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Site-specific delivery of drugs while minimizing unwanted distribution has been one of the pursued
goals in cancer therapy. In this endeavor, we have developed targeted polymeric nanoparticles called
amphiphilic urethane acrylate nonionomer (UAN) for encapsulation of diverse water-insoluble drugs and
diagnostic agents, as well as for simple and reproducible surface conjugation of targeting ligands. Using
monoclonal antibodies or lymphocyte function-associated antigen-1 (LFA-1) I domain engineered for
varying affinities to intercellular adhesion molecule (ICAM)-1, we were able to deliver UAN nanoparticles
to human cancer cells with the efficiency dependent on the strength of the molecular interactions and
the degree of ICAM-1 expression on cell surface. Compared to non-specific uptake of free drugs, targeted
delivery of UAN nanoparticles carrying equal amount of drugs produced more potent cytotoxicity.
Notably, without the targeting ligands attached, UAN nanoparticles were largely precluded from non-
specific uptake by the cells, resulting in much lower toxicity. The versatility of our UAN nanoparticles in
both payload encapsulation and presentation of targeting ligands may facilitate developing a robust
platform for evaluating various combinations of cancer drugs and molecular interactions toward
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developing effective cancer therapy formulations.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Nanoparticles are emerging as a powerful platform for delivery
of imaging [1] and therapeutic entities [2], particularly due to their
potential applications in cancer therapy for early detection,
enhanced therapeutic potency, and reduced side effects [3]. For
example, microspheres, liposomes, nanoshells, dendrimers, and
biodegradable polymers have been utilized as specific drug delivery
systems [4]. Compared to the conventional methods of delivering
therapeutic agents directly via intravenous or enteral routes, or as
molecular conjugates, nanoparticle-mediated delivery may protect
the therapeutic agents from chemical and enzymatic degradation
and circumvent the need for chemical modification of therapeutic
agents, which often leads to reduced potency and stability of drugs
[5,6]. Yet, a successful targeted delivery of nanoparticles needs to
address the challenges in delivering hydrophobic payloads,
controlling drug release, and accomplishing specific delivery while
minimizing adverse immune response [7,8].
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Recently, polymeric nanoparticles have been reported to exhibit
characteristics of sustained release, effective solubilization of
hydrophobic drugs, and reduced interactions with the reticuloen-
dothelial system [6,9,10]. In order to achieve selective targeting by
nanoparticles, targeting ligands are often attached to the surface of
the particles. The high surface-to-volume ratio in these nano-
particles increases the surface density of ligands, leading to
a multivalent, high affinity binding effect [11]. Specific targeting is
additionally improved by the enhanced permeation and retention
effect in tumor environments due to a leaky vasculature structure,
allowing appropriately sized nanoparticles to extravasate [12].
Nanoparticles of certain size range (10—100 nm) have been shown
to accumulate more readily in tumors through the retention effect
compared to the larger ones, making them optimal for tumor
penetration.

To take advantage of these unique characteristics of polymeric
nanoparticles, we have developed a versatile nanoparticle platform
using amphiphilic urethane acrylate nonionomer (UAN) [13] with
two functional layers. The hydrophilic outer shell is coated with
a high density of Nickel-nitrilotriacetic acid (Ni-NTA) for simple
conjugation of tumor-specific targeting molecules [14] and the
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hydrophobic core has a large capacity for water-insoluble chemo-
therapy drugs and imaging agents, where the encapsulation
process occurs through the diffusion of hydrophobic molecules
from water into the hydrophobic core [14,15]. Through this
approach, we demonstrate efficient encapsulation of water-insol-
uble fluorescent dyes, 9,10-diphenylanthracene (DPA) and fluo-
rescein isothiocyanate (FITC), and cytotoxic drugs, such as
camptothecin, a topoisomerase inhibitor [16], and celastrol, a pro-
teasome inhibitor [17].

Some of the current approaches in targeting tumors include
ligands specific to Her2 [18], transferrin receptor [19], epidermal
growth factor receptor [20], folate receptor [21], integrin ayf3 [22],
hyaluronan receptor [23], and chondroitin sulfate [24]. As the target
molecule in the present study, we have chosen intercellular adhe-
sion molecule (ICAM)-1. ICAM-1 is present in low concentrations in
the membranes of endothelial cells, and epithelial cells, and a subset
of immune cells but is greatly upregulated in response to inflam-
matory signals [25,26]. In addition, constitutive over-expression of
ICAM-1 has also been found in many carcinomas, such as breast,
colon, non-small cell lung, renal-cell, pancreas, and gastric carci-
nomas compared to the respective normal epithelial cells [27—32] as
well as in the tumor microenvironments, wherein an inflammatory
milieu promotes angiogenesis and tumor growth [33].

Though most molecular targeting approaches have been based
on antibodies [34] and small peptides [35], herein, we demonstrate
ICAM-1 targeting with a native ligand, called the inserted (I)
domain derived from lymphocyte function-associated antigen
(LFA)-1. LFA-1 is a member of the integrin family, expressed on all
leukocytes [36], that mediates leukocyte adhesion to endothelial
cells and transmigration into inflamed tissues [37]. We used the I
domains that have previously been engineered by various acti-
vating mutations (F292A, F292G, F265S/F292G) to increase the
affinity to ICAM-1 in a step-wise manner [38]. Using ICAM-1
expressing HeLa cells [39] as a model cancer cell line, we demon-
strate specific delivery of UAN encapsulating hydrophobic dyes and
therapeutic agents to the cells, in a manner dependent on the
affinity between the LFA-1 [ domains and ICAM-1, as well as the
expression level of ICAM-1.

