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8 ABSTRACT: We present the first detailed experimental
9 observation and analysis of nanoparticle electrophoresis
10 through a nanochannel obtained with synchronous high-
11 bandwidth electrical and camera recordings. Optically
12 determined particle diffusion coefficients agree with values
13 extracted from fitting electrical transport measurements to
14 distributions from 1D Fokker−Planck diffusion-drift theory.
15 This combined tracking strategy enables optical recognition
16 and electrical characterization of nanoparticles in solution,
17 which can have a broad range of applications in biology and materials science.
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19 The increasing use of nanomaterials in biomedicine,
20 materials science, foods, and cosmetics calls for the
21 development of new tools and low-cost devices that can
22 identify, manipulate, and characterize nanosized objects.1

23 Traditional techniques for recognizing and quantifying
24 submicrometer objects, such as electron microscopy, small-
25 angle X-ray scattering, and dynamic light scattering, despite
26 widespread use, suffer several drawbacks: electron microscopy
27 is low-throughput, time-consuming, and costly, while scatter-
28 ing-based techniques provide only ensemble measurements of
29 an average particle size distribution, typically heavily biased
30 toward larger particle sizes.1 Recently, single molecule
31 techniques have emerged including fluorescence correlation
32 spectroscopy (FCS), particle tracking analysis (PTA), and
33 tunable resistive pulse sensing (tRPS). While FCS can
34 accurately probe individual particles, labeling of the sample
35 with a fluorescent dye is required. In contrast, tRPS devices
36 allow label-free detection in the form of electrical spikes that
37 correspond to a rapid change in ion flux caused by a particle
38 occluding a small hole. Despite adaptability to a wide range of
39 particle sizes and applications,2,3 tRPS does not allow direct
40 observation of particles, a feature offered by PTA. This
41 technique is based on recording the light scattered by a single
42 nano-object to reconstruct its trajectory and infer its size
43 analyzing its Brownian motion. While the use of PTA is rapidly
44 spreading4 and commercial instruments are available, the
45 information they provide is significantly poorer than systems
46 combining optical and electrical recordings. In fact, multimodal
47 characterization is rapidly emerging as a valuable strategy for
48 processing complex samples, e.g., for gaining information about
49 both the size and type of a particle in a suspension. In 2013,
50 Yukimoto et al.5 showed that applying optical and electrical

51sensing to planar microstructured conduits enables unambig-
52uous identification of single-particle translocations. However,
53the temporal and spatial resolution of their optical data was
54inadequate to resolve the kinetics of 1.2 μm fluorescent
55particles crossing the microchannel. More recently, combined
56optical and electrical detection has been applied to nanopore-
57gated optofluidic devices to discriminate among particles of
58equal size and different optical properties.6,7 Solid-state
59nanopores have also been used for simultaneous electrical
60and optical detection of DNA,8−11 although direct visualization
61of particles before, during, and after translocation was not
62possible in these measurements because of the vertical pore
63geometry. An easy and inexpensive route to observe the entire
64process is to use planar nanofluidic devices. In these systems
65the nanochannel, which is exploited for resistive pulse sensing
66(RPS), can be directly observed with high resolution objectives,
67so that RPS can be combined with PTA for a high resolution
68method of electro-optical nanoparticle tracking (EONT).
69While electrical signals produced by nanoparticles as they
70translocate across pores and channels are reasonably well-
71understood,12,13 little to no information is available from RPS
72detection before its capture and after its release. In this work,
73we analyze the entire translocation process, using electrical
74signals to size nanoparticles and analyze their motion inside the
75nanochannel and real-time optical tracking to study their
76motion in the access regions. This detailed observation of
77electrophoresis of individual nanoparticles was made possible
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78 by the use of planar polymer-based nanofluidic devices, which
79 enabled optical tracking of the entire process.
80 The device used for EONT experiments, schematically

f1 81 shown in Figure 1a, consists of two parallel PDMS microfluidic
82 channels linked by a short submicrometer nanochannel having
83 a triangular section. The horizontal channel is sealed on the
84 bottom via a glass coverslip, which offers the possibility of
85 fluorescence imaging using a high numerical aperture objective.
86 The inset schematically shows the functional part of the device
87 with the nanochannel highlighted by a red oval. As in RPS, an
88 electric field, applied using Ag/AgCl electrodes, electrophoreti-
89 cally drives through the nanochannel charged fluorescent
90 nanoparticles in an electrolytic solution while an ionic current
91 is measured. Resistive pulses produced when nanoparticles
92 cross the nanochannel are recorded electrically, while optical
93 tracking is achieved using high-speed fluorescence imaging.
94 Our sample is a suspension of negatively charged fluorescent
95 nanospheres with a nominal diameter of 40 nm (see SI). Using

