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Abstract

Early and comprehensive endoscopic detection of colonic dysplasia — the most clinically
significant precursor lesion to colorectal adenocarcinoma — provides an opportunity for timely,
minimally-invasive intervention to prevent malignant transformation. Here, the development and
evaluation of biodegradable near-infrared fluorescent silica nanoparticles (FSN) is described that
have the potential to improve adenoma detection during fluorescence-assisted white-light
colonoscopic surveillance in rodent and human-scale models of colorectal carcinogenesis. FSNs
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are biodegradable (ty/» of 2.7 weeks), well-tolerated, and enable detection and delineation of
adenomas as small as 0.5 mm? with high tumor-to-background ratios. Furthermore, in the human-
scale, APCI311/# porcine model, the clinical feasibility and benefit of using FSN-guided detection
of colorectal adenomas using video-rate fluorescence-assisted white-light endoscopy is
demonstrated. Since nanoparticles of similar size (e.g., 100-150-nm) or composition (/.e., silica,
silica/gold hybrid) have already been successfully translated to the clinic, and, clinical fluorescent/
white light endoscopy systems are becoming more readily available, there is a viable path towards
clinical translation of the proposed strategy for early colorectal cancer detection and prevention in
high-risk patients.

Graphical Abstract

Conventional
endoscopy

F SN-guided endoscopy

Fluorescence
Fiberscope

White-light endoscope

Table of Content figure.
Conventional white light colonoscopy has a relatively high adenoma miss rate particularly in high-
risk patients. Biodegradable fluorescent silica nanoparticles (FSNs) have the potential to improve
the detection of colorectal adenomas during endoscopic surveillance. Since FSNs are fully
biodegradable and well-tolerated, there is a viable path towards clinical translation of FSN-guided
colonoscopy for improved adenoma detection endoscopy in high-risk patients.
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1. Introduction

Conventional white-light (WL) endoscopy plays a key role in the detection and removal of
lesions of the digestive tract. In fact, early endoscopic detection and removal of
(asymptomatic) colorectal dysplasia — the main precursor lesions of gastrointestinal (GI)
cancersl!] — significantly reduces cancer risk and its associated death by 83% and 89%,
respectively.[2] However, a substantial miss rate has been reported for WL detection of
(pre)malignant lesions particularly in high risk patients (e.g., inflammatory bowel disease,
Lynch syndrome, etc.), which compromises early detection and intervention.[3] This
significantly increases the risk of (interval) cancer and its associated mortality.[4] Important
reasons for the miss rate are their subtle appearance that may appear nonpolypoid (flat or
depressed), or lesions are located behind folds, or are not endoscopically identifiable
altogether. Moreover, the subtle appearance complicates determination of the true lateral
extent, thus impedes the ability to achieve complete endoscopic mucosal resection of these
lesions resulting in recurrence rates of 15-26%.[] Targeted biopsy using topically-applied
dyes to delineate mucosal abnormalities (7.e. chromoendoscopy) has been shown to improve
the adenoma detection rate by 30%.[6] However, chromoendoscopy is not embraced by
endoscopists due to the perceived hassle, cost, and time associated with intraluminal dye
administration,[”] and digital (image-enhanced) chromoendoscopy (e.g., narrow-band
imaging (NBI), Fuji Intelligent ChromoEndoscopy (FICE)) have only shown marginally
improved adenoma detection rates.[8]

To mitigate the high miss-rate and low diagnostic accuracy of conventional white-light
endoscopy, and, negate the perceived drawbacks of chromoendoscopy, we aimed to improve
early detection of (incipient) colorectal cancer during endoscopic surveillance using
nanoparticle-based optical contrast agents. The rationale was based on our observation that
systemically administrated 100-nm Raman nanoparticles passively accumulated in a wide
variety of tumors!¥ including colorectal adenomas.[1%] However, gold-based Raman
nanoparticles are non-biodegradable and display long-term sequestration by the liver and
spleen (>5 months) after intravenous administration. This may limit periodic, intravenous
clinical application of these non-biodegradable Raman nanoparticles for routine screening in
high-risk patients although topical administration within the bowel of targeted Raman
nanoparticles may eventually be possible.

To benefit from the inherit tumoritropic properties of nanoparticles and address the issue of
long-term sequestration, we developed biocompatible and biodegradable ‘nanosimilar’ near-
infrared fluorescent silica nanoparticles. Evaluation in animal models of colorectal
carcinogenesis demonstrated that fluorescent silica nanoparticles are biodegradable, well-
tolerated, and, enable real-time detection of colorectal adenomas using near-infrared
fluorescence-assisted white-light endoscopy (NIRF; here defined as excitation, emission
>650nm) in transgenic rodent- and human-scale, porcine models of colorectal
carcinogenesis. Furthermore, the fluorescent silica nanoparticles were designed to have
optical properties that are fully compatible with existing clinical NIRF/WL endoscopy
systems to facilitate clinical translation.
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Results

