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Introduction

Steady-state optical spectroscopic techniques are instrumental to the analysis of colloidal solutions of synthetic and natural nanoparticles (NPs). For instance, optical extinction spectroscopy (also referred to as UV-visible absorbance spectrometry) is routinely used as a characterization method for molecules and NPs in solution. The measurements are typically done on bulk solutions at equilibrium, and yield one single extinction spectrum for a sample.

In the case of a single detectable chemical species present in the solution (e.g. a perfect solution of a pure substance in a liquid), this single spectrum is representative for the optical spectroscopic response of the species in solution. In the case of a mixture of (spectroscopically detectable) species, information on the spectroscopic response of the individual species cannot be directly derived from a single spectrum without additional information. Moreover, without any further analytical data (e.g. chromatography, reference spectra), it is not possible to tell from a single spectrum if it corresponds to a single species or to a mixture.

Instead of measuring a single spectrum of the sample at equilibrium, a series of spectra may be recorded while perturbing the sample using an external stimulus. In that case, the perturbation may lead to measurable variations over the recorded series of optical spectra. These variations are connected to the perturbation through a (potentially long) chain of physical and chemical phenomena. In an ideal case, analysis of the fluctuations of the spectra will provide spectroscopic information on each of the (spectroscopically active) chemical species in the sample and give access to those physico-chemical properties of the sample that impart sensitivity towards the external stimuli used for the perturbation.

In the context of measurement of optical spectra of samples subject to external perturbations, mention can be made of the stopped-flow technique, [1,2] in which rapid mixing of reactants leads to a sample in a non-equilibrium state whose evolution towards equilibrium is monitored with optical spectroscopy. Flash photolysis, [3,4] another technique, studies the evolution of the optical (absorption) spectrum upon perturbation of the sample by a flash ('delta pulse') of light. A related method is photoinduced absorption (PIA) spectroscopy, [5] in which the sample is perturbed by a periodic (optically chopped laser) excitation. Also, microfluidics has been used to study photoinduced chemical reactions on the microsecond scale, using fluorescence detection of the products. [6] Microfluidics coupled to Raman microscopy has been used to measure diffusion coefficients in binary solvent systems. [7] Here, we propose to measure optical extinction spectra of liquid solutions of colloidal NPs inside microfluidic channels while using in-situ microscale dielectrophoresis (DEP) as a perturbation. The dielectrophoretic field is generated by tip-shaped thin-film microelectrodes [8,9] and is periodically switched "ON" and "OFF" on regular intervals, leading to periodic trapping of NPs. This leads to a measurable modulation in the optical extinction spectra, due to DEP-induced variations in the concentrations of the NPs. When the field is switched on, the NPs are locally concentrated on the tips of the microelectrodes. This local concentrate subsequently dissipates as a result of free diffusion after switching the field off.

Different types of NPs are expected to respond differently to the applied DEP field. DEP is the directed motion of small polarizable particles suspended in a fluid due to an electric field with strong gradients. [10][START_REF] Morgan | AC Electrokinetics: Colloids and Nanoparticles[END_REF][START_REF] Pesch | [END_REF] It has been used in microfluidics to manipulate bioparticles (cells, viruses), [13][14][15] and can also be applied to NPs and biomolecules such as proteins and DNA. [16][17][18][19][20][21][22] Microfluidic systems, dielectrophoresis and optical detection may be combined together. [23][24][25][26] Dielectrophoretic particle collection has been measured using transmitted light measurement with an LED-photodiode combination. [27] DEP particle focussing has been combined with confocal optical detection, [28] and DEP has been combined with Raman spectroscopy. [29] In the latter case, the DEP serves to concentrate NPs prior to spectroscopy.

Application of a dielectrophoretic perturbation to DLS measurements has also been investigated. [30] Thus far, however, DEP has not been applied to the modulation of optical extinction spectra. The periodic modulation of local concentrations by DEP presented here may be used with other spectroscopic techniques, e.g. fluorescence emission spectroscopy or Raman spectroscopy, by modifying the configuration of the microscope.

The present work was initially motivated by our desire to measure the dielectrophoretic susceptibility of gold NPs smaller than 80 nm. In a recent study, [9] we measured the dielectrophoretic response of sub-200 nm gold spheres in a microfluidic system using sideilluminated dark-field video-microscopy. Gold NPs smaller than 80 nm were not accessible in this method due to the weak light scattering by such small particles. Here, we report that sub-80 nm gold NPs are indeed accessible using DEP-modulated optical extinction spectroscopy, which detects the absorption of light by NPs in addition to light losses through scattering.

Interestingly, we established that DEP-modulated optical spectroscopy can serve as a microscale in-situ separation method that can help in rapidly identifying different subpopulations in a small-volume sample by generating time-dependent spectra containing varying contributions of each of the sub-populations. Such multivariate spectrotemporal data are amenable to chemometric analysis that can extract the spectral responses of several subpopulations present in a mixture. [31,32] The DEP-modulated spectroscopy described in this paper is illustrated in Figure 1. It employs a device consisting of a microfluidic channel engraved in an elastomer positioned on top of a substrate of fused silica. The substrate carries an array of sharply-tipped thin-film electrode pairs. These electrodes produce the DEP field upon application of an electric potential difference. The microfluidic channel is filled with aqueous samples containing colloidal NPs.

