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Abstract

Precise delivery of molecular doses of biologically active chemicals to a pre-specified single cell
among many, or a specific sub-cellular location, is still a largely unmet challenge hampering our
understanding of cell biology. Overcoming this could allow unprecedented levels of cell
manipulation and targeted intervention. Here, we show that gold nanowires conjugated with
cytokine, such as tumour necrosis factor-alpha (TNFa), can be transported along any prescribed
trajectory or orientation using electrophoretic and dielectrophoretic forces to a specific location
with subcellular resolution. The nanowire, 6 um long and 300 nm in diameter, delivered the
cytokine and activated canonical nuclear factor-kappaB signaling in a single cell. Combined
computational modeling and experimentation indicated that cell stimulation was highly localized
to the nanowire vicinity. This targeted delivery method has profound implications for controlling
signaling events on the single cell level.

Cells communicate via highly localized signals that are secreted by neighboring cells or
transmitted via direct cell-cell contact 1-3. Understanding these processes in natural and
model experimental systems demands highly precise signal delivery with sub-cellular
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resolution. Recently, photoactivated release of caged molecules and photoactivation of
biological molecules have helped to understand the local function of small signaling
messengers (such as Ca%* and cyclic adenosine monophosphate) and larger signaling
proteins “—°. However, photoactivatable substrates rely on chemistry that is highly specific
to the molecule of interest, and require considerable optimization efforts. Microfluidic
systems also affords precise delivery by allowing a sharp gradient of stimulant molecules to
flow over target cells, but suffer from the adverse effects of flow-induced shear stress .
Moreover, the sharp gradient selectively stimulates only a small fraction of cells, leaving the
majority of cells either fully stimulated or completely unstimulated.

Here we show that nanowires functionalized with molecular signals can deliver the payload
to a pre-specified cell with subcellular resolution, without the use of specialized chemistry
or continuous fluid flow. Because of their pronounced aspect ratio, nanowires have sizable
and predictable dipole moments that can be manipulated by electric fields. Recently, we
showed that by applying a combination of alternating and constant electric fields applied via
lithographically patterned electrodes, nanowires can be moved along any arbitrary trajectory
with speeds up to 50 pm/sec and positioned at an arbitrary location with a precision better
than 300nm 19-13, The alternating fields controlled the nanowire orientation while the
constant fields controlled the direction of translation. Using this method (called ‘electric
tweezers’), we now show that nanowires functionalized with the TNFa cytokine can target
and deliver the payload to single cells among many. This cytokine has a small spatial range
of action in vivo, since avoiding broad systemic action is essential for the prevention of
potentially lethal complications, such as septic shock !4. Thus, it is of considerable
biological and clinical significance to deliver TNF a in a localized manner and determine
the ensuing signaling response.

Nanowire fabrication and manipulation by electric fields

We fabricated gold nanowires by electrodeposition through nanoporous templates

yielding cylindrically shaped particles 300 nm in diameter and 6 um long. We used
nanowires of this size to facilitate the observation of their motion by optical microscopy,
even though we have successfully manipulated nanowires of far smaller sizes !!.
Nonetheless, the nanowires are far smaller than most eukaryotic cells (cf. 10 ym
characteristic diameter for mammalian cells) enabling sub-cellular delivery resolution and
facilitating transport through aqueous solutions (cf. equivalent Stokes diameter of 1.25 um,
see Methods). Their large 1:20 aspect ratio also allows precise manipulation using electrical
fields 1013, In this study, we increased the hydrophobicity of the nanowire !¢ by coating it
with 1-dodecanethiol, thereby enabling hydrophobic surface mediated adsorption of TNFa
from a concentrated solution (Fig. 1a). The adsorption of TNFa was confirmed by using
rhodamine-conjugated TNFa (Fig. 1b). We note that the gold composition of the nanowires
also allows surface functionalization using alternative techniques, enabling delivery of a
wide variety of substances other than TNF a, as needed.