2.1 Synthesis and characterization of fluorescent silica nanoparticles

2.2

Biodegradable fluorescent silica nanoparticles were synthesized using a modified Stober
reaction in the presence of a (3-mercaptopropyl)trimethoxysilane-appended near-infrared
dye (CF680R-MPTMS) to ensure covalent incorporation of the dye into the silica
nanoparticle matrix (Figure S1). A CF680R-MPTMS concentration of 0.75 um proved to be
optimal and reproducibly yielded near-infrared fluorescent silica nanoparticles with the
highest fluorescence intensity on a per particle basis (Figure S2 and S3). The surface of
these nanoparticles was modified using MPTMS to introduce thiol-functionality, which, in
turn, was used for passivation of the nanoparticle surface with hydroxy-terminated
polyethylene glycol (PEG-OH; 3.4 kDa) via straightforward maleimide chemistry. The zeta
potential of the bare fluorescent silica nanoparticles and PEGylated fluorescent silica
nanoparticles — from here on termed FSNs — was measured to be —41.846.3 mV and -20.2
+7.0 mV, respectively. As shown in Figure 1, the silica core of the FSNs had a size of 100
nm as determined by transmission electron microscopy (TEM). Following PEGylation with
hydroxy-terminated PEG (3.4 kDa), the hydrodynamic diameter of the FSNs increased by
17 nm. The Flory radius of ~8.5 nm indicate that the PEG chains had assumed a brush-
confirmation,[12] which has been shown to be significantly more resistant to plasma protein
adsorption.[*2] In fact, when incubated for 1 h in human serum, less protein had adsorbed to
the FSNs (PEG-OH grafted) versus bare fluorescent silica nanoparticle cores (Figure S4).
The FSNs had an excitation maximum that was red-shifted 10 nm relative to the silane-
appended CF680R dye and were shown to have a limit of detection of 10 femtomolar (10 x
10715 wm), which was an order-of-magnitude higher than our previously described Raman
nanoparticles that have a non-biodegradable gold nanocore.[®] To validate the biodegradation
of FSNs /n vitro, FSNs were incubated in 50% (w/v) human serum at 37 °C (Figure 1). As
shown by TEM, within 10 days the FSNs etched from the inside and started to collapse
signifying the biodegradation of FSNs under physiological conditions (Figure 1e).

In vivo biodegradability of non-PEGylated FSNs and FSNs

To determine the /in vivo biodegradation kinetics of FSNs, we intravenously (i.v.) injected
nude mice either with non-PEGylated FSNs, an equimolar amount of FSNs, or 5% (w/v) D-
glucose in water (D5W) as a vehicle control (n=5 per group). The administrated FSN dose of
30 fmol g~1 was equivalent to the dose of Raman nanoparticles that was used in our previous
study.[20] We performed the biodegradation study in nude mice to allow longitudinal
monitoring of hepatic near-infrared fluorescence in the same animals over a 6-month time
period post systemic FSN administration. As shown in Figure 2, 1-d post injection (‘0’ time
point) of an equimolar dose of fluorescent nanoparticles, the biodistribution of the non-
PEGylated FSNs versus FSNs was distinct. While the non-PEGylated demonstrated mostly
hepatic uptake, FSNs distributed to the liver and spleen. Based on the loss of significance
between the hepatic fluorescence intensity of the injected animals compared to the
background fluorescence in naive animals (Figure 2b), it was concluded that the FSNs and
non-PEGylated FSNs fully degrade and clear within 3-months (t1/, 2.7 weeks) and 4-months
(t1/2 3.0 weeks) post injection, respectively. TEM demonstrated a biodegradation pattern of
the FSNs /n situ that was similar to that observed /i vitro with the FSNs etching from the
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inside, collapsing, and dissolving (Figure S5). To ensure that the decrease in fluorescence
signals was due to FSN biodegradation and clearance, and not due to photobleaching
resulting from the repeated imaging, we included a standard that contained a dilution series
of the exact same batch of fluorescent silica nanoparticles as the one that was injected. The
coefficient of variance (CV) of the near-infrared fluorescent signal was <5% over the 6
months period (~200 exposures) indicating the fluorescent silica nanoparticles should be
photostable and the decrease in hepatic fluorescence signal should not be due to
photobleaching (Figure S6).

Throughout the biodegradation study, the animals were closely monitored, and no overt
signs of pain or distress were observed. Following the biodegradation study, all animals were
humanely euthanized, and major organs (7.e., liver, spleen, kidney) were harvested and
submitted for histopathological assessment. No abnormalities were found in the inspected
organs after long-term exposure to the FSNs indicating that the non-PEGylated FSNs as well
as the PEGylated FSNs were well-tolerated at the current dose (Figure S7).

