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Abstract
Nanotechnologies and Chemical Tools for Cell Biology
by
Xing Chen

Doctor of Philosophy in Chemistry

University of California, Berkeley
Professor Carolyn R. Bertozzi, Co-Chair
Professor Alexander K. Zettl, Co-Chair

New technologies have historically facilitated the study of cell biology. The
ability to probe cell functions with nanoscale precision and understand cellular processes
at a molecular level is currently the key challenge in the field. The fields of nanoscience
and chemical biology have added a whole new array of tools to the arsenal of cell
biologists. This dissertation describes several nanotechnologies and chemical tools that I
have developed to probe living cells.

Chapter one gives a brief overview on the current status of biomedical and
biotechnological applications of carbon nanotubes (CNTs). CNTs are one-dimensional
molecular wires with unique structural, electrical, and mechanical properties. One of the
most exciting applications of CNTs is in the exploration of biological systems. In this
chapter, strategies for functionalization of CNTs with emphasis on biological applications

are reviewed. Representative developments in biosesing, bioimaging, intracellular



delivery, and tissue engineering are presented. Recent studies on toxicity of CNTs are
also discussed.

Chapter two describes the development of a nanoscale cell injector for delivery of
cargo to the interior of living cells without physiological harm. Technologies for
introducing molecules into living cells are vital for probing the physical properties and
biochemical interactions that govern the cell’s behavior. The nanoinjector used CNTs to
deliver cargo into cells. A CNT attached to an atomic force microscope tip was
functionalized with cargo via a disulfide linker. Penetration of cell membranes with this
“nanoneedle”, followed by reductive cleavage of the disulfide bonds within the cell’s
interior, resulted in the release of cargo inside the cells. The capability of the
nanoinjector was demonstrated by injection of protein-coated quantum dots into live
human cells. Single-particle tracking was employed to characterize the diffusion
dynamics of injected quantum dots in the cytosol. This new technique causes no
discernible membrane or cell damage, and can deliver a discrete number of molecules to
the cell’s interior without the requirement of a carrier solvent.

Chapter three presents a biomimetic functionalization strategy for interfacing
CNTs with biological systems. The potential biological applications of CNTs have been
limited by their insolubility in aqueous environment and their intrinsic toxicity. We
developed a biomimetic surface modification of CNTs using glycosylated polymers
designed to mimic natural cell surface mucin glycoproteins. The polymers were end-

functionalized with lipid tails for self-assembly on the CNT surface through hydrophobic



interactions. Mucin mimic-coated CNTs were soluble in water, resisted non-specific
protein binding and bound specifically to biomolecules via receptor-ligand interactions.
The functionalized CNTs were then bound to cell surfaces via specific carbohydrate
receptors. Whereas unmodified CNTs induced cell death, the functionalized CNTs were
found to be nontoxic. This strategy for biomimetic surface engineering provides a means
to bridge nanomaterials and biological systems.

Chapter four further extends the biomimetic strategy for functionalization of
CNTs to glycosylated dendrimers. Dendrimers are synthetic macromolecules with well-
defined size and molecular structure. We developed a new class of amphiphilic
bifunctional glycodendrimers that comprised carbohydrate units displayed in the
periphery and a pyrene tail that bound to SWNT surface via n-n interactions. Mimicking
the branched structure of cell-surface glycans, the dendrimer scaffold extended the
pendent glycans well above the nanotube surface. The glycodendrimer-coated CNTs
were soluble in water, and noncytotoxic. We also demonstrated that the coated CNTs
could interface with biological systems including proteins and cells.

Chapter five presents a biosensing application of glycodenderimer-coated CNTs.
The conductivity of CNTs is sensitive to their surrounding environment. We employed
single-walled carbon nanotube network field-effect transistor (SWNTN-FET) devices to
investigate glycan-lectin interactions. The SWNTs in SWNTN-FETs were first coated
with glycodendrimers using the method described in the previous chapter. SWNTN-

FETs coated with glycodendrimers were shown to specifically recognize target lectins.



This label-free electronic detection using SWNTN-FETs might be further explored for
sensing of bacteria and viruses.

Chapter six describes the cytotoxicity studies of boron nitride nanotubes (BNNTSs)
and their biological applications. The inherent cytotoxicity of CNTs has imposed severe
limitations on their use in living systems and therapeutic composites. The cytotoxicity of
CNTs can be reduced by biocompatible surface functionalization, but the possibility of in
situ desorption brings considerable risk to their use in living organisms. Here we report
that boron nitride nanotubes (BNNTSs), isosteres of CNTs with unique physical
properties, are inherently noncytotoxic. = Furthermore, BNNTs can be surface
functionalized with biological epitopes that mediate protein and cell binding. Finally, we
show that BNNTSs can deliver DNA oligomers to the interior of cells with no apparent
toxicity. This work suggests that BNNTs may be superior to CNTs as biological probes
and nanomedicines.

Chapter seven presents a metabolic oligosaccharide engineering approach towards
boron neutron capture therapy (BNCT). Selective targeting of boron-containing reagents
to tumors is one of the key components of BNCT. Many tumor-associated carbohydrate
antigens possess the monosaccharide sialic acid, and indeed, the overexpression of sialic
acid has been correlated with many different types of cancers. Here we present a strategy
for the selective delivery of BNCT reagents to tumor cells that exploits intrinsic
differences in sialic acid expression. The approach capitalizes on the unnatural substrate

tolerance of the enzymes in the sialoside biosynthetic pathway, which allows the



metabolic conversion of boron containing unnatural sialic acid into the corresponding
sialosides in cells. A sialic acid analog containing carborane, a common moiety of
BNCT agents, was synthesized and shown to be metabolically incorporated into cell

surface glycoconjugates. This approach might find further applications in BNCT.
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Chapter 1: Fuctionalization of carbon nanotubes for biological applications

Introduction

Carbon nanotubes (CNTs) are a key ingredient in the field of nanoscience and
nanotechnology because of their remarkable structural, electrical, and mechanical
properties (/). As one of the forms of pure carbon, a CNT can be conceptually viewed as
a sheet of graphite rolled into a perfectly seamless tube with nanometer diameter (Fig.
1.1). There are two types of CNTs: single-walled carbon nanotubes (SWNTs) that are
comprised of a single graphene sheet and multi-walled carbon naotubes (MWNTs) that
are comprised of multiple concentric cylindrical sheets of graphite (Fig 1.2). Since the
discovery of CNTs (2, 3), hundreds of research groups from diverse scientific disciplines
have joined the field, leading to numerous advances in the synthesis, physical property
characterization, and applications of this amazing nanomaterial (4). CNTs have been
considered for various technological applications including nanoelectronics, chemical
sensors, field emission devices, and nanocomposites. These advances have been

previously reviewed (4).



Figure 1.1. A carbon nanotube can be thought of as a sheet of graphite (a hexagonal
lattice of carbon) rolled into a cylinder.



P

3.4A

10 nm

Figure 1.2. Transmission electron microscopy (TEM) images of SWNTs (top) and
MWNTs (bottom). CNTs have a diameter of several nanometers, with a tube length that
can be up to several millimeters, typically several micrometers. The interlayer distance in
MWNTs is about 3.4 A, which is slightly greater than the distance between graphene
layers in graphite (approximately 3.35 A).



In recent years, CNTs have also generated great interest in the filed of biology (3-
8). The ability to manipulate and probe biological materials at the nanoscale is becoming
increasingly important for biophysical studies of single molecules, cells, and for
biotechnology devices. The unique proprieties of CNTs offer great opportunities for
biological applications including bioimaging, biosensing, intracellular delivery, and
tissue engineering. In addition, the understanding of the chemical properties of CNTs
and the development of functionalization strategies have made it feasible to integrate
CNTs with biological systems (9). In this chapter, we first discuss some emerging
methodologies for functionlization of CNTs with emphasis on biological applications.
We then give some examples on recent biotechnological and biomedical applications of
CNTs. Finally, the toxicity and pharmacokinetics of CNTs are discussed. It is not our
intention to provide a comprehensive review. Instead, we focus on recent trends and

emphasize some particularly promising technologies.

Fuctionalization of carbon nanotubes

The ability to functionalize nanotubes is crucial to many of the applications of
CNTs. For example, the field emission properties (/0-12) of a “bare” nanotube may be
very different from a functionalized one, especially if a foreign chemical group is
attached at the tip of the tube. Strategies for functionalizing both the ends and walls of
CNTs have been extensively explored for tailoring the properties of these materials and

engineering nanotube-based devices (9).



For biological applications, the insolubility of CNTs in aqueous environments has
been a major barrier. Surface modification methods have been developed to solubilize
CNTs in water, which made it possible to manipulate and process CNTs in solution phase
(6). In addition, various biomolecules including DNA (73, 14), proteins (/5, 16), and
carbohydrates (/7, 18) have been conjugated to CNTs. These biologically functionalized
CNTs may be used for probing biological processes. The functionalization methods can
be roughly divided into two categories: covalent functionalization and non-covalent
functionalization.

Covalent functionalization. The most commonly used covalent modification has
been oxidative treatment of CNTs to generate carboxylic groups on the nanotube
surfaces. This procedure was originally developed to remove impurities produced during
CNT synthesis such as amorphous carbon and metal catalysts (/9). The purification
process usually involved oxidative acid treatment, such as refluxing in nitric acid or
sonication in a concentrated H,SO4/HNO;s mixture (/9). Along with eliminating the
impurities, the treatment also shortened the nanotubes and created many carboxylic acid
groups both on the ends and the walls of CNTs (/9-21). The carboxylic acids can be
further elaborated by coupling with amines or alcohols to attach a variety of molecules
(Scheme 1.1). For example, long alkyl chains were attached to CNTs via the amidation
of nanotube-bound carboxylic aicd groups with alkylamines, and the functionalized
CNTs were soluble in organic solvents (20). Oligomeric poly(ethylene glycol) was

attached in a similar fashion to make CNTs soluble in water and more biologically



friendly (22, 23). Biologically useful molecules such as fluorescent dyes (24), nucleic
acids (/3), and carbohydrates (25) were also linked to CNTs by the carboxylic acid

derivatization protocol.

ROH 0
-
OR
oxidative o SOCl, 0 RNH, 0
CNT —— > (_ CNT — > ( CNT —_—
treatment
OH Cl NHR
DCC or EDC coupling T

Scheme 1.1. General strategy for carboxylic acid derivatization of CNTs.



Apart from carboxylic acid derivatization, a number of other covalent
modification methods that utilized the reactivity of the ;t conjugation system have been
reported. Those reactions could be used to attach functional groups directly to the
graphic surface of CNTs. Margrave and coworkers reported the fluorination of CNTs
(26). Fluorinated CNTs were soluble in various organic solvents. More interestingly,
fluorinated CNTs could be further derivatized chemically by reaction with organolithium
reagents or Grignard reagents. These reactions and the applications of fluorinated CNTs
have been recently reviewed (27). Another interesting methodology is the 1,3-dipolar
addition reported by Prato and coworkers (28, 29). The walls of CNTs reacted with a a-
amino acid and an aldehyde. This reaction has been used to solublize CNTs and attach
biomolecules such as peptides and nucleic acids (7). Other examples include the
hydrogenation of CNTs via Birch reduction (30), addition of carbenes (3/), reaction with

diazonium reagents (32, 33), and nitrene addition (20, 34).

Non-covalent functionalization. The development of non-covalent modification
methods was largely driven by the need to solubilize CNTs in aqueous solution. Most of
the methods involve passive adsorption of an amphiphilic molecule or polymer (Scheme
1.2). The mechanism was suggested to be hydrophobic interactions or m-;t stacking in
water between the hydrophobic moieties and the CNT surface (35-40). The hydrophilic
moieties then conferred water solubility to the CNTs. Reactive groups could also be

incorporated into the amphiphilic molecules so that the functionalized CNTs could be



further elaborated with molecules of interest. The functionalization procedures were
usually straightforward, requiring only ultrasonication of CNTs in an aqueous solution of
the amphiphilic molecule. In addition, non-covalent CNT modification mostly preserves

the intrinsic properties of CNTs, an advantage over covalent functionalization.

& Hydrophobic moiety

o

Q
\l—[> Q Hydrophilic moiety

- [> Functional group
CNT > CNT

Ultrasonication

Scheme 1.2. General approach to non-covalent functionaliztion of CNTs. The
hydrophobic moiety serves as an anchor via hydrophobic interaction or m-m stacking.
The hydrophilic moiety renders solubility in water. The functional group can be used for
attaching molecules of interest. It should be noted that the hydrophilic moiety sometimes
can serve as a functional group for further elaboration.

Non-covalent functionalization of CNTs started with the use of various
surfactants to disperse CNTs in water solution (/9, 35, 36, 41-47). Sodium dodecyl
sulfate (SDS) and Triton X-100 are the two most widely used surfactants. The solution
properties of CNTs dispersed by these surfactants were well characterized (41).
Weisman and coworkers used SDS to dissolve SWNTs and were able to characterize
their near-infrared (NIR) fluorescence properties (36). They also acquired the structure-
assigned optical spectra of SWNTs using such solutions (42). A careful TEM study

performed by Mioskowski and coworkers visualized the adsorption of SDS and other



amphiphilic molecules with lipid chains (35). The mechanistic basis of the hydrophobic
interaction and m-m stacking on CNT surface was revealed by experimental studies and
computational simulations (35-40). Hydrophobic interactions were further explored to
attach molecules of interest on CNT surface. For example, as described in Chapter 3, we
designed and synthesized a glycosylated polymer bearing a C;g lipid in order to coat
CNTs with carbohydrates (/7, 18). Dai and coworkers covalently linked U1A proteins to
Tween-20 and then coated the CNT surface with the conjugates for antibody recognition
(16). Another widely used strategy is to use pyrene-based anchors. Dai and coworkers
reported the use of I-pyreneutanoic acid succinimide ester as a bifunctional linker to
immobilize proteins on CNT surface (/5). The pyrene moiety bound to CNT surface via
n-nt stacking, while the succinimidyl ester group at the other end of the bifunctional
molecule could react with amines in the proteins. This method has since been adopted in
various scenarios (48-57).

A variety of polymers have been used to make CNT-polymer composite materials
(58). For water solubilization, polymers with polar and non-polar blocks could wrap
CNTs and make them soluble in water (17, 18, 47, 59-70). For example, Wang and
coworkers wrapped CNTs with a Nafion polymer bearing polar side chains (59). The
wrapped CNTs were soluble in PBS buffer and were used as amperometric biosensors. A
(PEO-PPO-PEO) triblock polymer was also able to wrap and solubilize CNTs (47). An
interesting report by Wooley and coworkers showed the use of an amphiphilic diblock

polymer to solublize CNTs, followed by cross-linking the hydrophilic outer shell to



stabilize the wrapped CNTs in aqueous solution (62). SWNT dispersions that responded
to temperature and pH changes in poly(N-isopropylacrylamide) and poly-L-lysine
solutions were also reported (63).

Some biomolecules can interact directly with CNT surfaces in a non-covalent
fashion. Zheng and coworkers found that single-stranded DNA (ssDNA) could disperse
CNTs in water and the DNA-wrapped CNTs can be sorted based on their structures (74,
71-74). In addition, double-stranded DNA (dsDNA) could also bind to CNT surfaces
(75). Designed amphiphilic peptides could wrap CNTs to make them soluble via non-
covalent interactions (76-80). Phage display (87) was used to identify peptide sequences
with selective affinity for CNT surfaces (82, 83). Non-specific adsorption of proteins to
CNT surfaces was believed to result from hydrophobic interaction (84-87).
Polysaccharides such as starch (88, 89), Gum Arabic (45), chizophyllan, Curdlan (90),

and cyclodextrin (917, 92) also wrap CNT surfaces via non-covalent interactions.

Biological applications

Biosensing. Research effort into CNT-based nanoecletronics, driven by the
ultimate objective of further miniaturizing the current silicon-based microelectronics
(93), has led to extensive exploration of field effect transistor using SWNTs as the
conducting channel (SWNT-FET). The electronic characteristics of SWNT-FET devices
have been well studied (94-96). Experimental and theoretical studies have indicated that

the environment surrounding the CNTs can influence the electrical conductance. These
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phenomena were originally explored to develop sensitive chemical sensors for various
gases such as oxygen (97) and ammonia (98). Consequently, biosensing based on
SWNT-FETs has attracted considerable attention (99). Two types of device
architectures of SWNT-FETs have been used for biosensing. An SWNT-FET can be
built using a single SWNT to connect the source and the drain (Fig. 1.3A). Alternatively,
the device can contain a random array of SWNTs interconnected with the source and
drain, called carbon nanotube network field-effect transistor (SWNTN-FET) (Fig. 1.3B).
The basic detection scheme is to first immobilize biomolecules on the CNT surface such
as a receptor for the analytes of interest. Lignand-receptor binding can then be detected

by monitoring the changes in the device characteristics.

11



— 45 pym —

15.0 wm

Data type Amplitude
Z range 0.3000 VU

Figure 1.1. Two types of device architectures of field effect transistors with carbon
nanotube conducting channels. (A) SWNT-FET uses a single semiconducting SWNT
to connect the source and drain electrodes. (B) The configuration of SWNTN-FET is
the same as SWNT-FET, with the difference that a SWNT network connects the
source and drain. (Reprinted from ref. 99)
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Various research groups have explored SWNT-FETs or SWNTN-FETs for
sensing a range of biological events. In a very simple version, non-specific binding of
proteins to unfunctionalized SWNT surfaces could be detected (85). Fuctionalizing the
SWNT surface in the devices for detecting specific ligand-receptor interactions is of great
importance. The biotin-streptavidin interaction has been widely used as a model system.
For example, biotin could be non-covalently linked to SWNTSs to serve as the recognition
site for streptavidin. The binding of streptavidin could be detected by changes in the
device characteristics (/6, 100). Other ligand-receptor interactions have also been
detected in a device setting. Several groups reported antibody-antigen recognition
detection (57, 101, 102). For example, SWNT-FETs immobilized with antibodies were
used to detect prostate-specific antigen (PSA) (57), a maker of prostate cancer. Mukasa
and coworkers immobilized anti-hemagglutinin antibodies on SWNT-FETs to detect
influenza virus particles (/03). DNA aptamers were also immobilized to SWNT surface
as molecular recognition elements for different proteins such as thrombin (/04). Star and
coworkers recently reported the label-free detection of DNA hybridization using
SWNTN-FETs (105).

The optical properties of CNTs were explored for biosensing applications as well.
Weismann, Smalley, and coworkers found that individual semiconducting SWNTs
dispersed in solution could display distinctive NIR fluorescence arising from their
electronic band gap (36, 42). Surface modification of SWNTs could change their

fluorescence energy. For example, the conformational change of dsDNA on SWNT
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surface could be detected via decrease in their NIR emission energy (75). A similar
detection scheme has been used for detecting DNA hybridization (/06) and for glucose
sensing (107-109).

Bioimaging. Lieber and coworkers pioneered the early use of CNTs as atomic
force microscopy (AFM) tips for imaging biomolecules (//0, 111). The structural
features of CNTs (small diameter and high aspect ratio) and mechanical robustness make
them ideal AFM probes for imaging biomolecules with nanometer scale resolution. The
CNT-AFM tips have been used to image antibodies (//2, 113), DNA (/14-117), and B-
amyloid protofibrils (/18).

Their NIR fluorescence properties (36) make CNTs attractive for optical imaging.
NIR fluorescence is ideal for bioimaging because of greater tissue penetration and
reduced auto-fluorescent background in thick tissue compared to visible dyes. NIR
fluorescence spectroscopy of living cells (/79, 120) and tissues (/07) has been employed
with CNT probes. Recently, Weisman and coworkers reported the fluorescence imaging
of CNTs in Drosophila melanogaster (fruit flies) (121).

CNTs have also been used as scaffolds for imaging agents. For example,
Scheinberg and coworkers labeled CNTs with Yttrium-86 for PET imaging in mice
(122). Strano and coworkers reported CNTs functionalized with iron oxide nanoparticles
for MRI and NIR fluorescence multimodal biomedical imaging (/23).

Intracellular delivery. The development of new and efficient strategies for

intracellular delivery is of fundamental importance in the fields of cell biology and
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pharmacology (/24). New materials such as dendrimers and nanoparticles have been
studied for drug and gene delivery (/25, 126). Recently, CNTs have emerged as a new
intracellular delivery system for transporting a variety of biomolecules and therapeutic
agents (7, 14, 24, 75, 120, 127-141). Cellular uptake of CNTs was first reported by Prato
and coworkers (/27). They functionalized CNTs with a fluorescent dye or a peptide
using 1,3-dipolar addition. The functionalized CNTs were internalized into the
cytoplasm or nucleus of fibroblasts (Fig. 1.4) (/27). Shortly after, Dai and coworkers
reported that oxidized CNTs covalently modified with fluorescein or biotin-streptavidin
complexes could be taken up by cells (24). The cellular delivery of CNTs was visualized
directly by TEM imaging (/28). CNTs were observed mainly in the cytoplasm with
some nanotubes observed in the cell membrane in the process of translocation.
Weismann and coworkers demonstrated the use of NIR fluorescence to observe CNTs

taken up by macrophage cells (/20). The generality of this delivery system has been

Figure 1.4. Functionalized CNTs were able to cross the cell membrane and deliver cargo
into the cytoplasm or nucleus of fibroblasts. (Reprinted from ref. 127)
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demonstrated with a range of biomolecules including proteins, DNA, and RNA in various
mammalian cell types as well as yeast and bacterium (129, 130).