The isoelectric point of TNF a is 5.3, making it weakly negatively charged at neutral pH !7.
Thus, TNF a coating of the neutrally charged Au nanowires confers a negative charge in
most cell growth media and isotonic buffers, enabling manipulation by electric fields. In a
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constant electric field Epc, a nanowire with charge g experiences an electrophoretic force of
gEpc. Thus, the motion of a nanowire can be dictated by two sets of parallel electrodes (Fig.
1d) that provide uniform electric fields in the X and the Y directions. By controlling the
magnitude and duration of the two electric field components, a nanowire can be compelled
to move along any prescribed trajectory within the region bounded by the electrodes. Under
an alternating non-uniform electric field Epc a nanowire can be subjected to a
dielectrophoretic (DEP) force, although if the applied Eac is uniform, as is the case between
parallel electrodes, no DEP force is generated. However, the nanowire can still be subjected
to a torque p X Eac, exerted on the induced electric dipole p, aligning the nanowires in the
direction of Eac. Thus, simultaneously applying a uniform Eac and a uniform Epc enables
transport of a nanowire in a prescribed direction or along a complex trajectory with a
specific orientation (Fig. le and Supplementary Movie 1). The speed of nanowire movement
is proportional to |[Epc|, which for fixed electrodes was proportional to the applied voltage
(Fig. 1f), in agreement with our previous work !0, This enabled user-controlled velocities as
high as 22 um/sec at the voltage of about 3 V, from which we estimated by the
Smoluchowski equation that the zeta potential of the nanowires is 69 mV !8. We note that
since, at low Reynolds numbers, both the zeta potential and opposing viscous forces
primarily scale with the nanowire length but not diameter, we expect that nanowires with
smaller diameters or lengths can be manipulated with electric fields of similar strength.
These results indicated that functionalized nanowires could indeed be transported to a
specific location with a high degree of precision.

To test whether the controlled transport of functionalized nanowires could enable delivery of
immobilized TNFa to pre-specified cells or subcellular locations, we created wells for cell
culture by placing a piece of polydimethylsiloxane (PDMS) with open chambers over the
operating areas and surrounding electrodes (Fig. 1d). Following overnight culturing of HeLa
cells in the chambers, the culture medium was temporarily replaced by a DEP medium !9 to
allow electric control of nanowire movement. DEP medium is a non-ionic isoosmotic
solution with small dielectric screening effect, so that the nanowires can be effectively
manipulated onto specific live cells by electric fields !°. The electric field conditions used to
manipulate the nanowires (maximum field of 24V/mm for 2 min.) did not damage the
cultured cells. Live/dead cell staining (Fig. 2a) showed that six hours after applying the
electric field most cells in the culture area were viable (green) while dead cells (red) were
confined to the area immediately adjacent to the electrodes, suggesting that the chosen
conditions for nanowire manipulation were compatible with live cell experimentation.

To demonstrate that a single functionalized nanowire could indeed be transported onto a
target cell using the electric field control, we selected a nanowire of interest in suspension,
then applied a combination of AC (10 MHz, 5V) and DC (2V) electric fields, applied
sequentially in the X and Y directions. Correspondingly, as it was gradually settling in the
solution, the selected nanowire was aligned and transported in one direction, turned, and was
transported in another direction before finally resting on the membrane of the cell (Fig. 2b,
Supplementary Movie 2). The manipulation has submicron-level precision, so that a single
nanowire could be maneuvered and reoriented over the cell surface in the span of a single
cell, demonstrating the ability to target specific parts of the cell as desired (Fig. 2c,
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Supplementary Movie 3). We found that the delivered nanowires adhered to the cell surface
and did not move when electric fields were applied at the strength used to move the
nanowires in solution. This property enabled us to sequentially transport one (Fig. 2d), two
(Fig. 2e), and three (Fig. 2f) TNFa carrying nanowires onto the same pre-selected cell, by
rapidly moving them from different locations in the nanowire suspension to the cell surface.
Sequential transport of nanowires enables control over the amount of stimulant delivered to
a cell, and more advantageously, enables the delivery of different stimuli at different times
to the same cell or to neighboring cells.

NF-xB signaling dynamics induced by TNF-conjugated nanowires

Canonically, TNFa exercises its cellular effects through NF-xB 20, a transcription factor
normally kept in the cytosol through binding to inhibitory anchor proteins. NF-kB is
released from the inhibitory proteins following TNFa receptor activation and translocates to
the nucleus with complex kinetics 2. Thus, visualizing the location of NF-xB can assist in
the detection and analysis of TNFa signaling, such as cell signaling resulting from precise
delivery of TNFa to cells via nanowires. We first visualized the translocation of NF-xB by
immunocytochemical staining of p65, a subunit of NF-kB, following stimulation with
10ng/mL TNFa dissolved in the cell medium (an example of nuclear translocation
visualized in this way is shown in Fig. Sb—compare the leftmost and rightmost panels). We
observed NF-xB pathway activation kinetics commonly found in other cells types at this
cytokine dose 2!: a rise to a peak at approximately 30 min. post-exposure, a drop to a trough
at approximately 60 min. and then recovery to an intermediate level of a more persistent

plateau (Fig. 3a, red squares).

