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n recent years, improved imaging and

analytical tools have led to new solu-

tion phase chemistries, providing effec-
tive size and geometry control over the
growth of nanocrystals.! Metal nanoparti-
cles are attracting strong interest in the fun-
damental sciences and are being widely in-
vestigated for their potential use in a range
of technological and biological applications.
For example, potential uses include sub-
wavelength optical devices,? solar cells,
flexible electronics, conducting inks and
adhesives,* ¢ surface-enhanced spec-
troscopies,” chemical catalysis,®° and bio-
logical labeling and detection.'®""

Interest has recently developed into the
use of metallic nanoparticles for the diagno-
sis and staging of cancer in humans. The ac-
curate assessment of tumor stage is essen-
tial as local or systemic therapies are
administered in a stage-specific fashion.
Generally, oncologic therapies are catego-
rized as either local (operative resection or
radiation therapy) or systemic (chemo-
therapy with either cytotoxic or biologic
agents). Patients who present with malig-
nancy that is determined to be localized on
pretreatment staging studies are typically
treated with local therapy such as surgical
resection or radiation. In the setting of
metastatic disease, systemic treatment is
generally recommended. With few excep-
tions, operative removal of the primary le-
sion has never been shown to improve sur-
vival when metastatic disease can be
identified, and because of this, operative re-
section is generally avoided in patients
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ABSTRACT In this study, we describe optical detection of antibody-conjugated nanoparticles bound to
surgically resected human pancreatic cancer tissue. Gold nanoparticles stabilized by heterobifunctional
polyethylene glycol (PEG) were prepared using ~15 nm spherical gold cores and covalently coupled to F19
monoclonal antibodies. The heterobifunctional PEG ligands contain a dithiol group for stable anchoring onto the
gold surface and a terminal carboxy group for coupling of antibodies to the outside of the PEG shell. The
nanoparticle—antibody bioconjugates form highly stable dispersions and exhibit long-term resistance to
agglomeration. This has been demonstrated by dynamic light scattering, size exclusion chromatography, and
transmission electron microscopy. The nanoparticle bioconjugates were used to label tumor stroma in
approximately 5 pum thick sections of resected human pancreatic adenocarcinoma. After rinsing away nonbound
nanoparticles and fixation, the tissue samples were imaged by darkfield microscopy near the nanoparticle
resonance scattering maximum (~560 nm). The images display pronounced tissue features and suggest that
this novel labeling method could provide for facile identification of cancer tissue. Tumor samples treated with
gold nanoparticles conjugated to nonspecific control antibodies and noncancerous pancreatic tissue treated with
mAb-F19-conjugated gold nanoparticles both exhibited correctly negative results and showed no tissue staining.

KEYWORDS: targeted gold nanoparticles - heterobifunctional polyethylene glycol -
F19 monoclonal antibody - pancreatic cancer - tissue labeling - darkfield microscopy

with advanced malignancy. Improvements
in imaging may allow for better diagnostics
and thus allow physicians to better deter-
mine appropriateness of operative
resection.

The current difficulties in the identifica-
tion of metastatic disease are exemplified
in patients with pancreatic adenocarci-
noma. Patients who present with pancre-
atic adenocarcinoma often have small (<1
cm) metastatic deposits in the peritoneal
cavity and/or liver that may not be identi-
fied on cross-sectional imaging studies (CT
or MRI)."2~'* Laparoscopy is a minimally in-
vasive optical inspection technique that
has been utilized to identify small
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metastatic deposits not visualized on cross-sectional
imaging.'>'® Unfortunately, the effectiveness of lap-
aroscopy relies on the ability of the surgeon to identify
potential metastases based solely on tissue surface
morphology and also only allows visual inspection of
the organ surface. The uncertainty in this determina-
tion is evidenced by the fact that approximately 30% of
patients who are thought to be without metastatic dis-
ease following laparoscopy, and who undergo surgical
resection, die from metastatic disease within 7 months
of operation.'” Improved detection and assessment of
small volume metastases may allow for the avoidance
of operation in those with disease more appropriately
treated with systemic therapy.

