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Nanomaterials with precise biological functions have considerable potential for use in biomedical applications. Here we

investigate whether multivalent attachment of small molecules can increase specific binding affinity and reveal new biological

properties of such nanomaterials. We describe the parallel synthesis of a library comprising 146 nanoparticles decorated with

different synthetic small molecules. Using fluorescent magnetic nanoparticles, we rapidly screened the library against different

cell lines and discovered a series of nanoparticles with high specificity for endothelial cells, activated human macrophages or

pancreatic cancer cells. Hits from the last-mentioned screen were shown to target pancreatic cancer in vivo. The method and

described materials could facilitate development of functional nanomaterials for applications such as differentiating cell lines,

detecting distinct cellular states and targeting specific cell types.

One of the emerging goals of nanotechnology is to functionalize inert
and biocompatible materials to impart precise biological functions.
Several novel materials have recently been described for diagnostic
or therapeutic use1–3, including quantum dots4–6, polymers7,8 and
magnetofluorescent nanoparticles9,10. Considerable effort has been
directed toward rational surface modifications and coatings to modu-
late pharmacokinetic properties (e.g., blood half-life, elimination and
biodegradation), toxicity, immunogenicity and efficient targeting.
Targeting has generally been achieved by conjugating nanoparticle
surfaces to antibodies. Although this approach has succeeded for
in vitro sensing11,12, its in vivo application has proved more challeng-
ing because of cost, limited shelf life, regulatory hurdles and potential
immunogenicity after repeat injections of such preparations13.
Another targeting approach with promising initial results involves
conjugation of nanoparticles to peptides14,15 but synthetic costs can
be high.

To take advantage of a more diverse chemical space, we hypothe-
sized that small-molecule modifications could change the biological
properties of nanoparticles and thereby permit site-specific targeting
through small molecule–mediated multivalent binding to cell-surface
receptors. To date, the potential of such small-molecule approaches for
the design of nanoparticle surfaces has not been realized, primarily
because of a lack of a general method to modify surfaces rapidly, to
characterize these modified surfaces chemically and to rapidly screen
the resulting nanomaterials for biological activity.

Here we describe the creation of a small-molecule nanoparticle
library for the rapid development of magnetofluorescent reporters. We
show that a union between nanotechnology and small-molecule
chemistry can facilitate development of a wide range of nanomaterials
for biomedical applications. Specifically, we screened a model nano-
particle library against different cell lines and states. We identified

nanomaterials that discriminate among distinct cell types, or among
different physiological states of a given cell type.

RESULTS

Synthesis of nanoparticle library

The first step towards creation of the nanoparticle library was to
identify biologically and chemically suitable nanoparticles that could
be detected by magnetic and fluorescent means and could be chemi-
cally modified. We used magnetofluorescent nanoparticles9,10 as
starting material because such preparations can be made with high
(R2 4 30 mMsec–1) magnetic relaxivity, because related materials are
biocompatible and in clinical use16, and because aminated base
materials facilitate conjugation of small molecules through sulfhydryl,
carboxyl, amine and anhydride chemistries (Fig. 1e).

Using a modified robotic system, we conjugated 146 different small
molecules to nanoparticles in array format. Previous feasibility studies
had identified several classes of small molecules that combine water
solubility, conjugatability, biocompatibility and chemical diversity. In
general, we focused on small molecules (MW o 500 Da) with the
chemical functional groups of primary amines, alcohols, carboxylic
acids, sulfhydryls and anhydrides (Fig. 1 and Supplementary Table 1
online), and excluded compounds known to bind proteins. On
average, 60 small molecules were attached per 38-nm nanoparticle.
All synthesized and purified nanoparticles were water-soluble, mag-
netic and fluorescent (Fig. 1d) and could be stored for prolonged
periods. Nanoparticle libraries were stored in multiwell plates until use
in cell-based high-throughput screens.

