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Background and Objectives: Molecularly targeted ﬂuorescent molecules may help detect tumors that are unseen by traditional white-light
surgical techniques. We sought to evaluate a ﬂuorescent ratiometric activatable cell penetrating peptide (RACPP) for tumor detection in a
transgenic model of PTC.
Methods: Thirteen BRAFV600E mice with PTC were studied—seven injected intravenously with RACPP, four controls with saline. Total
thyroidectomy was performed with microscopic white-light visualization. Fluorescent imaging of post-thyroidectomy ﬁelds was performed, and
tissue with increased signal was removed and evaluated for PTC. Final samples were analyzed by a pathologist blinded to conditions. Vocal cord
function was evaluated postoperatively with video laryngoscopy.
Results: The average in situ ratiometric (Cy5/Cy7) thyroid tumor-to-background contrast ratio was 2.27 þ/ 0.91. Fluorescence-guided clean-up
following thyroidectomy identiﬁed additional tumor in 2 of 7 RACPP animals (smallest dimension 1.2 mm), and decreased the number of animals
with residual tumor from 4 to 3. All retained tumor foci on ﬁnal pathology were smaller than 0.76 mm. Intact vocal abduction was present in all of
the RACPP animals.
Conclusions: RACPPs successfully targeted PTC in a transgenic thyroidectomy model, and allowed for residual tumor detection that reduced
positive margins beyond what was possible with white-light surgery alone.
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INTRODUCTION
Our group has focused efforts on molecular targeting of cancer cells
using activatable cell-penetrating peptides (ACPPs), which can be used
for molecular imaging, drug delivery, and surgical guidance. Animal
model work with ACPPs has demonstrated improved detection of
tumors [1–3], and ﬂuorescently labeled ACPPs have improved tumor
resection [2], and disease-free survival [4,5].
Due to the availability of molecularly targeted radioactive iodine
(RAI), microscopically clear surgical margins are not as absolute of a
surgical necessity for papillary thyroid carcinoma (PTC) as they are in
other solid tumors. Following total thyroidectomy RAI can be used as
thyroid remnant ablation, adjuvant therapy, or treatment of known
persistent disease [6]. Unfortunately, up to half of metastatic thyroid
cancers will lose iodine concentrating ability and become RAIrefractory [7]. BRAF mutations are highly correlated with RAIrefractory metastatic PTC [8,9]. There is a need for novel molecular
targeting techniques for PTC, particularly in aggressive cases with
BRAF mutations, and those that are RAI-refractory.
To date, ACPP technology has not been utilized for molecular
targeting of PTC. The ratiometric ACPP (RACPP) used in this study
undergoes enzymatic activation by matrix metalloproteinases-2 and -9
(MMP-2,-9). There is evidence that MMP9 plays an important role in
PTC progression and inﬁltration [10]. By utilizing MMP for molecular
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targeting and activation, the ACPP used in this study circumvents the
necessity for RAI-avidity.
We used a BRAFV600E transgenic murine model to demonstrate
iodine-independent molecular targeting of aggressive PTC using a
ﬂuorescently labeled RACPP for surgical molecular guidance. This is
a clinically-relevant model for aggressive carcinoma because it leads
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to a phenotype that is histologically similar to humans with
BRAFV600E PTC [11]. We hypothesized that molecular targeting of
PTC could be achieved with this RACPP, and would increase the
detection of tumor cells beyond what was possible using traditional
white-light surgical techniques alone.

MATERIALS AND METHODS
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relies on shorter exposure times (67–100 msec vs. 5,000 msec [12]).
Additionally, this study used two narrow-band ﬁlters for real-time
imaging on an operating microscope instead of full-spectrum, snapshot
images. The ﬂuorescence imaging parameters were optimized for each
animal. Any tissue having an increased ratiometric signal ([tumor tissue
Cy5/Cy7]/[adjacent background tissue Cy5/Cy7]) was deemed
suspicious for tumor and removed for histological review.

