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Fabricating drug particles for therapeutic delivery and imaging presents important challenges in the design of the
particle surfaces. Drug nanoparticle surfaces are currently functionalized with site-specific targeting ligands,
biocompatible polymers, or fluorophor@olymer conjugates for specific imaging. However, if these function-
alizations were to be synthesized on the drug carrier in localized, nanoscale regions on the particle surface, new
schemes of drug delivery could be realized. Here we describe the use of our particle lithography technique that
enables the synthesis of individual colloidal carrier assemblies that can be imaged and targeted to integrin-expressing
cells. We show localized adhesion specificity for cells expressing the target integrin followed by receptor-mediated
endocytosis. With the addition of localized delivery by adding drug nanoparticles to a specific region on the
particle surface, our colloidal carrier assemblies have the potential to target, deliver therapeutic agents to, sense,
and image diseased endothelium.

Introduction combination with anti-tumor agents, and the broad applicability
of antiangiogenic therapy. One interesting antiangiogenic
Polymeric drug delivery systems are critical in the treatment approach is to target integrin receptors that are expressed on
of cancer, genetic diseases, and other life-threatening ailrhénts. the surface of the tumor vasculature and to regulate cell growth
The demand for drug delivery systems in the United States is during angiogenesis. The activated endothelium in angiogenic
projected to grow approximately 9% annually, exceeding profits yessels within solid tumors overexpresses proteins such as
of $82 billion by 2007 The development of targeted and yascular endothelial growth factor (VEGF), matrix metallopro-
controlled release drug delivery systems is essential for theteinases 2 and 9 (MMP-2 and MMP-9), adhesion molecule
treatment and prevention of life-threatening diseases like jntegrin o35, and E-cadherit® The a,f8s integrin is more
cancert® Effective treatment of cancer currently involves the profoundly expressed on tumor cells and on tumor vasculature
use of highly toxic chemotherapeutic agents that destroy both engothelial cells but is not typically found on blood vessels or
tumorous and healthy cells in the body. In order to decrease normal healthy tissued. In addition, thea,fs integrin is a
the systemic toxicity and improve treatment efficacy, targeted yeceptor specific for the arginine-glycine-aspartic acid (RGD)
drug assemblies need to be able to treat only the unhealthy Ce”5peptide sequence. Short peptides that contain this RGD sequence
through specific adhesion and controlled release and ensure thaggye the ability to mimic cell adhesion molecules and bind to
the healthy cells are spar@8 A multifunctional surface with  he onfBs integrinl0121618 Thys, particles that are surface-
the ability to specifically target, deliver therapeutic agents, and yqdified with the RGD sequence may be used to target tumor
diagnostically image diseased tissue in real time is an unmetgnqothelium.
medical need and would be a significant development in drug

i —9
delivery researcf. that are critical to the engineering of drug delivery particles of

abﬁi?rt'ltgk::r tgs :hgirf r;gerf?g(ras-rphﬁlgfg e\;(VItrheslgfdngfl trr:zvseurtfgié[ he correct size and shape and with surface properties to promote
y 9 eceplc pres: uptake in desired regions. This has been demonstrated by the
of cells. Angiogenesis, defined as the formation of new blood

vessels that is enhanced in tumor growth, has been shown tOdevelopment of a multifunctional imaging particle that is capable

. - of targeting specific cells, and which in the future will deliver
'tl)'ﬁn?gr I;Sg,;tharga;i%?L:chuergovrvi%rgrf?hgnfe\gﬂzﬁﬁ%a a essential treatment drugs in a focused manner. The synthesis is
supportive vascular netwofR. Thus, intensive research into acco_mpli_shed_ by cor_nbining Ir?\yer-by—laye_r en_capsulation of
therapeutic approachi@shat directly target the tumor vascu- COIIO'an w:agmg part!cle@‘zz V.V'th the “par'u(_:le Ilth_ography”
lature to decrease or eliminate metastasis activity have receive er(]::r_l;g;é_nfor F;?tt't(jgnhgacg"gé%?: zﬂgascisc.'?ciﬁs'%‘gg f\.’ézy;'
much attention. This is particularly relevant due to recent studies maging p '“ have : - pecitically I y
that have shown stem cells being implicated in maintaining application of the “particle lithography” technique so that, for

certain cancer§ Tumor vasculature targeting has many po- example, a controlled small area of the carrier particle is

tential advantages such as easy access to target ligands expressgavalemly boun_d to RGD peptide targetm'g agents that spemf-
by the “activated” endothelium, selectivity to tumor endothelium ically adhere to integrins on the surface of fibroblast cells. [Note:

that may decrease systemic toxicity, capability of synergistic We differentiate the term S|te-speC|f_|c from Its drug dgllvery
context, such that we use the term site-specific to designate a
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We have the ability to merge nano- and microtechnologies
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adhered to predetermined regions on the imaging particles. Weencapsulated with 20M PAH in 30 mM KCl via layer-by-layer (LbL)
have the ability to further adapt the system for better biocom- assembly in a 50 mL centrifuge tube. The solution of particles and
patibility by modifying the surface of the multifunctional drug PAH was well dispersed with 5 min of sonication. For electrostatic
assemblies to overcome rejection and uptake by the body. |nadsorption, the particles in PAH solution were then incubated on a
addition, we can use drug nanoparticles placed in a localized shaker plate (low speed) for 20 min. The PAH-coated particles were
region on the surface of the colloidal carrier particle to allow then centrifuged out of solution into a pellet at 6500 rpm for 30 min in
for controlled release of the drug into the affected region of the @ standard bucket centrifuge. The supematant was removed with a
body. plastic pipet and the PAI—!—coat_ed particles were resuspended in 10 mL
The key advance of this technology is our ability to synthesize of _30 mM KCI. ThIS centrn‘ugan_on/res_uspgnsmn process was repeated
multiple functions in particular nanoscale regions on the surfaces Wiceé With the final resuspension being in 40 mL of deionized (DI)
of individual colloidal particles. This type of more specific and water. From this final solution, 10 mL of the final solution was placed
selective targeting scheme, with the addition of locally placed n .eaCh.Of foursmgll pIa.St'C Petri dishes that c_ontamed a plranh_a-etched
crug nanoparicles on th assembly, may recice undesiaie %10 % e 3001 1ro0e peroee) g coverap e
zgﬁs \(/avfifti(i:rtlsthbeyblgltljl)rl]g[;ﬂg tt(;jtmhgrggescﬁglrs]aigrqe r:)?ttha;" dsellri]:/"eal"; electrostatically adhere to the negatively charged glass surface of the

hani h itin | I . glass coverslip. Next, the coverslip was washed 20 times with
mechanism, the treatment may result in less overal Sys'ter‘n'capproximately 10 mL of DI water to remove any excess or unadhered

toxicity than conventional chemotherapy, lower the risk of pap coated particles from the solution. An additional 20 mL of DI

improper dosing, improve life expectancy, and improve the \yater was then added to the plastic Petri dish for storage of the PAH-

quality of the patient's life during and after treatments. coated sulfate-functionalized fluorescent particles until they were to
be modified for creation of the multifunctional assembly.

Experimental Section Surface Modification with RGD or RAD: RGD/RAD Madification
via Particle Lithography (Type I).Carbodiimide chemistry was
performed for chemical modification of the PAH-coated PSL particles
with peptides. In the first step, 2 mL of 1@y/mL protein (GRGDSP
or GRADSP) was added to a solution consisting of 2 mL of 5 mM
NHS and 2 mL of 2 mM EDC in a 15 mL centrifuge tube. The solution
was then incubated on a shaker plate (low setting) for 15 min at room
temperature. During this time, the PAH-coated PSL particles adhered
to the glass coverslip were washed with 10 mL of EDC activation buffer
and were left to sit for 10 min at room temperature. After 15 min, 3
green (batch 1-FLY-4K.2) PSL microspheres were used in the HL of 20 mM 2-m¢_ercaptoethano| was ?‘dded t.o the pro_tein solution to
quench the reaction. Next, the protein solution was incubated (low

experiments described in this paper. Monodisperse, 30 silica . . ;
microspheres (lot F300) were purchased from the Corpuscular Companysemng) with the PAH-coated PSL particles adhered to the glass

(Mahopac, NY). Potassium chloride (KCI, MW 74.5), sodium chloride coverslip in 10 mL of EI_DC actlvatl_on buffer fo2 h at room
(NaCl, MW 58.4), potassium dihydrogen phosphate {RE, MW temperature. Here the peptide was being covalently bound to the PAH

136.1), dibasic sodium phosphate (NRO, MW 141.9), poly- coating on the imaging particles in all areas except where the imaging