2.3 Detection of adenomas in the intestinal tracts of ApcMi"* mice

We used the ApcMi’* mouse model of familial intestinal carcinogenesis to determine the
ability of FSNs to enable detection and visualization of intestinal adenomas. The ApcMin*
mice (n=>5) received 75 pL of 10 nm FSNs in D5W to achieve a dose of 30 fmol g~1 via i.v.
injection. Since the Apc™™* mice most commonly develop adenomas in the small intestine,
[13] the intestinal tracts of the injected animals were harvested and imaged 1-day post
injection. As shown in Figure 3, FSNs enabled instant, wide-field near-infrared fluorescence
(NIRF) imaging of freshly resected ileal tissues. The tumor-to-background ratio (TBR) of
selected polyps was >3 and polyps as small as 0.5 mm? (lesion 3) were detected.
Histopathological assessment of the tissues by a veterinary pathologist identified the FSN-
positive lesions as adenomatous polyps. Since hematoxylin and eosin do not fluoresce >700
nm, we performed NIRF imaging of the H&E-stained tissue sections and verified the
presence of the FSNs in the adenomatous polyps after intravenous administration in
ApcMi* mice (Figure 3c).

To probe the intratumoral fate of the intravenously injected FSNs, we performed high
magnification NIRF confocal microscopic imaging on the H&E stained tissue section of the
adenoma. It was shown that upon extravasation, the FSNs specifically localize to and reside
within the stromal compartment of the adenoma and do not readily interact with the
epithelial cells lining the adenoma. Furthermore, within the tumor stroma the FSNs were
found to be mostly associated with neutrophils and tumor-associated macrophages (Figure
3e and S8).

2.4 FSN-augmented endoscopic detection of dysplastic colorectal lesions in ApcPirc/+

rats

To assess the ability of FSNs to highlight colorectal adenomas in a preclinical endoscopic
scenario, we used the Apc”"* rat animal model. In contrast to the ApcVi™* mouse model,
Apc”re* rats do predominantly develop adenomas and localized adenocarcinomas in the
colon.[4] Furthermore, the larger body size of the rats enabled the accommodation of the
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endoscope to perform endoscopic colonic surveillance. The endoscopy system constituted a
clinical white-light endoscope that is equipped through its working-channel with an FDA-
cleared Spyglass fiberoptic probe (Figure S9).

Combined NIRF/WL endoscopy was performed in Apc”e’* rats (n=5) that had received i.v.
doses of FSNs (30 fmol g~1) 18 h prior to endoscopy. As shown in Figure 4a and Movie S1,
FSNs highlighted adenomas during NIRF/WL endoscopic surveillance of the colon in these
animals. Of note, the signal produced by the FSNs was sufficiently high to enable real-time
endoscopic surveillance at a frame-rate of at least 5.0 frames per second (fps). To validate
the NIRF/WL endoscopy findings, the colons were collected, dissected, and imaged on a
wide-field NIRF imaging system immediately after endoscopic surveillance. The wide-field
NIRF imaging supported the NIRF/WL endoscopy findings and demonstrated that the FSNs
predominantly accumulated in colorectal adenomas (Figure 4, Figure S10, Table S1). Of
note, upon closer inspection of the H&E stained tissue section of the smaller adenoma (*1°),
it was shown to have a mixed morphology of a hyperplastic polyp and adenoma with an
isolated dysplastic focus. NIRF microscopy of this mixed hyperplastic adenomatous polyp
demonstrated that the presence of FSNs was only associated with the stromal compartment
of the dysplastic focus and not with that of the surrounding hyperplastic and normal
colorectal tissues (Figure 4c).

As shown in Figure S10 and Table S1, guided pathological assessment of the NIRF-positive
lesions (n=27) demonstrated that 21 of these lesions were true positives (/.e., adenomas) and
6 were falsely positive (/.e., Peyer’s patches (n=5) or of unknown status (n=1)). Furthermore,
2 NIRF-negative sections (Figure S10a—d; sections 3) that were subjected to histological
assessment were both true negatives (/.e., no adenomas were present). Although no
abnormalities (/.e., polyps) were noted under gross visual inspection of all the resected
colorectal tissues other than the adenomas that were highlighted by the FSNs, we cannot
exclude the presence of any (microscopic) false negatives. A positive predictive value of
78% was calculated based on this relatively small number of specimens.

2.5 FSN-augmented endoscopic detection of dysplastic colorectal lesions in the human-
scale APCI31Y+ porcine model of colorectal carcinogenesis

FSNs are not yet approved in humans for colorectal dysplasia detection. Therefore, to assess
clinical feasibility of our approach, we performed a large animal study in a human-scale
model of colorectal carcinogenesis — the APCI522* porcine model.l15] APCI3LU* pigs carry
a gene mutation orthologous to a common germline mutation found in human FAP patients
(i.e. APCI309) and develop high-grade dysplastic colorectal adenomas in a similar manner as
human patients with familial adenomatous polyposis (FAP) or sporadic colorectal cancer.
[15-16] Based on allometric scaling of the rodent dose (30 fmol g~1), a dose of ~5 fmol g1
was selected for administration to the APCI3/# pigs.[17] Accordingly, two APCI3L/# pigs
weighing 79 and 94 kgs received an intravenous injection of 15 mL 25 nm FSNs in D5W to
achieve a dose of 4.7 and 4.0 fmol g~1, respectively. The next day, the colons of the
anesthetized animals were surveilled using combined NIRF/WL endoscopy (Figure 5, S9
and Movie S2). At the selected dose, the FSNs highlighted the adenomas and enabled real-
time, combined NIRF/WL surveillance at a frame-rate of at least 5.0 fps. Following
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endoscopy, one animal (with weight 94 kg) was sacrificed and its colons was harvested, and
formalin fixed. The fixed tissue was subjected to wide-field NIRF imaging (Figure 5). The
adenomatous polyps were highlighted by the FSNs during wide-field NIRF imaging and
demonstrated TBRs of >1.3. Histopathological assessment of the FSN-positive lesions by a
trained and certified veterinarian pathologist proved the lesions were adenomatous polyps.