Since these pioneering studies, CNTs have been extensively explored as
molecular transporters for various applications including gene delivery (/32-135), cancer
cell targeting (137, 138), and RNA interference (/40, 141). Both ssDNA and dsDNA
bind to CNT surfaces via mt-it stacking (/4). DNA-wrapped CNTs have been shown to be
internalized into cells (75, 131). For gene delivery applications, plasmid DNA was
electrostatically condensed onto CNTs functionalized with positive charges such as
ammonium groups (/28, 132). The potential of CNTs as gene transfer vectors has been
explored by transfecting cells with plasmid DNA pCMV-Bgal expressing -galactosidase
(128), pCMV-Luc expressing luciferase (/33), and the gene encoding GFP (/34) with
fairly good efficiency. Ren and coworkers developed a highly efficient technique based
on then penetration of nickel-embedded CNTs into cells by magnetic field driving, called
nanotube spearing (/35). Unprecedented high efficiency was demonstrated with the
transfection of wvarious cells including primary B cells and neurons, which are
traditionally difficult to transfect (7/35).

Functionalized CNTs have also been used as delivery vehicles for small drug-like
molecules (24, 127). Praoto and coworkers developed a strategy for multiple
functionalization of CNTs with different types of molecules—a fluorescein group for
imaging and the antibiotic amphotericin B. This delivery particle was internalized by

cells, and the antibiotic retained its activity against pathogens (/36). An interesting study
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by Hosmane and coworkers used CNTs to deliver carborane groups for boron neutron
capture therapy (/37). Instead of delivering therapeutic agents, Dai and coworkers
targeted CNTs specifically to cancer cells, where the strong NIR absorbance of the CNTs
was utilized to generate heat locally and trigger cell death (/38). Dai and coworkers also
reported the intracellular delivery of siRNA for RNA interference (140, 141). The CNT-
siRNA conjugates triggered silencing more efficiently than commercial transfection
agents. Although the pharmacokinetics of CNT delivery systems remains to be
characterized, the ability of CNTs to penetrate cells offers promise for drug delivery in
Vivo.

The internalization pathway for CNTs has been studied, and two different
mechanisms have been proposed. Dai and coworkers believed that CNT conjugates were
taken up by cells via clathrin-mediated endocytosis (24, 129, 131, 138). However, Praoto
and coworkers observed cellular uptake under endocytosis-inhibiting conditions and
proposed an energy-independent mechanism (/30). The discrepancy might be due to the
difference in CNT sizes and functionalization strategies. It is more likely either
mechanism could be true under specific circumstances.

Another promising application of CNTs in intracellular delivery is to use them as
“nanoneedles” for single-cell injection (49). Traditionally, microinjection has been
widely used to directly inject a solution into a single cell through a glass micropipette, but
it suffers from the damage of cell membrane (/42). As described in chapter 2, we

recently developed a nanoscale cell injector based on CNTs for intracellular delivery
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without membrane damage (49). This nanoinjection technique used a single MWNT
attached to an AFM tip to deliver cargo that was attached on CNT surface via a disulfide
linker. Penetration of cell membranes with this “nanoneedle” controlled by AFM,
followed by reductive cleavage of the disulfide bonds within the cell’s interior, resulted
in the release of cargo inside the cells (Figure 1.5). The capability of the nanoinjector
was demonstrated by injecting protein-coated quantum dots into live human cells.
Similarly, Kouklin and coworkers used MWNT bundles attached on AFM tips to deliver
fluorescent dyes into cells (/43). Moudgil and coworkers functionalized MWNT-AFM
tips with gold nanoparticles and used them to penetrate cell membrane (/44). While still
in its infant stage, the nanoinjector provides a fundamentally new mechanism for
delivering molecules into cells without the need for carrier solvent and with no apparent
cell damage. The unique capabilities of the nanoinjector can be further exploited in a
number of ways. Other biomolecules such as DNA and RNA, or synthetic structures
such as polymers, dendrimers and nanoparticles can be delivered into cells in a similar
fashion. In conjunction with organelle-specific optical probes, the nanoinjector concept
might be extended to the delivery of cargo to specific subcellular compartments. In
principle, cells such as bacteria that are too small for microinjection should be amenable

to nanoinjection.
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Figure 1.5. Schematic of the nanoinjector: A MWNT-AFM tip with cargo attached to
the MWNT surface via a disulfide linker penetrates a cell membrane. After disulfide
reduction within the cell’s cytosol, the cargo is released into the cytosol.
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Tissue engineering. Their excellent mechanical properties, electronic
conductivity, and extremely large surface area make CNTs very attractive as tissue
engineering scaffolds. Already, both unfunctionalized and functionalized CNTs have
been considered for use as scaffolds for cell growth. One promising avenue is to use
CNTs as scaffolds to guide nerve regeneration. Mattson and coworkers demonstrated
that MWNTs covalently functionalized with 4-hydroxynonenal could serve as substrates
for growing embryonic rat brain nerve cells (/45). Chemical functionalization seemed to
be necessary for neuronal cell growth on CNT surfaces (/45). Haddon and coworkers
studied the neuron growth on both SWNTs and MWNTs functionalized with different
moieties (/46, 147). They concluded that neuron growth was largely affected by the
surface charges on the functionalized CNTs. Kotov and coworkers compared neuron
growth on SWNT substrates and tissue culture dishes and found that higher neurite
extension and branching occurred on the former. Gabay and coworkers reported the
patterning of neural networks on CNT substrates, in which neurons formed self-organized
aggregates on the CNT islands and then interconnected in neighboring islands to form
neural networks (/48). Recently, Kotov and coworkers showed successful differentiation
of mouse neural stem cells into neurons, astrocytes, and oligodendrocytes with clear
formation of neurites on SWNT composite substrates (/49).

Bone tissue engineering is another area of interest for using CNT substrates as
scaffolds. MacDonald and coworkers developed a collagen/SWNT composite as

substrate for growing rat aortic smooth muscle cells (/50). Mikos and coworkers

20



characterized the mechanical properties of SWNT-polymer composites for use as
injectable reinforcing fillers in bone tissue engineering (/57, 152). They also compared
CNTs with other carbon nanostructures such as fullerenes (/53). The application of
CNTs in musculoskeletal and neural tissue engineering is still at an early stage. Much

work remains to be done to assess the cell compatibility and CNT pharmacostability.

Toxicity

The success of CNTs for biological applications largely depends on their
biocompatibility. People have been concerned about the harmful interactions of
nanomaterials including CNTs with biological systems and the environment, and their
potential to generate toxicity (/54-157). Human exposure to CNTs is likely to increase in
the coming years due to the wider use of CNTs. Therefore, studies on the toxicity of
CNTs are of great importance (/58-161).

In vitro toxicity. Various groups have recently observed that CNTs (both
SWNTs and MWNTSs) possess toxicity towards a range of cell lines (/62-179).
Shvedova and coworkers reported the cell viability loss of human epidermal
keratinocytes (HaCaT) when cultured with SWNTs for 18 h (/62). The toxicity was
proposed to be due to oxidative stress induced by SWNTs. This mechanism was later
confirmed by Ramesh and coworkers in more detailed studies in keratinocytes (/67) and
human BJ Foreskin cells (/76). The residual catalyst particles such as iron might be

important in determining redox-dependent responses (/74, 180). Cui and coworkers
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reported that SWNTs decreased cell adhesion, inhibited cell proliferation, and induced
apoptosis in a dose- and time-dependent manner in cultured human HEK 293 cells (/64).
MWNTs were also observed to induce T lymphocyte apoptosis (/68). Chen and
coworkers did a careful mechanistic study on the cytotoxicity of MWNTs and found that
exposing cells to MWCNTs at cytotoxic doses induced cell cycle arrest and increased
apoptosis/necrosis (169). Gene array analysis indicated that multiple cellular pathways
are perturbed after exposure to MWNTs. Monteiro-Riviere and coworders found that
MWNTs localized within cytoplasmic vacuoles of the human epidermal keratinocytes
(HEK) and initiated an irritation response in a time-dependent manner (/63).

Zhao and coworkers compared the cytotoxicity of SWNTs, MWNTs, and Cg in
alveolar macrophages (AM) and found that SWNTs showed more profound cytotoxicity
than MWNTs, while no significant toxicity was observed for Cep, which suggested that
the toxicity of CNTs was geometry-dependent (/65). Margrez and coworkers also
observed that the cytotoxicity of CNTs is size-dependent by comparing different carbon-
based nanomaterials (/8/). Another report by Sato and coworkers showed on the
cytotoxicity of MWNTs was influenced by length (/70). However, no significant
difference in cytotoxicity between SWNTs and MWNTs was observed by Soto and
coworkers when tested with a murine macrophage cell line (/66). Other factors like cell
culture medium (/82, 183), surface area (/75), and agglomeration (/84) were also

studied.
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The observed cytotoxicity of CNTs imposed limitations on their biological
applications. Accordingly, significant effort has been directed at curbing the cytotoxicty
of CNTs by surface functionalization. Simple acid treatment was found to increase
toxicity of CNTs, probably due to increased solubility and better contact with cells (768,
181). Ausman and coworkers found that as the degree of sidewall functionalization
increased, the SWNT became less cytotoxic (/85). In fact, various group have
functionalized CNTs covalently or non-covalently to make them water-soluble, and in
many cases, the functionalized CNTs showed reduced cytotoxicity (24, 29, 127, 131,
186).

In vivo toxicity. Initially, large-scale production of CNTs promoted discussion of
exposure risk to workers. Maynard and coworkers studied the release of SWNTSs into air
and the exposure of workers (/87). They found an airborne concentration of 53 ug/m’
and glove deposition of 0.2-6 mg per hand. A series of studies by Huczko and coworkers
in humans, rabbits, and guinea pigs indicated that exposure to CNTs did not cause skin
irritation or allergy, but could induce pathologies in lung tissues (/88-190).

Several studies regarding pulmonary toxicity of CNTs have been performed. Lam
and coworkers studied SWNTs in mouse lung tissue and reported that SWNTs induced
epithelial granulomas and interstitial inflammation in a time-dependent manner (/97). A
more detailed study by Shvedova and coworkers revealed the dose- and time-dependence
of pulmonary toxicity in mice upon pharyngeal aspiration of SWNTs (/92). Warheit and

coworkers performed a similar study in rats via intratracheal instillation of SWNTs (793).
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They observed a mortality rate of 15% upon 5mg/kg instillation, and found that the lung
tissue exhibited granuloma formation and inflammation. MWNTs induced similar
responses in rats as observed by Lison and coworkers (/94). The in vivo toxicity of
CNTs can depend on various factors. For example, longer CNTs were found to induce
more severe inflammation response than shorter ones (/70). Li and coworkers also
demonstrated a difference in mouse pathological lesions induced by MWNTs
administrated by different procedures: intratracheal instillation and inhalation (/95).

Endo and coworkers evaluated the biological responses to CNTs by measuring T
cells in peripheral blood and by the histopathological study of tissues (/96). They found
that SWNTs activated the major histocompatibility complex (MHC) class I pathway of
antigen presentation. Simeonova and coworkers reported the cardiovascular effects of
pulmonary exposure to SWNTs in mice (/97). Radomsky and coworkers showed that
platelets were targeted and activated by CNTs followed by the acceleration of the
development of carotid artery thrombosis (798).

The toxicity of CNTs has been reasonably well studied both in vitro and in vivo.
However, the results were sometimes conflicting. Furthermore, the mechanism of CNT
toxicity remains unclear, although some proposed pathways have been examined.
Differences in CNT synthesis procedures and experimental approaches may account for
these discrepancies. A reference material is desired for standardizing toxicity assays. It
was also suggested that two or more independent test systems should be necessary for

CNT toxicity tests (/99).
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Pharmacokinetics

Studies on biodistribusion and pharmacokinetics of CNTs are relatively few. The
size, shape, aggregation, and surface properties of CNTs might largely determine their
pharmacokinetics (/54). Wang and cowokers labeled the SWNTs with radioactive
Iodine-125 atoms, and then the tracer was used to study the distribution of SWNTs
introduced via introperitoneal administration into mice (200). They found that SWNTs
moved easily among the compartments and tissues of the body and no tissue damage was
observed. Most of the SWNTs (about 94%) were excreted into the urine. Li and
coworkers reported similar results for MWNTSs, using °°Technetium-labled water-soluble
MWNTs (201). Kostarelos and coworkers functionalized CNTs with
diethylentriaminepentaacitic (DTPA) and radiolabeled them with Indium-111, then
studied their biodistribution and blood circulation half-lives in mice via intravenous route
of administration (202). The CNTs showed affinities for various organs and blood 30
min after administration. They also reported CNTs were rapidly cleared from all tissues
and had a maximum blood circulation half-life of 3.5 h. The characteristic NIR
fluorescence of SWNTs was also utilized to study their biodistribution. Weisman and
coworkers intravenously administered surfactant-coated SWNTs to rabbits and monitored
them by NIR fluorescence imaging (203). They found that blood proteins displaced the
nanotube coating of synthetic surfactant molecules within seconds. The nanotube
concentration in the blood serum decreased exponentially with a half-life of 1 h and

significant concentrations of SWNTs were found only in the liver after 24 h. Recently,
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Dai and coworkers investigated the biodistribution of radiolabelled SWNTs in mice by
positron emission tomography (PET) and Raman spectroscopy (204). They found that
SWNTs functionalized with phospholipids bearing polyethylene-glycol (PEG) were very
stable in vivo and exhibited relatively long blood circulation time and low uptake by the
reticuloendothelial system.

These studies afforded initial quantitative analysis of CNTs accumulated in
animal tissues and provided useful data for their development in the biomedical field. It
is especially encouraging that no acute toxicity was observed for functionalized CNTs.

More studies remain to be performed using different CNTs and different protocols.

Conclusions and outlooks

Our understanding of the structural, chemical, electronic, and mechanical
properties of CNTs, combined with readily available functionalization methodologies,
has motivated extensive efforts towards biological applications of CNTs. Some
promising techniques based on CNTs have been developed, although the current body of
work has been largely limited to proof-of-concept. It is likely that CNTs will become
useful in clinical applications in the coming years. However, more work is needed to
further understand the biological properties of functionalized CNTs, such as toxicity and

pharmacokinetics.
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Chapter 2: A cell nanoinjector based on carbon nanotubes’

Introduction

Technologies for introducing molecules into living cells are vital for probing the
physical properties and biochemical interactions that govern the cell’s behavior. The
major challenge is to overcome the barrier imposed by the plasma membrane. This has
been accomplished in a variety of ways, such as permeabilization of the membrane with
lipids, electric currents, or pore-forming toxins, and physical penetration with a
micropipette (i.e., microinjection) or microprojectile (/). Each method has its advantages
and disadvantages, but one common liability is physical damage to the cell membrane.

To overcome this problem, we sought to develop an alternative method of
intracellular delivery that combines the microinjection concept with emerging tools from
nanotechnology. We envisioned a “nanoinjector” that would penetrate cell membranes
with minimal perturbation, delivering cargo to the cell’s interior with high spatial
resolution (at the nanometer scale). The proposed technology comprised three essential
components: a needle with nanoscale diameter, a manipulator with nanoscale resolution,
and controllable loading and releasing of cargo. Here we report the construction and

successful operation of a cell nanoinjector in which a single multi-walled carbon

" Andras Kis contributed to the work described in this chapter.
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Figure 2.1. Schematic of the nanoinjection procedure: A MWNT-AFM tip with cargo
attached to the MWNT surface via a disulfide linker penetrates a cell membrane. After
disulfide reduction within the cell’s cytosol, the cargo is released and the nanoneedle is

retracted.
nanotube (MWNT) attached to an atomic force microscope (AFM) tip served as the

“nanoneedle” and an AFM integrated with an inverted fluorescence microscope served as

the nanomanipulator (Fig. 2.1).

Results and discussion
Design and construction of a cell nanoinjector

With needle-like geometry, large Young’s modulus and high tensile strength (2,

3), carbon nanotubes (CNTs) are ideal nanoscale needles for this purpose. Their
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diameters can be selected from a range of 1-20 nm, a scale that allows physical
penetration of a cell’s membrane without significant disruption of the cell’s
macrostructure. Indeed, such a piercing, which is on the scale of a single protein’s
diameter, should readily heal by lipid diffusion without perturbation of the cytoskeleton
(4). Already, CNTs have demonstrated utility as cell transfection reagents and membrane
penetrating delivery vehicles (5-8).

The nanomanipulation system was based on a commercially available AFM
(MFP-3D-BIO™, Asylum Research, Santa Barbara, CA) that integrates an inverted
fluorescence microscope (Nikon Eclipse TE2000-U). The AFM platform was ideal for
this application, as it offers control of nanoneedle displacement at nanometer scale
resolution and the ability to apply and monitor forces on the cell membrane. Thus, the
AFM enabled precise positioning of the nanoneedle and high sensitivity monitoring of

the membrane-piercing event.

Figure 2.2. (A) SEM image of a MWNT-AFM tip. (B) TEM image of the tip region of
(A). (C) TEM image of a MWNT-AFM tip coated with linker 1 and conjugated with
QDot® Streptavidin.
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The MWNT-AFM tips used in this work were fabricated as described previously
(9). In brief, an individual MWNT of 10-20 nm in diameter was retrieved from a metal
foil by the AFM tip using a nanomanipulator inside a scanning electron microscope
(SEM). The MWNT was then cut to the desired length (0.5-1.5 wm) using an electron
beam or electrical current. SEM and transmission electron microscopy (TEM) images of
one representative MWNT-AFM tip are shown in Figures 2.2A and 2.2B, respectively.

For the controlled loading and release of cargo, we aimed to design a system that
would obviate the need for a carrier solvent and, accordingly, the addition of excess
volume to the cell’s cytosol during the injection process. Toward this end, we exploited
established chemical methods for CNT surface modification (/0) and the intrinsic
difference in redox potential between the intracellular and extracellular environments
(11). Compound 1 (Fig. 2.3) fulfilled the functions of cargo loading and release as
follows. Its pyrene moiety binds strongly to CNT surfaces via m-mt stacking (72).
Compound 1 is also endowed with a biotin moiety, separated from the pyrene group via a
disulfide bond. In the relatively oxidizing environment of the cell’s exterior, the disulfide
is stable. However, once exposed to the reducing environment of the cytosol, the
disulfide is cleaved, liberating attached cargo. The kinetics of disulfide bond cleavage
within mammalian cells has been extensively studied, allowing prediction of release rates

during the nanoinjection process (11, 13, 14).
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Nanoinjection of quantum dots into HelLa cells

To demonstrate the function of the nanoinjector, we sought to deliver quantum
dots to the cell’s cytosol without concomitant membrane and cell damage, effects that are
hard to avoid with conventional delivery technologies (/). Quantum dots have emerged
as powerful optical probes for single particle and single molecule studies in cellular
systems (/5). Their bright fluorescence and resistance to photobleaching have enabled
single-particle tracking of membrane proteins on the cell surface (/6) and vesicles within
cells (/7). Without a delivery vehicle, quantum dots cannot access the cell’s cytosol and
nuclei. Accordingly, processes therein have been refractory to study using quantum dot
technology.

We coated the MWNT-AFM tip with compound 1 by co-incubation in methanol.
The tip was then loaded with streptavidin-coated quantum dots (QDot® Streptavidin,
Invitrogen) via non-covalent complexation of streptavidin with biotin in borate buffer
(Fig. 2.3A). The loaded MWNT-AFM tips were characterized by TEM. As shown in
Fig. 2.2C, multiple QDot® Streptavidin conjugates were successfully loaded onto a single
MWNT functionalized with compound 1 (up to several hundred per 1-uM tip). In a
control experiment, MWNT-AFM tips were incubated directly with QDot® Streptavidin
without prior coating with compound 1. In this case, no QDot® Streptavidin conjugates

were observed on the MWNT surface (Fig. 2.4).
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Figure 2.4. Control experiment: MWNT-AFM tips were incubated directly with QDot®
Streptavidin without prior coating with linker 1. (A) TEM image of a MWNT-AFM tip
before incubation with QDot® Streptavidin conjugates. (B) TEM image of the MWNT-
AFM tip after incubation with QDot® Streptavidin conjugates. In this case, no QDot®
Streptavidin conjugates were observed on the MWNT surface. The dark shape is the
AFM tip.

The nanoinjection experiments were then carried out using cultured HeLa cells, a
human cervical epithelial cancer cell line. A target cell within the field of the optical
microscope was identified, as indicated by the arrow in Figure 2.5B. The cantilever was
then positioned on top of the target cell and the scan size was set to 0 nm. The deflection
of the cantilever was measured with a photodiode to monitor the displacement of the
nanoneedle as the MWNT-AFM tip approached the cell surface. After the MWNT came
into contact with the cell, the cantilever was further lowered so that the MWNT

nanoneedle penetrated the membrane. The MWNT nanoneedle was then maintained
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inside the cell for various periods of time to allow reductive cleavage of disulfide bonds
and release of QDot® Streptavidin conjugates. After injection, the cantilever was
retracted and the cell was imaged by fluorescence microscopy.

As shown in Figure 2.5, fluorescence intensity inside the target cell indicated the
release of quantum dots. QDot® Streptavidin conjugates were never observed in
neighboring cells. We confirmed that the released quantum dots were within the cell’s
interior by video microscopy analysis. Their mobility was limited to the confines of the
cell, where they exhibited slow diffusion and eventual immobilization, perhaps due to
interactions with organelle membranes or cytoskeletal fibers.

