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ABSTRACT 

The expression of certain endothelial cell adhesion molecules (ECAMs) is increased in the 
vasculature of the inflamed bowel (e.g., colitis), thereby providing an opportunity for targeted 
drug delivery. We recently demonstrated that biodegradable particles conjugated with ligands to 
ECAMs exhibit significant selective adhesion to ECAM expressing endothelium. In the present 
study, we used a murine model of colitis to determine whether poly(lactic acid)-poly(ethylene 
glycol) particles conjugated with a VCAM-1 ligand (α-V) exhibit enhanced adhesion to colitic 
vasculature. In post-capillary venules of the colon, significantly more α-V particles accumulate 
in colitic mice relative to (i) control mice (i.e., selectivity) and (ii) particles bearing a control 
ligand (i.e., ligand efficiency). The selectivity and ligand efficiency of α-V particles were a 
function of the total number of particles infused. The highest selectivity observed within our test 
regime was 3, while ligand efficiency increased linearly with the number of particles injected to 
a value of 24. This work represents a significant step towards achieving a targeted drug delivery 
scheme for the treatment of inflammatory bowel disease and indicates that the efficiency of 
targeting is dependent on the dose regime. 
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he expression of endothelial cell adhesion molecules (ECAMs), known to play a role in 
leukocyte recruitment (i.e., VCAM-1, E-selectin, P-selectin, and ICAM-1), is often 
increased at sites of pathological inflammation (1�4). This observation has led to a strong 

interest in the development of drug delivery strategies that exploit the increased expression of 
ECAMs to achieve selective delivery to diseased tissue (5�11). Drug carriers made from 
biodegradable polymers are easily prepared, have a long shelf life, can carry several-orders-of-
magnitude more drug than a monoclonal antibody (mAb), and can be designed to have well-
defined drug-release rates (12�15). Due to these attributes, it is well accepted that targeted, 
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biodegradable drug carriers complement and expand the possibilities of targeted drug delivery 
afforded by other carriers (e.g., liposomes and mAbs; 14). 

We have shown recently that the up-regulation of ECAMs can be exploited to selectively target 
biodegradable drug delivery vehicles to inflamed endothelium (5). Specifically, we demonstrated 
that particles made from a biodegradable block copolymer of poly(lactic acid) and poly(ethylene 
glycol) [PLA-PEG], to which ligands to ECAMs were conjugated, exhibit specific and 
augmented adhesion to inflamed endothelium relative to non-inflamed endothelium in vitro and 
in vivo (5). We termed these particles leukocyte�endothelial cell adhesive particles (LEAPs) to 
reflect the fact that their design is inspired by the biochemistry and biophysics that govern 
leukocyte adhesion to the endothelium. Although this recent work was a significant step forward, 
the targeting approach has not been explored in a physiologically relevant disease model of 
pathological inflammation. 

Inflammatory bowel disease (IBD; e.g., Crohn�s disease and ulcerative colitis) is a relentlessly 
debilitating ailment for which treatments are far from satisfactory (16�18). Although the exact 
etiology of IBD remains elusive, a commonly held view is that the intestinal immunological 
homeostasis is disrupted by various environmental and genetic factors. This disruption, 
combined with normal or still unidentified microbial gastrointestinal flora, triggers local immune 
and non-immune responses ultimately culminating in inflammation and tissue damage (19, 20). 
Inflammation associated with such pathologies is primarily characterized by a rapid and 
prolonged infiltration of leukocytes via a well-described adhesion cascade involving various 
ECAMs (e.g., VCAM-1) together with release of inflammatory mediators, such as proteases, 
cytokines, arachidonic acid metabolites and reactive oxygen species (19�22). These 
inflammatory mediators facilitate activation of leukocytes and further up-regulate ECAMs. 

