NANO
LETTERS

Nanoscale Engineering of a Cellular Vo a7
Interface with Semiconductor 513-519
Nanoparticle Films for Photoelectric

Stimulation of Neurons

Todd C. Pappas, T W. M. Shan Wickramanyake, * Edward Jan, *
Massoud Motamedi, T8 Malcolm Brodwick, $ and Nicholas A. Kotov* *

Center for Biomedical Engineering, Wmrsity of Texas Medical Branch, Galston,
Texas 77555-0456, Department of Chemical Engineering, Department of Biomedical
Engineering, and Department of Materials Science, 2300 Hayward Streetetdity

of Michigan, Ann Arbor, Michigan 48109, and Department of Neuroscience and Cell
Biology, Uniersity of Texas Medical Branch, Galston, Texas 77555-0456

Received October 25, 2006, Revised Manuscript Received December 14, 2006

ABSTRACT

The remarkable optical and electrical properties of nanostructured materials are considered now as a source for a variety of biomaterials,
hiosensing, and cell interface applications. In this study, we report the first example of hybrid bionanodevice where absorption of light by thin
films of quantum confined semiconductor nanoparticles of HgTe produced by the layer-by-layer assembly stimulate adherent neural cells via
a sequence of photochemical and charge-transfer reactions. We also demonstrate an example of nanoscale engineering of the material driven
by biological functionalities.

Introduction. Nanocolloids represent a tremendous resource of new therapeutic tools for neuronal injury, developmental
for molecular engineering of novel biomaterials and implant- dysfunction, and sensory deficits.

able devices that could be effectively interfaced with the Many semiconductor and metal nanoparticles (NPs), also
nervous system. The desirable features of nanoparticles ar&nown as quantum dots, are photo- and electroactive. Unlike
their unique quantum mechanical properties, exceptionally direct electrical excitation of neurons on bulk semiconductor
high surface area, and ease of chemical modification with devices, such as field-effect transist&rthe use of NPs takes
biological ligands. Some of these features have already beemdvantage of quantum confinement effects. These properties
exploited for other biomedical applications including imag- can be exploited in layered NP structures that produce
ing,* biosensing;® DNA analysis} cancer treatmerft? and  photocurrents. The photocurrent generated in these films can
drug delivery?~'* There is also a growing number of studies mediate extrinsic stimulation of cells, while quantum effects
on biological responses to nanomaterials at the tissue andallow us to engineer films with the desired electrical and
organ levet " with carbon nanotube and some times spectral responses. In this communication, we demonstrate
nanowires being the most frequently used for interfacing with for the first time (1) that these versatile photoactive nano-
neurons® 2 We believe that nanomaterials also offer unique materials can be used to stimulate neurons with light, (2)
optical, electrical, and structural properties that may allow that the engineering of the interface between the NP films
us to control stimulation of electrically excitable cells or and neurons can play an essential role in the successful signal
groups of cells. These materials can be used to fabricatetransduction from the inorganic film to live cells, and (3)
small, targetable, and remotely addressable (i.e., potentiallypotential methods for engineering of this interface.
wireless) electrodes, which could lead to the development Reasuits and DiscussionAs a model system, NP films

(Figure 1A), were assembled by the layer-by-layer (LBL)
* Corresponding author. kotov@umich.edu. techniqué®2into tightly packed conductive composite films
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Figure 1. Photovoltaic properties of LBL films from HgTe. (A) Schematic of coupling between NP and the neuron. (B) Atomic force
microscopy image of the (HgTe/PDDApn Si wafer. (C) Photocurrent response measured at 0.0 V bias for (PDDA/Hgire)er
monochromatic 550 nm illumination. Arrow indicates the onset of illumination. Electrodes: 1TO glass with the NP film, working electrode;
saturated Ag/AgCl, reference electrod; Ag wire, counter electrode, electroanalyzer/potentiostat Epsilon C50. (PRDBIAISIBN ITO