Due to their intense light scattering power, gold
nanoparticles targeted to cancer tissue may improve
the ability of surgeons to identify metastatic lesions ei-
ther preoperatively or at the time of laparoscopy or his-
tology during resection. Specifically, the tunability of
their optimal scattering wavelength (plasmon reso-
nance) may provide a means with which the apparent
optical contrast of lesions, relative to neighboring tis-
sue, can be dramatically enhanced. In addition, the
properties of these particles make them detectable on
routine forms of radiographic imaging (e.g., X-ray-
computed tomography).'®'°

The light scattering signal from individual nanopar-
ticles can be so strong that they can be viewed at video
rates in live cells or thin tissue sections using conven-
tional darkfield microscopy.?®?' When imaged by scat-
tering methods, metal nanoparticles may have several
potential advantages over commercial stains or organic
molecular or semiconductor quantum dot fluoro-
phores.”?2 Because photons are being scattered and
not absorbed in these methods, these nanoprobes do
not exhibit power-dependent excitation limitations
such as photobleaching or intermittency, making it pos-
sible to image over extended periods of time. Their di-
mensions can be tuned for peak optical activity at
longer wavelengths, allowing for the use of red NIR
light sources capable of improved optical penetration
into biological samples while simultaneously reducing
background autofluorescence. Furthermore, when
compared to semiconductor materials (e.g., CdSe), or
most organic dyes, noble metals are relatively nontoxic,
making them well suited for in vivo studies.”®

While these nanoparticles appear to show great
promise, there still exist significant issues that must be
overcome before they can be used effectively and
quantitatively as probes in biological systems. A major
goal in current nanoparticle research, and biolabeling in
general, is the development of preparations that are
long-circulating and can label-specific locations or
biomarkers with high selectivity. Specifically, nanoparti-
cles need to be stable in biological medium, for ex-
ample, in tissue samples or in the bloodstream of liv-
ing organisms, and show little or no biologically
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induced agglomeration or rapid clearance by compo-
nents of the immune system. Ideally, targeted nanopar-
ticles should recognize a biological receptor with high
selectivity while demonstrating little nonspecific bind-
ing to other cellular components.

Commercial antibody-functionalized gold nanopar-
ticles, now referred to as “immunogold”, have been
used for some time to label biological samples for im-
aging by electron microscopy.®2*~ 27 Typical immu-
nogold nanoparticle preparations involve the direct
physisorption of antibodies to the surface of gold nano-
particles (<30 nm). The result is a system wherein at
equilibrium both nanoparticle-bound and free (non-
bound) antibody exists, diminishing the overall label-
ing efficiency. In addition, such nanoparticles usually ex-
hibit poor biocompatibility or protein repellency and
therefore tend to agglomerate via nonspecific, uncon-
trollable adsorption of proteins. Nonspecific labeling of
undesired biological targets can be a further problem
with antibody-functionalized, nonspecifically repellant
surfaces, as we have shown in a previous study.?®

Polyethylene glycol (PEG) bound to the surfaces of
nanoparticles has been used for some time to render
them resistant against protein adsorption, enhance
their biocompatibility, and to stabilize them against ag-
glomeration in biological environments.?° 3 PEGy-
lated nanoparticles with diameters below 100 nm may
become long-circulating in the bloodstream of live ani-
mals and have been called “stealth” particles since
they can evade recognition by T cells and macroph-
ages in vivo and thus avoid rapid clearance by the im-
mune system.>”°

In a previous study using PEG thiol monolayers on
planar gold surfaces, we have studied the
antibody—antigen selectivity of polyclonal IgG antibod-
ies immobilized on monolayers of heterobifunctional
PEG monothiols (i.e., PEG with two chemically different
chain ends).?® The antibodies were covalently attached
to the outer ends of the PEG monolayers via amide
bonds. The biological selectivity of these antibodies to-
ward their respective antigens remained completely in-
tact when they were embedded in a protein-repellent
PEG matrix that suppresses nonspecific binding of other
proteins. However, when the same antibody—antigen
recognition experiments were performed on flat gold
surfaces without any intermediate PEG layer, the bio-
logical selectivity of the immobilized antibodies was
lost and nonspecific protein adsorption on the surface
dominated. Immobilization of antibodies on the outside
of heterobifunctional PEG coatings is therefore a highly
suitable method when high selectivity of a biologically
targeted surface is the desired goal.?® Heterobifunc-
tional PEG has been used before to prepare several va-
rieties of bioconjugated nanoparticles conjugated to
peptides, folic acid, or antibodies 2230327354142 Ty
examples of mixed length PEG monolayers on gold
nanoparticles containing both monofunctional and het-
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erobifunctional PEG thiols have been
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the use of PEG linkers of short (<10 Figure 1. Synthesis scheme of the carboxy-terminated PEG dithiol (C-PEG-2S). The final prod-

EG units) or mixed average length
may reduce synthetic control and
consistency between particles due to the expected sta-
tistical composition distribution of mixed PEG
monolayers.