3. Discussion

We developed biodegradable fluorescent silica nanoparticles (FSN) that are well-tolerated
and highlight colorectal adenomas — the most clinically significant precursor lesions to
colorectal adenocarcinomall] - during video-rate, near-infrared fluorescence-assisted white-
light colonoscopic surveillance in small- and human-scale animal models of colorectal
carcinogenesis. The presented advantages of our FSN-based strategy to highlight adenomas
during fluorescence-assisted white-light colonoscopy are aimed at improving the miss rate
of colonoscopy, and to address the perceived hassle, cost, and time associated with
intraluminal dye administration for chromoendoscopy.!”: 18]

In recent years, several targeted, molecular imaging strategies have been investigated to
highlight colorectal lesions during fluorescence-assisted white-light endoscopy. Most
notably, vascular endothelial growth factor (VEGF) or epidermal growth factor receptor
(EGFR) targeting antibodies or c-MET targeting peptides labeled with NIRF dyes to
minimize tissue autofluorescence,[*°] have shown great promise in improving adenoma
detection during fluorescence-assisted white-light colonoscopy in the clinic.[20] However,
often active targeting approaches are limited by target (over)expression and heterogeneity,
specificity, and accessibility at the tumor site.[200. 21] For instance, EGFR is overexpressed
in 50% of colorectal adenomas and heterogeneously expressed in those EGFR-positive
lesions.[22] Moreover, since target expression may not be tumor stage-specific it may lead to
over-diagnosing, as illustrated in a clinical trial with an intravenous c-Met targeting probe
that not only highlighted colorectal adenomas, but also hyperplastic polyps, which have no
clinical relevance.[23]

In contrast to active targeting approaches, passive tumor targeting using fluorescent dye-
embedded nanoparticles (>10 nm) obviates the need for specific targeting moieties, because
tumor accumulation is governed by a biologically phenomenon that is shared by lesions
across the cancer spectrum ranging from dysplastic- to advanced malignant diseases; the
enhanced permeability and retention (EPR) effect.[24] The enhanced permeability of the
tumor neovasculature facilitates extravasation of nanoparticles into the tumor bed where they
are locally retained due to ineffective lymphatic drainage.[?>] Since it has been shown that
EPR strongly correlates with the degree of tumor vascularization[2¢] and dysplastic
colorectal lesions commonly have increased vascularity,[27] nanoparticles such as Raman

nanoparticles and FSNs can specifically accumulate in clinically relevant dysplastic lesions.
[10]

Unlike the Raman nanoparticles, however, FSNs consist solely of dye-embedded silica — a

biocompatible and biodegradable material that has already been translated to the clinic.[28]
In addition, FSNs have a detection limit that is only one order-of-magnitude higher than that
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of Raman nanoparticles, which to date have showcased the lowest reported limit of detection
using (near) real-time optical imaging[® 2%]. Relative to other fluorescent-based agents such
as free- or targeted dyes (e.g. indocyanine green (ICG), IRdye800CW, respectively) or
liposomal dye formulations, which typically have a limit of detection in the picomolar range
(10712 ), FSNs have a limit of detection in the low femtomolar range (10714 m: Figure 1a).
Covalently-incorporated dyes within the silica matrix exhibit photophysical properties that
are distinct from their solution properties, thereby leading to enhanced radiative emission
and increased photostability[30].

Our studies were performed in genetically engineered rodent and human-scale, porcine
models of gastrointestinal carcinogenesis — the Apc™™* mouse, Apc”®’* rat, and
APCI31/# pig. The rodent models have been criticized for not (or rarely) progressing to
invasive carcinoma,[31 which is as yet an open question for the porcine models. However, in
all species the lesions develop via the Vogelstein-sequence, 32 and, as such, the Apc-driven
carcinogenesis animal models are particularly useful for our purpose of evaluating
endoscopic detection of dysplastic lesions using FSNs. In fact, we demonstrated that after
intravenous administration the FSNs enable detection of colorectal adenomas as small as 0.5
mm? throughout the intestinal tract of ApcVi™* mice and in the larger Apc”®/* rat- and
APCI311# porcine model. A positive predictive (PPV) value of 78% was determined.
However, this number is likely higher for FSN-guided endoscopy. Unlike (epi-)fluorescence
wide-field NIRF imaging, which was used here to establish the PPV, where the tissue is
illuminated at a 90° angle, fluorescence endoscopic imaging is performed along the luminal
surface at a 145°-180° angle. In this way, only superficial mucosal lesions will be detected
and not Peyer’s patches, which are located in the deeper submucosal tissue layer.