(allylamine hydrochloride) (PAH, MW 70 000), poly(sodium 4-styre- particles were masked off by being adhe_red to the glass surface. After
nesulfonate) (PSS, MW 70 000), 1-ethyl-3-(3-dimethylaminopropyl)- 2 h’_ the_reactlon was q_uenched by adding 2 mL of 10 mM hydroxy-
carbodiimide (EDC, MW 191.7), 2N-morpholino)ethanesulfonic acid 'am”_‘? n EPC activation buffer (pH 6.0). Next,_ the R(_BD/RAD'
(MES, MW 195.2, pH 6.2), 2-mercaptoethanol, dimethy! sulfoxide moqlfled particles stu_ck to the glass surface were rinsed with DI water
(DMSO, MW 78.1), andN-hydroxysuccinimide (NHS, MW 115.1) 10 times. In the last rinse step, 10 mL of 100 mM PBS _buffer (pH 7.4)
were purchased from Sigmaldrich. Gly-Arg-Ala-Asp-Ser-Pro (GRAD- was added to the particles and the samples were refrigerated for later
SP, lot S07075A1, 44-0-21) and Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP, US€-
lot SO7043A1, 44-0-24) peptide complexes were purchased from RGD/RAD Modification in the Lithographed Region (Type We
American Peptide Co., Inc. (Vista, CA). took a plastic Petri dish of prepared imaging particles (on a glass
Dulbecco’s modified Eagle’s medium (DMEM) and antibietic coverslip surface) and poured off the DI water. We then added 10 mL
antimycotic were purchased from Sigma. Fetal bovine serum (FBS) of 30 mM KClI solution to the Petri dish. Next, we addeg5 of 190
was purchased from Hyclone. Flasks for cell culture, T-75 and 6 well nm sulfate-functionalized fluorescent yellow-green (or nile red) PSL
plates were purchased from VWR. Acetone amdeptane were nanoparticles and dispersed the particles evenly with gentle agitation
purchased from Sigma. EDC activation buffer was prepared from 0.1 to the Petri dish. We waited 24 h to allow the nanoparticles to settle
M MES buffer and 0.5 M NaCl solution. The deionized (DI) water —and electrostatically adhere to the PAH-coated imaging particle surfaces
that was used for all experiments (Millipore Corp. MilliQ system) had in all areas except where the imaging particles were masked off by
a specific resistance greater than QMm (i.e., “equilibrium water”). being adhered to the glass surfa¢élext, the imaging particles were
Silicon wafers with an orientation dfl-0-0CJand resistivity values of washed 20 times to remove any excess or unadhered nanoparticles from
1-10Q-cm, used as the substrate for FESEM imaging, were purchasedthe solution. An additional 10 mL of DI water was added to the Petri
from Silicon Quest International (lot IMV3P01-10PRM). dish and the solution was placed in the autoclave for 10 min afC20
Equipment. The ultrasonicator was from VWR International (model At this temperature the PSL imaging particles start to soften and better
550T). The confocal and DIC optical microscopic images were obtained affix the nanoparticles to the surface of the imaging particles. Once
on an Olympus Fluoview 300 confocal laser scanning microscope at the pressurized heating process was complete, the nanoparticles were
the Huck Institute of the Life Sciences Center for Quantitative Cell permanently fused to the surface of the imaging part®i@he glass
Analysis. The electron microscopic images were obtained on a coverslip was then washed 10 times to remove any particles that may
ZeissSMT 1530 field emission scanning electron microscope (FESEM) have detached during the fusing process. Finally, 10 mL of EDC
at the Penn State Nanofabrication Facility. The pressurized heat activation buffer was added to the particles (adhered to the glass
treatments took place in a standard steam autoclave at@20 surface). The nanoparticle-lithographed PSL imaging particles were then
Preparation of Imaging Particles. Sulfate-functionalized fluorescent  sonicated off the glass surface by placing the coverslip in a plastic
nile red (or yellow-green) PSL particles (4/m, 200 ulL) were Petri dish in the ultrasonicator for 15 s. The solution of IithograpEﬁSV

Materials. Monodisperse, surfactant-free sulfate-functionalized fluo-
rescent polystyrene latex (PSL) microspheres were purchased from
Interfacial Dynamics Corp. (Portland, OR). Specifically, 60 nm sulfate-
functionalized fluorescent yellow-green PSL (batch 1-FLY-60.1), 43
nm sulfate-functionalized PSL (batch 2012,1), 84 nm sulfate-function-
alized PSL (batch 124,1), 190 nm sulfate-functionalized fluorescent
yellow-green PSL (batch 1-FLY-200.1), 200 nm carboxyl-functionalized
fluorescent orange PSL (batch F-8809) and 4n® sulfate-function-
alized fluorescent nile red (batch 1-FLN-4K.2) and fluorescent yellow-
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particles in EDC activation buffer was then placed in a 50 mL centrifuge (a)
tube and left to sit for 10 min. R