Dithiols such as dihydrolipoic acid derivatives, lipoic
acid as the corresponding disulfide,3%38424% and di- or
polythiol polyethylene glycols***® have been used to
functionalize gold nanoparticles, improving monolayer
stability. Due to their multidentate nature, these species
couple more rapidly and stably to many nanoparticle
surfaces than comparable monothiols. Heterobifunc-
tional PEG is commonly prepared by polymerization of
ethylene oxide and sequential addition of the two dif-
ferent chain ends to the polymer.2#478 Functionaliza-
tion of commercially available homobifunctional poly-
ethylene glycols by two different end groups as a
means to prepare heterobifunctional PEG is problem-
atic since statistical product mixtures of molecules with
different end groups are obtained which can only be
separated chromatographically at low molecular
weights of the PEG chain.

In order to reproducibly obtain nanoparticle
samples with high biological selectivity, in-depth char-
acterization by physical methods such as dynamic light
scattering, size exclusion chromatography, and elec-
tron microscopy is highly desirable in order to control
factors such as particle size distribution, antibody con-
tent per particle, and stability against agglomeration. A
general need for physicochemically well-defined gold
nanoparticle—antibody conjugates to facilitate their ap-
plication in biology or medicine is now widely recog-
nized.>®

We present here a novel heterobifunctional PEG
coating for gold nanoparticles that is stably anchored
on the gold surface via dithiol anchor groups on one
end of the PEG chain and allows facile attachment of
biological signal molecules via carboxy groups on the
other outer end of the PEG ligand. A single PEG compo-
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uct is shown as structure 4. Here n,, = 25 was used.

nent with an average degree of polymerization of 25
EG units is used to form a nanoparticle shell that en-
sures consistently high selectivity and stability of the co-
valently bound targeting moieties. We further present
the use of a novel probe system using a monoclonal an-
tibody (mAb) with high specificity for tumor stroma
(i.e., the connective tissue surrounding the tumor). This
humanized murine antibody is directed against fibro-
blast activation protein (FAP-a) which is a serine pro-
tease produced specifically by activated
fibroblasts.**~>" In phase | clinical trials, this antibody
has been found to be safe and specific for FAP-a-
producing tumor stroma.>? To ensure long-term stabil-
ity, the F19 antibody is covalently attached to the PEGy-
lated nanoparticles via their exposed carboxyl end
groups. The resulting antibody —nanoparticle conju-
gates are nearly agglomerate-free, are highly stable as
single particles in buffer and in the presence of proteins,
and retain the desired target specificity of the F19 anti-
body. This latter property is confirmed by comparing la-
beled and unlabeled pancreatic tissue sections using
darkfield microscopy, taking advantage of the strong
tunable scattering properties of the bioconjugate nano-
particle core as the image contrast mechanism.

RESULTS AND DISCUSSION

Synthesis and Characterization of Nanoparticle Conjugates.
The as-synthesized C-PEG-2S ligand 4 (Figure 1) was
analyzed by MALDI mass spectrometry and 'H NMR.
The MALDI mass spectrum in Figure 2A shows the typi-
cal chain length distribution of anionically polymerized
PEG. No higher oligomers such as dimers or trimers are
visible in the spectrum. By integration of the peaks,
both the mass (M,,) and number (M,,) average molecu-
lar weights can be obtained from the spectrum, where
M,, = 1347 g/mol and M,, = 1301 g/mol. From "H NMR,
M,, can be determined by comparison of the signal in-
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Figure 2. (A) MALDI mass spectrum of the as-prepared
C-PEG-2S (4) showing its chain length distribution. By integra-
tion of the peaks, the weight and number average molecular
weights and the polydispersity index can be calculated: M,, =
1347, M,, = 1301, M,,/M,, = 1.035. (B) Particle size distribu-
tions of gold nanoparticles with ~15 nm core diameter in wa-
ter stabilized by citrate (solid line) and functionalized with
the C-PEG-2S ligand (dashed gray line).

tensities of the polyether protons (O—CH,—CH,—0)
and the protons of the terminal aliphatic carbon chain
in 4. M,, determined in this way is 1380 g/mol, which is
consistent with the MALDI results. The conversion of
the dibromide 3 to the dithiol 4 is not fully quantita-
tive (45% yield according to 'H NMR); however, the
main product with a terminal dithiol group cannot be
isolated easily by chromatography or by crystallization
since the long PEG chain (n,, = 25) suppresses suffi-
cient chemical differentiation between different end
groups. For the final application as a surface ligand for
gold nanoparticles, this may be of secondary impor-
tance since dithiols will chemisorb highly preferentially
on gold nanoparticles.