Various reagents have been used or are being developed for the treatment of IBD. Unfortunately, 
systemic treatments require a higher dosage of drugs (18) and often result in well-documented 
adverse side effects (18, 23). This shortcoming has led to a strong interest in the development of 
delivery strategies that target drugs selectively to a site of IBD, either through vascular targeting 
[e.g. (10)] or oral delivery to the colon (18, 24). LEAPs can serve as a basis for the development 
of a vascular targeting scheme. In the present study we used a well-accepted model of human 
IBD, the dextran sulfate sodium (DSS)-induced murine model of colitis, to investigate the 
behavior of LEAPs in a setting of pathological inflammation. This model of IBD is characterized 
by clinical and morphological changes that mimic human ulcerative colitis (25). Previous studies 
have shown that VCAM-1 expression is increased in the colons of DSS-treated mice compared 
with controls (2). Thus, we investigated the behavior of VCAM-1 ligand-conjugated LEAPs in 
the DSS-induced murine model of colitis. 

MATERIALS AND METHODS 

Materials 

Phosphate buffered saline (PBS), RPMI 1640, and Hank�s balanced salt solution (HBSS) with 
Ca2+/Mg2+ (HBSS+) were from Biowhittaker (Walkersville, MD). The blocking buffer was 1% 
Bovine serum albumin (BSA; Sigma, St. Louis, MO) in PBS. Neutravidin and yellow-green 
fluorescent biotin-labeled polystyrene microspheres (1 µm) were from Molecular Probes 



(Eugene, OR). Dextran sulfate sodium (DSS) was from ICN Biomedicals (Aurora, OH). Rat 
mAb 429 (anti-murine VCAM-1; IgG2a), biotinylated mAb 429 and biotinylated rat IgG2a were 
from BD PharMingen (San Diego, CA). Peroxidase or FITC-conjugated goat F(ab�)2 anti-rat 
polyclonal antibody were from Jackson Immunoresearch (West Grove, PA). O-
phenylenediamine dihydrochloride (OPD), and phosphate citrate buffer tablets with sodium 
perborate were from Sigma. Formaldehyde (37% wt/wt) was from Fisher (Florence, KY). 

Induction and evaluation of colitis 

C57BL/6J mice (Jackson Labs, Bar Harbor, Maine) were randomized into a colitis or a control 
group. Colitis was induced by spiking the drinking water with 3% DSS (mol wt 36�50 kd) for 7 
days. Weight, physical condition, presence of gross blood in excreta, and stool consistency were 
determined every day following the introduction of DSS. On the last 2 days of the experiment, 
stools were tested for the presence of occult blood (ColoScreen, Helena Labs, Beaumont, TX). 
After the in vivo adhesion assays, mice were sacrificed, the colons removed, and the length from 
the cecum to the rectum was measured. The disease activity index (DAI) was calculated as 
previously described (26). 

ELISA for detection of mouse VCAM-1 in colonic tissue 

Biopsies of colonic tissue were obtained, immediately snap-frozen in liquid N2 and stored at �
80oC. A randomly chosen biopsy from each mouse was disrupted in RPMI 1640 by ultrasound. 
The protein concentration in the suspension was determined spectrophotometrically (coomassie 
blue; BioRad Labs, Hercules, CA) measured at 595 nm (Molecular Devices, Sunnyvale, CA). 
This value, along with quantitative direct sandwich enzyme-linked immunosorbant assay for 
murine VCAM-1 (ELISA; R&D Systems; Minneapolis, MN) was used to determine the 
concentration of VCAM-1 in the suspension (ng VCAM-1/mg total protein). For each condition, 
data are presented as the average of four mice. 

