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Abstract
Targeted delivery of therapeutics possesses the potential to localize therapeutic agents to a specific
tissue as a mechanism to enhance treatment efficacy and abrogate side effects. Antibodies have been
used clinically as therapeutic agents and are currently being explored for targeting drug-loaded
nanoparticles. Peptides such as RGD peptides are also being developed as an inexpensive and stable
alternative to antibodies. In this study, cyclo(1,12)PenITDGEATDSGC (cLABL) peptide was used
to target nanoparticles to human umbilical cord vascular endothelial cells (HUVEC) monolayers that
have upregulated intercellular cell-adhesion molecule-1 (ICAM-1) expression. The cLABL peptide
has been previously demonstrated to possess high avidity for ICAM-1 receptors on the cell surface.
Poly(DL-lactic-co-glycolic acid) nanoparticles conjugated with polyethylene glycol and cLABL
demonstrated rapid binding to HUVEC with upregulated ICAM-1, which was induced by treating
cells with the proinflammatory cytokine, interferon-γ. Binding of the nanoparticles could be
efficiently blocked by pre-incubating cells with free peptide suggesting that the binding of the
nanoparticles is specifically mediated by surface peptide binding to ICAM-1 on HUVEC. The
targeted nanoparticles were rapidly endocytosed and trafficked to lysosomes to a greater extent than
the untargeted PLGA-PEG nanoparticles. Verification of peptide-mediated nanoparticle targeting to
ICAM-1 may ultimately lead to targeting therapeutic agents to inflammatory sites expressing
upregulated ICAM-1.
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Introduction
A variety of drug treatments have been investigated in recent decades outlining the potential
of targeting specific cytokines or cell adhesion molecules that facilitate leukocyte recruitment
in inflammatory diseases (1–4). In particular, monoclonal antibodies (mAbs) have been
developed to target and bind molecules to disrupt the inflammatory pathway. However, the
application of mAbs may be limited by immunogenicity, production cost, low physicochemical
stability, and short in vivo half-life. As an alternative, nanoparticles may be targeted to a specific
tissue with up-regulated cell adhesion molecules such as intercellular cell-adhesion molecule-1
(ICAM-1), which is dramatically up-regulated (~10 fold or more) on the vascular endothelium
in response to the increased production of proinflammatory cytokines such as interleukin-1-
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β, interferon-γ, and tumor necrosis factor-α (5). Recent studies have indicated that coupling
anti-ICAM-1 mAbs to the surface of nanoparticles facilitated binding and internalization on
the vascular endothelium (6,7). In light of these findings, drugs encapsulated into nanoparticles
and targeted to ICAM-1 may have the potential to pool to sites of ICAM-1 upregulation for a
localized therapeutic effect (7).

Inhibition of ICAM-1 binding to leukocytes using mAbs has been shown to suppress T-cell
activation (8,9). In addition, therapies combining drugs such as methotrexate with mAbs
against proinflammatory cytokines (e.g. TNF-α) have shown great promise in halting the
progression of joint deterioration (10,11). A variety of therapeutic strategies utilizing mAbs
against CD4, CD5, CD7, CD25 and CD52 have also been investigated in an effort to interfere
with the activation of CD4+T cells, thus, blocking inflammation (1,12,13). Previously, Siahaan
and others found linear and cyclic peptides derived from the α- and β-subunits of LFA-1 that
can inhibit homotypic and heterotypic T-cell adhesion as well as mixed lymphocyte reaction
(14). The peptide cyclo(1,12)PenITDGEATDSGC (cLABL) demonstrated the highest avidity
for domain-1 (D1) of ICAM-1 and can block ICAM-1-mediated T-cell adhesion. In addition,
this peptide was internalized by ICAM-1 into the cytoplasmic domain of activated T cells and
endothelial cells (14). cLABL, has also been shown to provide therapeutic benefit by mitigating
T-cell adhesion in the pancreatic microvasculature (15). Further enhancement of the
demonstrated therapeutic efficacy may be afforded by multivalent peptide/receptor interactions
(e.g., on a nanoparticle surface) coupled with sustained, localized release of appropriate
therapeutics.

