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Abstract

Colorectal cancer (CRC) is one of the leading causes of cancer-deaths worldwide. Methods for the 

early in situ detection of colorectal adenomatous polyps and their precursors – prior to their 

malignancy transformation into CRC – are urgently needed. Unfortunately at present, the primary 

diagnostic method, colonoscopy, can only detect polyps and carcinomas by shape/morphology; 

with sessile polyps more likely to go unnoticed than polypoid lesions. Here we describe our 

development of polyp-targeting, fluorescently-labeled mesoporous silica nanoparticles (MSNs) 

that serve as targeted endoscopic contrast agents for the early detection of colorectal polyps and 

cancer. In vitro cell studies, ex vivo histopathological analysis, and in vivo colonoscopy and 

endoscopy of murine colorectal cancer models, demonstrate significant binding specificity of our 

nanoconstructs to pathological lesions via targeting aberrant α-L-fucose expression. Our findings 

strongly suggest that lectin-functionalized fluorescent MSNs could serve as a promising 

endoscopic contrast agent for in situ diagnostic imaging of premalignant colonic lesions.
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Background

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and one of the 

leading causes of cancer death in both men and women.1 Most CRCs generally follow 

similar course of development: evolving from normal colon, to well differentiated adenoma 

with low-grade dysplasia, to highly dysplastic advanced adenoma to invasive carcinoma. The 

most frequently found, early neoplasms in CRC screenings of individuals over age 50 are 

adenomatous polyps.1–3 Although the overwhelming majority of these polyps are not 

malignant, more than 95% of colorectal cancers develop from polyps. Recent research has 

also shown that some polyps, long considered to be benign, may become cancerous as well.4 

To reduce the incidence of colorectal cancer, early in situ methods of detection of colorectal 

adenomatous polyps and their precursors are urgently needed, prior to polyp malignancy 

transformation. Unfortunately the current primary diagnostic methods – sigmoidoscopy, 

colonoscopy, CT colonography, and double-contrast barium enema – can still only detect 

polyps and cancers by shape/morphology. Smaller/flatter polyps, such as flat/sessile serrated 

polyps, as well as nascent neoplasms of recurrent disease, have been shown to be easily 

overlooked during conventional colonoscopy.5–8 Suitable biomarkers are needed to address 

this lack of detection sensitivity.

Glycosylation drives the specific arrangement of oligosaccharides linked to glycoproteins or 

glycolipids in mammalian systems and has been well documented to play important roles in 

modulating critical physiologic functions and their alterations that both impact and drive 

pathologic processes. Specifically, changes in the composition and quantity of cell surface 

glycosylation-associated molecules are common features of malignant transformation and 

progression. Functionally, aberrant glycosylation facilitates tumor invasion, metastasis, and 

evasion of host immuno-surveillance.9 Alterations in the amount, composition, and linkage 

configurations of glycosylation-associated molecules are known to correlate with malignant 

transformation, tumor progression and poor prognosis of cancer patients.10, 11 A specific 

switch in glycosylation patterns has recently been reported to signal the transformation of 

breast cancer to metastatic phenotypes, and glycosylation is known to play a direct 

functional role in cancer cell motility and invasiveness.12, 13 In CRC a growing body of 

evidence suggests that the aberrant glycosylation of normally occurring mucins (high 

molecular weight glycoproteins that protect the GI mucosa) and the expression of abnormal 

glycoproteins on colorectal polyps and neoplasms play significant roles in the malignant 

transformation of normal colorectal mucosa.10, 13–15

α-L-fucose (C6H12O6), a monosaccharide component of glycosylation, is utilized 

exclusively in the L-configuration in mammals. The sugar is enzymatically synthesized in 

mammalian cells and recovered by cells from extracellular sources by a specific 

transmembrane carrier and intracellular salvage pathway. Significantly elevated expression 

of α-L-fucose is routinely observed during tumorogenesis and neoplastic progression, and 

has been shown to be highly expressed on the luminal surfaces of glycoproteins of colorectal 

dysplastic adenomas and early cancers.16–19 The α-L-fucose targeting lectin Ulex 

Europaeus Agglutinin-1 (UEA1) has been shown to bind human colorectal 

adenocarcinomas, adenomas, and polyposis coli, but not to normal epithelium.16, 20–22 

Watanabe et al. reported 83% positive rate of UEA1 binding on the apical surfaces of human 
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carcinoma cells, compared to no detectable UEA1 binding on the apical surfaces of non-

neoplastic mucosa adjacent to carcinomas.23 Roney et al. developed UEA1-labeled 

liposomes that carried the fluorescent dye rhodamine in their interiors and bound to 

adenomatous polyps ex vivo using an adenomatous polyposis coli (Apc)Min/+ mouse model. 

And high-resolution co-registered optical coherence tomography, fluorescence molecular 

imaging, and multispectral optical imaging has revealed that UEA1 labeled liposomes 

possess significantly greater targeting efficiency than control liposomes.24, 25 These ex vivo 
findings suggest that the fucose-binding lectin UEA1 might be useful in the early detection 

of colorectal carcinomas by in vivo imaging techniques.