with and without neurons attached were immersed in HBS. The photovoltaic curves registered in a Teflon three-electrode photochemical
cell were identical in shape and sign when registered with and without cells present on the surface. The ITO slide was illuminated through
a glass window 3 cm in diameter. The light from an Oriel 2000W Xe was IR filtered through a water-filled quartz cuvette with optical path
of 5 cm passed ether through an Oriel CornerStone monochromator and then impinged the surface of the NP film perpendicularly to the
sample surface. In deaerated solutions the photocurrent was more than an order of magnitude smaller and anodic. Repeated stimulation of
the NP thin film (up to 10 times) yielded responses that were similar in shape with some reduction of the current spike due to photocorrosion
of HgTe. (D). Light absorption characteristics of HgTe NPs and LBL films. (1, solid line}-\¥ absorption spectrum on HgTe NP
dispersion stabilized by thioglycerol used for fabrication of LBL films. (2, bars) Dependence of photogenerated voltage in PDRA/HgTe)
multilayer on the wavelength of incident light. The wavelengths for (2) were selected with corresponding diffraction filters. The intensity
of illumination was measured with the laser power meter. The photocurrent was normalized for the illumination at 400 nm. Arrows in the
graph point to the corresponding axes for each plot. The photocurrent data track light absorption spectrum of HgTe, which indicates that
the charge carriers originate from excitons generated in the semiconductor by light quanta.

lylammonium chloride) M,, = 450000-500000, PDDA) The well-characterized neuroblastoma*glioma cell line
was employed as a positively charged macromolecular LBL NG1082%? was chosen as a model neuronal cell for the
partner of the HgTe nanocolloid. The LBL deposition cycle nanobiodevice because it displays a distinct neuronal phe-
was initiated on indium tin oxide-coated (ITO) glass to notype, including voltage-activated inward currents and
provide an electron source. Layering was repeateitnes, action potentials (APSY but is less sensitive to environ-
referred to as (PDDA/NR) whereN is the number of bilay- mental conditions than primary neurons and could therefore
ers. The photocurrent was cathodic with transient character-be used to test media formulations for growth on NP thin
ized by the strong initial spike (Figure 1C). Electrons and films. NG108 cells (ATCC Manassas, VA) were routinely
holes were produced by excitons photogenerated in quantum-ultured in F12:DMEM (1:1) supplemented with 25 mM
confined HgTe after absorption of Uwis/IR quanta (Figure =~ HEPES, 10% FBS, 0.1 mM hypoxanthine, 400 nM aminop-
1D) in a linear single photon process (Supporting Information terin, and 0.016 mM thymidine. We tested a number of
Figure S2). It originates from the NFO, photoinduced reduced serum formulations for 242 h growth and
electron transfer: the energy of acceptor energy level,in O differentiation on the NP thin films and found that NG108
is —5.3 eV, while approximate position of the bottom of showed complex neurites (Figure 2) and typical voltage-
HgTe NP conduction band is4.6 eV (both vs electron in  activated inward currents under whole-cell voltage clamp (see
vacuum). The registered current is produced by electrons Supporting Information, Figure S3) when grown using F12/
injected from electrode in response to hole accumulation in DMEM supplemented with 5% fetal bovine serumubl

the film when photogenerated electrons are removeddy O 3-isobutyl-1-methylxanthine, and &M forskolin (both in
(Figure 1A). The positive charge at the outer interface of DMSO, 0.01% (v/v)). We used LBL addition of polylysine/
the film is accumulated due to fairly slow electron transport poly(acrylic acid)/polylysine (PLP) monolayers to improve
through NP solids?! it exist there at least for the duration of ~ biocompatibility and cell adhesion to (PDDA/HgT&LP

the cathodic spike (Figure 1C). multilayer stack, similar to our previous investigaticfs.
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Figure 2. Microscopy images of NG108 on HgTe LBL films. (A) Optical phase contrast photomicrograph of NG108 grown on (PDDA/
HgTe),PLP. (B, C) Microscopy images of one of the cells grown on (PDDA/Hg{BDPDA/Clay),PLP. For images A and B and C, the

scale bars are 20 and Ln, respectively. The cells were cultured on the films for 24 h. Neurons are well differentiated, which can be seen
by long neuritis extending to different directions. In (C), the image of the patch clamp electrode used to measure the membrane currents
and potential was captured as well.{B) Scanning electron microscopy images of one of the cells grown on LBL layers in the early
stages of differentiation to avoid accumulation of large amount of biological material on the surface of NP layers. The black squares in D,
E, and F show the areas, where the following image was taken. This image illustrates the surface porosity of the thin film where cell
structures (neurites) and the film interact. Scale bars are 20, 5, 1.0, apth0d& D—G, respectively.

