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at various source mass positions revealed source
mass—dependent eddy magnetic fields induced
by the switching of the MOT coils. After we im-
plemented a controlled decrease of the field
(rather than a sudden switch), we no longer saw
a statistically significant dependence on the
transverse position of the source for deviations
as large as 1 cm.

We individually offset other parameters to
values beyond accepted operating characteristics
of the gradiometer, often to the point at which the
interferometer fringe contrast decreased to below
~10% (typical contrast was 25%). These varia-
bles included Doppler sensitive ©t- and n/2-pulse
lengths, position of atoms in the detection probe
beam, detection efficiency, launch angle, off-
resonant Raman light, initial m¢ # O population
(where m; indicates the Zeeman sublevel), scat-
tering from the background Cs vapor, Raman light
intensity, and Raman wavefiont quality. Experi-
ments involved the measurement of the Pb-induced
phase shift for large offsets in each of the above
parameters. At these large offsets, we observed no
systematic dependence on the mass displacement
signal. From these measurements, we inferred that
small drifts of these parameters in time do not con-
tribute systematic offsets in our determination of G.

We looked for systematic effects in our anal-
ysis by varying the analysis procedures and pa-
rameters. For example, we varied the contrast and
outlying phase thresholds used to filter wild
points. In this case, we found that for all sets in
runs 1 and 2, the inferred values for G agreed to
within the statistics. We also studied the effect of
the scaling parameters used within the normal-
ized detection scheme to search for possible bias
(25). Improper normalization resulted in values
for G within statistics, whereas the statistical
uncertainties increased for large deviations from
optimal parameters.

Our demonstrated proof-of-principle mea-
surement of the Newtonian constant of gravity
based on atom interferometric measurement of
gravity-induced phase shifts presents a technique
for the measurement of G not subject to the
known and hidden systematics of previous
measurements. Since the completion of this
work, the experiment of Tino et al. (26) has
begun construction of an atom interferometer
apparatus with the goal of increasing the
sensitivity and decreasing the systematics to
perform a measurement of $G/G = 10,
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Conductance-Controlled Point
Functionalization of Single-Walled

Carbon Nanotubes

Brett R. Goldsmith," John G. Coroneus,? Vaikunth R. Khalap, Alexander A. Kane,*

Gregory A. Weiss, %> Philip G. Collins*

We used covalent attachments to single-walled carbon nanotubes (SWNTs) to fabricate single-
molecule electronic devices. The technique does not rely on submicrometer lithography or precision
mechanical manipulation, but instead uses circuit conductance to monitor and control covalent
attachment to an electrically connected SWNT. Discrete changes in the circuit conductance revealed
chemical processes happening in real time and allowed the SWNT sidewalls to be deterministically
broken, reformed, and conjugated to target species. By controlling the chemistry through
electronically controlled electrochemical potentials, we were able to achieve single chemical
attachments. We routinely functionalized pristine, defect-free SWNTs at one, two, or more sites and
demonstrated three-terminal devices in which a single attachment controls the electronic response.

ovalently linking a single molecule of in-

‘ terest between two electrical conductors
enables the electrical interrogation of that
molecule as it dynamically interacts with the sur-
rounding environment. In practice, however,
working single-molecule devices remain exceed-
ingly difficult to fabricate (/). Successes based on
very small electrode gaps fabricated lithographi-
cally (2), electrically (3, 4), or by scanning probe
techniques (5, 6) generally suffer from low
fabrication throughput; electrical, mechanical, and
chemical instabilities; poorly defined bonding to
the molecule of interest; and, sometimes, inconclu-
sive proof that only a single molecule is addressed.
Single-walled carbon nanotubes (SWNTs)
have several favorable characteristics for building
high-quality, single-molecule devices. Electrical-
ly, they are high-conductivity, one-dimensional
(1D) conductors that can deliver signals to and
from attached molecules. Chemically, SWNTs
have long, inert sidewalls but reactive ends to
which the tools of organic chemistry can co-
valently attach a wide variety of species (7).
Geometrically, SWNTs’ small profile maximizes
access to the target molecule by reagents, op-

tical probes, or electrostatic fields. Many strat-
egies for building functioning, nanometer-scale
circuits have focused on complex manipulation
or high-resolution lithographies (8—11). Guo
et al., for example, have beautifully demon-
strated single-molecule junctions in broken
SWNTs by combining <10-nm lithography with
plasma etching (/7).