The particle size distributions (calculated by vol-
ume), obtained from dynamic light scattering measure-
ments, for the citrate-stabilized and C-PEG-2S surface-
modified nanoparticles are shown in Figure 2B. As
expected, the average hydrodynamic radius increases
from the initial diameter of ~15 to ~25 nm (z average
values) by the addition of the 25-mer C-PEG-2S ligand.
The monomodal distribution suggests that the particles
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Figure 3. (A) Size exclusion chromatography elution profile
of gold nanoparticles coated with the C-PEG-2S ligand before
(dashed line) and after coupling of antibodies (solid gray
line). Vertical dashed lines represent the 400 pL sampling
fractions. Residual free antibody after coupling appears as
the lower peak at 78 min (Free AB), as compared to the total
initial antibody peak (black line). (B) Size distribution analysis
of individual SEC fractions (3, 8, 13) from the as-prepared
antibody-functionalized sample.

remain well dispersed as single entities and do not
form agglomerates.

In Figure 3A, the SEC elution profiles of the gold
nanoparticles coated with the C-PEG-2S ligand and ex-
posed to the F19 antibody, obtained on a Superose 6
column, are shown with (gray line) and without (dashed
line) preactivation of terminal carboxyl species with
EDC/NHS. When properly activated, it is apparent that
the size of the nanoparticles increases during antibody
coupling, as shorter elution times correspond to larger
particle diameters. Any remaining antibody that has not
coupled to the NHS-activated particles appears as a
separate peak at an elution time of ~78 min. When we
used PEGylated gold nanoparticles that were not acti-
vated by NHS groups and treated with IgG under iden-
tical conditions, we observed no change in the elution
profile, and all initially used antibody was recovered
(free AB peak in Figure 3A). This suggests that chemi-
cally nonactivated gold nanoparticles covered with
C-PEG-2S do not physisorb the antibody onto their sur-
face. After prolonged storage of the GNP-F19 conju-
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gates in a refrigerator for several months at 4 °C, we
were not able to detect any free antibody by SEC, which
indicates high stability and shelf life of the
particle—antibody conjugates.

The particle size distributions obtained from light
scattering are shown in Figure 3B for three of the 400
pL SEC fractions. The SEC fractions eluted first contain
particle conjugates with the largest hydrodynamic di-
ameters, ranging up to more than 100 nm in SEC frac-
tion 3, which contained all particles larger than the ex-
clusion limit (i.e., the pore size) of the SEC column
material, which is about 40—45 nm for Superose 6.

TEM images of the SEC fractions, shown in Figure 4,
agree with the light scattering data. Here the fractions
eluted first contain larger cross-linked aggregates (Fig-
ure 4A). The regularly appearing gaps between different
gold nanoparticles, shown in the inset of Figure 4A,
most likely contain organic material that is not dis-
played by TEM. Since the coupling of antibody to the
NHS-activated gold nanoparticles proceeds in a random
fashion via any free amino groups present on an IgG
molecule, stemming mainly from lysine residues, an an-
tibody molecule can react with more than one nanopar-
ticle and thus cross-link them. We found that the
amount of large, cross-linked material isolated in the
earlier SEC fractions tends to decrease with a higher vol-
ume of the reaction mixture containing the activated
particles and the antibodies since hydrolysis of the acti-
vated NHS esters always competes with the coupling
reaction. The particles eluted in the middle and later
fractions (e.g., fraction 8), shown in Figure 4B, contain
mostly individual GNP—F19 conjugates. These
particle—antibody conjugates are completely stable
and do not agglomerate. As a control, we verified the
actual presence of the antibody in SEC fractions 3, 8,
and 13 by release of the PEG ligand from the nanopar-
ticles by treatment with mercaptoethanol and subse-
quent analysis of the antibody fragments obtained on
an SDS page gel (see below). In order to ensure anti-
body binding and minimize the application of aggre-
gates, fractions 7—10 were used for tissue labeling.

Quantitative determination of the amount of anti-
body in a single SEC fraction turned out to be more
problematic than anticipated. Since gold nanoparticles
have a rather strong light absorption through most of
the visible and the UV range, they provide an enor-
mously high background when standard colorimetric
protein determination methods are used. Even in the
micro-bicinchoninic acid (BCA) assay, one of the most
sensitive colorimetric protein assays available,> the
light absorption of the gold nanoparticles themselves
turned out to be about an order of magnitude larger
than the light absorption generated by the protein as-
say. As a consequence, the gold particles have to be
separated from the protein assay before the measure-
ment. One way to overcome this effect is to chemically
separate the antibodies from the gold particle followed
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Figure 4. Transmission electron microscopy images of SEC
fractions 3 and 8 (A and B, respectively) of GNP—F19. Aggre-
gates are clearly visible in fraction 3, whereas predomi-
nantly individual nanoparticles are present in fraction 8. An
expanded image of gold nanoparticle aggregates from SEC
fraction 3 is also shown in A. (C) Darkfield scattering spec-
trum (light collected in the forward direction) for a collec-
tion of GNP—F19 conjugates dispersed on glass. The peak
scattering wavelength is approximately 560 nm.

by analysis of the stripped protein. However, when the
PEG ligand is removed from the particles together with
the covalently bound antibodies, the gold particles are
destabilized and lose their protein resistance, which
leads to adsorption of the protein on the bare gold sur-
face, partial removal of antibody from the analyte solu-
tion, and thus to false results.