Nanoparticles have garnered attention for use as delivery vehicles for therapeutic drugs since
they can be designed to slip between intercellular spaces, enter cells, or transport directly
through biological barriers to access disease sites (16–18). Nanoparticles also encapsulate
therapeutic agents offering potential protection from enzymatic degradation, metabolism, and
filtration. Choosing the proper particle-forming materials allows controlled release of drug
over time or in response to a biological cue (19,20). Delivering drugs in this manner also allows
functionalization of the nanoparticle surface without compromising the activity of the drug
itself; often a problem when covalently bonding targeting ligands to therapeutics as a prodrug
strategy.

Surface modification of nanoparticles is a key requisite for extending circulation half-life and
promoting localization. For example, nanoparticles coated with a highly cationic polymer have
been used to enhance cellular uptake or open intercellular tight junctions (16,21). Recently,
folate receptors over-expressed on the surface of malignant human cells were targeted by
grafting folate on the surface of nanoparticles (22). Studies revealed that the nanoparticles
attained a 10-fold higher affinity for the surface folate binding protein than free folate (23).
Researchers reasoned that the multivalent form of folate on the nanoparticle surface interacted
strongly with folate receptors, which are often present in clusters on the surface of cancer cells,
similar to the clustering of ICAM-1 during T-cell adhesion. Finally, research efforts are
ongoing to improve nanoparticle performance in vivo by extending nanoparticle circulation
and limiting interaction with blood constituents (17,24–26).

In this report, cLABL was conjugated to the surface of biodegradable PLGA nanoparticles to
target ICAM-1 on the surface of human umbilical cord vascular endothelial cells (HUVEC).
The amino terminus of modified polyethylene glycol was conjugated to carboxylic acid groups
on PLGA nanoparticles via a peptide bond. The density of carboxyl groups on the nanoparticle
surface was augmented using poly(ethylene-maleic acid) (PEMA) as a surfactant based on
methods recently described by Saltzman and others (27). Particles were further modified by
conjugating the N-terminus of cLABL to the carboxylic acid group of PEG on the nanoparticle
surface. The cLABL nanoparticles demonstrated rapid binding to HUVEC in comparison to
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PLGA-PEG particles. Binding of cLABL nanoparticles was enhanced upon upregulation of
ICAM-1 receptors by interferon-γ and was interrupted by incubating HUVEC with free cLABL
peptide prior to nanoparticle introduction. Labeling lysosomes revealed that cLABL
nanoparticles trafficked to lysosomes and accumulated to a much greater extent than PLGA-
PEG nanoparticles. This research provides evidence that cLABL can be rapidly and specifically
targeted to cells with upregulated ICAM-1, thus, offering the potential for site specific drug
delivery.

Experimental Procedures
Materials

Poly(DL-lactic-co-glycolic acid) (50:50) (PLGA, inherent viscosity 0.89, Mw ~150 kDa) was
purchased from Absorbable Polymers. Poly(ethylene-maleic anhydride) (PEMA), was
purchased from Polysciences, Inc. Fmoc-PEG3400-COOH was purchased from Nektar (San
Carlos, CA). Alexa Fluor 488, LysoTracker® Red, and Texas Red® (10,000 kDa, lysine
fixable) were purchased from Molecular Probes. Human interferon-γ (hIFN-γ, 100,000 U) was
purchased from Roche Applied Science. Six-well glass bottom microwell dishes were
purchased from MatTek corporation and 8-well BD Falcon* Culture Slides and 4%
paraformaldehyde were purchased from Fisher Scientific. Acrodisc® Syringe Filters with
Supor® PES Membrane were acquired from VWR international, Inc. Dulbecco’s modified
Eagle’s medium and Triton® X-100 were purchased from Sigma Aldrich. Penicillin-
streptomycin, non-essential amino acids, and fetal bovine serum (FBS) were purchased from
Invitrogen. Float-A-Lyzers (MWCO 500) were purchased from Spectrum labs. Micro BCA
protein assay kit was purchased from Pierce Chemical Company.