Here, we describe an alternative technique
that does not require high-resolution lithography
and is effective for molecules of any size. The
general scheme is to fabricate circuits using in-
dividual SWNTs and then use the SWNT con-
ductance G as a real-time indicator of SWNT
chemical modification. With the use of electro-
chemically driven reactions, the introduction of
functional groups can be electronically con-
trolled and monitored with microsecond tempo-
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ral resolution, so that point functionalization can
be achieved with better than 90% yield.

Our initial experiments were guided by pre-
vious studies on highly oriented pyrolytic graphite

crystals (HOPG), as this surface is analogous to
the SWNT sidewall. The electrochemical oxida-
tion of HOPG is extensively documented, espe-
cially for reactions with strong acids (12). At
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Fig. 1. (A) Schematic of SWNT circuit electrochemical modification. The dynamics of the circuit con-
ductance G during modification differs between electrolytes. CE, counter electrode; RE, reference
electrode; WE, working electrode. (B) In most electrolytes, SWNTs oxidize to an open circuit above an
electrolyte-dependent threshold V; (shaded red) and rarely recover under a reducing potential (shaded
green). (€) In strong acids, reduction results in nearly complete recovery of conductance and the same
SWNT may be redox cycled multiple times. (D) Higher-resolution oxidation (red, lower time scale) and
reduction (blue, upper time scale) traces clarify a fine structure of abrupt jumps among metastable
intermediate values. Three different strong acids shown here exhibit similar behaviors. All data in (C)
and (D) were acquired at 100 kHz. The reduction portions of G in (C) have been scaled up 35% to
adjust for the electrostatic gating that occurs at the reducing potential.

Table 1. SWNT electrochemical oxidation characteristics in different electrolytes.

Electrolyte V; vs. Pt (V)* V7 vs. SCE (V) AVy (V) G/Ginit
HNO; (15.3 M) 0.55 1.6 -0.15 80%
HclO,4 (7.7 M) 0.70 —_ —0.3 90%
H,S0,4 (18.0 M) 0.80 1.5 -0.1 90%
H,S0, (1.0 M) 0.90 1.4 —0.2 80%
H3PO, (14.7 M) 0.90 —_ 0 90%
HBr (9.1 M) 0.95 — 0 30%
HCl (12.1 M) 1.10 1.6 0 60%
H,0 (deionized) 1.25 1.5 0 60%
KMnO,4 (6 mM) 0.70 — — None
CSAt (0.2 M) 1.25 — — None
NH4OH (4.3 M) 1.00 1.4 —_ None
NaOH (2.6 M) 0.70 1.5 _ None

*All errors are +0.10/—0.05 V except for H3PO, (+0.2).
acetonitrile.

TAll errors are +0.1.

1Anhydrous camphorsulfonic acid, in

moderate oxidative potentials, these acids add
delocalized, positive carriers to HOPG; at higher
potentials, however, anions react covalently through
addition to the carbon sheet. This bonding disrupts
the sp® carbon network with sp>-conjugated
carbons, markedly reduces HOPG conductivity,
and ultimately leads to the disintegration of HOPG
into the insulator graphite oxide (12).

Qualitatively similar effects have been re-
ported for bulk SWNTs (/3, 14) but not, to our
knowledge, on single, isolated SWNTSs, perhaps
because of the characterization challenges in-
volved in observing reactions with single- or
few-bond resolution (/5). However, as shown
here, the SWNT’s low-bias conductance G is
sufficiently sensitive to allow detection. Multiple
independent theoretical models have recently
calculated G in the presence of single chemical
defects, vacancies, or adducts, and have predicted
changes (AG) on the order of 50% (16-21). The
remarkable sensitivity of G to small composi-
tional changes arises from the 1D conductance
of SWNTs, which amplifies the effect that a
single sp>-hybridized carbon can have among
10° sp*-hybridized carbons. Below, we demon-
strate the tremendous sensitivity of G and the
potential identification of single-bond chemical
events, and describe the use of different func-
tionalization schemes to selectively tailor the
resulting sites.