Widespread improvement in the endoscopic recognition of colorectal adenomas will have
important implications for the surveillance and management of incipient colorectal cancers
and cancer prevention. Our proposed use of intravenous FSNSs as positive contrast agents for
endoscopic detection of (pre)malignant lesions of the Gl tract is fully compatible with
current clinical practice and instrumentation. For instance, an intravenous bolus injection can
be administered during the obligate blood-draw procedure prior to endoscopic surveillance.
Furthermore, since the FSNs are fully biodegradable, they can be used routinely in high-risk
patients. Lastly, the TBRs produced by FSN-augmented fluorescence-assisted endoscopy
enables a binary (“yes or no”) read-out to reduce interoperator variability, improve
(pre)malignant lesion detection and diagnostic accuracy, and enable targeted sampling and
resection of visualized lesions to allow a shift in practice away from the random biopsy
technique, where less than 0.1% of the mucosal surface area is blindly sampled, and away
from aggressive intervention (e.g., colectomy) for the management of dysplasia in high-risk
patients.

4. Conclusion

In conclusion, we have developed a biodegradable fluorescent nanoparticle that highlights
dysplastic adenomas in animal models of colorectal carcinogenesis. With clinical translation
in mind, future studies will be aimed at dose de-escalation and long-term toxicity risk
assessment. The FSN dose that was used throughout the reported study was based on the

Adv Funct Mater. Author manuscript; available in PMC 2020 December 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rogalla et al.

Page 10

Raman nanoparticle dose as reported in a previous study.[1%] Therefore, to find the minimum
effective dose, we will perform FSN dose de-escalation studies and determine the lowest
dose at which adenomas are still detectable using FSN-enhanced NIRF/WL colonoscopy.
Furthermore, since we aim at early colorectal disease detection in high-risk patients, who
undergo routine (e.g., annual) screening to monitor disease development or progression, we
will study the effect of FSN dose accumulation on organs of the mononuclear phagocyte
system (e.g., liver, spleen, bone marrow), which avidly take up FSNs following intravenous
administration. Although we did not observe any acute toxicity in the liver, spleen, and bone
marrow following a single intravenous administration of FSNs, long-term toxicity effects
following single or repetitive FSN administration remain to be explored.

5. Experimental Section

Materials:

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless stated otherwise,
were of the highest purity available, and used without any further purification.

Fluorescent silica nanoparticle (FSN) synthesis:

CF680R-maleimide (1 pmol in 100 pL dry A, A-dimethylformamide (DMF); Biotium Inc.,
Fremont, CA) was reacted with (3-mercaptopropyl)trimethoxysilane (MPTMS; 2 umol) to
yield silane-appended CF680R (CF680R-MPTMS), which was used without any further
purification. Typically, CF680R-MPTMS (4 L 10 mm in DMF) was added to 2-propanol
(50 mL) containing water (3.5 mL), ammonium hydroxide (1.5 mL 28% v/v), and tetraethyl
orthosilicate (TEOS, 2.5 mL 99.999% v/v). After 15 min, the fluorescent silica nanoparticles
were collected by centrifugation (10 min; 7,500 g; 20°C), washed with excess ethanol, and
redispersed in ethanol (2.5 mL) containing ammonium hydroxide (50 uL 28% v/v) and
MPTMS (150 pL 95% v/v). After 90 min at ambient conditions, the thiol-functionalized
FSN were washed with excess ethanol. The thiol-functionalized FSNs were stored in ethanol
at 4°C. On the day of injection, the thiol-functionalized FSNs were collected by
centrifugation and redispersed in 3-(A-morpholino)propanesulfonic acid buffer (MOPS; 2
mL 10 mwm; pH 7.3) containing maleimide-functionalized hydroxyl-terminated polyethylene
glycol (PEG-OH; My, 3,400 da; 3.5 mg; Creative PEGWorks, Chapel Hill, NC) and allowed
to react for at least 2 h at ambient conditions. The PEG-OH functionalized fluorescent silica
nanoparticles (FSN)s were purified and redispersed in 1.0 mL 22-um filter-sterilized 5% D-
glucose (D5W) at a concentration of 10 nm.

FSN characterization:

FSN size/integrity, hydrodynamic diameter/concentration, and limit of detection were
characterized using transmission electron microscopy (TEM), nanoparticle tracking analysis
(NTA), and near-infrared fluorescence (NIRF) imaging, respectively. In brief, 1 uL of an
FSN dispersion was pipetted onto a carbon-coated grid (CF300-Cu, Electron Microscopy
Sciences), air-dried, and loaded into an JEOL 1200ex-I1 transmission electron microscope
operating at 80 kV. The hydrodynamic diameter and concentration of FSNs were determined
using NTA using a 1000-fold diluted sample of an FSN dispersion in water. The limit of
detection of FSNs was determined by imaging a concentration series of FSNs (3-fold
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dilution factor) on a Pearl Trilogy NIRF imaging system (LI-COR Biosciences, Lincoln,
NE). The excitation and emission curves of CF680R-MPTMS and FSNs in ethanol were
measured on a Spark® fluorescence spectrophotometer (Tecan, Mé&nnedorf, Switzerland).
Emission curves were measured upon 676 nm and 686 nm excitation, which are the
excitation maxima of CF680R and FSNs, respectively. The zeta potential of 5.0 nm
dispersion of non-PEGylated and PEGylated FSNs in 0.22-pm filtered 20 mm MOPS (pH
7.3) was measured using a Zetasizer Nano ZS (Malvern). Biodegradation of FSN was
verified /n vitro. FSNs (1.0 nm) were incubated in human serum (250 pL 50% wi/v) at 37 °C.
At days 0, 3, 6, and 9, 50 pL was sampled, washed with excess water, collected using
centrifugation (10,0009), and analyzed using TEM.