In the current study we developed novel, polyp-targeting, fluorescently-labeled mesoporous 

silica nanoparticles (MSNs) to serve as targeted endoscopic contrast agents for early 

detection of polyps and nascent colorectal cancers. MSNs possess high surface areas, low 

systemic toxicities, and flexible functionalization of their three topologically unique 

domains.26–28 For our studies, FITC was first co-condensed into the silica framework of 

MSNs to enable their fluorescence tracking both in and ex vivo. FITC was selected not only 

for its intrinsic brightness but also for its potential ease of clinical translation. Moreover, 

unlike liposomal conveyance of fluorescent reporters, the rigid silica framework of MSNs 

inherently limits proximity-induced self-quenching of reporter fluorescence, thereby 

yielding a much brighter contrast agent, as well as greater nanoplatform stability in vivo. 

MSN exteriors were then coated with two different lengths of polyethylene glycol (PEG) 

polymers, to increase their water solubility and aid their diffusion through mucus. Lastly, 

fluorescent/PEGylated MSNs were labeled with UEA1 for targeting premalignant lesions, as 

shown in Figure 1. We posit that these α-L-fucose targeted MSN contrast agents, when 

combined with fluorescent endoscopic techniques, will permit more sensitive detection of 

early stage colorectal polyps than can be presently obtained by conventional, white-light 

colonscopy or other clinically available, contrast-enhanced imaging modalities.

Methods

Materials

Tetraethyl orthosilicate (TEOS, 99.0%), fluorescein isothiocyanate (FITC), 3-aminopropyl-

trimethoxysilane (APTMS, 97%), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N–

lissamine rhodamine B sulfonyl ammonium salt (Rhodamine B PE) and fluorescein 

isothiocyanate labeled Ulex Europaeus Agglutinin (FITC-UEA1) were obtained from 

Sigma-Aldrich, USA. Other materials used include Silane-Polyethylene glycol-succinimidyl 

ester (Silane-PEG-NHS, MW 5000 Nanocs), 2-[Methoxy(polyethyleneoxy)propyl] 

trimethoxysilane, (PEG-silane, MW 596–725 g/mol, 9–12 EO, Gelest), 

Hexadecyltrimethylammoniumbromide (CTAB, 99%, Acrôs organics), Diacetylenic 

phosphatidylcholine 1,2-bis(tricosa-10,12-diynoil)-sn-glycero-3-phosphocholine (DAPC), 

N-glutaryl-L-α-phosphatidylethanolamine dimyristoyl (DMPC-GLU) (Avanti Polar Lipids, 

Alabaster, AL), Wheat Germ Agglutinin Alexa Fluor® 594 Conjugate (WGA594, 

Invitrogen), and 4',6-diamidino-2-phenylindole (DAPI, Invitrogen). Deionized water (18 

MΩ) was used in all the experiments.
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Preparation of Fluorescently labeled Mesoporous Silica Nanoparticles (FMSNs)

Fluorescent mesoporous silica nanoparticles were prepared as described in our previous 

studies.26, 27 Briefly, 2 mg of FITC were stirred in an APTMS-ethanol solution (0.1 M in 10 

mL of ethanol) in complete darkness for 24 hrs, to synthesize FITC-APTMS. Separately, 

0.58 g of CTAB were dissolved in NH4OH (0.17 M, 300 mL) at 40°C, and then added to a 

dilute solution of TEOS (0.2 M in 5.0 mL of ethanol), followed by vigorous stirring for 5 

hrs. The above FITC-APTMS (5.0 mL) and TEOS (1.0 M in 5.0 mL of ethanol) solutions 

were then mixed together with vigorous stirring for another 1 hr. The resulting solution was 

then aged at 40°C for 24 hrs. Solid samples were collected via centrifuging at 12,000 rpm 

for 20 minutes, washing, and re-dispersing the resulting precipitate with deionized water and 

ethanol several times.

Synthesis of FITC-MSN-PEG-UEA1

To increase the water solubility and mucus mobility of our nanoparticles, Polyethylene 

glycol (PEG) was employed to modify the surfaces of FMSNs. 75 mg FMSN were re-

suspended in ethanol and stirred with 25 mg of silane-(PEG)5000-NHS (Nanocs) and 50 µg 

of 2-[Methoxy(polyethyleneoxy)-propyl]9–12 triethoxysilane (Gelest) at 60°C for 24 hrs. 

The nascent PEGylated FMSNs were then centrifuged and re-suspended in ethanol several 

times, to remove excess/free PEG. 25 mg of PEGylated FMSNs were then reacted with 200 

µL of 1 mg mL−1 UEA1 in phosphate buffered saline (PBS) for 2 hrs at 4°C. The final 

product was then collected by 12,000 rpm centrifuging and re-dispersed in 1x PBS buffer.

Synthesis of fluorescence-labeled liposome

Rhodamine B PE-labeled liposomes were synthesized according to a previously reported 

procedure.24 Briefly, 4 µmole of DAPC and DMPE were mixed with 0.08 µ mole of 

Rhodamine B PE in 2 mL chloroform. Lipid film was formed after removing chloroform via 
rotory evaporation. After PBS hydration, liposomes were extruded using a 1 mL Mini 

Extruder (Avanti Polar Lipids Inc, Alabaster, USA) and polycarbonate filters with a pore 

size of 100 nm. Extrusion was performed for 10 cycles in a water bath at 70°C. The extruded 

liposomes were polymerized on ice using a Strategene Stratalinker 1800 UV Crosslinker (La 

Jolla, CA). Cross-linking was performed at 3600 mJ per cycle for 20 cycles.