2. Materials and methods
2.1. Synthesis and characterization of NTA-coupled UAN nanoparticles

The synthesis of UAN was previously described [40]. In brief, glycerol propox-
ylate (115, MW ~ 1000, Sigma Aldrich) was mixed with toluene diisocyanate (TDI,
Sigma Aldrich) to react the hydroxyl groups of glycerol propoxylate and the isocy-
anate (—N=C=0) groups of TDI (Fig. 1A). The remaining isocyanate groups in TDI
were reacted with the hydroxyl groups of 2-hydroxyethyl methacrylate (2-HEMA,
1134, Sigma Aldrich) and polyethylene glycol (PEG, MW = 1500, Sigma Aldrich). The
final product, urethane acrylate nonionomer, consisted of a 1:3:2:1 M ratio of
glycerol propoxylate:TDI:HEMA:PEG. 50 mg of the UAN monomers were then cross-
linked by the reaction between the vinyl groups (—CH = CH;) of HEMA. This poly-
merization was accomplished by 2 mg of azobisisobutyronitrile (AIBN, Sigma
Aldrich), which creates free radical initiators when heated. The cross-linking step
was carried out in 10 ml of dimethyl sulfoxide (DMSO, Sigma Aldrich) at 65 °C
overnight with vigorous stirring (Fig. 1B). The average molecular weight of the
synthesized UAN chains was 6700 (MALDI Micro MX, Waters) with a polydispersity
of 2.0 measured via ambient temperature gel permeation chromatography (GPC,
Waters). To create the NTA moiety on the hydroxyl end of the PEG groups in poly-
merized UAN, 10 mg of N,,N,-Bis(carboxymethyl)-i-lysine hydrate (NTA analog,
Sigma Aldrich) in 0.1 ml DMSO was mixed with 6.4 mg of TDI (molar ratio of NTA to
TDI is 1:1) for 2.5 h at room temperature to prepare NCO-terminated NTA-TDI
complexes. Then NTA-TDI was mixed with 50 mg of cross-linked UAN overnight at
room temperature to covalently link NCO of NTA-TDI to OH groups of UAN chains. In
order to form nanoparticles from these monomers, the UAN chains dissolved in
DMSO were diluted in distilled water (dH,0) at a volume ratio of 1:10 (DMSO:dH;0).
The payloads such as FITC, camptothecin, and celastrol were added to UAN chains in
DMSO at 0-20% of UAN weight prior to dilution with water.

Dynamic light scattering (DLS, Malvern Instruments) was used to measure the
average size of the UAN nanoparticles after synthesis, after NTA conjugation, and

after payload encapsulation. Transmission electron microscopy (TEM; FEI Tecnai™)
images of the UAN particles were taken after staining with 1% uranyl acetate. 5 pul of
the sample was placed on a glow-discharge grid for 2 min, after which excess
solution was removed with filter paper. 5 ul of 1% uranyl acetate was then placed on
the grid for 1 min and removed with filter paper. Images were taken after air-drying
the grid for 30 min.

2.2. His-peptide column and Ni-NTA functionality test

His-peptide column was made by covalently attaching 2 mg of His-tag peptide
(NH2-Cys-Glys-Trp-Ser-Hisg-COOH; subscripts denote the number of repeats) to
1 ml of aldehyde-activated agarose resin (AminoLink Coupling Resin and Kit, Pierce).
The Schiff base formed between the amine and aldehyde groups was then reduced
by cyanoborohydride according to the manufacturer’s protocol.

2.3. ‘Escape’ kinetics assay

The release kinetics of the payloads encapsulated in UAN were indirectly
measured using dialysis tubes. A highly water soluble dye, 8-Hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt (HPTS, Anaspec) was used as a comparison with
hydrophobic agents such as FITC (Pierce), celastrol (Cayman Chemical), and camp-
tothecin (MP Biomedicals) to demonstrate UAN’s ability to delay the ‘escape’ or the
rate of diffusion of hydrophobic molecules through dialysis tubes. 1 ml of each UAN
(payload) sample was placed in separate dialysis tubes (MWCO 7000 Da, Fisher) and
subsequently placed in separate 2 L water-baths with stirring. After overnight
dialysis, the concentrations of the payloads encapsulated within UAN were
measured and the samples were subsequently placed in separate fresh dialysis
tubes. 2 pl of each of the samples was taken out from the dialysis tubes and the
absorbance levels were measured at different time points using a spectrophotom-
eter (Nanodrop™ 2000) set at appropriate wave-lengths (HPTS: Amax = 454 nm,
FITC: Amax = 495 nm, celastrol: Amax = 424 nm, camptothecin: Amax = 365 nm). Since
DPA (Sigma Aldrich) was completely water-insoluble, DPA precipitated out of
solution did not diffuse through the dialysis membrane. Therefore, UAN(DPA) was
placed in a 1.7 ml microcentrifuge tube, and the supernatant after removing the DPA
pellet that was released from UAN was measured for absorbance (Amax = 413 nm).
The extinction coefficient and water solubility of each of the molecules are as
follows: HPTS: 20,800 M~! cm~! and highly water soluble, FITC: 70,000 M~ cm™!
and 100 pg/ml, celastrol: 10,063 M~' cm™! and 2.33 pg/ml, camptothecin:
42282 M 'em'and 1 ug/ml, and DPA: 14,000 M~! em~! and water-insoluble. The
same procedure was carried out to evaluate the escape kinetics of free materials
with the initial concentrations of the payloads set to be equal to those encapsulated
in UAN. The percent escape was plotted as 100% [Cy — C(t)]/Co, where C(t) and Co
refer to the measured payload concentration inside the dialysis tube at time = t and
at time = 0 h, respectively. The rate of escape from dialysis tubes (1) was then
calculated by assuming the first-order diffusion model, C(t) = Co exp(—t/t) and
curve-fitting the resulting equation, 100% [1 — exp(—t/1)], to the percent escape data.