Activatable Cell-Penetrating Peptides

Assessment of Laryngeal Function

The RACPP used in this study was synthesized as previously
described [12,13] as a poly-arginine (poly-cationic) CPP moiety
linked to a neutralizing poly-anionic tail via a linker that is cleaved by
MMP-2 and MMP-9. The RACPP structure used in this study was:
Cy7-NH-e9-c(peg12)oPLGC(Me)AG-r9-c(Cy5) (previously referred
to as RACPP PLGC(Me)AG) [13].

Pre-operative laryngoscopy was performed 2 hr after injection.
General anesthesia with inhalational isoﬂurane was adjusted to
maintain a robust respiratory pattern. With the animal in the supine
position, the tongue was retracted ventrally. A 2.3 mm endoscope was
used to visualize the glottis. Spontaneous respiratory vocal fold motion
was captured with high-deﬁnition video. The pre-operative assessment
was a baseline to verify intact vocal function prior to the surgical
procedures.
Repeat post-operative laryngoscopy was performed with video recording
to evaluate RLN function immediately following thyroidectomy (or
ﬂuorescence-guided clean-up in RACPP animals). All videos underwent
blinded reviewed by a laryngologist (PAW) to assess vocal fold mobility.
Scoring was graded on a 3 point scale based on visualized maximal vocal fold
movement (0 ¼ immobile vocal fold, 1 ¼ only twitching/dense paresis,
2 ¼ incomplete movement/mild-moderate paresis, 3 ¼ normal movement).

BRAFV600E Transgenic Murine Model of Papillary Thyroid
Cancer
All animal procedures were approved by the University of California
San Diego Institutional Animal Care and Use Committee and
institutional review committee (IRB). A transgenic BRAFV600E
murine model for spontaneous thyroid cancer was obtained in
cooperation with the group that has previously described this
model [11]. Animals with the BRAFV600E mutation develop
hyperplastic goiter replaced by invasive PTC with tall-cell features.
The animals were veriﬁed to be transgenic for BRAFV600E by
genotyping tail tissue. Animals were allowed to mature in order to
ensure a malignant phenotype, which was veriﬁed histologically as PTC
inﬁltrating the entire thyroid gland.

Ratiometric Labeling of Thyroid Tumors
Following intraperitoneal injection of ketamine (50 mg/kg) and
xylazine (1 mg/kg), 50 ml [10 nanomoles] of RACPP in saline was
administered via retro-orbital injection. Saline was used as the injection
in control animals. Two hours elapsed as a wash-out period prior to
surgery.

Operative Procedures
White-light thyroidectomy. All animals underwent surgical
excision of their thyroid cancer under white-light illumination.
General anesthesia with inhalational isoﬂurane was adjusted to
maintain robust respiration. With the animal in supine position, a
midline skin incision was made from the submandibular region to the
sternal notch. Underlying glandular tissue was separated and the strap
muscles were retracted laterally. Using an operating microscope and
micro-instruments, the thyroid isthmus was divided and left and right
lobes were gently dissected laterally until each recurrent laryngeal
nerve (RLN) was identiﬁed. Dissection proceeded from inferior to
superior, with meticulous care taken to avoid damage to the RLNs.
Handheld cautery was used sparingly at the superior vascular pedicle.
Surgical time was recorded starting when the strap muscles were
retracted, and ending upon completion of the cancer resection or
ﬂuorescent clean-up step, when applicable. The same surgeon
performed all surgical procedures (RKO).
Fluorescence-guided clean-up. Following cancer resection under
white-light, the surgical beds of RACPP animals were visualized with
ratiometric ﬂuorescence imaging using a customized dissecting
microscope (Olympus MVX10 ﬂuorescence ratio imaging system).
The imaging parameters used in this study differed from prior work with
ACPPs. In contrast to previous studies that used static ﬂuorescence
images, this study used real-time imaging in the living animal which
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Final Margin Evaluation for Retained Thyroid Cancer
Following completion of thyroidectomy and ﬂuorescence-guided
clean-up, the animals were sacriﬁced. Tissue samples consisting of
surgical bed quadrants (four samples per animal) were taken and
analyzed for retained cancer. The presence of PTC in these ﬁnal
pathology specimens qualiﬁed as a positive surgical margin (margin
evaluation phase).
Tissue samples were ﬁxed in OCT, stained with hematoxylin and
eosin (H&E), and reviewed by a pathologist blinded to experimental
conditions. All tumor foci identiﬁed were measured with electronic
calipers by the pathologist.