Characterization

MSN morphology was characterized via transmission electron microscopy (TEM) (FEI 

Tecnai F30), operating at an acceleration voltage of 120 kV. Thermogravimetric analysis 

(TGA) (Q500, TA Instruments) was used to assess the degree of MSN-PEG/UEA1 

conjugation. Approximately 10 mg of sample were dried in an 80°C oven overnight prior to 

TGA. During TGA, samples were first heated up to 50°C for 30 min for equilibration and 

then monitored for weight loss over the temperature span 50–550°C. Static/dynamic/

electrophoretic light scattering (Nano ZS Zetasizer, Malvern, UK) was used to measure the 

MSN’s surface charge in solution at pH 7.4. Zeta potential distributions were obtained by 

averaging ten sequential measurements. Specimens were prepared at concentration of 2 mg 

per 1 mL of ddH2O. pH values were adjusted by the addition of HCl or NaOH (0.02 M). 

Before each measurement, each sample was sonicated for 1 min, to preclude aggregation.
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Collection and preparation of native mucus samples

Native murine colon mucus was collected via blunt instrument aspiration for assessment of 

nanoparticle-mucus dispersion and stability studies. Mice that had been fasted overnight 

were sacrificed and their colons immediately harvested. Isolated colons were then 

longitudinally opened via surgical scissors and any remnant fecal contents removed by brief 

cold saline irrigation. Mucus collection then proceeded by gently scraping the exposed 

luminal surface of each colon with spatula and stored in small eppendorf vials. The mucus 

was then immediately stored at −80°C until needed, at which time they were thawed for 

approximately 15 minutes at 37°C.29

Solution transmission electron microscopy

Liquid-state TEM is of great utility in characterizing a nanomaterial’s dispersibility, 

aggregation, and agglomeration in commonly employed/encountered solutions such as 

solvents, buffers, and serums. For the studies reported here, liquid-state TEM was performed 

by use of K-kit (BioMA-Tek, Taiwan) specimen holders. 1 mg/ml nanoparticles were 

incubated with either PBS or native murine mucus for 0/30/60 minutes, and then loaded into 

the 2 µm filter of a K-kit before imaging by TEM (FEI Tecnai F20, 120 KeV). Over 100 

particles were calculated and analyzed statistically by NOAA (Nano-Objects, and their 

Aggregates and Agglomerates, ISO/TR13014).

Fluorescence stability in mucus

We spectroscopically monitored (Fluorolog 3) the fluorescence emission stability of our 

nanoparticles in the presence of PBS and murine mucus. To accomplish this task, 1 mg/mL 

of FMSN-PEG-UEA1 or Rhodamine-labeled liposomes were incubated for the indicated 

time in either PBS or native murine mucus, while the fluorescence intensity of the 

nanoparticle’s incorporated FITC (excitation 470, emission 520; for FMSN-PEG-UEA1) or 

Rhodamine B PE (excitation 540, emission 625; for Rhodamine labeled liposomes) was 

monitored. Samples were maintained at 37°C throughout the detection process. Individual 

experiments were normalized by the fluorescence intensity measured at the initial (t=0) 

time-point.

Cell culture

Human colon cancer cells, Caco-2 and HCT116, were purchased from American Tissue 

Culture Collection (ATCC). Cells were cultured in a humidified 37°C atmosphere comprised 

of 5% CO2 and 95% room air. Caco-2 cells were maintained in DMEM HI glucose medium 

supplemented with 2 mM L-glutamine, 100 U/ml penicillin/streptomycin, and 20% fetal 

bovine serum (Gibco BRL-Life Technologies, Grand Island, NY). HCT116 cells were 

cultured in McCoy’s medium (Gibco) that had been supplemented with 10% fetal bovine 

serum.

In vitro Binding and UEA1 Competition Assay

Cells were seeded 24 hrs before experiments and fixed with 4% paraformaldehyde on ice for 

15 min. Fixed cells were then washed three times with 1x PBS and blocked via 5% bovine 

serum albumin (BSA) solutions for 60 minutes. FITC-UEA1 staining for α-L-fucose 
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expression was performed for 2 hrs at 37°C. FITC-UEA1 was diluted to a final 

concentration of 250 ng mL−1. Cells were then washed with 1x PBS twice and fluorescently 

stained with Hoechst 33342 (excitation 350 nm, emission 460 nm) and Wheat Germ 

Agglutinin (WGA) (excitation 488 nm, emission 520 nm), for cell nuclei and membrane 

labeling, respectively. To assess the degree of cellular binding of UEA1 labeled 

nanoparticles, cells were incubated with 50 µg mL−1 FMSNs for 2 hrs, followed by staining 

of both nucleus and membrane. For competition assays, 25 µg mL−1 of non-fluorescent 

UEA1 was used for pre-treatment blocking, 2 hrs prior to UEA1-MSN introduction – an 

approximately 100-fold higher concentration of UEA1 than was present in the 50 µg mL−1 

UEA1-MSNs that were subsequently added. Confocal fluorescence microscopy (Leica TCS 

SPE) was then performed on the treated cells, to ascertain the affinity and localization of 

fluorescent moieties while flow cytometry was used to quantify cell binding. Cells were 

harvested and their fluorescence intensity detected by FACS LSR Fortessa Flow Cytometer 

(BD Bioscience).

