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Abstract

We present a novel approach for characterizing surfaces utilizing super-resolution fluorescence 

microscopy with subdiffraction limit spatial resolution. Thermoplastic surfaces were activated by 

UV/O3 or O2 plasma treatment under various conditions to generate pendant surface-confined 

carboxylic acids (–COOH). These surface functional groups were then labeled with a 

photoswitchable dye and interrogated using single-molecule, localization-based, super-resolution 

fluorescence microscopy to elucidate the surface heterogeneity of these functional groups across 

the activated surface. Data indicated nonuniform distributions of these functional groups for both 

COC and PMMA thermoplastics with the degree of heterogeneity being dose dependent. In 

addition, COC demonstrated relative higher surface density of functional groups compared to 

PMMA for both UV/O3 and O2 plasma treatment. The spatial distribution of –COOH groups 

secured from super-resolution imaging were used to simulate nonuniform patterns of 

electroosmotic flow in thermoplastic nanochannels. Simulations were compared to single-particle 

tracking of fluorescent nanoparticles within thermoplastic nanoslits to demonstrate the effects of 

surface functional group heterogeneity on the electrokinetic transport process.

Graphical Abstract

*Corresponding Author: ssoper@email.unc.edu. 

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.analchem.5b04472.
Figures S1–S4 and Table S1 (PDF).

Notes
The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2017 August 07.

Published in final edited form as:
Anal Chem. 2016 April 05; 88(7): 3686–3696. doi:10.1021/acs.analchem.5b04472.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thermoplastics are an attractive material for both microfluidics and nanofluidics.1–4 The 

interest in thermoplastics stems from the fact that both microscale and nanoscale structures 

can be produced with techniques that are conducive to high scale production of devices with 

high fidelity and high process yield rates.5–7 Indeed, thermoplastic-based microfluidic and 

nanofluidic devices have been used for a variety of applications, such as microarrays,8,9 

solid-phase enzymatic reactors,10–12 solid-phase extractors for nucleic acids and proteins,13 

affinity selection of biological cells,14–16 chromatography,17 and microchip 

electrophoresis.18,19

While the benefits of microchip electrophoresis have been well documented,20–22 new 

efforts have been devoted to reducing electrophoresis columns to nanometer sizes, because 

unique phenomena specific to nanoconfined domains can be exploited; thus, separations not 

possible in the microscale can be achieved using nanometer columns.23–28 For example, as 

the channel dimensions approach the thickness of the electrical double layer (EDL), EDL 

overlap results in nonplug, parabolic flow profiles. Furthermore, increased surface area-to-

volume ratios result in surface interactions,29–35 giving rise to transverse electromigration 

(TEM).35 Because of EDL overlap, parabolic flow profiles can be generated, and with the 

action of TEM, separations can be undertaken that are not possible in microscale 

electrophoresis.29,31,32,36–38

Conventionally, nanoelectrophoresis is carried out using glass-based devices, which have a 

well characterized surface chemistry that is highly ordered and homogeneous. However, 

fabrication of such devices is costly and time-consuming, in many cases requiring deep UV 

lithography or ion beam milling of each device.39–41 In contrast, multiple thermoplastic 

nanocolumns can be replicated from a single master by nanoimprint lithography (NIL), 

reducing cost and simplifying fabrication.

In general, thermoplastics can be modified to increase their surface charge density and 

wettability, enabling the generation of electroosmotic flow (EOF).42 Thermoplastic devices 

can be activated by exposure to UV/O3 or O2 plasma,43 which forms oxygen-containing 

functionalities, including surface carboxylic acid groups (–COOH) as well as other oxygen-

containing groups that are typically less abundant than the –COOH groups. Characterization 

of these activated surfaces has been demonstrated.14,44 But, previous measurements produce 

ensembled results averaged over relatively large areas (1 mm2)14 and, as such, did not 
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address the spatial distribution of functional groups generated following activation of the 

polymer.14,44

The heterogeneity of surface functional groups following activation can have a profound 

impact on the electrophoretic performance of a nanoscale device. For example, 

heterogeneous distributions of surface charges can generate nonuniform zeta-potentials, 

which are known to cause recirculation in the EOF that can degrade separation 

efficiency.45,46 This issue is exacerbated when the column cross section is significantly 

reduced, such as is the case for nanoscale electrophoresis due to increased interaction with 

the heterogeneous surface.29,33,34

Assuming the Debye length is significantly smaller than the width of a fluidic channel and 

the surface charge density is uniform along both the axial and radial dimensions, the fluid 

velocity within a channel (υ) can be described by the Helmholtz-Smoluchowski equation:

(1)

where ε is the permittivity of the buffer, E is the applied electric field,  is the average zeta 

potential, and η is the fluid viscosity. This equation describes the classic “plug-like” flow 

characteristic of microscale electrophoresis.45,47–50 However, eq 1 is not applicable for the 

majority of nanoscale electrophoretic separations because the Debye length approaches 

channel dimensions. Moreover, nonuniform distributions of surface charges modulate the 

zeta potential so that it can no longer be averaged.