Screening identifies unique nanoparticles

We next tested the nanoparticle library for its effects on mammalian
cells. We were particularly interested in whether small-molecule
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surface modification can be used to: (i)
change the cellular affinity of nanoparticles,
(ii) develop materials that discriminate among
closely related functional states of cells,
for example, resting and activated (disease-
associated) macrophages, (iii) develop dis-
ease-specific targeting agents without prior
knowledge of a specific target and (iv) develop
more efficiently targeted nanomaterials.
Figure 2 summarizes the results of over

30 screening experiments. The heat map
represents the log of mean cellular uptake
of different nanoparticles in five different cell
types. Human umbilical vein endothelial cells
(HUVEC), primary resting human macro-
phages, granulocyte macrophage colony
stimulating factor (GM-CSF)–stimulated
human macrophages, a U937 human macro-
phage-like cell line and human pancreatic
ductal adenocarcinoma cells were all probed
in quadruplicate. Each row represented a
different nanoparticle preparation. Cellular
uptake varied over three orders of magnitude
(red, low; green, high) ranging from 2–2,239
fg Fe/cell. Notably, there was substantial
diversity in cellular uptake among the differ-
ent nanoparticle compounds, both within a
given cell type and among different cell types.
For example, for the human pancreatic
cancer cell line PaCa-2, uptake varied
from 3–1,065 fg Fe/cell among the different preparations
(1.1 � 104 – 5.5 � 106 nanoparticles per cell). Compared to mono-
crystalline iron oxide nanoparticle (MION), a prototype clinical
preparation, several small-molecule modifications (e.g., iodoacetic
anhydride, diaminopropane or diethylenetriamine) showed much
lower macrophage uptake, an important consideration for improving
in vivo targeting. We also noted a considerable difference in cellular
uptake between resting and GM-CSF–stimulated human macrophages
in the primary screen (Fig. 2).

Cell-based phenotyping

To examine whether macrophage activation status could indeed
be probed with selected materials, we scaled up the synthesis
of two nanoparticle preparations (CLIO-bentri and CLIO-gly)
identified through the primary screen. Primary isolated human
macrophages were cultured for 7 d and stimulated with GM-CSF
(to simulate macrophages in immune disease), oxidized low
density lipoprotein (LDL) (to simulate foam cells found in athero-
sclerosis17) or lipopolysaccharide (LPS) (to simulate macrophages
in infection). CLIO-bentri (compound 261-14-1, Supplementary
Table 1) was by far the preferred compound internalized into resting
macrophages, with uptake higher than the parent compound
CLIO-NH2, whereas CLIO-gly (compound 261-47-1, Supplementary
Table 1) was the preferred compound for activated macro-
phages (for all three activation methods—GM-CSF, ox-LDL,
LPS) as determined by epifluorescence and confocal microscopy
(Fig. 3). Interestingly, the starting material CLIO-NH2 showed no
apparent preference among the cell populations. These compounds
(Fig. 2) are promising candidates for developing more efficient agents
for treating autoimmune diseases18 or detecting vulnerable athero-
sclerotic plaques19.

Based on these screening results, we next investigated whether
small-molecule modification can impart unique biological functions
to nanoparticles. Molecularly targeted nanomaterials show promise
for visualizing specific targets in vivo and for delivering therapies.
Cell-internalizing affinity ligands are often used to improve target-
to-background ratios15,20. We hypothesized that this and other ampli-
fication strategies could be further enhanced by decreasing nonspecific
macrophage uptake of nanoparticles through modification of their
surfaces. After identifying unique nanoparticles with low macrophage
uptake (Fig. 2), we asked whether iodoacetate surface modification
(shown above to reduce macrophage uptake) could improve target-to-
macrophage ratios conferred by a VCAM-1 targeting peptide sequence
(VHSPNKK)15. Figure 4 compares cellular uptake into VCAM-1–
positive murine heart endothelial cells (MHEC) and nonspecific
uptake into VCAM-1–negative murine macrophages. In vivo targeting
of activated VCAM-1–expressing endothelial cells present in
macrophage-rich diseases such as atherosclerosis requires a reduction
in nonspecific nanoparticle phagocytosis into macrophages. As
expected, peptide attachment via the C-terminal carboxylate to the
unmodified CLIO nanoparticle increased uptake into MHEC, but
there was also high uptake into macrophages. Iodoacetic anhydride
modification of the peptide-conjugated nanoparticle greatly decreased
macrophage uptake. This caused a tenfold improved target-to-back-
ground ratio, confirming cellular uptake results. Similar results were
also observed for other small molecules that decreased macrophage
uptake (Fig. 2).