In a typical experiment, a 15 to 30-minute incubation of the nanoneedle inside the
cell was sufficient for release of a detectable number of quantum dots (Fig. 2.5). This
observation is consistent with published disulfide reduction rates. Each quantum dot
possesses ~15 streptavidin molecules and each streptavidin molecule can bind four biotin
moieties. Therefore, the quantum dots are likely bound to MWNT surfaces via multiple
disulfide bonds. The complete reduction of four disulfides within a protein molecule
requires 15 minutes to 1 hour (/3, 14), consistent with the release kinetics that we
observe in situ. Based on fluorescence intensity calibration experiments using free
quantum dots in solution, and the sensitivity of our fluorescence microscope, we estimate
that the fluorescence intensity in Fig. 2.5 represents small clusters of quantum dots with a

diameter of 50-100 nm (i.e., 5-50 quantum dots depending on their arrangement).
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Figure 2.5. Nanoinjection of QDot® Streptavidin conjugates into a target HeLa cell. (A)
Fluorescence image of the cells before nanoinjection. (B) Combined bright-field and
fluorescence image of the cells before nanoinjection. The inserted arrow indicates the
target cell. The dark shape in the lower left corner is the AFM cantilever. (C)
Fluorescence image of the cells after the nanoinjection, showing fluorescent QDot®
Streptavidin conjugates released inside the target cell. (D) Combined bright-field and
fluorescence image of the cells after the nanoinjection. The QDot® Streptavidin
conjugates are shown in red. The dark shape in the upper left corner is the retracted AFM
cantilever. (E) Combined bright-field and fluorescence image of another four examples
of HeLa cells after nanoinjection of QDot® Streptavidin. In all cases, fluorescence
images were acquired with Acx = 415 nm and data collection with a 655 nm filter. Images
are 70 x 70 um in (A)—(D) and 30 x 30 um in (E).
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Figure 2.6. Functionalization of MWNT-AFM tips with QDot® Streptavidin
conjugates via linker 2. (A) TEM image of a MWNT-AFM tip before functionaliztion.
(B) TEM image of the MWNT-AFM tip after functionalization with 2 and then
conjugated with QDot® Streptavidin. The resulting MWNT-AFM tip appeared similar
to MWNT-AFM tips bearing the disulfide-bound conjugates. The dark shape is the
AFM tip.

To rule out the possibility that release of the QDot® Streptavidin conjugates
occurred by desorption of the pyrene moiety from the MWNT surface rather than
disulfide cleavage, we loaded cargo onto the MWNTs using control compound 2 (Fig.
2.3B). This linker possesses pyrene and biotin moieties, but replaces the disulfide bond
with a polyethylene glycol (PEG) spacer separating the MWNT and streptavidin binding
elements. We functionalized MWNT-AFM tips with 2 and then loaded QDot®
Streptavidin conjugates onto the nanoneedle. The modified MWNT-AFM tips were
analyzed by TEM and were similar to MWNT-AFM tips bearing the disulfide-bound

conjugates (Fig. 2.6).
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Figure 2.7. Control experiments: QDot® Streptavidin conjugates were loaded onto the
MWNTs using linker 2, which possesses pyrene and biotin moieties but lacks a disulfide
bond. (A) Fluorescence image of the cells before nanoinjection. (B) Combined bright-
field and fluorescence image of the cells before nanoinjection. The inserted arrow
indicates the target cell. The dark shape in the upper right corner is the AFM cantilever.
(C) Fluorescence image of the cells after the nanoinjection, showing no fluorecent QDot®
Streptavidin conjugates released inside the target cell. (D) Combined bright-field and
fluorescence image of the cells after the nanoinjection. No released QDot® Streptavidin
conjugates were observed. The dark shape in the lower right corner is the retracted AFM
cantilever. (E) Combined bright-field and fluorescence image of another four examples
of HeLa cells after nanoinjection of QDot® Streptavidin, in none of which fluorecent
QDot® Streptavidin conjugates were released. In all cases, fluorescence images were
acquired with A.x = 415 nm and data collection with a 655 nm filter. Images are 70 x 70
um in (A)—(D) and 30 x 30 um in (E).
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Similar nanoinjection experiments were carried out using HeLa cells but in this
case no QDot® Streptavidin conjugates were released (with >5 different MWNT-AFM
tips in >10 injection experiments) (Fig. 2.7). These results have two important
implications. First, the release mechanism is dependent on disulfide bond cleavage and is
therefore not simply due to desorption of the pyrene moiety from the MWNT surface.
Second, the requirement of disulfide cleavage confirms that cargo release occurred within

the reducing environment of the cytosol.

Cell viability after nanoinjection

A limitation of many intracellular delivery technologies is the harmful effects
they exert on membranes and cells. Therefore, we probed the effects of nanoinjection on
membrane integrity and cell viability using three assays: (i) the trypan blue exclusion
assay (/8), (ii) the Calcein AM assay (/9), and (iii) the Annexin V-FITC/propidium
iodide (PI) assay for apoptosis (20). In the trypan blue assay, the dye was added
immediately after cell nanoinjection and the cells were monitored for10 hours thereafter.
No trypan blue inclusion or reduction in cell viability was observed during this time
period (Table 2.1). In the Calcein AM assay, the cells were loaded with the fluorescent
dye immediately prior to nanoinjection. Similar to the previous results, we saw no
evidence of compromised membrane integrity for up to 10 hours (Fig. 2.8). Finally,
nanoinjected cells showed no detectable staining with Annexin V-FITC or PI up to 10

hours after the event (Fig. 2.9). Thus, nanoinjection does not appear to induce apoptotic
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pathways in the cells. In some experiments we held the nanoneedle inside the cell for > 1
hour without any visible effect on membrane integrity and cell viability. By contrast, a
microinjection needle must typically be retracted within seconds of injection in order to
avoid cell damage (27). Notably, the biocompatibility of nanoinjection should allow for

exploration of a broad range of release chemistries that occur over extended time periods.

Trypan blue test results
Cells after nanoinjection of the QDot® Unstained (alive)
Streptavidin conjugates
Cells penetrated with nanoneedle witout Unstained (alive)
loading of cargo
Cells penetrated with nanoneedle loaded Unstained (alive)
with QDot® Streptavidin conjugates using
linker 2
Positive control: cells penetrated with Stained (dead)
AFM tips with micron scale tip

Table 2.1. Trypan blue test of cells after nanoinjecton.
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Figure 2.8. Calcein AM assay. (A) Bright-field image of the cells before
nanoinjection. The inserted arrow indicates the target cell. (B) Fluorescence image
(FITC filter set) of the cells before nanoinjection. The cells were loaded with Calcein
AM and the green fluorescence indicates the viable cells. (C) Fluorescence image
(Qdot-655 filter set) of the cells after the nanoinjection, showing fluorecent QDot®
Streptavidin released inside the target cell. (D) Fluorescence image (FITC filter set) of
the cells after the nanoinjection, in which no detectable loss in fluorescence was
observed up to 10 hours after the injection.
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Figure 2.9. Annexin V-FITC/PI assay for apoptosis. (A) Bright-field image of the cells
before nanoinjection. The inserted arrow indicates the target cell. (B) Fluorescence
image (Qdot-655 filter set) of the cells after the nanoinjection, showing fluorecent QDot®
Streptavidin released inside the target cell. (C) Fluorescence image (FITC filter set) of
the cells before nanoinjection. The cell after nanoinjeciton did not stain with Annexin V-
FITC, indicating nanoinjeciton did not induce apoptosis. (D) Fluorescence image
(Rhodamine filter set) of the cells after the nanoinjection. No PI staining was observed
up to 10 hours after the injection, indicating nanoinjeciton does not induce apoptosis.
(E) and (F) Positive control: Apoptosis was induced by incubation with 5% ethanol for
60 min (E, F: FITC and Rhodamine filter sets, respectively).
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Diffusion dynamics of injected quantum dots in the cytosol

The ability to deliver quantum dots to the cell’s cytoplasm provides a platform for
numerous studies of intracellular processes. As an example, we used the single-particle
tracking technique (/6, 17, 22) to characterize the diffusion dynamics of injected
quantum dots in the cytosol, which has been previously studied using methods that can
harm cells (23). After nanoinjection, the diffusion dynamics of cytosolic quantum dots
were characterized by analyzing the mean square distance (Ar®) and traveling time (At)
for an injected quantum dot cluster (Fig. 2.10). The slope of the best-fit line afforded a
diffusion coefficient of 0.3 wm?/sec. This value is approximately 10-fold lower than
diffusion coefficients measured in pure water, which is consistent with previous
measurements (23). A major advantage of the biocompatible nanoinjection technology is
that the process can be performed repeatedly, or in tandem with other measurements,

throughout the normal life cycle of the cell.
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Figure 2.10. Tracking the movement of a quantum dot cluster in the cytosol. (A) A
combined bright-field and fluorescence image of part of a HeLa cell with the trajectory of a
quantum dot cluster indicated in blue. (B) The measured mean-square displacement versus
time. The line is best fit to <Ar™> = 4DAt, where D is the diffusion coefficient.

Conclusions

In summary, the nanoinjector provides a fundamentally new mechanism for
delivering a discrete, small number of molecules into cells without need for carrier
solvent and with no apparent cell damage. The unique capabilities of the nanoinjector
can be further exploited in a number of ways. Other biomolecules such as DNA and
RNA, or synthetic structures such as polymers, dendrimers and nanoparticles can be
delivered into cells in a similar fashion. In conjunction with organelle-specific optical
probes, the nanoinjector concept might be extended to the delivery of cargo to specific
subcellular compartments. In principle, cells such as bacteria that are too small for
microinjection should be amenable to nanoinjection. Notably, the architecture of the
nanoinjector allows the use of AFM to identify a target cell and position the nanoneedle,

and is therefore not limited by the resolution of light microscopy.
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Materials and methods
Fabrication of MWNT-AFM tips

The fabrication of MWNT-AFM tips was carried out in an FEI Sirion XL 30
SEM, equipped with a home-made manipulator. The procedure was described in detail in

a previous publication (9).

SEM and TEM characterization

SEM images of MWNT-AFM tips were obtained on an FEI Sirion XL 30 SEM
operated at 5 keV. TEM images of unfunctionalized and functionalized MWNT-AFM
tips were obtained on a JEOL 2011 microscope operating at an electron energy of 100

keV. A homemade holder was used for loading MWNT-AFM tips.

Functionaliztion of MWNT-AFM tips

QDot® 655 Streptavidin conjugates (1 uM solution, purchased from Invitrogen)
were centrifuged at 5,000 x g, reserving the supernatant, prior to use. The MWNT-AFM
tips were incubated with linker 1 or 2 (1 uM, MeOH) at rt for 1 h, followed by washing 3
times with methanol and borate buffer (50 mM, pH = 8.3), respectively. The MWNT-
AFM tips functionalized with 1 or 2 were then incubated with blocking buffer (borate
buffer containing 1% BSA) for 30 min. The blocked MWNT-AFM tips were then
transferred to a solution of QDot® 655 Streptavidin conjugates (1:25 dilution) in borate

buffer and incubated at rt for 30 min, followed by washing with borate buffer for 3 times.
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The functionalized MWNT-AFM tips were then used directly for nanoinjection
experiments or dried under N, for TEM characterization. In a control experiment, the
MWNT-AFM tips were incubated with blocking buffer for 30 min. The blocked
MWNT-AFM tips were then transferred to a solution of QDot® 655 Streptavidin
conjugates (1:25 dilution) in borate buffer and incubated at rt for 30 min, followed by
washing 3 times with borate buffer. The MWNT-AFM tips were then dried under N, for

TEM characterization.

Cell culture conditions
HeLa cells were grown in DMEM supplemented with penicillin (100 unit/mL),
streptomycin (0.1 mg/mL), and 10% FCS and maintained in a 5% CO,, water-saturated

atmosphere at 37 °C.

Cell Viability Studies

The HeLa cells after nanoinjection were studied using three cell viability assays:
trypan blue exclusion assay, Calcein AM assay, and Annexin V-FITC/propidium iodide
assay. Trypan blue stain solution (0.4% in PBS buffer) was purchased from Invitrogen.
Trypan blue is a vital dye. It is a negatively charged chromophore that only penetrates
cells with damaged membranes. Immediately after nanoinjection, or penetration with
nanoneedles, the cells were washed with serum-free medium. The dye was then added

(0.08% in medium) and the cells were monitored for 10 hours thereafter.
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Calcien acetoxymethylester (calcein AM) was purchased from Invitrogen.
Calcein AM is the acetoxymethyl ester derivative of the fluorescent indicator calcein.
Calcein AM is membrane-permeant and thus can be introduced into cells via co-
incubation in media. Once inside the cells, calcein AM is hydrolyzed by endogenous
esterases into the highly negatively charged green fluorescent dye calcein, which is
retained in the cytoplasm. HelLa cells were incubated with calcein AM (2 uM, PBS, 1%
FBS) at room temperature for 1 hour. After washing with buffer, the cells were imaged
by fluorescence microscopy. Nanoinjection was then performed on the target cell with
calcien retained inside and the fluorescence was monitored during the injection and
afterwards.

The annexin V-FITC/propidium iodide apoptosis detection kit was obtained from
BD Biosciences. Cells undergoing apoptosis stain positively with annexin V-FITC but
not with the vital dye propidium iodide (PI), whereas dead or necrotic cells stain with
both annexin V-FITC and propidium iodide (PI). Immediately after nanoinjection or 2
hours after nanoinjection, the cells were incubated in the dark in 300 ul of binding buffer
containing 60 ul of annexin V-FITC stock solution and 60 ul of PI stock solution. The
cells were monitored for 10 hours thereafter. In a positive control experiment, apoptosis

was intentionally induced by incubation with 5% ethanol for 60 minutes.
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Synthesis of new compounds

All chemical reagents were of analytical grade, obtained from commercial
suppliers and used without further purification. Flash chromatography was performed
using Merck 60A 230-400 mesh silica gel. Analytical TLC was performed on Analtech
Uniplate silica gel plates and visualized by staining with ceric ammonium molybdate or
by absorbance of UV light at 254nm. 'H NMR, and "*C NMR spectra were obtained with
Bruker AMX-400 or Bruker DRX-500 MHz spectrometers. 'H and '*C chemical shifts
(8) are reported in parts per million (ppm) referenced to TMS (0 ppm) and were
measured relative to the residual solvent peak. Coupling constants (J) are reported in
hertz (Hz). High-resolution fast atom bombardment (FAB) mass spectra were obtained at

the UC Berkeley Mass Spectrometry Laboratory.
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Scheme 2.1. Synthesis of the linkers.

66



N-((pyren-1-yl)butanoyl)cystamine (3). To a solution of cystamine
dihydrochloride (1.00 g, 4.40 mmol) and 1-pyrenebutyric acid (1.27 g, 4.40 mmol) in 40
mL of anhydrous MeOH were added TBTU (2.80 g, 8.80 mmol), HOBt (0.890 g, 6.60
mmol), and triethylamine (1.82 mL, 13.2 mmol). The reaction mixture was stirred at rt
overnight. The solvent was evaporated, and 1 M NaH,PO,4 was added (10 mL, pH =4.2).
The aqueous was washed with ether. The aqueous solution was then basified to pH =9
by 10 M NaOH and extracted with EtOAc (5 mL x 6). The combined organic phases
were dried over MgSQy, filtered, and concentrated. The resulting residue was purified by
silica gel chromatography eluted with MeOH:CH,Cl, (1:4) to give the product (950 mg,
51%). Re=0.40 (MeOH:CH,Cl, = 1:4). '"H NMR (CD;OD, 400 MHz) 6 8.13 (d, J=9.3
Hz, 1 H), 8.02 (d, /= 7.5 Hz, 2H), 7.94 (d, J = 8.4 Hz, 2 H), 7.84-7.76 (m, 3 H), 7.70 (d,
J=17.8Hz, 1 H),3.43 (t, ] = 6.6 Hz, 2 H), 3.20 (t, ] = 7.5 Hz, 2 H), 2.8 (t, ] = 6.3 Hz, 2
H), 2.71 (t, ] = 6.6 Hz, 2 H), 2.65 (t, J = 6.3 Hz, 2 H), 2.25 (t, ] = 7.2 Hz, 2 H), 2.10-1.98
(m, 2 H). ®C NMR (CD;OD, 100 MHz) ¢ 176.0, 137.3, 132.8, 132.3, 131.3, 129.9,
128.6, 128.5, 128.4, 127.7, 127.0, 126.2, 126.1, 126.0, 125.8, 124.4, 41.8, 41.2, 39.6,
38.6, 36.8, 33.8, 29.0. FAB-HRMS calcd for Co4H,7N,0S, [MH]": m/z 423.1565; found
423.1562.

N-(pyren-1-yl)butanoyl-N’-(biotinyl)cystamine (1). To a solution of biotin N-
hydroxysuccinimide (290 mg, 0.850 mmol) in 4 mL of DMF were added N-((pyren-1-
yl)butanoyl)cystamine (360 mg, 0.850 mmol), and triethylamine (0.350 mL, 2.55 mmol).

The reaction mixture was stirred at rt for 7 h. DMF was then removed under high
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vacuum. The resulting residue was purified by silica gel column chromatography eluting
with MeOH:CH,Cl, (1:9) to give the product (520 mg, 94%). R¢= 0.64 (MeOH:CH,Cl,
= 1:4). '"HNMR (CDCl; + CD;0Ds, 500 MHz) 68.14 (d, J=9.0 Hz, 1 H), 8.04-7.98 (m,
2 H), 7.96 (d, /= 8.0 Hz, 2 H), 7.89-7.81 (m, 3 H), 7.72 (d, /= 7.5, 1 H), 4.22-4.17 (m, 1
H), 3.99-3.93 (m, 1 H), 3.37 (t, J= 6.5 Hz, 2 H), 3.33 (t, /= 6.6 Hz, 2 H), 3,27-3.23 (m,
2H), 2.82-2.77 (m, 1 H), 2,68-2.63 (m, 4 H), 2.61 (dd, /= 12.5, 4.5 Hz, 1 H), 2.50 (d, J =
12.5Hz, 1 H), 2.22 (t,J="7.5 Hz, 2 H), 2.11-1.98 (m, 4 H), 1.49-1.35 (m, 4 H), 1.21-1.09
(m, 2 H). “C NMR (CDCl; + CD;0D, 125 MHz) 8 174.5, 174.2, 164.0, 135.9, 131.3,
130.8, 129.9, 128.6, 127.4, 127.3, 126.7, 125.9, 125.0, 124.8(9), 124.8(6), 124.8, 124.7,
123.3, 62.0, 60.3, 55.4, 53.4, 40.1, 38.4, 38.3, 37.7, 37.5, 35.8, 35.5, 32.8, 28.2, 27.9,
27.5,25.4. FAB-HRMS calcd for C34H4N4O03S; [MH]": m/z 649.2341; found 649.2323.
N-(pyren-1-yl)butanoyl-V’-biotinyl-3,6-dioxaoctane-1,8-diamine (2). To a
solution of 1-pyrenebutyric acid N-hydroxysuccinimide (55.0 mg, 0.140 mmol) in 2 mL
of DMF were added EZ-Link® Biotin-PEG,-Amine (Pierce, IL) (50.0 mg, 0.130 mmol),
and triethylamine (20.0 uL, 0.140 mmol). The reaction mixture was stirred at rt for 5 h.
DMF was then removed under high vacuum. The resulting residue was purified by silica
gel column chromatography eluting with MeOH:CH,Cl, (15:85) to give the product (75.0
mg, 89%). R¢=0.62 (MeOH:CH,Cl, = 1:4). 'H NMR (CDCls, 400 MHz) 6 8.25 (d, J =
9.2 Hz, 1 H), 8.11 (dd, J = 7.6, 2.4 Hz, 2 H), 8.05 (d, J = 8.8 Hz, 2 H), 7.97-7.92 (m, 3
H), 7.81 (d, J = 7.6, 1 H), 6.67 (br, 2 H, NH), 6.57 (br, 1 H, NH), 5.72 (br, 1 H, NH),

4.21-4.18 (m, 1 H), 3.96-3.93 (m, 1 H), 3.50-3.27 (m, 14 H), 2.84-2.78 (m, 1 H), 2.63
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(dd, J=12.8, 4.4 Hz, 1 H), 2.56 (d, J=11.6 Hz, 1 H), 2.28 (t, J= 7.2, 2 H), 2.19-2.13 (m,
2 H), 2.08 (t, J = 7.2, 2 H), 1.58-1.43 (m, 4 H), 1.28-1.17 (m, 2 H). "*C NMR (CDCl,,
100 MHz) 6 173.6, 173.3, 164.4, 136.2, 131.5, 131.0, 130.0, 128.9, 127.7, 127.6, 127.5,
126.8, 126.1, 125.2, 125.1, 125.0, 125.9, 123.6, 70.2, 70.1, 70.0, 69.9, 61.8, 60.3, 55.7,
50.8, 40.5, 39.4, 39.2, 36.0, 32.9, 28.3, 28.1, 27.6, 25.7. FAB-HRMS calcd for

C36H4sN405S [MH]": m/z 645.3111; found 645.3092.
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Chapter 3: Biomimetic functionalization of carbon nanotubes using cell surface

. . . *
mucin mimics

Introduction

One of the most exciting applications of nanoscale science and technology is in
the exploration of biological systems (/, 2). Already, novel nanomaterials such as
nanocrystals (3-8), nanowires (9, /0), and nanotubes (//-13) have proven capable of
biological sensing and imaging. Because of their unique structural, mechanical, and
electrical properties, carbon nanotubes (CNTs) have shown the potential for biosensing
(14-16), imaging (17), intracellular delivering (/8-20), and cancer cell targeting (21).
However, two major roadblocks in these efforts have been the insolubility of CNTs in
aqueous environment and their intrinsic toxicity. The aqueous environment required of
biological materials cannot be inhabited by unfunctionalized CNTs. The surface of
CNTs 1is hydrophobic and prone to non-specific bioadsorption, with biological
components such as cells and proteins. Moreover, the inherent cytotoxicity of CNTs has
imposed severe limitations on their use in biological systems (22-27).