Fluorescence Imaging Analysis
Fluorescent images (Cy5 and Cy7) taken during ﬂuorescence-guided
clean-up were analyzed using ImageJ software. Areas representing
thyroid tissue and adjacent non-thyroid tissue were hand-selected using
the region-of-interest tool and the corresponding ﬂuorescence intensities
(Cy5 and Cy7) were calculated. Fluorescence contrast ratios referred to
throughout the manuscript are ratiometric contrast values ([tumor tissue
Cy5/Cy7]/[adjacent background tissue Cy5/Cy7]).

RESULTS
Thirteen transgenic BRAFV600E animals were available for this
study. There were 11 complete surgeries with data for analysis—four
control animals and seven RACPP animals. Two mortalities occurred
prior to surgery secondary to over-sedation. The thyroid from one was
dissected and images used for illustrative purposes (Fig. 1 displays the
identiﬁcation of PTC with RACPP). In the RACPP group, one animal
died from iatrogenic carotid injury at the end of the thyroidectomy
procedure.
The ﬂuorescent clean-up phase did not signiﬁcantly add to the
duration of surgery—average operative time was 14  3.5 min for
controls versus 18  5.4 min for the RACPP group (P ¼ 0.2). A
summary of surgical parameters and histological outcomes are provided
in Table I.
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Fig. 1. Identiﬁcation of thyroid tumor with RACPPgr1. (A) White-light reﬂectance image of thyroid gland that is completely replaced by tumor
and is enlarged (transgenic BRAFV600E mouse, Mouse L). The isthmus has been divided and left lobe dissected and retracted laterally to expose the
tracheal rings. (B) Ratiometric ﬂuorescence image showing that the tumor has an increased Cy5/Cy7 ratio, with a maximal contrast ratio of 11.69 in
the central area of left lobe ( ). Cy5/Cy7 ratiometric scale bar shows low ratio (blue) up to high ratio (red).

Fluorescent Labeling of In Situ PTC Tumors
The in situ thyroid tumors from two RACPP animals were examined
in order to conﬁrm ﬂuorescence uptake. The average ratiometric
ﬂuorescence contrast ratio of in situ thyroid tumors was 2.27  0.91
(n ¼ 2 animals, 4 thyroid lobes). The ratiometric image of the in situ
thyroid tumor from one animal is shown in Figure 1. The highest signal
is seen in the superior pole of the left thyroid lobe a ratiometric contrast
value of 11.69 (asterisk).
Histological review of the thyroid tumor specimens revealed diffuse
PTC. The PTCs were composed of cuboidal to columnar cells, clear and
ﬁnely granular nuclei with grooves and multiple micronucleoli. The
cells were arranged in various solid, diffuse, and micronodular patterns
over a ﬁbrotic stroma.

Intact Vocal Fold Function Following Fluorescence-Guided
Clean-Up
Complete pre- and post-operative video laryngoscopy data was
available for six RACPP animals. All post-operative vocal folds showed
residual effect of anesthesia making movement sporadic. Intact vocal
abductor motion was present in all of the RACPP animal vocal folds. A
representative example of the visualization of the mouse larynx is
provided in Figure 2. The endoscopic picture and video showed
excellent resolution and anatomical detail.