Preparation of PLGA nanoparticles
PLGA nanoparticles were prepared by a solvent diffusion method. Briefly, 50 mg PLGA was
dissolved in 3.0 mL acetone and the PLGA solution was added into 0.2% PEMA (30 mL)
through a syringe pump (20 mL/h) under stirring at 200 rpm in a hood to evaporate acetone.
PEMA was utilized as a surfactant to increase the number of carboxyl groups on the particle
surface. Saltzman and others have previously reported this method to form stable antibody
conjugates on PLGA particles (27). Produced nanoparticles were collected by centrifugation
(15,000 rpm, 45 min). The nanoparticles were washed using double-distilled water three times.
The sizes and zeta potentials of the PLGA nanoparticles were determined using a ZetaPALS
dynamic light scattering system (Brookhaven, ZetaPALS).

Synthesis of PEGylated-PLGA nanoparticles and cLABL conjugation
Deprotection of the amine of Fmoc-PEG3400-COOH was accomplished by stirring Fmoc-
PEG3400-COOH in 1.5 mL of 20% piperidine in DMF for 2 h at room temperature. The solution
was transferred to polypropylene centrifuge tubes and water was added. Centrifugation and
filtration (MWCO 5,000) resulted in essentially complete Fmoc removal. The solution was
further subjected to extensive dialysis in 500 MWCO Float-A-Lyzers before being lyophilized
to dryness.

Five milligrams of PLGA nanoparticles in suspension (~0.2 mg/mL in double-distilled water)
were incubated with 23 mg N-hydroxysuccinimide (NHS, 0.2 mmol), the pH was adjusted to
5.80, and then 153 mg of 1-(3-dimethylaminopropyl)-3-ethylcarbodimide hydrochloride
(EDC, 0.8 mmol) was added and incubated for 2 hr at room temperature with gentle stirring.
The resulting NHS-activated particles were covalently linked to 10 mg NH2-PEG-COOH. The
resulting PLGA-PEG-COOH nanoparticles were again washed, resuspended, and preserved
in suspension form in double-distilled water. PLGA-PEG-COOH nanoparticles were activated
by NHS as described above. The resulting NHS-activated particles were covalently linked to
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5 mg cLABL peptide or 0.2 mg Alexa 488. PLGA-PEG-Alexa 488 particles served as control
particles for all studies. The resulting PLGA-PEG-peptide-COOH nanoparticles were again
activated by NHS as described above. The resulting NHS-activated particles were covalently
linked to 0.2 mg Alexa 488.

Quantification of PEG and cLABL peptide on the surface of nanoparticles
The unreacted PEG or the unreacted cLABL peptide was separated from nanoparticles after
the corresponding reaction step by centrifugation at 15,000 rpm for 45 min. The amount of
free PEG or cLABL peptide in the supernatant was determined using 2,4,6-trinitro-
benzenesulphonic acid (TNBS) as a colorimetric assay (28). Seven hundred microliters of
aqueous solution containing free PEG or cLABL peptide was added to 700 μL of 0.1 M sodium
borate buffer (pH 9.2). Three hundred and fifty microliters of TNBS aqueous solution (1.65
mg/mL) was added and the solution was rapidly mixed. After incubation at 40°C for 45 min,
the reaction was stopped by adding 350 μL of 0.1 M NaH2PO4 containing 1.5 mM Na2SO3
and absorption at 420 nm was determined on a UV/VIS spectrometer (Agilent 8453). The
amounts of PEG and cLABL peptide on the surface of nanoparticles were calculated by
subtracting the free amount from the total amount added into the reaction system.

The amount of Alexa 488 on the surface of nanoparticles was analyzed by the fluorescence
intensity of nanoparticles using a fluorescence plate reader (SpectraMax M5, Ex. 490 nm, Em.
520 nm). Standard curves were obtained by diluting the free Alexa 488 with blank PLGA-
PEMA nanoparticles (size = 266 nm) over a concentration range from 0.01–0.1 μg/mL (r =
0.9991).