96previously published procedures,14,15 we constructed a planar
97triangular PDMS nanochannel that is <250 nm in width and
98height. The sample was placed in the cis chamber and a positive
99voltage was applied to the trans chamber in order to drive the
100particles through the nanochannel. Translocations are marked
101by a stochastic set of ion current reduction spikes. In order to
102track the nanospheres, we synchronously acquired fluorescence
103images (1328 frames per second) from a subregion that
104 f2surrounds the nanochannel. Figure 2a shows a scheme of the
105setup, as well as a snapshot of the synchronous electrical
106(black) and optical (red) traces.
107A time-lapse series of a particle as it transits the nanochannel
108(equal time intervals between successive frames) is shown in
109Figure 2b. From this sequence, it is clear that the particle
110accelerates as it reaches the center of the nanochannel, which
111can be explained by the high electric field generated at the
112channel. We study here the dynamics of nanosphere transport
113using single particle tracking and electrical measurements.

Figure 1. (a) Schematic representation of the PDMS nanochannel device sealed onto a glass coverslip. Two microchannels are linked by a
nanochannel which is represented in detail in b and c. Ag/AgCl electrodes are placed in opposite reservoirs in order to apply a voltage across the
nanochannel (see red oval) to move fluorescent nanospheres through it. (b) Low magnification bright field optical image of the PDMS device in the
region with the excavations and the nanochannel, the dots are the pillars that are disseminated along the microchannel to avoid collapse (scale bar
500 μm). (c) Higher magnification image of the area around the nanochannel, obtained after bonding with a glass coverslip (inset scale bar 5 μm).

Figure 2. (a) Scheme of the setup, as well as a snapshot of the synchronous electrical (black) and optical (red) traces. (b) A time-lapse series of a
particle as it transits the nanochannel (equal time intervals between successive frames). (c) An integrated super-resolution image of an ensemble of
particles as these traverse the nanochannel (see SI for details).
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114 Specifically, we compare here for the first time diffusion
115 coefficients of the particles outside and inside the channel by
116 analyzing optical tracks with Brownian theory and relating the
117 results to theoretical−transport times obtained from electrical
118 measurements using established 1D Fokker−Planck diffusion-
119 drift models.
120 An integrated super-resolution image of an ensemble of
121 particles as these traverse the nanochannel is shown in Figure

1222c (see SI for details). The cross-section of the nanochannel
123has been designed to have a narrow region in the center, whose
124width and length have been determined to be 230 ± 50 nm and
125500 ± 50 nm, respectively. We observe a dark region in this
126central constriction due to high particle velocity in the area.
127 f3In Figure 3a we show 80 s example electrical (top, black) and
128optical (bottom, red) nanospheres time traces (V = −350 mV).
129The translocation of a nanosphere produces negative electrical

Figure 3. (a−c) Traces of electrical (black) and optical (red) signals registered during the passage of fluorescent nanospheres through the
nanochannel (Vapplied = −350 mV). The green and red ticks are associated with electrical and optical event beginning, respectively. (d) Correlation
analysis of the delay time δt between successive optical and electrical signals.

Figure 4. (a) Examples of particle trajectories used for calculating the mean squared displacement (MSD). Diffusion coefficients obtained from linear
fits of the first seven data points of the MSD are determined independently for diffusion in the cis- and trans-microchannels, displacements through
the nanochannel are not considered (see SI for details). (b) Distribution of diffusion coefficient versus nanosphere radius measured for cis- (top) and
trans-microchannel (bottom), the radius is determined on the basis of resistance pulse during translocation through the nanochannel. The fitting
equation is D = b(r)a; for cis- and trans-microchannels the value of a is acis = −1.4 ± 0.3 and atrans = −0.9 ± 0.2.
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130 spikes (increase in channel resistance) and positive fluorescence
131 spikes (increased fluorescence). Close-up views of the traces,
132 shown in Figure 3b−c, highlight an agreement between the two
133 signals in time. Overlaid on the electrical signal are green and
134 red vertical lines that correspond to software-determined
135 electrical and optical event onset, respectively. While the
136 electrical signals preceded the optical signal by as much as 1 ms,
137 as seen in Figure 3c, this time delay δt is on the order of the
138 electrical acquisition rate and therefore may be an artifact of
139 aliasing. For the most part, we see an excellent time correlation
140 between the two signals, as shown in Figure 3d for a series of
141 180 spikes extracted from an 80 s trace.