Carbodiimide chemistry was then performed for chemical modifica- @, /ojef‘
tion of the nanoparticle- and PAH-coated PSL particles with peptides. R-gp__ __D-G-R
In the first step, 2 mL of 1g/mL protein (GRGDSP or GRADSP) R-G-D-- —-D-G-R
was added to a solution consisting of 2 mL of 5 MM NHS and 2 mL  rGP= ~D-G.j
of 2 mM EDC in a 15 mL centrifuge tube. The solution was then  ® _\D'G‘R
incubated on a shaker plate (low speed) for 15 min at room temperature.
During this time, the PAH-coated PSL particles adhered to the glass
coverslip were washed with 10 mL of EDC activation buffer and were
left to sit for 10 min at room temperature. After 15 minuB of 20 ©
mM 2-mercaptoethanol was added to the protein solution to quench
the reaction. Next, the protein solution was incubated (low setting) with
the nanoparticle-lithographed PSL imaging particles in EDC activation
buffer for 2 h atroom temperature. Here the RGD/RAD was being
covalently bound to the PAH coating on the imaging particles in the
lithographed region, which was the area that does not contain
nanoparticles and was masked off during the nanoparticle coating
process. After 2 h, the reaction was quenched by adding 2 mL of 10 ] ] )
mM hydroxylamine in EDC activation buffer (pH 6.00). Next, the RGD/  Figure 1. Schematic of type | and Il classes of multifunctional
RAD-modified nanoparticle-coated PSL imaging particles were rinsed lgahrners. éa) Anhlmagmg_;;artlcle (_greel_n) 'Z coat((e;d by the par|t|cle
by centrifugation. The solution was centrifuged at 5000 rpm for 30 fthography technique with targeting ligands (RGD) with a glass

g i i substrate for type | assembly. (b) The modified imaging particle is
min. The supernatant was removed and the multifunctional assembly gqpicated off the glass substrate surface, and the lithographed region

particles were redispersed in 5 mL of DI water. This process was contains electrostatically adsorbed fluorescent nanoparticles (red).
repeated two times. After the last centrifugation step, the supernatant(c) An imaging particle (green) is coated by the particle lithography
was removed and the multifunctional assembly particles were redis- technique with fluorescent red nanoparticles with a glass substrate
persed in 1 mL of 0.1 M PBS (pH 7.4) at 3C. The multifunctional for type Il assembly. (d) The coated imaging particle is sonicated off

carrier assembly particle solution was stored in the refrigerator until the glass substrate surface, and the lithographed region is covalently
further use. modified with targeting ligands (RGD). The thin layer of blue coating
around the core imaging particle represents a polyelectrolyte layer
coating.

o
Q
7

Typel

FESEM Particle Sample Preparation Approximately 2xL particle
assembly samples<0.01% solids) were atomized onto a silicon wafer
and left to air-dry. FESEM images were taken at a gun powerd 1~ FESEM. Cells were fixed with 2.5% glutaraldehyde in 0.2 M cacodylate
kV and working distances between 3 and 6 mm. buffer (pH 7.2) and buffer-washed three times with 0.1 M cacodylate

Cell Culture. Murine NIH/Swiss 3T3 mouse fibroblast cells (ATCC,  buffer (pH 7.2). Cells underwent a secondary fixation with 1% osmium
CRL-1658) were cultured at 3T in 5% CQ incubator with growth tetroxide in 0.1 M cacodylate buffer and were buffer-washed three times
medium containing 89% DMEM, 10% FBS, and 1% antibiotic. Cells Wwith 0.1 M cacodylate buffer. Samples were then dehydrated through
cultured in T-75 flasks were subcultured at a seeding densitysef 5 a gradient series of ethanol [25%, 50%, 70%, 85%, 95%, and 100%
1P cells/mL (subconfluence) into a single well of a six-well plate. Cells  (three times)] for 5 min at room temperature. The samples were then
used for imaging were grown on 25 mm glass coverslips (VWR) or 25 dried at their critical point with bone-dry liquid carbon dioxide %4
mm silicon wafer pieces. Glass coverslips were autoclaved and placed3-min exchanges plus an 8-min vent). The samples were then visualized
at the bottom of a single well of a six-well plate. The silicon wafer with FESEM.
pieces were piranha-etched, autoclaved, oxygen plasma-cleaned, and
placed at the bottom of a single well of a six-well plate. Each well
contained 2.0 mL of medium. Cells were plated 1 day before

experiments to allow for cell attachment and spreading. Fabrication of a Multifunctional Vector. The particle
Cell Adhesion Assay (Type |)The 3T3 cells were Spllt onto gIaSS ||thography techn|qL?é was app“ed to create two Classes of
coverslips that contained electrostatically adsorbed sulfate-functionalized mytifunctional precursor carriers in order to demonstrate

PSL particles. _'I_'he s_urface of the PAH-coated PS_L particles was |5calized targeting by use of the RGD peptide sequence for an
covalently modified with RGD or RAD by EDC chemistry. The 3T3 , y;itrg 373 cell culture model. Particle lithography is a
Ce::s Vt\;er?] mcutbated W('jt.h the pgrtlclev\sn:]or ;j‘han.d 48 fh:;)_ Sa"c"’l‘; fotr technique that consists of adhering particles to a surface, such
cell attachment, spreading, anc growth. esion o ces 10 that the surface masks the contact point of the particle and the
lithographed RGD or RAD molecules on the surface of the PSL patrticles .

- ) . o, surface. When polyelectrolytes or nanoparticles (or small
was evaluated by confocal microscopy. Cells were fixed with 3.75% molecules) are introduced, they adsorb over the entire particle
paraformaldehyde and stained with appropriate dyes for imaging. Alexa ’ y . P :

except where the surface masks the particle at the contact point.