In vivo imaging

We next determined whether the library could be used to identify
compounds that preferentially targeted cancer cells but had concomi-
tantly low uptake in macrophages and endothelial cells. Given the
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Figure 1 Nanoparticle and derived-nanoparticle library. (a,b) Laser light scattering (a) and

atomic force microscopy (b) were used to reveal nanoparticles (38 nm mean diameter) comprising a

magnetic core and surface-bound, crosslinked dextran. (c) Model of the crosslinked dextran coating

modified with small molecules. (d) The nanoparticles are fully soluble in water, are fluorescent and

superparamagnetic, that is, detectable by magnetic resonance imaging (MRI). (e) Different classes of

small molecules with amino, sulfhydryl, carboxyl or anhydride functionalities were anchored onto the

nanoparticles and stored in multiwell plates for testing.
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lack of efficient molecules for early detection of pancreatic cancer,
we selected PaCa-2 cells from this tumor-type as a model system
(Fig. 2). Fourteen compounds showed significant uptake into these
cancer cells (up to 160 � 106 nanoparticles per cell for the most
efficient compounds).

Of these compounds, two (isatoic anhydride, 261-15-28 and
5-chloro-isatoic anhydride, 261-14-17) exhibited high cancer cell
uptake and low macrophage/endothelial cell uptake. These compounds
were scaled up for in vivo use and shown to facilitate pancreatic
cancer detection in a mouse model (Fig. 5). Simultaneous injection of
CLIO-NH2-Cy3.5 and CLIO-isatoic-Cy5.5 into tumor-bearing mice
significantly increased fluorescence of CLIO-isatoic-Cy5.5 versus
CLIO-NH2-Cy3.5 (TBR 1.63 vs. 0.16, P o 0.0001) as determined by
fluorescence imaging. These findings were corroborated by fluores-
cence microscopy showing widespread accumulation of targeted nano-
particles within tumor cells, indicating access to the tumor interstitium
through capillaries. Additional in vivo experiments demonstrated that
the signal in the Cy5.5 channel arose primarily from targeting and not
from enhanced photon propagation at different wavelengths. Figure 6
shows in vivo targeting in different channels depending on different
fluorochromes covalently attached to CLIO-isatoic.

To verify the fluorescent screening data, we also conducted quanti-
tative biodistribution experiments with 111In-labeled nanoparticles,
bearing in mind that further diethylene triamine pentaacetic acid
modification might mitigate isatoic-mediated targeting effects
(Fig. 5). A higher uptake of the targeted nanoparticle preparation
was seen in pancreatic cancer cells (3.7 ± 0.14 injected dose (ID)/g for
CLIO-isatoic versus 2.2 ± 0.39 ID/g for CLIO-NH2, P o 0.0001;
Fig. 5), whereas uptake in liver (40.4 ± 5.3 ID/g for CLIO-isatoic
versus 40.2 ± 3.6 ID/g for CLIO-NH2), lung, muscle and other organs
was similar for both preparations (Fig. 5). Enhanced uptake in liver is
commonly observed with carbohydrate-modified nanoparticle pre-
parations because of the efficient uptake mechanism into cells of the
reticuloendothelial system and the large blood volume and high
perfusion of the liver. Although this may pose limitations to in vivo
imaging (particularly with isotope- and fluorochrome-labeled nano-
particles), it may be less of a problem with spatially resolved
techniques such as magnetic resonance imaging. It is conceivable
that library approaches similar to the one described here may be used
to discover compounds with lower liver accumulation. Overall, these
results indicate that small-molecule modification can indeed impart
unique functions to nanoparticles and facilitate in vivo targeting.