We next examined NF-kB activation kinetics in cells stimulated with nanowires
functionalized with TNFa. We incubated the cells with a 2-3mm thick solution of the
nanowires, adjusting the concentration so that each cell was exposed to approximately 1-2
nanowires (Fig. 3b). For this cell medium height, direct microscopic observation indicated
that nanowire sedimentation onto the cells was complete within 2 min., ensuring that cells
were essentially simultaneously exposed to the nanowires as compared to the characteristic
time of the NF-kB activation response determined above. When on the surface of the cells,
the nanowires were not internalized and remained on the surface for at least 3 hrs, as
determined by scanning electron microscopy and focused ion beam cross-sectioning
(Supplementary Fig. 1). Immunocytochemical analysis of the response to TNFa delivered
by nanowires showed that, in contrast to stimulation by TNFa dissolved in the medium, the
NF-kB response was monophasic consisting of a single response peak with residual low
level stimulation at 3 hrs. post-stimulus (Fig. 3a, blue circles). We confirmed the
monophasic kinetics by examining NF-kB translocation in live HeL a cells expressing p65-
GFP (Fig. 3a magenta circles, Fig. 3c-h, Supplementary Movie 4). On the other hand,
stimulation with bare nanowires not carrying the adsorbed TNFa yielded no detectable
response (Fig. 3a, black circles), demonstrating the specific role of the adsorbed TNFa.

The differences in the NF-xB dynamics in response to TNFa adsorbed on the nanowires
versus TNFa dissolved in the medium indicated altered kinetics of TNFa availability in the
cell microenvironment. Indeed, if the primary cell surface receptors that are stimulated are
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those in contact with the nanowire, desorption of TNFa from the nanowires is expected to
cause the amount of TNFa on the nanowire, and thus local cell stimulation, to decline in
time. However, it is also possible that TNFa might diffuse to the cells from multiple
nanowires through first enriching the cell supernatant, in which case the available TNFa and
cell stimulation would increase in time. To distinguish these possibilities, we employed our
extensive and experimentally validated computational model of the TNFa-mediated NF-xB
activation 2!, 22 in order to predict the TNFa, input into the NF-xB pathway during nanowire
stimulation that would trigger the observed NF-kB activation profile.

First, we demonstrated that the model can recapitulate the biphasic response to TNFa
dissolved in the cell medium (orange curve in Figs. 4a, 4b and Supplementary Fig. 2),
confirming the model applicability. Then, we considered the case in which the available
TNFa increases in time, i.e., non-local cell stimulation through the supernatant. In the case
of simple first-order desorption kinetics, we expect that the concentration of TNFa in the
bulk medium to exponentially saturate 23 according to the form c(f) = ¢, [1 — exp(~t/t,5)] (¢
> 0) where c,, is the limiting concentration and ¢, determines the rate of increase. We found
that varying either of these two parameters simultaneously altered all three output features
(Supplementary Fig. 2). We were unable to obtain a satisfactory fit due to a tradeoff between
fitting the timing of the response peak and fitting the amplitude of the residual activity,
suggesting that the observed dynamics are inconsistent with time-increasing delivery of
desorbed TNFa via the bulk medium. Next, we examined whether the observed NF-xB
dynamics could be explained by effective TNFa concentrations that decrease in time, i.e.
due to localized cell stimulation. For this case, we tested inputs of the form c(7) = u(f) c,;
exp(—t/t,s). The unit step function u(?) represents a sudden rise to an effective initial
concentration of ¢,y due to direct nanowire contact, followed by an exponential drop due to
TNFa desorption and loss to the bulk medium at a rate determined by the time constant #,,.
This family of input profiles produced excellent fits to the observed dynamics, with ¢,
dictating the timing, and to a lesser degree, the amplitude of the NF-«xB activation peak (Fig.
4a), and ¢, determining the residual activation levels (Fig. 4b). We found that the profile
with #,, = 2.00 hrs and and c,; = 250 pg/mL (green curve in Fig. 4a and 4b) provided the
optimal least squares fit to the experimental data (magenta circles in Fig. 4a and 4b). These
results thus strongly suggested cell activation via local TNFa release from nanowires.