Fluor-568 phalloidin (Molecular Probes) was utilized for F-actin . . ; . .
visualization and DRAQS was utilized for nucleus imaging. The samples 1€ first class of carriers, type |, is schematically shown in

were mounted on glass slides by use of Prolong antifade solution Figure 1a,b, where-98% of the surface of the imaging particle

(Molecular Probes). The preparations were then visualized with confocal IS chemically modified by the particle lithography technique
microscopy. with RGD peptide targeting ligands and the lithographed region

Cell Adhesion Assay (Type Il). The 3T3 cells were subcultured contains electrostatically adhered fluorescent nanoparticles. The

onto glass coverslips (and/or oxygen plasma-cleaned silicon wafer S€cond class of carriers, type Il (Figure 1c,d), is the complement
pieces) in six-well plates. All medium was removed, and 200of to type I, such that the lithographed region is chemically
multifunctional assembly particles in 100 mM PBS was added to the Modified with the RGD peptide sequence, and the rest of the
center of the glass coverslip (silicon wafer). An additional 2 mL of particle is coated with electrostatically adhered fluorescent
medium was added to the center of each glass coverslip. The samplegianoparticles.

were incubated for 24- and 48-h assays before imaging for adhesion Figure 2 shows an FESEM image of a precursor to the
of the RGD/RAD-modified lithographed region to the 3T3 cells with assembly in Figure 1b of 30m silica particles coated with SéDV

Results and Discussion
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Figure 2. FESEM image of 3 um lithographed silica particles. Silica
particles were coated with PAH and then the particle lithography
technique was performed with 84 nm sulfate-functionalized nanopar-
ticles in an ionic strength of 30 mM KCI. Diameter of the lithographed
regions is approximately 960 nm.

nm sulfate-functionalized PSL nanoparticles by the particle
lithography techniqu® in an ionic strength of 30 mM KCI.

The diameter of the lithographed regions is approximately 960 Figure 3. Confocal microscopic image at 60x oil magnification of a
nm, which closely matches the value of 1000 nm that iS 4 um sulfate-functionalized fluorescent nile red particle PAH-coated
predicted from a simple geometric calculatfi> and lithographed with 190 nm sulfate-functionalized fluorescent

Both type | and type Il classes of multifunctional carriers yeIIow-greep nanpparticles. Image of the lithographed particle as-
are envisioned to be essential developments for focused drugseMbly excited with (a) the blue laser and (b) the green laser are

. . . . . . L shown, along with (c) the DIC image and (d) an overlap of images a
delivery and diseased tissue imaging. The main objective of _ 4"/
this work was to illustrate the robustness of this inexpensive
technique for assembling colloidal carriers with multifunctional
regions. Layer-by-layer assembly can be applied at any point
during the particle lithography process. For example, the core
fluorescent PSL imaging particles can be coated with cationic
polyelectrolytes to provide an appropriate surface for chemical
modification with targeting ligands. The nanoscale precision and
control over the diameter of the lithographed region has been
previously shown with FESEM analysis (Figure?).

We used fluorescent confocal microscopy to demonstrate the
presence of the lithographed region on the surface of the core
imaging PSL particle. Confocal microscopy with a high nu-
merical aperture objective (NA 1.3) has a spatial resolution
of ~200 nm and is relatively straightforward to use. PAH- Figure 4. Confocal microscopic image at 60x oil magnification of 4
coated, sulfate-functionalized, fluorescent nile red particles (4.0 um sulfate-functionalized, fluorescent nile red particles PAH-coated
um) were coated with 160 nm sulfate-functionalized fluorescent and lithographed with 190 nm sulfate-functionalized fluorescent
yellow-green particles by the particle lithography technique to yeIIow-gregn na_nopart_icles. The image of the lithographed particle
create type Il carriers. This assembly was fabricated on a flat 2Sembly is excited with the blue and green lasers.
glass coverslip surface and fused for 15 min in a standard steanlithographed with 190 nm sulfate-functionalized, fluorescent
autoclave before being imaged with confocal microscopy. The yellow-green nanoparticles in deionized water. The individual
particle assemblies remained attached to the glass coverslip forl90 nm sulfate-functionalized fluorescent yellow-green nano-
ease of imaging, such that the microscope objective imagespatrticles are clearly visible on the surface of the core fluorescent
directly through the glass substrate where the lithographed patchnile red particles. Each individual nanoparticle was able to be
is adhered. The images in Figure 3 demonstrate that the coreobserved because tkestack image was taken above the top of
and coating particles remain fluorescent and electrostatically the particle assemblies and because the assemblies were not
adhered to the glass surface. This observation is importantautoclaved, such that the individual nanoparticles adhered to
because it supports the fact that the particle lithography processthe core particle surface remained separated and did not fuse
does not alter the chemical properties of the nanoparticles ortogether to make a more uniform coating layer. If the assemblies
imaging particles. Since the particle assemblies were still were fused, then the-stack image taken from above the
adhered to the glass coverslip surface, we could easily visualizeassemblies would show the surface appearing as a slightly
the presence of the lithographed region as the light red blurred green color.
fluorescent core of the particle. The fluorescent image in Figure A precursor similar to the type | assembly was created by
3d shows the lithographed region with a patch size of ap- use of 4.Qum sulfate-functionalized PAH-coated PSL imaging