We also conducted a micro-BCA assay using the
original gold—PEG—antibody conjugates, so that the
bicinchoninic acid copper complex generated could dif-
fuse away from the particles and dissolve in the sur-
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rounding aqueous solution. However, after removal of
the gold nanoparticle—PEG—antibody conjugates by
centrifugation, the amount of antibody measured was
too high by factors of about 10—50. This is consistent
with a previously reported result®* and may be caused
by the sensitivity of the BCA assay toward thiols, which
are present here as the anchor groups of the C-PEG-2S
ligand on the gold particle surface.

We also attempted determination of the bound an-
tibody by releasing the PEG ligand together with the
antibody from the particles by treatment with mercap-
toethanol and subsequent protein quantification on an
SDS-PAGE gel (staining with SYPRO-Ruby). However,
we observed intense smearing of the protein bands on
the gel, most likely caused by nonspecific adsorption of
the antibody on the bare, non-PEGylated particles.

Other simple optical methods such as fluorescence
similarly cannot be used to quantify the amount of
bound antibody since the strong electrical field in the
vicinity of the particle surface alters or quenches elec-
tronic transitions of attached chromophores even at
distances of more than 10 nm from the surface.>*>>
When we attached antibodies labeled with fluorescein
to the gold particles, the fluorescence of the samples
purified by SEC was partially retained and could be
measured; however, after subtraction of the back-
ground caused by the gold particles themselves, the
fluorescence yield was consistently lower than that cal-
culated from the amount of antibody in the sample de-
termined by SEC.

The average amount of covalently attached anti-
body per nanoparticle could be determined from the
difference between the total original amount of anti-
body used and the amount of free antibody recovered
during size exclusion chromatography (free AB peaks in
Figure 3A). The area of the peak at 78 min was cali-
brated with a known amount of mAb-F19 which was
quantified by its light absorption at 280 nm. The total
mass of gold present in a given sample was determined
using the light absorption of the sample at the absorp-
tion maximum of gold nanoparticles (Figure 4C). After
the average radius of the gold particles has been deter-
mined by dynamic light scattering and confirmed by
electron microscopy, the number of gold nanoparticles
in a sample and the average number of IgG molecules
per particle was calculated. By this method, we estimate
that typical average loading values in a given gold
nanoparticle sample are between 4 and 6 antibodies
per particle. Note that this method can only determine
the average amount of antibody in an entire nanoparti-
cle sample, not in an individual SEC fraction.

Pancreatic Tissue Labeling. Since the PEGylated gold
nanoparticle—antibody conjugates are highly stable as
single particles and do not easily agglomerate in the
presence of protein, they can be effectively used for
staining of biological samples. As a demonstration of
their labeling potential, we chose human pancreatic

IN() voL.2 = No. 11+ ECKET AL

cancer tissue, whose stroma (i.e., the connective tissue
surrounding the tumor) is known to react with the F19
monoclonal antibody. The F19 antigen is a cell surface
glycoprotein (fibroblast activation protein, FAP-a) that
is highly expressed by the stromal tissue of various can-
cer types such as breast, lung, colon, pancreas, head,
and neck cancer.>®*7

This stromal-specific approach is particularly appli-
cable to pancreatic cancer because of its almost unique
ability to elicit an extreme fibrotic response. Immuno-
histochemical staining performed with F19 mAb of ex
vivo human pancreatic cancer specimens has demon-
strated consistent intense staining of tumor stroma,>'>°
which is nearly absent in adjacent normal tissue. The
amount of staining observed can vary with different tu-
mors depending on the level of FAP-a expression. We
have observed this fibrotic response uniformly in both
primary pancreatic tumors as well as in biopsy speci-
mens of small (<5 mm) liver metastases (data not
shown).

