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ABSTRACT: The development of fluorescent probes that target the tumor
stroma to help surgeons detect and remove malignant lesions using near-infrared
fluorescence (NIRF)-guided surgery is advancing rapidly. Such advancements
show promise for a range of malignancies, expanding the eligibility of patients for
surgical intervention and offering improved surgical outcomes. Fibroblast
activation protein (FAP), expressed by cancer-associated fibroblasts (CAFs), is
highly upregulated within the tumor stroma of nearly all solid tumors. It is a
promising tumor target for NIRF-guided surgery, especially in solid tumors with
dense tumor stroma, such as pancreatic cancer. In this study, we aimed to
develop FAP-targeting fluorescent probes with enhanced pharmacokinetics for
the NIRF-guided surgery of pancreatic cancer. Three novel FAP-targeted probes
(eFAPs) based on a (4-quinolinoyl)-glycyl-2-cyanopyrrolidine (QCP) structure
equipped with the NIRF dye IRDye800CW were designed and synthesized. All of the probes displayed excellent inhibition potency
and selectivity to FAP. The probes consistently exhibited strong inhibition and specific uptake in FAP-expressing U87 glioblastoma
cells. In in vivo optical imaging studies, eFAP-24 showed a tumor-to-background ratio (TBR) of 3.1 ± 0.6 at 24 h postinjection,
enabling the clear delineation of tumors using the clinical Quest Spectrum NIRF imaging system. A strong fluorescence signal in the
tumor and a negligible uptake in nontarget tissues were confirmed by biodistribution analyses. The successful development and
validation of FAP-targeting fluorescent probes, especially eFAP-24, offers promising prospects for enhancing the visualization of
FAP-rich stromal compartments improving surgical outcomes through NIRF-guided surgery, particularly in solid tumors with dense
stroma such as pancreatic cancer.

1. INTRODUCTION
Pancreatic cancer represents one of the most fatal malignancies,
often diagnosed at a late stage due to its asymptomatic onset.1

Surgical resection remains the only curative option, yet a
majority of patients present with unresectable disease. Despite
thorough preoperative imaging, such as CT scans, up to 80% of
tumors are deemed inoperable during exploratory surgery, with
occult metastases detected in up to 38% of cases. Achieving
negative tumor margins (R0 resection) is crucial for reducing
recurrence rates but remains a significant challenge.2 Emerging
technologies, including intraoperative near-infrared fluores-
cence (NIRF) imaging, offer the visualization of tumor-
associated tissues in real-time, facilitating precise delineation
of tumor margins and enhancing the likelihood of achieving
complete R0 resections. NIRF imaging employs contrast agents
that emit a fluorescence in the 700−900 nm range, which can be
visualized by dedicated cameras and presented on a monitor.
Targeted NIRF probes bind specifically to receptors expressed
on tumors, with minimal binding to healthy tissues, enhancing

precision during surgery. This technology holds promise in
improving the completeness of resections and ultimately patient
outcomes.3

The tumor microenvironment (TME) contains abundant
cancer-associated fibroblasts (CAFs), which play a critical role in
promoting tumor growth, progression, and metastasis.4,5 One
feature of CAFs is the expression of fibroblast activation protein
(FAP), a type-II transmembrane glycoprotein that promotes
tumor progression by supporting angiogenesis, remodeling the
extracellular matrix, and immunosuppression. While the FAP
expression is minimal in healthy tissues, it is significantly
upregulated in pathological conditions, particularly in the CAFs
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of more than 90% of malignant epithelial tumors with dense
stromal components,6 such as pancreatic cancer.7 In pancreatic
cancer, where desmoplasia hinders effective drug delivery to
tumor cells, targeting CAFs in addition to tumor cells offers a
promising alternative because CAFs are abundant and more
accessible within the stroma.8,9 The development of tumor-
targeting fluorescent probes to help surgeons detect and remove
malignant lesions with a dense stroma using near-infrared
fluorescence (NIRF)-guided surgery is advancing rapidly. Such
advancements show promise for a range of malignancies and
better visualization of metastases.
FAP inhibitors exhibiting a high binding affinity and

specificity to FAP have been extensively studied. FAPI-04 and
FAPI-46,10,11 two of the most successful small-molecule-based
inhibitors equipped with a metal chelator, have demonstrated a
high in vivo tumor uptake, fast clearance from the circulation,
and production of high-contrast PET/CT images in many types
of cancer, such as sarcomas, cholangiocarcinoma, and cancers of
the esophagus, breast, liver, lung, colon, head and neck, ovary,
prostate, and pancreas.12 [68Ga]Ga-FAPI-04 PET/CT demon-
strated a superior accuracy and sensitivity across primary lesions,
distant metastases, and metastatic lymph nodes than [18F]-FDG
PET/CT in staging pancreatic cancer.13 Dynamic imaging with
[68Ga]FAPI-04 and [68Ga]FAPI-46 showed potential in
distinguishing pancreatic cancer from pancreatitis, a challenging
differentiation using static imaging alone.14 These promising
results have led to the consideration of FAP as a compelling
molecular target for the NIRF-guided surgery of pancreatic
cancer.