In Nature, cells are faced with the similar challenge of resisting non-specific

biomolecule interactions while engaging in specific molecular recognition. These

" Goo Soo Lee, Un Chong Tam, Jennifer L. Czlapinski, and David Rabuka contributed to
the work described in this chapter.
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functions can be simultaneously fulfilled by mucin glycoproteins, defined by their dense
clusters of O-linked glycans (28, 29). Here we describe a biomimetic surface
modification of CNTs using glycosylated polymers designed to mimic natural cell
surface mucins. The mucin mimic polymer contained a C;; lipid tail for binding to CNT
surface via hydrophobic interaction. The mucin mimic-coated CNTs were soluble in
water, resisted non-specific protein binding, and bound specifically to biomolecules via
receptor-ligand interactions. Furthermore, the coated CNTs were capable of interfacing
with living cells via specific carbohydrate receptors. Whereas unmodified CNTs induced
cell death, the functionalized CNTs were found to be nontoxic. This strategy for
biomimetic surface engineering provides a means to bridge nanomaterials and biological

systems.

Results and discussion
Design and synthesis of mucin mimic polymers

Mucins coat the surfaces of numerous cell types (28) and present epitopes for
receptor-mediated cell-cell recognition (29). Their dense glycosylation confers rigidity to
the polypeptide backbone and thereby extends the mucin polymer well above the cell
surface (30). In addition, the glycans provide for strong hydration and passivation
against biofouling. We have recently developed glycosylated polymers that share many
properties with natural mucins (Fig. 3.1) (37). In native mucins, the clustered peptide-

proximal o-N-acetylgalactosamine (o-GalNAc) residues are the major contributors to
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peptide backbone rigidification. Although the core a-GalNAc residue is usually
elaborated with additional sugars, removal of those sugars does not affect mucin
architecture (32, 33). The importance of the a-GalNAc residue for mucin structure has
also been suggested by NMR analysis of synthetic glycopeptides (34). Accordingly, we
designed a synthetically tractable mucin mimic in which a-GalNAc residues were linked
via an oxime bond to a poly(methyl vinyl ketone) [poly(MVK)] backbone (Fig. 3.1A).
The synthesis involved chemoselective ligation of poly(MVK) with an aminooxy-
functionalized GalNAc analog (35). Light scattering analysis indicated that the o-
GalNAc-conjugated polymers adopt a rigid extended structure in water, similar to native
mucin, whereas the unconjugated polymers adopt a more conventional globular structure
(31).

In this work, we introduced a C;g lipid at one end of a mucin mimic polymer of
molecular weight ~75,000 g/mol to enable surface modification of CNTs (Fig. 3.1B).
The hydrated diameter of the lipid-terminated mucin mimic was determined by light
scattering analysis to be ~54 nm. Lipids are known to self-assemble on the surface of
CNTs via hydrophobic interactions in the presence of water (36). In addition, lipid-
functionalized glycopolymers have been shown to form ordered arrays on graphite

surfaces (37).
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Figure 3.1. (A) The structural features of native mucin (left) and designed and
synthesized mucin mimic (right). Nature mucins are characterized by dense clusters of
O-linked glycans bound to Ser/Thr residues of the polypeptide. The a-GalNAc residues
attached to the Ser/Thr residues are elaborated with additional sugars but only the initial
GalNAc residues are required for mucin structure. (B) Synthesis of Cjs-a-MM. The C;s
lipid was conjugated to ACPA (4,4’-azobis(4-cyanopentanoic acid)) and the amide-linked
product was used to initiate radical polymerization of MVK to produce C;s-poly(MVK).
Cis-a-MM was obtained by chemoselective ligation of C;g-poly(MVK) with aminooxy-

GalNAc.
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Figure 3.2. (A) The model for the self-assembly of C;3-MMs on the surface of carbon
nanotubes (right), which is similar to the proposed arrangement of cell surface mucins
(left). (B) Photographs of vials containing: (I) stable suspension of Cis-a.-MM-SWNTs
in H,O after more than 3 months, (II) as-produced SWNTs in H,O, which precipitate
quickly in several hours, (II) stable suspension of Cig-a-MM-MWNTs in H,O after more

than 3 months, and (IV) as-produced MWNTs in H,O, which precipitate quickly in
several hours.
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Coating CNTs with mucin mimic polymers

We envisioned that lipid-functionalized mucin mimics could assemble on CNTs
similarly to the organization of native mucins in the cell membrane, with the glycosylated
polymers projecting into the aqueous milieu (Fig. 3.2A). We first subjected single-
walled carbon nanotubes (SWNTs) to ultrasonication in the presence of an aqueous
solution of the C;g-functionalized mucin mimic bearing a-GalNAc residues (C;g-a-MM,
Fig. 3.1B). The SWNTs were fully solubilized during the procedure (Fig. 3.2B-I),
suggesting the formation of a hydrophilic surface coating. A similar procedure was
applied to multi-walled carbon nanotubes (MWNTSs) with the same outcome (Fig. 3.2B-
IIT). The suspensions of C;s-a-MM-functionalized CNTs were stable for more than 3
months, while unfunctionalized CNTs precipitated very quickly (within hours) in
aqueous solutions (Fig. 3.2B-II and 3.2B-1V). The C;s lipid on the mucin mimic polymer
was essential for CNT-solubilizing activity. CNTs rapidly precipitated from solutions of
mucin mimic polymers lacking the lipid tail (not shown). These observations are
consistent with a model in which C;g-a-MMs coat the CNTs as shown in Figure 3.2A.

The mucin mimic-coated CNTs (C;3-a-MM-SWNTs as representation) were
directly characterized by atomic force microscopy (AFM), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). As produced, SWNTs usually
exist as bundles that are heavily entangled with one another to form three-dimensional
(3D) networks. After functionalization with C;g-a-MM, the entangled SWNT bundles

dissociated to form much finer bundles and even individual nanotubes, as observed by all
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three imaging techniques. AFM permitted analysis of the modified tubes at ambient
pressure and in hydrated form, which is important for maintaining the structure of the
mucin coating. As shown in Figure 3.3A, tapping mode AFM images using a silicon
substrate revealed Cis-a-MM-SWNTs with fairly uniform diameters of 65-70 nm. The
idealized model shown in Figure 3.2A would predict a diameter on the order of 100 nm,
roughly twice that of the mucin mimic polymer (the SWNT itself is only ~2 nm in
diameter). However, distortions to the soft mucin coating imposed by the AFM tip or
substrate, or a non-perpendicular angle of projection of the mucin polymer from the
SWNT surface could account for the discrepancy.

SEM analysis of Ci;s-a-MM-SWNTs also provided evidence of the mucin
coating. Exposure to the 5 keV electron beam led to visible sites of damage along the
SWNT surface, as indicated by the arrows in Figure 3.3B. This was expected based on
the sensitivity of organic species to electron beam-induced decomposition. The electron
beam-induced damage increased with longer exposure times, culminating in near-
complete destruction of the coating after 15 minutes. By contrast, unmodified CNTs are
fairly stable under the electron beam, showing no visible change in surface morphology

after prolonged exposure.
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Figure 3.3. (A) Tapping mode AFM image of C;3-a-MM-SWNTs on a silicon substrate.
(B) SEM image of C;3-a-MM-SWNTs. The arrows indicate damaged regions of the
mucin mimic coating caused by the electron beam. (C) and (D) TEM images of C;z-a-
MM-SWNTs, stained with 0.5% methylamine vanadate.
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TEM analysis of Ci3-a-MM-SWNTs provided a direct visualization of the mucin
coating (Fig. 3.3C and 3.3D). The thickness of the coating varied from 10-25 nm under
these conditions in which the sample is dehydrated under high vacuum. The coating was
associated with the CNT surface shown in Figure 3.3C, and was not observed in regions
of the image lacking CNTs. A single tube (or small bundle) coated with Cis-a-MM 1is
shown in Figure 3.3D. The coating was not entirely uniform along the length of this
SWNT, perhaps the result of electron beam (100 keV) induced-damage or collapse of the
mucin polymers under high vacuum. In this regard, AFM imaging is a superior technique
for visualizing mucin-coated SWNTs as they would exist in a functionally relevant

aqueous environment.

Specific binding of proteins to mucin mimic-coated CNTs

On cells, mucins serve the dual role of molecular recognition and resistance to
biofouling. We sought to determine if these same functions could be realized in the
context of the nanotube surface. The C;g-a-MM coating introduces a-GalNAc residues
onto the CNT surface, which could be recognized by an a-GalNAc-specific receptor such
as the lectin Helix pomatia agglutinin (HPA) (38). To test this, we incubated C;g-a-MM-
SWNTs with a solution of HPA conjugated with fluorescein isothiocyanate (HPA-FITC)
(shown schematically in Fig. 3.4A-1). The C;3-a-MM-SWNTs were dialyzed to remove
excess HPA-FITC then analyzed for bound lectin by fluorescence spectroscopy. As

shown in trace I of Figure 3.4B, the Ci3-a-MM-SWNTs showed significant fluorescence
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attributed to bound fluorescein. HPA-FITC labeling of the C;s-a-MM-SWNTs was
inhibited when 0.2 M free GalNAc was present in solution (Fig. 3.4A-III and trace I1I of
Fig. 3.4B), confirming that fluorescent labeling was dependent on the receptor-ligand
interaction.

In addition, we prepared a similar mucin mimic in which the GalNAc residues
were conjugated to the polymer backbone via a B-anomeric linkage (Cis-f-MM). This
mucin mimic was physically identical to its a-linked counterpart but should not be
capable of HPA binding (39). We coated SWNTs with C;3-f-MM and incubated them
with HPA-FITC (shown schematically in Fig. 3.4A-I). No significant fluorescence
labeling was observed (trace II in Fig. 3.4B), indicating that the lectin does not interact
with the mucin mimic-coated tubes in the absence of its preferred ligand. These results
demonstrate that mucin mimic-coated CNTs can engage in specific molecular recognition

with protein receptors and resist non-specific protein binding.
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Figure 3.4. Specific binding of HPA to C;s-a-MM-coated nanotubes. (A) Scheme for I)
specific binding of HPA to the surface of C;3-a-MM-SWNTs; II) lack of binding of HPA
to Cis-p-MM-SWNTs; III) inhibition of HPA binding by soluble GalNAc. (B)
Fluorescence spectra (510-550 nm) showing the specific binding of HPA to Cs-a-MM-
SWNTs surface. Trace I, spectrum showing bound HPA-FITC on the surface of Cs-a-
MM-SWNTs; Trace II, spectrum showing the lack of bound HPA to C;s--MM-SWNTs;
Trace III, spectrum showing fluorescence associated with HPA-FITC binding in the
presence of soluble GalNAc. The excitation wavelength was 492 nm. Spectra were
corrected for background fluorescence by subtracting the fluorescence spectrum of C;g-a-
MM-SWNTs or C;3-f-MM-SWNTs alone. These data are representative of results
observed in triplicate experiments.
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Interfacing mucin mimic-coated CNTs with living cells

CNTs have shown their potential applications in cell biology (/8-27). These
applications, however, have relied upon non-specific interaction between CNTs and cell
surfaces, which precludes targeting to a particular cell type within a mixed population, or
to a specific organelle within a cell. We were interested in tailoring the interface between
CNTs and cells so as to more accurately reflect physiological interactions at the cell
periphery. Glycans are major determinants of molecular recognition on the cell surface.
They participate in diverse processes such as pathogen binding, cell trafficking,
endocytosis and modulation of cell signaling (40). Glycan structures vary as a function
of cell type and physiological state (47), and discrete epitopes are associated with specific
organelles (42). Thus, CNTs that are functionalized with mucin mimics that can engage
in glycan-receptor interactions are ideal substrates for more refined applications in cell
biology.

In order to interface these functionalized CNTs with cells, we took advantage of
the Helix pomatia agglutinin (HPA), a hexavalent lectin that is specific for a-GalNAc
residues and is capable of crosslinking cells and glycoproteins (43). We reasoned that the
complex of HPA with C18-a-MM-coated CNTs would possess sufficient available HPA
binding sites for further complex formation with cell-surface glycoproteins (Fig. 3.5a-
pathway I). Alternatively, HPA bound to cell surface glycans would present binding sites

for a-GalNAc residues on C18-a-MM-coated CNTs (Fig. 3.5-pathway II). In either
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scenario, binding of HPA to a-GalNAc residues would permit specific interaction of the

cells and CNTs.

Pathway I: Pathway II:

% (HPA) *

x X

g

T

Cells

Figure 3.5. Schematic of interfacing CNTs on cell surfaces via carbohydrate-receptor
binding: In pathway I, C;s-a-MM-coated CNTs were first bound to HPA, a hexavalent o.-
GalNAc binding lectin. The complex was then bound to cell surface glycoconjugates
using available HPA binding sites presented on CNTs. In pathway II, HPA was first
bound to cell surface glycoconjugates. The available HPA binding sites on cell surface
were then bound to a-GalNAc residues on Cig-a.-MM-coated CNTs.
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To evaluate pathway I (Fig. 3.5), we required a means for detection of HPA
binding to the C;s-a-MM-coated CNTs. This was provided by the commercial reagent
fluorescein isothiocyanate-conjugated HPA (HPA-FITC). We complexed C;g-a-MM-
coated CNTs with HPA-FITC, and the protein-modified CNTs were then incubated with
Chinese hamster ovary (CHO) cells. The labeling observed by fluorescence microscopy
(Fig. 3.6A) and flow cytometry analysis (Fig. 3.6B) suggested the formation of a-
GalNAc-HPA complexes at both the CNT and cell surfaces. As a control, we performed
the same experiment using CNTs coated with a similar polymer bearing 3-linked GalNAc

residues (Cis-f-MM), which do not bind HPA. In this case, no fluorescent labeling of

cells was observed (not shown).
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Figure 3.6. Binding of C,;-a-MM-coated CNTs to Chinese hamster ovary (CHO) cells
via HPA crosslinks. (A) Fluorescence micrograph of CHO cells labeled with FITC-HPA-
conjugated C s-a-MM-coated CNTs (The cell nuclei were stained as blue with a DAPI

dye). (B) Flow cytometry analysis of the cells in a treated with various doses of modified
CNTs. MFI = mean fluorescence intensity. Error bars represent the standard deviation
for three replicates.
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Figure 3.7. (A) The structures of Cig-a-MM/TR and Cis-p-MM/TR. (B) Flow
cytometry analysis of cells in pathway II of Figure 3.5: Row I shows the specific
binding of C;3-a-MM/TR-CNTs to CHO cells coated with HPA; Row II shows no
binding of C;s-a-MM/TR-CNTs to cells in the absence of HPA; Row III shows that C;s-
B-MM/TR-CNTs do not bind CHO cells coated with HPA receptors. These data are
representative of results observed in triplicate experiments.

In order to evaluate pathway II (Fig. 3.5), we required a method for direct
detection of C;g-a-MM-coated CNTs that is independent of HPA. Thus, we synthesized
a Cis-a-MM polymer in which ~3% of the GalNAc residues were substituted with the
fluorescent dye Texas Red (C;s-a-MM/TR, Fig. 3.7A). CHO cells were incubated with
unmodified HPA to introduce a-GalNAc receptors onto the cell surface. The cells were
then treated with various concentrations of Cis-a.-MM/TR-coated CNTs and analyzed by
flow cytometry. As shown in Figure 3.7B, dose-dependent labeling was observed (row
I), and the labeling was dependent upon pre-complexation of the cells with HPA (row II).
The control CNTs modified with C;s-f-MM/TR (Fig. 3.7A) showed no significant cell

surface binding in the presence of HPA (Fig. 3.7B-row III). At the highest doses of C,s-
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a-MM/TR-coated CNTs (>80 mg/mL), some non-specific fluorescent labeling of cells
was observed. This may result from non-specific binding to the cell surface, or from
internalization during the 1-hour incubation. However, at lower concentrations of C;g-o-

MM/TR-coated CNTs, cell labeling was highly specific.

Cytotoxicity studies of mucin mimic-coated CNTs

Recent reports that unfunctionalized CNTs show potent cytotoxicity towards
various cell types including HEK293 cells (23), HacaT cells (26), and alveolar
macrophages (27) have stimulated concern regarding their potential utility in biological
systems.  We were therefore interested in evaluating the cytotoxicity of our
glycopolymer-coated CNTs. CHO cells were cultured with Cg-a.-MM-, C;g3-a-MM/TR-,
Cis-Bp-MM/TR-, or HPA-FITC-conjugated, C;s-a-MM-coated CNTs (each at 100
mg/mL) for 3 days. In control experiments, the cells were cultured with unmodified
CNTs or with media alone. Viable cells were counted each day (Fig. 3.8). Cells cultured
with the glycopolymer-coated CNTs were indistinguishable from cells grown in the
absence of CNTs. By contrast, cells cultured with unmodified CNTs were unable to
expand during the course of the experiment. Presumably, the unmodified CNTs either
inhibited cell growth or induced cell death at a rate comparable to the proliferation rate.
Similar results were obtained with Jurkat cells (not shown). Thus, the glycopolymer
coating renders the CNTs nontoxic while simultaneously providing a means for specific

cell surface binding.
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Figure 3.8. Effects of glycopolymer-coated and unmodified CNTs on the growth of
CHO cells. Similar results were obtained for Jurkat cells. Error bars represent the
standard deviation for three replicates.

Conclusions

In summary, we have developed a practical and general approach to engineering
biomimetic surfaces on CNTs. The mucin mimics used in this study endowed the CNT
surfaces with properties shared by cell surfaces, including the display of carbohydrates

capable of molecular recognition. The mucin mimic synthetic process allows for
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introduction of myriad functional epitopes, in addition to sugars, that could encode
interactions with numerous receptor types. We have also demonstrated a strategy for
interfacing biocompatible CNTs with cell surfaces by virtue of carbohydrate-receptor
interactions. This strategy may offer new opportunities for probing biological processes.
Experimental and theoretical studies have indicated that the environment surrounding the
nanotube can influence CNT properties. Therefore, variations in a cell’s local
environment might be monitored by changes in the electrical, mechanical, or optical

properties of CNTs.

Materials and methods

General procedure for coating mucin mimics on CNTs

High-purity SWNTs (HiPCO, >95%) were purchased from Carbon
Nanotechnologies Inc., and high-purity of MWNTs (CVD, >95%) were purchased from
Nanolab. In a typical preparation experiment, 1 mg of as-produced carbon nanotubes
was suspended in 5 mL of aqueous C;3-MM solution (0.1%~0.5%). The mixture was
sonicated using a water-bath sonicator for 1 h. First, insoluble material was removed by
low-speed centrifugation at 3,000 x g for 30 min, and the product suspension was
decanted from the insoluble material. Then the excess free mucin mimic polymers were
removed by dialysis of the suspension in a polycarbonate membrane against deionized
water for 24 h. The resulting Ci3-MM-NTs (C;g-a-MM-SWNTs, C;3-p-MM-SWNTs,

Cig-a-MM/TR-SWNTs,  C;3--MM/TR-SWNTs,  Cis-a-MM-MWNTs,  C;3-3-MM-
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MWNTs, Ci3-o-MM/TR-MWNTs, and Ci3--MM/TR-MWNTs) formed stable
suspensions in aqueous solution. The concentrations of the resulting suspensions were

calculated by evaporating the water and weighting the dried coated CNTs.

Control experiment I: As-produced carbon nanotubes were treated under the
same conditions but without C;3-MMs. The resulting suspensions were not stable and the

carbon nanotubes precipitated after several h.

Control experiment II: Mucin mimics without C;g lipid tails were sonicated with
carbon nanotubes in water for 1 h. The resulting suspensions were not stable and the

carbon nanotubes precipitated after several h.

AFM, SEM, and TEM imaging

The sample solution was deposited in a 1 pLL droplet onto a silicon wafer and then
allowed to dry in air. Tapping mode was used to acquire the images under ambient
conditions (Molecular Imaging, Pico SPM).

SEM images of C;3-a-MM-SWNTs were obtained on a JEOL 6400 field emission
SEM operated at 5 keV. Samples were deposited onto a silicon wafer and then allowed to

dry in air.

TEM images of C;g-a-MM-SWNTs were obtained on a JEOL 2011 microscope
operating at electron energy of 100 keV. Samples were prepared by depositing the

suspension onto grids, allowing the grids to absorb for 2 min, and then staining the
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material with 0.5% methylamine vanadate in H,O (Nanovan, Nanoprobes Inc., Yaphank,

NY).

Fluorescence microscoy and flow cytometry

A Zeiss Axiovert 200M inverted microscope equipped with a 63 x 1.4 NA Plan-
Apochromat oil immersion lens was employed for imaging. A 175W xenon lamp housed
in a Sutter DG4 illuminator linked to the microscope by an optical fiber assured
shuttering and illumination. Images were acquired using a CoolSNAP HQ CCD camera
(Roper Scientific). Slidebook software (Intelligent Imaging Solutions) was used to
control the microscope and the camera.

Flow cytometry data were acquired using a FACScalibur flow cytometer (BD

Biosciences).