To test the predictions of the computational analysis, we measured TNFa desorption
dynamics by performing an enzyme-linked immunosorbent assay (ELISA) to determine the
concentration of TNFa released into the supernatant of a solution of nanowires. We
observed a gradually increasing concentration profile (Fig. 4c) resulting from a concentrated
solution of nanowires (i.e., 5-fold more concentrated than that used in the live cell
experiments). The profile fit well to exponential release of TNFa from the nanowires of the
form ¢ = ¢, [1 — exp(-t/t,)], where the terminal TNFa concentration of ¢, = 47.3 pg/ml and
time constant of 7, = 1.87 + 0.31 hr gave the best fit. Moreover, the correspondence, within
measurement error, of the measured 7, = 1.87 hr and predicted 7,,; = 2.00 hr reinforced the
conclusion of the computational analysis. That is, cell stimulation is governed by the local
TNFa concentration that gradually decreases due to desorption, rather than by an increasing
TNFa concentration in the nanowire supernatant. This conclusion was further supported by
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comparison of the maximum (steady state) TNFa concentration released from the nanowires
into the solution of ~10 pg/ml (i.e., 1/5 of ¢,) versus the estimated maximum concentration
in the nanowire vicinity of c¢,; = 250 pg/ml.

Localized cell stimulation by TNF-conjugated nanowires

Given the highly local nature of nanowire-based stimulation, we tested whether cells could
be stimulated in an addressable fashion. Using live HeLa cells transfected to express p65-
GFP, we observed NF-kB translocation in cells in contact with nanowires but not in adjacent
cells that were not in contact with nanowires (Fig. 5a, Supplementary Movies 5 and 6). We
conclude that stimulation from TNFa coated nanowires is highly localized and that the
presence or absence of nanowires can be used to selectively stimulate a single cell among
many.

Finally, we measured the nanowire dose response by exposing wildtype cells to no
nanowires, a dilute solution of nanowires (~200,000 nanowires/ml, corresponding to ~0.3
nanowires/cell), or a concentrated solution (~1,000,000 nanowires/ml, corresponding to ~1.5
nanowires/cell). Using immunocytochemistry to measure nuclear NF-xB translocation in a
high throughput not achievable by live cell imaging, we found that following 45 min.
nanowire stimulation (Fig. 5b) the average cell response correlated with the dose of
nanowires (Fig. 5¢), suggesting that the amplitude of NF-«B signaling in single cells may be
controlled via the number of delivered nanowires.

Conclusions

Living cells are exquisitely sensitive to changes in their immediate chemical and mechanical
environment 24-26, We showed that such sensitive responses can be elicited by cytokine-
carrying nanowires, whose movement and orientation can be precisely controlled by electric
fields. As few as a single TNF-conjugated nanowire was sufficient to stimulate NF-xB
translocation in a single cell, in a manner consistent with modeling predictions for highly
localized TNFa delivery. Given the unusual dynamics of the signaling events, it is of
interest to contrast these results with in vivo cell stimulation by TNFa. In vivo, TNFa is
released by TACE/ADAM17 or other proteolytic enzymes from the cell surface of
macrophages responding to the presence of infectious agents 27. The amount of TNFa,
released thus is likely a function of the cytokine available on the cell surface, generating
kinetics of release that might be qualitatively similar to the kinetics of desorption from
nanowires, since in both cases the amount released at a given time is determined by the rate
of release and the amount still available on the cell or nanowire surface. Therefore, the
nanowire-based delivery might approximate in vivo stimulation better than the usually used
persistent cell stimulation. Interestingly, our results suggest that TNFa-based
communication between macrophages and target cells could be extremely localized,
involving close apposition of cells delivering and receiving the signal. Conversely,
widespread TNFa signaling resulting from TNFa diffusion over multiple cell diameters may
require a considerable number of macrophages, and may also be limited through other
mechanisms 4. Our results further suggest that the long-term cell response, which affects
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expression of late response genes controlled by NF-kB 2!, might be primarily a function of
the rate of TNFa secretion rather than the number of signaling macrophages.

Finally, we note that adsorption, a simple method to immoblize proteins, confers an electric
charge to nanowires and enables electric fields to move the nanowires at high speeds and
deliver the biological signals to cells with high precision. Due to the considerable flexibility
of Au surface chemistry, a multitude of other immobilization methods can be easily
explored, including photoactivatable release of immobilized molecules from the nanowire,
to vary the nature and timing of the substances delivered from a single nanowire or on a set
of sequentially delivered nanowires. Combining these functionalities can permit both
stimulation at the cell surface and intracellular stimulation via nanowire penetration into live
cells 28, 29, in a single experiment. Such nanowire-delivered agents can facilitate sub-
cellular level of control of cell function, including cell polarization and movement. Thus, we
anticipate that this technique will find extensive use in the cell biology and bioengineering
areas, and affect how biologically active compounds are delivered to cells and cell groups in

various in vitro and in vivo settings.