We recently developed a new highly potent FAP ligand,
termed eFAP, which allows substitutions on the (4-quinoli-
noyl)-glycyl-2-cyanopyrrolidine (8-QCP) scaffold through the
etherification at the 8-position of the quinoline ring. eFAP
demonstrated a strong affinity to FAP at a low nanomolar range
and has the capacity to be conjugated with various payloads,
such as radionuclides, fluorophores, and cytotoxic drugs, for
various applications in oncology. For example, in a mouse
xenograft model, a DOTA chelator equipped eFAP-6 showed a
high and rapid tumor uptake with a low background uptake in
healthy organs.15 The high-contrast imaging and rapid
clearance, comparable to the clinical reference FAPI-46,
suggested that our eFAP ligand is an ideal candidate for
tumor-targeted imaging purposes. The encouraging results
prompted us to develop new FAP-targeted fluorescent probes
based on the eFAP scaffold for NIRF-guided surgery for
pancreatic cancer using IRDye800CW as the NIR dye
component. The efficacy of these new probes was subsequently
investigated through various in vitro and in vivo studies.

2. RESULTS
2.1. FAP-Targeted NIRF Probes and Negative Control

Design. eFAP-17, eFAP-24, and eFAP-27, three fluorescent
probes comprised the 8-QCP backbone targeting FAP. All three
probes were conjugated to the clinically validated NIRF dye,
IRDye800CW. IRDye800CW was directly coupled to the 8-
QCP scaffold for eFAP-17, while hydrophilic linkers based on 4-
amino-3-hydroxybutanoic acid (GABOB) were introduced
between the 8-QCP moiety and the dye to improve the
hydrophilicity of eFAP-24 and eFAP-27. To facilitate a more

Figure 1. Chemical structure of IRDye 800CW (green) equipped FAP binding unit (8-QCP) with or without GABOB (red) linker (eFAP-17, eFAP-
24, and eFAP-27) and the negative control eFAP-39. The difference between eFAP-17 and eFAP-39 is highlighted in orange.
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comprehensive evaluation of these eFAP probes in vivo, a
negative control eFAP-39 was designed and synthesized. The
structure of eFAP-39 closely resembles that of eFAP-17, except
for the absence of the cyanopyrrolidine moiety, ensuring a
similar metabolism and pharmacokinetics (see Figure 1).
2.2. Chemical Synthesis.The syntheses of (4-quinolinoyl)-

glycyl-2-cyanopyrrolidine (8-QCP)-based FAP probes are
presented in Schemes 1−3. Initially, 1-(tert-butyl)-2-methyl-
(S)-4,4-difluoropyrrolidine-1,2-dicarboxylate was demethylated
in a solution of NaOH in MeOH to achieve intermediate 2 in
86% yield. The amination of 2 was performed via activation into
a NHS ester using N-hydroxysuccinimide and DCC in DMF,
followed by treatment with an ammonia solution in MeOH,
resulting in amide 3 in 72% yield. The tert-butyloxycarbonyl
(Boc) protecting group on 3 was removed in a TFA/DCM
mixture, affording compound 4 in a 90% yield. The deprotected
4, containing a free secondary amine, was ready to be coupled
with N-(tert-butoxycarbonyl)glycine in the presence of HBTU
and DIPEA in DMF, affording intermediate 5. The latter was
then treated with trifluoroacetic anhydride and pyridine in THF
to obtain the corresponding nitrile 6 in 53% yield over two steps.
Etherification of 8-hydroxyquinoline-4-carboxylic acid (8) was
conducted in a two-step procedure using tert-butyl (2-
bromoethyl)carbamate in the presence of Cs2CO3, followed
by treatment with NaOH in MeOH, providing 9 in a 57% yield
over two steps. The removal of the Boc protecting group from 6
using TFA/DCM (1:1) prior to reacting it with quinoline 9
afforded the desired intermediate 8-QCP-Boc (10) in a yield of
72%.
To obtain the IRDye800CW-conjugated probe eFAP-17, the

Boc-protecting group was removed from 10 using acidic
conditions and the resulting amine 11 subsequently reacted
with IRDye800CW-NHS ester, to give 12 (eFAP-17). Next, the
core structure of 8-QCP was extended by the incorporation of

GABOB units. This was achieved by reacting 11 with 4-((tert-
butoxy carbonyl)amino)-3-hydrobutanoic acid. Repeated Boc
deprotection and GABOB coupling led to the preparation of
elongated compounds 13 and 15, containing one and two
GABOB units, respectively. Upon reacting with the IR-
Dye800CW-NHS ester, fluorescent probes 14 (eFAP-27) and
16 (eFAP-24) were successfully synthesized.
2.3. Stability and Lipophilicity. Stability and hydro-

philicity are important parameters when in vivo screening of
compounds. Improved hydrophilicity, reflected by a lower Log
D value, may contribute to enhanced solubility and reducing an
off-targeted tissue uptake, which may also support higher probe
stability in biological media.
The stability of eFAP-17, eFAP-24, and eFAP-27 was

analyzed through LC analysis (Table 1, Figure S17) after
incubation in Phosphate-Buffered Saline (PBS), mouse serum
(MS), and human serum (HS) (n = 3). Both eFAP-24 and
eFAP-27 showed a strong hydrophilic character with log D7.4
values of −2.10 ± 0.31 and −1.62 ± 0.09, respectively. eFAP-17
demonstrated a more lipophilic nature (Log D7.4 = −0.95 ±
0.02). The increased hydrophilic properties of eFAP-24 and
eFAP-27 could be attributed to the introduction of GABOB
linkers.
Additionally, all three eFAP probes exhibited outstanding

stability in PBS for at least 24 h, showing less than 3%
degradation. The highest stability was observed for eFAP-24,
retaining 98.6 ± 1.44%, 97.7 ± 0.76%, and 98.5 ± 1.33% of its
integrity in PBS, MS, and HS, respectively. eFAP-27 showed a
decreased stability compared to eFAP-24 but remained >90%
intact after 24 h. Although eFAP-17 was highly stable in PBS
(97.5 ± 0.49%, at 24 h), a decrease in integrity was observed
over time inMS andHS, resulting in 54.07± 5.52% and 82.22±
0.53% intact eFAP-17 at 24 h, respectively. The reduced stability
of eFAP-17 compared to the other two probes is likely due to the