AOM/DSS colorectal cancer mice model

Animals used in these studies were approved under the guidelines of the Institutional 

Animal Care and Use Committee (IACUC) of the University of Chicago, which complies 

with the guidelines outlined by the National Institutes of Health. The details of the specific 

protocols followed in these studies have been described previously.30–32 Six-week-old A/J 

male mice were administered a single dose of 10 mg/kg body wt. azoxymethane (AOM) i.p. 

and then provided with 3% dextran sodium sulfate (DSS) in drinking water for 7 days, 

followed by a 2 week recovery period during which animals received no DSS. This DSS 

dosing was then repeated once more. As A/J mice are highly sensitive to AOM exposure31, 

only one dose of AOM was needed, followed by two cycles of DSS, to induce colorectal 

tumors in the mice. Five weeks after the second cycle of DSS treatment, the presence of 

colorectal tumors was verified by in vivo whit-elight colonoscopy.

Ex vivo specificity of FMSN-UEA1

Animals were sacrificed 10 weeks after initiating AOM treatment. To assess ex vivo binding 

specificity, colon segments were soaked in 1x PBS and then cut to multiple sections. Each 

section of colon tissue was then briefly washed with Mucomyst (N-acetylcysteine), 

incubated with FMSN-UEA1 for 3 minutes, washed again with 1x PBS, and then surveyed 

for fluorescence using an IVIS Spectrum (Perkin-Elmer, USA) in vivo optical imaging 

system. For ex vivo specimen analyses, murine colon segments were fixed in formalin and 

sectioned into 7 µm thickness of specimens. The specimens were stained with hematoxylin 

and eosin (H&E) and DAPI to visualize cell morphology and nuclei location.

In vivo colonoscopy

The foregoing AOM/DSS-induced murine model of colorectal cancer was used for all in 
vivo nanoplatform binding assessment studies. For colonoscopies, mice were fasted 12 hrs 

and then anesthetized via i.p. injection with 80 mg/kg ketamine and 13 mg/kg xylazine. 

Mouse colons were then irrigated with 1x Mucomyst (N-acetylcysteine) enemas and 

topically treated with FMSN-UEA1 for 3 minutes. White-light colonoscopy (Karl Storz-

Endoskope) and fluorescence endomicroscopy (Cellvizio, with Coloflex UHD-type probe; 
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Mauna Kea Technologies, France) were used to obtain in vivo images of neoplastic changes. 

Fluorescence endomicroscopy images were recorded at a scan rate of 12 frames per second, 

with a scanning field of 30,000 pixels per frame. The field of view was 240 × 200 µm, with a 

lateral resolution of 1 µm.

Results

As briefly noted earlier, MSNs were synthesized via conventional sol-gel chemistry so as to 

incorporate FITC within the MSN’s silica framework during co-condensation – to protect 

the fluorophore from proximity/self and O2-quenching, and to maximize the nanoparticle’s 

available surface area for conjugating the α-L-fucose targeting ligand UEA1. To penetrate 

the adhesive, viscoelastic mucus in the colonic lumen and reach colonic endothelium cells, 

MSNs were coated with a mixture of polyethylene glycol (PEG) molecules, comprised of 

low and high molecular weight PEG chains. PEGylated nanoparticles are known to greatly 

increase the diffusion of nanoparticles in mucus.33 The combined use of low and high 

molecular weight PEG chains for nanoparticle coating also provides excellent colloidal 

stability, as well as numerous sites for biomacromolecule conjugation.34, 35 To achieve dual 

PEGylation of MSNs, we employed high molecular weight silane-PEG-NHS (molecular 

weight: 5K) and low molecular weight PEG-silane (molecular weight: 596–725). The ratio 

of low to high molecular weight PEG was empirically optimized and fixed at 15 (data not 

shown). NHS ester groups of silane-PEG-NHS were used to link the lysine residues of 

UEA1 peptides and form stable amide bond crosslinks.

TEM of our nanoplatforms revealed the characteristic morphology of mesoporous silica, 

with nanoparticles averaging approximately 70 nm in diameter, as shown in Figure 2a. 

Conjugation of PEG/UEA1 to these fluorescent MSNs, confirmed by TGA, demonstrated 

weight losses of FMSN, FMSN-PEG and FMSN-PEG-UEA1 of 8%, 16%, and 24% 

respectively, as shown in Figure 2b. Mean nanoparticle diameters and zeta-potentials were 

determined by use of a Zetasizer (Figure 2c). Hydrodynamic diameters of FMSNs were 

found to step-wise increase with the conjugation of PEG and UEA1 to the nanoplatform: 

from 61.6±7 nm for bare FMSN to 70.3±3 nm for FMSN-PEG to 75.4±5 nm for FMSN-

PEG-UEA1. Surface charge measurements of nanoparticles revealed an average decrease of 

22.5 mV during exterior functionalization: from 9.68 ±0.6 mV for FMSN to 9.03±0.2 mV 

for FMSN-PEG to −13.5±0.4 mV for FMSN-PEG-UEA1.