2.4. Production of I domains, protein A, and R6.5 antibody

LFA-1 I domains and immunoglobulin G-binding recombinant protein A (17 kDa
fragment) with a His-tag at the C-terminal were produced in Escherichia coli BL21
(DE3) (Invitrogen) using pET20b and pET28a vectors, respectively. To produce
protein A, a 1 L bacteria culture with OD600 of 0.4—0.5 was induced with 1 mm
isopropyl-b-p-thiogalactoside (IPTG, Gold Biotechnology) for 4 h, after which it was
centrifuged (3000 rpm, 4 °C, 10 min) to pellet the cells. The soluble fraction of
protein A was extracted by sonication and was purified using a Ni-NTA column
(Novagen). Elutions from the column were further purified by size exclusion in
a liquid chromatography column (Akta, GE Healthcare). Recombinant LFA-1 I
domains (Asn-129 to Tyr-307) were produced as described previously [38]. Briefly,
after protein induction, inclusion bodies were resuspended in 10 ml of the washing
buffer (50 mm Tris (pH 8.0), 23% w/v sucrose, 0.5% w/v Triton X-100, 1 mm ethyl-
enediaminetetraacetic acid (EDTA)), sonicated, and centrifuged again to wash the
inclusion body. This process was repeated three times. Then, the inclusion bodies
were solubilized with 20 ml of the solubilization buffer (50 mwm Tris (pH 8.0), 6 m
Guanidine-HCl) for 1.5 h at 4 °C with stirring. This solution was diluted with 2 L of
refolding buffer (50 mm Tris (pH 8.0), 10% glycerol, 1 mm MgCl,) and stirred slowly at
4 °C overnight to initiate protein refolding. Finally, the refolded solution was
concentrated down to 1-5 ml by centrifugation (Amicon 5 kDa MWCO Millipore),
filtered through 0.45 pum, and purified by gel filtration chromatography. Monoclonal
antibody (mAb) R6.5 was produced from hybridoma (ATCC), and purified by
a Protein A column (Pierce) followed by size exclusion.

2.5. Cell culture and labeling with UAN

Hela cells were grown in Advanced DMEM (Gibco) containing 10% FBS (Atlanta
Biologicals) and 2 mwm L-glutamine (GlutaMAX™, Gibco) at 37 °C in a 5% CO,
humidified incubator. HeLa cells in 96 well plates (~90% confluency) were washed
twice with 100 pl of the labeling buffer (phosphate buffer saline (PBS), pH 7.4, 5%
bovine serum albumin (BSA), 5 mm MgCl,) and incubated with UAN (250 pg/ml)
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Fig. 1. Synthesis and characterization of UAN. (A) UAN monomer is synthesized by covalently linking 2-HEMA, PEG, and glycerol propoxylate at 2:1:1 M ratio. (B) NTA-UAN is
formed by cross-linking UAN monomers with AIBN and conjugation of NTA to PEG. NTA-UAN forms nanoparticles when suspended in aqueous solution. (C) TEM images of UAN
nanoparticles after staining with uranyl acetate. Scale bar is shown. (D) The function and specificity of Ni-NTA on UAN nanoparticles were confirmed by their binding to a His-

peptide column. (E—F) The release kinetics of hydrophobic dyes and drugs from UAN were i

nferred by measuring the rate of escape through dialysis tubes without (E) or with (F)

UAN. The fit of the first-order kinetics to the data is shown as a line. (G) The delay in the rate of escape (1_UAN-t) of the payloads (HPTS, FITC, celastrol, CPT) is plotted against their

respective solubility values in water on a semi-log plot.

conjugated to I domain in 100 pl of labeling buffer at room temperature for 30 min.
UAN(payload) nanoparticles were kept in a dialysis tube (MWCO 7000 Da, Fisher)
until they were used for cell labeling, with a minimum dialysis time of 48 h to
remove unencapsulated payloads. The unbound UAN particles were aspirated out
and the cells were washed three times with the labeling buffer. The cells were then

washed with the culture media and kept at 37 °C, while being observed at different
time points. Human breast adenocarcinomas (MDA-MB-231) were cultured in
«MEM containing 10% FBS and 2 mwm t-glutamine, human thyroid cancer cell line
(KTC-1) [41] in RPMI 1640 with 10% FBS and 2 mm L-glutamine, and human
microvascular endothelial cell (HMEC)-1 in MCDB 131 media (Gibco) containing 10%
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fetal bovine serum, 2 mm L-glutamine, 10 ng/ml human epidermal growth factor,
1 pg/ml hydrocortisone, and 1% penicillin-streptomycin at 37 °C in a 5% COy
humidified incubator. Human acute monocytic leukemia cell line, THP-1 (ATCC),
were cultured in RPMI 1640 media with 10% fetal bovine serum, and 0.05 mwm 2-
mercaptoethanol at 37 °C in a 5% CO; humidified incubator. In order to induce
upregulation of ICAM-1, the cells were treated with 1 pg/ml of lipopolysaccharide
(LPS) in the appropriate culture media for 24 h.