DISCUSSION

We have applied a magnetofluorescent nanoparticle library decorated
with small molecules to address four critical questions in biomedical
nanomaterial research: (i) Is it possible to modulate the relative
affinity of nanoparticles for different cell types through small-molecule
surface modification? (ii) Can small-molecule surface modification be
used to discriminate between closely related functional states of cells?
(iii) Can affinity tag–conjugated nanomaterials be made more efficient
by reducing macrophage uptake? and (iv) Can disease-specific nano-
particles be developed without a priori knowledge of the target? We
show several proof-of-principle examples attesting to the ability of
small-molecule modifications to address these questions. Screening of
this library identified a variety of nanomaterials that discriminate
among different cell types as well as among different physiologic states
of the same cell type. We envision that similar high-throughput
screens could facilitate other tasks such as identifying the effects of
nanomaterials on cell differentiation21, toxicity22 and pharmacokinetics.
Furthermore, attachment of small molecules to magnetofluorescent
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Figure 2 Heat map representing cellular uptake of different nanoparticle

preparations. Columns from right to left: 1, pancreatic cancer cells (PaCa-

2); 2, macrophage cell line (U937); 3, resting primary human macrophages;

4, activated primary human macrophages; 5, human umbilical vein

endothelial cells (HUVEC). Each column represents mean values from six

different experiments. Red refers to the lowest accumulation and green

refers to the highest accumulation.
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nanoparticles allows efficient identification of binders that would
otherwise be difficult to recover using small-molecule screens.

The small molecules used here were chosen to enable rapid
synthesis and surface modifications. We believe that the efficacy of
the described materials may be attributed to the multivalent nature of
the surface molecules (60 ligands per nanoparticle). Multivalent
interactions occur throughout biology and represent an evolutionary
trend that exploits an existing pool of interactions rather than
developing new ones. Multivalent drug design has yielded anti-
inflammatory and antiviral agents several orders of magnitude more
potent than monovalent agents23. Our results are in line with these
observations and show that nanoparticle uptake can be increased by
several orders of magnitude.

A logical extension of this work would be the attachment of novel
complex small molecules with defined biological properties and
specific protein binding24. Recent advances in diversity-oriented
synthesis have allowed the creation of libraries of molecules that
resemble natural products in their complexity and possess significant
skeletal and stereochemical diversity24. Attachment of such libraries to
nanoparticles in array could further extend the diversity of nanoma-
terials. Finally, the approach could be used not only to screen for novel
binders but also to optimize linkers, spacers and conjugation chem-
istry, and to modulate pharmacokinetics and recognition by the
reticuloendothelial system (e.g., for uptake in liver and spleen).
Although this study used only one type of biocompatible nanoparticle

preparation (dextran-coated nanoparticles), it is likely that the
approach would work with other types of nanoparticle preparations
as long as biocompatibility, appropriate pharmacokinetics and a
capacity for multivalency are ensured. A number of synthetic bio-
compatible nanoparticles that could serve as base materials for new
libraries have recently been described21. At least 5 (and preferably 20–
100) such functionalities should be incorporated into the design to
harness the multivalency of small ligands23.

The application of such small-molecule approaches to generat-
ing nanomaterials offers the promise of generalized, higher-
throughput methods to make novel nanomaterials useful in the
diagnosis and treatment of disease. We expect that this union
between nanotechnology and small-molecule chemistry will lead
to the development of a wide range of novel nanomaterials for
biomedical applications.

METHODS
Chemicals. EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-

chloride), sulfo-NHS (sulfosuccinimidyl ester), SPDP (N-succinimidyl 3-(2-

pyridyldithio) propionate) and SIA (succinimidyl iodo acetate) were purchased

from Pierce. Cy5.5 NHS ester was obtained from Amersham. All other

chemicals were purchased from Sigma Aldrich and used as received.

Nanoparticle synthesis. The nanoparticle used in this study was a mono-

crystalline magnetic nanoparticle25, with a 3-nm core of (Fe2O3)n(Fe3O4)m

covered with a layer of 10 kDa dextran, that was cross-linked with epichloro-

hydrin and aminated by reaction with ammonia to provide primary amine

groups (CLIO-NH2)26. The nanoparticle had an overall size (volume weighted)

C
LI

O
-g

ly
C

LI
O

-b
en

tr
i

C
LI

O
-N

H
2

LPS

LPS

OxLDL

OxLDLGMCSF

GMCSF

Resting

Resting
0

100

200

300

U
pt

ak
e 

(F
I, 

A
U

)

CLIO-gly

CLIO-bentri

CLIO-NH2

a

b

Figure 3 Nanoparticle ‘hits’ identified from the large screen (Fig. 2) were

probed against resting and activating macrophages. (a) Quantitative

fluorescence-activated cell sorting (FACS) analysis from three separate

experiments. (b) Epifluorescence microscopy with 680-nm channel (CLIO-
Cy5.5) merged onto phase contrast images. Note the preference of CLIO-

bentri for resting macrophages and CLIO-gly for activated macrophages.