HPA-FITC Binding Assays

Helix pomatia agglutinin conjugated with fluorescein isothiocyanate (HPA-FITC) was
obtained from EY-Laboratories. N-acetylgalactosamine (GalNAc) was obtained from
Sigma. A 1 mL solution of HPA-FITC (100 pg/mL) in buffer (0.10 M Tris, and 0.15 M
NaCl, pH 8.0) was added to the suspensions of mucin mimic-coated nanotubes (C;g-a-
MM-SWNTs or Cig-p-MM-SWNTs) in H,O (1 mL). An additional 0.5 mL buffer was
added and the reactions were incubated for 1h at rt in the dark. GalNAc inhibition of
HPA binding to Ci3-a-MM-SWNTs was tested by pre-incubating 1 mL of HPA-FITC

solution in buffer (100 pg/mL) with 0.5 ml of GaINAc in buffer (200 mg/mL) for 1h at rt
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in the dark. This pre-incubated solution was added to the suspension of Cis-a-MM-
SWNTs in H,O (1 mL), and the resulting solution was incubated for 1h at rt in the dark,
as described above. After incubation, the solutions were all subjected to dialysis against
the buffer for 48 h. The dialyzed solutions were analyzed at 510-550 nm using a
fluorescence microplate reader (excitation wavelength 492 nm). Spectra were corrected
for background fluorescence by subtracting the fluorescence spectrum of Cis-o-MM-

SWNTs or Cig-p-MM-SWNTs alone.

Interfacing mucin mimic-coated CNTs with living cells (pathway 1)

A 1-mL solution of HPA-FITC (100 pg/mL) in buffer (0.10 M Tris, and 0.15 M
NacCl, pH 8.0) was added to the suspensions of mucin mimic-coated nanotubes (C;g-o-
MM-CNTs or Ci3-B-MM-CNTs) in H,O (1 mL). An additional 0.5 mL of buffer was
added and the reactions were incubated for 1 h at rt in the dark. After incubation, the
solutions were all subjected to dialysis against the buffer for 48 h. The dialyzed solutions
were analyzed at 510-550 nm using a fluorescence microplate reader (excitation
wavelength 492 nm). The concentrations were calculated as described above. The
characterized solutions were then used for cell surface binding experiments.

For fluorescence microscopy experiments, CHO Cells were seeded onto glass
slides mounted with tissue culture wells (LAB-TEK) and allowed to adhere for 2 d. The

cells were washed 3 times with PBS, and then fixed in 3% paraformaldehyde in PBS.
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After three washes, cells were blocked in PBS with 1% bovine serum albumin for 20
min, followed by the addition of C;s-MM-CNT-HPA-FITC complex. After a 1-h
incubation at rt in the dark, the cells were washed 3 times. The cells were then mounted
using Vectashield with 4,6-diamidino-2-phenylindole (Vector Laboratories) and imaged
by fluorescence microscopy.

For flow cytometry experiments, Cells (2 x 10°) were seeded in a 10-cm dish for
3 d. The cells were lifted with 1 mM EDTA in PBS, washed, and counted. Flow
cytometry analysis was performed on 500,000 cells. The cells were pelleted (3,500 rmp,
3 min) and washed twice with 200 uL of PBS containing 1% FCS. Cells were then
treated with HPA-FITC-conjugated C;3-MM-CNTs for 1 h at rt in the dark. After

incubation, cells were pelleted, washed three times and analyzed by flow cytometry.

Interfacing mucin mimic-coated CNTs with living cells (pathway 1)

In order to determine the appropriate condition for complexation of HPA and
cells, cells were incubated with various dilutions of HPA-FITC and then analyzed by
flow cytometry. The cells were pelleted and washed twice with 200 uL of PBS
containing 1% FCS. Cells were then treated with various concentrations of HPA-FITC
for 1 h at rt in the dark. After incubation, the cells were pelleted, washed three times and
analyzed using a FACScalibur flow cytometer (BD Biosciences). A concentration of

HPC-FITC (400 ug/mL) that produced robust cell surface labeling at sub-saturating
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levels was chosen for the following experiments. Cells (0.5 x 10°) were were pelleted
(3,500 rmp, 3 min) and washed twice with 200 uL of PBS containing 1% FCS. Cells
were then treated with unmodified HPA (400 ug/mL) for 1 h at rt, followed by washing
with buffer for 3 times. The cells were then incubated with C;g-MM/TR-CNTs for 1 h at
rt in the dark. After incubation, cells were pelleted, washed three times and analyzed by

flow cytometry.

Cytotoxicity assays

For CHO cells, the cells were seeded at a density of 1.25 x 10° cells/mL and
incubated with C;g-a-MM-, C;s-a-MM/TR-, C3-B-MM/TR-, or HPA-FITC-conjugated,
Cis-a-MM-coated CNTs (each at 100 ug/mL) for 3 d. In control experiments, the cells
were cultured with unmodified CNTs or with media alone. Cells were washed twice with
PBS and then trypsinized with 0.25% trypsin-EDTA (PBS, pH 7.4), resuspended in

media and counted every 24 h.

For Jurkat cells, the cells were seeded at a density of 1.25 x 10° cells/mL and
incubated with C;g-a-MM-, C;s-a-MM/TR-, C3-B-MM/TR-, or HPA-FITC-conjugated,
Cis-a-MM-coated CNTs (each at 100 ug/mL) for 3 d. In control experiments, the cells
were cultured with unmodified CNTs or with media alone. Cells were counted every 24

h.
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Cell culture conditions

All cell lines were maintained in a 5% CO,, water-saturated atmosphere at 37 °C
and media were supplemented with penicillin (100 unit/mL), streptomycin (0.1 mg/mL)
and 10% FCS unless otherwise indicated. CHO cells were grown in Ham F12 nutrient
mixture. Jurkat cells were grown in RPMI-1640 media.
Synthesis of new compounds

All chemical reagents were of analytical grade, obtained from commercial
suppliers and used without further purification. Flash chromatography was performed
using Merck 60A 230-400 mesh silica gel. Analytical TLC was performed on Analtech
Uniplate silica gel plates and visualized by staining with ceric ammonium molybdate or
by absorbance of UV light at 254nm. "HNMR, and ?CNMR spectra were obtained with
Bruker AMX-400 or Bruker DRX-500 MHz spectrometers. 'H and "*C chemical shifts
(8) are reported in parts per million (ppm) referenced to TMS (0 ppm) and were
measured relative to the residual solvent peak. Coupling constants (J) are reported in
hertz (Hz). High-resolution fast atom bombardment (FAB) mass spectra were obtained at
the UC Berkeley Mass Spectrometry Laboratory. The concentration of the polymer
solutions investigated by DLS was 0.02 wt %. The weight average molecular weights
(My) and polydispersities (PDI) were measured by size exclusion chromatography using
a Waters-Alliance Inc. model 2690 equipped with the Viscotek Triple Detector Array and
four ViscoGel columns: G3000HR (exclusion limit 6x10* g/mol), G4000HR (exclusion

limit 4x10°> g/mol), G5000HR (exclusion limit 4x10° g/mol) and G6000HR (exclusion
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limit 4x10” g/mol). A flow rate of 1.0 mL/min was used and polystyrene standards were
used for calibration. The weight average molecular weights of water-soluble mucin-
mimic polymers were determined by size exclusion chromatography (Varian ProStar
model 210) using a polysaccharide standard (PL Polysaccharide Standard Kit SAC-10) in
deionized water with a flow rate of 1.0 mL/min on two PL aquagel-OH 40 columns (bead
size 8 mm and measurable My, range 10,000 — 200,000) using a UV-Vis detector (Varian
ProStar Model 345).

Cis-Azobis(4-cyanovaleric acid) (1). To a solution of 4,4'-azobis(4-cyanovaleric
acid) (590 mg, 2.11 mmol) in CH,CI, (100 mL) was added 4-(dimethylamino)pyridine
(260 mg, 2.11 mmol), triethylamine (1.20 mL, 8.61 mmol), and octadecylamine (2.27 g,
8.44 mmol). The solution was stirred for 15 min and N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (1.62 g, 8.44 mmol) was added. The solution was
stirred in the dark for 18 h under N,, diluted with CH,Cl,, and washed with brine (250
mL) and water (250 mL). The organic layer was dried over Na,SO,, filtered and
concentrated in vacuo. The resulting solid was purified on a silica gel column
(hexanes:ethyl acetate, 2:1) to afford compound 1 (980 mg, 59%) as a white solid. mp =
102-104 °C; IR (thin film): 2916, 2848, 2026, 1614, 1520, 1398, 776 cm™; 'H NMR (400
MHz, CDCls3): 8 0.80 (t, 6 H, J =6.3), 1.49 (t, 6 H, J = 6.8), 1.67-1.76 (m, 31 H), 1.78-
1.81 (m, 6 H), 2.13-2.23 (m, 6 H), 2.40-2.49 (m, 18 H), 3.20-3.27 (m, 12 H), 5.74-5.77
(m, 4 H), 5.93-5.95 (m, 2 H); >C NMR (100 MHz, CDCl5): 8 14.09, 22.66, 26.91, 29.33,

29.45, 29.55, 29.67, 31.89, 39.80, 72.56, 171.64; HRMS(FAB): Calcd. for C4sHg1LiNsO;

96



[M+Li]" 783.7203, found 783.7197. Anal. Calcd. for C4Ho3NgO3sH,0: C, 73.54; H
11.71; N, 8.75; found C, 73.72; H, 11.97; N, 8.66.

Cis-poly(MVK) (2). Anhydrous p-dioxane (0.56 mL) was introduced into a 10
mL Schlenk tube containing methyl vinyl ketone (0.56 mL, 6.73 mmol) and 1 (50 mg,
0.064 mmol) under N,. The reaction mixture was stirred for 72 h at 95 °C after degassing
by four freeze-pump-thaw cycles. The reaction mixture was allowed to cool to rt, diluted
with p-dioxane (5 mL), and added dropwise to excess diethyl ether (1 L) with vigorous
stirring. The precipitate was filtered, washed with diethyl ether and dried in vacuo
overnight to afford 10 as a white solid (325 mg). IR (thin film): 2926, 1709, 1426, 1356,
1239, 1163, 1109, 734 cm'l; GPC (THF eluent, polystyrene standard), My, = 2.18 x 10°
Da, PDI = 2.20; Anal. Calcd. for (C4HO),: C, 68.54; H, 8.63; found C, 67.98; H, 8.93.

a-Aminooxy GalNAc¢ Cis-poly(MVK) (3). To a solution of 2 (3.0 mg, 0.043
mmol based on carbonyl number) in THF (3 mL) and H,O (1 mL) was added aminooxy
2-acetamido-2-deoxy-a-D-galactopyranoside (35) (28 mg, 0.120 mmol) and acetic acid
(5 uL). The reaction mixture was stirred at 95 °C for 24 h, allowed to cool to rt and
concentrated in vacuo. The resulting solid was dissolved in H,O (4 mL) and heated to
reflux for 48 h. The reaction mixture was cooled to rt, dialyzed in H,O and lyophilized to
give 3 (12 mg, 87% carbonyls reacted) as a fluffy white solid. IR (KBr) 3435, 1641,
1384, 1013, 664, 576 cm™'; GPC (H,O eluent, polysaccharide standard), My, = 30.0 x 10°
Da, PDI = 2.80; Anal. Calcd. for (C12H20N,0),: C, 49.99; H, 6.99; N, 9.82; found: C,

47.04; H, 7.71; N, 7.82.
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a-Aminooxy GalNAc-Texas Red C;s-poly(MVK) (4). To a solution of 2 (6 mg,
0.09 mmol based on carbonyl number) in THF (5 mL) and H,O (2 mL) was added
aminooxy 2-acetamido-2-deoxy-a-D-galactopyranoside (35) (40 mg, 0.170 mmol), Texas
Red hydrazide (5 mg, 8 umol) and acetic acid (5 uL). The reaction mixture was stirred
for 24 h at 95 °C, allowed to cool to rt and concentrated in vacuo. The resulting solid
was dissolved in H;O (7 mL) and heated to reflux for 48 h. The reaction mixture was
cooled to rt, dialyzed in H>O and lyophilized to give 4 (21 mg, 77% of carbonyls reacted)
as a fluffy dark red solid. IR (KBr) 3434, 1658, 1641, 1381, 1005, 557, 463 cm™'; GPC

(H,O eluent, polysaccharide standard), M, = 30.9 x 10° Da, PDI = 2.56.
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Charpter 4: Development of glycosylated dendrimers for biomimetic

functionalization of carbon nanotubes*

Introduction

The unique structural, mechanical, electrical, and optical properties of single-
walled carbon nanotubes (SWNTs) have stimulated an explosion of interest in their
biological applications (/-3). Already, SWNTs have been employed for biosensing (3),
imaging (6), intracellular delivery (7), and cancer cell targeting (8, 9). However,
expanding the use of SWNTs in living systems will require improvements in their
biocompatibility. Unmodified SWNTSs are notoriously cytotoxic (/0-13). Thus, surface
modifications that mitigate their toxicity while simultaneously functionalizing the
SWNTs for biological recognition are highly sought after (9, /4-18).

A promising avenue we have recently explored is to functionalize SWNTs with
synthetic glycopolymers that mimic the structures found on vertebrate cell surfaces (77,
18). For example, we demonstrated that poly(methylvinylketone) polymers conjugated to
synthetic sugars via oxime linkages could be adsorbed onto carbon nanotubes (CNTs) by
virtue of a hydrophobic end-group. The coated CNTs were soluble in water, resisted
non-specific protein binding and bound specifically to cells via receptor-ligand
interactions (/7, 18). Most importantly, the coated CNTs were nontoxic to cultured cells.

These findings were tempered, however, by the irregular surfaces and nonuniform

" Peng Wu, Nancy Hu, Un Chong Tam, Ola Blixt contributed to the work described in
this chapter.
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thickness of the CNT coatings, properties caused by the heterogeneity of the polymers
which had polydispersities of ~1.7 (/9). These unwanted features might undermine
future efforts to achieve reproducible changes in their electrical and optical properties
upon ligand or cell binding.

To address this problem, we turned our attention to dendrimers as an alternative
biocompatible coating for CNTs. Dendrimers possess homogeneous molecular structures
and have been exploited in a number of biomedical applications (20-22). Indeed,
dendrimers have been recently explored to functionlalize CNTs for the attachment of
photoactive groups (23), for solubility improvement (24), and for metal capture (25).
Their branched architectures and high peripheral functional group density make
dendrimers ideal models for mimicking cell surface glycans (4, 26). Many
glycodendrimers have been developed to study multivalent carbohydrate-protein
interactions implicated in cell-cell recognition events (26, 27). Inspired by these
examples as well as recent breakthroughs in dendrimer synthesis using click chemistry
(28, 29), we developed a new class of amphiphilic bifunctional glycodendrimers based on
2,2-bis(hydroxymethyl) propionic acid (bis-MPA), a biocompatible building block. As
depicted in Scheme 4.1 and Scheme 4.2 (compound 1 and 2), the dendrimers comprised
carbohydrate units displayed in the periphery and a pyrene tail capable of binding SWNT
surfaces via m-m interaction. Their geometry is reminiscent of the multi-antennary N-

linked glycans that populate vertebrate cell surfaces.
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Scheme 4.1. Synthesis of generation 3 glycodenderimers. The pyrene tail was

conjugated to the focal point of 4 (4) by click chemistry and the resulting dendrimer 5§ was

further coupled with pent-4-ynoic anhydride 6 to introduce additional acetylene groups to

the periphery of the dendrimer. The resulting dendrimer 7 was then reacted with a 2-

azidoethyl mono- or disaccharides 8a-¢ using click chemistry to furnish the desired G3

glycodendrimers 1a-c. A panel of G2 (2a-c) (Scheme 7.2) and G3 glycodendrimers with a

variety of glycan structures was synthesized.
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Results and discussions:
Design and synthesis of glycosylated dendrimers

The synthesis employed the copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC) reaction, a widely-used example of click chemistry that Sharpless and Hawker
have used previously to prepare diverse dendritic structures (29, 30). In our work, the
CuAAC reaction allowed for chemoselective ligation of azide-functionalized pyrene and
glycan moieties to the alkyne-functionalized focal point and chain ends of a dendrimeric
scaffold, respectively (Scheme 4.1)). The synthetic glycans, each with an azidoethyl
aglycone,(3/) remained unprotected in the synthesis. Applying this methodology, we
prepared a panel of G2 (2a-c) (Scheme 4.2) and G3 (1a-c) (Scheme 4.1) glycodendrimers
in near quantitative yield (see reference 32 for nomenclature key). Analysis of the
dendrimers by NMR, MALDI-TOF mass spectrometry and gel-permeation

chromatography (GPC) indicated that the structures were monodispersed.

Functionalization of CNTs with glycosylated dendrimers

With the panel of glycodendrimers in hand, we then functionalized SWNTs by
ultrasonication in aqueous solution. The SWNTs were fully solubilized during the
process (Fig. 4.1A 1-VI). The suspensions of glycodendrimer-functionalized SWNTs
were stable for up to several months, while the unfunctionalized SWNTs precipitated
very quickly (within one hour) in water (Fig. 4.1A VII). After several months, coated
SWNTs precipitated slowly with the G2 dendrimer-modified SWNTs precipitating more
quickly than those coated with G3 dendrimers. The precipitates were easily re-dispersed

into solution by ultrosonication for less than one minute. The pyrene moiety on the
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glycodenderimer was essential to solubilize the SWNTs. In control experiments, SWNTs
precipitated rapidly from aqueous solutions of glycodendrimers that were identical to the
above dendrimers but lacked the pyrene moiety (data not shown). We also investigated
the glycodendrimer-coated SWNTs by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Both SEM (Fig. 4.1B) and TEM (Fig. 4.1C)
images showed small bundles and individual SWNTs coated entirely with a uniform layer

of amorphous glycodendrimer.
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Figure 4.1. (A) Photographs of vials containing SWNT suspensions. G2Man-SWNTs
(I), G2Gal-SWNTs (II), G2Lac-SWNTs (III), G3Man-SWNTs (IV), G3Gal-SWNTs
(V), G3Lac-SWNTs (VI) formed stable suspensions in water for more than three
months, while as-produced SWNTs (VII) precipitate in water in several hours. (B) SEM
and (C) TEM images of G3Man-SWNTs. The glycodendrimer coating can be
visualized as the density surrounding the SWNT.
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Specific binding of proteins to glycodendermer-coated CNTs

For applications to biosensing or cell targeting, the ability of SWNT-bound
glycodendrimers to interact with specific receptors is critical. We probed this using a
panel of carbohydrate-binding proteins (i.e., lectins). Canavalia ensiformis agglutinin
(Con A), Arachis hypogaea agglutinin (PNA) and Psophocarpus tetragonolobus
agglutinin (PTA) are lectins with well-documented specificity for a-mannose, lactose and
[-galactose, respectively. All three are available in fluorescein isothiocyanate (FITC)-
labeled forms. SWNTs coated with different glycodendrimers (G3Man-SWNTs, G3Gal-
SWNTs, and G3Lac-SWNTs) were incubated with FITC-conjugated lectins for 30
minutes, and the unbound protein was removed by dialysis before analysis by fluorescent
spectroscopy. The SWNT-associated fluorescence derived from FITC was quantified to
evaluate the binding specificity (Fig. 4.2). To our satisfaction, significant fluorescence
was observed for ConA-treated G3Man-SWNTs, while only background fluorescence
was observed for PTA- or PNA-treated G3Man-SWNTs. Similarly, G3Gal-SWNTs were
found to bind to FITC-conjugated PTA, but not to PNA or Con A. Since the non-
reducing terminal monosaccharide in lactose is f-galactose, G3Lac-SWNTs were
recognized by both PNA and PTA, but not Con A. Similar results were obtained from
parallel studies using SWNTs coated with G2 glycodendrimers (data not shown). Thus,
the specificities of the lectins are accurately reflected in the context of glycodendrimer-
functionalized SWNTs.

To more accurately mirror the complexity of biological glycoconjugates, which
typically display multiple glycan epitopes, we functionalized SWNTs with an aqueous

mixture of G2Man (2a) and G2Lac (2¢) at various ratios. After dialysis to remove the
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free glycodendrimers, the glycodendrimer-coated SWNTs were incubated with a 1:1
(molar ratio) mixture of Texas Red-conjugated PNA and FITC-conjugated ConA.
Fluorescence analysis of lectin-treated SWNTs revealed that the intensity of Texas Red
emission dropped with an accompanied increase in FITC emission that matched the
percentage G2Man in the SWNT coating (Fig. 4.3). This result demonstrates that
multiple epitopes with discrete receptor specificities can be simultaneously recognized on

the SWNT surface.

120 - HCon A
HPTA
- HPNA
3
“;100-
N
2
'n 80 A
c
7]
wfd
S 60 -
()]
[8)
c
3 40 -
()]
)
o
S 20 A
(™
0.

