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ABSTRACT

We have discovered functionalized multiwalled carbon nanotubes with reduced protein-binding, cytotoxicity, and immune response and the
associated structure-activity relationships using in silico surface molecular diversity design, combinatorial library synthesis, and multiple
biological screenings. Our results demonstrated the general utility of the nanocombinatorial library approach in nanomedicine and nanotoxicity

research.

Carbon nanotubes have been widely studied for their
potential applications in biology! and medicine.> When
injected into an animal, they enter various organs®* and
cellular compartments®® and bind to protein®!® and DNA!!
molecules. These properties offer functionalized nanotubes
tremendous opportunities to function as intracellular probes,
drug carriers, imaging agents, DNA modulators, and other
medical devices on the condition that they are biocompatible.
The bioactivity of a nanomaterial is modulated by its surface
chemistry,'>? among other factors.'4?'-30 By attaching copies
of a molecule on single-walled carbon nanotubes, their
cellular interactions were noticeably altered.®3'-3* Multiple
reagents were used to more efficiently assemble a collection
of surface modified magnetic nanoparticles and assisted in
selecting particles with the best biological property.3-3°
Combinatorial modifications of the nanotube’s surface would
enable us to map unknown chemical space more effectively
and to rapidly discover nanotubes with reduced toxicity and
reveal structure—activity relationships at the same time.
To discover biocompatible nanotubes without a priori
knowledge of the related targets, we decided to expose these
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targets with the maximum surface structural diversity of
nanotubes through combinatorial nanotube library synthesis
(Figure 1). Chemical diversity of the surface molecules relies
on the diversity of the building blocks used to make these
molecules. We first set out to select highly diverse building
blocks by carrying out calculations of 31 amines and 26
acylators for their estimated molecular properties such as
similarities, hydrophobicity, solubility, topological, and ster-
eochemical properties using Accord and Pipeline Pilot from
Accelrys (Table S1 in the Supporting Information). Eight
amines and nine acylators (Figure 2) were selected for library
synthesis. This designed nanotube library contained 80
f-MWNTs (8 x 10; eight amines, nine acylators, and one
without acylation), and their surface molecules have the most
diverse molecular and physicochemical properties on the
basis of the computation (Figure S1 in Supporting Informa-
tion).

Pristine MWNT 1 was first oxidized to MWNT-COOH 2
by an optimized two-step oxidation protocol (see Supporting
Information). Under the oxidation conditions we used,
carboxyl groups should be formed along the nanotube
sidewalls in addition to at its termini.** MWNT-COOH 2
then reacted with a 10-fold excess of Fmoc-protected tyrosine
to form 3. The loading of carboxyl groups in 2 was quantified
by elemental analysis of 3 for its nitrogen content (0.45 +
0.01 mmol/g) and by quantification of the released Fmoc
groups during the generation of 4 (0.41 £+ 0.03 mmol/g).
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Figure 1. Synthesis route of the f-MWNT library and selected transmission electron microscopy images of -MWNTs. The bar in each

photo represents a length of 100 nm.

Because we had no direct evidence that the reaction yield
between 2 and Fmoc-Tyr is 100%, the above values should
be a lower limit of the carboxyl group loading. Using 3 as
a starting point, a nanotube library with two dimensions of
diversification was synthesized (Figure 1). We applied
multiple strategies to ensure the library was successfully
synthesized, purified, and well characterized. These strategies
include the following: (1) applying robust reactions for
library generation, (2) optimizing reaction conditions for each
step, (3) purifying reaction products and intermediates, and
(4) developing liquid chromatography method for monitoring
the effectiveness of purification (Figures 3a and 5) character-
izing reaction products and intermediates by applying magic-
angle spinning proton nuclear magnetic resonance spectros-
copy (MAS '"H NMR) analysis (Figure 3c), Fourier transform
infrared spectroscopy (FTIR Figure 3b), elemental analysis
(Table S2 in Supporting Information), and Fmoc quantifica-
tion methods.