Scheme 1. Chemical Synthesis of the Boc-Protected 8-QCP (10) Core Structurea

aReagent and conditions: (a) NaOH, MeOH, 30 min, rt, 86%; (b) (i) N-hydroxysuccinimide, DCC, rt, 1 h (ii) NH3 in MeOH, rt, 2 h, 72%; (c)
TFA, DCM, 90%; (d) N-(tert-butoxycarbonyl)glycine, HBTU, DIPEA, rt, 2 h; (e) TFAA, pyridine, THF, −15 °C to rt, 3 h, 53%, over two steps;
(f) TFA, DCM, quantitative; (g) (1) tert-butyl (2-bromoethyl)carbamate, Cs2CO3, DMF, rt, overnight; (2) NaOH, MeOH, rt, 30 min, 57%; (h)
HBTU, DIPEA, DMF, rt, 2 h, 72%.
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lack of a linker between the dye and 8-QCP moiety, resulting in
the direct coupling of the bulky IRDye800CW. This structural
configuration may interfere with molecular stability, leading to

greater degradation in the serum. Moreover, eFAP-39 showed
no significant degradation when it was incubated for 24 h in PBS,
MS, and HS.

Scheme 2. Chemical Synthesis of the NIRF Probes eFAP-17, eFAP-24, and eFAP-27a

aReagents and conditions: (a) TFA, TIPS, DCM, rt, 30 min; (b) 800CW-NHS, DIPEA, DMF, rt, dark conditions, 45 min, 85%; (c) (i) 4-((tert-
butoxycarbonyl)amino)-3-hydrobutanoic acid, HBTU, DIPEA, DMF, rt, 1 h; (ii) TFA, TIPS, DCM, rt, 30 min, 80% over two steps; (d) 800CW-
NHS, DIPEA, DMF, rt, dark conditions, 45 min, 79%; (e) (i) 4-((tert-butoxycarbonyl)amino)-3-hydrobutanoic acid, HBTU, DIPEA, DMF, rt, 1 h;
(ii) TFA, TIPS, DCM, rt, 30 min, 41%, over two steps; (f) 800CW-NHS, DIPEA, DMF, rt, dark conditions, 45 min, 72%.To synthesize the
negative control 19 (eFAP-39), quinoline 9 was reacted with methyl glycinate to yield 17 followed by the deprotection of the Boc and methyl
protecting groups. The resulting amine 18 was coupled to IRDye800CW-NHS ester to give 19 (eFAP-39).

Scheme 3. Chemical Synthesis of the Negative Control eFAP-39a

aReagents and conditions: (a) methyl glycinate, HBTU, DIPEA, DMF, rt, 30 min; (b) (i) TFA, TIPS, DCM, rt, 30 min; (ii) NaOH, MeOH, 30
min, 30% over three steps; (c) 800CW-NHS, DIPEA, DMF, rt, dark conditions, 45 min, 69%.
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2.4. Binding Affinity. The inhibitory potency against
human FAP (h.FAP) and murine FAP (m.FAP) proteins were
determined in a recombinant enzymatic assay that relies on the
cleavage of fluorescent AMC from a Z-Gly-Pro-AMC substrate.
All three FAP probes exhibited a remarkable binding affinity to
both h.FAP and m.FAP, with IC50 values in the low nanomolar
range (IC50, h.FAP < 6 nM, IC50, m.FAP< 5 nM, Figures 2A and
3B, Table 2), comparable to FAPI-46 (IC50, h.FAP = 3.87 ± 2.7
nM, IC50,m.FAP = 1.55± 1.2 nM). Notably, eFAP-24 displayed
the highest inhibitory activity against FAP (eFAP-24: IC50,
h.FAP = 3.04 ± 0.18 nM, IC50, m.FAP = 2.96 ± 0.15 nM).
Additionally, to evaluate the selectivity, enzymatic assays were
conducted with prolyl oligopeptidase (PREP) and dipeptidyl
peptidase IV (DPP4), proteins belonging to the same family as
FAP. Similar to the FAP enzymatic assays, IC50 values for PREP
and DPP4 were determined by incubating recombinant human
PREP with a Z-Gly-Pro-AMC substrate and recombinant
human DPP4 with H-Gly-Pro-AMC, respectively (Table 2,
Figures 2C and 3D). All three probes demonstrated a
micromolar affinity for PREP (IC50 = 0.32−2.00 μM),
corresponding to high PREP/FAP selectivity indexes (SI) >
100. The IC50 values of eFAPs against DPP4 were in the low

millimolar range, indicating a high selectivity in favor of FAP
targeting (Table 2). The enzymatic assay of eFAP-39 on both
h.FAP and m.FAP confirmed the extremely low binding of
eFAP-39 to FAP proteins.
2.5. Cell Uptake. In vitro uptake studies were conducted on