Further absorption of peptide predicted from fibronectin electrode solution contained 140 mM KCI, 2 mM MgC2
(CGGGRGDS) was used to increase both cell survival and mM 1,2-bis (2-aminophenoxy)etharns:N,N',N'-tetraacetic
attachment>3¢ Parts D-G of Figure 2 show scanning acid (BAPTA), 2 mM CaGCl, 1 mM HEPES, pH 7.4. Voltage
electron micrographs of NG108 grown on a (PDDA/ clamp protocols were controlled using the pCLAMP (v. 6.2,
HgTe),PLP surface and illustrate the interaction of cell Axon Instruments) suite of programs. In the curreciamp
processes with the mesoporous surface of the NP thin film. configuration the holding potential was removed and intra-
We tested the hybrid nanostructured device for its ability cellular voltage was measured relative to the bath. The
to phototransduce an electrical signal to neurons grown onNG108 cells on the supporting NP films demonstrate features
the surface. NG108 cells were grown on the NP thin film of differentiation into healthy cells expressing neuronal
previously sterilized with ethanol for 2472 h. The NP thin phenotype, showing smooth membranes, extension of com-
film with cells was placed into a cover glass recording plex neurites (Figure 2), and typical voltage-activated inward
chamber, and media were changed to a HEPES-bufferedcurrents under whole-cell stimulation (see Supporting In-
saline (HBS, in mM, NaCl 130, KCI 3.5, CaL2, MgCh formation, Figure S2).
1.2, HEPES 10 pH 7.4, glucose 10). Cells were voltage When stimulated with a 532 nm laser (Figure 3AB)
clamped using single patch electrodes in the whole-cell mode(fluence ca. 800 mW/cH), cells grown on (PDDA/
and held at-65 mV using an Axon Instruments model 200A HgTe),PLP showed electrophysiological responses indica-
amplifier. Patch pipets were made from 1.65 mm o.d. 7052 tive of photostimulated activation. Under voltage-clamp,
glass (Garner Glass) and pulled to a resistance-¢&f RIQ NG108 cells held at-65 mV showed an instantaneous
using a Sutter Instruments P87 puller. The voltage clamp inward current (Figure 3A) that corresponded with the time-
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Figure 3. Light-induced electrophysiological effects in NG108 cells attached to (PDDA/HgHI) films. (A). Representative current

traces of different cells held at65 mV in voltage-clamp mode at different light fluences. Cells were photostimulated with a frequency-
doubled diode laser at 532 nm for 500 ms at 0.1 Hz in constant wavelength mode. lllumination wasoathéSNP film surface, and the

spot size was approximately-1.5 mm in diameter. (BMembrane potential changes measured in current-clamp ni@d.ight-induced

potential change in the NP film measured with a micropipet recorded by placing the patch electrode in the bath adjacent to but outside of
the cell.(D) Photoresponse of cells at different light fluencies averaged for three different cells. Each point is an average of five traces; the
data were normalized to the current or potential change recorded at 800 \#&ch cell was tested at all fluencies. Here and elsewhere

error bars are standard error of the mean repetitive response of three cells. Trend lines were predicted by the least-squares linear regression
(E). Dependence of photoinduced cell current on pulse number normalized to the current in first pulse. The data were averaged for 15, 15,
12, 11, and 8 cells for the second, fourth, sixth, eighth, and tenth pulse, respectively. Additionally, currents from cells where the strong
antioxidant ascorbic acid (5 mM) was added were equal in magnitude to of those recorded without antioxidant, indicating that the cells
were not stimulated by a light-induced oxidation of membrane components. The efficient scavenging of oxygen radicals by ascorbates
(vitamin C) is well-known. (F) Leak currents averaged for three different cells, measured by generating 100 ms voltage stef fndn

to —90, —80, and—70 mV. The magnitude of the current responses was determined as the mean current value between 90 and 100 ms.
Data were normalized on the dark current-885 mV. Each cell was tested at all potentials. Error bar is the standard error of the mean
normalized current. Trend lines were predicted by the least-squares linear regression.