To mimic the colorectal environment, we also characterized the dispersion stability of our 

nanoplatforms in murine mucus, since colonic mucus presents a highly significant barrier to 

nanoparticles reaching the targeted epithelial cells. Native murine colon mucus was 

collected and incubated with our nanoplatforms (please refer Experimental Section for 

details). Nanoparticle aggregation, agglomeration, and dispersibility studies were conducted 

in both PBS and murine mucus using K-kit, a new and novel approach for nanoparticle TEM 

characterization in which nanoparticles can be imaged in liquid suspension, due to their 

highly constrained Brownian motion (and thus free from motion-induced imaging artifacts) 

imposed by the narrowness of their confines. Unlike conventional drying/freezing of 

samples prior to electron microscopy, which can induce structural damage and artificially 

alter nanoparticle aggregation and agglomeration, the K-kit approach enables TEM of the 
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native morphology of colloidal nanoparticles and bio-nanomaterials in liquid phases.36, 37 

For these studies 1 mg/ml FMSN-PEG-UEA1 was mixed and incubated with PBS/mucus at 

37°C for 0/30/60 minutes and loaded into K-kit chambers before TEM observation. Particle 

morphology and dynamics during TEM were then analyzed statistically by NOAA (Nano-

Objects, and their Aggregates and Agglomerates, ISO/TR13014). Figure 3a shows the 

images of nanoparticles as individual nano-objects (upper row) and aggregates/agglomerates 

(lower row). More than 100 particles were imaged and analyzed statistically by NOAA 

(Figure 3b). No obvious aggregation/agglomeration of our nanoplatforms were observed 

within the first 60 minutes of study.

Similarly, we assessed the optical reporter stability of our nanoparticles by continuously 

monitoring their fluorescence intensity in the PBS or murine mucus environments. 

Rhodamine-labeled liposomes, similar to those used by others in the ex vivo study of UEA1 

targeting, were also synthesized and placed in PBS/mucus, for comparison.24 As shown in 

Figure 3c, the fluorescence intensities of both FMSN-PEG-UEA1 and Rhodamine-labeled 

liposomes remained stable for the first 4 hrs of their respective exposures. However, after a 

little over 24 hrs, the fluorescence intensity of Rhodamine liposomes in mucus dropped to 

nearly one-half its initial value, reflecting significant compromises of the liposome 

membrane’s integrity, as shown in Figure 3c. By comparison, the fluorescence intensity of 

our FMSN-PEG-UEA1 in murine mucus diminished by only 10% a little more than 24 hrs 

post incubation. Both FMSN-PEG-UEA1 and Rhodoamin liposome fluorescence intensity 

in PBS remained comparably stable for well over 24 hrs (data not shown).

For in vitro assessment of our nanoplatform’s α-L-fucose targeting efficacy, comparisons 

were made between human colorectal adenocarcinoma cell lines that are deficient α-L-

fucose (e.g., HCT116 cells) and those that overexpress α-L-fucose (e.g., Caco-2 cells).38 

Nanoparticles were incubated with either HCT116 or Caco-2 cells for 2 hrs at 37°C and then 

twice washed with 1x PBS, to remove any unbound nanoparticles. The newly washed cells 

were then stained with DAPI (blue) and WGA594 (red), to enable the localization of nuclei 

and plasma membranes, respectively, via fluorescence confocal microscopy (Figure 4). To 

better quantitate our confocal microscopy findings, >10,000 cells were harvested from 

culture and subjected to flow cytometey and statistical analysis using FlowJo (FlowJo, LLC) 

software, with the intensity of FITC being used to approximate nanoplatform binding 

efficacy. UEA1 peptides were conjugated onto FMSNs at a ratio of 1:200, with 250 ng mL−1 

of UEA1 binding to the surface of 50 ug mL−1 of FMSN. The resulting FITC-labeled UEA1 

(FITC-UEA1) was then added to 80% confluent HCT116 and Caco-2 cells in culture. FITC-

UEA1 revealed affinity only for α-L-fucose-expressing Caco-2 cells, as shown in Figure 4e, 

with 84.6% of FITC-UEA1 binding to Caco-2 (Figure 4m) compared to 1.23% of FITC-

UEA1 binding to HCT116 (Figure 4b and 4j). A similar scenario also observed when cell 

were treated non-fluorescent UEA1 peptides conjugated FITC-labeled MSNs (FMSN-

UEA1) (Figure 4c and 4g), with 80.6% of FMSN-UEA1 binding to Caco-2 (Figure 4o) 

compared to 13.6% of FMSN-UEA1 binding to HCT116 (Figure 4k). Untargeted FITC-

labeled MSNs (FMSNs) exhibited little affinity, with 17.2% binding to Caco-2. (Figure 4f 

and n). Furthermore, incubation of Caco-2 cells with non-fluorescent UEA1 for 1 hr 

completely eliminated/blocked our fluorescent nanoplatform’s binding (Figure 4h), with 
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21.3% binding left (Figure 4p). Controls for HCT116 and Caco-2 are shown in Figures 4a, j 

and 4d, l, respectively.