2.6. Immunofluorescence flow cytometry

HelLa, KTC-1, MDA-MB-231, and HMEC-1 cells (~200,000 cells per labeling)
were trypsinized and washed with the labeling buffer. Since THP-1 is a suspension
cell line, it was centrifuged (700 rpm, 4 °C) and washed with the labeling buffer.
250 pg/ml of UAN coated with I domain and containing FITC (I domain-UAN(FITC)) in
100 pl was added to the cells. After 15 min of incubation, cells were washed and
resuspended in 100 pl of the labeling buffer for flow cytometry (COULTER® EPICS®
XL-MCL™ Flow Cytometer, Beckman Coulter). In evaluating the expression level of
ICAM-1 in different cell lines, cells were labeled with 10 pg/ml of mAb R6.5 or LB2
(Santa Cruz Biotech), washed, and subsequently labeled with goat-anti-mouse-PE
secondary antibody (Santa Cruz Biotech).

2.7. Quantification of cell viability

To quantify the number of viable cells after drug delivery, cells were fixed with
10% formalin for 5 min and stained with 0.05% crystal violet (Fisher Scientific) in
distilled water for 30 min. After washing out the dye outside of the cells, methanol
was added to release the crystal violet from the cells, which was quantified by
detecting the absorbance level at 540 nm.

2.8. Statistical analysis

Data were expressed as mean + standard deviation of at least triplicate samples.
One-way ANOVA was performed on the four groups of Hela cells, each treated with
UAN(drug) conjugated to different I domain mutants (WT, F292A, F292G, F265S/
F292G). The means of the number of viable cells from each of the groups were
compared. Post hoc Tukey’s HSD test was carried out in order to assess which groups
significantly differed from others. All of the statistical analyses were performed
using GraphPad Prism5 (GraphPad Software).

3. Results
3.1. Synthesis and characterization of targeted UAN nanoparticles

When NTA-coupled UAN (NTA-UAN) dissolved in DMSO is
diluted in water, polypropylene oxide-based segments associate
with each other to form micelle-like nanoparticles with hydro-
phobic interior. Being covalently bound to the OH groups of
hydrophilic polyethylene oxide, NTA groups are more likely to be
exposed on the surface of the UAN nanoparticles (as depicted in
Fig. 1B). Similar to the surfactant micelles, UAN chains can absorb
small hydrophobic payloads within their hydrophobic core. Thus,
the hydrophobic agents can be added to NTA—UAN in DMSO (FITC,
celastrol, camptothecin) or in water after dilution (DPA), which
would cause the agents to be encapsulated in the core of the
nanoparticles through hydrophobic interactions. Dynamic light
scattering was used to measure the size distribution (hydrody-
namic radius) of the following formulations: bare UAN
(32.6 nm =+ 2.7), NTA-UAN (42.98 nm =+ 4.12), and NTA-UAN after
encapsulation of various hydrophobic agents (NTA-UAN(DPA):
4772 nm =+ 5.56, NTA-UAN(FITC): 44.29 nm + 2.19, NTA-UAN
(camptothecin): 5222 nm + 5.3, NTA-UAN(celastrol):
43.7 nm =+ 1.82). TEM images revealed that bare UAN nanoparticles
were spherical, uniformly sized, and well dispersed (Fig. 1C).

The presence of NTA on the surface of UAN was studied using
a His-peptide column (Fig. 1D). NTA-UAN nanoparticles were first
charged with nickel ions by incubation with 10 mm NiCl, in PBS
(pH7.4) and loaded to the His-peptide column, after which the
amount of flow through and samples eluted with 50 mm EDTA were
determined by the absorbance levels at 280 nm. Approximately
90% of NTA—UAN nanoparticles were bound to the column, and
eluted entirely with 50 mm EDTA. On the other hand, NTA-UAN

pretreated with EDTA to remove nickel ions from UAN nano-
particles did not bind to the His-peptide column, indicating the
binding of NTA—UAN nanoparticles to the column was solely
dependent on Ni-NTA interaction with His-peptide.

The amounts of the payloads encapsulated in 1 mg of NTA-UAN
nanoparticles after overnight dialysis were 110 ug of FITC, 87.8 ug of
celastrol, 4 pg of DPA, and 28.6 pg of camptothecin. To study the
release kinetics of the payloads from UAN nanoparticles, we
measured the rate of diffusion or the escape rate of the payloads
through a dialysis membrane with the appropriate molecular
weight cutoff to contain UAN nanoparticles but allow free payloads
to diffuse through. We found that the time constants (1) for the
first-order escape kinetics of the payloads from dialysis tubes
without UAN were in correlation with their hydrophobicity: the
95% confidence interval for t values of HPTS, FITC, celastrol, and
camptothecin were, respectively, 3.9 + 0.7, 94 + 2.6, 27.5 + 7.0,
30.3 £+ 9.9 h (Fig. 1E). The rate of escape of the payloads after
encapsulation into UAN (t_UAN) was delayed in proportion to the
payloads’ hydrophobicity: the T_UAN values of HPTS, FITC, celastrol,
and camptothecin were, respectively, 6.1 + 2.3, 47.7 + 27.0,
203.7 + 115.5, 134.4 + 61.8 h (Fig. 1F, G). The release rate of DPA
from UAN was measured at 757.1 + 417.4 h.