course of the stimulation of the thin film (Figure 3C). ure 3A,B) is associated with single-photon (i.e., linear) charge
Similarly, the photostimulus resulted in depolarization of the carrier generation in NP multilayer films in (PDDA/
cell (Figure 3B), which could be recorded in current clamp HgTe)-PLP (Supporting Information Figure S1). These find-
mode. The membrane potential traces on (PDDA/HgPeP ings were consistent with the proposed mechanism based on
showed plateaus after 16@00 ms. Cells recorded on NP—O,charge transfer (Figure 1A). No oxidative damage or
(PDDA/HgTe), PLP showed a mean depolarization mag- additional cell stimulation was observed for a repetitive train
nitude of 2.3+ 2.4 mV (range= 0—8.6 mV, 28 cells), but  of pulses (Figure 3E), as membrane resistance did not change
this included cells that showed no coupling to the surface at throughout a train of stimuli. Additionally, cells cultured on
all (<0.5 mV depolarizatiom = 8). However, individual glass with the same optical density as the NP films did not
photostimulated depolarizations over 10 mV were observed, show response to illumination, suggesting that a thermal
and these did lead to the generation of regenerative voltagemechanism or direct light gating of neurons was not
changes characteristic of APs (Figure 4A,C) in one of 28 responsible for photoinduced stimulation in this systé#i.
cells. This indicated to us that nanostructured devices from The absence of thermal excitation can also be confirmed by
quantum-confined NPs were capable of exciting the cells simple thermodynamic calculations presented in Supporting
but that a more efficient and biocompatible interface between Information. No oxidative damage or additional cell stimula-
the NP film and the cell could result in more reliable coupling tion was observed for a repetitive train of pulses (Figure 3E),
of the photoactivation and cell stimulation. as membrane resistance did not change throughout a train
Further studies of cells grown on (PDDA/HgTHLP con- of stimuli. All these findings are consistent with the proposed
firmed coupling of cell stimulation to photoelectric current mechanism based on NFO, charge transfer (Figure 1A).
generation. A linear relationship between the light fluence and The currentvoltage relationships were examined to
the magnitude of current or voltage response (Figure 3D, Fig- understand better the mechanism of the photoactivation. If
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to adsorb oxygeftt which can also be used in NFO,

A photoreaction. Finally, clay is an alumosilicate, and therefore,
chemically similar to silicon oxide, which is known to be
biocompatible with neuron®.

* va T PDDA/montmorillonite clay bilayers, (PDDA/Clay)were

500 ms

deposited on top of (PDDA/HgTg) The cathodic capacitive
Light Pulse === — spike at the light “turn-on” point increased fromy A to
115 uA and 7.5uA for N = 0, 1, and 2, respectively
B c (Supporting Information, Figure S4). For additional LBL
1oouv\_ layers, it is typical to reduce the rate of electrochemical
500 ms reactions which can be seen both for clay, nanoparticle,
20 mV|_ and graphite oxide LBL filmg® however, it is quite unusual
wom 1L to increase it as foN = 1. The photocurrent decreased upon
further addition of (PDDA/Clay) layers due to the slow
D diffusion of oxygen in clay layeré NG108 cells grown on
(PDDA/HgTe)(PDDA/ClayyPLP showed mean photo-
stimulated currents of 2.Z 3.4 pA (9 cells) with a higher
mean magnitude of depolarization (448 5.4 mV). The
2 mv\\ Light Pulse increase in depolarization magnitude with lower currents is
500 ms probably the result of an increase in membrane resistance
W/\\M\, . in cells cultured on (PDDA/HgTeXPDDA/ClayyPLP (136
+ 21 MQ, n = 21, versus 11% 70 MQ n = 8 without
Figure 4. Light-induced action potentials in NG108 cells grown clay) and is indicative of better cell integrity on the more
on LBL HgTe films. (A) Subthreshold membrane potential changes piocompatible clay nanolayers. More importantly, in cells