A periodic perturbation is applied, repeatedly switching ON and OFF the dielectrophoretic field while continuously recording optical extinction spectra of the microscopic volume using a fibrecoupled CCD-array spectrometer. The optical extinction spectra in the recorded sequence display periodic changes due to changes of the local concentrations of NPs in the observation volume reflecting the periodic capture and release by DEP. The specific time-evolution of the concentration of each type of particle in the sample depends on its DEP mobility, [33,34] and its Fickian diffusion coefficient. For a given type of colloidal system, the DEP mobility depends strongly on the size of the NP. In this work, we use DEP-modulated optical extinction spectroscopy to extend our prior measurements of the size-dependence of dielectrophoresis for gold NPs smaller than 100 nm. Furthermore, we demonstrate the feasibility of detecting and spectroscopically characterizing two populations of different particles simultaneously present in a sample.

Results and discussion

Extinction spectroscopy in the microfluidic cell

A CCD-array spectrometer was coupled to the microscope side port via an optical fibre and used to record spectra of the collected light corresponding to a circular area of the microscope image. The microscope objective had a magnification of 20 x (NA 0.4). The optics were set up in such a way that the sampled area had a diameter of 50 µm (see Supporting Information, section S1). The recorded spectra are thus averages over the volume covered by this area. A relatively large area was chosen in order to increase stability and signal-to-noise ratio of the measurement. The optical pathlength through the sample (i.e. the microchannel height) is 20 µm, giving a sampled volume of 40 pL. Spectra of injected pure water solvent and of gold NPs in aqueous solution were recorded (see Supporting Information, section S2). The pure-solvent baseline spectrum is sufficiently stable over several tens of minutes to reliably measure extinction spectra of the solution in the microfluidic volume. The spectra recorded for concentrated gold NP solutions (see Experimental Section) correspond well to the expectations on basis of spectra recorded in a traditional cuvette taking into account the concentration factor and the optical path length. For instance, the spectrum of an aqueous solution of Au40-LA NPs (40 nm diameter gold NPs, 3.20 x 10 -9 mol L -1 ) shows the expected plasmon resonance extinction band. Its optical density corresponds well to the density expected for the 20 µm pathlength (nominal OD1cm = 25, expected for 20 µm: 0.050, found: OD20µm = 0.058).

DEP-modulation of extinction spectra in the absence of microfluidic flow

First, we studied DEP-modulated extinction spectroscopy for a series of differently sized gold nanospheres Au40-LA, Au80-LA and Au100-LA (40, 80 and 100 nm diameter, respectively; see Experimental section) inside the channel in absence of microfluidic flow.

Electrohydrodynamic phenomena [35][36][37][38] were avoided by using an AC electric field at a frequency of 1 MHz and an applied amplitude of 20 Vpp. [9] After injection of the liquid sample, the microflow was stopped using the pressure-driven flow controller and dielectrophoretic modulation was started. In a typical experiment, the cycle period was composed of 15 seconds of dielectrophoretic capture ("DEP ON") to let enough time for a sufficient number of particles to be captured. This was followed by 10 seconds of release ("DEP OFF") during which the NPs diffuse freely. This DEP cycle was repeated indefinitely. Once a steady modulation of the optical spectra was reached (typically, after 10 cycles), extinction spectra were recorded over time. Figure 2 shows a typical result for Au40-LA NPs. The intensity of the extinction band corresponding to the Au40-LA plasmon resonance is modulated as the DEP field is switched "ON" and "OFF". The optical density increases as the field is switched on, indicating an increase of the number of particles in the observation volume.

When the DEP field is switched off the extinction drops rapidly to its equilibrium value. This drop corresponds to the rapid free diffusion after release of the NPs from the electrode tips.

There is a slight phase delay between the switching of the DEP field and the observed optical response, indicative of the limited rate of DEP capture and free NP diffusion. Importantly, the periodic modulation using DEP can be maintained over prolonged periods without noticeable changes to the extinction spectra of the sample, demonstrating that it remains intact. Further analysis of the set of the DEP-modulated spectra of the single-component Au40-LA sample shows that the modulation only affects the intensity of the spectral bands, but not their shapes. This is illustrated by the plot of the wavelength of the maximum of the extinction band as a function of time in Figure 2b. The position of the maximum is entirely unaffected by the DEP modulation, whereas its height is indeed modulated. This indicates that DEP does not induce aggregation of the nanoparticles. Aggregation would lead to changes in the spectra, depending on the inter-particle distance in the aggregates. [39] The absence of aggregation is in part due to the high colloidal stability of LA-coated nanoparticles, which at the basic pH employed bear negatively charged carboxylate groups.

More importantly, the concentration increase by DEP in our device is rather modest, at most a factor of 2 in the present work. For Au40-LA particles the local nanoparticle concentration then increases from 3.2 nM to 6.4 nM (1.9 x 10 12 NPs mL -1 to 3.8 x 10 12 NPs mL -1 ). The average interparticle distance in the solution thus decreases from 0.8 µm to 0.6 µm. This explains the lack of wavelength shifts due to plasmon coupling. For samples of larger particles, the concentrations are even lower, and the interparticle distances larger. We previously studied the DEP trapping process of the same type of gold NPs near the electrodes using dark-field videomicroscopy. [9] From these studies, we find that the factor of DEP-induced concentration increase is always below 10, even at the very tip of the electrodes. Also, the DEP process was found to be completely reversible.