SWNT-G3Man SWNT-G3Gal SWNT-G3Lac

Figure 4.2. Lectin binding to glycodendrimer-coated SWNTs. Con A and PNA exhibit
specific binding to G3Man-SWNTs and G3Lac-SWNTs, respectively. PTA binds to both
G3Gal-SWNTs and G3Lac-SWNTs. Error bars indicate the standard deviation for 3
replicate experiments.
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Figure 4.3. Modulation of lectin bindings to SWNTs co-functionalized with two
different glycodendrimers. SWNTs coated with G2Lac and G2Man at various ratios
were incubated with a 1:1 (molar ratio) mixture of Texas Red-conjugated PNA and
FITC-conjugated Con A. The intensities of Texas Red and FITC emission paralleled the
ratio of G2Lac and G2Man components in the SWNT coating, respectively. Error bars

indicate the standard deviation for three replicate experiments.
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Interfacing glycodendrimer-coated CNTs with living cells

Another interesting application of the glycodendrimer-coating strategy is to
interface live cells and SWNTs for more refined applications in cell biology. We
achieved this using a multivalent lectin crosslinker. As an example, we first coated
G2Man-SWNTs with FITC-conjugated Con A (ConA-FITC), a tetravalent lectin capable
of crosslinking cells and glycoproteins (33). We hypothesized that after binding to the
surface of G2Man-SWNTs, Con A would still possess open sites for further
complexation with a-mannose residues on cell surface glycoproteins. This notion was
confirmed by incubating the lectin-modified SWNTs with Chinese hamster ovary (CHO)
cells and detection of FITC fluorescence by microscopy. As shown in Figure 4.4, Con A
labeled G2Man-SWNTs bound specifically to the cell membranes. As a control, we
performed the same experiment using SWNTs coated with a G2Gal (2¢) dendrimer,
which do not bind to Con A. In this case, no fluorescent labeling of the cells was
observed (data not shown). By contrast, G2Gal-SWNTs and G2Lac-SWNTs labeled the
CHO cells robustly when PTA and PNA were used as crosslinkers, respectively (data not
shown). Moreover, the G3 glycodendrimer-coated SWNTs (G3Man-SWNTs, G3Gal-
SWNTs, and G3Lac-SWNTs) gave similar results (data not shown). Collectively, these
data demonstrated that SWNTs coated with glycodendrimers could be specifically bound

to cells without significant non-specific protein or cell binding.
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Figure 4.4. (A) The schematic representation of the interfacing between
glycodendrimer-coated SWNTSs with live cells. (B) Fluorescence micrograph of CHO
cells labeled with the complexes of G2ZMan-SWNT and FITC-Con A.
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Cytotoxicity studies of glycodendrimer-coated CNTs

At the outset, our goal was to develop a coating for SWNTs that would render
them nontoxic to cells. To evaluate the cytotoxicity of glycodendrimer-coated SWNTs,
we cultured HEK293 cells with G2Man-SWNTs, G2Gal-SWNTs, G2Lac-SWNTs,
G3Man-SWNTs, G3Gal-SWNTs, and G3Lac-SWNTs (each at 100 ug/mL) for 4 days.
In control experiments, the cells were cultured with unmodified SWNTs or with media
alone. Viable cells (trypan blue assay) were counted each day. As shown in Figure 4.5,
cells cultured with glycodendrimer-coated SWNTs proliferated at the same rate as cells
grown in the absence of SWNTs. In contrast, unmodified SWNTSs greatly hampered the

growth of HEK293 cells. Thus, glycodendrimer-coated SWNTSs did not appear to affect

cell proliferation, unlike their uncoated counterparts.
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Figure 4.5. Effects of glycodendrimer-coated SWNTs on the proliferation of HEK293
cells. Cell number was measured by the Trypan blue dye exclusion method. The
control cells were grown in the absence of SWNTs. The error bars represent the

standard deviation for three replicates.
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Conclusions

In summary, we developed a strategy for generating uniform and bioactive
coatings SWNTs using glycodendrimers. The dendrimer-coated SWNTSs participate in
specific carbohydrate-receptor interactions and show no toxicity to cultured cells. The
synthetic method used to construct the glycodendrimers can be readily extended to
alternative ligand systems for other receptor interactions. Future applications include

probing biological processes using SWNTs as biosensors.

Materials and methods

Synthesis of new compounds

Analytical TLC was performed on commercial Merck plates (GF254, 0.24
mm thick). Silica for flash chromatography was Merck Kieselgel 60 (230-400 mesh,
ASTM). 'HNMR and ">C NMR spectra were acquired on Bruker AMX-400, or DRX-
500 MHz spectrometers at rt. 'H and C chemical shifts (8) are reported in parts per
million (ppm) referenced to TMS (0 ppm) and were measured relative to the residual
solvent peak. Coupling constants (J) are reported in hertz (Hz). High-resolution fast
atom bombardment (FAB) mass spectra were obtained at the UC Berkeley Mass
Spectrometry Laboratory. Size exclusion chromatography (SEC) was carried out at rt on
a Waters low pressure chromatography system equipped with a Waters 410 differential
refractometer and six Waters Styragel® columns (five HR-5 pm and one HMW-20 pm)
using THF as eluant (flow rate: 1 mL/min). The molecular weights of the polymers were
calculated relative to linear polystyrene standards. MALDI-TOF mass spectrometry was
performed on a PerSeptive Biosystems Voyager DE mass spectrometer operating in

linear mode, using dithranol in combination with silver trifluoroacetate as matrix.
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N-(3-Azidopropyl)-4-(pyren-1-yl)butanamide (3). 1-Pyrenebutyric acid or 7-
(diethylamino)-coumarin-3-carboxylic acid (1.15 g, 4.00 mmol) was dissolved in DMF
(40.0 mL). O-Benzotriazol-1-yl-N,N,N',N'-tetramethyluronium tetrafluoroborate (5.10 g,
16.0 mmol), N-hydroxybenzotriazole (2.20 g, 16.0 mmol), and N-methylmorpholine were
added sequentially at room temperature. The solution was stirred for 5 min before (3-
azidopropyl) amine (0.50 g, 5.0 mmol) was added slowly. The solution was stirred for 4
h before the solvent was removed under vacuum. The residue was partitioned between
EtOAc (100 mL) and 10% NaHCO; (50 mL) and the organic layer was washed with
another portion of 10% NaHCOs (50 mL) and brine (50 mL). After drying over Na,SO4
and the removal of solvent, the crude product was purified by silica gel chromatography
eluting with CH,Cl, and gradually increasing the polarity by addition of EtOAc to final
composition of 15%. The product was isolated as a yellow solid. Yield: 3.00 g (91%).
'H NMR (CDCls, 400MHz): 6 8.24 (d, J= 7.2 Hz, 1H), 8.14 (d, J= 7.6 Hz, 2H), 8.08 (d,
J=2.8 Hz, 1H), 8.06-7.96 (m, 4H) , 7.79 (d, /= 7.6 Hz, 1H) 5.68 (s, 1H), 3.32 (t, J=6.0
Hz, 1H), 3.26-3.19 (m, 4H), 2.20-2.12 (m, 4H), 1.66 (m, 2H). *C NMR (CDCls, 100
MHz): § 172.7, 135.7, 131.4, 130.8, 129.9, 128.7, 127.4, 127.3(7), 127.3(2), 126.7, 125.9,
125.1, 124.9(28), 124.9(16) 124.8, 123.3, 114.5, 49.3, 37.1, 35.9, 32.7, 28.8, 27.3. FAB-
HRMS calced for C3Hy,N4ONa [MNa]+: m/z 393.1691. Found: 393.1699.

Pyrene-G2-(OH)4 (10). To a solution of 9 (4) (370 mg, 0.920 mmol) and N-(3-
azidopropyl)-4-(pyren-1-yl)butanamide (350 mg, 0.950 mmol) in THF/H,O (3:1, 3.0
mL), were added sodium ascorbate (35.0 mg, 0.176 mmol) and CuSO4 5H,0 (15 mg, 60
umol). The reaction mixture was then allowed to stir for 12 h at rt. The solvents were

evaporated and the crude product was purified by silica gel chromatography eluting with
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EtOAc and gradually increasing the polarity by addition of MeOH to final composition of
20% to give 650 mg (91%) of the target molecule as a colorless solid, which was used
directly in the next step.

Pyrene-G2-(Acet)s (11). Pent-4-ynoic acid anhydride (6) (560 mg, 3.15 mmol)
was added to a solution of 10 (400 mg, 0.520 mmol), pyridine (1.00 mL, 12.4 mmol), and
DMAP (38 mg, 0.30 mmol) in CH,Cl, (2 mL). The solution was stirred at rt overnight
and the reaction progress was monitored by “C NMR analysis of the anhydride
resonance at ~167 ppm. The excess 6 was quenched with 0.5 mL of water with vigorous
stirring, followed by dilution with 100 mL of CH,Cl,. The solution was washed with
10% of NaHSOj4 (3 x 60 mL), and 10% of Na,COs (3 x 100 ml). The organic phase was
dried (MgSQO,), filtered, concentrated and purified by silica gel chromatography eluting
with hexanes and gradually increasing the polarity by addition of EtOAc to final
composition of 20% to give the target molecule as a yellow solid. Yield: 523 mg (92%).
'H NMR (CDCl;, 500MHz): 68.30 (d, J=9.0 Hz, 1H), 8.17 (d, J=3.0 Hz, 1H), 8.16 (d,
J=3.5Hgz, 1H), 8.11 (d, J= 8.5 Hz, 2H), 8.02 (s, 2H), 7.99 (t, J= 7.5 Hz, 1H), 7.86 (d, J
= 8.5 Hz, 1H), 7.74 (s, 1H), 5.83 (br, 1H), 5.22 (s, 2H), 4.39 (t, /= 7.0 Hz, 2H), 4.26-4.15
(m, 12H), 3.40 (t, J = 7.5 Hz, 2H), 3.25 (m, 2H), 2.54 (m, 8H), 2.45 (m, 8H), 2.30 (m,
2H), 2.22 (m, 2H), 2.10 (m, 2H), 1.97 (t, J = 2.5 Hz, 4H), 1.23 (s, 3H), 1.20 (s, 6H). "°C
NMR (CDCl): & 173.1, 172.0, 171.8, 171.2, 142.0, 135.7, 131.4, 130.8, 129.9, 128.7,
127.43, 127.40, 127.3, 126.7, 125.9, 125.0, 124.94, 12491, 124.8, 124.5, 123.3, 82.3,
69.2, 65.5, 65.3,58.4,47.7, 46.6, 46.3, 36.3, 35.9, 33.1, 32.8, 30.1, 27.3, 17.7, 17.5, 14.3.

MALDI-MS Caled for Cg;HgsN4O1sNa [MNa]": m/z 1117.4. Found: 1117.6.
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Pyrene-G3-(OH)s (5). N-(3-azidopropyl)-4-(pyren-1-yl)butanamide, (175 mg,
0.470 mmol) and 4 (4) (398 mg, 0.460 mmol) were dissolved in 4 mL of DMF and the
solution was cooled to 0 °C. An ice-cold solution of CuSO4-5H,0 (8 mg, 32 umol) in
water (2 mL) followed by sodium ascorbate (25.0 mg, 126 umol) was added to the DMF
solution. The reaction mixture was stirred for 12 h at rt. The solvents were evaporated
and the crude product was purified by silica gel chromatography eluting with EtOAc and
gradually increasing the polarity by addition of MeOH to final composition of 20% to
give 541 mg (95%) of the target molecule as a yellow solid, which was used directly in
the next step.

Pyrene-G3-(Acet)s (7). The procedure was similar to that described for 11. The
reaction was performed with 650 g (4.20 mmol) of 5, 1.64 mL (20.2 mmol) of pyridine,
77 mg (0.63 mmol) of DMAP, and 1.12 g (6.30 mmol) of 6 to afford 900 mg (90%) of
target molecule. 'H NMR (CDCls, 500MHz): 6 8.30 (d, J=9.0 Hz, 1H), 8.17 (d, J=3.0
Hz, 1H), 8.16 (d, /= 3.5 Hz, 1H), 8.11 (d, J = 8.5 Hz, 2H), 8.03 (s, 2H), 7.99 (t, J= 7.5
Hz, 1H), 7.86 (d, J= 8.5 Hz, 1H), 7.77 (s, 1H), 5.96 (br, 1H), 5.23 (s, 2H), 4.40 (t, /= 6.5
Hz, 2H), 4.26-4.16 (m, 28H), 3.40 (t, J = 7.5 Hz, 2H), 3.26 (m, 2H), 2.54 (m, 16H), 2.46
(m, 16H), 2.32 (m, 2H), 2.23 (m, 2H), 2.10 (m, 2H), 1.98 (t, J = 2.5 Hz, 8H), 1.26 (s,
3H), 1.23 (s, 12H), 1.20 (s, 6H). MALDI-MS Calcd for Cjo;H;14N403;Na [MNa]'": m/z
1902.7. Found: 1903.7.

General procedure for synthesis of G2 (1a-¢) and G3 (2a-c) dendrimers by
coupling saccharides (8a-c) with dendrimer 11 or 7. Dendrimer 11 or 7 (18 umol) and
saccharides 8a-c¢ (96 umol) were dissolved in 1.2 mL of THF/H,O (1.5:1) followed by

addition of sodium ascorbate (3.0 mg, 15 umol) and CuSO4-5H,0 (1 mg, 4 umol). The
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reaction mixture was stirred overnight at rt. LC-MS analysis indicated that the alkyne-
bearing dendrimer was completely consumed. The solvents were then evaporated. The
crude product was redissolved in 0.5 mL of aqueous EDTA (0.1 M, pH = 8) and purified
by size-exclusion chromatography (sephadex® G-25) eluting with H,O/n-butanol (95:5).
Lyophilization of the solvents gave the target glycodendrimer in > 92% yield.

G2Man (2a). Yield: 37 mg (97%). 'H NMR (DMSO-ds, 500 MHz): & 8.38 (d,
J=9.5 Hz, 1H), 8.27 (m, 2H), 8.21 (m, 2H), 8.16 (s, 1H), 8.13 (d, J = 3.0 Hz, 2H), 8.05
(t, J=7.5Hz, 1H), 7.95 (m, 2H), 7.81 (s, 4H), 5.16 (s, 2H), 4.70 (br, 4H), 4.59 (d, J= 1.0,
4H), 4.54-4.43(m, 12H), 4.36 (t, J = 7.0, 2H), 4.16 (m, 4H), 4.07 (s, 8H), 3.91 (m, 4H),
3.75 (m, 4H), 3.60 (m, 4H), 3.53(br, 4H), 3.42-3.30 (m, 24H), 3.09 (m, 6H), 2.84 (t, J =
7.5 Hz, 8H), 2.65 (t, J=7.5Hz, 8H), 2.24 (t, J= 7.0 Hz, 2H), 2.01 (m, 2H), 1.95 (m, 2H),
1.14 (s, 3H), 1.04 (s, 6H). MALDI-MS Calcd for Co3H26N1030Na [MNa]": m/z 2114.8.
Found: 2115.2.

G2Gal (2b). Yield: 89 mg (93%). '"H NMR (DMSO-ds, 500 MHz): 8 8.36 (d, J =
9.5 Hz, 1H), 8.25 (m, 2H), 8.20 (m, 2H), 8.14 (s, 1H), 8.11 (d, /= 3.0 Hz, 2H), 8.03 (t, J
= 8.0Hz, 1H), 7.93 (m, 2H), 7.91 (s, 4H), 5.16 (s, 2H), 4.96 (br, 4H), 4.77 (br, 4H), 4.59
(t, J = 5.2, 4H), 4.52-4.33 (m, 10H), 4.15-4.02 (m, 20H), 3.84 (m, 4H), 3.62 (br, 4H),
3.50(m, 8H), 3.42-3.30 (m, 18H), 3.09 (m, 2H), 2.84 (t, J = 7.5 Hz, 8H), 2.65 (t, J =
7.5Hz, 8H), 2.24 (t, J = 7.5 Hz, 2H), 2.00 (m, 2H), 1.93 (m, 2H), 1.14 (s, 3H), 1.05 (s,
6H). MALDI-MS Calcd for Co3H;26N16030Na [MNa]": m/z 2114.8. Found: 2114.6.

G2Lac (2¢). Yield: 74 mg (96%). 'H NMR (DMSO-dg, 500 MHz): 6 8.38 (d, J =
9.5 Hz, 1H), 8.28 (m, 2H), 8.22 (m, 2H), 8.16 (s, 1H), 8.13 (d, /= 3.5 Hz, 2H), 8.05 (t, J

= 7.5Hz, 1H), 7.94 (m, 2H), 7.91 (s, 4H), 5.26 (br, 4H), 5.16 (s, 2H), 5.11 (br, 4H), 4.78
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(br, 4H), 4.69-4.43 (m, 24H), 4.35 (t, J = 7.0, 2H), 4.29 (d, J = 7.5Hz, 4H), 4.19(d, J =
7Hz, 4H), 4.07-4.04 (m, 12H), 3.86 (m, 4H), 3.76 (d, J = 11Hz, 4H), 3.59-3.56 (m, 8H),
3.53-3.44 (m, 12H), 3.34-3.25 (m, 26H), 3.07 (m, 2H), 3.03 (t, J = 8.0Hz, 4H), 2.82 (t, J
= 7.5 Hz, 8H), 2.63 (t, J = 7.5Hz, 8H), 2.24 (t, J = 7.0 Hz, 2H), 2.01 (m, 2H), 1.95 (m,
2H), 1.14 (s, 3H), 1.05 (s, 6H). MALDI-MS Calcd for C;;7H;¢N160soNa [MNa]": m/z
2763.0. Found: 2762.8.

G3Man (1a). Yield: 46 mg (90%). 'H NMR (DMSO-dg, 500 MHz): 6 8.38 (d, J
=9.0 Hz, 1H), 8.27 (m, 2H), 8.21 (m, 2H), 8.15 (s, 1H), 8.13 (d, J = 3.0 Hz, 2H), 8.05 (t,
J = 1.5Hz, 1H), 7.95 (m, 2H), 7.81 (s, 8H), 5.16 (s, 2H), 4.73 (br, 8H), 4.59 (br, 8H),
4.54-4.43(m, 24H), 4.36 (t, J = 7.0, 2H), 4.22-4.10 (m, 28H), 3.91 (m, 8H), 3.75 (m, 8H),
3.60 (m, 8H), 3.53(br, 8H), 3.42-3.30 (m, 34H), 3.11(t, J = 7.0Hz, 8H), 3.07 (m, 2H),
2.84 (t,J=17.5 Hz, 16H), 2.65 (t, J = 7.5Hz, 16H), 2.24 (t, J = 7.5 Hz, 2H), 2.01 (m, 2H),
1.94 (m, 2H), 1.17 (s, 3H), 1.09 (s, 18H). MALDI-MS Calcd for CjssH,34N23070Na
[MNa]": m/z 3896.5. Found: 3896.0 (MNa").

G3Gal (1b). Yield: 100 mg (93%). '"H-NMR (DMSO-dg, 500 MHz): 6 8.36 (d, J
= 9.5 Hz, 1H), 8.25 (m, 2H), 8.20 (m, 2H), 8.14 (s, 1H), 8.11 (d, J = 3.0 Hz, 2H), 8.03 (t,
J=28.0Hz, 1H), 7.92 (m, 2H), 7.90 (s, 8H), 5.16 (s, 2H), 5.00 (br, 8H), 4.63 (br, 8H), 4.48
(m, 16H), 4.35 (t, J= 6.5, 2H), 4.15-4.10 (m, 28H), 4.03 (m, 8H), 3.82 (m, 8H), 3.62 (br,
8H), 3.50 (m, 16H), 3.38-3.25 (m, 50H), 3.06 (m, 2H), 2.82 (t, J = 7.5 Hz, 16H), 2.63 (t,
J =17.5Hz, 16H), 2.23 (t, J = 7.5 Hz, 2H), 1.98 (m, 2H), 1.93 (m, 2H), 1.16 (s, 3H), 1.08
(s, 18H). MALDI-MS Calcd for C¢5H234N25070Na [MNa]": m/z 3896.5. Found: 3896.2.

G3Lac (1¢). Yield: 97 mg (91%). '"H NMR (DMSO-de, 500 MHz): § 8.37 (d, J =

9.5 Hz, 1H), 8.26 (m, 2H), 8.21 (m, 2H), 8.15 (s, 1H), 8.12 (d, J = 3.5 Hz, 2H), 8.05 (t, J
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= 7.5Hz, 1H), 7.93 (m, 2H), 7.90 (s, 8H), 5.27 (br, 8H), 5.16 (s, 2H), 5.12 (br, 8H), 4.81
(br, 8H), 4.69-4.47 (m, 48H), 4.35 (t, J = 6.5, 2H), 4.29 (d, J = 8.0Hz, 8H), 4.19(d, J =
7Hz, 8H), 4.14-4.04 (m, 28H), 3.83 (m, 8H), 3.75 (d, J = 11Hz, 8H), 3.61-3.58 (m, 16H),
3.53-3.44 (m, 24H), 3.36-3.25 (m, S0H), 3.07 (m, 2H), 3.03 (t, J = 8.0Hz, 8H), 2.83 (t, J
= 7.5 Hz, 16H), 2.63 (t, J = 7.5Hz, 16H), 2.24 (t, J = 7.0 Hz, 2H), 2.01 (m, 2H), 1.95 (m,
2H), 1.17 (s, 3H), 1.09 (s, 18H). MALDI-MS Calcd for C2;3H314N250110Na [MNa]™: m/z

5192.9. Found: 5193.8.

Functionalization of SWNTs with glycosylated dendrimers

In a typical preparation experiment, 1 mg of SWCNTs (Carbon Nanotechnologies
Inc) was suspended in 5 mL of aqueous glycodendrirmer solution (0.1%~0.5%). The
mixture was sonicated using a water-bath sonicator for 1 h. The insoluble materials were
removed by centrifugation and the product suspension was decanted from insoluble
material. The excess free glycodendrimers were removed by dialysis of the suspension in

a polycarbonate membrane against deionized water or PBS buffer.