Immunohistochemistry 

Seven days post-treatment with 3% DSS, the mice were sacrificed and the colons were removed 
and fixed in 4% formalin in PBS. The tissue was then embedded and sectioned onto glass slides. 
The slides were processed with the cell and tissue staining kit (R&D) using the following 
procedure with extensive washing between each step. The sections were incubated with (i) 
blocking reagents, (ii) a polyclonal goat anti-mouse VCAM-1 primary antibody (R&D), (iii) 
biotinylated anti-goat secondary antibody, (iv) streptavidin-HRP conjugate, (v) DAB Chromogen 
reagent. Subsequently, the sections were counterstained with methyl green (Vector Laboratories, 
Burlingame, CA) and dehydrated in ethanol/xylene. Slides were mounted and examined under a 
light microscope (Nikon Eclipse-E600). 

PLA-PEG-biotin particles 

The PLA-PEG-biotin polymer and particles were generated as previously described (5, 27). In 
certain cases, rhodamine was added to the organic phase during particle formulation to produce 
rhodamine-loaded PLA-PEG particles. Batches with number average diameters between 1.0 and 



2.5 µm were used in this study. For the in vivo portion of the study, the number average particle 
diameter was between 1.0 and 1.5 µm. 

Ligand conjugation to particles 

Polystyrene-biotin or PLA-PEG-biotin particles were incubated (1×108 particles/ml, 37oC for 20 
min) in PBS containing 50 µg/ml neutravidin. PLA-PEG-biotin particles with incorporated 
rhodamine were used in the enzymatic detection and in vivo experiments described below. 
Neutravidin conjugated particles were washed and incubated (1×108 particles/ml, 24oC, 30 min) 
in PBS, PBS containing biotinylated rat anti-murine VCAM-1 mAb, or PBS containing 
biotinylated rat IgG (60 µg/ml). The resulting PLA-PEG particles were washed with blocking 
buffer and held in PBS at room temperature (<4 h) until used in the assays. 

Enzymatic detection of mAbs on particles 

The protocol is modified from conventional ELISA and has been described previously (6). In 
brief, mAb-conjugated particles or non-conjugated particles (control) were incubated (20 min, 
24oC) with a peroxidase-conjugated goat F(ab�)2 anti-rat polyclonal antibody, washed, and 
treated with OPD dissolved in phosphate citrate buffer containing sodium perborate. After a 10-
min incubation at 24oC, the suspension was centrifuged and the absorbance of the supernatant in 
each sample determined at 450 nm. The average of three separate experiments is given. 

Flow cytometric and confocal analysis 

mAb conjugated and non-conjugated (control) PLA-PEG particles were incubated (24oC, 20 
min) with a FITC-conjugated goat F(ab�)2 anti-rat polyclonal antibody, washed, and fixed in 
HBSS+ containing 1% formaldehyde. Fluorescence of PLA-PEG particles was determined using 
a FACSortTM flow cytometer (Beckon-Dickinson, Mountain View, CA). Confocal images of 
PLA-PEG particles were obtained with a Bio-Rad MRC600 confocal system attached to a Zeiss 
axiovert 10 microscope. The images shown were taken at the mid-plane of the particles. Note 
that PLA-PEG particles without incorporated rhodamine were used for these studies. 

In vivo adhesion assay 

Intravital microscopy was used to investigate particle adhesion in the microvasculature of the 
murine colon using a technique similar to that described (28). In brief, animals were anesthetized 
(ketamine/xylazine, 67/13 mg/kg, i.p.) and cannulated (either the right carotid artery or jugular 
vein) for infusion of particles. Unless otherwise noted, the route of infusion was the right jugular 
vein. An abdominal incision exposed the colon that was immediately superfused with saline 
(0.9% NaCl) to ensure the tissue remained moist throughout the experiment. The mouse was 
transferred to the stage of an inverted microscope (Nikon TE-200) equipped with an attached 
image intensifier (104722-02, Dage-MTI Inc., Michigan City, IN), CCD videocamera (CCD-
300T-RC, Dage-MTI Inc.), monitor, and a VCR. Subsequently, particles were injected through 
the cannula and the interaction of the particles with the post-capillary venules (average diameter 
of ~25 µm) observed using fluorescent illumination [100 W Hg; 550/573 nm (Rhodamine)] and 
recorded for later off-line analysis. In some experiments the mAb to VCAM-1, mAb 429 diluted 
to 100 µg/ml, was infused through the cannula prior to infusion of the biodegradable particles. 