In vivo study:

The /n vivo studies at Stanford University (7.e. mouse and rat) were conducted under an
Institutional Animal Care and Use Committees (IACUC)-approved protocols (#27715 and
#30122) and animals were under the direct oversight of an animal care and use program that
was AAALAC International-accredited and PHS-assured. The /7 vivo studies in the porcine
model were performed at the Technical University of Munich and were approved by the
Federal Government of Bavaria (R OB55.2-2-2532.Vet_02-18-33). All applicable
institutional guidelines for the care and use of animals were followed. Athymic nude mice
(Charles River Laboratories, Wilmington, MA), ApcMi"* mice (Jackson Laboratory, Bar
Harbor, ME), and Apc”®* rats (Rat Resource & Research Center, Columbia, MO) were fed
Teklad Global 2018 diet (Envigo, Huntingdon, UK), which contains 18% (w/w) protein, 6%
(w/w) fat, moderate phytoestrogens and no alfalfa. APCI31/# pigs were fed a normal diet.
The formalin fixed colorectal porcine tissues were imported from Germany to Stanford, CA
under UNITED STATES VETERINARY PERMIT FOR IMPORTATION AND
TRANSPORTATION OF CONTROLLED MATERIALS AND ORGANISMS AND
VECTORS (USDA Permit Number 136396).

Biodegradability and biocompatibility:

Non-PEGylated, thiol-functionalized fluorescent silica nanoparticles or FSNs grafted with
PEG-OH (3.4 kDa) in D5W were intravenously administered at a dose of 30 fmol g1 to 2-
month old, female nude mice (n=5 per group). A separate group of 2-month old, female
nude mice (n=5 per group) received an intravenous injection of the vehicle D5W. After 24 h,
the animals were imaged (t="0") on a small animal NIRF imaging system (Pearl Trilogy, LI-
COR Biotechnology, Lincoln, NE). Following monthly imaging for 6 months, the animals
were euthanized by CO» asphyxiation and cardiac exsanguination. Select tissues (liver,
spleen, kidney, and bone marrow) were harvested and immersion-fixed in neutral-buffered
formalin (10% wi/v) for 72 h. Femurs were harvested for bone marrow analysis and
immersion-fixed/decalcified in Cal-Ex Il Fixative/Decalcifier (Fisher Scientific, Fair Lawn,
NJ, USA) for 72 h. Formalin-fixed tissues were processed routinely, embedded in paraffin,
sectioned at 5 um, and stained with hematoxylin and eosin (H&E). H&E sections were
blindly evaluated by a board-certified veterinary pathologist (KMC) for treatment-related
toxicity. Of note, a small section of the liver and spleen of selected animals was fixed in
electron microscopy fixative (2% (v/v) glutaraldehyde, 4% (w/v) paraformaldehyde in 0.1 m
sodium cacodylate; pH 7.4) and submitted to Stanford Microscopy Facility for transmission
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electron microscopy analysis. Tissue sections were counterstained and imaged on a JEOL
JEM-1400 operating at 120 kV.

Detection of adenomas in ApcMi"* mice:

Conscious female ApcVi* mice (14-20-week old; n=5) received intravenous injections of
FSNs (30 fmol g~1) via the tail vein using a tail-restrainer. The next day, the animals were
deeply anesthetized using inhalant isoflurane (Forane, Baxter, Deerfield, 11) and then
euthanized via cervical dislocation. The intestinal tissues of the animals were immediately
collected, rinsed with PBS and immediately imaged on a Pearl Trilogy NIRF imaging
system. Upon completion of imaging, the intestinal tissues were immersion-fixed in neutral-
buffered formalin (10% v/v) for 24 h and processed for paraffin-embedding and H&E
staining. H&E stained tissue section (5- and 15-um thickness) were re-imaged on an
Odyssey NIRF imaging system (Pearl Trilogy, LI-COR Biotechnology, Lincoln, NE) and
BZ-X700 NIRF microscope (Keyence, Itasca, Il).

