tumour resection, recurrence was observed
at the surgical sites in 31.2% (5/16) of mice in the PBS
group and 25.0% (4/16) of mice in the ICG alone group.
In sharp contrast, one of sixteen mice (6.3%) in the
ICG-p28 group demonstrated tumour recurrence at the
resection site. Representative images of the surgical
sites in each group are shown (Figure 4b). The average
volumes of the recurrent tumours were 944, 197, and
423 mm3 in the PBS, ICG-p28, and ICG groups,
respectively, (Figure 4c). Collectively, these findings
show that by aiding in the precise identification of the
tumour margins, ICG-p28 improved surgical outcomes
by reducing both the incidence of tumour recurrence
and the volume of recurring tumours.
Image-guided tumour resection in a PDX tumour
model
PDX models are widely used in cancer research because
of their distinct advantages in preserving the biological
characteristics of the original human tumour.45 Given
the reduced tumour recurrence observed in the ortho-
topic xenograft models treated with ICG-p28-guided
resection (Figure 4c), we utilized a PDX model46,47 and
a primary TNBC fragment (stage IV) to further evaluate
ICG-p28 in a more clinically relevant model. In addi-
tion, to investigate whether this result was due to the
specific motifs of p28, we included additional control
peptides conjugated to ICG. Similar to p28, a nonca-
tionic CPP derived from annexins, named AA3H, was
previously isolated and shown to penetrate cancer
cells.48 The other peptide was retro-inverso p28 (RI
p28). RI modification is often used as an approach to
generate a peptidomimetic, which represents the iso-
mer of the parent peptide (p28) in which the direction
of the sequence is reversed and the chirality of each
amino acid residue is inverted.49 Under anaesthesia,
tumours and surrounding mammary tissues with a 2-
mm safe margin were removed under real-time guid-
ance with PDE imaging of mice injected with ICG-p28
www.thelancet.com Vol 76 Month February, 2022



Figure 4. Intraoperative imaging of orthotopic xenograft models. a, A schematic diagram of the intraoperative imaging performed
during tumour resection in human breast cancer xenograft tumour models. Human breast cancer cells (MDA-MB-231 or IOWA-1T)
were inoculated into the fourth abdominal fat pad via s.c. injection at the base of the nipple. When the mice developed a tumour,
they were injected with PBS, ICG-p28 or ICG at a concentration of 0.5 mg/kg. Twenty-four hours after injection, the tumours were
resected while being visualized with the PDE imaging unit; the exception was the PBS group, whose tumours were identified only
with palpation/direct visualization (no imaging guidance). After tumour resection, the mice were monitored for four additional
weeks to detect any tumour recurrence. c, Representative images of tumour resection sites at the end of the study. c, Average vol-
umes of the recurrent tumours (four weeks after tumour resection) in each group. The results are presented as the mean + SD.

Figure 5. Image-guided surgery of human breast cancer PDX models. TNBC PDX cells were inoculated into the fourth abdominal fat
pad. Twenty-four hours after NIR agent injection (a, ICG-p28, b, ICG alone), the tumours were resected under visualization with the
PDE imaging unit. White light photographs (left) and snapshot NIR PDE images are shown (right; dorsal view, greyscale at 800 nm).
Yellow arrowhead: tumour. c, The signal-to-noise ratio in PDX-bearing mice was recorded with the PDE unit and quantitatively ana-
lysed (N = 8 per group). ***: P < 0.001 (t-test). The results are presented as the mean+SD.
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(Figure 5a), ICG alone (Figure 5b) or a control agent
(PBS, ICG-RI-p28 or ICG-AA3H; Supplemental Figure
S4). ICG-p28 provided significantly greater contrast
enhancement and a more readily identified tumour
than the control agents. These results show that the
tumour-targeting ability of ICG-p28 is due to the spe-
cific motifs of p28.
Detection of residual cancer cells in the tumour margin
by Alu sequencing
To quantitatively determine the efficacy of margin iden-
tification by our imaging approach, PCR-based assays
www.thelancet.com Vol 76 Month February, 2022
were used to detect residual human cancer cells in the
PDX models described above (Figure 5).50 During
image-guided surgery, tumours with a 2 mm safety
margin and the surrounding mammary tissues at the 6
and 12 o’clock positions were removed in real time
under guidance of the PDE imaging system (Figure 6a).
These samples were collected to undergo huAlu PCR as
well as traditional histological analyses. In the quantita-
tive analysis using huAlu and the housekeeping gene
mGAPDH, image-guided surgery with ICG-p28
showed significantly fewer residual cancer cells in the
surrounding tissues [log(huAlu DNA/mGAPDH
DNA) = -5.2] than surgery with the other agents [ICG
9