To more closely mimic human colon cancer and assess the targeting specificity of FMSN-

UEA1 for polyps and early colorectal cancers, azoxymethane (AOM) / dextran sulfate 

sodium (DSS) treated mice – a standard model for colitis-associated colorectal 

tumorogenesis – were used in a series of in vivo and ex vivo imaging studies and 

histological analyses.30, 31 Animals were sacrificed 10 weeks after initiating tumorigenesis 

with AOM and age-matched with untreated mice that served as controls. The colons of 

euthanized mice were then harvested, circumferentially cut into short segments, and then 

sliced open along their longitudinal axis. Colon segments were next soaked once in PBS and 

cut to smaller sub-sections. Each sub-section of colon tissue was then washed with 

Mucomyst (N-acetylcysteine), to remove any retained mucus, and incubated with 10 mg 

mL−1 of FMSN-UEA1 for 3 minutes. Tissues were then washed twice in 1x PBS and 

surveyed for fluorescence using an IVIS Spectrum optical imaging system.

Figures 5a and 5b illustrate the binding affinity of FMSN-UEA1 to the surface of AOM/

DSS-treated and healthy/control colon tissues, respectively, with the color barscale 

quantifying the fluorescent photon flux. As the figure shows, AOM/DSS mice demonstrated 

~5x greater fluorescence intensity (and thus FMSN-UEA1 binding) than control animal 

tissues. The same tissues were then fixed, wax-embedded, block-sectioned vertically to a 7 

µm depth, and stained by hematoxylin and eosin (H&E) and DAPI. Figures 5c and 5d show 

the H&E staining of AOM/DSS mice and control mice tissues, respectively. AOM/DSS 

specimens showed abnormal lumen architectures with large irregular nuclei and increased 

nuclear-to-cytoplasmic ratios. By contrast, control animal specimens showed well-organized 

crypt structures on their luminal sides (upper side: lumen, lower side: muscle). Tissue 

specimens stained with DAPI and analyzed by fluorescence microscopy (Figures 5e and 5f) 

revealed FMSN-UEA1 staining (green) the luminal side of colons from AOM/DSS treated 

mice but not the corresponding controls.

To more readily assess the targeting specificity of our nanoplatforms via a well-controlled ex 
vivo setting, colon sections of AOM/DSS-treated mice were incubated with either 0.5 mg 

mL−1 of FMSN-PEG or 0.5 mg mL−1 of FMSN-UEA1 for 2 hrs, counterstained with DAPI, 

and microscopically examined. As shown in Figure 6a, no signal was observed in colon 

tissues that had been incubated with FMSN-PEG. FMSN-UEA1, however, was found to be 

aggregated solely on the luminal surfaces of aberrant crypts – regions known to overexpress 

α-L-fucose – albeit with some parasitic accumulation of contrast agent within adjacent 

normal appearing mucus-filled crypts (Figure 6b). 50 µg mL−1 of F-UEA1 (approximately 

20-fold higher concentration of UEA1 than that conjugated onto the surfaces of MSNs) was 

used as a positive control, to confirm the presence of α-L-fucose, and demonstrated 

significant binding (Figure 6c) to colonic tissues only from AOM/DSS-treated mice.

In vivo endoscopic exams were performed using a commercially available, clinical 

colonoscope and probe-based laser confocal fluorescence endomicroscope. Following 3 days 

maintenance of mice on a low autofluorescence diet (Teklad 2916, Harlan Laboratories) and 

8 hrs fasting immediately prior to imaging – to minimize the background fecal fluorescence 
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– mice were anesthetized with 80 mg kg−1 ketamine and 13 mg kg−1 xylazine via i.p. 

injection. White-light colonoscopies were first conducted on AOM/DSS-treated and healthy 

control mice, to determine the presence/absence and anatomical location of colorectal 

polyps/tumors (Figures 7a and b). Multiple intraluminal masses were readily observed in 

AOM/DSS–treated mice (Figure 7a) whereas colons from control animals showed no 

pathological lesions. Colonoscopies were immediately followed by repeated 10% Mucomyst 

(N-acetylcysteine) colonic irrigations, to remove residual mucus and stool. The re-prepped 

colons were then irrigated with 10 mg mL−1 of FMSN-UEA1 for 3 minutes and repeatedly 

washed with 1x PBS, to minimize the presence of unbound probe; a protocol routinely used 

in the endoscopically approached, luminal targeting of murine colon pathologies via contrast 

agents.39 Mice were then examined by probe-based laser confocal fluorescence 

endomicroscopy, to visualize nanoplatform co-registration with noted pathologies. As 

Figures 7a and 7c show, pathological regions of AOM/DSS-treated mouse colons 

demonstrated marked nanoparticle binding relative to healthy adjacent colon regions of the 

same animal and negative controls (Figure 7d).

Discussion

At present there is considerable interest in developing in situ methods for the early detection 

of colorectal adenomatous polyps and their precursors – prior to polyp malignant 

transformation. Such interest arises, in part, from the limitations of current clinical practice 

in which polyps and cancers are primarily detected by shape/morphology, with smaller/

flatter polyps being frequently overlooked even during conventional colonoscopy – the 

diagnostic gold standard. To address this urgent need, we have designed, synthesized, and 

evaluated both in vitro and in/ex vivo, fluorescent MSNs that target the α-L-fucose that is 

known to be expressed on the luminal surfaces of membrane-bound glycoproteins of 

dysplastic colorectal adenomas. The imaging studies described in this paper are the first to 

employ α-L-fucose targeting fluorescent nanoparticles in vivo as endoscopic contrast agents.