Post-Thyroidectomy Fluorescence-Guided Clean-Up Identifies
Residual Tumor Foci
Seven suspicious tissue areas were identiﬁed with ﬂuorescenceguided clean-up. These seven signals were seen in the surgical beds of
ﬁve of the seven RACPP animals (71.4% of animals, Table I). The lack
of any ﬂuorescent signal in control animals that did not receive RACPP
injection was conﬁrmed.
Two of the seven clean-up samples were histologically positive for
PTC—Mouse H with a 1.2 mm tumor focus (contrast ratio 9.71,
Fig. 3A and B) and Mouse I with a 3.3 mm focus (contrast ratio 1.52,
Table I). Tissue samples from two animals were non-tumor, consisting of
connective tissue, muscle, and adipose (Mouse F: contrast ratios 1.08,
1.29, and 1.32; and Mouse J: contrast ratio 1.20, Fig. 4A and C). One
piece of tissue was too small for histological examination (Mouse K).
Final positive margins were seen in ﬁve of the twenty-eight quadrant
samples from the seven RACPP animals (17.9% of the ﬁnal thyroid bed
quadrants). One of the four saline control animals (Mouse C) had
Journal of Surgical Oncology

retained tumor tissue on ﬁnal pathology (6.3% of the sixteen postsurgical thyroid bed quadrants; tumor focus 0.01 mm).
Fluorescent RACPP positively identiﬁed two foci of residual PTC
following white-light thyroidectomy, and decreased the number of
animals with retained tumor from 4 to 3. In the three animals with ﬁnal
positive margins, the residual tumor foci were all less than 0.76 mm in
greatest diameter (average 0.35  0.30 mm, N ¼ 5, Table I).

DISCUSSION
This is a proof-of-concept study demonstrating molecular targeting
of PTC that is independent of iodine avidity. The ﬂuorescently labeled
RACPP used in this study has the ability to enhance detection of PTC
beyond what is possible with white-light visualization alone. This
model allowed for detection of residual microscopic cancer foci as
small as 1.2 mm. The largest nest of residual cancer cells during the
margin evaluation phase was 0.76 mm. Therefore, the size threshold for
cancer detection for this current surgical model likely lies somewhere
between 0.8 and 1.2 mm.
Based upon the ﬂuorescence ratios reported in Table I, the
ﬂuorescence contrast ratio threshold used to detect true-positive
cancer foci appears to be above 1.30. This is consistent with
previously reported ratiometric threshold of 1.2 for the detection of
cervical lymph node metastatases [12].
The imaging parameters and devices used in this study were
optimized for real-time, in vivo imaging to simulate the surgical
setting for future clinical translation. Short exposure times increase
data noise and may reduce sensitivity. These imaging parameter
considerations may partially explain the larger size threshold for
tumor detection in the current study compared to our previous
work [12]. Additionally, tumor foci detected on ﬂuorescence-guided
clean-up may have artiﬁcially low contrast ratios because small foci
of cancer cells (high Cy5 signal, high contrast ratio) can be obscured
by overlying normal tissue (low Cy5 signal, low contrast ratio). This
may contribute to the false-negatives, and could also explain why the
in situ contrast (2.27  0.91) was higher than the contrast values of
the small tumor foci detected during ﬂuorescent clean-up. Future
studies will be aimed at improving the surgical ﬂuorescence-imaging
equipment and parameters in order to optimize visualization and
lower the size threshold of tumor detection.
Pathologic examination of human tumor specimens is typically done
by sampling of the specimen at 2–4 mm intervals [14], and residual
cancer in the surgical bed <1 mm may be missed. We do not know the
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TABLE I. Surgical Data and Outcomes

No RACPP (control animals)
Overall
Mouse A
Mouse B
Mouse C
Mouse D
RACPP (study animals)
Overall
Mouse E
Mouse F