Gold nanoparticles with diameters between 12 and
20 nm are known to efficiently scatter visible light in
the wavelength region around 530 nm and can thus
easily be detected by wavelength selection using opti-
cal methods such as darkfield or confocal microscopy.*®
In order to determine the optimal scattering wave-
length to be used for tissue imaging, absorption spec-
tra for the GNP—F19 dispersion and darkfield scattering
spectra for individual GNP—F19 conjugates dispersed
on glass were obtained as shown in Figure 4C. As pre-
dicted by Rayleigh scattering for a distribution of gold
nanoparticles in this size range, a small shift in the ab-
sorption and scattering maxima is observed. The maxi-
mum total optical attenuation, and subsequent image
contrast in the darkfield transmission microscope used
for tissue imaging, is expected to occur at the peak
overlap between the absorption and scattering curves
(~560 nm). As such, a 550 = 20 nm dichroic band-pass
filter was selected for imaging of the nanoparticle con-
jugates on tissue.

Optical measurements of labeled tissue are shown
in Figure 5. There was found to be no significant differ-
ence in tissue labeling as a function of incubation time,
so images presented are that of tissue incubated for
6 h. For comparison, an image area of a section of can-
cer tissue labeled by conventional immunohistochemi-
cal (IHC) secondary antibody staining of FAP-« is shown
(Figure 5A). The presence of cancer stroma is indicated
by the striated structures in red. The darkfield scattering
image of GNP—F19-labeled cancer tissue (Figure 5B) ex-
hibits the same apparent underlying stromal structure
as that indicated by IHC staining, whereas the cancer
control sample labeled with gold nanoparticles conju-
gated to nonspecific IgG antibody (Figure 5C), and the
healthy tissue labeled with the GNP—F19 (Figure 5D)
demonstrate minimal image contrast with only a few in-
dividual nanoparticles (small green spots) visible. For
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the large image areas shown in Figure 5B—D, the pres-
ence of individual nanoparticles is not immediately ob-
vious. Upon closer inspection, however, individual im-
age features with dimensions consistent with the Abbe
criteria for optical diffraction (~250 nm for 560 nm pho-
tons) are visible as shown in the inset in Figure 5B. Fur-
thermore, the fact that the scattering wavelength of vis-
ible features remains unshifted relative to the 560 nm
peak determined for individual GNP—F19 conjugates
suggests that the tissue-bound particles remain opti-
cally isolated from one another. This does, however, not
eliminate the possibility of aggregation.

It should, however, be noted that the observed im-
age contrast can vary between cancer tissue sections la-
beled with GNP—F19 and different image locations
within each section. This arises from normal molecular
and structural variations in pancreatic cancer tissue, as
immunohistochemical stainings with the F19 antibody
and a secondary dye-labeled antibody show similar
variability. In contrast, gold nanoparticles coupled to
nonspecific control 1gG or healthy tissue consistently
showed no feature enhancement. In future work, we
will investigate different cancer types and antibodies
that may have increased potential for larger and more
spatially homogeneous labeling yields.

CONCLUSIONS

Several previous studies used gold nanoparticles to
label cancer cells grown in culture,?%3'3%2°761 and in
other studies, cells embedded in phantom tissue were
similarly labeled.?~%* A very recent study used
antibody-labeled gold nanoparticles bearing Raman
tags for tumor targeting in live mice and imaging by
surface-enhanced Raman scattering.** To our knowl-
edge, the study presented here is the first that uses an-
tibodies covalently attached to PEGylated gold nano-
particles to label human cancer tissue that has been
surgically resected from patients. We take advantage
of the strong optical scattering properties of gold nano-
particles to image the actual spatial distribution of a tu-
mor and its stromal tissue with a simple darkfield micro-
scope. Since the gold nanoparticle—antibody
conjugates are effectively stabilized by heterobifunc-
tional PEG, they are highly stable under the biologically
complex conditions of human tissue and unbound
nanoparticles can be rinsed away almost quantitatively
when the tissue does not contain the targeted antigen.

METHODS

Materials. All chemicals, buffers, and solvents were purchased
from commercial sources and used as received. Monoclonal F19
1gG was received from the Ludwig Institute, New York, NY, as a
solution in PBS stabilized with sodium azide. Nonspecific mouse
1gG (ChromPure) was purchased from Jackson ImmunoResearch
and used as received.

Synthesis of the PEG Ligand 4 (C-PEG-2S). The synthesis scheme of
the carboxy-terminated PEG dithiol 4 (C-PEG-2S, n,, = 25) is
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Figure 5. (A) Representative pancreatic cancer tissue thin sections la-
beled using secondary antibody staining (red regions). (B) Darkfield
transmission scattering images of GNP—F19-labeled pancreatic can-
cer tissue, (C) GNP—F19-labeled healthy tissue, and (D) GNP—mIgG-
labeled pancreatic cancer tissue. The expanded section in B has been
contrast enhanced to emphasize the presence of individual GNP—F19.