both FAP positive (U87) and FAP negative (U2OS) cell lines
(Figure 3). Binding of all three probes to U87 was observed and
exhibited concentration-dependent binding. Notably, binding of
eFAP-17 and eFAP-27 reached saturation with 10 nM, while
eFAP-24 still showed an increasing trend when treated with a
higher concentration (Figure 3B). Consequently, among the
probes, eFAP-24 demonstrated the highest accumulation (27.57
± 2.02% AD), whereas eFAP-17 and eFAP-27 showed 3.55 ±
0.42% and 6.54± 0.81%AD, respectively (Figure 3D). A limited
nonspecific binding of all probes was observed in FAP-negative
U2OS cells when incubated with a high concentration (20 nM)
of the probes (Figure 3A).Moreover, the negative control eFAP-
39 did not show binding to both the FAP-positive and FAP-
negative cell lines (Figure 3A−D).
2.6. In Vivo Binding Characteristics. With the highest

binding affinity, stability, and superior uptake in FAP-positive
cells, eFAP-24 was selected for further in vivo evaluation; eFAP-
17 and eFAP-27 demonstrated a similar uptake, however, to
assess the structural variations and the impact of hydrophilic
linker introduction, eFAP-17 was chosen as the second probe in
vivo, despite its slightly reduced stability. eFAP-39 served as a
negative control.
The fluorescence intensity in the tumor was markedly higher

than the background from 8 to 48 h post injection (p.i.) of eFAP-
24 (Figure 4A). However, no such contrast could be visualized
in mice administered with eFAP-17 and eFAP-39. The highest

Table 1. Lipophilicity (Log D7.4) and Stability Studies

stability (%, 24 h)

Log D7.4 PBS mouse serum human serum

eFAP-17 −0.95 ± 0.02 97.5 ± 0.49 54.1 ± 5.52 82.2 ± 0.53
eFAP-24 −2.10 ± 0.31 98.6 ± 1.44 97.7 ± 0.76 98.5 ± 1.33
eFAP-27 −1.62 ± 0.09 97.8 ± 0.01 92.6 ± 2.23 96.6 ± 1.99
eFAP-39 −1.80 ± 0.19 97.6 ± 0.40 96.9 ± 1.39 99.0 ± 0.65

Figure 2. IC50 curves of FAPI-46, eFAP-17, eFAP-24, eFAP-27, and eFAP-39 on proteins. (A) Recombinant h.FAP. (B) Recombinant murine FAP.
(C) Recombinant PREP. (D) Recombinant DPP4. All error bars represent standard deviations (SD).
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TBR (3.1± 0.6) was seen with eFAP-24 at 24 h p.i., allowing for
clear tumor delineation using the clinical Quest Spectrum
imaging system. A lower TBRwas observed for eFAP-17 and the
negative control eFAP-39 at 24 h p.i. (1.2 ± 0.1 and 0.9 ± 0.1,
respectively) (Figure 4B,C). This emphasizes both the
pharmacokinetic advantage and the improved binding affinity
of the more hydrophilic and stable eFAP-24.
Biodistribution analyses at 48 h p.i. showed a high

fluorescence signal in resected tumors of mice administered
eFAP-24, accompanied by minimal fluorescence in healthy
organs (Figure 5A,B). For eFAP-17 and eFAP-39, the
fluorescence signal in the tumors was lower and was similar to
the fluorescence signal in healthy organs. Although eFAP-24
showed a slightly increased fluorescence in excretory organs,
including the kidneys and liver, compared to healthy tissue,
higher tumor/kidneys (T/K) and tumor/liver (T/L) ratios
were observed for eFAP-24 (T/K: 3.3, T/L: 5.3) compared to
eFAP-17 (T/K: 1.8, T/L: 2.7) and eFAP-39 (T/K: 1.3, T/L:
1.8). An increased signal was also seen in the stomach for all

three probes; however, this is a consequence of the presence of
chlorophyll-containing alfalfa and its derivatives in mouse food,
which is known to fluoresce in the NIR region. Using a clinically
relevant stroma-rich organoid-based in vivo model of human
PDAC, these findings highlight the superior potential of eFAP-
24 as a tracer for FAP-targeted NIRF imaging of pancreatic
cancer.
Histological analysis showed that eFAP-24 NIRF signals

aligned with tumor stroma regions identified under the
microscope and with FAP staining (Figure 5C), confirming
probe specificity and complete tumor penetration.

3. DISCUSSION
NIRF-guided surgery holds great promise for improving radical
resection rates by offering surgeons real-time visualization of the
tumor tissue during operations. However, the ongoing difficult
search for targeting molecules with optimal pharmacokinetics
remains crucial, particularly in tumors with dense stroma such as
pancreatic cancer. In this study, we developed three novel FAP-

Figure 3. Cellular uptake studies on the FAP-positive cell line (U87) and FAP-negative cell line (U2OS). (A) Cells incubated with various
concentrations of eFAPs were imaged to determine the binding of the eFAPs on U87 and U2OS cells. (B) Dose−response curves of eFAP probes and
negative control binding to U87 cells. (C) Fluorescence signal of eFAPs (0.5−20 nM) binding to U87 and U2OS (displayed as (−) on the horizontal
axis) cells. (D) Fluorescence signal of eFAPs (0.5−20 nM) binding to U87 and U2OS (−) cells normalized to the added dose. All error bars represent
standard deviations (SD).