Binding and uptake of nanoparticles in HUVEC culture
Pooled HUVEC were grown in DMEM medium supplemented with 10% FBS, 0.1% non-
essential amino acids, and 0.1% penicillin-streptomycin and were maintained at a density of 1
× 105 to 1 × 106 cells/mL at 37°C in a humidified 5% CO2 atmosphere. HUVEC were plated
in 8-well BD Falcon* Culture Slides at a density of 1.0 × 105 cells/mL and used for uptake
studies on day 2. Freshly prepared nanoparticles were diluted with serum free medium to give
a concentration of 0.3 mg/mL. Two hundred microliters of the nanoparticle suspension was
added into each well. The cells were incubated with nanoparticles for different time periods to
allow surface binding, washed three times with serum free medium, incubated at 37°C or 4°C
for different time periods, washed three times with ice cold PBS, and fixed with 3.7%
paraformaldehyde at room temperature.

For studies using free peptide as an inhibitor, HUVEC monolayers were pre-incubated for 30
minutes at 37°C in the presence of different concentrations of free cLABL peptide, washed
three times with serum free media, and incubated with nanoparticles as described above. At
varying periods of time, the cell monolayers were fixed, lysed, and the fluorescence was
determined. For ICAM-1 up-regulation studies, HUVEC were activated with hIFNγ for 16–
18 h and then washed three times with serum free media, and incubated with nanoparticles as
described above for uptake studies.

Quantification of nanoparticle interaction with HUVEC
Above experiments were terminated by washing the cells three times with ice-cold phosphate-
buffered saline (PBS; 8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, and 0.24 g/L KH2PO4 in
water at pH 7.4) and solubilizing the cells with 1 mL of 0.5% Triton X-100 in 0.2 M NaOH.
Nanoparticle content was quantified by analyzing the cell lysate using a fluorescence plate
reader (SpectraMax M5, Ex. 490 nm, Em. 520 nm). Uptake was normalized to the amount of
cellular protein. The protein content of the cell lysate was determined using the Micro BCA
protein assay kit. The plate reader was calibrated with standard preparations of nanoparticles,
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which were diluted with a cell lysate solution prepared by solubilizing 2 × 105 HUVEC in 1
mL of 0.5% Triton X-100/0.2 N NaOH solution. Linear calibration curves (r = 0.9991) over
the nanoparticle concentration range of 6 to 48 μg/ml were obtained.

Intracellular trafficking of nanoparticles
To follow intracellular trafficking of nanoparticles, HUVEC were incubated for 2 hr at 37°C
with Lysotracker to label lysosomes, washed three times with serum free medium, and
incubated with nanoparticles as described above for uptake studies. In brief, freshly prepared
nanoparticles were diluted to 0.3 mg/mL with serum free medium. Two hundred microliters
of the nanoparticle suspension was added into each well. The cells were incubated with
nanoparticles for 10 min to allow surface binding, washed three times with serum free medium,
incubated at 37°C. At varying periods of time after internalization, the cells were washed three
times with ice cold PBS, and fixed with 3.7% paraformaldehyde at room temperature. Then,
the co-localization of nanoparticles within Lysotracker-labeled cellular compartments was
determined. The results were confirmed by labeling lysosomes with Texas Red dextran (10,000
kDa) following a similar protocol (7,29).

Results
Preparation of nanoparticles

As previously described by Saltzman and others (27), multiple molecules were conjugated to
PLGA nanoparticles in the presence of PEMA surfactant by sequentially activating and
conjugating the available terminal carboxyl groups.. Original PLGA particles coated with
PEMA were ~175 nm in size with a relatively low polydispersity (Table 1). Dynamic light
scattering results were confirmed by scanning electron microscopy, which verified the narrow
particle size distribution and revealed a relatively smooth surface morphology (Figure 1).
Reacting the terminal amine of PEG to PEMA carboxyl groups resulted in a slight increase in
the average particle size and polydispersity. Further addition of the fluorescent dye, Alexa 488,
or cLABL produced a further increase in average particle size and polydispersity. This trend
continued when linking Alexa 488 to the carboxyl terminus of cLABL. Increasing particle size,
presumably due to particle agglomeration, was suspected to result from the addition of NHS
when conjugating molecules since NHS presents a relatively hydrophobic intermediate on the
particle surface. Sequential conjugations also demonstrated a systematic increase in
nanoparticle zeta potential, presumably a result of the occupation of carboxyl sites and
increasing particle size.