Retained papillary thyroid
cancer on final pathology
(positive quadrants;
4 quadrants evaluated per
animal)

Surgical time,
minutes (N)

Fluorescent signal
following white-light
thyroidectomy

Tissue components
removed under
fluorescence-guided
clean-up

14(4)
11
19
13

n/a
–
–
–

n/a
–
–
–

13

–

–

1 of 16 (6.3%)
No
No
1 quadrant 0.01 mm tumor
focus
No

18 (7)
26
18

5 of 7 (71.4%)
No
Yes, right inferior pole
(contrast ratio 1.08) and two
left paratracheal (contrast
ratios 1.32 and 1.29)
No

2 of 7 (28.6%)
None
Connective tissue, muscle,
adipose

5 of 28 (17.9%)
No
1 quadrant 0.04 mm tumor
focus

None

Yes, left inferior quadrant
(contrast ratio 9.71)
Yes, left paratracheal (contrast
ratio 1.52)
Yes, right carotid region
(contrast ratio 1.20)
Yes, left inferior pole (contrast
ratio 1.18)

Tumor focus 1.2 mm
Tumor focus 3.3 mm

2 quadrants 0.04 mm and
0.32 mm tumor foci
2 quadrants 0.54 mm and
0.76 mm tumor foci
No

Connective tissue

No

Tissue too small to process and
review

No

Mouse G

13

Mouse H

20

Mouse I

10

Mouse J

22

Mouse K

17

Contrast ratios signify thyroid Cy5/Cy7/adjacent Cy5/Cy7 contrast.
All thyroid glands contained diffuse papillary thyroid carcinoma.

true rate at which microscopic positive margins occur in patients with
PTC; but fortunately, these lesions are probably ablated with postsurgical radioactive iodine in most cases. The largest piece of tumor
removed in the ﬂuorescence-guided clean-up phase can be classiﬁed as a
macrometastasis (3.33 mm). The tumor foci that were left following
surgery would be classiﬁed as micrometastases (largest 0.76 mm), or
isolated tumor cells [15], and would fall below the detection threshold of
current imaging modalities (ultrasound, PET/CT, MRI, scintigraphy).
Surgical time was not affected by the added use of intra-operative
ﬂuorescence guidance; and there was no compromise of postthyroidectomy vocal cord function, although the study was not
powered to show such differences. We developed a protocol for
endoscopic laryngoscopy under anesthesia that allowed for the grading
of vocal fold function following murine thyroidectomy. Endoscopic

visualization of mouse larynges has been described in a vocal fold
injury model [16], but to our knowledge, evaluation of murine vocal
fold function has not been previously reported.
Papillary thyroid carcinoma carries a wide range of prognoses,
ranging from excellent to poor, depending on metastasis, degree of
differentiation, patient age, and RAI-avidity. Survival in welldifferentiated PTC can be >95% at 5 years [17]. Conversely,
patients with RAI-refractory cancers have limited treatment options.
In cases of metastatic PTC, the 10 year survival rate is 92% in patients
who achieve remission with RAI treatment, but drops to 29% in those
who do not achieve remission, and is only 10% in patients with non-RAI
avid tumors [18]. Treatment for RAI-resistant thyroid tumors is mostly
limited to kinase inhibitors like sorafenib [19], or other targeted agents
and clinical trials [20–22].