NMR is the gold standard for identifying the structures
of organic molecules. However, NMR of f-MWNTs showed
no detectable signals due to the line broadening induced by
magnetic susceptibility differences from their heterogeneity.
It has long been recognized that the magnetic-susceptibility-
induced line broadenings in heterogeneous samples can be
eliminated by spinning the sample at the magic angle (54.7°
from Z).#“2 In this investigation, we used MAS '"H NMR
with a nanoprobe to acquire '"H NMR spectra of nanoparticle-
bound molecules for their characterizations (Figure 3c).
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Because we were unable to suspend MWNT 1 in the NMR
solvent, its "H NMR spectrum was not obtained. The MAS
'H NMR spectrum of MWNT-COOH 2 (top spectrum in
Figure 3c) showed signals of NMR solvent DMSO-dg at 2.5
ppm, water at 3.33 ppm, and a number of small NMR signals,
possibly from hydroxyl groups and some defect sites. We
also acquired '"H NMR spectra of 12 other f-MWNT library
members. Samples were selected in such a way that each
sample shared a building block with another sample in the
selection. MAS 'H NMR spectra of nanoparticle-bound
molecules are very different from solution-phase NMR
spectra in coupling and splitting properties while the chemical
shift remains the same. F-MWNTs 26 and 50 were incor-
porated identical acylators, but different amines (n-buty-
lamine in 26 and aniline in 50). This difference was reflected
by an extra signal at 7.6 ppm in the '"H NMR spectrum of
50 (Figure 3). FFMWNTs 26 and 50 had a benzenesulfonyl
group in their surface molecules, and -MWNTs 28 and 76
had nearly identical surface molecules except they had a
3-nitro-benzenesulfonyl group instead. The existence of the
nitro group reduced the electron density of the phenyl ring
and caused a downfield shift for aromatic protons in 28 and
76 (7.64-8.71) compared with those in 26 and 50 (7.29-7.94).
Through analysis of chemical shifts and signal ratios, we
positively confirmed molecules bound to nanotubes. Com-
bining with the reaction progression monitoring by FTIR
(Figure 3b) and the quantitative loading analysis throughout
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Figure 2. Surface molecular compositions of combinatorial MWNT library members.

the reaction sequence by elemental analysis of selected
f-MWNTs (Table S2 in Supporting Information), the library
was characterized.

To confirm the morphological integrity of MWNTs after
multiple reaction steps, pristine MWNT 1, intermediate
MWNTs 2 and 3, and f-MWNT library members 5, 8, 13,
16, 19, 26, 28, 50, 51, 72, and 76 were characterized by
transmission electron microscopy (TEM) (Figure 1), which
showed that there has been no change of the gross MWNT
structure throughout the reaction sequence. In this way, we
ensured that combinatorial chemistry modifications were
mainly affecting surface properties, while the size and shape
of -MWNTs remained unperturbed. Sonication of f-MWNTs
in water yielded black suspensions that were stable for 10 h
before precipitation. When we soaked -MWNTs in water
for two days and sonicated the mixture, stable suspensions
were formed and were stable at 24 °C for two months (Figure
S2 in Supporting Information).

Surface dominant nanotubes have a strong tendency to
bind proteins.” 101316214344 Protein binding increases a nano-
particle’s propensity to be opsonized*¢ for clearance or to
create cryptic epitopes in cellular signaling proteins causing
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toxic responses. To determine whether the surface modifica-
tions on -MWNTs could alter or, hopefully, reduce their
protein-binding tendency, we investigated the interactions
of f-MWNTs with a representative subset of proteins (BSA,
carbonic anhydrase, chymotrypsin, and hemoglobin) with
various functions. The binding of f-MWNTs to these proteins
were studied by steady-state fluorescence spectroscopy.
Protein intrinsic fluorescence was quenched by f-MWNTs,
indicating molecular interactions between f-MWNT and
proteins. Results showed that diverse surface chemistry
significantly altered protein-binding capabilities of f-MWNTs
compared with MWNT-COOH 2, which was the precursor
of the library (Figure 4). Proteins maintained their secondary
structures after binding to nanotubes according to our CD
studies.*’” From the assay results, we found that acylator
ACO005 generated surface molecules that produced much less
protein binding in all assays.

The protein-binding ability of f-MWNTs can also be
determined by light sonication of a mixture of nanotubes
and proteins because protein bindings can solubilize other-
wise insoluble nanotubes.*® We treated the library in cell
culture medium containing 10% heat-inactivated horse serum.
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Figure 3. Analysis, purification, and characterization of f-MWNTSs. (a) LC/MS analysis after alternative solvent (EtOH and water) wash
and centrifugation to monitor the effectiveness of purification during the synthesis of -MWNT 31. (b) IR spectra of f-MWNTs 1, 2, 3, 5,
and 73. When pristine MWNT was oxidized, an IR band at 1713 cm™! appeared indicating the formation of carboxylic acid groups. MWNT
2 reacted with Fmoc-Tyr and the IR bands of phenol ester carbonyl and carboxylic acid of tyrosine overlapped at ~1710 cm™!. The
amidation of 3 produced 5, which was characterized by disappearance of an acid carbonyl band at 1710 and the formation of bands at 2843
and 2924 cm™!. Final product synthesis induced further IR changes. In the case of -MWNT 73, an ester carbonyl band at 1787 cm™! was
formed due to an ester group on one of its building blocks. (c) MAS 'H NMR of f-MWNTs 2, 26, 50, 28, and 76.