The density of molecules on the nanoparticle surface was estimated after each reaction step.
The total particle surface area was calculated assuming a normal gaussian particle size
distribution. The concentration of molecules was determined indirectly by quantifying the
amount of molecules left in solution. Appropriate controls were utilized to assure that this
method was accurate (i.e. no loss of molecules through non-specific adsorption to the vial, etc.)
The density of PEG on the surface of PLGA particles corresponded well with other reports
(Table 2) (30,31). In addition, the density of peptide was sufficient to facilitate particle
interactions in vitro. Alexa 488 surface concentration provided significant signal for detection
by fluorescent microscopy and spectroscopy.

To effectively determine nanoparticle interactions with cells, colloidal stability is a key
requisite. PEGylated nanoparticles with and without peptide possessed good colloidal stability
in both water and serum-free cell culture media. A slight increase in particle size,
polydispersity, and zeta potential was evident in media. Large precipitates were not obvious
in either water or media although larger ~1 μm agglomerates were visible by fluorescence
microscopy on rare occasions. Preincubation of nanoparticles with cell culture media in an
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ultrasound bath prior to dispersing into wells helped to mitigate the agglomeration of
nanoparticles.

The cLABL peptide has been previously shown to bind to the D1 domain of ICAM-1 (32).
ICAM-1 is expressed at a basal concentration of 5–10 × 104 sites/cell, although the expression
may be increased to 3.5 × 106 sites/cell upon treatment of HUVEC with TNF-α (33). To
determine the binding avidity to HUVEC expressing basal levels of ICAM-1, nanoparticles
were incubated with HUVEC for one hour, washed, and fluorescence was quantified after 2
hours. Increasing the concentration of peptide-labeled nanoparticles resulted in a
corresponding increase in the fluorescence intensity (Figure 2). The decreasing effect of
increasing particle concentration may be indicative of saturation of ICAM-1 receptors or the
removal of ICAM-1 from the surface via endocytosis at high nanoparticle concentrations.

HUVEC were incubated with PLGA nanoparticles grafted with PEG or PEG-cLABL at 300
μg/mL to assess the specificity of binding mediated by cLABL. The presence of cLABL on
nanoparticles resulted in an ~2.5-fold enhancement of the fluorescent intensity in HUVEC
(Figure 3). Increasing the binding time decreased the differential between cLABL and non-
specific nanoparticle interactions with HUVEC. Fluorescent micrographs were also collected
over time to observe the kinetic interaction of nanoparticles with HUVEC. Rapid localization
of cLABL nanoparticles to the cell periphery was observed (Figure 4). This observation was
consistent with the short nanoparticle binding times determined spectroscopically. Punctate
fluorescent patterns developed very quickly (~15 minutes), which suggested rapid
internalization of cLABL-nanoparticles as well. Focusing on the cell midline and
deconvoluting these images, that is removing of out of focus fluoresent light, provided
additional evidence that fluorescent foci were indeed inside the cells. In contrast, fluorescence
in PLGA-PEG nanoparticle incubations remained relatively disperse over more than 2 hours
and similar localization of fluorescence was not noted until later times, providing
circumstantial evidence that these particles did not enter cells to as great an extent.

Since studies revealed that the binding of cLABL nanoparticles occurred rapidly, experiments
were designed to further determine if nanoparticles were indeed entering cells. Reports from
Muro and others have verified that ICAM-1 mediates endocytosis along a novel pathway
(34) and prior work by Labhasetwar and others demonstrated the endocytosis and exocytosis
of PLGA nanoparticles in multiple cell lines (35,36). Incubating HUVEC at 4°C was utilized
to minimize energy dependent endocytic pathways. Uptake of nanoparticles was effectively
mitigated at low temperature. For cLABL nanoparticles association with cells was still apparent
at 4°C confirming that the binding of these nanoparticles was not substantially reduced at low
temperature (Figure 5).