Notably, the starting material CLIO-NH2 shows no apparent preference

among the cell populations (mean ± s.d.). GM-CSF, granulocyte macrophage

colony; stimulating factor; Ox-LDL, oxidized low density lipoprotein; LPS,

lipopolysaccharide. Scale bar, 10 mm.

104103102101100

104103102101100

Endothelial cells

0

20

40

60

0

20

40

60

Macrophages

CLIO-NH2

CLIO-NH2

CLIO-NH2

CLI
O-N

H 2

CLIO-SIA-pep

CLIO-SIA-pep

CLIO-SIA-pep

CLI
O-S

IA
-p

ep

CLI
O-S

IA

CLI
O-p

ep
0

25

50

75

100

125

U
pt

ak
e 

(F
l, 

A
U

)

a b

dc

Figure 4 Targeting experiments. (a) Cellular uptake of different nano-

particle preparations into macrophages lacking VCAM-1 (blue) or murine

heart endothelial cells (MHEC) expressing VCAM-1 (green). The starting
material CLIO-NH2 shows a preferential affinity for macrophages, whereas
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in aqueous solution of 38 nm, an R1 of 21 mMsec–1, an R2 of 62 mMsec–1

(37 1C, 0.5 T) and had an average of 62 primary amines available for

conjugation. Fluorescein isothiocyanate (FITC) or Cy5.5 NHS ester was

dissolved in DMSO and reacted with CLIO-NH2 to yield an average of two

fluorochromes per nanoparticle. The final reaction product was purified on

Sephadex G-25 columns and used for small-molecule conjugation.

Conjugation of small molecules. To conjugate anhydrides to CLIO-NH2,

100 ml (50 mM) of the anhydride DMSO solution was added to 2.0 mg

CLIO-NH2 (200 ml of 5.0 mg Fe/ml) in citrate solution. This was followed by

addition of 10 ml 1-M NaOH solution. To conjugate carboxyls, the CLIO-NH2

solution was first exchanged with morpholinoethanesulfonic acid buffer,

pH 6.0. The solution was then concentrated to 5.0 mg/ml. We added

100 ml (50 mM) carboxylic acid compound in DMSO to 200 ml of a CLIO-

NH2 MES solution. This was followed by the addition of 5 mmol EDC and 5

mmol sulfo-NHS in MES solution. To conjugate thiols, CLIO-NH2 was first

reacted with SPDP. We mixed 1.0 mg SPDP-derivatized CLIO-FITC in 200 ml

PBS buffer, pH 7.4 with 100 ml thiol compound in DMSO (50 mM). To

conjugate amines (including amino acids), CLIO-NH2 was first reacted with

succinic anhydride and purified by Sephadex G-25. We then prepared 200 ml

aliquots containing 1.0 mg Fe in MES buffer, pH 6.0 and 10 mg EDC and 10 mg

sulfo-NHS was added to this solution. All of the above reactions were allowed to

proceed for 2–4 h 21 1C to maximize conversion of all amines. Unreacted small

molecules were removed using Sephadex G-25 columns eluted with PBS buffer,

pH 7.4. All materials were characterized by size measurements, relaxometry,

amine content and mass spectrometry. For biodistribution studies, CLIO-NH2

was modified with three to five DTPA groups per nanoparticle and subsequently

modified with small molecules. The compounds were labeled with 111In and

purified to 499%.

Cells. U937 and PaCa-2 cells were obtained from the American Type Tissue

Culture Collection (ATCC) and maintained according to ATCC protocols. For

differentiation into macrophages, the nonadherent monocyte-like undifferen-

tiated U937 cells were induced to differentiate by a 48-h exposure to 40 nM
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Figure 5 In vivo targeting experiments. (a–h) PaCa-2 tumors were implanted bilaterally into the hind flanks of nude mice. Mice were injected intravenously
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Figure 5 but with different fluorochrome-labeled nanoparticles (same

acquisition parameters in each column). Note the accumulation of

CLIO-isoatoic in the tumors irrespective of the fluorochrome used

(arrows). Top row: CLIO-isatoic-Cy3.5, middle row: CLIO-isatoic-

Cy5.5, bottom row: combined injection of CLIO-isatoic-Cy3.5 and CLIO-

isatoic-Cy5.5.
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phorbol-12-myristate-13-acetate (Sigma). After addition of PMA, cells were

plated onto gelatin-coated 96-well tissue culture plates. Differentiated cells were

maintained by replacement of PMA-containing media every 2–3 d.