Table 2. IC50 Values Determined by an Enzymatic Assay and Selectivity Indexesa

inhibition selectivity selectivity indexes (SI)

IC50,h.FAP (nM) IC50,m.FAP(nM) IC50,PREP (nM) IC50,DPP4 (nM) PREP/FAP DPP4/FAP

FAPI-46 3.87 ± 2.7 1.55 ± 1.2 3480 ± 172.5 20,540 ± 2526 899.2 5307.5
eFAP-17 5.65 ± 0.19 5.0 ± 0.2 2000.7 ± 376.8 15,170 ± 4200 354 2685
eFAP-24 3.04 ± 0.18 2.96 ± 0.15 322.4 ± 43.8 13,587 ± 3970 106 4469
eFAP-27 4.01 ± 0.28 3.72 ± 0.11 667.3 ± 213.7 28,100 ± 2667 166 7007
eFAP-39 >1 mM >1 mM n.d. n.d.

an.d.: not determined.
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targeted fluorescent probes�eFAP-17, eFAP-24, and eFAP-
27�conjugated with IRDye800CW dye for NIRF imaging and
assessed their effectiveness for real-time FAP-mediated imaging
in pancreatic cancer. Of these, eFAP-24 demonstrated high
stability, a significant in vitro uptake, and the ability to clearly
distinguish tumor lesions from the surrounding tissue in a
clinically relevant PDAC xenograft model, achieving the highest
TBR in vivo. This study underscores the potential value of FAP-
targeted imaging in addressing the unmet need for tools that
improve tumor delineation during complex oncologic surgeries.
Targeting tumor cell surface receptors is a traditional

approach for NIRF imaging due to their high specificity for
cancer cells. However, the challenge arises from the hetero-
geneity of the receptor expression, which can vary between
tumors and even within different areas of the same tumor,
potentially resulting in incomplete visualization during
surgery.16 In contrast, targeting the tumor stroma offers several

advantages, especially in cancers with a dense fibrotic tissue, like
pancreatic cancer.17 FAP is abundantly expressed in CAFs in the
stromal compartment surrounding the tumor. Due to their high
genetic stability and homogeneity, CAFs enable more consistent
and widespread targeting across different tumors.9,18 This
approach ensures that even poorly vascularized, hypoxic, or
necrotic tumor regions that are difficult to access with cell-
targeting agents can still be targeted by NIRF probes. This
makes it particularly advantageous for NIRF-guided surgery,
especially in challenging surgical environments, such as
pancreatic cancer, where the precision of visualization is even
more critical as surgeons can no longer rely on tactile feedback
for tumor identification. However, because the FAP expression
reflects stromal remodeling rather than direct malignant cell
activity, it may not correlate with tumor grade, aggressiveness, or
viability. Combining tumor-cell-specific targets with FAP may
offer a more comprehensive and accurate tumor visualization.

Figure 4. In vivo fluorescence imaging. (A)MFI’s of eFAP-17, eFAP-24, and eFAP-39 of the tumor and corresponding background tissue. (B) TBR’s of
all three probes. (C) In vivo fluorescence images at 24 h. T; tumor, B; background. White arrows point at tumors. ns: not significant, ***p = 0.0001,
****p = < 0.0001.
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Our novel probes featuring the (4-quinolinoyl)-glycyl-2-
cyanopyrrolidine backbone as the FAP-binding moiety were
synthesized via a rapid and straightforward procedure. All
probes exhibited nanomolar inhibition of both h.FAP and
m.FAP (IC50 < 6 nM), suggesting a limited influence of the
modification at the 8-position of QCP on the binding affinity of
the eFAP analogs. The introduction of the GABOB linkers
enhanced the IC50 against FAP, confirming that an increased

distance between the dye and QCP is required to preserve the
binding affinity. The minor loss of affinity likely results from the
bulk structure of the NIRF dye hindering the binding moiety
from accessing the binding pocket on FAP. Additionally, similar
to FAP, the inclusion of GABOB resulted in better inhibitory
activity against PREP, which led to the less selectivity of the
probes to FAP. Nevertheless, with high PREP/FAP and DPP4/
FAP selectivity indexes (SI: PREP/FAP > 100, SI: DPP4/FAP >

Figure 5. Ex vivo analysis of eFAP-17, eFAP-24, and eFAP-39. (A)MFIs of resected organs. (B) Fluorescence images of resected organs taken with the
Pearl imaging system. (C) H&E, immunohistochemistry, and NIR fluorescence images of resected tumors. Scale bars represent 500 μm. Scale bars in
zoomed in fluorescence images represent 50 μm. 1: lungs, 2: heart, 3: pancreas, 4: spleen, 5: stomach, 6: duodenum, 7: cecum, 8: rectum, 9: skin, 10:
brain, 11: tumors, 12: skin, 13: liver, 14: kidneys.
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2000), the eFAP probes retained high specificity. The
hydrophilic character of GABOB also contributed to improved
hydrophilic properties of the fluorescent probes. Moreover, all
probes remained highly stable in PBS, MS, and HS for up to 4 h,
showing <5% degradation. Among the probes, eFAP-24, which
possesses two GABOB units, exhibited the highest inhibitory
activity against h.FAP and m.FAP (3.04 ± 0.18 and 2.96 ± 0.15
nM, respectively) and the highest hydrophilicity (Log D7.4 =
−2.10 ± 0.31). Notably, eFAP-24 exhibited the greatest
stability, maintaining over 97% integrity in PBS, MS, and HS
after 24 h.
eFAP-24 also stood out among the synthesized probes, with