All observations were made in the proximal portion of the colon. Particles were infused through 
the cannula rapidly as a bolus (50 µl, 2×108 particles/ml) or via a controlled infusion rate (Fig. 5) 
using a syringe pump (A99E; Razel Scientific Instruments Inc; Stamford CT). In Fig. 5, by 
varying the concentration of particles in the suspension, the number of particles injected was 
altered. The volume of the suspension injected, 300 µl, and the flow rate of infusion, 40 µl/min, 
were held constant. The number of particles adherent to the vessel wall was determined and 
normalized to the length of the venule observed. For each mouse, 8�9 venules were observed. 
These values were averaged to give the result for that mouse. Data were collected from 3 or more 
separate mice for each condition and averaged to obtain the data presented. 

Statistical analysis 

A single-factor analysis of variance (ANOVA), followed by a Bonferroni test for pair-wise 
multiple comparisons, was used to determine statistical significance. P values <0.05 were 
considered statistically significant. Error bars represent SD. 

RESULTS 

DSS induces clinical signs of colitis and increased expression of VCAM-1 in the colonic 
vasculature 

We first established and characterized the DSS-induced murine model of colitis in our 
laboratory. Mice were split into two groups: One group receiving water spiked with 3% DSS, 
and the control group receiving plain water. After 7 days, DSS-treated mice, but not control 
mice, developed clinical signs of an inflamed colon (i.e., colitis), which included decreased body 
weight, sticky stools, and fecal occult blood (Table 1). Accordingly, the DAI, which compiles 
these observations into a single index (2), was significantly higher in the DSS-treated mice 
compared with the control group. The mice were sacrificed after 7 days, and their colons were 
excised for examination. It was found that the colon in DSS-treated mice was significantly 
shorter than controls (Table 1 and Fig. 1A). 

We quantified the level of VCAM-1 in the colonic tissue of the DSS-treated mice. As shown in 
Fig. 1B, VCAM-1 expression was increased approximately threefold in DSS-treated mice 
compared with control mice, a finding that is similar to that reported by others (2). 
Immunohistochemical analysis detected higher levels of VCAM-1 circumscribing the venules of 
DSS-treated mice compared with controls (Fig. 1C), suggesting that the increased expression of 
VCAM-1 was due, at least in part, to increased expression of VCAM-1 on the vascular 
endothelium. 

Polystyrene particles conjugated with a mAb to VCAM-1 exhibit augmented adhesion to 
the colonic vasculature of DSS-induced colitic mice compared with control mice.  

To further confirm an up-regulation of vascular VCAM-1 and to explore polymeric particle 
adhesion in this model, we initially sought to determine whether polystyrene particles conjugated 
with a ligand to VCAM-1 would exhibit augmented adhesion to the colonic vasculature of DSS-
treated mice. As shown in Fig. 2A, we successfully conjugated a VCAM-1 mAb to fluorescently 
labeled polystyrene particles. Subsequently, anti-VCAM-1 conjugated polystyrene particles were 



injected directly into the blood stream (carotid artery) of DSS-treated and control mice. As a 
further control, rat-IgG conjugated polystyrene particles were injected into DSS-treated mice. 
The interaction of the particles with the post-capillary venules was observed via intravital 
microscopy. The number of adherent particles in the post-capillary venules was determined 10 
min subsequent to the injection. 