Lysotracker was utilized to determine the rate at which nanoparticles transported to lysosomes
in HUVEC. This dye accumulates in lysosomes, staining them with red fluorescence; therefore,
nanoparticles (green) accumulating in these organelles produced a yellow color. Some punctate
yellow color was noted after only 15 minutes of incubation with cLABL nanoparticles
subsequent to the 10 minute binding time (Figure 6). PLGA-PEG nanoparticles remained
dispersed for longer periods and did not appear in lysosomes until a minimum of 2 hours had
passed. Also, PLGA-PEG nanoparticles were much more disperse in the cell culture. These
studies were confirmed using a pulse-chase approach to label lysosomes with texas red dextran
as reported by colleagues (7,29). This method provided additional evidence of the rapid binding
and internalization of cLABL nanoparticles. In addition, the green fluorescence of
nanoparticles separated from lysosomes at later time points (Figure 7; ~6 hours.) Colocalization
of nanoparticles with lysosomes was assessed semi-quantitatively by summing the number of
yellow pixels from images and dividing by the number of cells in a particular field of view at
selected time points. Kinetic data derived from images showed that cLABL nanoparticles
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appeared in lysosomes to a much greater extent than PLGA-PEG nanoparticles (Figure 8). In
addition, cLABL nanoparticles steadily disappeared from lysosomes after four hours while
PLGA-PEG nanoparticle accumulation continued to steadily increase. This result suggested
that cLABL nanoparticles, cleaved peptide with dye, or cleaved dye may have entered a
recycling endosome, a process that is known to return ICAM-1 to the cell surface (7).
Alternatively, cLABL nanoparticles, cleaved peptide with dye, or cleaved dye may have
escaped the endo-lysosomal pathway and entered the cytosol; however, this hypothesis was
not confirmed.

HUVEC were grown as monolayers to determine the effect of receptor upregulation on
nanoparticle binding. For this study, the surface of HUVEC was incubated for ~16–18 hours
with different concentrations of human IFN-γ. The relative ICAM-1 concentration on the
surface of HUVEC was determined using fluorescent anti-ICAM-1 mAbs and normalized to
basal concentrations of ICAM-1 on control cells (Figure 9A). ICAM-1 concentration on the
surface of HUVEC could be enhanced more than 2 fold. Upreg ulated ICAM-1 significantly
enhanced the binding of cLABL nanoparticles (Figure 9B). The level of enhancement of
nanoparticle interaction with HUVEC corresponded well to the relative enhancement of
ICAM-1 expression induced by INF-γ. In contrast, PLGA-PEG nanoparticles showed no
sensitivity to ICAM-1 expression levels. Studies were conducted using a long nanoparticle
binding time (~1 hour) to achieve similar fluorescence levels of targeted and untargeted
nanoparticles at basal ICAM-1 expression levels (see Figure 2). Binding studies using
upregulated ICAM-1 receptors were also verified by fluorescence microscopy; in this case, the
overall fluorescence for cLABL formulations was enhanced as ICAM-1 expression increased
on the cell surface (data not shown).

Free cLABL peptide was utilized as a competitive inhibitor of cLABL-modifed nanoparticle
binding to HUVEC. Free peptide was incubated at various concentrations with cells prior to
introduction of nanoparticles to the media. The extended nanoparticle binding time (1 hour)
was again selected to minimize differentials between particle types attributable to binding
kinetics (see Figure 3). Increasing free peptide concentration resulted in a corresponding
decrease in fluoresence intensity, thus, even for long binding times, inhibition of nanoparticle-
cell interactions was evident (Figure 10). Drammatic inhibition of the uptake of cLABL
nanoparticles suggests a reduced role for other endocytic pathways in the uptake of these drug
delivery vehicles. In a separate experiment, fluorescent micrographs confirmed the trend of
free peptide inhibition of cLABL nanoparticle binding (data not shown). No inhibition was
evident in PLGA-PEG nanoparticles via spectroscopic measurement of cell lysate fluorescence
or in fluorescent micrographs.