f4 142 In Figure 4a we show a set of sample trajectories that track
143 the position of individual nanoparticles during their transport
144 through the channel at a voltage of 300 mV. The (x,y)
145 coordinates of the trajectories are extracted from the movies
146 and analyzed to determine the diffusion coefficient outside the
147 nanochannel using Brownian diffusion theory (see SI). As 94%
148 of the voltage drops across the nanochannel at its inlet and
149 outlet, the motion of nanoparticles moving in the cis- and trans-
150 microchannels is analyzed as unbiased diffusion. In order to
151 account for possible differences in D in the cis- and trans-
152 microchannels, i.e., while nanospheres approach and exit the
153 nanochannel, D is estimated for each particle separately in the
154 two regions. The portion of the trace where particles cross the
155 nanochannel is excluded from the analysis. We considered
156 measurements of D for 54 trajectories in the cis-microchannel
157 and 58 in the trans-microchannel (see Figure 4b), resulting in a
158 mean value of 6.4 ± 2.2 nm2/μs. According to the datasheet of
159 the nanoparticles used for experiments, the diameter of the
160 spheres are 48 ± 6 nm, yielding a theoretical diffusion
161 coefficient of D = 9.1 ± 1.1 nm2/μs. Therefore, the values
162 obtained from the Einstein-Stokes equation D = kBT/(6πηr)
163 (where kB is the Boltzmann constant, T the experimental
164 temperature 298 K, η the viscosity of 0.10 M KCl, and r the
165 radius of the nanosphere) are slightly larger than, but within the
166 error of, our measurements.
167 Voltage-driven transport of nanoparticles and biomolecules
168 through nanostructures has been exhaustively studied in the last
169 years, and a quantitative model to relate the resistive pulse

170signal to particle volume has been developed by DeBlois and
171Bean.13,16 Using this model (see SI for more details) we
172determined the radius r of each particle from the resistive pulse
173intensity ΔR it produced during the passage through the
174nanochannel. In Figure 4b, we compare diffusion coefficients D
175extracted from optical track analysis and the dimension of
176particles determined electrically. By plotting D vs r and fitting
177the curve to the equation D = bra, we obtain acis = −1.4 ± 0.3 in
178the cis-microchannel, while for the trans-microchannel we
179obtain atrans = −0.9 ± 0.2. Both are close to the theoretical value
180of a = −1 expected for Brownian motion. It is worth noting
181that, unlike in PTA, D and r are determined independently, so
182particle transport properties and dimensions can be investigated
183using uncorrelated measurements.
184To study the transport properties of nanospheres crossing
185the nanochannel we performed EONT experiments varying the
186 f5applied voltage. In Figure 5a−f we show distributions of particle
187translocation dwell times determined electrically (see SI for
188analysis details). Overlaid on the distributions (red curves) are
189fits to a drift-diffusion model previously used for analyzing
190DNA and protein transport.17−19 A summary of the obtained
191values for D and v is shown in Figure 5g and h, respectively
192(scatter plots of the data are shown in the SI). Throughout the
193voltage range 150−400 mV, we find constant values of D
194(within error) of 10 ± 1.6 nm2/μs, which is only 56% higher
195than optically extracted mean D values outside the pore and in
196good agreement with the theoretical value calculated for bulk
197Brownian diffusion. This agreement is in contrast to our
198previous findings for protein transport through 5 nm diameter
199pores, in which D values that are 40 times smaller than bulk
200were observed.20 Currently, the relation between D in bulk and
201inside the nanostructure is still under debate. While our data
202suggests a close similarity in value of D inside and outside the
203nanostructure, other models that take into account the exact
204geometry and surface interactions may be necessary for a fully
205quantitative explanation. In addition, we find that the drift
206velocity of the nanoparticles increases linearly with voltage, as
207seen in Figure 5h. From the slope of the fit we obtain the
208nanoparticle electrophoretic mobility μ, given by μ = v/E,
209where v is the electrophoretic velocity and E the electric field