All f-MWNTs immediately formed uniform black suspension
after a 3 min sonication except -MWNTs 18, 25, 41, 57,
and 73. These f-MWNTs could not be suspended due to their
poor protein bindings. After two days, six more f-MWNTs,
20, 33, 49, 65, 80, and 82, also became less soluble (Figure
S3 in Supporting Information). Noticeably, 7 out of 11
protein evaders contained acylator building block ACO005.
Although these f-MWNTs had surface molecules barely
different from those of protein-binding f-MWNTs (Figure
2), they effectively avoided protein binding. We next
examined the binding of 24 f-MWNTs with hundreds of
proteins in human plasma.* Among 24 -MWNTs (Figure
2) tested, eight had surface molecules that contained building
block AC005 (25, 33, 41, 49, 57, 65, 73, and 81), eight
contained AC002 (22, 30, 38, 46, 54, 62, 70, and 78) that
had the highest structural similarity to AC005 (Figure S3 in
Supporting Information), and eight contained Fmoc groups
(5,6,7,8,9,10, 11, and 12). All f-MWNTs that had surface
molecules containing AC005 with the exception of 65
showed no protein binding and remained insoluble with a 3
min sonication (Figure S4 in Supporting Information), but
the others were well suspended and remained in suspension
for at least seven days.

Surface-bound molecules containing building blocks AC005
or AC002 had amazingly similar hydrophobicity, stereo-
chemical, and hydrogen-bonding properties on the basis of
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computation. Zeta potential measurements (Figure S4 in
Supporting Information) showed that their ¢ potentials are
also comparable, indicating their similar surface electrostatic
properties. Therefore, the protein evading nature of f-
MWNTs that had AC005 containing molecules was solely
due to a unique structural feature of AC005: a single atom
switching from H to Cl at the 4-position of the benzene ring
compared with AC002 rather than other conceivable abnor-
mities. These findings provided compelling evidence that
ACO005 is a key building block that constitutes surface
molecules with a significantly protein-rejecting ability.
The general altered protein binding activities of the
f-MWNT library indicated that nanotubes may perturb the
normal cellular functions such as cell viability and immune
responses. Nonadherent monocytes, THP-1 cells, differenti-
ated into macrophages after the addition of phorbol 12-
myristate 13-acetate at a concentration of 50 ng/mL and
incubation for 48 h. Differentiated cells were characterized
by their adherence to the plastic well surface in 96-well plates
after the removal of the nonadherent monocytes. To avoid
the artifactual interference from MTT assay, we used the
WST-1 assay* to evaluate the acute cytotoxicity of the f-
MWNT library in macrophages. The assay measures the
viability of cells by determining the activity of the mito-
chondrial dehydrogenases (Figure 5a,b). Results showed that
depending on the surface chemistry of the f-MWNTs, they

Nano Lett.,, Vol. 8, No. 3, 2008
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Figure 4. Protein binding of the f-MWNT library. (a) BSA, (b) carbonic anhydrase, (c) chymotrypsin, and (d) hemoglobin were used in
an f-MWNTs/protein binding assay. The binding affinity of library members was compared with the degree of binding of MWNT-COOH.
R1 represents amine building blocks, and R2 represents acylator building blocks. Three f-MWNT concentrations (0.0, 7.5, and 15.0 gg/mL)
were used in fluorescence titration, and F/F for 15 ug/mL f-MWNT was plotted as vertical bars.