The fabrication and electrochemical modifi-
cation of samples is discussed in (22) and fol-
lows our previous reports (23, 24). Briefly,
SWNTs in a narrow diameter range of 1.0 to
1.2 nm are grown by catalyst-assisted chemical
vapor deposition (CVD) on thermally oxidized
Si wafers. After growth, the SWNTs are con-
tacted by multiple metal electrodes fabricated by
optical lithography, and additional lithography is
optionally defined on top of the devices to
protect the metal and metal-SWNT interfaces with
insulating coatings. To prepare them for
controlled oxidation, completed devices are
mounted in an electrochemical cell (23-26)
and contacted by movable probe tips or fixed
wirebonds. Platinum counter and reference
microelectrodes control the liquid potential
(Fig. 1A), although the harsh oxidation
conditions require independent calibration of
the Pt pseudo-reference against a standard
calomel electrode (SCE) in each electrolyte.

The chemical modifications and attachments
described below have been tested using Au, Pd,
Ti, and TiN electrode metals with and without
protective polymethyl methacrylate (PMMA)
coatings over the metal. We have determined
that the electrode metal and the metal-SWNT
interface do not affect the results presented here
(22), so we restrict our attention to Ti electrodes
unless otherwise noted, as these devices are the
least complicated to prepare. The native oxide
of the Ti contact metal is sufficient to suppress
unwanted electrochemical currents without ad-
ditional PMMA insulation or lithography (fig.
S3) (27).

5 JANUARY 2007 VOL 315 SCIENCE www.sciencemag.org



The electrochemical modification of a SWNT
is electrolyte-dependent, and Table 1 summarizes
the electrolytes tested for this report. In every
electrolyte, G is stable across a range of elec-
trochemical potentials, but above an oxidative
threshold Vr, the value of G decreases to zero
(Fig. 1). Oxidation in bases and weak acids
tends to be electrochemically irreversible; Fig. 1B
depicts typical results in H,O, HN4OH, and
nonaqueous camphorsulfonic acid (CSA). On the
other hand, the strong acids H,SO,;, HNOs;,
HCIO,, and H;PO, exhibit a very different be-
havior in which the application of a reductive
potential after oxidation reverses the drop in G
(23). This recovery effectively constitutes a re-
dox cycle of the SWNT sidewall and allows the
same SWNT to be repeatedly cycled (Fig. 1C).
The average degree of recovery is characterized
in Table 1 as a percentage of the pristine SWNT’s
initial Gy, but in general the strong acids all
behave similarly. We find metallic and semi-
conducting SWNTs to have indistinguishable
redox behaviors, perhaps because the liquid gate
is very effective at moving the Fermi level Eg
into the valence band at the large oxidative
potentials used here (25, 26). We also note that
variability in V7 is primarily caused by chemical
instabilities of the Pt microreference, so that
within the experimental error it is a constant
Vr=1.6 £0.1 V versus SCE. This value may
represent the true oxidation threshold of defect-
and edge-free graphene, and as such it slightly
exceeds what can be achieved with high-quality
HOPG (28, 29).

In both reversible and irreversible electrolytes,
the dynamics of the SWNT failure are revealing.
Precisely biased just below the threshold V',
G decreases continuously in time before stabi-
lizing near 0.7Gj,;. More typically, coarse po-
tentiostat control will exceed V', and in this case
G continues its decrease through a complex se-
quence of abrupt, discrete steps. These steps are
most reliably observed in the strong acids (Fig. 1,

C and D). During both oxidation (red) and sub-
sequent reduction (blue), G(7) repeatedly samples
and stabilizes at discrete conductance values,
then jumps among these values in a period equal
to or less than the temporal resolution of the data
(10 ps). The intermediate terraces during oxida-
tion exhibit excellent alignment with those during
reduction, with little indication of anion depen-
dence (19). Although such good alignment is not
observed in every measurement, the reduction
and oxidation traces frequently have similar
numbers of terraces and step heights (AG). The
different time scales used for each trace in Fig.
1D indicate the degree to which the chemical
processes are sensitive to the applied voltages
once a reaction threshold is exceeded.