Nanowire preparation and functionalization

The Au nanowires were fabricated by electrodeposition into nanoporous alumina templates
in a three-electrode set up 0. A thick Cu layer (~ 2 um) sputtered at the back of the template
served as the working electrode, Ag/AgCl served as a reference electrode, and a Pt mesh
served as counter electrode. A DC voltage of —1V with reference to the Ag/AgCl was
applied on the working electrode to reduce Au ions in the solution into Au metal inside the
nanopores of the template. The size of the nanopores defined the diameter of the nanowires,
whereas the length of the nanowires was controlled by the amount of total electrical charge
passing through the circuit. After the electrodeposition, the nanowires were released in a 2M
NaOH solution followed by two cycles of sonication and centrifugation in ethanol and
deionized (DI) water. The nanowires were then dispersed and re-suspended in solutions such
as DI water.

The suspended Au nanowires were conjugated with TNFa protein (Invitrogen) by
hydrophobic interaction. First, the Au nanowire surface was functionalized and made
hydrophobic by incubation in 5 mM 1-dodecanethiol (98%, Alfa Aesar Inc.) ethanol
solution overnight. After centrifugation and resuspension twice in ethanol, once in DI water,
and once in phosphate buffered saline (PBS), the nanowires were incubated in 10ng/ml
TNFa in PBS solution for 3—4 hours at 4°C. The excess TNFa on the nanowires and in
solution was washed away by the PBS solution. Protein adsorption was measured using
nanowires prepared in a similar fashion, but incubated in a solution of TNFa labeled with
rhodamine (labeling kit from Thermo Fisher Scientific).

Device fabrication and operation for nanowire manipulation

Detailed procedures for device fabrication and operation for manipulating nanowires can be
found in our previous work 10, In brief, the microelectrodes used to manipulate nanowires
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were fabricated by standard photolithography. A thin chromium (Cr) layer (typically 20
nanometers thick) was first deposited on a glass substrate as the adhesion layer, followed by
the deposition of a gold (Au) layer of 120 nanometers. S1813 photoresist was used to
transfer the electrode patterns onto a transparent mask (CAD/Art Services, Inc.) then to the
metal layer. After the development of the photoresist, the Cr/Au layers were etched by their
respective chemical etchants. Electric voltages were applied to these microelectrodes
through custom designed circuits, which controlled the duration and sequence of the applied
electric fields. A slab of polydimethylsiloxane (Sylgard 184, Corning) with ~Smm holes was
placed over the glass to form a well to enable cell culture in the nanowire manipulating area.
Finally, the area was coated with 10ug/ml of fibronectin (Sigma) for cell adhesion.

Computational modeling of TNF-induced NF-xB dynamics

We simulated NF-kB activation dynamics using the ‘consensus’ version of our
computational model of the TNF-NF-«B signaling pathway 22. The backbone of this version
is our original model of the pathway 2! augmented with IixBp- and IxBe-mediated negative
feedback 3! and a coarse-grained description of TNF-induced IKK activation !4, The
‘consensus’ model is capable of recapitulating a wide variety of NF-xB dynamics in
wildtype cells and cells deficient in one or more IxB isoforms in response to various
durations of TNFq stimulation 4, 21, 31 32 Ag a control, we simulated NF-xB dynamics in
response to a step input of 10ng/mL TNF. To simulate stimulation by TNF-coated
nanowires, we considered TNFa inputs of the form c(?) = u(?) c,s [1 — exp(—t/t,)]
(Supplementary Fig. 2) or ¢(t) = u(t) c,s exp(-t/t,s) (Fig. 4a, 4b), where u(f) is the unit step
function, the variable c,; respectively reflects the limiting or initial concentration, and 7,
reflects the rate of desorption 14, Matlab R2006a (MathWorks) code is available upon
request.

To quantitatively compare simulations and experiment, as shown in Fig. 4a and 4b, we
determined the scaling factor to convert the experimental unit for NF-xB activity
(normalized intensity, Fig. 3a) to the simulation unit for NF-xB activity (uM). The scaling
factor value of 0.73uM gave the best least squares fit between the simulated and
experimentally measured NF-«xB response to a step input of 10ng/mL TNFa (orange curve
and red squares, respectively, in Fig. 4a and 4b). Next, we scaled the NF-kB response to
TNF-coated nanowire as measured in a transfected HeLa cell into the simulated units
(magenta circles in Fig. 4a, 4b). Finally, by varying the values of ¢, and #,,; in a grid-like
fashion, we determined that the values of ¢,y = 0.25 ng/mL and 7,5 = 2.00 hrs gave the global
best fit in the least squares sense to the experimental time-course.