Measurements of DEP-modulated extinction spectra for 40, 80 and 100 nm gold NPs (Au40-LA, Au80-LA, Au100-LA) were performed using identical experimental settings. The periodically DEP-modulated spectra were recorded for a prolonged time (5 min.). The modulation was verified to be stable over this duration and no changes to the shape of the spectra were observed; only the height of the spectra changed. Plots of typical DEP modulation cycles (in terms of optical density at the wavelength of the extinction maximum as a function of time) can be found in the Supporting Information, section S3.

The modulated optical densities are analysed in terms of the factor by which the optical density increases as a result of dielectrophoretic concentration of NPs relative to the optical density at equilibrium. We call this capture factor ψcap. It is closely related to the capture ratio Φcap that we used in our prior work: ψcap = Φcap -1. [9] The capture factor is obtained as the ratio of the peak-to-valley amplitude of the modulation of the optical density (ODmax -ODmin) and its equilibrium value (ODeq). The optical densities were taken at the wavelengths λmax where the NPs' plasmonic extinction bands have their maximum.

ψ cap = OD max -OD min OD eq (1) 
The capture factor ψcap is 0 if no capture takes place, and becomes greater as more particles are captured during the "DEP on" phase. It is proportional to the average dielectrophoretic force experienced 〈𝐅 DEP 〉 by the particles. Following Eqn. ( 2), this force depends on the dielectrophoretic susceptibility of the nanoparticle (Kpol), and on the amplitude of the applied AC potential (scalar U) and the topology of the electric field (normalized vector field 𝐆). [9] The electric field is given in this expression by 𝐄 = U𝐆.

〈𝐅 DEP 〉 = 1 4 K pol U 2 ∇|𝐆|² (2)
For a series of different NPs measured using constant parameters of the applied electric field (amplitude, frequency, topology), the capture factors ψcap are proportional to the dielectrophoretic susceptibilities Kpol of the particles. Therefore, we measured ψcap for a series of particles with different diameters using constant experimental settings. For a single measurement on each particle diameter, the capture factors were averaged over several DEP cycles (typically 10 cycles per measurement). The experimental capture factors for NPs of varying diameter are collected in Table 1. The capture factor increases as the NP diameter increases, indicating as expected that larger particles are more susceptible to dielectrophoresis, displaying a larger relative dielectrophoretic susceptibility Kpol. By taking the ratio of ψcap for two different diameters of particles, the ratio of Kpol for these particles is obtained. From the present set of measurement this yields a series of relative DEP susceptibilities. In our previous work, we determined relative DEP susceptibilities for 80, 100 and 150 nm gold NPs using dark-field video-microscopy. [9] Smaller particles did not generate sufficient contrast in that technique. Here, we obtain results for 40, 80, 100 nm gold NPs with DEP-modulated extinction spectroscopy. The overlap between the two types of measurement enables to compare, combine and extend the results (Figure 3). Unfilled circle markers indicate the results from dark-field video-microscopy; [9] filled squares are the result obtained in the present work using DEP-modulated spectroscopy. The dotted line suggests a linear dependence of dielectrophoretic susceptibility on nanosphere diameter.

The new results obtained using the DEP-modulated spectroscopy presented here further extend our observation, [9] that the relative dielectrophoretic susceptibility (and the DEP force for a given amplitude and frequency for the applied field) has a linear dependence on NP diameter for sub-200 nm gold particles, instead of the cubic dependence found for spheres with diameters larger than 1 µm. This means that the electric polarizability of sub-200 nm gold nanoparticles is larger than expected on basis of the classic dependence of the polarizability on particle volume. This is in line with recent findings obtained using DEP and fluorescence microscopy for 20 nm diameter quantum dots in water at low medium conductivity. [40] 

Enhancement of DEP modulation using microfluidic flow

It was anticipated that a steady microfluidic flow of the NP solution over the array of electrode pairs in combination with periodic DEP may amplify the concentration of NPs by DEP. By carefully tuning the flow rate, DEP capture of NPs over the electrode array may be amplified as the advected particle "blobs" are increasingly concentrated at each electrode pair (see Supporting Information, section S4). The flow rate was adjusted so as to let enough time for particles to be recaptured at each pair of electrode tips during DEP (there is a pair every 300 µm along the channel), while ensuring that they are advected just from one electrode pair to the next during the phase that the DEP is inactive. For comparison, the graphs also contain the modulation curves in absence of flow (red dashed lines).

The higher enhancement observed for larger diameter particles can be attributed to the slower diffusion of the particles during the "DEP OFF" cycle, leading to less spreading out of the concentrated particle flocks as they are advected towards the next electrode pair. We expect the precise enhancement factor to depend simultaneously on electrode pair separation, dielectrophoretic force (which depends to the size of the particle here), NP diffusion coefficient, and flow velocity profile (which depends in turn on flow rate and channel geometry).

Furthermore, the exact position of the observation volume relative to the capture zone will also be of influence. This will be further investigated in the future using numerical simulation of NP transport in this system. Measurements for quantitative determination of the DEP susceptibility of a given NP type (as described in Section 2.2) need therefore be done without flow, whereas measurements relying on maximum modulation by DEP but not requiring quantitative determination of DEP susceptibility will be improved using flow enhancement. This latter case concerns analytical applications such as multicomponent analysis.