Approximately 3-fold more anti-VCAM-1 polystyrene particles were adherent in colitic mice 
compared to non-colitic (control) mice, and 8-fold more anti-VCAM-1 particles were adherent in 
colitic mice compared with the number of IgG particles adherent in colitic mice (Fig. 2B). Note 
that the 3-fold increase in anti-VCAM-1 particles binding in colitic mice relative to controls is in 
line with the 3-fold increase in VCAM-1 expression observed in Fig. 1B. The anti-VCAM-1 
particles exhibited a biphasic adhesive behavior. Specifically, the particles traveled at the free 
stream velocity, and those that adhered abruptly adhered (the velocity of the particles went to 
zero within 1 video frame, i.e., 1/30th of a second) and subsequently remained firmly adherent 
with no rolling observed. Once bound, the anti-VCAM-1 particles remained adherent for the 
entire observation period. These results provide further evidence that VCAM-1 is up-regulated in 
the DSS-induced model of colitis and demonstrate that polymeric particles coated with a mAb to 
VCAM-1 will exhibit augmented adhesion to colitic vasculature. 

Biodegradable particles conjugated with a mAb to VCAM-1 exhibit augmented adhesion to 
the colonic vasculature of DSS-induced colitic mice compared with control mice.  

We synthesized a biodegradable block copolymer consisting of biotinylated PEG and PLA 
blocks (5). The phase separation of PEG and PLA upon particle preparation using the emulsion 
method described ensures that the particle surface is rich in biotinylated PEG, allowing facile 
linkage of targeting moieties, via a neutravidin bridge, to the particles (5). As demonstrated by 
enzymatic detection (Fig. 3A) and flow cytometric analysis (Fig. 3B), we successfully coupled a 
VCAM-1 mAb to the PLA-PEG particles. The anti-VCAM-1 conjugated PLA-PEG particles are 
referred to as α-V leukocyte-endothelial cell adhesive particles (α-V LEAPs). We used confocal 
microscopy to probe the distribution of the mAbs on the α-V LEAPs. α-V LEAPs were prepared 
using non-fluorescent PLA-PEG particles. Subsequently, the particles were treated with a FITC-
labeled antibody that detects anti-VCAM-1. PLA-PEG particles not conjugated with anti-
VCAM-1 were treated with the FITC detection antibody in an identical manner and served as a 
negative control. As can be seen in Fig. 3C, only particles bearing the mAb to VCAM-1 were 
fluorescent and the fluorescent intensity was localized to the periphery of the particle, strongly 
suggesting that the majority of the VCAM-1 mAb is localized to the periphery of the α-V 
LEAPs. 

We next tested the adhesion of α-V LEAPs in the DSS-induced model of colitis. Suspensions of 
α-V LEAPs or rat IgG PLA-PEG particles (negative control) were injected directly into the 
blood stream of groups of mice as a bolus injection. As shown in Fig. 4A and 4B, a significantly 
greater number of α-V LEAPs were adherent in colitic mice compared with (i) the number 
adherent in non-colitic mice, (ii) the number of IgG PLA-PEG particles adherent in colitic mice, 
and (iii) the number of α-V LEAPs adherent in colitic mice pretreated with the VCAM-1 mAb. 
The α-V LEAPs exhibited a biphasic adhesive behavior, wherein particles traveling at the free 
stream hydrodynamic velocity abruptly adhered and subsequently remained firmly adherent with 



no rolling observed. Once firmly adherent, the α-V LEAPs remained adherent for the entire 
observation period. The α-V LEAPs appeared to bind directly to the vessel wall, and we did not 
detect interactions between α-V LEAPs and blood cells. This latter observation is consistent with 
our finding that less than 1% of PLA-PEG particles incubated with blood freshly isolated from 
mice were observed to be interacting (i.e., in contact) with a blood cell and less than 1% of the 
blood cells were observed to be interacting with a PLA-PEG particle. 