3.2. Affinity dependent cell labeling assay

LFA-1 I domain exhibits multiple conformations that are linked
to differential affinity to ICAM-1 (Fig. 2A, B). Using a directed
evolution approach, we have previously isolated a number of point
mutations that led to an increase in the affinity of the I domain to
ICAM-1 [38]. The equilibrium dissociation constants (Kp) for WT,
F292A, F292G, and F265S/F292G were determined, respectively, to
be 1500 + 200 pm, 20 + 0.8 pm, 0119 + 0.017 pm, and
0.006 + 0.0002 pm (Fig. 2D). Compared to the more commonly used
targeting approaches based on antibodies or short peptides, the I
domain is a native, small (~20 kDa), and highly specific ligand to
the ICAM family molecules, and can be produced in bacteria in
a large-scale. The I domain was produced with a His-tag for non-
covalent conjugation to NTA-UAN nanoparticles. To estimate
a maximum coating capacity of UAN, LFA-1 I domain was added in
excess to UAN-NTA, after which the unbound I domain was
removed by gel filtration. By the Lowry method (DC Protein Assay
Kit, BioRad), the maximum capacity of UAN in binding the I domain
was determined to be ~100 ug of | domain/mg of UAN. In order to
obviate the need for removing unbound proteins, the weight ratio
of I domain to UAN for conjugation was used at 1:25 throughout
this study. This corresponds to a molar ratio of 136:1 (I domain:
UAN nanoparticle), given the molecular weight of the I domain of
~20 KkDa, the measured value of UAN density of 1 mg/ml, and the
molecular weight of 68 MDa estimated for UAN with a 60 nm
diameter.

To determine how the nature of different I domain mutants
coating UAN would influence their interactions with ICAM-1, we
examined the binding and uptake of nanoparticles by living cells.
Cervical cancer cells (HeLa) were used as a model for the study,
representing a group of cancer cells expressing high levels of ICAM-
1. HeLa cells were labeled with I domain-UAN(FITC), washed with
the culture media, and maintained at 37 °C, while being observed at
different time points (images were taken 2 h after incubation)
(Fig. 3A). The fluorescence intensity exhibited by the cells reflected
LFA-1 I domain/ICAM-1 affinity dependent labeling: while F292A-
UAN(FITC) showed only slightly higher cell labeling than the wild-
type, F292G-UAN and F265S/F292G-UAN led to greatly enhanced
fluorescence. The observed affinity dependent binding of UAN
(FITC) was confirmed in a separate experiment, in which
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trypsinized HeLa cells were labeled with I domain-UAN(FITC) and
the fluorescence intensity was measured by flow cytometry
(Fig. 3B).

In order to examine if the expression level of surface antigen
influences the efficiency of nanoparticle delivery, the level of I
domain-UAN(FITC) binding to Hela cells was compared to the

A Hela

association with other cancer cell lines, KTC-1 and MDA-MB-231,
which express high and low levels of ICAM-1, respectively (Fig. 3C).
As expected, the levels of | domain-UAN(FITC) binding to KTC-1 and
MDA-MB-231 were in good correlation with the levels of ICAM-1
expression (Fig. 3D). The dependence of UAN targeting on the levels
of antigen expression will be an important facet in achieving
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Fig. 3. Affinity- and expression-dependent delivery of I domain-UAN(FITC) to ICAM-1 expressing cells. (A) UAN nanoparticles encapsulating FITC and conjugated to different I
domains were delivered to HeLa and MDA-MB-231 cells. (B) Immunofluorescence flow cytometry measurement of the delivery into HeLa of UAN(FITC) with no I domain, WT, or I
domain variants (n = 3). (C) The levels of ICAM-1 expression in HeLa, MDA-MB-231, and KTC-1 cells were measured by mAb R6.5 (open histogram) or with secondary antibody alone
as a control (filled histogram). (D) Immunofluorescence flow cytometry measurements of F265S/F292G-UAN(FITC) binding to HeLa, MDA-MB-231, and KTC-1 cells.
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preferential delivery into cells over-expressing tumor-specific
antigens.