Analysis of a two-component nanoparticle mixture

In this last part, the feasibility of multi-component analysis using (flow-enhanced) DEPmodulated extinction micro-spectroscopy is demonstrated. An aqueous solution containing a mixture of Au40-LA and Au80-LA particles was used for this. The concentration of each component in the mixture was chosen such that both components contribute approximately equally to the total optical density (see Supporting Information, section S5).

Like elsewhere in this work, an AC electric potential of 1 MHz, 20 Vpp was applied to the electrodes, with the DEP field being active for 15 seconds ("ON") and inactive for 10 seconds ("OFF"). As indicated above, the "on" time was chosen to optimize the signal (the longer the DEP, the higher the modulation). The "off" time was set to allow for sufficient diffusion after release to reach the equilibrium concentration again. Furthermore, for this flow-enhanced measurement, the duration of one DEP cycle period must be compatible with the microfluidic flow rate, as detailed in the previous section. Microfluidic flow was set up inside the microchannel using the pressure controller so as to enhance the dielectrophoretic capture of particles applying a flow speed of 30 µm s -1 .

The position of the observation volume was slightly shifted downstream compared to the other measurements in order to optimize the contrast between the DEP-modulated spectra of the 40 nm and the 80 nm NPs. Spectra were continuously recorded with the spectrophotometer using Inspection of the spectra in the experimental data shows that the maximum of the extinction spectrum shifts back and forth in response to the DEP modulation (Figure 6b), in contrast to the DEP-modulated extinction spectra of the single-component samples, which did not display such shifts (Figure 2b). The extinction spectra of pure Au40-LA and pure Au80-LA have their maxima at different wavelengths (528 nm vs 549 nm), but the extinction bands are broad and show significant overlap. As a result, the position of the extinction maximum will shift when the two components are mixed in different proportions. The observed DEP-modulation of the position of the maximum of the spectra of the mixture can be interpreted by the changes in relative concentrations of the two components, as will be shown now.

A straightforward approach was used to analyse the DEP-modulated spectra of the solution containing the mixture of Au40-LA and Au80-LA NPs. The known spectra of the components (see Supporting information, section S5) were used to obtain the relative concentrations at each time-step during the DEP cycle by fitting the concentration coefficients such that the weighted sum of the spectra reproduces the observed spectrum. The coefficients were found via a leastsquares fitting procedure using the Nelder-Mead algorithm for optimization. [41,42] The fit coefficients are proportional to the (relative) concentrations of the individual components, hence plotting them as a function of time yields a graph of the evolution of the relative concentrations of the components over time (Figure 6a). The modulation in the spectral position of the maximum of the extinction band (λmax) is fully consistent with the maxima found for the reconstructed two-component sum spectra (Figure 6b). This analysis indicates that there are no interactions between Au40-LA and Au80-LA in this solution, the extinction spectra simply being the sum of the two individual components.

This result demonstrates that it is feasible to use DEP-modulated spectroscopy to disentangle multicomponent mixtures in-situ. It is important to emphasize that this analysis is done on a microfluidic volume of sample and that the sample is only minimally perturbed. It is even possible to recover the sample from the system after analysis. This demonstration of the analysis of a predefined two-component sample is deliberately simple, in order to illustrate the capability of DEP-modulated spectroscopy to perform in-situ multicomponent analysis. The data in the form of spectrotemporal matrices generated in these measurements is suitable for analysis using multivariate chemometric methods, [31,32] and further work is being undertaken to exploit this possibility. This is illustrated in the Supporting Information (section S7).

Conclusion

By employing dielectrophoresis (DEP) to periodically modulate NP concentrations in a microfluidic observation volume, optical extinction spectra of NP samples were obtained that varied over time in response to this modulation, which depends on the DEP response of the NPs.

The modulation was observed to be enhanced in microfluidic flow over a linear array of DEP micro-electrode pairs by repeated capture-release at subsequent electrode pairs. The DEPinduced local concentration enhancement was relatively modest, at most a factor of 2, and did not lead to aggregation of nanoparticles, as evidenced by the absence of changes in the extinction spectra.

In this study, we first use DEP-modulated extinction spectroscopy to obtain quantitative measurements of the DEP susceptibility for gold NPs of different diameters, extending the lower limit of measurement to NPs of 40 nm diameter, and confirming the dependence of DEP susceptibility on diameter observed previously using dark-field video-microscopy. [9] Being able to characterize quantitatively the DEP response of such small NPs is important for nano-assembly of NPs using DEP fields, [43][44][45] and for bioanalytical applications of NPs in combination with DEP. [46] The second important demonstration in this work is the disentanglement of the extinction spectra of two differently sized gold NPs mixed in the same sample by DEP-modulated spectroscopy. The spectrotemporal data generated through DEP modulation of the NP concentration in the spectroscopic observation volume can be submitted to chemometric multicomponent analysis, [31,32] as demonstrated in the Supporting Information. This offers promising prospects for the in situ analysis of more complex NP samples, such as those encountered during the intermediate steps in the construction of DNA-programmed supercrystals. [47,48] In its 'no flow' variation, DEP-modulated spectroscopy can function with very small (submicroliter) volumes of NP samples. The samples can be recovered unaltered. The 'flowenhanced' variation of DEP-modulated spectroscopy has some similarity to DEP-FFF [49,50] combined with spectroscopic detection, but it has a faster time response (seconds vs minutes)

and is a continuous flow technique.