proximately 1.5um. particles lithographed with 200 nm sulfate-functionalized nano-
A similar assembly to that shown in Figure 3 was imaged particles and electrostatically adhered in the lithographed region
with a three-dimensional analysis by use »mftacking in with 43 nm carboxyl-functionalized fluorescent orange nano-

confocal microscopy. The image seen in Figure 4 shows a particles. This assembly was imaged by confocal microscopy,
confocal microscopy overlap image (red and green laser and the lithographed region can be clearly seen as the fluorescent
excitations) at a height of 8m in the sample of 4m sulfate- red patch in Figure 5b,c. In addition, the flattened lithographed
functionalized fluorescent nile red particles PAH-coated and region is visible in the DIC image as marked by the arrow. 'EB,\V
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After 24 h, on average the 3T3 cells had adhered te-30L
(n = 5) RGD-modified lithographed particles, which were
adhered to the glass substrate. In order to determine whether
the cells remained attached to the particle surface or if the cells
had endocytosed the particles, a three-dimensional analysis using
z-stacking with confocal microscopy was used. Figure 6a
represents the middle slice of apzimage for the 24-h adhesion
assay study. The yellow cross hairs indicate the position of the
xzandyzslices, which are located to the right and on the bottom
of Figure 6a, respectively. The slices show that the cells are

Figure 5. Confocal microscopic image of a type | assembly consisting attached to the focal points on the imaging particle surface, and
:ijtfhé(i) ;r'g Fﬁ]”; ds\‘ljv'iftitigun”;tg’ur;g'é‘f%;ﬁ;;acl‘i’:‘ézdnngp:":?gg‘sgat’nfg“zcc')g thus it is not a purely focusing adjustment that alters the position
nm carboxyl-functionalized fluorescent orange nanoparticles that were Of_ the _pa!‘“Cles compa(ed t(_) that O_f the cells. Ttrand y;
electrostatically adhered in the lithographed region. Images of the slices indicate that the imaging particles are not located in the
type | particle assembly are shown: (a) DIC showing a subtle flattened same plane as the nucleus/actin cytoskeleton and thus remain
lithographed region to the upper left of the particle center, marked adhered to the ceflurfacevia integrin—RGD interactions and

by the blue arrow; (b) excitation with the green laser; and (c) overlay were not taken up within the cell. The actin cytoskeleton (red)
ofimages a and b. Similar images were taken with multiple samples. illustrates that the cellular membrane has spread upon adhesion

. . . to the RGD-modified lithographed imaging particles.
fluorescent particles adhered to the Ilthograph_ed region appear - \y o 4g h of incubation, the 3T3 cells have internalized the
RGD-modified lithographed particles via receptor-mediated
endocytosis. Figure 6kz andyz sliced images show that the
actin cytoskeleton (red) surrounds the RGD-modified particles
(green) and the particles are within the same plane as the
nucleus. Schraa et #lhave also demonstrated in vitro receptor-
mediated endocytosis of RGD-modified proteins incubated with
human primary umbilical vein,Ss integrin receptor expressing
endothelial cells. The combined 24- and 48-h RGD adhesion
study results indicate that our multifunctional carrier assembly
can specifically adhere to the cell surface via recepligand
interactions and be successfully internalized within the cells.