SEM and TEM characterization
SEM images of glycodendrimer-coated SWNTs were obtained on an FEI Sirion
XL 30 SEM operated at 5 keV. TEM images of glycodendrimer-coated SWNTs were

obtained on a JEOL 2011 microscope operating at electron energy of 100 keV.
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Lectin Binding Assays

Lectins, Canavalia ensiformis agglutinin (Con A) conjugated with fluorescein
isothiocyanate (Con A-FITC), Arachis hypogaea agglutinin conjugated with fluorescein
isothiocyanate (PNA-FITC), and Psophocarpus tetragonolobus agglutinin conjugated
with fluorescein isothiocyanate (PTA -FITC), were obtained from EY-Laboratories. In a
typical experiment, a 1-mL solution of lectin-FITC conjugates (100 pg/mL) in PBS
buffer containing 1 mM CaCl, was added to the suspensions of glycodendrimer-coated
SWNTs (1 mL). The reactions were incubated for 1 h at rt in the dark. After incubation,
the solutions were all subjected to dialysis against the buffer for 48 h. The dialyzed
solutions were analyzed at 517 nm using a fluorescence microplate reader (excitation
wavelength 492 nm).  Fluorescence intensities were corrected for background
fluorescence by subtracting the fluorescence intensities of glycodendrimer-coated

SWNTs alone.

Cell culture conditions

All cell lines were maintained in a 5% CO,, water-saturated atmosphere at 37 °C
and media were supplemented with penicillin (100 unit/mL), streptomycin (0.1 mg/mL)
and 10% FCS unless otherwise indicated. CHO cells were grown in Ham F12 nutrient

mixture. HEK 293 cells were grown in DMEM media.

Cell binding of glycodendrimer-coated SWNTs

CHO Cells were seeded onto glass slides mounted with tissue culture wells (LAB-

TEK) and allowed to adhere for 2 d. The cells were washed 3 times with PBS, and then
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fixed in 3% paraformaldehyde in PBS. After three washes, cells were blocked in PBS
with 1% bovine serum albumin for 20 min, followed by the addition of glycodendrimer-
coated SWNTs complexed with appropriate lectin-FITC conjugates as described above.
After a 1-h incubation at rt in the dark, the cells were washed 3 times. The cells were
then mounted wusing Vectashield with 4,6-diamidino-2-phenylindole (Vector
Laboratories). A Zeiss Axiovert 200M inverted microscope equipped with a 63 x 1.4 NA
Plan-Apochromat oil immersion lens was employed for imaging. A 175W xenon lamp
housed in a Sutter DG4 illuminator linked to the microscope by an optical fiber assured
shuttering and illumination. Images were acquired using a CoolSNAP HQ CCD camera
(Roper Scientific). Slidebook software (Intelligent Imaging Solutions) was used to

control the microscope and the camera.

Cytotoxicity assays

HEK 293 Cells were incubated with glycodendrimer-coated SWNTs (each at 50
ug/mL) for 4 d. In control experiments, the cells were cultured with unmodified SWNTs
or with media alone. Cells were washed twice with PBS and then trypsinized with 0.25%
trypsin-EDTA (PBS, pH 7.4), resuspended in media. The viable cells were counted

every day using the Trypan blue dye exclusion method.
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Chapter 5: Label-free detection of glycan-lectin interactions using carbon nanotube

network field-effect transistors”

Introduction

Lectins are proteins or glycoproteins that bind to glycans (a generic term for any
carbohydrate or assembly of carbohydrates) with high specificity (/). Glycans, a major
determinant of molecular recognition on cell surface, participate in diverse processes
such as pathogen binding, cell trafficking, endocytosis, and modulation of cell signaling
(2). Most of these processes involve specific interactions between glycans and lectins.
Therefore, the detection of glycan-lectin interactions is of central importance. Several
optical detection strategies using fluorescent dye-labeled glycans (3), glycan microarrays
(4), glycan-quantum dot conjugates (5), and glycan-modified gold nanoparticles (6, 7)
have been developed to probe lectin binding. On the other hand, label-free electronic
detection using nanomaterials such as single-walled carbon nanotubes (SWNTs) offers
sensitivity, selectivity, and low-cost for biosensing (&), yet has not been exploited to
study glycan-lectin interactions. Field-effect transistors (FETs) fabricated using SWNTs

as conducting channels (SWNT-FETs) have been well developed (9). Indeed, they have

" Peng Wu and Brian Kessler contributed to the work described in this chapter.
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already been explored for electronic detection of biomolecules such as DNA (70),
antibodies (/7), and antigens (/2). The detection scheme has been to immobilize DNA or
proteins on SWNT surface as recognition receptors that are specific for their ligands.
The subsequent specific receptor-ligand binding was detected by monitoring the changes
in the device characteristics.

We have recently developed a glycosylated dendrimer for coating carbon
nanotubes (CNTs) with glycans (/3). This dendrimer comprised glycans displayed in the
periphery and a pyrene tail that bound to SWNT surface via n-m interaction. Here we
report a label-free electronic detection method for investigating glycan-lectin interactions
using single-walled carbon nanotube network field-effect transistors (SWNTN-FETSs)
functionalized with glycodendrimers (Fig. 5.1). The glycodendrimers with various
glycans could assemble on nanotube surface in SWNTN-FET devices and preserve
lectin-binding specificity. = The generality and selectivity of this method was

demonstrated by detecting various lectins.
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Figure 5.1. (A) Schematic representation of the detection of lectins via SWNTN-FETs
functionalized with glycodendrimers. (B) The structure of glycodendrimer (generation
3). A library of bifunctional glycodendrimers with a variety of glycan structures from
generation 2 (G2) to generation 3 (G3) has been synthesized and used for detecting
lectins.



Results and discussions

Functionalization of SWNTN-FETs with glycodendrimers

SWNTN-FET devices were fabricated using SWNTs grown on the Si wafer
surface by chemical vapor deposition technique. Electrical leads were patterned on top of
SWNTs using standard photolighography. Each device consisted of a random network of
SWNTs patterned into interdigitated electrodes with 10-um separation (Fig. 5.2).
Transistor characteristics such as G-V, transfer curves, 1.e., source-drain conductance (G)
as a function of an applied gate voltage were measured using a custom electronic test

fixture.

Figure 5.2. Scanning electron microscopy image of the SWNTN-FET devices. The
distance between source (S) and drain (D) interdigitated metal electrodes is 10 um.
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In order to detect glycan-lectin interactions, we chose to immobilize glycans on
SWNTN-FET sensors by coating the side walls of SWNTs using glycodendrimers. The
merit of using glycodendrimers in SWNT-FET sensors is the well-defined size and
molecular structure. Mimicking the branched structure of cell-surface glycans, the
dendrimer scaffold extended the coated glycans well above the nanotube surface, making
them the first entity to interact with lectins. Furthermore, the distance of lectin binding
sites from nanotube surface can be readily tuned by choosing different generations of
glycodenderimers. Generation 2 (G2) and generantion 3 (G3) glycodenderimes (/4) used
in this study have the sizes of 1-3 nm, a reasonable distance for electron transfer.

We have previously shown the coating of SWNTs with glycodendermes in
aqueous solution (/3). In this work, we applied this coating strategy to a FET device
setting. SWNTN-FET devices were incubated with 100 uM of glycodendrimers in
aqueous solution for 30 min, followed by thorough washing to remove excess
glycodendermers. The G-Vg characteristics are known to be sensitive to the environment
surrounding the nanotubes such as molecular adsorption (/5, 76). Functionalization of
the devices with glycodenderimers resulted in a shift of G-V, curves toward more
negative gate voltage values (Fig. 5.3A). This was presumably due to the negative
charge transfer or electron doping from the pyrene tails of glycodendermes to the SWNT
conducting channel, which was in agreement with the reported effects of aromatic
compounds (/7-19). This shift was observed for all glycodendermers with different

glycan structures, which further confirmed that pyrene formed s stacking interactions
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with SWNT surface. In a control experiment, SWNTN-FETs were incubated with the
aqueous solution without glycodendrimers. In this case, no shift of G-V, curve was

observed (data not shown).
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Figure 5.3. (A) The G-Vg curves of SWNTN-FETs before (bare device) and after
functionalized with G2Man, as well as subsequent Con A binding. (B) The G-Vg
curves of SWNTN-FETs functionalized with G2Lac, and subsequently incubated with
Con A and PNA, respectively.
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Lectin detection on SWNTN-FETs

We then demonstrated the electronic detection by using SWNT-FETs
functionalized with G2Man and G2Lac (/4) to detect Canavalia ensiformis agglutinin
(Con A) and Arachis hypogaea agglutinin (PNA). Con A and PNA are lectins with well-
documented specificity for a-mannose and lactose, respectively. The coated devices
were incubated with lectins (about 0.1 uM) in PBS buffer for 30 min, followed by
thorough washing to remove excess lectins. As shown in Figure 5.3A, the G-V, curve of
G2Man-coated SWNTN-FETs further shifted towards more negative gate voltage values
(reduction of conductance) upon Con A binding. Similarly, incubation with PNA
reduced the conductance of G2Lac-coated SWNT-FETs (data not shown). The lectins
with concentration as low as 0.1 uM could be easily detected, which indicated the high
sensitivity of the devices.

To test the selectivity of this detection, we incubated G2Lac-coated devices with
Con A that does not recognize lactose. As shown in Figure 5.3B, incubation with Con A
did not affect the conductance of G2Lac functionalized SWNTN-FETs. After removing
the Con A solution, the devices were then incubated with PNA. The conductance of the
devices was reduced upon PNA binding, indicating that there was no Con A binding on
G2Lac-coated devices. Similarly, PNA did not change the G-V, curve of G2Man-coated
SWNTN-FETs (data not shown). These results have two important implications. First,

the glycodendrimer functionalization prevented non-specific protein binding to the

135



devices. Second, the devices were selective for the lectins that recognized the
immobilized glycans.

The synthetic process of glycodendrimers allows for the introduction of myriad
glycan structures, making it a general detection method for all lectins. To demonstrate its
generality, we used a panel of dendrimers with various glycans including G2Lac,
G2LacNAc and G2Sialac to functionalize the devices. Accordingly, Psophocarpus
tetragonolobus agglutinin (PTA galactose), Erythrina cristagalli (ECA), and Sambucus
nigra (SNA), which recognizes [3-galactose, N-acetyl lactosamine, and a-2,6-sialo-
galactose respectively were detected by the functionalized SWNTN-FETs.

The sensitivity of this method depends on two factors: the glycan density and the
distance of glycans from CNT surface. Multivalent display of glycan ligands is important
in glycan-lectin interactions because the affinities of glycan ligands in the monovalent
state are generally very low (20). Therefore, higher glycan density on CNT surface
would increase the detection sensitivity. On the other hand, the sensitivity would
decrease when the distance between glycans and nanotube surface increases. To test the
effects of these two factors, we compared G3 dendrimers-functionalized SWNTN-FET
devices with G2 ones. G3 dendrimers have higher density of ligand display, while
making the lectin binding sites farther away from nanotube surface. Similar sensitivity
was observed for both G2 and G3 glycodendrimers. Thus, the sizes and ligand densities
of G2 and G3 glycodendrimers are well suited for studying glycan-lectin interactions in

SWNTN-FET devices. We are currently synthesizing glycodendrimers with higher
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generations. It would be interesting to find out the upper limit of electron transfer

distance qualitatively.

Conclusions

In summary, we have developed a label-free detection strategy for studying
glycan-lectin interactions using SWNTN-FETs functioinalized with glycodendermers.
Various lectins have been successfully detected using this method. The high selectivity,
fast response, and relatively simple fabrication of SWNTN-FETs, combined with the
well-defined structure and easy accessibility of a whole array of glycodendermers make
this method a practical and general tool for studying glycan-lectin interactions.
Furthermore, this method might be well suited for developing biosensors for the detection

of pathogens such as viruses and bacteria (27).

Materials and methods
Fabrication of SWNTN-FETs

The SWNT-FETs were kindly provided by Nanomix Inc. (Emeryville, CA).
Devices were fabricated by using SWNTs grown by means of chemical vapor deposition
at 900°C using dispersed iron nanoparticles as growth promoter and a methane/hydrogen
gas mixture on doped Si 100-mm wafers with SiO, at its surface. Electrical leads were
patterned on top of the nanotubes from evaporated Ti-Au (30- and 120-nm-thick,

respectively) films by using standard photolithography techniques. Each wafer consists
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of about 1,000 dies with 2.54 nm x 2.54-mm dimensions. On each die, a random network
of SWNTs is patterned into several devices (210 um x 270 pum) that consist of
interdigitated electrodes with 10-um separation. Nanotubes outside the device area were

removed by using oxygen plasma to electrically isolate each device.

Data acquisition

The chips with multiple SWNTN-FET devices were wire-bonded and packaged in
a 40-pin CERDIP and tested by using a custom electronic test fixture, which measures an
array of up to 12 separate sensors from each Si chip. The housing of the test fixture
consists of a modified shielded I/O board (SCB-68; National Instruments) with a 40-pin
ZIF socket. The I/O board was linked to a PC with a data acquisition card (PCI-6014;
National Instruments). Programming to manage data acquisition was performed in
LABVIEW (National Instruments). An analog output voltage was used to sweep the gate
of the SWNTN-FETs. Device characteristics such as source-drain voltage and current
were calculated in LABVIEW from voltage measurements across sense resistors.
Continuous -V, measurements were taken with a gate voltage triangle wave sweep at

frequency of 3 Hz from -10 Vto +10 V.

Functionalization of SWNTN-FETs with glycodendrimers
The SWNTN-FET device chips were incubated in 5 pM solutions of

glycodendrimers in PBS buffer for 30 min in a humid chamber. The chips were then
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washed thoroughly with PBS buffer for 3 times to remove excess glycodendrimers,

followed by blown dry with nitrogen before electronic measurements.

Lectin binding on functionalized SWNTN-FETs

The devices functionalized with glycodendermes were incubated with 5 uM
solutions of in lectins in PBS buffer for 30 min in a humid chamber. The chips were then
washed thoroughly with PBS buffer for 3 times to remove excess glycodendrimers,

followed by blown dry with nitrogen before electronic measurements.
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Chapter 6: Boron nitride nanotubes are noncytotoxic and can be functionalized for

interaction with proteins and cells*

Introduction

Carbon nanotubes (CNTs) have been widely explored for use in biological
applications including biosensing (/), imaging (2), intracellular delivering (3, 4), and
cancer cell targeting (5). However, their inherent cytotoxicity has imposed severe
limitations on their use in living systems and in therapeutic composites (6-9). The
cytotoxicity of CNTs can be reduced by biocompatible surface functionalization (5, 10-
12), but the possibility of in situ desorption brings considerable risk to their use in living
organisms. Here we report that boron nitride nanotubes (BNNTSs), isosteres of CNTs
with unique physical properties, are inherently noncytotoxic. Furthermore, BNNTs can
be surface functionalized with biological epitopes that mediate protein and cell binding.
Finally, we show that BNNTSs can deliver DNA oligomers to the interior of cells with no
apparent toxicity. This work suggests that BNNTs may be superior to CNTs as

biological probes and nanomedicines.

" Peng Wu, Michael Rousseas, David Okawa, and Zev Gartner contributed to the work
described in this chapter.
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Results and discussions
Synthesis of BNNTs

Boron nitride is isoelectronic to carbon and has a hexagonal structure analogous
to that of graphite. The existence of BNNTs was predicted theoretically in 1994 (13, 14),
and they were synthesized shortly thereafter (/5). In addition to their structural
similarity, BNNTs and CNTs have similar mechanical properties and thermal
conductivity (16, 17). However, BNNTs are distinct in several key aspects. First,
BNNTs are wide band gap semiconductors whose electrical properties are independent of
geometry, while CNTs may be metal or semiconducting depending on chirality and
diameter. Second, BNNTs are more chemically inert and structurally stable than CNTs.
This latter property prompted us to investigate the effects of BNNTs in biological
systems where the toxicity of CNTs is troublesome.

Pristine multi-walled BNNTs were synthesized by a chemical vapor deposition
process adapted from a previously reported method (/8). Slight modifications of
experimental procedures were made to produce highly pure BNNTSs in order to fulfill the
requirement for cellular studies. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) investigations revealed high-purity and high-quality multi-
walled BNNTSs with an outer diameter of ~20 to 30 nm and a length of up to 10 um (Fig.

6.1).
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Figure 6.1. Structural characterization of pristine multi-walled BNNTs with high purity
and high quality. (A) The SEM image of BNNTs. (B) High resolution TEM image of a
BNNT.
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Cytotoxicity studies of BNNTs

HEK 293 cells were cultured with BNNTs (at 100 ug/mL) for 4 days. For
comparison, the cells were cultured similarly with two types of commercially available
multi-walled CNTs (MWCNTs) with diameters and lengths similar to those of BNNTs,
purchased from MER corp. (AZ, USA) and NanoLab (MA, USA). In control
experiments, the cells were cultured with CNTs or with media alone. Cells were counted
every day (Fig. 6.2). Cells cultured with BNNTs were indistinguishable from cells grown
with media alone. In sharp contrast, cells cultured with either type of MWCNTSs were
unable to expand during the course of the experiment. Similar results were obtained with
CHO cells (not shown).

CNTs have been shown to induce HEK 293 cell apoptosis (7). We therefore
tested the viability of cells cultured with BNNTSs using the Annexin V-FITC/propidium
iodide (PI) assay for apoptosis. HEK 293 cells incubated with BNNTs showed no
increased staining with Annexin V-FITC or PI up to 4 days compared with cells grown in
media alone (Fig. 6.3). Thus, BNNTs did not appear to inhibit cell growth or induce
apoptotic pathways in the cells. These results indicated that BNNTs were noncytotoxic

and should be well suited for biological applications.

145



25

—o— Control
—=— BNNT
20
~ —4— MWCNT(MER)
‘e —— MWCNT(NANOLAB)
o |
X15 -
N
il
o
|
o
010 |
7]
O
5 n
0 4/:
0 1 2 3 4

Time (day)

Figure 6.2. BNNTs do not inhibit cell proliferation. HEK293 cells were cultured with
BNNTs (at 100 ug/mL) for 4 d. In control experiments, the cells were cultured with
CNTs or with media alone. Cells numbers were counted each day. Error bars represent
the standard deviation for three replicates.
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Figure 6.3. BNNTSs have no effect on cell viability. HEK 293 cells were cultured with
BNNTSs or wih media alone. Cell viability was assessed by flow cytometry (annexin V
staining combined with propidium iodide incorporation) each day. Cell viability is
expressed as the percentage of viability measured for control. The control represents
cells cultured with media alone. The error bars represent the standard deviation for three
replicates.

147



Biomimetic functionalization of BNNTs with glycodendrimers

Similar to CNTs, BNNTs are not soluble in aqueous media, a limitation that must
be overcome for biological implementation. Although some methods for solubilizing
BNNTSs have been reported (79, 20), general functionalization strategies for interfacing
BNNTs with biomolecules and cells are lacking. We therefore explored the use of
amphipathic dendritic structures similar to those we recently reported as coatings for
CNTs (21). As shown in Figure 6.4, the dendrimers comprise synthetic carbohydrate
ligands at the chain ends that enable specific binding to receptors in solution. A pyrene
group at the dendrimer focal point allowed adsorption to CNT surfaces through m-
stacking and hydrophobic interactions. We hypothesized that these dendrimers might
also interact with the isoelectronic BNNT surface, permitting specific binding to

carbohydrate-binding proteins.
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Figure 6.4. The Structure of G2Man. The glycodendrimers assemble on BNNT surface
in aqueous media through hydrophobic interaction between the pyrene tails and BNNT
surface. The resulting coated BNNTs (G2Man-BNNTs) were soluble in water.
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A panel of glycodendrimers from generation 2 (G2) to generation 3 (G3) displaying
various glycans were synthesized (27); data from studies using the G2 dendrimer with a-
mannose moieties (G2Man, Fig. 6.4) are shown in Figure 6.5 and Figure 6.6. The
G2Man-coated BNNTSs were stable in aqueous solution for more than one month, while
the unfunctionalized BNNTs precipitated very quickly (within one hour) in water (Fig.
6.5). TEM images showing BNNTSs coated profusely with amorphous carbohydrates
confirmed the presence of the glycodendrimer coating (Fig. 6.6). Similar results were

obtained with other glycodendrimers.
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Figure 6.5. Photographs of vials containing BNNT suspensions. G2Man-BNNTs (I)
formed stable suspensions in water for more than one month, while prostine BNNTs (II)
precipitate in water in an hours.
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Cell surface glycans serve the dual role of specific molecular recognition via
carbohydrate-binding proteins (lectins) and resistance to biofouling (22). We evaluated
whether the glycodendrimer coating we created on the BNNTs would mimic these
functions. To test specific binding, we coated BNNTs with G2Man that can be
recognized by a-mannose-specific receptor Canavalia ensiformis agglutinin (Con A).
G2Man-coated BNNTs were incubated with FITC-conjugated Con A for 30 minutes and
the unbound lectin were removed by dialysis before analysis by fluorescent spectroscopy
(Fig. 6.7). Significant fluorescence was associated with Con A-bound G2Man-BNNTs,
while only background fluorescence was observed for the same BNNTSs incubated with
helix pomatia agglutinin (HPA), a GalNAc-specific lectin that does not recognize
mannose. Thus, glycodendrimer-functionalized BNNTSs can bind to proteins via ligand-

receptor interactions while resisting non-specific protein binding.
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Figure 6.7. Specific binding of ConA to G2Man-BNNTs (green curve). The black curve
showed HPA did not bind to G2Man-BNNTs non-specifically.  The excitation
wavelength was 492 nm. Spectra were corrected for background fluorescence by
subtracting the fluorescence spectrum of G2Man-BNNTs alone. These data are
representative of the results observed in triplicate experiments.
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We used the glycodendrimer coating to specifically bind BNNTs directly to cell
surfaces, which was an even more rigorous test of their noncytotoxicity. We first coated
G2Man-BNNTs with FITC-conjugated Con A (Con A-FITC), a tetravalent a-mannose-
specific lectin that was previously showed to be capable of crosslinking G2Man-coated
CNTs to cells surface glycoproteins (2/). The lectin-modified BNNTs were then
incubated with Chinese hamster ovary (CHO) cells. Fluorescence microscopy analysis
revealed robust cell surface fluorescence from FITC (Fig. 6.8). As a control experiment,
BNNTSs coated with a similar G2 dendrimer bearing galactose residues (G2Gal), which
do not bind to Con A, showed no fluorescent labeling of the cells (data not shown). More
importantly, we did not see any cellular toxicity even when BNNTs were directly bound

to the cell surface.
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Figure 6.8. Cell surface binding of G2Man-BNNTs. FITC conjugated Con A severed as
cross-linkers and the FITC conjugated on Con A provided a means for detection of
BNNTSs bound to cell surface. The fluorescence image showed the labeling of FITC-Con
A-G2Man-BNNT conjugates on CHO cell surface (green). The cell nuclei were stained as
blue with a DAPI dye.