Fig. 2. Endoscopic view of mouse larynx. (A) Endoscopic view of mouse larynx in the open position showing the excellent resolution and
anatomical detail that can be seen with murine endoscopic video laryngoscopy. (B) Close-up view of the same glottis as in A.
Journal of Surgical Oncology
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Fig. 3. True-positive ratiometric ﬂuorescent clean-up images with corresponding histology. (A) Ratiometric ﬂuorescence image of the thyroid
bed of transgenic BRAFV600E mouse (mouse I) following thyroidectomy with white-light visualization showing a small focus of ﬂuorescent signal
in the left inferior thyroid bed (yellow box, [Cy5/Cy7 specimen]/[Cy5/Cy7 background] ratio ¼ 1.52) of transgenic BRAFV600E mouse following
thyroidectomy with white-light visualization. No abnormal tissue was visible in this region using white-light visualization. This tissue was removed
during ﬂuorescence clean-up, and was a true-positive (i.e., papillary thyroid carcinoma identiﬁed). Cy5/Cy7 ratiometric scale bar shows low ratio
(blue) up to high ratio (red). (B) Histology slide of 3.33 mm focus of papillary thyroid cancer that was removed during ﬂuorescence-guided clean-up
phase shown in A. Hematoxylin and eosin stain. Scale bar ¼ 100 mm.
BRAFV600E-positive PTC has been identiﬁed as a marker for
aggressive subtype associated with advanced stage, tumor size and
invasion, nodal involvement, recurrence, and absence of RAI
avidity [9,23–29]. Mutations in BRAFV600E have been associated
with non-radioiodine-avid status in patients with metastatic PTC [9].
Mutational testing for BRAFV600E can be used in humans to identify
PTC patients at higher risk for more aggressive disease [30].
This study has several shortcomings that should be considered in the
context of this model and possible extrapolations to other scenarios. The
human correlate for positive margins in thyroid cancer is not as
straightforward as with other tumors where recurrence and survival are

strongly linked to positive surgical margins. Conversely, following
thyroidectomy for high-risk PTC, radioactive iodine is used to ablate
remaining thyroid tissue [6], decreasing the absolute necessity for
negative margins. This study was not powered to compare the rates of
persistent tumor cells, but previous ACPP work with another models
demonstrated a favorable difference [2]. The surgical procedure of
murine thyroidectomy is technically challenging, and it proved too
difﬁcult to conduct a long-term survival study, so we were unable to
assess the clinical impact of retained PTC tissue. Notably, the surgeon
was not blinded to the experimental condition which could introduce a
bias toward aggressiveness of surgery.

Fig. 4. False-positive and true-negative ratiometric ﬂuorescent clean-up images with corresponding histology. (A) Ratiometric ﬂuorescence
image of the thyroid bed of transgenic BRAFV600E mouse (mouse F) following thyroidectomy with white-light visualization showing three foci of
tissue with increased ﬂuorescent signal—two in the left thyroid bed (false-positives, white boxes ratio ¼ 1.32 and 1.29) and one in the right inferior
thyroid bed (true-negative, yellow box, ratio ¼ 1.08). No abnormal tissue was visible in either region with white-light visualization. All three
specimens were removed during ﬂuorescence clean-up (note that the ﬂuorescence ratio scale bar is lower compared to the true-positive Figure 3A in
order to highlight the differences between specimen and adjacent background). Cy5/Cy7 ratiometric scale bar shows low ratio (blue) up to high ratio
(red). There was no evidence of tumor in any of the three foci (see B). (B) Histology slide of false-positive (non-tumor) tissue seen in A.
Hematoxylin and eosin stain. Scale bar ¼ 100 mm. (C) On ﬁnal margin evaluation of the surgical bed following ﬂuorescence-guided cleanup, we
identiﬁed a 100 um focus of papillary thyroid cancer (red dotted line). This samples was taken from the right inferior surgical bed quadrant, adjacent
to the true-negative specimen (A, yellow box and  ). Hematoxylin and eosin stain. Scale bar ¼ 100 mm.
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CONCLUSIONS
RACPPs for ﬂuorescence-guided surgery are a promising tool with
potential to signiﬁcantly impact future oncologic surgical practices. The
molecular targeting of PTC demonstrated in this proof-of-concept study
is a promising modality that may have applicability, particularly in
cases of aggressive PTC that loses its RAI-avidity. Leveraging this
iodine-independent molecular targeting for delivery of imaging or
chemotherapeutic agents remains an exciting potential that warrants
further investigation.
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