3.3. Affinity dependent cellular cytotoxicity assay

We examined the cellular cytotoxicity effects of UAN nano-
particles encapsulating celastrol, a quinone methide triterpene
derived from the Chinese plant Tripterygium wilfordii [17,42], which
is known to inhibit the function of proteasomes [42]. Celastrol has
been shown to inhibit the proliferation of a variety of tumor cells,
including those of leukemia, gliomas, prostate cancer [43], and
melanomas [44]. After incubation with the UAN conjugated to I
domains of different affinity (WT, F292A, F292G, F265S/F292G) for
30 min, HeLa cells were washed and maintained in culture media
for 24 h before assaying for cell viability. UAN encapsulating high
(125 pm) and low (20 pum) concentrations of celastrol caused I
domain affinity dependent cytotoxicity to cells (Fig. 4). In the case
of UAN encapsulating 20 pm celastrol, more than 80% cell death was
detected with F292G-UAN and F265S/F292G-UAN, and a much
lower cytotoxic effect with WT-UAN and F292A-UAN (Fig. 4A, D).
Though a similar pattern was detected with UAN encapsulating
125 um celastrol, a significant number of cells had died and lifted off
from the culture flask when targeted with WT-UAN as well (Fig. 4B,
E). Monomeric interaction between the wild-type I domain and
ICAM-1 is low (1500 4 200 pm) [45], but the high density of I
domains attached to UAN would have increased the effective

F292A

UAN(CPT) %

affinity to ICAM-1 via multivalency or avidity effect, resulting in
a sufficient amount of celastrol delivered into the cells. The
discrepancy between the minimal cell labeling by WT-UAN(FITC)
and the significant cell death caused by WT-UAN(celastrol) can be
attributed to the higher sensitivity with which cellular cytotoxicity
can be detected compared to the sensitivity of our imaging system
in detecting fluorescence. To further explore the efficacy of these
nanoparticles in delivering chemotherapeutic agents, we replaced
celastrol with camptothecin. Camptothecin loaded at 2 um
produced cytotoxic effect comparable to celastrol loaded at 20 pum,
producing a potent cell death when targeted by F265S/F292G and
negligible cytotoxicity with the wild-type I domain (Fig. 4C, F).
Cytotoxicity caused by UAN(camptothecin/celastrol) conjugated to
different I domains indicated that the differences in the cell
viability were in fact due to the different affinities to ICAM-1
(Fig. 4G; p < 0.0001, one-way ANOVA). Cell viability due to WT-
UAN vs. F292G-UAN and WT-UAN vs. F265S/F292G-UAN was also
significantly different (p < 0.001 by Tukey’s HSD Post Hoc Test). The
observed cell death was not due to the UAN polymer, as the F265S/
F292G-UAN without drug encapsulation at up to 500 pg/ml led to
negligible cytotoxic effect (data not shown).

3.4. Free celastrol vs. UAN(celastrol)

In order to demonstrate that targeted delivery of drugs carried by
UAN is more potent than non-specific uptake of free drugs, we

F292G

F2658/F292G

p<0.001
p<0.001
D 20 uM E 125 pM F 2uM G —
Celastrol 100 Celastrol 100 CPT 100 F2¥2A V!T
(] 0] ()]
% g 80 S 80 % 80
= g% 2 < 8012655/
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Fig. 4. Affinity dependent cytotoxicity by I domain-UAN(celastrol or CPT). I domain-UAN nanoparticles encapsulating celastrol (A, B) or CPT (C) were delivered to HeLa cells. The
cells treated with celastrol were stained with crystal violet for better visualization. Cell viability was then quantified by measuring the amount of crystal violet after cell lysis and
shown as bar graphs (D—F), normalized to the levels with WT-UAN (n = 3). (G) The percentage of viable cells after HeLa cells treated with UAN(celastrol or CPT) was plotted as
a function of I domain affinity to ICAM-1 (n = 8). Values were normalized to that of the wild-type. The significance of the differences in cell viability due to I domain-UAN was

analyzed by one-way ANOVA and Tukey’s HSD post hoc test statistics.
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Fig. 5. Comparison of cytotoxicity due to free celastrol, UAN(celastrol) without targeting, and F265S/F292G-UAN(celastrol). (A) Cytotoxicity of HeLa due to the treatment with
celastrol, UAN(celastrol), or F265S/F292G-UAN(celastrol) was analyzed. HeLa cells were stained with a crystal violet for better visualization (images were taken 28 h after the
treatment) and subsequently lysed for quantification of cell viability. Each condition contained 100 pM of celastrol. (B) The measured cell viability was shown in bar graphs,

normalized to that of ‘No I domain Control’ (n = 3).

treated HeLa cells with UAN(celastrol) with no I domain, F265S/
F292G-UAN(celastrol), and celastrol alone, each with 100 um of
celastrol (Fig. 5). After 30 min of incubation, cells were washed with
the culture media and kept at 37 °C for 28 h. The percent cell viability
was measured using the crystal violet assay. Though celastrol alone
was able to cause substantial amount of cell death (78%), F265S/
F292G-UAN(celastrol) induced significantly higher cytotoxicity
(~90%) (Fig. 5B). Notably, UAN(celastrol) without the I domain
caused negligible amount of cell death, providing strong evidence
that cytotoxicity induced by F265S/F292G-UAN was due to the
specific uptake of UAN(celastrol) into the cells. Additionally, UAN
nanoparticles were effectively precluded from non-specific uptake
by the cells, and the cytotoxicity caused by celastrol diffusing out of
UAN during the 30 min incubation was insignificant.