In either the oxidized or reduced state, no
structural damage was observed on these SWNTs
within the resolution limits of atomic force mi-
croscopy (AFM), and this finding, combined
with the redox reversibility, rules out the pos-
sibility that carbon atoms are being permanently
removed from the SWNT. Instead, we interpret
the changes in G to be indicative of the same
chemistries that occur on HOPG, except am-
plified by the 1D nature of a SWNT. The initial,
continuous changes in G can be attributed to
charge transfer—induced disorder and the dis-
crete steps to covalent oxidation (/2—/4). The
short time required for one step AG to occur and
the long latencies between steps suggest a sto-
chastic process consistent with individual oxi-
dation events; the step heights observed are
consistent with the theoretical predictions for
such events (/6—21). We conclude that each step
likely corresponds to the formation of a single
covalent C-O bond between the SWNT and the
nitrate, sulfate, or other conjugate base, in the
same ways that such anions form adducts with
the HOPG basal plane (/2). The detailed dynam-
ics and metastability in G then likely reflect the
different leaving-group abilities for the elim-
ination reaction.

Fig. 2. (A and B) After a sin-

gle redox cycle, metallic SWNTs
show strong V, dependences.
G(Vy) is flat before oxidation
(black), zero after oxidation (red),
and then semiconductor-like af-
ter reduction (blue). Subsequent
cycles have lesser effects on G,
but flat G(V) curves were never

B 1_2m C
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= Reduced
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ITT El?

o o
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/

recovered. It is also common for
the G recovery to be incomplete
in metallic SWNTs (B). (C) A com-
posite of AFM topography in
grayscale and SGM in red iden-
tifies a local region responsible
for the gate sensitivity of the de-
vice in (A). (D) Proposed chem-
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ical process for HNOs oxidation
and reduction, in which the

oxidation

reduction

redox cycle is not fully reversible but instead leaves behind a C-OH or C-O-C residue. The latter has sp?

conjugation and restores the SWNT conductivity.

REPORTS I

Despite the apparent reversibility of the cy-
cling, multiple redox cycles on the same SWNT
result in both random and gradual degradation,
even in the best electrolytes. For example, Fig.
1C shows a 20% degradation after five redox
cycles in HNO;. We have extensively studied
SWNTs before and after single redox cycles and
have identified the cause of this degradation:
Residual SWNT modifications remain even when
G recovers to >0.9G;,;.. The first indication of this
residual damage is a small, one-time threshold
reduction AV that occurs between the first and all
subsequent redox cycles. This shift indicates that
subsequent oxidation can take advantage of some
residual disorder and/or enhanced reactivity.

Second, we observe a substantial change in
the electronic behavior of every metallic SWNT
measured. Normally, the G of a metallic SWNT
is insensitive to a nearby gate electrode biased at
voltage V,. As shown in Fig. 2, A and B, single
redox cycles electronically alter metallic SWNTs
and make them gate-sensitive. Experimentally
and theoretically, it has been established (30-32)
that a point defect embedded in a metallic
SWNT can cause this V, modulation.

Third, we have used scanning probe tech-
niques to investigate SWNTs before and after
redox cycling. Although the residual disorder is
topologically invisible, scanning gate microsco-
py (SGM) and Kelvin force microscopy (KFM)
can resolve it (33). SGM is a technique in which
V, is locally applied with an AFM cantilever to a
small region of a SWNT. The resulting map of G
(V) spatially identifies any SWNT regions that
contribute to gate sensitivity. Figure 2C is an
AFM image of a metallic SWNT and, in false
color, its SGM map showing a V,-sensitive site
added by redox cycling. We observe the introduc-
tion of similar sites to semiconducting SWNTSs,
although in this case the change in G(V,) is
naturally smaller than in Fig. 2A. Finally, we
observe that annealing the redox-cycled samples
(400°C in vacuum or N,) fully restores both the
initial G(V;,) and the oxidation threshold V7.