Starting from the results presented here, the work is now to be continued with mathematically modelling the combined microfluidic and DEP transport phenomena in order to describe precisely the time-and position-dependence of the DEP-modulation process in order to further extract hydrodynamic and electrokinetic NP properties from the measurements. Moreover, the DEP-modulated spectroscopy can be combined with chemometric methods for the characterization of more complex multicomponent particle systems. By changing the configuration of the microscope-spectrometer combination, DEP modulation can be extended to other optical spectroscopic techniques, such as fluorescence spectroscopy or Raman spectroscopy, giving access to nanoparticles without strong optical extinction bands. It might even be used with dynamic light scattering, a technique displaying difficulties with samples containing multimodal particle distributions, [51,52] or charge-detected mass spectrometry, which is capable of measuring the gigadalton mass distribution of nanoparticle samples. [53] 

Experimental section

Gold nanoparticles: Colloidal gold nanospheres of 40, 80 and 100 nm diameter, stabilized by carboxylic acids, were obtained from BBI (Cardiff, UK) and used as the starting materials for preparing samples. These particles are referred to as Au40, Au80 and Au100, respectively. An aqueous solution of 0.2 mM sodium lipoate (NaLA) and 1 mM NaOH was prepared using racemic (±)-α-lipoic acid (LA, Sigma, 0.2 mM) and NaOH (1.2 mM) in pure water. The conductivity of this NaLA solution was determined to be 1.8 x 10 -2 S m -1 . The colloidal Au40, Au80 and Au100 gold NPs were coated with lipoate by mixing them with the aqueous NaLA solution. Samples were centrifuged (Hettich Mikro 220R, Germany) for 30 min at 2259 x g for Au40, 603 x g for Au80 and 514 x g for Au100, loosely following our own recommendations for the centrifugal acceleration. [54] Ten milliliters of each NP solution were distributed over 10 individual 1 mL centrifuge tubes and centrifuged. The supernatant was removed and the pellets of the individual centrifuge tubes were pooled in order to concentrate the particles. Then, further centrifugation cycles were performed. After each centrifugation step, the supernatant was removed and replaced (90% of the volume) by the aqueous NaLA-NaOH solution. This centrifugation-redispersion was repeated two times and the particles were finally dispersed in a total volume of 500 µL aqueous solution (0.2 mM NaLA, 1 mM NaOH), with a NP concentration which is 25 times the initial NP concentration. The resulting solutions of lipoatecoated gold NPs are referred to Au40-LA, Au80-LA and Au100-LA. The samples were characterized using optical extinction (UV-visible) spectroscopy, confirming their integrity and providing reference spectra for the extinction spectroscopy in the microfluidic system. On basis of the extinction spectra, the concentrations of NPs in the stock solutions were determined to be 1.93 x 10 12 particles mL -1 (3.20 x 10 -9 mol L -1 ) for Au40, 2.32 x 10 11 particles mL -1 (3.85 x 10 -10 mol L -1 ) for Au80 and 8.95 x 10 10 particles mL -1 (1.49 x 10 -10 mol L -1 ) for Au100. [55] Microfluidic system: Polydimethylsiloxane (PDMS Sylgard 184 -Dow Corning) was chosen as the material for the body of the microfluidic chip. A 10:1 mix of PDMS and its cross-linking agent was degassed under reduced pressure (1 hour, 0.1 bar) and then poured on top of the photolithographically structured SU-8 mold in a Petri dish. The Petri dish containing the mold and the PDMS was cured for one hour at 70°C before the PDMS was peeled off the mold. The PDMS slabs were then cut, and inlets/outlets were punched in the PDMS. The PDMS slabs were not fixed to the substrate with plasma bonding but simply laid out over substrate, relying on the native adhesion of cross-linked PDMS to clean glass. This adhesion is strong enough to sustain microfluidic flow at low pressure without leakage, yet weak enough to be reversible, enabling cleaning and reuse of the thin-film electrode substrates. In this work, the microfluidic system consisted of a simple channel of rectangular cross-section with a height of 20 µm, a width of 300 µm and a length of 1.9 cm. The substrate was a 170 µm thick fused silica glass, carrying thin-film ITO electrodes as used previously. [9] The microfluidic circuit was operated using pressure-driven flow. A Fluigent MFCS-EZ microfluidic flow controller was used to increase the pressure precisely at the input of the channel. The output of the device was left at atmospheric pressure. The accessible pressure range is 0 to 69 mbar (above atmospheric pressure). This corresponds to accessible flow rates of 0 to 44 µL min -1 on basis of the channel geometry. [56] Extinction micro-spectroscopy: The microfluidic volume inside the device was observed through an Olympus IX71 inverted microscope using a moderate magnification objective (20x, 

Multi-component analysis: For analysis of the DEP-modulation of the mixture of Au40-LA and Au80-LA inside the microchannel, spectrotemporal data obtained from the spectrophotometer were processed using a simple numerical procedure. This consists in summing the relative contributions of the single component reference spectra of Au40-LA and Au80-LA (respectively OD40 (λ) and OD80 (λ)) using individual weighting factors k40 and k80, respectively.

The factors k40 and k80 were optimized for each time step of the DEP modulation, such that the weighted sum of the spectra (Equation. 4) best fits the spectrum of the mix solution. This was done by minimizing the error using the Nelder-Mead method.