156



BNNTs as molecular transporters

One of the most exciting applications of CNTs is to serve as a molecular
transporter to deliver biological molecules such as proteins and DNA into living cells (4,
5). Given their similar dimensions, we anticipated that BNNTs might serve similar
functions but without any unwanted toxic side effects. We explored their use as cell
delivery agents using single-stranded DNA (ssDNA) as cargo. We loaded a synthetic 20-
mer DNA oligomer conjugated to FITC onto the surface of BNNTs by passive
adsorption, as previously achieved with CNTs (23). BNNTs were sonicated with the
FITC-labeled ssDNA (FITC-DNA) in aqueous solution, and the resulting suspension was
stable in water and physiological buffers for at least several days. CHO cells were then
incubated with the FITC-DNA-BNNTs for 12 hours. Fluorescence microscopy revealed
that FITC-DNA-BNNTSs were internalized by the cells in a manner dependent on the
carrier BNNT (Fig. 6.9). In a control experiment, cells treated with FITC-DNA alone,
without a BNNT carrier, showed no significant fluorescence above background (not

shown).
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Figure 6.9. Intracellular delivery of ssDNA using BNNTSs as transporters. BNNTs were
coated with FITC labeled ssDNA via st stacking. CHO cells were incubated with
FITC-DNA-BNNTs for over night. The fluorescence image showed the internalization of
FITC-DNA-BNNTSs. The cell nuclei were blue-stained with a DAPI dye.
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Conclusions

In summary, we have showed that BNNTSs are not cytotoxic, suggesting that their
use in therapeutic or diagnostic applications should be seriously considered.
Furthermore, we demonstrated that BNNTs could be surface functionalized with
bioactive conjugates by non-covalent adsorption. This simple process enabled the
surface display of glycodendrimers, which is capable of interacting with proteins and
cells. The method should facilitate applications of BNNTSs in biosensing and bioimaging
without the limitation imposed by cytotoxicity. More generally, the observed properties

of BNNTSs should increase enthusiasm for their application in nanomedicine.

Materials and methods
Synthesis of BNNTs

The highly pure boron nitride nanotubes were synthesized by a chemical vapor
deposition process. Briefly, a hollow cylinder of pyrolytic boron nitride was filled with
equal molar quantities of MgO and B. Small holes were drilled into the sides of cylinder
and one end of the tube was capped off. A small amount (approx. 20 SCCM) of nitrogen
gas was flowed into the cylinder from the other end via a thin alumina tube. The
assembly was placed in a flowing ammonia atmosphere and heated in a tube furnace to
1200 °C. After 20 minutes, the cylinder was removed from the furnace, and a fine

coating of pure white film was scraped off the exterior of the cylinder, near the small
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exhaust holes. Scanning and transmission electron microscopy reveal the film to be

composed almost entirely of multi-walled boron nitride nanotubes.

SEM and TEM characterization
SEM images were obtained on an FEI Sirion XL 30 SEM operated at 5 keV.
TEM images were obtained on a JEOL 2011 microscope operating at electron energy of

100 keV.

Functionalization of BNNTs with glycodendrimers

In a typical preparation experiment, 0.5 mg of BNNTs were suspended in 5 ml
aqueous glycodendermer solution (0.1%~0.5% in water). The mixture was sonicated
using a water-bath sonicator for 1 hr. First, insoluble materials were removed by
centrifugation at 1,000 x g for 30 min. Then the excess free glycodendrimers were

removed by dialysis against PBS buffer for 24 hours.

Functionalization of BNNTs with DNA

BNNTs were sonicated in a solution of a fluorescently labeled 20-mer
oligonucleotide  (FITC-ATCGATCGATCGATCTATCG; purchased from
Integrated DNA Technologies, IA) for 15 min (DNA concentration 20 uM). The
mixture was centrifuged at 1,000 x g for 30 min, and the resulting suspension was

decanted from insoluble materials.
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Lectin Binding Assays

Lectins, Canavalia ensiformis agglutinin (Con A) conjugated with fluorescein
isothiocyanate (Con A-FITC), and Helix Pomatia agglutinin conjugated with fluorescein
isothiocyanate (HPA-FITC) were obtained from EY-Laboratories. In a typical
experiment, a 1 mL solution of lectin-FITC conjugates (100 pg/mL) in PBS buffer
containing 1 mM Ca”" was added to the suspensions of glycodendrimer-coated BNNTs (1
mL). The reactions were incubated for 1 h at rt in the dark. After incubation, the
solutions were all subjected to dialysis against the buffer for 48 h. The dialyzed solutions
were analyzed at 517 nm using a fluorescence microplate reader (excitation wavelength
492 nm). Fluorescence intensities were corrected for background fluorescence by

subtracting the fluorescence intensities of glycodendrimer-coated BNNTSs alone.

Cell culture conditions

All cell lines were maintained in a 5% CO,, water-saturated atmosphere at 37 °C
and media were supplemented with penicillin (100 unit/mL), streptomycin (0.1 mg/mL)
and 10% FCS unless otherwise indicated. CHO cells were grown in Ham F12 nutrient

mixture. HEK 293 cells were grown in DMEM media.

Cell binding of glycodendrimer-coated BNNTs
CHO Cells were seeded onto glass slides mounted with tissue culture wells (LAB-

TEK) and allowed to adhere for 2 d. The cells were washed 3 times with PBS, and then
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fixed in 3% paraformaldehyde in PBS. After three washes, cells were blocked in PBS
with 1% bovine serum albumin for 20 min, followed by the addition of glycodendrimer-
coated BNNTSs complexed with appropriate lectin-FITC conjugates as described above.
After a 1-h incubation at rt in the dark, the cells were washed 3 times. The cells were
then mounted wusing Vectashield with 4,6-diamidino-2-phenylindole (Vector
Laboratories). A Zeiss Axiovert 200M inverted microscope equipped with a 63 x 1.4 NA
Plan-Apochromat oil immersion lens was employed for imaging. A 175W xenon lamp
housed in a Sutter DG4 illuminator linked to the microscope by an optical fiber assured
shuttering and illumination. Images were acquired using a CoolSNAP HQ CCD camera
(Roper Scientific). Slidebook software (Intelligent Imaging Solutions) was used to

control the microscope and the camera.

Cytotoxicity assays

HEK 293 Cells were incubated with BNNTs (100 ug/mL) for 4 d. In control
experiments, the cells were cultured with MWCNTSs purchased from MER corp. (AZ,
USA) and NanoLab (MA, USA) or with media alone. Cells were washed twice with PBS
and then trypsinized with 0.25% trypsin-EDTA (PBS, pH 7.4), resuspended in media.
The viable cells were counted every day using Trypan blue dye exclusion method.

In parallel, the viability of HEK 293 cells grown with BNNTs was studied by
Annexin V-FITC/PI assay using annexin V-FITC apoptosis detection kit obtained from

BD Biosciences. Cells were cultured with BNNTs (100 ug/mL) for 4 d. In control
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experiments, the cells were cultured media alone. Each day, the cells were washed twice
with cold PBS and then resuspended in 1X binding buffer. 100 uL of the cell suspension
was then transferred to a 5 mL culture tube and 5 uL of Annexin V-FITC and 5 uL of PI
were added. The solution was gently vertexed and incubated for 15 min at rt in the dark.
After incubation, 400 uL of 1X binding buffer was added to each tube. The cells were

then analyzed by flow cytometry.
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Chapter 7: A metabolic oligosaccharide engineering approach towards boron

neutron capture therapy

Introduction

Boron neutron capture therapy (BNCT) is a binary cancer treatment based on the
nuclear reaction that occurs when '°B is irradiated with low energy thermal neutrons to
generate an ( -particle and a lithium-7 ion bearing approximately 2.4 MeV of energy (/,
2). These high linear energy transfer particles are confined in a radius of about 10 um or
the equivalent of approximately one cell diameter, thus affording selective removal of
cancer cells. For BNCT to be successful, a sufficient quantity of boron atoms must be
selectively delivered to cancer cells while the boron concentration in normal cells should
be kept low to minimize the damage to normal tissue. Although a number of delivery
strategies including conjugation of boron drugs to monoclonal antibodies, epidermal
growth factors, and liposomes have been investigated with various degrees of success (3),
selective delivery of boron atoms to tumor cells remains one of the major challenges.

Cancers cells usually exhibit abnormal cell surface glycosylation in the form of
overexpressed naturally occurring oligosaccharides as well as glycoforms that are
normally expressed only during fetal development (4-7). Many tumor-associated
carbohydrate antigens possess the monosaccharide sialic acid, and indeed, the
overexpression of sialic acid has been correlated with the malignant and metastatic

phenotypes in epithelial-derived cancers from gastric, colon, pancreatic, liver, lung,
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prostate, and breast tissue, and in several types of leukemia (8-7/2). The collective
display of multiple sialylated antigens on a tumor cell can result in the presentation of up
to 10 sialic acid residues per cell (/3), and can account for the broad distribution of the
high sialic acid phenotype across many different types of cancers. Therapeutic strategies
that target cells on the basis of sialic acid expression may therefore find broad utility in
cancer therapy.

Here we report a metabolic oligosaccharide engineering approach towards
selective delivery of boron-containing reagents to tumor cells that exploits the intrinsic
differences in sialic acid expression. This approach capitalizes on the substrate
promiscuity of the enzymes in the sialoside biosynthetic pathway, which may allow the

delivery of unnatural sialic acids that bear boron agents into cellular glycans.

Results and discussions

Design and synthesis of carboranyl sialic acid

The unnatural substrate tolerance in the biosynthesis of sialoadies has been
demonstrated by the cellular metabolism of N-acetylmannosamine (ManNAc) analogs
(14, 15) and sialic acid analogs (/6-18) into cell surface sialoglycoconjugates (Scheme
7.1). Various unnatural functional groups such as bioorthogonal chemical reporters have
been introduced into cellular glycans using this technique (/9). On the other hand,

therapeutic applications of metabolic engineering have not been well explored.
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Scheme 7.1. Unnatural ManNAc and sailic acid can be metabolized by cell into cell
surface sialosides. The scheme shows the conversion of ManNAc to cell surface sialic
acid and points of interception with unnatural substrates.
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It was shown that a rate-determine step in the de novo biosynthesis of unnatural
sialic acids was the phosphorylation of ManNAc at the 6-OH by ManNAc¢ 6-kinase (20).
Accordingly, sialic acid analogs have been shown to be more efficient delivery vehicles
and are able to deliver more bulky groups as well (16, 17), probably because of bypassing
the bottleneck enzyme. For example, increasing the length or steric bulk of the N-acyl
side chain of unnatural ManNAc decreased cell surface expression of the corresponding
sialic acids (20), while sialic acid analogs permitted the delivery of bulky groups such as
aryl azide (17, 18). Therefore, we selected sialic acid analogs as the delivery vehicle for
o-carborane (BijoH2C;) (compound 1, Scheme 7.2), a commonly used BNCT agent
moiety (21).

One of the criteria of a successful BNCT treatment is the relatively high amount
of boron concentration required in tumor sites (about 10° boron atoms per cell) (). The
ideal BNCT compounds would carry multiple boron atoms on each molecule. o-
Carborane contains 10 boron atoms and is easily incorporated into organic structures
(21). In addition, the size of carborane, which is approximately 50% larger than the
space occupied by the three-dimensional sweep of a phenyl group (22), should be
compatible with aryl azide. =~ We reasoned that the carboran-cotaining sialic acid analog
should be metabolized into cellular glycoconjugates, given the successful incorporation
of sialic acid analogs containing a C-9 aryl azide (/8). Caborane was installed at the C-9
position of N-acetylneuraminic acid (NeuAc) to give 9-carboranyl-NeuAc (compound 5;

Scheme 7.2). To further improve the metabolic efficiency, compound S was then
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protected as its methyl ester, followed by protecting the hydroxy groups to provide
peracetylated sialic acid analog 6. We hypothesized that carborane expression levels on
cells treated with compound 5 or 6 would mirror intrinsic sialic acid expression levels,

enabling selective delivery of boron atoms to tumor cells with higher sialic acid levels.

o)
® CH BrCH,COONa oH N-hydroxysuccinimide 0_N>>;|
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Scheme 7.2. Synthesis of 9-carboranyl-NeuAc and its protected derivative.
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Evaluation of coboranyl sialic acid analogs in cells

To determine whether cells could use 9-carboranyl-NeuAc in place of NeuAc, we
performed a competition assay with peracetylated N-azidoacetylmannosamine
(AcsManNAz). It has been shown that AcsManNAz is metabolized by cells through
sialic acid biosynthetic pathway to form N-azidoacetylneuraminic acid (SiaNAz), which
is then appended to glycoconjugates that are ultimately expressed on the cell surface (15).
Azides on cell surface can be further elaborated in a chemoselective fashion by
Staudinger ligation, thereby introducing detectable probes onto the cell. For example,
cell surface azides can be labeled with a phophine reagent conjugated to the FLAG
peptide (phosphine-FLAG) (23). Treatment of cells with a FITC-labeled anti-FLAG
antibody enables the analysis of cell surface azide expression by flow cytometry. If
carboranyl sialic acid analogs enter sialic acid biosynthesis pathway, they would compete
for the enzymes in the pathway with AcsManNAz, therefore decreasing cell surface
fluorescence.

AcsManNAz was incubated with Jurkat cells in the presence of increasing
concentration of compound 5. The cells were then subjected to the Staudinger ligation
and treated with FITC anti-FLAG prior flow cytometric analysis. As expected,
compound 5 suppressed cell surface azide expression in a dose dependent manner (Fig.
7.1). Compound 5 addition (20 mM) decreased cell surface fluorescence by 70%,
indicating that carboranyl sialic acid was incorporated into cell surface glycoconjugates.

By comparison, the addition of natural sialic acid had a similar inhibition effect (80%
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decrease by 20 mM), further supporting the hypothesis that the same cellular enzymes
acted on SiaNAz, compound 5, and sialic acid.

To improve the metabolic efficiency of our carborane-containing analog, thus
decreasing the dose requirement for BNCT treatment application, we investigated the
protected derivative. It has been shown previously that protection of polar functional
groups on sugars increased their cellular uptake by permitting passive diffusion through
membranes (/7, 24-26). For example, the fully protected azido sialic acids could be
utilized by cells up to 20-fold more efficiently than their unprotected counterparts (/7).
Therefore, compound 6, the fully protected derivative of 5, was tested for incorporation
into cell surface glycoconjugates via a similar competition assay. As shown in Figure
7.2, compound 6 achieved 70% inhibition at 100 uM, which was about 20-fold more

efficient than compound 5.
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Figure 7.1. Metabolism of AcsManNAz was inhibited with compound 5 and natural
sialic acid. Jurkat cells were incubated with AcsManNAz (20 uM) and various
amounts of compound 5 and sialic acid for three days. Cells were then treated with
phosphine-FLAG (0.25 mM) for 1 h at rt. followed by FITC anti-FLAG and analyzed
by flow cytometry. The fluorescence signal is reported as a percent of the control (the
fluorescence signal from cells incubated with 20 uM Ac4ManNAz alone). Error bars
represent the standard deviation for triplicate experiments.
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Figure 7.2. Metabolism of AcsManNAz was inhibited with compound 6 with 20
fold higher efficiency than its unprotected counterpart. Error bars represent the
standard deviation for triplicate experiments.
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Conclusions

In summary, we have synthesized the carborane-containing sialic acid analogs
and demonstrated their incorporation into cellular glycoconjugates. The results show that
sialic acid derivatives are promising vehicles for the delivery of boron agents. Further
evaluations of this strategy towards BNCT treatment are needed and are currently

undergoing in our laboratory.

Materials and methods
Synthesis of new compounds

All chemical reagents were of analytical grade, obtained from commercial
suppliers and used without further purification. Flash chromatography was performed
using Merck 60A 230-400 mesh silica gel. Analytical TLC was performed on Analtech
Uniplate silica gel plates and visualized by staining with ceric ammonium molybdate or
by absorbance of UV light at 254nm. "HNMR, and ?CNMR spectra were obtained with
Bruker AMX-400 or Bruker DRX-500 MHz spectrometers. 'H and '*C chemical shifts
(8) are reported in parts per million (ppm) referenced to TMS (0 ppm) and were
measured relative to the residual solvent peak. Mass spectra were obtained at the UC
Berkeley Mass Spectrometry Laboratory.

2-Carboranylethanoic  acid  N-hydroxysuccinimide ester (3). 2-
Carboranylethanoic acid (27) (2) (650 mg, 3.2 mmol), N-hydroxysuccinimide (403 mg,

3.5 mmol), and dicyclohexylcarbodiimide (722 mg, 3.5 mmol) were dissolved in
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anhydrous THF (15 mL) at 4 °C. The reaction was warmed up to rt and stirred overnight.
The resulting reaction mixture was filtered to remove the precipitates. The solution was
then concentrated and purified by silica gel chromatography eluting with MeOH:CH,Cl,
(1:20) to give the product (700 mg, 73%). R¢=0.65 (MeOH:CH,Cl, = 1:20). '"H NMR
(CDCls, 500 MHz) 8 4.37 (s, 1 H), 3.54 (s, 2H), 2.85 (s, 4 H), 2.78-1.58 (m, 10 H). "°C
NMR (CDCls, 125 MHz) 6 168.5, 162.6, 66.2, 59.5, 39.1, 25.7. ESI-MS calcd for
CsHi6B1oNO4 [M-H]: m/z 298.3; found 298.3.
5-Acetamido-9-(2-carboranlethanolyl)-3,5,9-trideoxy-D-glyceo-D-galacto-2-
nonulosonic acid (5). To a solution of 9-azido sialic acid (4) (83 mg, 0.25 mmol) in
water (2.75 mL) was added PdO (8.35 mg) and stirred under H, atmosphere with pH
maintained at about 1 by addition of 1M HCI. After 12 h, the reaction was filtered to
remove PdO solid. To the fitrate was added dioxane (4.2 mL), and 3 (100 mg, 0.33
mmol), and the pH was adjusted to about 9.0 by addition of 1M NaOH. The mixture was
stirred for 2 d. The solvent was evaporated and the residue was purified by silica gel
column chromatography eluted with MeOH:CH,Cl, (1:20 to 1:3) to give the product (66
mg, 64%). Ry = 0.40 (MeOH:CH,Cl, = 1:4). ESI-MS calcd for Ci5H3:B10N>,O¢ [M-H]":
m/z 492.4; found 492.4.
2,4,7,8-Tetra-0-acetyl-5-Acetamid0-9-(2-carboranlethanolyl)-3,5,9-trideoxy-

D-glyceo-D-galacto-2-nonulosonic acid-1-methyl ester (6). To a solution of 5 (50 mg,
0.10 mmol) in anhydrous MeOH (2 mL) was added TFA (catalytic, 3 drops) and stirred

under N, atmosphere at rt overnight. The solvent was then evaporated. To the resulting
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residue was added pyridine (2 mL), and acetic anhydride (I mL). The mixture was
stirred at rt overnight. The solvent was evaporated and the residue was purified by
reversed-phase HPLC eluted with a gradient of CH3CN (10%-75%) and H,O to give the
product (22 mg, 32%). ESI-MS calcd for C4Ha3B;oN2O13 [M+H]+: m/z 676.4; found

676.4.

Cell culture conditions
Jurkat cells were grown in RPMI-1640 media supplemented with penicillin (100
unit/mL), streptomycin (0.1 mg/mL), and 10% FCS and maintained in a 5% CO,, water-

saturated atmosphere at 37 °C.

Competition assay

Cells were seeded at a density of about 1.5 x 10° cells/mL and incubated for 3 d
with the compounds indicated. After growth with the presence of the appropriate
monosaccharides, cells were distributed into a 96-well tissue culture plate. The cells
were palleted (3500 rpm, 3min) and washed twice with 200 uL of PBS containing 1%
FCS (labeling buffer). The cells were then treated with phosphine-FLAG (0.25 mM in
labeling buffer) for 1h at rt. After incubation, the cells were palleted, washed three times
with cold labeling buffer and re-suspended in the labeling buffer containing FITC anti-
FLAG (1:900 dilution). After incubation for 30 min at 4 °C, the cells were palleted,

washed twice with cold labeling buffer, and analyzed by flow cytometry.
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