We conclude that electrochemical reduction
does not return a SWNT to its pristine chemical
state, despite the near-perfect recovery in G.
Instead, reduction further alters the SWNT’s
chemical state at one or more sites. Because of
the limited active area, we have been unable to
directly detect the resulting chemical function-
alities by common optical spectroscopies, but
identical acid oxidation produces adducts such
as hydroxides, epoxides, and ethers on HOPG
and bulk SWNTs (/2-14). Of these, divalent
ethers are a particularly attractive candidate for
the redox-cycled SWNTSs because they have been
predicted to minimally affect G (21, 34, 35).
Whereas other functionalities produce sp> hybrid-
izations, the ethers have sp” carbons that only
weakly scatter free carriers. Figure 2D outlines a
scheme adopted from HOPG in which a strong
acid oxidizes the SWNT sidewall and, upon
subsequent reduction, leaves behind the ether
functionalization.

www.sciencemag.org SCIENCE VOL 315 5 JANUARY 2007
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Regardless of the exact chemical pathway,
the residual sites provide a chemical handle for
further sidewall functionalization. Additional

reactions can be promoted on either the oxidized
or reduced SWNTs. However, the stochastic
nature of the original damage means that these

10
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Fig. 3. (A) G(V;) for a quasi-metallic SWNT electrochemically oxidized and exposed to KMnO, (red). The
additional KMnO, oxidation permanently damages the SWNT, so that even thermal annealing does not
fully recover G (blue). (B) A composite of AFM topography (grayscale) and SGM (red) identifies the
region responsible for the enhanced gate sensitivity of an oxidized SWNT. (C) KFM imaging shows that
most of the potential applied across the SWNT is dropped across this gate-sensitive region. (D) Selective
electrodeposition of Ni identifies this site as more chemically reactive than the rest of the SWNT. Scale
bar, 500 nm. (E) A similar experiment on a semiconducting SWNT in which the device is open-circuited
before Ni deposition and conducting afterward (green). G(V;) reflects the SWNT band structure as well as
the extra resistance associated with the Ni-coated, oxidized region. Inset shows corresponding current-
voltage characteristics.
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Fig. 4. (A) Scanning electron micrographs of SWNT devices incubated with streptavidin after controlled
oxidation. Streptavidin covalently binds to each oxidation site, which has been activated by treatment with
EDC and NHS. Nonspecific adsorption is minimized by a polysorbate surfactant. Each SWNT is visible
because it is a conductor sitting on an insulating surface; the proteins are not visible but are labeled with
20-nm Au particles for imaging. Scale bar, 500 nm. (B and C) G(I/,) curves at each stage in the chemical
treatment show the pristine (black curves), oxidized (red), and protein-conjugated (green) chemical states,
with a substantial recovery in conductance upon successful conjugation. (D and E) The corresponding
current-voltage curves show decidedly nonlinear behaviors. Note that the high-conductance states (black,
blue) and the oxidized, low-conductance state (red) overlap the graphs’ axes. Thermal annealing of the
samples does not fully recover any of the conjugated SWNT devices (blue curves).

reactions will tailor a very limited number of
functionally active sites. Thanks to the sensitiv-
ity of G, electronic triggering can give ready
control over the degree of covalent oxidation,
and the electrolyte used can provide flexible
control over the functional adducts.