To date, theoretical and experimental investigations into the effects of nonuniform surface 

charge have been explored only in a few cases.12,45,47,50,51 For example, Anderson and Idol 

studied EOF through pores with nonuniformly charged walls and found the mean fluid 

velocity to be accurately described by the Helmholtz equation when using the average zeta 

potential; however, recirculation of fluid was observed in regions where ζ deviated from the 

average.47

Ajdari explored alternating regions of positive and negative surface charges and showed the 

presence of steady convective recirculation in the EOF.50 Surface defects have also been 

shown to introduce nonuniform ζ with similar hydrodynamic contributions noted.52 Several 

other investigations45,48,51 relied on a step scheme in which ζ of one region was set to zero, 

while the downstream region had a higher ζ, thus generating recirculation at the junction, 

but plug-like EOF downstream.45,50

All of the aforementioned studies assumed that the surface charge density conforms to an 

equilibrium Boltzmann distribution, which assumes thermodynamic equilibrium where the 

ionic distributions are uniform along the channel wall and unaffected by fluid flow.51,53 

However, this assumption is inaccurate in the case of nonuniform surface charge 

distribution. In these cases, it is necessary to adopt the Nernst-Plank model to account for 

the heterogeneity of surface charge. Fu et al. observed deviations from the typically used 

Boltzmann distribution; they also explored the effect of EDL overlap with nonuniform ζ. 

ONeil et al. Page 3

Anal Chem. Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



They showed that the velocity profiles in the regions of high and low ζ is parabolic due to 

EDL overlap.51

Investigations into the nonuniform spatial distribution of functional groups on surfaces with 

nm resolution has not been explored to our knowledge. The process of activating 

thermoplastics with UV/O3 or O2 plasma may introduce nonuniform surface charges. Hence, 

a thorough analysis of surface heterogeneity caused by activating amorphous thermoplastic 

surfaces is critical to understand the utility of thermoplastics as substrate materials for 

nanoscale electrophoresis and other applications. Many variables can affect the 

heterogeneity of surface confined –COOH groups, in particular, competitive chemical 

reactions giving rise to different products, differences in the tacticity of the polymer, and 

nanoscale roughness, which also has the potential to locally distort ζ.

To assess –COOH surface spatial distributions, it was necessary to precisely locate 

functional groups with nm resolution. Thus, we applied super-resolution microscopy with 

the –COOH groups labeled with a fluorescent reporter. Based on theoretical predictions, the 

–COOH surface density may be as high as 0.83 nmol/cm2 (five carboxyl groups/nm2) for a 

hexagonally ordered surface.54 Although polymers are not crystalline in nature, we can still 

expect the density of fluorescent reporters to be far below the resolution limit of 

conventional fluorescence due to diffraction.55 Super-resolution fluorescence microscopy 

allows for subdiffraction imaging using different approaches including Stochastic Optical 

Reconstruction Microscopy (STORM). Super-resolution microscopes have classically been 

used for imaging biological samples with a few demonstrations in synthetic samples,56 

nanoparticles,57 or nanochannel solution ion distributions.58 We will show in this work the 

use of STORM microscopy for the analysis of thermoplastic surfaces activated by UV/O3 or 

O2 plasma and the subsequent coupling of a fluorophore to the pendant –COOH functional 

groups to examine the heterogeneity in the spatial distribution of these functional groups.

MATERIALS AND METHODS

Reagents and Materials

Poly(methyl methacrylate), PMMA, was purchased from Goodfellow (Berwyn, PA). Cyclic 

olefin copolymer (COC 8007 and 6017) were purchased from TOPAS Advanced Polymers 

(Florence, KY). Si ⟨100⟩ wafers were acquired from University Wafers (Boston, MA). 

Ethylenediamine (EDA), sodium dodecyl sulfate (SDS), dextrose, glucose oxidase 

(Aspergillus niger), Dulbecco’s phosphate buffered saline (1× DPBS, pH 7.4), catalase 

(bovine liver), monoethanolamine (MEA, pH 8.0–8.5), sodium bicarbonate buffer (pH 7.5), 

tripropylene glycol diacrylate (TPGA), trimethylolpropane triacrylate (TMPA), Irgacure 651 

(photoinitiator), and potassium chloride (KCl) were purchased from Sigma-Aldrich (St. 