OD(λ) = 𝑘 40 OD 40 (𝜆) + 𝑘 80 OD 80 (𝜆)

A further check of good agreement between the fitted sum spectra and the spectra in the recorded spectrotemporal matrix was found in the fact that there is very good agreement in the wavelengths of the extinction maxima between the sum spectra and the experimental spectra. Two correlated intensity-vs-position profiles were thus generated. One profile is the experimental profile of the detected spectral intensity as a function of sample position, recorded using the spectrometer while scanning the sample stage. The second is a "virtual profile" generated by numerically scanning a virtual circular region-of-interest over the microscope camera image and tracing the integrated intensity in this ROI as a function of position. The diameter of this circular ROI is adjusted such that the virtual profile (red profile) has the same shape as the experimental profile (blue profile) (see Figure S1) The experimental profile was best reproduced using an ROI diameter of 51 µm. 

S3. DEP-modulated extinction spectra

Figure S3 contains the variations of the optical density at the wavelength of maximum extinction for the gold NPs as a function of time in the absence of microfluidic flow. In order to correct for differences in the optical densities of the injected solutions at equilibrium, the optical densities are scaled with respect to the equilibrium optical density ODeq.

The microfluidic flow velocity of flow-enhanced DEP is optimized as follows. Electrode pairs are separated from each other by a distance of 300 µm. In each dielectrophoresis cycle, the electric field is switched off for 10 seconds, during which they should be transported to the next electrode pair. This means that particles must be transported by the fluid at an average velocity of 30 µm s -1 . In our microchannel geometry, this corresponds to a fluidic pressure differential ΔP = 2.35 mbar. [S1] Setting of the correct flow velocity was confirmed using dark-field particle 

Figure 1 .

 1 Figure 1. (a) Schematic top-view of the microfluidic channel showing the relative sizes of electrodes and the capture area sampled by the spectrophotometer (actual diameter 51 µm, see Supporting Information S1). Dashed lines correspond to edges of the microchannel. (b) DEP capture of particles near the tips of the electrodes along the microelectrode array. (c) Expected periodic modulation in the optical density at a single wavelength as a result of periodic dielectrophoresis.

Figure 2 .

 2 Figure 2. DEP-modulated optical extinction spectroscopy of Au40-LA in aqueous solution. (a) Evolution of the extinction spectrum in the observation volume; top: during the "DEP ON" phase; bottom: during the "DEP OFF" phase. (b) top: Amplitude of the applied AC potential for DEP; middle: evolution of the measured optical density at λmax as a function of time; bottom: position of the maximum of the extinction band (λmax) as a function of time, showing the absence of wavelength shifts.

Figure 3 .

 3 Figure 3. Combined results for the relative dielectrophoretic susceptibilities Kpol as a function of diameter for spherical gold NPs in aqueous solution (0.2mM NaLA, 1mM NaOH). Unfilled circle markers indicate the results from dark-field video-microscopy;[9] filled squares are the result obtained in the present work using DEP-modulated spectroscopy. The dotted line suggests a linear dependence of dielectrophoretic susceptibility on nanosphere diameter.

Figure 4

 4 Figure4shows that microfluidic flow indeed enhances the overall yield of dielectrophoretic

Figure 4 .

 4 Figure 4. Flow-enhancement of DEP modulation for Au40-LA, Au80-LA and Au100-LA. The green solid lines are the DEP modulation cycles (relative optical density at wavelength of the extinction maximum) in presence of optimized microfluidic flow (avg. flow speed: 30 µm s -1 , see Section S4). The grey areas in the background show when the DEP field was switched on. For comparison, the graphs also contain the modulation curves in absence of flow (red dashed lines).

  an exposure time of 250 milliseconds per spectrum, recording 4 spectra per second. A video, included with the Supporting Information (section S6 for a description), further illustrates the recording of optical spectra under flow-enhanced DEP modulation by showing simultaneously the images from the microchannel and the corresponding optical spectra. The DEP-modulated extinction spectra as a function of time are stored in a spectrotemporal matrix. A typical spectrotemporal matrix is shown in Figure 5.

Figure 5 .

 5 Figure 5. Series of DEP-modulated extinction spectra as a function of time for an aqueous solution of a mixture 1:1 of Au40-LA and Au80-LA represented in a spectrotemporal matrix plotted as a "heat map". The Supporting Information (description in section S6) includes a video showing simultaneously the images from the microfluidic device and the corresponding optical extinction spectra.

Figure 6 .

 6 Figure 6. (a) Time-dependent variation of the relative concentrations of the individual components, Au40-LA and Au80-LA, in DEP-modulated spectroscopy, obtained through leastsquares fitting of the weighted sum of the spectra of the individual components to the spectra in the spectrotemporal matrix of Figure 5. The grey areas in the background show when the DEP field was switched on. (b) Comparison of the position of the maximum (λmax) of the experimental extinction spectra and the maximum of the spectra from the two-component sum using the relative concentrations from (a).