For example, further oxidation of SWNTs
has been tested in aqueous KMnO, (6.5 mM).
Pristine SWNT devices are unaffected when
exposed to KMnOQ,. Furthermore, performing a
single oxidation-reduction cycle in acid is
usually insufficient to make a SWNT reactive
with KMnO,. Alternatively, SWNTs that have
been oxidized but not reduced are irreversibly
changed by exposure to KMnO, for 30 s. These
devices do not conduct at low bias, even after
electrochemical reduction, and thermal annealing
only partially recovers the device characteristics.
Careful examination of G(?) traces acquired be-
fore, during, and after KMnO, application can
prevent accidental reduction before KMnO,
reaction. Figure 3A shows a typical G(V) char-
acteristic of a metallic SWNT before modifica-
tion, after acid and KMnQO, oxidation, and then
after thermal annealing. The new gate sensi-
tivity in the device can be mapped by SGM to
a local region of the SWNT sidewall (Fig. 3B).
The complementary technique of KFM, in
which the electrostatic potential of the SWNT
is mapped, shows a potential drop in the same
region (Fig. 3C).

We have also performed selective electro-
chemical deposition, a technique specially de-
signed to label point defects on the basis of their
enhanced reactivity (24). Pristine SWNTs found
to have no electrochemically active sites were
routinely labeled by selective Ni deposition after a
redox cycle, and this labeling usually occurred at
a single site (22). More remarkably, Ni could be
deposited on open-circuit SWNTSs that had been
oxidized with KMnO,. In this case, the Ni deposit
is not only visible (Fig. 3D) but also reconnects
the electrical circuit. Figure 3E shows G(Vy)
electrical characterization of a semiconducting
SWNT before and after oxidation and then after
Ni deposition. The oxidation decreases G by a
factor of 1000, producing a characteristic behav-
ior similar to gap tunneling (23). Nickel deposi-
tion closes this tunneling gap (but does not
affect the SWNTs’ semiconducting band struc-
ture) to reproduce the initial G(V,) behavior but
with a higher on-state resistance. Kept in air,
these devices become insulating again as the Ni
deposition oxidizes, but storage in vacuum sta-
bilizes the electrical characteristics indefinitely.

The electrochemical and scanning probe tech-
niques have resolution limits of 5 and 50 nm,
respectively, and cannot distinguish between
single- and multiple-bond disruptions to the
SWNT, but they do rule out randomly distrib-
uted or widely spaced damage. Furthermore, the
presence of an oxygen-containing functionality
is virtually certain, given that Ni deposition pro-
ceeds with nearly 100% yield. Reactions with
higher chemoselectivity are required to achieve

5 JANUARY 2007 VOL 315 SCIENCE www.sciencemag.org



higher resolution and further discriminate among
possible chemical modifications.

For example, the highly chemoselective ac-
tivation of carboxyl groups by treatment with
N-ethyl-N'-(3-dimethyl aminopropyl) carbodii-
mide (EDC) and N-hydroxysuccinimide (NHS)
is used to attach proteins to carboxy-terminated
surfaces via amide linkages (36). In a third series
of chemical experiments, redox-cycled SWNTs
were treated with EDC and NHS in an attempt to
covalently link Au-labeled streptavidin to SWNT
carboxyls (37). Only one attachment was ob-
served on 10 redox-cycled SWNT devices, which
shows that the acid treatment does not generally
produce sidewall carboxy groups. This result is in
agreement with our speculation that ethers are the
dominant residual functionality. However, four of
nine devices showed protein attachments when
additional KMnQO, oxidation was added to the
procedure. KMnOj readily converts hydroxides to
carboxy groups, so we can conclude with some
certainty that the electronic maps in Fig. 3, B and
C, are related to carboxy-functionalized sites.

Figure 4A and fig. SSA show scanning elec-
tron micrographs of successful protein attach-
ments. In each image, a single streptavidin-coated
Au particle is integrated into a functioning
SWNT device. Electrical characterization of
these devices shows that each circuit is insulat-
ing immediately before streptavidin attachment
but conducting afterward (Fig. 4, B to E). G is
critically dependent on the presence of the
protein, just as in the case of the Ni decorations,
even though the current does not flow through
the entire protein or gold particle per se. As in
Fig. 3E, the measured G reflects the series com-
bination of SWNT band structure and protein-
linked oxidation gaps, and these devices could

exhibit strong biosensitivity, as previously shown
for noncovalently coated SWNTs (38).