Table 1. Multiassay Scores for Top 30 f-MWNTs*

BSA CA CT HB cell NO multiassay BSA CA CT HB cell NO  multiassay
f-MWNT binding binding binding binding viability response score f-MWNT binding binding binding binding viability response score
40 6 23 18 18 3 12 80 11 17 36 37 11 9 57 167
57 43 7 2 3 16 16 87 17 3 21 33 14 71 28 170
49 38 1 1 1 21 27 89 60 47 29 26 34 17 19 172
65 37 9 7 7 18 20 98 48 14 43 24 31 25 42 179
82 5 14 22 39 27 3 110 73 49 6 4 6 49 65 179
68 11 25 13 27 11 25 112 1 2 11 8 5 76 78 180
52 29 15 11 26 37 2 120 34 8 3 15 12 79 64 181
50 25 5 12 15 23 41 121 38 31 56 36 35 13 10 181
64 15 19 27 41 8 13 123 16 36 32 38 19 20 38 183
44 28 30 34 20 4 8 124 28 35 24 21 17 65 26 188
41 16 8 5 4 59 37 129 25 66 12 9 8 19 75 189
42 10 58 19 29 1 18 135 36 7 18 29 23 73 40 190
33 77 2 3 2 48 9 141 35 53 4 35 28 36 35 191
8 9 26 32 9 66 4 146 24 1 17 25 21 80 51 195
81 26 13 6 10 75 31 161 51 51 31 40 51 22 1 196

4 f-MWNTs showing in bold and underlined all contained AC005.

exhibited quite different cytotoxicity compared with the cell
viability induced by the precursor, MWNT-COOH 2. Many
f-MWNTs generated higher cell viability compared to 2 at
both low and high nanotube concentrations.

Macrophages, when activated, phagocytose foreign nano-
particles and secrete chemical mediators of inflammation such
as nitric oxide (NO).’! To measure the immune response,
macrophages were treated with f-MWNTs for 24 h in the

Nano Lett.,, Vol. 8, No. 3, 2008

presence of lipopolysaccharide (LPS, 100 ng/mL). The nitrite
concentration was then determined as an indicator for NO
generation®? and the induction of the inducible NO synthase.
Compared with the control (only 100 ng/mL LPS added),
33 -MWNTs showed reduced NO generation at a low
nanotube concentration (50 ug/mL) (Figure 5c¢). Although a
generally higher NO generation was found at a higher
f-MWNT concentration (200 ug/mL, Figure 5d), there were
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Figure 5. Cytotoxicity and immune responses induced by the f-MWNT library. Library members were assayed for their cytotoxicity (a and
b) in THP-1 cells and MWNT-induced NO release (c and d) at either 50 ug/mL (a and c) or 200 ug/mL (b and d). The fractions of viable
cells after incubation with f-MWNTs for 24 h are shown as vertical bars in (a) and (b). The basal level of NO release by LPS (100 ng/mL)
is marked on panels (c) and (d). The f-MWNT library-induced NO release in the presence of LPS (100 ng/mL) is shown as vertical bars.

still six f-MWNTSs showing NO responses similar to or lower
than those of the control.

To select suitable candidates for further lead optimization,
we analyzed results from all assays (Table 1, Figure 6). The
results from four protein binding assays, nitric oxide genera-
tion, and the cytotoxicity assay were each ranked from 1 to
80 for all -MWNTs (smaller number means lower binding,
higher cell viability and lower NO generation). The sum of
an -MWNT’s rankings was designated its multiassay score.
A smaller multiassay score was deemed superior in terms
of overall biocompatibility. The f-MWNTs 40, 57, 49, and
65 have scores less than 100 in a possible score range of
6-480, showing that they are suitable candidates for further
optimization. A remarkable structure—activity relationship
was also revealed in this study. Three out of the top five
lead candidates contained the building block AC00S5, and
all eight AC005-containing f-MWNTSs in the library were
in the top 26 multiassay scores. Examining the least
biocompatible (or higher score) f-MWNTs in Table 1,
AC001, AC003, AM005, AM007, and AMO008 each gener-
ated 4—5 f-MWNTs that have multiassay scores at the
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Figure 6. Multiassay score of the f-MWNT library. Findings from
four protein binding assays, cytotoxicity, and immune response
assays (at 50 ug/mL) were ranked for all library members. The
sum of their ranks was designated the multiassay score and is shown
as vertical bars in the graph.

bottom 30, suggesting that these building blocks generated
surface molecules that made less biocompatible nanotubes.

Nano Lett.,, Vol. 8, No. 3, 2008



In summary, we have made a novel surface-modified
MWNT library containing 80 members and identified
novel -MWNTs with reduced protein binding, cytotox-
icity, and immune responses using in silico design,
combinatorial synthesis, and multiple biological screen-
ings. We also discovered that ACO005 is required for
generating surface molecules that confer better biocom-
patibility in nanotubes. Our approach is more effective
in mapping chemical space governing nanotube biocom-
patibility and discovering lead structure. At the same time,
structure—activity and structure—toxicity relationship was
also obtained. The rapid discovery of four leading
candidates and their associated structure—activity relation-
ships demonstrated the general utility of the nanocombi-
natorial library approach in nanomedicine and nanotoxicity
research.
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