Discussion
Therapeutic interventions stand to benefit greatly from site specific drug targeting. Substantial
research efforts have focused on targeting molecular markers in cancer, infectious disease, and
other diseases. The vascular endothelium remains a prime target for localizing drug delivery,
and ICAM-1 is an attractive receptor for therapeutic interventions (37) and for targeting
therapeutic drug carriers to vascular endothelium because it has shown to be upregulated during
a variety of disease states including infections, injuries, ischemia, autoimmune diseases, and
certain cancers (38–40). In addition, localized upregulation of ICAM-1 facilitates recruitment
of leukocytes suggesting that circulating drug carriers may selectively pool at these regions.

The cLABL peptide was derived from the I-domain of the α-subunit of LFA-1. This peptide
has been shown to inhibit ICAM-1/LFA-1-mediated homotypic (41) and heterotypic (42)n T-
cell adhesion. Interestingly, the peptide blocked adhesion of T cells but not monocytes to
pancreatic islet microvascular endothelium, thus, demonstrating specificity (43). Recently, the
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cLABL peptide was shown to block the formation of microtubule-organizing center at the cell-
cell contact region of human T-lyphotropic virus (HTLV-1)-infected T cells, suggesting that
cLABL can be used to inhibit the spreading of HLTV-1 from infected to non-infected human
T cells (44).The mechanism of activity of this peptide is partly due to its binding to ICAM-1
at the LFA-1 binding site. Using monoclonal antibodies, it has been shown that cLABL peptide
binds to the D1 domain of ICAM-1 (32). The peptide has been specifically designed with a
stable conformation including a β-II′ turn at Asp4-Gly5-Glu6-Ala7 and a β-I turn at Pen1-Ile2-
Thr3-Asp4 as determined by NMR spectroscopy (45). Molecular docking experiments suggest
that this peptide binds to ICAM-1 at F and C strands of D1 domain (45). By itself, fluorescent-
labeled cLABL peptide was internalized into activated Molt-3 T cells, presumably by ICAM-1
receptors (32). Recently, we have shown that the Ile2, Asp4, and Glu6 residues in cLABL and
the β-turn structure at Asp4-Gly5-Glu6-Ala7 are important for the peptide activity. In addition,
a cyclic hexapeptide, cyclo(1,6)ITDGEA, derived from cLABL has been shown to have
comparable activity with the parent cLABL; this cyclic peptide is currently being optimized
by mutating some of its residues. _In the future, this smaller cyclic peptide may also be used
to target drugs or nanoparticles to cells with high expression of ICAM-1 as shown here.

Multiple groups have validated the potential of utilizing ICAM-1 as a molecular marker for
targeting therapeutic particles. Eniola and others have reported the importance of multiple
ligand-receptor interactions in achieving firm adhesion of particles in flow fields (3,46).
Elegant work by Muro and others has also established ICAM-1 as a valid target for delivering
therapeutic nanoparticles. They demonstrated that nanoparticles conjugated with anti-ICAM-1
mAbs were rapidly bound and endocytosed by HUVEC via a novel endocytic pathway (6).
Targeting the same receptor, cLABL nanoparticles reported here were also observed to bind
rapidly and traffic to lysosomes in ~1–2 hours. Any minor differences in the trafficking kinetics
of these two nanoparticle types may be due to the surface concentration of ligand on
nanoparticles and/or the relative avidity of targeting molecules (mAbs versus peptides.)
Perhaps, the lower density and lower binding strength of cLABL to ICAM-1 may lead to easier
disruption of binding events and a slightly more rapid transit to lysosomal compartments. It is
also possible that cluster formation of ICAM-1 receptors on the cell surface during binding to
cLABL-modified nanoparticles is different than that of anti-ICAM-1-modified particles.