3.5. Exploiting the versatility of UAN nanoparticle platform

The versatility of our nanoparticle platform comes not only from
its ability to encapsulate many different naturally available hydro-
phobic therapeutic and contrasting agents, but also from the fact
that it can be conjugated to any targeting molecules with a His-tag.
To demonstrate such versatility, we used a recombinant His-tagged
protein A as the linker between our nanoparticle and R6.5, a mAb
against ICAM-1. We also encapsulated a different dye, DPA, for cell
labeling, and camptothecin for cellular cytotoxicity assay (Fig. 6). For
encapsulation of DPA, a ‘soaking’ method [15] of pre-formulated
particles was used. DPA was dissolved in dichloromethane at 25 mg/
ml and 25 pl of this DPA solution was added to UAN nanoparticles
(500 pg/ml) in 10 ml water. The mixture was stirred for 24 h to
evaporate off dichloromethane, during which DPA was encapsulated
into the core of UAN. Unencapsulated DPA was precipitated out of
solution and removed by a 0.2 pum filter. Protein A was conjugated to

A

Protein A/ R6.6 -1-

+/+

DPA
0.6 uM

CPT
2uM

NTA-UAN nanoparticle at a weight ratio of 1:25 (protein A:UAN) for
30 min at 4 °C, which was subsequently incubated with R6.5 at
a molar ratio of 1:1 (R6.5:protein A) under the same conditions.
Three additional conditions were included as control samples: bare
NTA-UAN particles, NTA-UAN mixed with R6.5, and NTA-UAN with
protein A. These conditions showed no detectable labeling or cyto-
toxicity. Only with both protein A and R6.5 conjugated onto the
surface of UAN nanoparticles, an efficient delivery was observed
resulting in effective cell labeling and cell death. Cell viability was
quantified using the crystal violet assay, which showed an approx-
imately 80% decrease in the number of viable cells.

3.6. 1 domain-UAN shows minimal binding to cells expressing basal
levels of ICAM-1

ICAM-1 is ubiquitously present in lymphocytes, macrophages,
and endothelial cells at low levels but is greatly upregulated
under inflammatory conditions. To examine the possibility of UAN
nanoparticle in targeting normal cells with low levels of ICAM-1,
we used endothelial (HMEC-1) and monocytic (THP-1) cell lines,
and measured the delivery efficiency of UAN into the cells with
and without the treatment with LPS, a potent inducer of inflam-
mation and ICAM-1 expression (Fig. 7). The increase in ICAM-1
expression in HMEC-1 and THP-1 cells after 24 h of LPS treatment
was confirmed by immunofluorescence flow cytometry with the
mAb, LB2 (Fig. 7A). When these cells were labeled with F265S/
F292G-UAN prior to LPS induction, little binding was measured
(Fig. 7B). However, with LPS treatment, a 4—5 fold increase in the
levels of UAN binding was observed (Fig. 7B, C), implying
a requirement for a threshold or minimum concentration of
ICAM-1 on cell surface to be targeted by a sufficient dose of UAN
nanoparticles to produce cytotoxic effects.

B

100+
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Protein A/R6.5
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Fig. 6. Antibody-mediated targeting of ICAM-1. (A) In order to demonstrate the versatility of UAN platform, UAN nanoparticles were encapsulated with DPA or CPT, while the
surface of UAN was coated with four different combinations of protein A and mAb R6.5. HeLa cells were imaged 2 h after incubation with UAN(DPA) and 28 h with UAN(CPT). (B) The

bar graphs were normalized to that of no protein A and no R6.5 control (‘—/—’, n = 3).
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Fig. 7. Minimal binding of I domain-UAN to cells with basal expression of ICAM-1. (A) Immunofluorescence flow cytometry measurement of mAb LB2 binding to HMEC-1 and THP-1
cells with (black open) or without (gray open) LPS treatment, or without labeling (filled histograms) to show the induction of ICAM-1 expression level. (B, C) Inmunofluorescence
flow cytometry measurement of F265S/F292G-UAN(FITC) (black open) binding to HMEC-1 and THP-1 cells with or without LPS treatment. UAN(FITC) without the I domain (gray
open histograms) was used to measure non-specific binding to cells. Cells without labeling is shown in filled histograms. (D) Immunofluorescence flow cytometry results expressed
as a bar graph.
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4. Discussion

The delivery of drugs to the target cells and tissues with minimal
distribution into unwanted targets will be critical in maximizing
payload concentration at the sites of interest while preventing side
effects. Thus far, no molecular target has been identified that is
present only in tumors. Enhancing the specificity of drug carriers by
controlling the affinity and avidity of molecular interactions will,
therefore, aid to minimize binding to normal cells with basal levels
of the molecular target. In this study, we have demonstrated that
UAN nanoparticles are highly versatile and robust in terms of the
methods used for conjugation, selection of optimal surface density
of targeting molecules, and encapsulation of hydrophobic imaging
and therapeutic agents. Using LFA-1 | domain mutants as tools to
validate our UAN platform, we demonstrated affinity dependent
delivery of both therapeutic and diagnostic agents to ICAM-1
expressing HeLa cells. We have also found that the level of ICAM-1
on the surface of target cells contributed to a great degree in
specific binding of UAN nanoparticles. This finding is evidenced by
the fact that despite ubiquitous expression of ICAM-1 in many
different types of cells such as endothelium, epithelium, and
a subset of leukocytes, our UAN nanoparticles exhibited little
binding to them under resting conditions, and significant binding
to endothelium and leukocytes only after induction of ICAM-1 by
inflammatory molecules. ICAM-1 expression-dependent delivery of
UAN was also seen with two other cancer cell lines, KTC-1 and
MDA-MB-231, which demonstrated a correlation between the level
of UAN binding and ICAM-1 expression.