(left trace) and AP (right trace) recorded in one NG108 cell. (B) 4t showed coupling of photoactivation to AP production
Photopotential recorded from the nanoparticle thin film using a depolarization prior to AP was 10 mV '

microelectrode placed just over the film surface. (C) Regenerative
potential change, obtained by injection of a 0.5 nA, 100 ms current  Despite some cell heterogeneity, we observed generation

t?l”se into the ge”- quedth?t :L“St gmemia: Cth%nge Shh(iWS ?imi!af of APs in a greater subpopulation of cells grown on (PDDA/
('Dm)eﬁgulrgg acnengnzggm %no (P%DZT%%& f (pprD A"/gg‘;)'z"a 'On'HgTe)lg(PDDA/CIay)ZPLP (11% or 7 of 63, Figure 4A,C,D)
showing multiple action potential spikes when given a long (2 s) than without t_he clay Iayers._ Bec:_;tuse only 70% (27 of 37)
photostimulus (upper trace). Cells did not demonstrate action Of the cells given a current injection of 02 nA showed
potential response when treated with 100 nM TTX (lower trace). APs, these numbers underestimate the percentage of cells
that respond to light. Photoactivated APs in NG108 could
light quanta directly opened or closed ion channels, there be blocked by inhibiting voltage-gated Nehannels (Figure
would be a membrane conductance change revealed in theétD). Repetitive APs of an NG108 cell grown on (PDDA/
current-voltage curve. Measurement of the cell response to HgTe)(PDDA/ClayyPLP were suppressed by 100 nM of
hyperpolarizing voltage steps revealed parallel current tetrodotoxin (TTX), which confirms physiological similarity
voltage relationships in control and light-stimulated NG108 ©f photoinduced APs to those typically observed in NG108-
cells (Figure 3F). This strongly suggested that no new ion 15.
conductive pathways were activated or inhibited as a result Several mechanisms for photoinduced stimulation of
of photostimulatior?? and indicated that the photocurrent neurons have been proposed and tested, and each has a
generated in the (PDDA/HgTgPLP acted as an extrinsic  unique set of challenges for applications in biomedicine and
current source that flows across the membrane rather tharbioengineering. Perhaps the most promising of these involve
an intrinsic response that directly gates ion chanffels. heterologous expression of genetically engineering ion chan-
In addition to improved biocompatibility, the LBL method nels to convey light sensitivity to neuroffs*5° These
also offers the possibility to engineer an increase in the neuralmethods rely on the delivery of genetically engineered
response to light. This is critically important for future materials to specific cells. Biomedical applications of these
development of the technology of neuronal interfaces and technologies will necessitate a more precise gene targeting
fine-tuning of neural response in nanobio devices. LBL films and gene expression control before they are feasible. Bulk
of clay sheets, which represent nanoscale version of facre, silicon semiconductor materials have been used in more
possess high dielectric constant (ea= 130—325) and traditional photocurrent generation schemes to delivery
excellent ionic conductivity243 Both of these factors can  spatially restricted stimulation to neurons in vifré? and
help generate sufficient potential difference at the €lay photodiodes are currently being tested as retinal prostfeses.
membrane interface and ionic currents through the mem-Photocurrent generation in these bulk materials is robust and
brane. The possibility of balancing of electronic and ionic distinct from our proposed mechanism for nanostructured
currents in the vicinity of the cell membranes is one of the films. The “top-down” fabrication of biomedical devices
key advantages of the NP LBL films compared to a metal from these materials is currently ongoing, but there will be
or silicon interface. Additionally, clay minerals are known significant challenges in the materials flexibility, configu-
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ration, and transparency for the small, irregular and delicate cessfully explain both the temporal profile of voltage
surfaces of neural and neuroepithelial tissues. Studies havdransients (Figure 3A,B) and parallel currenbltage char-
also utilized direct stimulation of nerves and cells with acteristics (Figure 3F); itis also consistent with the dynamics
light.38545 To date, the mechanism of this direct photo- of photoelectric current generation in the nanobiodevice. In
stimulation is unclear and needs to be resolved to rule outthis respect, the LBL layers of montmorillonite and other
an oxidative changes to the membr#&ner thermal and clays are likely to provide additional benefits beyond the
photonic damage to cells. increase of the intrinsic photopotential and improvement of
Our system is unique in that it utilizes a nanostructured biocompatibility. lon transport in clay multilayers occurs
surface mechanism of photocurrent generation. Fabricationthrough stochastically formed ion channels, which may
of the thin film is “bottom-up,” and LBL can be adapted to concentrate the current in specific areas. If the cell happen
engineer a great variety of patterns, electrical responses o be located on top of the ion-channel in the multilayer, it