In this work, we have successfully modified the surface of nanoparticles with cLABL peptide
to target the vascular endothelium with upregulated ICAM-1. The cLABL peptide effectively
mediated rapid nanoparticle binding and internalization. Binding was enhanced upon
upregulation of ICAM-1 on HUVEC and this binding could be specifically inhibited by
blocking ICAM-1 receptor sites with free cLABL peptide. These results suggest that the
cLABL-nanoparticle conjugates may have dual therapeutic applications, namely, inhibition of
the infiltration of immune cells via blockage or internalization of ICAM-1 receptors coupled
with the ability to localize drug delivery to regions of ICAM-1 upregulation.
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Figure 1.
Scanning electron micrograph of PEMA-coated PLGA nanoparticles.
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Figure 2.
Fluorescent intensity increased in HUVEC as nanoparticle concentration increased. cLABL
peptide modified PLGA nanoparticles binding time was one hour, followed by washing and
incubation for 2 hours prior to cell lysis.
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Figure 3.
Fluorescent intensity of nanoparticles associated with HUVEC was significantly higher for
targeted cLABL nanoparticles for short binding times (p<0.001 for 10 min and 30 min).
Nanoparticle binding time was followed by washing and incubation for 2 hours prior to cell
lysis.
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Figure 4.
Fluorescent micrographs demonstrate that the binding of PLGA nanoparticles mediated by
cLABL occurred rapidly. Significant localized fluorescence was noted at 15 minutes for
cLABL nanoparticles; however, PLGA-PEG nanoparticles required >2 hours to demonstrate
similar localization to cells. No significant differences in fluorescence were observable after
4 hours. Nanoparticle binding time was 10 minutes, followed by washing and incubation for
2 hours prior to cell lysis or imaging.
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Figure 5.
Nanoparticle binding was studied at 4°C to mitigate energy dependant endocytic pathways.
Binding of cLABL nanoparticles was still apparent at low temperature Nanoparticle binding
time was one hour, followed by washing and incubation for 2 hours prior to cell imaging.
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Figure 6.
Fluorescent microscopy was utilized to assess the colocalization of nanoparticles (green) with
lysosomes using Lysotracker (red). Images confirm the rapid binding of cLABL nanoparticles.
In addition, cLABL nanoparticles rapidly trafficked to the lysosome with colocalization visible
within 15 minutes. PLGA-PEG nanoparticles began to appear in lysosomes after two hours.
Nanoparticle binding time was 10 minutes, followed by washing and incubation for different
time prior to cell imaging.
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Figure 7.
Lysosomes were labeled with fluorescent dextran (red) to confirm results obtained with
Lysotracker using cLABL nanoparticles. Again, nanoparticles (green) rapidly colocalized with
lysosomes and remained for about 4–6 hours. For times >4–6 hours, colocalization was no
longer as apparent. Nanoparticle binding time was 10 minutes, followed by washing and
incubation for different time prior to cell imaging.
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Figure 8.
Yellow pixels signifying colocalization of nanoparticles (green) with lysosomes (red) were
quantified over time demonstrating the rapid and transient localization of cLABL nanoparticles
(circles) with lysosomes. Relatively fewer PLGA-PEG nanoparticles transitioned to lysosomes
at later times (>2–4 hours).
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Figure 9.
(A) Fluorescence spectrophotometry was used to quantify ICAM-1 expression in response to
INF-γ and normalized to basal ICAM-1 expression (blank). (B) Fluorescent spectrophotometry
demonstrated that fluorescent intensity increased in HUVEC as IFN-γconcentration increased
(p<0.001 for 1.25 U/μL and 2U/μL). Nanoparticle binding time was one hour followed by
washing and incubation for 2 hours prior to cell lysis or imaging.
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Figure 10.
Fluorescent spectrophotometry demonstrates that binding of cLABL nanoparticles was
inhibited by pre-incubating HUVEC with free peptide (p<0.001 for 0.5 U/μL and 2 U/μL).
PLGA-PEG nanoparticle binding was unaffected. Nanoparticle binding time was 1 hour,
followed by washing and incubation for 2 hours prior to cell lysis or imaging.
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Table 3
Nanoparticle colloidal stability.

Sizes (nm) Polydispersity Zeta potential (mV)

PLGA-PEG-cLABL- Alexa 488 in water 269±19 0.181 −8.3±0.9
PLGA-PEG-Alexa 488 in water 224±14 0.116 −15.4±1.2
PLGA-PEG-cLABL- Alexa 488 in media 292±8.9 0.219 −13.4±1.7
PLGA-PEG-Alexa 488 in media 272±13 0.141 −21.3±2.2
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