Figure 6. Detection of residual cancer cells in tumour margins. a, A schematic diagram of the sites of biopsy collection from NSG
mice bearing PDX tumours (Mammary fat pad: MFP). b, Genomic DNA was extracted from each specimen and subjected to PCR
assays. The box plot shows the values of log(huAlu DNA/mGAPDH DNA), calculated using standardized amounts of huAlu DNA and
mGAPDH DNA among the agents. *: P < 0.05, **: P < 0.005 (F test). Results are presented as the mean § SD. c, Histological analysis
of surgical specimens. Representative images (200x) of H&E staining and staining for the proliferative marker Ki-67 to confirm the
presence of negative margins in specimens obtained from the ICG-p28 group (top). The specimen obtained from the ICG group
(bottom) shows the presence of malignant cells. d, Four weeks after surgical resection, the tumour volumes in each group were
determined.
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alone, ICG-AA3H, ICG-RI p28 or PBS: -0.9, -1.9, -0.5
and -2.1, respectively] (Figures 6b, Supplemental S5).
This finding indicated that image-guided surgery with
ICG-p28 resulted in a 6.6 £ 103-fold average reduction
in residual normalized tumour DNA at the margin sites
relative to surgery with the controls and that ICG-p28
precisely distinguished tumour margins better than the
other agents. The coefficient of variation (CV) also indi-
cated that ICG-p28 was superior to the other peptides/
agents as an intraoperative probe, as it demonstrated a
relatively small dispersion (Supplemental Table S1).

We next performed traditional histological analyses
with H&E and proliferative marker Ki-67 staining on
the set of tumour margin samples that were used for
the Alu PCR assays. The results of these tests revealed
that image-guided surgery with ICG-p28 could result in
a clear negative margin at the edges of mammary tis-
sues (Figure 6c). In the PDX tumour model, the posi-
tive margin rates of the PBS, ICG alone, ICG-RI p28
and ICG-AA3H groups were 19,19,31 and 38%, respec-
tively, while malignant cell free margin (sixteen mam-
mary tissue samples from eight mice) was obtained in
the ICG-p28 group (Figures 6c, Supplemental S6). The
histological data supported the results obtained from
the Alu PCR assay, indicating that image-guided sur-
gery with ICG-p28 improved the ability to precisely
identify tumour margins.

As the tumour recurrence rate is a clinically signifi-
cant indicator for positive margins, we determined the
tumour recurrence rates in the PDX tumour model.
Four weeks after image-guided surgery, the tumour
recurrence rates for the surgical site were 25.0%, 50.0%,
12.5%, 37.5%, and 25.0% in the PBS, ICG alone, ICG-
p28, ICG-RI p28 and ICG-AA3H groups, respectively.
The average volumes of the recurrent tumours were 2151,
1952, 403, 1152, and 2447 mm3 in the PBS, ICG alone,
ICG-p28, ICG-RI p28, and ICG-AA3H groups, respec-
tively, (Figure 6d). The average volumes of the recurrent
tumours in the ICG-p28 group were the smallest among
all groups tested. ICG-p28 provided greater contrast
enhancement and a more readily identified tumour than
the control agents (Figure 5c), which provided low con-
trast and made it difficult to remove the tumours
completely. These findings suggest that image-guided
surgery with ICG-p28 can precisely identify tumour mar-
gins, resulting in reduced tumour recurrence.
www.thelancet.com Vol 76 Month February, 2022
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Discussion
In this study, ICG-p28, a new optical imaging probe,
was characterized in terms of its photophysical proper-
ties, its specific uptake in tumours and its ability to pre-
cisely identify tumour margins in multiple human
breast cancer mouse models. Intraoperative imaging
with ICG-p28 was able to identify small (�1 mm) LN
metastases. Image-guided surgery with ICG-p28
improved positive margin identification and the tumour
recurrence rate in multiple breast cancer animal models
independent of the receptor expression status. In gen-
eral, fluorescence imaging is a highly beneficial tech-
nique for the real-time assessment of tumour
boundaries during surgical procedures and offers sev-
eral advantages, such as the relatively low cost of the
fluorescent dye and safety for the patient and the medi-
cal team, as non-invasive agents are used. Additionally,
optical imaging with contrast enhancement can be used
to visualize tumours prior to resection without changing
the surgical field of view. Due to the preferential pene-
tration of ICG-p28, substantial contrast between the
tumour and surrounding normal tissues was achieved
in multiple breast cancer animal models.