N

  .A. = 0.4) using bright-field transmitted light contrast. The light source was provided by the illumination optics of the microscope (halogen light source, Osram HLX 100 W). The beamsplitter in the microscope's observation path was used to send 20% of the light onto a digital camera (Ximea xIQ-MQ013CG-ON) attached to the microscope front port (replacing the binoculars) and 80% to the optical fiber (50 µm core diameter) positioned at the side port. The optical fiber was connected to a diode-array UV-visible-NIR spectrograph (OceanOptics USB4000-VIS-NIR). Spectra were recorded using 250 milliseconds of exposure time. The useful spectral range was 430…700 nm, limited at short wavelengths by the weak blue-UV emission of the halogen lamp, and at long wavelengths by the infrared filter firmly integrated in the microscope illumination optics. This spectral range is sufficient for observing the extinction band of spherical gold NPs.Optical spectroscopy measurements were carried out at ambient temperature on aqueous gold NP solution injected directly into the microfluidic channel. Optical extinction spectroscopy was done by first recording the dark spectrum Idark(λ), i.e. the spectrum recorded by the spectrometer without any light. Subsequently, a baseline spectrum I0(λ) was recorded by filling the microfluidic channel with water. With these spectra in place, the extinction spectrum OD(λ) is calculated in the usual manner from the transmitted light spectrum I(λ) recorded through the solution containing NPs. OD = log 10 ( 𝐼 -𝐼 dark 𝐼 0 -𝐼 dark )

Figure S1 .

 S1 Figure S1. (a) Evolution of recorded light spectra as a function of the position of the sample. (b) Brightfield image of the microfluidic channel. The red circle shows the area swept along the red dotted line profile whose corresponds to the experimental observation and the virtual ROI scan. It was decided to avoid the crossover with electrode tips in order to minimise an extra useless intense signal between the microfluidic walls. c) Normalised intensity as a function of the distance from experimental measurement on the spectrometer (blue), and from virtually sweeping a circle (51 µm diameter) along the red dotted line profile (red).

SI- 3 S2.

 3 Reference extinction spectraExtinction spectra of the solvent baseline and of an aqueous solution containing Au40-LA nanoparticles (NPs) are shown in FigureS2. The optical path length through the sample is 20 µm. The Au40-LA particles have been prepared at a concentration of 2.75 x 10 -9 mol L -1 (corresponding to an OD of 25 at 1 cm).

Figure S2 .

 S2 Figure S2. Baseline spectrum obtained using water injected in the microchannel (red line) and extinction spectrum of Au40-LA solution (blue curve) injected into the microchannel.

Figure S5 .

 S5 Figure S5. Spectra of stock solutions of Au40-LA, Au80-LA and a 1:1 (by volume) mixture of Au40-LA and Au80-LA solution, respectively, recorded inside the microchannel using an exposure time of 250 ms.

  

  

Table 1 .

 1 Wavelength

		λmax (nm)	ψcap
	Au40-LA	528	0.20 (±0.11)
	Au80-LA	549	0.35 (±0.13)
	Au100-LA	572	0.44 (±0.15)

of the extinction maximum and DEP capture factor ψcap (95% confidence intervals) obtained using DEP-modulated optical extinction spectroscopy for gold NPs of different diameters in aqueous solution. Applied AC electric field had an amplitude of 20 Vpp and a frequency of 1 MHz.
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Dielectrophoretically modulated optical spectroscopy of colloidal nanoparticle solutions in microfluidic channels
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S1. Experimental characterization of the effective observation area for microspectrocopic extinction measurements

The optical path has been kept as simple as possible in these experiments, essentially placing a fiber-coupled spectrometer at the side-port of the microscope, and adjusting it such that the circular area in the microscope image that is sampled by the spectrometer is relatively large, in order to measure an average concentration over that part of the image. The sampled area was determined experimentally by scanning the microfluidic device relative to the microscope objective using a motorized sample stage while recording the evolution of the light intensity detected by the spectrometer. The microfluidic structure contains sharp, small features of sufficient optical contrast (microfluidic channel walls, ITO microelectrodes) that serve as spatial step functions from which the spatial resolution and the diameter of the detected circular area can be determined

The evolution of the detected optical spectrum as a function of spatial position of the translation stage is shown in Figure S1a. From the microscope image of the device, a line profile (one pixel wide) was extracted and plotted to identify the position of the walls in the image and compare it to the same features recorded on the spectrometer while scanning the microfluidic device.

Figure S3

. DEP modulation cycles of Au40-LA, Au80-LA and Au100-LA in water without microfluidic flow monitored via the relative optical density as a function of time, at the wavelengths of the extinction maximum (λmax = 526 nm, λmax = 549 nm, λmax = 572 nm, respectively). The grey areas in the background show when the DEP field active.

S4. Flow-enhancement of DEP modulation

Figure S4. Mechanism of flow-enhanced DEP modulation. Selected frames from videomicroscopy (transmitted-light bright-field; contrast was digitally enhanced to bring out the nanoparticle (NP) flock more clearly). The DEP "capture-and-release" cycle is repeated to capture more and more gold NPs at each electrode pair along the microchannel. The fluid flow is tuned such that a released particle "flock" arrives at the next electrodes pair when DEP is switched "ON" again. t = 0 sec corresponds to the switching "OFF" of the DEP field (release of particles).