The usefulness of G to monitor and control
chemistry in situ and in real time arises from its
sensitivity to a few single-bond redox events.
Paradoxically, SWNT devices never drop directly
to G = 0 without intermediate steps and terraces,
and questions remain regarding the exact nature
of these terraces. Additional experiments may
distinguish among intermediate chemical states,
oxidation cascades among neighboring carbon
atoms, or other possible mechanisms.
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Counting Low—Copy Number
Proteins in a Single Cell

Bo Huang,™* Hongkai Wu,'t Devaki Bhaya,? Arthur Grossman,? Sebastien Granier,?

Brian K. Kobilka,® Richard N. Zaret

We have designed a microfluidic device in which we can manipulate, lyse, label, separate, and
quantify the protein contents of a single cell using single-molecule fluorescence counting. Generic
labeling of proteins is achieved through fluorescent-antibody binding. The use of cylindrical
optics enables high-efficiency (=60%) counting of molecules in micrometer-sized channels. We
used this microfluidic device to quantify B, adrenergic receptors expressed in insect cells (SF9). We
also analyzed phycobiliprotein contents in individual cyanobacterial cells (Synechococcus sp.

PCC 7942) and observed marked differences in the levels of specific complexes in cell populations
that were grown under nitrogen-depleted conditions.

ingle-cell analysis has become a highly
attractive tool for investigating cellular
contents (/). Unlike conventional methods
that are performed with large cell populations, this
technology avoids the loss of information asso-
ciated with ensemble averaging. Recent studies
have described methods that can quantify specific
proteins inside a single cell (2—4) by means of

integrated fluorescence (including confocal micros-
copy, flow cytometry, and monitoring fluorescent
enzymatic products) and, in another instance (J),
by single-molecule imaging. These techniques
restrict analysis to one or perhaps a few species at
a time because of the need to resolve fluorescence
from different probes. Moreover, their applications
are limited in the cases where the cell environment

changes the fluorescence of the reporter molecule
(e.g., through quenching or resonance energy
transfer) or where endogenous fluorescence inter-
feres with the measurements.

We present a different approach based on
manipulating, capturing, and lysing a single cell,
followed by chemical separation and analysis of
the lysate. This approach sacrifices the possibil-
ity of monitoring live cells but gains the ability
to quantify multiple targets that cannot be
distinguished by fluorescence properties alone.
Recent achievements—including the analysis of
DNA (6), amino acid profiles (7), and protein
fingerprints (8)—use either a capillary or a mi-
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E R RAT U M Post date 21 December 2007

Reports: “Conductance-controlled point functionalization of single-walled carbon nan-
otubes” by B. R. Goldsmith et al. (5 January 2007, p. 77). The horizontal axis in Fig. 1C
should have included breaks to indicate that the five redox cycles were not performed con-
tinuously. A corrrected version is shown below. The caption should conclude, “The reduction
portions of G in (C) have been scaled up by 1.32 + 0.10 to adjust for the electrostatic gat-
ing that occurs at the reducing potential.” To clarify these corrections, raw data underlying
Fig. 1C has been added to the revised Supporting Online Material, accompanied by a com-
plete description of the processing. The caption for Fig. 2C should read, “A composite of
AFM topography in grayscale and SGM in red identifies a local region responsible for the
gate sensitivity of a device like (A).” The Supporting Online Material has also been cor-
rected to state, “Figs. 3D and S4 depict three different chemical configurations: H,SO, oxi-
dation, Ni deposition, unpassivated Ti electrodes (Fig. 3D); H,0 oxidation, Ni deposition,
unpassivated Ti electrodes (Fig. S4A); H,0 oxidation, Pd deposition, unpassivated TiN elec-
trodes (Fig. S4B)” (p. S11). The authors apologize that these errors were incorporated dur-
ing manuscript revision but note that they do not affect the results or conclusions of the

paper.
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