optical properties, and material properties. Although semi- Will be stimulated substantially stronger than the other, which
conductor NPs have demonstrated some toxicity, methodseXplains along with other factors the fact that only a
to enhance their biocompatibility are rapidly evolvitig. ~ subpopulation of the adhered cells displayed AP.
Biocompatibility and generation of efficient photoelectric To summarize the findings of this study, we have
materials will be a continuing subject of discussion to demonstrated (1) stimulation of a model neuron cell by
nanostructured thin films, and there are means to improve it photocurrent generated from light quanta absorbed in quantum-
especially when the structure of the LBL films can be confined NP thin films. These currents were capable of
controlled so easily* generating APs in the neuronal cells, and therefore, the light
Our results also indicated a method of coupling light to €Xxcitation event can be communicated to the outside system
the neuronal response that was distinct from those in theOr to other neurons. (2) Nanoscale engineering of the
studies listed above. Our neurons showed a resistive couplingnterface between the neuronal cell and NP film by the LBL
of the photocurrent to cell stimulation, in contrast to a direct technique could enhance the coupling of electrical and ion
change in membrane conductance with light-activated ion transport properties, which may be further adapted for
channels or Capacitive Coup”ng for bulk semiconductor different neural nanobiodevices. Our hypothesized resistive
devices’? The photoelectric current generation is character- coupling mechanism can potentially be a robust substitute
ized by a rapid charge buildup on the interface (the negative for capacitive coupling because it is may be less sensitive
spike in Figures 1A, 1C, and 3C), which is quickly resolved to gap fluctuations and accumulation of biological materials
by electrons donated from the ITO support. However, except at the electrodecell interface.
for a small negative capacitive spike (Figure 3B) due to the In perspective, utilization of nanomaterials provides new
negative ion buildup on the cell side of the membrane, there opportunities for neuroprosthetic devices that can potentially
is no sustained physiological response from neurons to thisinclude the development of braittomputer interface tech-
stimulation. Capacitive stimulation of neurons, as observed nologies with IR optical information input typical for modern
by Fromherz and colleaguéswould result in rapid AP information technologies. Assuming that some significant
generation on the decaying phase of the fast voltage spike,challenges, such as long-term biocompatibility and the
but cell response is not seen until much later (Figure 3B vs maintenance of neurefdevice contact can be solved,
Figure 3C or Figure 4A,B vs Figure 4C). This argues against quantum effects in NPs can be used to tune the spectral
the stimulation via capacitive coupling mechanisms as sensitivity and electrical response in such devices. Develop-
proposed for a neuron/silicon interface ment of method of nanoscale interface engineering is one
Cell depolarization was seen during the direct current (dc) ©f the key technologies necessary to address these challenges.
phase of the photostimulation. The resulting cell stimulation We believe that nanocolloids will be an essential part of the
(AP generation) can be described as “resistive coupling”: €ngineering such interfaces.
photogenerated current flowing across the resistance of the
membrane results a relative depolarization of the cell, leading Acknowledgment. N.A.K., M.M., and T.C.P. thank NSF
to AP generation. This mechanism is supported by severalfor Biophotonics Initiative Grant #BES- 0119483. N.A.K.
experimental facts. (1) The currentoltage relationship for ~ also thanks NSF CAREER for Grant #CHE-9876265 sup-
hyperpolarizing holding potentials under illumination was porting this research. T.C.P. acknowledges NIDCD DC07105
parallel to that in the dark (Figure 3F), which indicated that for support. The authors acknowledge the help of B. N.
resistanceR, is the same with or without light. This is in ~ Christensen (UTMB) and S. Prakhya with experiments done
contrast to a mechanism that opens or closes channels oin the course of this work.
membranes as a result of illuminatith®> (2) The cell
response upon illumination intensity was linear because for Supporting Information Available: AMF images of
weak stimuliR remains constant regardless of the ionic flow. different neuron growth substrates with and without NP
(3) The time course of the photoinduced membrane potential coatings, dependence of the peak cathodic photocurrent on
(parts A and B of Figure 3), was approximately equal to the the intensity of the incident light, cell current recorded in
RC time constant (75 ms, three cells) measured by currentwhole cell voltage clamp of NG108, and evaluation of
injection into NG108. This is characteristic of an extrinsically thermal excitation of neurons. This material is available free
induced response. Thus, the resistive mechanism can sucef charge via the Internet at http://pubs.acs.org.
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