and nonlithographed regions with targeting ligands for the type :]—hg facthgg[ thed!:;_a\rt;(_:les_ had ta' smglte ntantotshqale r_eglon that
I and Il colloidal carrier assemblies, as well as showing the adno ) r_no_ : 'C_a lon1s ng _lmpor an "_J‘ IS point. )
assembly’s specificity with cell adhesion assays. _ Integrins exist in d|fferer_1t afflnl_ty_ states with respect to the|r_
Ligand-Specific Interactions by RGD Peptide-Modified ligands and can enter a high-affinity state or a_ctlvated state in
PAH-Coated Particles.A 3T3 fibroblast cell line was chosen ~ '€sponse to an agetftAs expected, the 3T3 fibroblast cells
as a model system to investigate the interaction between thePound successfully to the RGD motif modified on the surface
integrin a.Bs cell surface receptors with RGD-modified litho- of the imaging p_arucles that were _ele_ctrostatl_cally _adhered to
graphed particles. This 3T3 fibroblast cell line has been the glass coverslip surface. Upon binding, the integrin receptors
commonly used in the literature to study integrin-mediated cell Were likely activated and thus initiated adhesion and plasma
adhesion to RGD peptide-modified surfaé®®-28 In this study, membrane spreading (b_ranched cytoplasm). The observed cell
it was hypothesized that the covalent attachment of RGD to attachment and spreading after 24 h suggests that the RGD
the nonlithographed or lithographed regions on the multifunc- activity was retained after chemical coupling to the imaging
tional carrier would promote integrin-mediated cell adhesion Particle. This adhesion and spreading was also observed to be
and spreading. To test this hypothesis, peptides containing théndependent of the number of partlcle. assemblles_ avallable.for
RGD and RAD motifs were covalently coupled to the PAH- binding. The cell acjhesmn and spreadlln_g re§ulted in the particle
coated surfaces of type | and Il multifunctional carriers through assemblies clustering together. In addition, it was observed that
the use of carbodiimide chemistry. The RAD motif gives a & Minimum of two particle assemblies was required for cell
nonspecific variation in the integrin binding site and serves as adhesion and spreading to occur. Similar observations were
a control to the strongly adhering RGD muotif for the inhibition Made by Maheshwari et & and they demonstrated that integrin
of cell attachment and spreading. clustering is essential to support cell adhesion and motility. Our
Type | Assembly Adhesion Assake first studies performed  in Vitro studies show that RGD-modified multifunctional carrier
were 24- and 48-h cell adhesion assays in which 3T3 fibroblast Particles specifically bind to integrin receptors expressed on 3T3
cells were incubated on glass coverslips containing RGD- or Cells.
RAD-modified lithographed particles (fluorescent yellow-green)  Although the 3T3 fibroblast cells adhered to the RAD-
electrostatically adhered to the glass coverslip surface. Themodified lithographed particles, the cell response was different
ligand-modified core imaging particles were randomly distrib- from that of the RGD modification. After 24 and 48 h of
uted at an area fraction 0f25%. After incubation, the cells  incubation, the actin cytoskeleton continued to grow and the
were rinsed a minimum of four times with 0.1 M PBS at°%7, cells remained alive. To again determine whether the cells were
fixed, and stained for visualization of the actin filaments and attached to the particle surface or taken up into the cell, confocal
the nucleus. Figure 6 summarizes the confocal microscopic microscopy three-dimensionaistacking was used. Figure 6
results for 24- and 48-h adhesion assays with RGD and RAD panels ¢ and d represent bottom slices (near the glass coverslip
modifications. After 24 and 48 h, the 3T3 cells have adhered substrate surface) ofyz images for the 24- and 48-h RAD
to the RGD- and RAD-modified particles and spread. adhesion assay studies. The yellow cross hairs show the po&iB({?

are tightly packed from being adhered in an ionic strength of
30 mM KCI. On the basis of the fluorescent patch, the size of
the lithographed region was estimated to be 1000 nm, which is
in agreement with the FESEM and confocal microscopic results
from Figures 2 and 3.

The results from confocal microscopy and FESEM confirm
the presence of a lithographed region fabricated by the particle
lithography technique. The size of the lithographed region patch
can be estimated by confocal microscopy and accurately sized
by FESEM. After the multifunctional carrier had been fabricated,
the next step involved chemical modification of the lithographed
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Figure 6. Confocal microscopic images of 3T3 fibroblast cells adhered to RGD- and RAD-motif lithographed 4 um sulfate-functionalized PSL
fluorescent yellow-green particles assembled on glass coverslips. After 48 h the RGD-motif modified imaging particles were taken up into the
3T3 cells. (a) 24-h RGD-motif assay xyz image from z-stack taken from the middle slice. (b) 48-h RGD-motif assay xyz image from z-stack
taken from the middle slice. Note that the particles were taken up into the cell. (c) 24-h RAD-motif assay xyz image from z-stack taken from a
bottom slice. (d) 48-h RAD-motif assay xyz image from z-stack taken from a bottom slice. The cross-hairs identify the position of xz and yz
planes, and the images were taken at 60x with oil. The cell actin cytoskeleton was stained red with Alexa 568 phalloidin, the nucleus was
stained blue with DRAQ5, and the particles were fluorescent yellow-green.