Fluorescence-activated cell sorting (FACS) of FSN-associated cells within polyps:

Endoscopic

Conscious female Apc* mice (18-week old; n=2) received intravenous injections of
FSNs (30 fmol g~1) via the tail vein using a tail-restrainer. The next day, the animals were
deeply anesthetized using inhalant isofluorane and then euthanized by cervical dislocation.
Small intestinal tissue containing adenomas was collected and sectioned into small (2-3
mm) pieces and then placed in a dounce glass homogenizer to create a cell suspension. Cells
were passed through a 40-um filter with Hank’s balanced salt solution (HBSS) containing
DNAse. Cells were counted and resuspended in PBS at a concentration of 1 x 108 cells,
prior to live dead staining with fixable LD aqua (#L34957, ThermoFisher Scientific,
Waltham, MA) for 15 min. Cells were then washed and resuspended in PBS containing 2%
bovine serum albumin (BSA), prior to staining with the fluorophore conjugated antibody
panel (Pacific Blue anti-human CD11c (1:40; 117321), R-phycoerythrin (PE)-Cy7 anti-
human Ly-6G (1:40; 127618), Allophycocyanin (APC)-Cy7 anti-human CD11b (1:40;
101225), PE anti-human CD3 (1:40; 100206), Peridinin-Chlorophyll protein (PerCP)-Cy5.5
anti-human CD45 (1:40; 103132); Biolegend, San Diego, CA) for 45 min. Cells were then
washed and resuspended in 200 pL of PBS and then analyzed on a BD LSRII flow
cytometer. All samples were analyzed in triplicate.

detection of adenomas in ApcPir®/* rats:

Conscious six-month old female and male Apc”/c’* rats (n=5) received intravenous
injections of FSNs (30 fmol g1) via the tail vein using a tail-restrainer. The next day, the
animals were anesthetized using inhalant isoflurane (Forane, Baxter, Deerfield, II). The
colons of the anesthetized animals were lavaged with phosphate-buffered saline (PBS).
Endoscopy was performed with our custom-built combined NIRF/white-light (WL)/
imaging endoscopy system equipped with Spyglass fiberscope (Boston Scientific,
Marlborough, MA), a 660-nm excitation laser operating at 10 mW (IBeamSmart, PT 70—
75mW, Toptica Photonics AG, Grafelfing, Germany), 664-nm long-pass filter (RazorEdge,
LP02-664RU-25, Semrock, Rochester, NY), and an electron multiplying charge-coupled
device (EMCCD) camera (Luca R, Andor Technology, Belfast, UK). For a detailed
description of the combined NIRF/WL endoscopy systems, please see Figure S9. The colons
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of the animals were surveilled and WL and NIRF imaging were concomitantly recorded
using Captivate screen-capturing software (Adobe Inc, San Jose, CA). No video post-
processing was performed with the exception of occasional adjustment of contrast- and
brightness levels (applied to the full image). Following endoscopy, the animals were deeply
anesthetized using inhalant isoflurane (Forane, Baxter, Deerfield, 1) and then euthanized via
cervical dislocation. The intestinal tissues of the animals were immediately collected, rinsed
with PBS and immediately imaged on a Pearl Trilogy NIRF imaging system. Upon
completion of imaging (less then 10 minutes), the colonic tissues were immersion-fixed in
neutral-buffered formalin (10% v/v) for 24 hours and processed for paraffin-embedding and
H&E staining. H&E stained tissue sections (5-um thickness) were imaged using a custom
set-up inverted digital fluorescence microscope (DM6B Leica Biosystems, Buffalo Grove,
I1) equipped with a highly sensitive Leica DFC9000GTIs camera (4.2M Pixel SCMOS
camera), a Cy5.5 filter cube (49022-ET-Cy5.5; Chroma Technology Corp., Bellows Falls,
VT), and a xenon arc lamp LB-LS/30 (Sutter Instrument) for NIRF imaging of FSNs. Image
acquisition and processing were performed using LAS X software (Leica Biosystems)

detection of adenomas in APC131Y+ pigs:

All experiments involving the APCI311/# pigs were performed in Germany. Sedated male
APCI311/# pigs (18-21 months old; f=2) were injected intravenously with the FSNs (~4.5
pmol kg™1) via a preplaced catheter into ear vein. The next day, the pigs were anesthetized
by intramuscular (i.m.). injection of ketamine (20 mg kg1 body weight) and azaperone (2
mg kg~ body weight) and fluorescence-guided endoscopy was performed using a custom-
built combined NIRF/WL endoscopy system equipped with a 670-nm laser and a ViZaar
fiberscope (A250L.2000; For detailed information see Figure S9c).[33] The animals that were
euthanized were first sedated by i.m. administration of ketamine (20 mg kg~ body weight)
and azaperone (2 mg kg1 body weight), rendered unconscious by a nonpenetrating captive
bolt gun applied to the forehead and then immediately exsanguinated. Liver, spleen, kidney,
colorectal tissues and muscle were harvested. The freshly resected colorectal tissues were
randomly cut in sections of approximately 15 cm in length. All tissues were fixed in neutral-
buffered formalin (10% v/v). The fixed tissue sections were imaged on a Pearl Trilogy NIRF
imaging system and processed for paraffin-embedding and H&E staining.