its favorable in vivo performance. Its ability to clearly delineate
tumor lesions from the surrounding healthy tissue with a high
TBR of 3.1 in a clinically relevant tumor model is particularly
noteworthy. This is especially important for pancreatic cancer,
where distinguishing tumors from healthy pancreatic tissues is
critical to achieve complete resection while preserving as much
healthy tissue as possible. A TBR of 3.1 is promising and is in line
with results from previous in vivo studies.19−23 Moreover, by
incorporating IRDye800CW, a dye already proven safe in
clinical studies,24−26 we enhance the translational potential of
eFAP-24 for clinical use. The use of a targeting molecule with a
relatively lower weight will facilitate an easier, more cost-
effective, and straightforward synthesis, thereby further
enhancing the potential for clinical translation. The use of a
clinically relevant NIR camera system further strengthens the
case for its integration into surgical workflows, enabling real-
time imaging of FAP-expressing tumors and potentially
improving patient outcomes by guiding more accurate tumor
resection. Additionally, by focusing on FAP, a hallmark of
desmoplasia, the probe could not only allow for tumor-specific
imaging but also provide insights into the stromal contribution
to tumor biology. This dual functionality could have applications
beyond surgery, such as in monitoring therapy response or
imaging fibrotic/stenotic lesions in the colon in patients with
inflammatory bowel disease.
A limitation of this study is that FAP expression in tumor

tissues after neoadjuvant therapy was not comprehensively
evaluated. Although a previous study from our group
investigated the expression of FAP, among other markers, in
the PDAC tissue after neoadjuvant therapy, it was based on a
small cohort and utilized a different antibody.27 It is important to
note that FAP antibodies have demonstrated a considerable
variation in their effectiveness. Neoadjuvant therapy is
increasingly employed to enhance survival and R0 resection
rates in pancreatic cancer but can significantly reduce target
expressions.28,29 If the FAP expression is diminished post-
therapy, the utility of eFAP probes for intraoperative imaging
might be compromised, as tumors may not be sufficiently
visualized during surgery. However, therapies usually target
rapidly dividing cells, which is not the case for fibroblasts.
Additionally, fibroblasts are known to be more resistant to
conventional therapies.4 Moreover, inflammation and fibrosis/
necrosis caused by radio- and chemotherapy can lead to an
increased FAP expression in the surrounding tissue, leading to
elevated background signals. This heightened background signal
complicates the ability to distinguish tumor boundaries from the
background tissue during surgery. Unfortunately, the current
literature on the FAP expression post-NAT is limited, and the
data is conflicting. These underscore the importance of future
studies to investigate how the FAP expression changes in
response to neoadjuvant therapy.

Additionally, while eFAP-24 showed favorable in vitro and in
vivo binding characteristics, the highest TBR was observed after
24 h despite an increase in mean fluorescence intensity (MFI)
over time. This is attributed to the presence of the GABOB
linker, which prolongs the tumor retention of the probe. Ideally,
we would like to inject a probe just before surgery to avoid
requiring the patient to visit the hospital multiple times.
However, in this case, it may still be worthwhile to have the
patient come in a day earlier, as long as the probe provides a
significant benefit for the patient during surgery. A comple-
mentary biodistribution study at early time points is necessary to
gain insight into the pharmacokinetics of eFAP-24 and better
understand the influence of the linker.
Our findings establish eFAP-24 as a groundbreaking

candidate for NIRF-guided surgery in pancreatic cancer,
demonstrating enhanced tumor specificity, optimized pharma-
cokinetics, and real-time imaging capabilities that surpass
existing probes. This study not only addresses a critical need
in pancreatic cancer surgery but also sets a new standard for
targeting stromal biomarkers, potentially transforming imaging
strategies for various FAP-expressing tumors. The ability of
eFAP-24 to enhance the intraoperative visualization of tumor
margins is particularly relevant in reducing the incidence of
positive resection margins, a key determinant of patient
prognosis. Future research will aim to refine eFAP-24 for
clinical applications, further building its significant potential for
improving surgical outcomes and patient management in
oncology.

4. MATERIALS AND METHODS
4.1. General Methods. Detailed information on general

methods of chemistry and biology is provided in the Supporting
Information.
4.2. Synthesis of 8-QCP-Boc Core Intermediate. 8-

QCP-Boc was synthesized through a multistep organic synthesis
procedure (Scheme 1). Detailed information on synthesis
methods, HPLC, MS, and NMR characterizations of inter-
mediates (2−11, 13, 15, and 17−18) is provided in the
Supporting Information (Supporting Information, Figures S1−
S16).
4.3. Synthesis of IRDye800CW Equipped Probes:

eFAP-17, eFAP-24, and eFAP-27 (Scheme 2). Probes
were synthesized by coupling the corresponding amines (11,
13, or 15) with IRDye800CW-NHS and DIPEA in DMF at
room temperature for 45 min in the dark. For eFAP-17, amine
11 (1.6 mg, 3.90 mmol) was reacted with IRDye800CW-NHS
(5.0 mg, 4.29 mmol) and DIPEA (4.3 μL, 21.45 mmol). After
concentration and purification by a Sep-Pak C18 cartridge,
eFAP-17 was obtained (4.7 mg, 85% yield, 97% purity; ESI-MS
m/z 1403.00 [M + H]+). Similarly, eFAP-27 was synthesized
from compound 13 (2.0mg, 79% yield, 98% purity; ESI-MSm/z
1504.40 [M + H]+), and eFAP-24 from compound 15 (2.4 mg,
72% yield, 96% purity; ESI-MS m/z 1605.40 [M + H]+).
Detailed NMR spectra and analytical data are provided in the
Supporting Information.
4.4. Synthesis of the Negative Control: (eFAP-39,