S6. Video of flow-enhanced DEP-modulated extinction spectroscopy

Included with this Supporting Information is a video:

It shows a recording of the microscope image of microfluidic channel with the ITO microelectrodes and injected nanoparticle solution. In parallel, it also shows the optical extinction spectrum of the sampling volume that was recorded simultaneously. The NP solution is the 1:1 mixture of Au40-LA and Au80-LA NPs also used in the multicomponent analysis demonstration. All experimental parameters were the same as those used for those measurements (AC electric potential of 1 MHz, 20 Vpp applied to the electrodes; DEP field active for 15 seconds ("ON"), inactive for 10 seconds ("OFF"); microfluidic flow speed of 30 µm s -1 ). The included video is accelerated 5 times compared to the original recording. This acceleration was achieved by sampling only one in five frames from the original recording at constant frame rate (20 frames per second).

S7. Demonstration of chemometric analysis of spectrotemporal data matrix obtained by DEP-modulated spectroscopy

In the main text, we stated that the spectrotemporal data generated in DEP-modulated spectroscopy is amenable to analysis with chemometric methods. Here, we include a brief demonstration of the feasibility of one particular chemometric approach, based on singular value decomposition of the data matrix followed by rank reduction and transformation of the retained components to fit a specific physicochemical model of the sample's behaviour. Related approaches for analysing time-resolved spectral data have been described in the literature, [S2,S3] and fall under the general paradigm of target-transformation factor analysis (TTFA). [S4] We apply our TTFA analysis to the data presented in Figure 5, in which a mixture of gold NPs of two different diameters was measured using DEP-modulated extinction spectroscopy.

The set of m extinction spectra (optical density, OD, as a function of wavelength), each containing n OD data points, can be represented by the n x m matrix A. In absence of noise, each spectrum is the sum of the spectral contributions of all the (chemical/nanoparticle) species in the sample. For p individual species in the sample, we can write their specific spectral responses (e.g., relative or absolute extinction coefficients) as the columns of an n x p matrix S. The (relative or absolute) concentrations that are evolving over time (in this work: as a result of DEP modulation) will then be in a p x m matrix C. The spectrotemporal matrix is the product of the spectral and concentration matrices (Eq. S1).

A = SC

(Eq. S1)

In typical analysis cases, only A is known, and the objective is to find S and/or C. In the particular case of the data shown in Figure 5, we did actually have access to S, since we prepared a mixture ourselves from pure NP components, and in the Main Text a straightforward fitting SI-8

procedure was utilized for extracting the concentration data (Figure 6). For the sake of illustrating the chemometric analysis, we pretend here that S is unknown.

The first step of the analysis is singular value decomposition (SVD) of the spectrotemporal matrix. SVD is based on the fact that any n x m matrix (e.g., A) can be decomposed into two unitary matrices, U and V, and a diagonal matrix W (sometimes denoted Σ) such that

The diagonal elements of W are called the singular values and they appear in descending order.

The column vectors of U and V all have length 1. It is therefore the singular values that determine the weight of the contribution of each column vector to the total matrix. For the matrix A, in the absence of noise, the only non-zero singular components would be the first p components, the matrix being of rank p. With noise, there is no such extreme cut-off, but singular value decomposition still gives a good indication of the rank of the underlying ideal (noise-free) data matrix. By selecting only the first k components of the SVD, a rank-reduced representation of the data is obtained. This removes noise from the data, and also compresses the data, since a good approximation of the full n x m matrix can be reconstructed from an n x k and a k x m matrix.

An important aspect of the rank estimation provided through SVD is that it indicates how many independent chemical species (e.g., different types of NPs) contribute to the measured spectra, purely on basis of the properties of the data matrix, without a priori chemical knowledge. Figure S6 (left) contains a graph of the singular values of the first 10 components of the SVD of the spectrotemporal data from Figure 5 (main text). Only the two first singular values stand out, and the other components show a steadily decreasing trend. This is in very good agreement with the fact that we used a sample with two different NP populations (40 nm and 80 nm diameters).

The first singular value is high compared to the second, which is likely due to the similarity of the extinction spectra of 40 nm and 80 nm gold NPs. components. In order to avoid subscripts, we will simply continue writing U, V and W below, bearing in mind that these now refer to their rank-reduced versions of dimensions n x k, m x k, and k x k, respectively.

In Figure S6, it is furthermore seen that whereas the spectral and concentration vectors do appear to contain relevant information, they have an unphysical form (e.g. negative concentrations). Indeed, these vectors are linear combinations of the real physically-relevant vectors. Interestingly, they may be transformed into their physically meaningful counterparts using a k x k transformation matrix T. Combining Eqns S1 and S2, and inserting T -1 T we find

If, for instance, we are able to find a T such that V is related to (a model of) C, i.e. C = TWV T (Eq. S4)

Then we will also obtain S, after inversion of T. S = UT -1 (Eq. S5)

Further work is required to formulate and validate physicochemical models of C. This involves modelling the evolution of the concentrations of the NPs in the microfluidic observation volume as a function of time under DEP modulation and is part of future work. In the present case, for demonstration purposes, we use the convenient short-cut provided by the fact that we already obtained the time-evolution of the concentration of both species in C using the straightforward procedure in the main text (Figure 6). The four matrix elements of T were found using a simple The transformation indeed yields modulated concentration traces that closely fit the concentration traces obtained in the main text. Additionally, the corresponding 'pure species' spectra of both components are recovered automatically, and are close to the spectra of the 40 nm and 80 nm gold particles that were put into the mixture. This demonstrates the feasibility of chemometric analysis of DEP-modulated spectroscopy data for gold NPs, and opens the possibility of studying more complex samples of only partially known composition using DEPmodulated spectroscopy.