Statistical analysis:

To calculate the tumor to background ratio (TBR), regions of interest (ROI) were drawn
tightly around the tumor and on the tissue background. TBR = ROlyymor /

ROlissue background- Statistical analysis was performed in Excel (Microsoft). Detailed in-
formation on the sample size is described in the figure legends. All values in figures are
presented as means + SD unless otherwise noted in the text and figure legends. Statistical
significance was calculated on the basis of the Student’s t-test (two-tailed, unpaired), and the
level of significance was set at least P values < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FSN characterization.
a) Transmission electron microscopy (TEM) images of FSNs. Scale bar, 200 nm. b)

Nanoparticle tracking analysis (NTA) of 1.0 pm bare FSN cores and PEGylated FSNs (FSN-
PEG-OH) in water. c) Limit of detection (LOD) of FSNs is 10 fm (10 x 10~1° wm; threshold
was arbitrarily set at 0.05 relative intensity (---)). d) Excitation and emission (Aey 680 nm;
(---)) curves of CF680R-MPTMS (black) and FSNs (red) in ethanol. e) TEM images of 1 nm
FSNs incubated in 50% (w/v) human serum at 37 °C for 0, 3, 6, or 9 d. The FSNs start to
etch from the inside and then collapse (arrow head; day 9). Scale bar, 100 nm.
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Figure 2. Biodegradability of non-PEGylated FSNsand FSNsin vivo.
a) Whole-body fluorescence imaging of naive nude mice (n=5) and 1 d (0 months) and

consequent months post intravenous injection of non-PEGylated FSNs (30 fmol g=1; n=5) or
FSNs (30 fmol g~1; n=5). Fluorescence intensity is expressed in arbitrary units. Scale bar, 1
cm. b) Plot of the normalized hepatic fluorescence signal post injection of non-PEGylated
FSN (R2 = 0.9962; t1/» 3.0 weeks) or FSNs (R2 = 0.9374; t1/, 2.7 weeks) versus the average
fluorescence background intensity of the liver in naive nude mice (---). Data represents mean
+SD. #P<0.001, non-PEGylated FSN versus naive; */£<0.001, FSN versus naive.
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Figure 3. Gastrointestinal tumor accumulation of FSNsin Apc'\/“'”/+ mice.

a) Near-infrared (NIR) fluorescence imaging (Aex 680 Nnm; Agry, >700 nm) was performed on
freshly resected ileal tissues of ApcY"* mice that had received FSNs (i.v. 30 fmol g71;
n=5). Tumor-to-background ratios (TBR) were 4.0, 3.6, 3.0 for polyps 1-3, respectively.
Fluorescence intensity is displayed in arbitrary units. Scale bar, 10 mm. b) H&E stained
tissue section (15-um). Scale bar, 10 mm. ¢) 4x magnification and NIR fluorescence
imaging of the selected area (panel (a) and (b)) showing that the fluorescence signal of the
FSNs aligns well with polyps 1-3. Scale bar, 2.5 mm. d) 20x magnification NIRF
microscopy imaging (Aey 680 Nm; Agm >700 nm) of the polyp in panel (c) demonstrates the
fluorescent nanoparticles mainly localized to the tumor stroma (‘s”) and not to epithelial
cells (“e”). Inset is a 4% higher magnification of the indicated area. e) Fluorescence-activated
cell sorting (FACS) analysis of the polyps of Apc"™* mice (n=2) showed that the mean
fluorescence intensity (MFI) of the FSNs was mainly associated with macrophages and
neutrophils. See also Figure S8.
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Figure 4. FSN-augmented combined NIRF/WL endoscopy in Apc':’"C/+ rats.
a) A protruding adenoma was visualized with high sensitivity using NIRF endoscopy (Aex

660 nm; Aoy >664 nm). b) Ex vivowide-field NIRF imaging (Aex 680 nm; Aoy, >700 Nm) of
a freshly resected open colon from an Apc”®* rat (n=5) that had received i.v. injection of
FSNs (30 fmol g~1) corroborated the presence of adenomas of mixed morphology and re-
emphasized the high sensitivity (TBR>10) of FSN-augmented NIRF (endoscopic) imaging.
Scale bars, 10 mm. c) H&E (top left panel) and confocal NIRF microscopy (top right panel)
of adenoma 1 (panel (b)) demonstrated that the granular NIRF signal of the FSNs (I1; white
arrow heads) co-localizes with the basophilic tumor area on the H&E stained 5-um thick
tissue section (dysplastic tissue (‘D’); I1) and is not associated with normal or hyperplastic
tissue (“H’; 1). Scale bars, 50 um. See also Figure S10 and Movie S1.
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Figure 5. FSN-augmented combined NIRF/WL endoscopy in APC131V/+ pigs.
a) White-light (left panel), NIRF (middle panel), and combined NIRF/WL (right panel)

endoscopic images of a colorectal polyp in APCL3%* pigs (n=2) 18 h after intravenous
administration of FSNs (4.7 pmol kg™1). b) White-light, and c) wide-field NIRF imaging
(Aex 680 Nnm; Aem >700 Nm) of a randomly resected colorectal tissue section from the
scoped APCI314 pig. Fluorescence intensity is expressed as arbitrary units. Scale bar, 10
mm. d) Representative H&E stained section of a NIRF-positive lesions corroborated the
presence of adenomatous polyps (black arrowhead). Scale bar, 1 mm. See also Movie S2.
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