It has been reported that ICG alone at relatively high
dose (5 mg/kg) can localize to the breast tumours, how-
ever it is likely that the lack of ligand specific binding
allowed it to leak out of the tumour and easily infiltrate
surrounding tissues over 24 h. A potential solution to
overcome the limitations of ICG as a localizing contrast
agent is to utilize a targeted NIR dye.9 In contrast, tim-
ing of intraoperative imaging is a major concern when
using 0.25 mg/kg of ICG alone for tumoural detection.8

Similarly, the optimazation of such parameters for ICG-
p28 has been done in this study. Higher doses of ICG-
p28 (>1.0 mg/kg) required a longer time to obtain clear
contrast because of the high background signal; thus,
we found that the tumour-specific signal was optimal at
an ICG-p28 concentration of 0.2�0.5 mg/kg within a
time scale (24 h) practical for clinical use.51 With the
imaging and dosing parameters, ICG-p28 provided a
significant contrast (TBR »4-fold) in multiple breast
cancer animal models. It is generally accepted that a
TBR >3.0-fold is sufficient to provide adequate intrao-
perative contrast in studies on image-guided surgery
and is essential for successful clinical translation.52 In
contrast, ICG alone was excreted rapidly, as expected,
and the tumour site was not distinguishable (TBR »1.1)
under our experimental conditions. This observation
also confirmed that the preferential uptake of the new
compound was due to the presence of the p28 motif,
which lead to longer retention at the tumour site and
precise contrast imaging between the tumour and sur-
rounding tissue. Although the molecular weight, pI,
charge, hydrophobicity, and amino acid composition of
RI p28 were exactly the same as those of p28, the overall
entry of RI p28 was significantly decreased, and it did
www.thelancet.com Vol 76 Month February, 2022
not show preferential entry (Figures 6, Supplemental
S4). This finding suggests that the preferential entry of
p28 is amino acid sequence-specific/stereochemically
specific. Currently, various types of NIR imaging probes
have been tested for different cancers, such as glioma
and lung, pancreatic, colorectal, prostate, and breast
cancers.53 A series of investigational fluorescent agents,
such as bevacizumab-IRDye800 (vascular endothelial
growth factor A),54 EC17 fluorescent dye (folate-receptor
alpha),55 the cathepsin activatable fluorescent agent
LUM015 (a cathepsin protease),56 and tozuleristide (a
matrix metalloprotease),57 are being validated for use in
image-guided surgery. In comparison, the use of p28
has several advantages: (i) unlike use of antibodies,37

the chemical conjugation of p28 to ICG does not alter
ICG fluorescence (Figure 1a), (ii) p28 can target a wide
range of breast cancers independent of the receptor sta-
tus (Figures 2,5,6), (iii) ICG-p28 is composed of the
clinically non-toxic tumour-targeting p28 peptide with
the FDA-approved NIR ICG dye, and iv) our technique
can be applied to other types of solid tumours as p28
preferentially enters various types of cancer cells.19,58