Figure 5. (a−f) Dwell-time distributions of nanospheres’ translocations for different voltages |ΔV| fitted with 1D diffusion-drift model (see SI). (g)
Diffusion coefficient D and (h) drift velocity v versus applied voltages |ΔV| calculated from the fits shown in a−f. The red line is the linear fit of the v
versus |ΔV| curve.
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210 applied across the nanochannel. Using E = ΔVnano/Leff = 0.71
211 |ΔV|/Leff (see SI for details), we find μ values of μ = 860 ± 50
212 nm2/μsV.
213 In conclusion, we have demonstrated here a low-cost,
214 polymer-based device that allows simultaneous determination
215 of a particle’s trajectory before, during, and after, voltage-driven
216 transport through a nanochannel. Our EONT method is a
217 simple and powerful tool for studying particle motion in detail
218 and for analyzing more complex samples. By analyzing
219 transport of 40 nm fluorescent particles, we found good
220 agreement between electrically- and optically determined
221 diffusion coefficients. The possibility of properly functionalizing
222 the surface with probe molecules will further increase the
223 potential of these devices, offering a method for discriminating
224 between interacting and noninteracting nanoparticles, a task
225 which is hard to achieve with simple RPS-based devices or
226 other monomodal measurement systems. Fabrication con-
227 straints limit the dimensions of objects measurable with EONT
228 to 20−200 nm. This range includes many objects of biomedical
229 interest (for example, viruses, extracellular vesicles, large
230 macromolecules), and/or nanoparticles and nanopowders that
231 are of great importance in materials science and material safety.
232 Methods: Device Fabrication. The devices were made
233 entirely of polydimethylsiloxane (PDMS, Sylgard 184, Dow
234 Corning) by replicating the micro and nanofeatures produced
235 on a silicon master, similarly to the approach described in our
236 previous work.14,15 Briefly, conventional photolithography is
237 used to pattern on a Si substrate two pillared U-shaped
238 microchannels whose minimum distance is 100 μm. After
239 conventional lithography, two trapezoidal access areas are
240 created, by means of a focused ion beam (FIB) (CrossBeam by
241 Zeiss), in order to reduce the spacing between the micro-
242 channels. Finally, a FIB line scan is performed to pattern a
243 single nanochannel connecting the microchannels. After this
244 direct-write nanopatterning the silicon mold is replicated, by a
245 double replica molding (REM) technique, in a number of
246 polymeric copies each sealed with a glass coverslip; even after
247 bonding the nanochannel is clearly visible (see Figure 1c). An
248 antistiction layer is deposited on the silicon mold in order to
249 promote the detachment of the PDMS negative replica from it.
250 This replica, which reports in negative the features of the silicon
251 master, is treated for 60 s in oxygen plasma (power 30 W),
252 exposed to an antistiction agent, and then replicated with
253 PDMS.
254 Both negative and positive replicas are made by stacking two
255 PDMS layers with different thickness: the thinner is prepared
256 with a 3:1 prepolymer-curing agent ratio and spin coated on the
257 mold at 1000 rpm for 60 s, while the thicker one is made of
258 PDMS 10:1; both of them are baked in oven at 60 °C for 4 h.
259 Positive replicas are overnight baked at 150 °C, in order to
260 increase the stiffness of the material. After an oxygen plasma
261 treatment (at 30 W for 60 s), the devices are sealed with a thin
262 glass coverslip, to allow the observation of the nanostructures
263 by epifluorescence microscopy. Before sealing, the devices are
264 punched using large needles to allow the insertion of fluid from
265 the back of the device. To apply a bias wire Ag/AgCl electrodes
266 are inserted in two reservoirs filled with an electrolytic solution
267 on the back of the device; see Figure 1a.
268 Methods: Experimental Setup for EONT Measure-
269 ments. The scheme of Figure 2a represents the experimental
270 setup that is necessary to simultaneously measure electrical
271 signals and observe fluorescent nanospheres. The device is
272 mounted downward on an inverted epifluorescence microscope

273(Olympus IX71) provided of a high speed acquisition emCCD
274camera (Andor iXon 897), a blue laser (Coherent Sapphire,
275488 nm, 20 mW) is used to excite the fluorescent nanospheres.
276Electrodes are connected to an amplifier (Axon Axopatch 200B
277patch-clamp amplifier) which outputs an analog current signal
278that is digitized using a National Instruments Data Acquisition
279(DAQ) system. Electrical and optical signals are synchronized
280with the camera by means of a TTL signal generated by the
281DAQ. The traces are then analyzed using a custom MATLAB-
282based software (see SI).
283Fluorescent nanospheres (FluoSpheres 0.040 μm Biotin-
284Labeled Microspheres F-8766, Invitrogen, Life Technologies)
285were dispersed in 0.10 M KCl into which 0.1% (v/v) Triton
286was added to avoid nanoparticle aggregation. This solution is
287inserted in one of the two microchannels of the device and
288during the application of a voltage across the nanochannel
289nanospheres’ dynamics is observed.
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