The α-L-fucose-binding lectin UEA1, as noted above, has recently been postulated to be a 

promising marker in the early detection of colorectal carcinomas23, 24, 40. In a recent ex vivo 
study UEA1-labeled fluorescent liposomes, similar to those used in our work for comparison 

with our FMSNs, demonstrated significant affinity for adenomatous polyps in colon tissues 

that had been harvested from APCmin/+ mice.24 In those studies, however, the liposome’s 

cavity was reserved for the conveyance of other moieties, relegating the incorporation of 

limited numbers of fluorescent reporters to the liposome’s membrane and thereby 

constraining the nanoplatform’s brightness and thus detectability. Such membrane 

localization of fluorophores can also potentially afford environmental mitigation of 

fluorescence intensity (e.g., O2 quenching), as well as result in decreased structural integrity 

of the liposome’s membrane. Utilization of liposome interiors for the transport of greater 

numbers of fluorophores can lead to substantial proximity-induced self-quenching that also 

diminishes nanoplatform detectability. To enable more optimal packing of fluorescent 

reporters – at number densities approaching, but not surpassing, those at which reporter self-

quenching occurs – requires more precise localization and spatial stabilization of 

fluorophores in the nanomaterial.
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FMSNs circumvent this constraint while, at the same time, affording the option of having 

much larger volumes for the conveyance of additional moieties for therapy (e.g., controlled 

drug release41, photodynamic therapy27, 42–44, radiotherapy45) and/or multimodality 

imaging (e.g., iron/manganese oxides and Gd for MRI46, radionuclides for PET/

SPECT47–49, Au/Pt for CT50). By incorporating fluorophores directly within the FMSN’s 

optically transparent silica matrix, reporters can be precisely, spatially fixed and separated 

within the nanoparticle at densities just below those that would cause self-quenching, 

resulting in ultra-bright fluorescence emission. And via their easily adjusted nanopore 

diameter, wall thickness, and particle size, FMSNs intrinsically support great customizability 

in their structure and functionality. FMSNs also are not inherently susceptible to degradation 

by enzymes (e.g., lipases) and bile salts that exist in the colonic luminal environment51, 52.

While the FMSNs employed in this study were delivered just prior to endoscopy, oral 

delivery of these contrast agents during the patient’s colon prep hours earlier could, 

potentially, offer greater time/opportunity for the contrast agent to diffuse throughout the 

colon than either enema or endoscopic administration. Oral delivery of contrast agents, 

unlike i.v. administration, obviates their adsorption of serum proteins like albumin that can 

promote uptake by the reticuloendothelial system and subsequent shuttling from circulation 

to the liver, spleen and lung. In vivo imaging studies of orally administered MSNs by our 

group53 – labeled with 99mTc for real-time quantitation and tracking – revealed MSNs to be 

remarkably stable throughout GI tract despite wide variations in pH and enzymatic activities 

including those capable of carbohydrate synthesis and catabolism, with no absorption or 

leakage into systemic circulation.

Whether delivered rectally by enema/endoscope or orally, all luminal approaches to the 

colon’s epithelium must pass through an intervening, dual-layer, dynamic mucosal barrier – 

even when the colon has been properly prepped for colonoscopy. In the healthy colon the 

dual-layer mucus gel is 1–2 mm in thickness on the luminal surface of the epithelium The 

innermost layer, closest to the apical colonic epithelial cell surface is compact and generally 

impermeable to bacteria; approximately 50–100 microns thick in mice and rats, but thicker 

in humans. Some viruses like polio, however, can get through it to infect the host suggesting 

that there might be small (<80nm) pores/channels in the striated/compact inner mucus layer. 

Overlying the inner layer is the outermost layer of mucus which is much thicker (several 

hundred microns in mice and rats) and much more porous. Mucus is continuously secreted, 

released from the cell surface, and digested/recycled, with lifetimes measured in minutes to 

hours. In addition to mucins, mucus gels contain cells, bacteria, lipids, salts, proteins, 

macromolecules, and cellular debris; by weight these gels are 90–95% water yet 103 to 104 

times more viscous than water, at low/diffusion velocities.

Despite possessing negative surface charges that might be expected to repel negatively 

charged mucins, virus-sized carboxyl-modified polystyrene nanoparticles have been shown 

to form multiple hydrophobic adhesive interactions with mucin fibers that are strong enough 

to bundle mucin strands into thick ropes.33, 54, 55 Potentially harmful bacteria like E. coli are 

immobilized by mucus via hydrophobic interactions. Polyvalent adhesive interactions with 

mucus can be achieved via electrostatic interactions too. Since the glycosylated regions of 

mucin fibers are densely coated with negative charges, mucus can also bind positively 
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charged particles with high avidity. The dual capacity to form polyvalent adhesive 

interactions via both hydrophobic and anionic forces represents a challenging problem for 

nanoparticle diffusion to the colonic epithelial cell.