of thexzandyzslices, which are located to the right and on the imaging particles by conditioning the surface of the modified
bottom of Figure 6c,d, respectively. Thke andyzslices show particles with serum proteins and allowing the cells to stick by
that the RAD-modified imaging particles are clearly located on the usual cell growth mechanisms. It is known that the RGD
a different plane than the nucleus and the actin cytoskeleton peptide ligand binds at the interface between d@heand 33
after 24 and 48 h in the adhesion assay. The RAD-modified subunits with contacts between the aspartic acid group and the
particles may have been specifically or nonspecifically adhered 83 subunit, as well as contact between the arginine (cation)
to the cell surface, but recepteligand binding and integrin residue and th@A ligand-binding domain of thg3 subunit,
activation did not occur because the particles were not takenwhich stabilizes the ligand-binding surfa&elhe glycine residue
up within the cell. Thexz andyz slices for the 48-h assay in  plays an important role in making hydrophobic interactions with
Figure 6d show only the fluorescent green imaging particles the oV subunit while lying at thex andj subunit interfacé?
and little or no red actin cytoskeleton, indicating that the cell The single residue change to alanine for the RAD control
may not be adhered to the particles that are adhered to themodification does not provide the hydrophobic interactions to
substrate surface since the particles and cell are on drasticallyresult in conformational correct binding and integrin activation
different focal planes. of the cell3334Thus, we believe that the integrin receptors were
During imaging of the 24- and 48-h adhesion assays for RGD not being activated upon binding to the RAD motif and receptor-
and RAD maodifications, it was observed that RGD-modified mediated endocytosis did not occur.
particles were always found attached to or near a cell, whereas Type Il (Small Lithographed Region) Assembly Adhesion
the RAD-modified particles were often found randomly dis- Assay.The second set of studies performed with the type I
persed on the substrate surface without any cells present. Oneassembly was a 48-h cell adhesion assay in which the 3T3
hypothesis is that the nonspecific 3T3 cell adhesion to the RAD- fibroblast cells grown on silicon wafers were inoculated with
motif lithographed imaging particles was mediated though imaging particles lithographed with 200 nm nanoparticles and
electrostatic interactions. Another possible reason for adhesionmodified with RGD or RAD motif only in the lithographed (bare
is that protein in the serum medium may have aided nonspecific patch) region. After 48 h, the assay samples were washed four
adhesion of the 3T3 fibroblast cells to the RAD-modified times with 0.1 M PBS at 37C, fixed, dried in liquid CQ, andCDV
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Figure 7. FESEM images of 48-h adhesion assay with 3T3 fibroblast
cells and 4 um sulfate-functionalized PAH-coated imaging particles
lithographed with 200 nm sulfate-functionalized PSL particles and (a)
RAD- or (b) RGD-motif modified in the lithographed region.

imaged with FESEM. Figure 7a illustrates that the RAD-
modified lithographed region particle assemblies were nonspe-
cifically adhered to the surface of the cells. The flattened
lithographed regions (modified with RAD motif) are clearly
visible in the images, indicating that recepttigand interactions

did not occur. The presence of type Il particle assemblies on
the surface of the cells could be nonspecific from electrostatic
interactions, part of the RAD peptide contacting the integrin

Yake et al.

particles and nanoparticles and was utilized in this work to
prepare a multifunctional targeting and imaging carrier assembly.
The surface chemistry of the imaging particles in the litho-
graphed and nonlithographed regions were controlled with
nanoscale precision. Confocal microscopy and FESEM imaging
analysis illustrate our successful fabrication of the type | and Il
multifunctional colloidal carriers. The lithographed or nonlitho-
graphed regions can be easily tailored to include electrostatically
adhered fluorescent (or even drug) nanoparticles or targeting
moieties covalently bound to the imaging particle surface.
Applying the patrticle lithography technique has allowed for a
unique fabrication process for a multitude of colloidal imaging
carriers with multiple information regions.

In vitro results showed 3T3 fibroblast cells specifically
adhering to clusters of RGD-motif lithographed imaging par-
ticles after 24 and 48 h of incubation. These in vitro results
suggest that localized targeting to the surface cell integrins was
accomplished. Endocytosis of the RGD-motif modified particles
was observed with confocal microscopy after 48 h of incubation.
A second set of studies, using the type Il colloidal carrier with
FESEM analysis, further demonstrated localized targeting to the
surface cell integrins and endocytosis of the RGD-motif
modified particles, as well as nonspecific adhesion of the RAD-
motif modified particles resulting in morphologically different
cytoplasm growth. From the FESEM images, it is clear that
the 3T3 fibroblast cells displayed distinct morphological dif-
ferences in their cytoplasm after nonspecific adhesion to the
RAD motif modified on the imaging particles. The change in
cell behavior was hypothesized to be a direct result of an inactive
receptor-ligand interaction.

Our results demonstrate the capability of fabricating a
multifunctional colloidal carrier with site-specific regions of
chemical “information” through application of the particle
lithography technique. It can be envisioned that the proposed
multifunctional carriers have the potential to accomplish two
tasks: (1) They can selectively image the cell surface or tumor
endothelium, and (2) the carriers can actively target to deliver
therapeutic agents, by addition of locally placed drug nanopar-
ticles to a specific region on the colloidal carrier surface, to the
endothelial cell via receptor-mediated endocytosis.
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