Two key parameters can be used to characterize the effectiveness of targeting (5). One 
parameter, selectivity, is the ratio of the number of α-V LEAPs that bind in colitic colons 
relative to the number of α-V LEAPs that bind in normal colons. The other parameter, ligand 
efficiency, is the ratio of the number of α-V LEAPs (i.e., targeted particles) that bind in colitic 
colons relative to the number of IgG PLA-PEG particles (i.e., non-targeted particles) that bind in 
colitic colons. As shown in Fig. 4B, the selectivity was ~3 and the ligand efficiency ~13. Thus, 
3-fold more α-V LEAPs were bound per unit length of colon post-capillary venule in colitic 
mice relative to normal mice and nearly 13-fold more α-V LEAPs were bound in colitic mice 
relative to non-targeted IgG PLA-PEG particles in colitic mice. 

Selectivity and ligand efficiency are functions of the total number of particles injected 

We next sought to explore the relationship between the number of particles injected and the 
targeting efficiency. To do this we injected 5 × 106, 1 × 107, and 3 × 107 α-V LEAPs and IgG 
PLA-PEG particles into different sets of mice. Note that in this protocol we used slow infusion 
of the particles, as described in the Materials and Methods section, as opposed to a rapid bolus 
injection. We found that the number of α-V LEAPs adherent in colitic mice was a function of the 
number of particles injected (Fig. 5A–C). A similar trend was observed in non-colitic mice (Fig. 
5A–C). In contrast, the number of adherent IgG PLA-PEG particles in colitic mice and the 
number of adherent α-V LEAPs in colitic mice pretreated with the VCAM-1 mAb was not a 
function of the number of particles injected. Note that in each case the number of α-V LEAPs 
adherent in colitic mice was significantly greater than the number of α-V LEAPs adherent in 
control mice, the number of IgG PLA-PEG particles adherent in colitic mice, and the number of 
α-V LEAPs adherent in colitic mice pretreated with the VCAM-1 mAb. To gain insight into the 
effect of particle number on the targeting efficiency, we plotted the selectivity and ligand 
efficiency as a function of the number of particles injected. This analysis revealed that both the 
selectivity and the ligand efficiency were a function of the number of particles injected (Fig. 5D, 
E). Note that the selectivity observed when 1 × 107 particles were injected was significantly 
greater then the selectivity observed when 3 × 107 particles were injected. The highest ligand 
efficiency was observed when 3 × 107 particles were injected. At this condition, ~24-fold more 
α-V LEAPs bound to colitic vasculature compared with the IgG PLA-PEG particles. Note that 
we could not inject more particles because it becomes difficult to resolve individual particles 
when a large number of particles are bound to the endothelium. 

DISCUSSION 

Previously we developed and described biodegradable particles, LEAPs, which selectively and 
avidly adhere to inflamed endothelium in vitro and in vivo (5). The present work significantly 
advances this study by demonstrating that α-V LEAPs exhibit enhanced and avid adhesion to 



inflamed endothelium in a disease model of pathological inflammation. The α-V LEAPs 
exhibited 3-fold greater adhesion in DSS-treated mice compared to controls and ~ 24-fold greater 
adhesion in DSS-mice compared to non-targeted particles. In line with other reports, we found 
evidence of a 3-fold increase in VCAM-1 expression in the colons of DSS-treated mice 
compared to controls (Fig. 1B and 2B). Thus, the selectivity we obtained with our targeting, 3-
fold, may reflect the maximal selectivity that can be obtained in this model. In our previous study 
we found that the selectivity of anti-ICAM-1 (α-I) LEAPs for inflamed (TNF-α treated) human 
umbilical vein endothelial cells (HUVEC) compared with non-inflamed HUVEC in vitro was 
only 2-fold, whereas the selectivity of α-V LEAPs was ~15-fold (5). We attributed this marked 
difference in selectivity between α-I LEAPs and α-V LEAPs to the presence of ICAM-1 on non-
inflamed HUVEC, whereas VCAM-1 was not detectable on non-inflamed HUVEC (5). Similarly 
the marked difference between the selectivity of the α-V LEAPs in the present model (3-fold) 
relative to the in vitro HUVEC model (~13-fold) may be due in part to the presence of VCAM-1 
on normal murine colon and the lack of VCAM-1 on non-inflamed HUVEC. Our data (Fig. 1B 
and 2B), as well as previous reports (2), suggest that VCAM-1 is present on venular endothelium 
of the non-colitic colon. 