Ultra-dense, short-chain PEGylation of nanoparticles has shown considerable promise in 

promoting the diffusion of nanoplatforms through mucus; with particles 100–500 nm in 

diameter demonstrating up to 3 orders-of-magnitude greater velocities in human mucus than 

non-PEGylated versions, and effective diffusion coefficients reduced only 4–6 fold from 

those of identical particles in water.33 As described earlier, we observed some parasitic 

accumulation of FMSNs in mucus-filled crypts both in vivo and ex vivo despite our use of 2 

different forms of PEG. We posit that, even with such dense PEGylation, our FMSNs were 

still not adequately shielded as to preclude non-trivial mucosal impediment and entrapment. 

To improve mucosal transport of our nanoparticles, ongoing studies are aimed at fine-tuning 

the surface charge distribution of our FMSNs so as to enable still denser post-synthesis 

PEGylation – and employing yet lower M.W. PEG coatings, especially for smaller diameter 

FMSNs where smaller radii of curvature adversely affect PEGylation shielding.

Fluorescent in/ex vivo endoscopic and microscopic imaging studies, confirmed by 

subsequent histological analyses of harvested tissues, demonstrated significant targeting 

specificity of PEGylated UEA1-labeled FMSNs for polyps and nascent colorectal adenomas. 

As such, these lectin-functionalized fluorescent MSNs hold great promise in serving as 

bright endoscopic contrast agents for the in situ diagnostic imaging of polyps and early 

colorectal cancers. Further development of these nanoplatforms, exploiting the three 

topologically distinct domains to enhance particle transport in mucus and differentially 

target stage-dependent pathogenesis in malignant transformation, could provide a 

functionality of potentially significant clinical value.
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Figure 1. 
Schematic illustration of UEA1-functionalized FITC-labeled mesoporous silica 

nanoparticles (MSNs) for polyp and early colorectal cancer detection.
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Figure 2. 
(a) TEM of FMSNs. Scale bar: 50 nm. (b) Thermogravimetric analysis of FMSN, FMSN-

PEG and FMSN-PEG-UEA1 (c) Dynamic light scattering and zeta-potential measurements 

of pre/post UEA1-labeled FMSNs.
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Figure 3. 
Stability of nanoparticle dispersion in murine mucus and 1x PBS. (a) Liquid-state TEM 

images of FMSN-PEG-UEA1 in 1x PBS and mucus for 0, 30 and 60 min. Scale bar: 50 nm. 

(b) Nano-Objects and their Aggregates/Agglomerates (NOAA) analysis of individual 

FMSN-PEG-UEA1 morphology in PBS and murine mucus. X-axis denotes the NOAA value 

of each condition while column height gives the percentage of nano-objects (blue)/

aggregates and agglomerates (red) at the corresponding condition. (c) Nanoparticle 

fluorescence stability of FMSN-PEG-UEA1 (red) and fluorescent liposome (blue) in mucus, 

as a function of time.
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Figure 4. 
In vitro UEA1 / α-L-fucose binding affinity in human colorectal adenocarcinoma. α-L-

fucose negative HCT116 (a-c) and α-L-fucose positive Caco-2 (d-h) human colorectal 

cancer cells were used to demonstrate binding affinity. Scale bar: 10 µm. Qualitative 

confocal fluorescence microscopy (a–h) and quantitative flow cytometry analyses (i–p) of 

the UEA1 binding were performed. HCT116 cells were incubated with PBS (a, i), FITC-

UEA1 (b, j) and FMSN-UEA1 (c, k) while Caco-2 were treated with PBS (d, l), FITC-

UEA1 (e, m), FMSN (f, n) and FMSN-UEA1 (g, o). Caco-2 were pre-treated non-

fluorescence UEA1 for 1 hr and then treated FMSN-UEA1 (h, p). FITC (green) represented 

the location of FITC labeled probes. DAPI (blue) and WGA594 (red) were used to stain 

nuclei and cell membranes, respectively.
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Figure 5. 
Ex vivo UEA1 and α-L-fucose binding specificity in murine colorectal adenocarcinoma. 

Colon segments from AOM/DSS treated A/J mice and control mice, incubated with FMSN-

UEA1. (a, b) Vertically-sectioned specimens (1 cm × 1 cm) of AOM/DSS treated and 

control mice stained with H&E (c, d) for delineating tissue morphology and DAPI (e, f) for 

nuclei localization and green fluorescence for FMSNUEA1 (e,f). Scale bar: 200 µm.
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Figure 6. 
Ex vivo binding specificity of FMSN-PEG-UEA1. Harvested AOM/DSS mouse polyp/tumor 

specimens incubated with FMSN-PEG (a, d and g) and FMSN-UEA1 (b, e and h). 50 µg 

mL−1 FITC-UEA1 was used as a positive control for staining (c, f and i). Fluorescence 

channels: FITC (a–c, green), DAPI (d–f, blue) and merge (g–i). Scale bar 50 µm.
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Figure 7. 
In vivo FMSN-PEG-UEA1 -guided confocal laser endomicroscopy. AOM/DSS treated (a, c) 

and control (b, d) mice were insufflated and irrigated via enema with FMSN-PEG-UEA1 for 

3 minutes prior to evacuation and saline irrigation, to reduce unbound nanoparticle 

background fluorescence. Images were obtained by white light colonoscopy (a, b) and 

probe-based laser confocal fluorescence endomicroscopy (c, d). Scale bar: 20 µm.
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