Scheme 3): Similar to other probes, eFAP-39 was obtained
from 18 (1.2 mg, 3.90 mmol) as a dark green powder (3.4 mg,
69% yield, 95% purity; ESI-MS m/z 1289.30 [M + H]+; HPLC
Rt = 3.638 min). Detailed NMR spectra and analytical data are
provided in the Supporting Information.
4.5. Stability in Phosphate-Buffered Saline (PBS),

Mouse Serum, and Human Serum. Stability studies of
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800CW-eFAPs and eFAP-39 were performed by incubation of
the compound (50 μL, 1 × 10−4 M) in PBS (450 μL) at 37 °C
for up to 24 h. Aliquots from the PBS solution were directly
analyzed by LC−MS at 1, 4, and 24 h postincubation. Similarly,
50 μL of each compound (10−4 M) was incubated at 37 °C with
450 μL of mouse or human serum for up to 24 h. At 1, 4, and 24
h, 50 μL of the serum incubation mixture was combined with
acetonitrile (50 μL) in an Eppendorf tube, followed by
centrifugation (5000g) for 20 min. The resulting supernatant
was then analyzed by LC−MS.
4.6. Determination of Log D7.4 Values. The distribution

coefficients (Log D7.4) were measured by using the shake-flask
method. Briefly, 30 μL of each 800CW-eFAPs solution (10−3

M) was mixed with 1 mL of PBS (0.01M, pH 7.4) and n-octanol
(v/v, 1:1) in an Eppendorf tube. Following vigorous vortexing,
the mixture was centrifuged for 15 min at 2500g to separate the
phase. Aliquots (3 × 50 μL) from both the aqueous and octanol
phases were collected and analyzed via LC−MS. Log D7.4 was
calculated as Log D7.4 = log[(area in octanol phase)/(area in
aqueous phase)] and the experiment was performed in triplicate.
4.7. In Vitro Inhibition Studies. Enzymatic assays were

performed on black 384-well plates, measuring fluorescence
(Ex/Em: 355/485 nm) on a microplate reader. For h.FAP and
m.FAP, the reaction mixture comprised Z-Gly-Pro-AMC (10
μM), protein (10 ng), assay buffer (50 mMTris, 100 mMNaCl,
1.5 μM BSA, pH 7.4), and serially diluted probes (10−5−10−11

M, 1%DMSO) in 50 μL. Val-boroPro (10−4M) and assay buffer
(1% DMSO, v/v) served as positive and negative controls.
Samples were incubated in the dark for 1 h at 37 °C. The PREP
assay contained Z-Gly-Pro-AMC (1 μM), PREP (10 ng), and
the same assay buffer as FAP, with probes diluted 10−4−10−10

M. The DPP4 assay used H-Gly-Pro-AMC (100 μM) and DPP4
(0.5 nM) in an assay buffer of 50 mMTris, 100 mMNaCl, pH 8,
with probes diluted 10−4−10−10 M. Plates were incubated at 37
°C for 15 min (PREP) or 30 min (DPP4). Val-boroPro and
sitagliptin were used as positive controls. All assays were
conducted in triplicate and repeated thrice.
4.8. Cell Lines and Culture for In Vitro Uptake

Experiments. U87 cells and U2OS cells were used for the
cell-based fluorescent uptake experiment as FAP-positive and
FAP-negative cells, respectively. Cells were cultured in
Dulbecco’s Modified Eagle Medium (Gibco, Paisley, UK)
supplemented with 2 mM L-glutamine, 10% fetal bovine serum
(FBS), 50 U/mL penicillin, and 50 μg/mL streptomycin
(Sigma-Aldrich, Amsterdam, The Netherlands). Cell lines
were passaged twice weekly in tissue culture flasks using
trypsin/ethylenediaminetetraacetic acid (trypsin/EDTA)
(0.05%/0.02% w/v) and cultured at 37 °C in a humidified
chamber with 5% CO2.
Cell line selection rationale: for the in vitro evaluation of probe

specificity and uptake, U87 glioblastoma cells were used. These
cells are widely used as a model for FAP-targeted tracer
development due to their robust and homogeneous expression
of human FAP, enabling the reproducible quantification of FAP-
specific binding and uptake. To address relevance to pancreatic
cancer, in vivo imaging was performed using a clinically relevant
PDAC coculture xenograft model (see Section 4.10.1).
4.9. Cell Uptake Experiments. For in vitro uptake studies,

compounds were prepared in a 5% DMSO solution to prevent
stickiness. U87 cells were detached with 0.05% trypsin
(Corning; Amsterdam, The Netherlands) and resuspended (1
× 106 cells/tube) in binding buffer (PBS, 0.5% FBS, 2 mM
EDTA), followed by incubation with compounds at 0−20 nM

for 1 h at 37 °C in 5% CO2. FAP-negative U2OS cells were
treated similarly with 20 nM compound as a negative control. To
assess nonspecific dye binding, cells were incubated with
IRDye800CW (0−20 nM) alone. After incubation, cells were
washed three times with ice-cold PBS (1 mL, 5% DMSO),
resuspended in binding buffer, and plated (2× 105 cells/well) in
96-well plates. NIR-fluorescence imaging was performed on an
Odyssey scanner (800 nm channel), and images were collected
with Empiria Studio, correcting the fluorescence intensity for the
background signal.30

4.10. In Vivo Imaging. 4.10.1. Patient-Derived Organoids
for In Vivo Use. Organoid cultures were established from the
human pancreatic cancer tissue obtained during surgical
resection in accordance with the Code of Conduct for
Responsible Use of Human Tissues after written informed
consent was obtained from the patients. Organoid cultures were
established and cultured as previously described.31 This study
was approved by the medical ethics Committee of the Leiden
University Medical Center (RP24.004). hPS1 cells were a kind
gift of Dr. Regan Koch (Queen Mary Hospital, London, UK).