The data presented in Fig. 5 strongly suggest that the number of LEAPs injected will have a 
significant effect on the targeting efficiency. That said, the relationship between the number 
injected and efficiency appears to be complex. As noted in the paragraph above, a 3-fold 
selectivity seems reasonable given that VCAM-1 expression appears to be increased ~3-fold in 
colitic colon relative to controls [Fig. 1B, 2B, and (2)]. The data also suggests that increasing the 
number of drug carriers injected will not necessarily help increase selective targeting (Fig. 5D). 
In contrast, it appears that increasing the number of particles has a dramatic positive impact on 
ligand efficiency. This observation is likely related to the saturation of �non-specific� binding 
sites on the endothelium across the range of IgG particles injected. If this were the case, then one 
would expect to see no change in IgG binding as the number of IgG particles is increased. In 
contrast, it appears that α-V LEAP binding was not saturated, leading to the progressive 
elevation in ligand efficiency with particle number. 

Corticosteroids are perhaps the most commonly used drugs for the treatment of IBD and have 
several serious side effects (23). Corticosteroids have been shown to alter endothelial expression 
of important inflammatory mediators. For example, dexamethasone has been reported to inhibit 
endothelial expression of IL-8, a molecule that plays a key role in leukocyte transmigration 
across the endothelium. Recently, other investigators have sought to target dexamethasone to 
endothelial cells via conjugation to an E-selectin mAb (10, 11, 29). Delivering the corticosteroid 
in a drug carrier, as opposed to a mAb, significantly increases the amount of drug that can be 
delivered to the tissue. Indeed, neglecting issues of drug release, a single 200 nm drug-loaded 
particle will deliver a payload that is at least as large as the payload delivered by mAb-
conjugated drugs binding to all of the target ECAMs on a given endothelial cell. In this regard, 
we note that in the present study we used particles that were on the order of 1000 nm in diameter. 
Since these are too big to be endocytosed by the endothelium, the drug would be released in the 
flow stream adjacent to the endothelium and would, therefore, be subject to the convective effect 
of blood flow that could diminish the selective targeting. We point out, however, that it is 
routinely observed that soluble mediators (e.g., cytokines and chemokines released by 
endothelial cells and leukocytes) can have a dramatic localized effect on cell behavior (30). 



Additionally, our laboratories are currently working to develop smaller LEAPs (<200 nm), which 
can be endocytosed by endothelial cells (31) and, thus, could release their payload within the 
inflamed endothelial cells. 

Although these results advance this targeting approach, other issues involved in drug delivery to 
the colon need to be mentioned. Although we have demonstrated selective adhesion to colitic vs. 
non-colitic tissue and have characterized the adhesion, another important step is to optimize 
selectivity for colitic tissue vs. uptake by the reticuloendothelial system. Additionally, we have 
not investigated the distribution of the particles within the colitic tissue. Determination of the 
distribution within the tissue layers and whether the particles are concentrated at highly inflamed 
regions within the colon would give further insight into the potential usefulness of this targeting 
approach. Subsequent studies are clearly needed, and it is hoped that the present study will 
spawn further work in this area. 

In conclusion, we demonstrated that α-V LEAPs exhibit significant enhanced and avid adhesion 
to inflamed endothelium in the DSS-induced model of colitis. In addition, we found that the 
selectivity and the ligand efficiency are both functions of the number of particles injected for the 
range of particle numbers tested. This study significantly extends our previous report where we 
demonstrated that LEAPs exhibit selective and avid adhesion to inflamed endothelium (5) and 
represents a key step forward in the development of an approach to target drugs selectively to 
sites of IBD. 
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Table 1 
 