While the general labeling efficiency of the
GNP—F19 for any type of pancreatic tumor is as yet un-
determined, the darkfield optical contrast, as evidenced
by the images presented here, proved to be sufficiently
bright for visualization of even individual particles or
their aggregates by eye and could be imaged routinely
under only 10X (low NA) magnification. This intense
signal demonstrates the potential of this labeling tech-
nique for a number of clinical and surgical applications.
However, since the scattering intensity depends on
the sixth power of the particle diameter, according to
Rayleigh scattering theory, larger gold nanoparticles are
expected to produce an even stronger signal. The use
of darkfield microscopy (transmission) presented here
mandated the use of thin specimens. Since tissue is
largely transparent in the near-infrared region of the
electromagnetic spectrum, thicker samples may be ex-
amined when antibody-conjugated gold nanorods with
a scattering maximum in the near-infrared are
used.2%333962 Alternative microscopic methods such
as widefield and confocal reflectance measurements,
which are currently being conducted in our laboratory,
may also allow for the investigation of thicker speci-
mens and potentially in vivo (laparoscopic) imaging.

shown in Figure 1. Compound 2 was synthesized by anionic po-
lymerization of a 25-fold molar excess of ethylene oxide onto
1.22 Dibromide 3 was obtained by treatment of 2 with a 1.2-
fold molar excess of elemental bromine in dichloromethane at
0 °C for 4 h in the dark. 3 was isolated by removal of the solvent
using a slight vacuum and a water bath temperature of 30 °C in
a rotary evaporator and final drying of the product in vacuum. 4
was obtained by dissolving 3 in water and subsequent reaction
with a 10-fold molar excess of sodium hydrosulfide hydrate for 3
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days at room temperature under nitrogen. Excess sodium hydro-
sulfide was destroyed by slow addition of excess acetic acid at
0 °C, and the resulting mixture was extracted five times with
chloroform. The organic phase was dried with sodium sulfate, fil-
tered, and the solvent was removed in vacuum in a rotary evapo-
rator using a water bath temperature of 30 °C. The product was
dissolved in ethanol at room temperature, recrystallized three
times at —20 °C, and finally dried in vacuum.

The carboxy-terminated PEG dithiol 4 was analyzed by
MALDI mass spectrometry (see Figure 2A) and "H NMR. MALDI
mass spectrometry was performed on a Bruker Biflex using
a-cyano-4-hydroxycinnamic acid as the matrix material. '"H NMR
spectra were taken on a Gemini 300 MHz device in perdeuter-
ated dimethyl sulfoxide. "H NMR (300 MHz, DMSO-dg): 8 =
1.17—1.55 (m, 17H, CH,, SH), 1.93—2.10 (br, TH, SH), 2.75—2.83
(m, 3H, S—CH,—CH-S5), 3.35 (t, 2H, CH,—CH,—0, J = 7 Hz),
3.44—-3.80 (m, 100H, OCH,), 4.01 (s, 2H, CH,—COOH), 12.20 (br,
1H, COOH).

Preparation of Gold Nanoparticle—Antibody Conjugates. Gold nano-
particles stabilized by citrate were prepared from hydrogen tet-
rachloroaurate in boiling water by reduction with sodium citrate
as described previously.>® In order to obtain a particle diameter
of about 15 nm, 50 mg of HAuCl, X 3 H,O in 150 mL of water
was used, and 132 mg of sodium citrate dissolved in 15 mL of
water was added to the boiling solution.

Gold nanoparticles coated with the C-PEG-2S ligand were
prepared from the citrate-stabilized gold nanoparticles by simple
ligand exchange. Since gold nanoparticles stabilized by citrate
agglomerate immediately upon transfer into salt containing
buffer, the ligand exchange from citrate to PEG must be per-
formed in pure water. Five hundred microliters of the as pre-
pared citrate stabilized gold nanoparticle dispersion was added
to 2 mg of the dry C-PEG-2S ligand and mixed well. Treatment of
gold/citrate particles with this concentration of the PEG ligand
in water leads to rapid coating with the PEG dithiol, and after sev-
eral minutes, an increase of the hydrodynamic radius was mea-
sured by dynamic light scattering. The mixture was allowed to sit
for ~2 h at room temperature. At this point, the nanoparticle dis-
persion was transferred into a 1.5 mL Eppendorf tube and centri-
fuged at 16 000g for 30 min, until a pellet was formed. The super-
natant was removed, and 1 mL of 18 M() water was added. This
process was repeated three times to remove any unreacted PEG
ligand.

After final washing and decanting, the particles were resus-
pended into 100 pL of salt containing medium (0.1 M MES buffer,
pH = 5), after which their size distribution remained completely
stable (>1 year under exclusion of air and storage in a dark re-
frigerator), allowing for later functionalization with antibodies.
The absence of free C-PEG-2S ligand in solution was confirmed
by size exclusion chromatography using a refractive index detec-
tor, and the particle size, compared to the citrate stabilized par-
ticles, was determined by dynamic light scattering.