4.10.2. In Vivo Fluorescence Imaging. Six- to 12 week-old
female NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice were bred
in-house and kept at the Central Animal Facility at LUMC and
housed per EU Recommendation of 2007−526 EC under
specific pathogen-free conditions. Mice were subcutaneously
injected with a combination of 250,000 organoid cells (1 well),
mixed with 2 × 106 hPS1 cells (1:8 ratio, reflecting CAF/tumor
cell ratios in human PDAC) in a Matrigel into the left flank.
Tumor growth was monitored with a digital caliper.
Mice bearing subcutaneous tumors of 50 mm3 were

administered with 2 nmol of either eFAP-17, eFAP-24, or
eFAP-39 in 100 μL of PBS containing Kolliphor (60 μg/mL)
and 2% DMSO via tail vein injection (n = 5 per group). Prior to
imaging, the tumor and directly adjacent skin were shaved.
Fluorescence imaging was performed using the clinical Quest
Spectrum imaging system (Quest Medical Imaging; Wieringer-
werf, The Netherlands) at 1, 2, 4, 8, and 24 h postinjection (p.i.),
with animals maintained under 2−4% isoflurane anesthesia.
After the final time point, animals were sacrificed, and the
tumors along with major organs were resected for ex vivo
imaging on the Pearl Trilogy Small Animal imaging system (LI-
COR Biosciences; Lincoln, Nebraska USA) to evaluate the
biodistribution based on fluorescence signals. Regions of
interest (ROIs) were drawn around the tumor and the adjacent
background, and tumor-to-background ratios (TBRs) were
calculated by tumor mean fluorescence intensity (MFI)/
background mean signal. For biodistribution analyses, MFIs
were determined by drawing ROIs around the organs. Data from
Quest images were processed with Spectrum Capture Suite
(Quest Medical Imaging) and ImageJ (version 1.50, National
Institutes of Health, Bethesda, MD, USA), while Pearl images
were quantified using Image Studio (version 5.2, LI-COR).

4.10.3. Histological Analysis. Resected tumors were fixed in
4% paraformaldehyde for 24 h, replaced by ethanol, and
subsequently embedded in paraffin. Formalin-fixed paraffin-
embedded (FFPE) tissue blocks were sectioned at 4 μm
thickness. For FAP immunohistochemistry, slides were first
dehydrated in xylene and rehydrated through graded alcohol
series. This was followed by incubation with 0.3% hydrogen
peroxide for 20 min to block endogenous peroxidase activity.
Heat-induced antigen retrieval was carried out in Tris/EDTA
buffer (pH 9.0, Dako, Glostrup, Denmark) at 95 °C using a PT-
Link module (Agilent; Santa Clara, CA, USA). Afterward, slides
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were placed overnight in a humidified chamber at rt with a rabbit
antihuman FAP monoclonal antibody (1/300, Abcam
AB207178). Following three PBS washes, sections were
incubated with a horseradish peroxidase (HRP)-labeled
antirabbit secondary antibody (Envision, Dako) at rt for 30
min. Following PBS washes, the immunoreaction was developed
with DAB substrate buffer (Dako) for 10 min and subsequently
counterstained with Mayer’s hematoxylin for 15 s. Slides were
then dehydrated at 37 °C and mounted with Pertex (Leica
Microsystems; Wetzlar, Germany). For histological reference,
hematoxylin and eosin (H&E) staining was also performed on
each FFPE block. All stained slides were digitalized with a
Panoramic Digital Slide Scanner and viewed with CaseViewer
2.6 (3D Histech; Hungary). For fluorescence imaging, sections
were deparaffinized in xylene, left to evaporate for 1−2 h, and
cover slipped with a EverBrite Hardset Mounting Medium with
DAPI (Biotium; Fremont, CA, USA) followed by fluorescence
imaging using the ZEISS Axio Scan.Z1 (Carl Zeiss) and the
acquired data were processed using Zen Lite (version 3.9, Carl
Zeiss).
4.11. Statistics.Data were expressed as themean± standard

deviation (SD). Statistical analyses were carried out using
GraphPad Prism version 9.0 (San Diego, California USA). IC50
values were calculated by nonlinear regression Log(inhibitor) vs
response analysis with a variable slope (four-parameters). All in
vitro experiments were performed in triplicate and repeated
three times. For in vivo experiments, n = 5 mice per group/time
point were imaged, as at least three are needed to calculate the
standard deviation, with two extra included to account for a
potential dropout or the lack of tumor growth. MFI’s were
calculated from all five mice per time point, with each
measurement taken from distinct mice (no repeated measure-
ments). A two-way ANOVA (two-sided) was used to assess
differences in the MFI across time points. Sidak’s multiple
comparison tests for the adjustment of multiple comparison was
applied. Camera settings (exposure time of 100 ms) were kept
constant for all measurements to ensure consistency. Figures
were created with BioRender.com (full license).
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