Disease activity index 

 
Group Body weight reduction (g) Stool consistency Occult blood DAI Colon Length (mm) 
Control ≤ 0 0 0 0 52.4  ±  4.1 
DSS 3.5 ± 1.9 2.0 ± 0 2.0 ± 0 2.4 ± 0.4* 40.4 ± 3.6# 

 

Oral administration of DSS induces clinical symptoms of colonic inflammation. Disease activity index (DAI) was calculated by assigning scores to 
changes in body weight, stool consistency, and occult blood positivity or gross bleeding. The DAI for mice treated with DSS was significantly 
greater than in control mice (*P<0.05). Colon lengths (cecum excluded) were measured for DSS-treated as well as control mice. Colon lengths of 
DSS-treated mice were significantly smaller than control mice (# P<0.05); n = 15 for each group. 

 
 
                                              
 

 



Fig. 1 
 

                               
 
Figure 1. Colons of mice given 3% DSS develop signs of inflammation. A) Colons of DSS-treated mice are shorter in 
length than colons from control mice. Images representative of n = 15 mice from each group. B) VCAM-1 concentration 
(ng VCAM-1/mg total protein) in colons from control or DSS-treated mice; n = 4 from each group. *P < 0.05 compared 
with the left bar. C) Tissue sections of colon samples from control or DSS mice were treated with a mAb to murine 
VCAM-1. Sections were observed under light microscopy subsequent to enzymatic detection of VCAM-1. The brown 
staining indicates presence of VCAM-1. The arrows highlight the venules. Note edema and leukocyte infiltration on right 
(colitic) image. Images span 350 µm from top to bottom and are at equivalent magnification. 





Fig. 3 
 

                
 
Figure 3. A murine mAb to VCAM-1 (α-V) was coupled to PLA-PEG particles at very high densities. A) The 
presence of α-V on the particles was determined using an enzymatic technique. The optical density (O.D. 450 nm, y-axis) 
correlates with the amount of α-V on the particles. Legend: α-V indicates coupling of the VCAM-1 mAb to the particles; n 
= 3; *P < 0.05 compared with the right bar. B) The presence of α-V on the particles was determined using FACS. 
Fluorescence, indicated by a shift along the x-axis, correlates with the amount of α-V on the particles. Top panel are 
particles without α-V; bottom panel are particles with α-V (C) The distribution of the α-V on the particles was determined 
using confocal microscopy. Each image is of a single PLA-PEG particle viewed at the mid-plane of the particle using a 
fluorescence filter that allows detection of FITC. Legend: α-V indicates coupling of the VCAM-1 mAb to the particle. 



Fig. 4 
 

                               
                
Figure 4. α-V LEAPs exhibit selective and augmented adhesion to DSS-induced colitic vasculature. A) Segments of 
postcapillary venules from typical experiments. The white spheres are the rhodamine-loaded α-V LEAPs or IgG particles 
that adhered to the walls of the postcapillary venules. Two images, one just before the particles, were injected (top panels) 
and one 2.5 min after the particles were injected (bottom panels). Results from a typical experiment are presented. 
Legend: Ligand indicates which molecule was coupled to the particles, a mAb to murine VCAM-1 (α-V) or rat IgG (IgG); 
DSS indicates whether postcapillary venule is in a mouse treated with DSS to induce colitis (+) or in a control mouse (–). 
B) α-V LEAPs or IgG (negative control) particles were injected as a bolus into colitic and non-colitic mice (1×107/mouse) 
and the number of adherent particles observed in the post-capillary venules of the colon. All adherent particles were 
firmly adherent (i.e., not rolling). Legend: mAb pretreatment indicates pretreatment of mice with the VCAM-1 mAb (+) 
or no pretreatment (–). Ligand indicates which molecule was coupled to the particles, a mAb to murine VCAM-1 (α-V) or 
rat IgG (IgG); DSS indicates treatment with DSS to induce colitis (+) or no treatment (–); n ≥ 3; *P < 0.05 compared with 
each of the right bars. 

 