Attachment of antibodies to the PEGylated nanoparticles
was performed using standard N-hydroxysuccinimide/1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (NHS/EDC) coupling
chemistry.®>%® In this method, the carboxy groups on the par-
ticle surface are first activated by reaction with EDC hydrochlo-
ride and NHS in 0.1 M MES buffer (pH 5). Ten milligrams of NHS
and 10 mg of EDC were first dissolved into 100 p.L of MES buffer.
Twenty-five microliters of this solution was added to 100 p.L of
the PEGylated particle dispersion and allowed to sit for 30 min at
room temperature. Excess activation agents were removed by
repeated washing (four times) with 300 pL of MES (pH = 5) at
0 °C in centrifuge filters (Millipore Ultrafree 0.5, 30 kDa cutoff),
spinning down at 11 500g to no more than 25 plL each time.

Antibody attachment was performed by adding the concen-
trated activated nanoparticles to a dilute solution containing
the antibody. First, 15 g (~100 pmol) of the antibody (F19 or
mouse IgG) was diluted to a volume of 300 p.L with cold PBS
buffer (0 °C) at pH 7.4. (If the antibody solution contains sodium
azide as a preservative, as is typical for many IgGs, it must first be
removed by repeated washing with cold PBS buffer in centri-
fuge filters, as it competes for the activated carboxy groups on
the particles.) This solution was added to the centrifuge filter
containing the 25 L solution of activated gold particles and
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mixed well. The mixture was then spun down to 25 p.L and rinsed
once more with 300 pL of PBS (all at 0 °C). Finally, enough PBS
buffer to obtain a final volume of 25—50 pL was added. The so-
lution was mixed well and transferred into an Eppendorf tube
and shaken gently overnight at room temperature. After this
time, all NHS-activated carboxy groups have reacted or been hy-
drolyzed, so no additional quenching was necessary.

The gold nanoparticle—F19 and nonspecific murine IgG con-
jugates (GNP—F19 and GNP—mlgG) were fractionated and ana-
lyzed by size exclusion chromatography (SEC) using a Waters
650E chromatography system with a 10 mm X 100 mm Super-
ose 6 column (GE Healthcare Life Sciences), followed by a Waters
model 440 280 nm detector. The mobile phase was phosphate
buffered saline (0.05 M sodium phosphate, 0.15 M NaCl, pH 7.0,
0.02% sodium azide) at a flow rate of 0.2 mL/min. Data were col-
lected and analyzed using a Beckman 406 A/D converter and a
Beckman System Gold system. The SEC eluates were fractionated
into 400 p.L aliquots that were further analyzed by dynamic
light scattering, darkfield scattering spectroscopy,®' and TEM.

Dynamic light scattering was performed with a Malvern Ze-
tasizer Nano ZS using a 45 plL quartz cell either in water or in
standard 1X PBS buffer with 1.02 cP as the viscosity and 1.335
as the refractive index of PBS at 25 °C. Transmission electron mi-
croscopy was done on a JEOL JEM-1230 device at 80 kV. Samples
were prepared by dilution of the nanoparticles in water, place-
ment of a drop (2—3 pL) on a copper grid carrying a 20 nm thick
carbon film (CF-300-Cu, Electron Microscopy Sciences), and dry-
ing overnight.

Treatment of Pancreatic Cancer Tissue with Nanoparticle—Antibody
Conjugates. Tissue samples were obtained of both cancerous and
healthy human pancreas from patients undergoing pancreatic
resection. Tissue sections were prepared by microtome to thick-
nesses of approximately 5 um. These sections were fixed on
glass slides using cold acetone (0 °C) for 10 min. After washing
in PBS, the sections were incubated individually in a 1:10 dilu-
tion of the nanoparticle conjugates, GNP—F19, and GNP—mIgG
(~50 wg/mL of bioconjugate to PBS buffer), for 3, 6, and 12 h. Af-
ter incubation, the labeled samples were rinsed in PBS buffer
multiple times to remove any unbound nanoparticle conjugate.
The samples were then dried with a stream of N, and sealed un-
der cover glass by standard methods. Control samples were simi-
larly prepared using tissue sections of healthy pancreas labeled
with GNP—F19 and cancer tissue labeled with a nonspecific
mouse IgG monoclonal antibody. The resulting samples were im-
aged by darkfield microscopy, with wavelength selection near
the GNP—F19 resonance scattering maximum using a dichroic
filter (550 = 20 nm), onto a digital camera (Moticam 1280 X 1024
pixels).
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