A large proportion of chemotherapeutic drugs are derived from
plants [46] and contain hydrophobic aromatic groups and a chain of
hydrocarbon, making them water-insoluble [6]. Though much work
has been done to modify these drugs to yield better analogues for
solubility and bioavailability, these efforts have often resulted in
drugs with reduced potency or stability [6]. Studies have shown,
however, that chemotherapeutic drugs in their native forms can be
encapsulated in the hydrophobic core of polymeric nanoparticles
and protected from degradation, leading to an increased potency
[5,47]. The ability of UAN nanoparticles to retain hydrophobic
materials was confirmed in the release kinetics study, which
showed an increase in retention in correlation with their degree of
hydrophobicity. Although the exact mechanism by which the
payloads diffuse out of UAN after internalization into the cells is
uncertain, the rate of diffusion may change once the UAN nano-
particles are exposed to a lower pH and lipid components in the
endosomes.

Due to the presence of Ni-NTA, the versatility of UAN extends
to its ability to be linked to any molecule with a His-tag,
expanding the repertoire of targeting molecules that can be
utilized. Recombinant engineering of His-tagged proteins is
a common practice in molecular biology and these proteins can be
produced in a variety of expression systems. Thus, a large library
of recombinant His-tagged proteins is available for immobilization
onto our nanoparticles [14]. Rather than applying different surface
chemistry for conjugation of different targeting molecules, Ni-
NTA/His-tag interaction provides a universal and reproducible
conjugation process. This non-covalent but high affinity conjuga-
tion method obviates the problems associated with the conjuga-
tion via chemical activation (e.g., carbodiimide), such as the lack
of control over the degree of conjugation and orientation of the
molecules, and frequent aggregation of nanoparticles and
proteins. By using a ratio of proteins to nanoparticle that does not
fully saturate the NTA moieties on UAN while ensuring a coating
density sufficiently high for tight binding, we eliminated the
purification step of removing unbound proteins from the final
formulation of UAN nanoparticles. The fact that encapsulation of

drugs and conjugation of targeting molecules to UAN nano-
particles do not require any chemical conjugation and special
purification methods will be of significant advantage in the
potential therapeutic use of UAN in clinics.

An important facet of targeted delivery of nanoparticles is the
prospect of achieving specific and more potent treatment than the
conventional therapy methods. Here, we have demonstrated that
UAN encapsulating celastrol was much more potent than celastrol
alone, which is currently being evaluated in preclinical studies for
cancer therapy [44], and that UAN itself causes no toxicity.
Furthermore, UAN(celastrol) without the I domain was shown to
cause much less cytotoxicity, indicating that non-specific uptake of
UAN nanoparticles by the cells was much lower than that of free
drugs. This characteristic will be of significant importance since the
administration of chemotherapeutic drugs alone lack specificity
and cause significant damage to non-cancerous tissues, leading to
serious, unwanted side effects in bone marrow, gut epithelial cells,
reticuloendothelial system, and hair loss. Owing to the ability to
encapsulate hydrophobic materials and achieve consistent surface
modification via the Ni-NTA/His-tag interaction as presented, UAN
provides a promising platform for effective drug delivery in
numerous disease models.

5. Conclusion

In this study, we have demonstrated that UAN nanoparticles
possess ideal properties to achieve effective encapsulation of
hydrophobic agents as well as specific delivery of imaging and
cytotoxic agents to the target cells in a manner dependent on the
levels of target receptor expression. The versatility of UAN nano-
particles allows for reproducible and controlled conjugation of
targeting ligands via the Ni-NTA/His-tag interaction for specific
targeting of diverse disease markers, while facilitating encapsula-
tion of various hydrophobic materials in the core. Though we only
demonstrated this ability using DPA, FITC, camptothecin and
celastrol, the encapsulation method should be applicable to a wide
array of hydrophobic materials. A drug carrier system targeting
molecules over-expressed in tumor or inflammation, such as ICAM-
1, can be effective in not only targeting tumors over-expressing
ICAM-1 but also tumor microenvironments, which have been
shown to display characteristics of inflammation sites [48—50].
Finally, the use of physiological ligands such as LFA-1 I domain used
in this study may be superior to antibodies or short peptides in
ensuring target specificity and preventing adverse immune
responses associated with foreign antigens.
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Appendix

Figures with essential color discrimination. Figs. 4—6 in this
article are difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2010.06.038.
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List of abbreviations

ICAM-1: intercellular adhesion molecule-1
LFA-1: lymphocyte function-associated antigen-1
UAN: urethane acrylate nonionomer

NTA:

nitrilotriacetic acid

DPA: 9,10-diphenylanthracene

FITC: fluorescein isothiocyanate

CPT: camptothecin

TDI: toluene diisocyanate

2-HEMA: 2-hydroxyethyl methacrylate

PEG: polyethylene glycol

DMSO: dimethyl sulfoxide

ddH>0: double distilled water

DLS: dynamic light scattering

TEM: transmission electron microscopy
HPTS: 8-hydroxypyrene-1,3,6-trisulfonic acid
IPTG: isopropyl B-p-1-thiogalactopyranoside
EDTA: ethylenediaminetetraacetic acid

mAb: monoclonal antibody
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