Additional methods (calculation of Stokes diameter, TNFa desportion kinetics, cell culture,
immunocytochemistry, microscopy, and image analysis) can be found in the Supplementary
Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Nanowire functionalization and movement. a, Schematic shows nanowire (yellow) surface

modified with 1-dodecanethiol, rendering the surface hydrophobic and allowing the
adsorption of TNF a (red). Fluorescent (b) and phase contrast (c) images of rhodamine-
conjugated TNF a adsorbed on the surface of individual nanowires. d, Schematic shows two
pairs of parallel electrodes that control nanowire orientation and movement by alternating
and constant electric fields. PDMS placed over the electrodes forms a well in which cells are
cultured. e, Overlay of a time series of phase contrast images showing the trajectory of the
nanowires through precise rotations and translations (see also Supplementary Movie 1). f,
Nanowire transport speed is proportional to the applied constant electric field, allowing
precise control over nanowire velocity.
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Figure 2.
Nanowire delivery to pre-selected cells. a, Live (green) and dead (red) cell staining showing

that typical voltages used to manipulate nanowires does not affect the viability of most cells
in the operating area. Dead cells were confined to the areas immediately adjacent to the
electrodes. b, Overlay of a time series of phase contrast images showing delivery of a single
nanowire to the cell at the top of the image. (See also Supplementary Movie 2.) ¢, Overlay
of a time series of phase contrast images showing delivery of a single nanowire to sub-
divisions of the same cell. (See also Supplementary Movie 3.) d—f, Phase contrast images
showing sequential delivery of nanowires to a single cell.
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Figure 3.
Delivery of functional TNF a by nanowires. a, Average time-course of nuclear NF-xB

concentration in wildtype HeLa cells exposed to 10ng/mL TNF a dissolved in the medium
(red), TNF a-coated nanowires (blue), or bare nanowires (black) as measured by
immunocytochemistry. Nuclear NF-xB measured in a HeLa cell expressing p65-GFP
exposed to TNF a-coated nanowires is shown in magenta. b, Phase contrast image showing
TNF a-coated nanowires (arrows) at a concentration that yielded ~1 nanowire per cell. c—h,
Representative HeLa cell expressing p65-GFP stimulated with TNF a-coated nanowires for
the indicated durations (panels c—g). Nuclear p65 levels peak around 40 min (see also
Supplementary Movie 4). In panel h, the same cell is imaged at a different focal plane to
show the two TNF a-coated nanowires that contact and stimulate the cell.
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Simulations predict localized TNF a delivery. a,b, The simulated response to 10ng/mL TNF

a (orange) compares well with experiment (red squares, same as Fig. 3a). Simulated

responses to TNF a inputs of the form c(t) = c,,; exp(—t/t,) (t > 0) are shown. In panel a, 7,

= 120 min. and c,; = 0.20 (red), 0.25 (green), 0.30 (blue) ng/mL. In panel b, c,; = 0.25

ng/mL and ¢, = 60 (red), 120 (green), 180 (blue), 240 (light blue) min. The green curves
give the best fit to experiment (magenta circles, same as Fig. 3a). See Methods for the model
description. ¢, TNF a-desorption kinetics determined by ELISA measurements of TNF a

concentration in the supernatant of a solution of 5x10° nanowires/mL. See text for

description of the fitted exponential curve (red).
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Selective stimulation by TNF a-coated nanowires. a, HeLa cells expressing p65-GFP at the

20pm

indicated times following stimulation with TNF a-coated nanowires. The lower cell contacts
two nanowires (arrows) and exhibits p65 nuclear translocation whereas the upper cell
contacts no nanowires and exhibits no translocation. (See also Supplementary Movie 5.) b,c,
Wildtype HeLa cells stained for NF-kB following exposure to solutions of 0 (control), 0.2 x
109 (low density), or 1 x 106 (high density) TNF a-coated nanowires/mL, corresponding to
0, ~0.3, ~1.5 nanowires/cell on average, respectively. In (b), representative images are
shown. In (c), the average NF-kB level is plotted (more than 150 cells measured for each
condition). NF-xB levels were significantly different (p < .001) between the high and low
stimulation cases.
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