Primary human macrophages were obtained from buffy coats. Briefly,

mononuclear cells were isolated by density centrifugation using lymphocyte

separation media (LSM; ICN Biomedicals) and the MACS human monocyte

isolation kit (Miltenyi Biotec). Monocytes were plated onto cell culture–treated

dishes and cultured in primary human monocyte medium containing RPMI

1640 1� with 10% fetal bovine serum, 10 ml/L 200 mM L-glutamine and

10 ml/L 10,000 IU/ml penicillin-streptomycin. Freshly isolated monocytes were

treated to produce resting macrophages, GM-CSF–activated macrophages,

foam cells and lipopolysaccharide S (LPS)-activated macrophages. To produce

resting macrophages, cells were fed every 2–3 d while in culture. After 7 d,

adherent cells were considered resting macrophages. GM-CSF–activated

macrophages were prepared as follows: GM-CSF (stock solution 1 mg/ml)

(BD Biosciences) was added to primary human monocyte medium at a

dilution of 12 ml of GM-CSF solution per 1.0 ml of medium. The cells were

maintained at this concentration of GM-CSF for 7 d before use in experiments.

Foam cells were generated by treating primary human monocyte–derived

macrophages with 10 ml of a 2 mg/ml stock solution of oxidized low-density

lipoprotein (oxLDL, Biomedical Technologies) for 7 d before experiments. In

addition, macrophages were treated with LPS for 24 h.

Screening. All cells were plated in 96-well plates. Cells were incubated with

0.1 mg/ml Fe of the indicated CLIO-derivatives for 4 h at 37 1C in the presence

of 5% CO2. After incubation, wells were washed 3� with PBS/0.1% BSA/0.05%

Tween-20 wash buffer and then analyzed using fluorescence microscopy, flow

cytometry or an immunoassay to quantify FITC concentration27. Microscopy

was done using a Biorad 2000 confocal microscope or a Nikon 80i Eclipse

microscope equipped with a 512 Photometrics Cascade CCD. Flow cytometry

was performed using a Becton Dickinson FACSCalibur. All experiments were

performed at least six times.

For each screening experiment, the uptake of FITC (pM) was log10

transformed, and the mean determined for each cell line. The resulting data

were centered on the median and normalized by the standard deviation. The

compounds were clustered with Cluster 3.0 using average linkage,

and Euclidean distance as the similarity metric28. The heat map and the

dendrogram of the clustered data were visualized using Java TreeView29. The

color scale ranged from green (highest uptake) to black to red (lowest uptake).

In vivo experiments. Selected fluorescence-labeled compounds were tested in a

pancreatic adenocarcinoma xenograft mouse model after intravenous adminis-

tration of different nanoparticle preparations (1 mg Fe/kg nanoparticle; n ¼ 16

mice). Cohorts of mice received either (i) CLIO-isatoic-Cy3.5, (ii) CLIO-isatoic-

Cy5.5 or (iii) mixtures of CLIO-isatoic-Cy3.5 and CLIO-isatoic-Cy5.5. Twenty-

four hours later, animals were imaged using a fluorescence-imaging system

(BonSai, Siemens) at different wavelengths, and values were expressed as ratios

between the fluorochromes10. Tumoral fluorescence was calculated as tumor –

background/background and values among different groups were compared

using Student’s t-test. Biodistribution experiments of DTPA-CLIO-NH2-Cy3.5

and DTPA-CLIO-isatoic-Cy5.5 were performed in PaCa2-bearing mice (n¼ 10)

following intravenous administration of 111In-labeled compounds (100 ml,

100 mCi/mouse). Organ distribution was expressed as % injected dose/g tissue.

Note: Supplementary information is available on the Nature Biotechnology website.
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