Image-guided surgery with ICG-p28 in the PDX
model resulted in tumour recurrence in one of eight
mice (Figure 6d). However, the Alu PCR assay and his-
tological analyses did not reveal residual tumours in the
MFP specimen obtained at either the 6 o’clock or the 12
o’clock position. There are two possible reasons for this
phenotype. One possibility is that cancer cells were not
captured by histological analyses. Although the speci-
men was determined to be tumour negative by histology
and the Alu analyses, it may have contained a small
number of tumour cells (probably <200 cells) that were
otherwise missed, indicating a possible microinvasive
breast tumour measuring less than 1 mm in size.59

Lesions of this size would not be visible without a
microscope and would have been left unresected in the
tumour bed. If this is the case, additional approaches (e.
g., image-guided surgery with ICG-p28 in combination
with other therapeutic approaches) need to be further
considered to manage these microlesions. The other
possibility is that the precursor-like lesion (e.g., atypical
hyperplasia) which was captured in the histological sec-
tion of the MFP specimen (Supplemental Figure S7) was
left behind in the surgical bed. As PDX tumours can
contain several precursor lesions such as atypical hyper-
plasia, flat epithelial atypia, pagetoid lobular carcinoma
in situ,60 it is possible that they can be a source of inva-
sive/noninvasive breast cancer due to the characteristics
of the PDX models.61,62 Since we are aware that the
complete surgical excision of the early stage of disease
with negative margins is important from the clinical
point of view, intraoperative imaging on the early stage
of disease is currently under investigation. Nevertheless,
given that only one mouse in the ICG-p28 group dem-
onstrated tumour recurrence and that the volume of the
11
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recurred tumour was the smallest among the other
groups, ICG-p28-guided surgery appears to assist well
in precisely identifying tumour margins and to signifi-
cantly reduce tumour recurrence rates. Overall, image-
guided surgery with ICG-p28 in multiple subtypes of
breast cancer (Figures 4,6) resulted in an average recur-
rent tumour volume of 300 mm3, whereas surgery with
ICG alone or without interoperative imaging (PBS)
resulted in average recurrent tumour volumes of
1188 mm3 (P = 0.017, Friedman’s test) and 1289 mm3

(P = 0.032, Friedman’s test), respectively. In addition,
the tumour recurrence rate for the ICG-p28 groups was
8% (92% specificity, N = 2/24), while the tumour recur-
rence rates for the ICG and PBS groups were 33%
(N = 8/24) and 29% (N = 7/24), respectively,
(Figure 6e). These results in multiple breast cancer ani-
mal models suggest that ICG-p28 improved surgical
outcomes by reducing both the incidence of tumour
recurrence and the volume of recurrent tumours
through clear margin identification. Thus, the versatility
of ICG-p28 can potentially reduce the risks of recur-
rence and reoperation for a broad type of breast cancer
independent of the receptor expression status, mini-
mize damage to healthy tissues and healthcare costs,
improve postoperative quality of life, and increase
patient survival rates.

Many imaging modalities, such as MRI, X-ray, CT,
PET and ultrasound, have considerable roles in preoper-
ative staging and intraoperative planning, while fluores-
cence imaging can be used during intraoperative
surgical inspection and practice due to its superior reso-
lution and sensitivity.63 The PDE imaging system is a
clinical and portable fluorescence imaing unit with the
advantages of lower cost and ease of operation.64 It
would be more useful if NIR fluorescence image can
overlay on top of the color bright field image as it would
provide clearer anatomical landmarks during surgery.
The precise identification of tumour margins is the
major objective for effective surgical treatment of breast
cancer as well as many other types of solid tumours.
Inadequate positive margin identification frequently
occurs in »5% of resections of lung and kidney
tumours, in »20% of resections of breast, prostate and
rectal cancer and in up to 40�60% of resections of vul-
var and oral cancer.65 Although we focused on breast
cancer in this study, p28 can also enter cells of other
types of cancer19; therefore, we envisage that our imag-
ing approach can also be applied in the treatment of
other types of cancer. Our real-time intraoperative imag-
ing approach has the potential to positively impact the
surgical treatment outcomes (e.g., morbidity, quality of
life and costs) of many types of solid tumours.
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