Louis, MO) and used as received. Alexa Fluor 647 NHS ester and 20 nm Nile red (535/575) 

carboxylate modified polystyrene spheres were secured from Life Technologies (Grand 

Island, NY). Antiadhesion (tridecafluoro-1,1,2,2-tetrahydrooctyl) tricholorosilane (T-Silane) 

was purchased from Gelest, Inc. (Morrisville, PA). Tris buffer (pH 8.0) was obtained from 

Fisher Scientific (Houston, TX). All dilutions were performed using 18 MΩ/cm Milli-Q 

water (EMD Millipore, Billerica, MA), with all measurements carried out at 25 °C.

ONeil et al. Page 4

Anal Chem. Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Surface Activation and Modification

The protocol used for activating and modifying surfaces has previously been reported and 

validated.42 In brief, PMMA and COC (1 cm2) were sonicated for 30 min in 0.1% SDS and 

then exposed to either UV/O3 (31.1 mW/cm2, λ = 254 nm) or O2 plasma (50 W, 10 sccm) 

for various times to generate surface carboxyl groups with different densities. Covalent 

attachment of Alexa Fluor 647 NHS Ester to the surface confined –COOH groups was 

achieved by first generating an amine-terminated surface by incubation of the activated 

plastic in a solution containing 100 mg EDC and an excess of EDA (134 μL) in 2 mL of 0.1 

M MES buffer (pH 4.8) for 20 min.42 The plastic was then removed from this solution, 

washed thoroughly with DI water, spotted (2 μL) with Alexa Fluor 647 NHS in 0.1 M 

sodium bicarbonate (pH 7.5), and incubated in the dark for 1 h. The samples were then 

thoroughly washed with DI water.

STORM Imaging

All imaging was performed on activated COC or PMMA thin films (100 μm) with the 

surface confined –COOH groups labeled with the fluorescent reporter. For STORM, the 

underlying mechanism for photoswitching between “on” and “off” states required the 

addition of a thiol containing molecule. For this reason, the buffer used for imaging was 

composed of 80% (v/v) 1× DPBS (pH 7.4), 10% (v/v) 1 M MEA, 10% (v/v) 50% glucose, 

and 1% (v/v) glucose oxidase/catalase oxygen scavenger. Imaging was performed using a 

Zeiss Axio Observer Z-1 inverted microscope with a 100× oil immersion objective (NA 

1.46), an iXON EMCCD camera, and 405, 488, 561, and 640 nm wavelength lasers. For the 

purposes of these experiments, only the 405 and 650 nm laser were used. The laser power 

was precisely selected to balance photoswitching kinetics and photobleaching. To obtain the 

best resolution, one must optimize the number of photoswitching cycles as well as the time 

spent in the “on” or “off” state. In order to ensure that two dye molecules were not emitting 

at the same time within a diffraction limited area, the “off” time should be much greater than 

the “on” time. This was considered in our laser power selection.59,60 The image pixel size 

was 10 nm with a camera pixel size of 16 μm. Exposure times were 30 ms to ensure that 

single fluorescent events were captured with high signal-to-noise.

Each sample was imaged for 5 min (>10000 frames). Within this collection time, 

fluorophores cycle through several “on” and “off” states. Image frames capturing the 

blinking of surface confined fluorophores were then analyzed using Carl Zeiss Zen image 

processing software adopting the classical super-resolution image processing protocol. In 

brief, the Zen software performed a peak finding function in all frames based on minimum 

and maximum photon count thresholds to ensure that both noise and aggregated nonblinking 

molecules were excluded. Next, peak fitting algorithms were applied to determine the width 

and centroid position of each peak. Once all localizations were determined, drift correction 

and peak grouping functions were applied. One “on” event for a fluorophore can last for 

several frames with the collection time employed herein.

During the acquisition time, the molecule may appear to drift due to thermal expansion and 

mechanical vibration. The algorithm used for drift correction breaks the rendered STORM 

image into smaller, lower quality STORM images. Then, cross-correlation of subsequent 

ONeil et al. Page 5

Anal Chem. Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



images allowed a measurement of sample drift. This method is well documented and widely 

used.61,62 Furthermore, because a molecule may appear in several frames, several 

parameters were used to group these localizations to one molecule. These include maximum 

“on” time, defined as the maximum number of frames that peaks are allowed to be detected 

in order to be considered one molecule (5 frames), maximum off time, defined as the 

maximum number of frames that a peak can be missing and still considered one molecule 

(10 frames) as well as capture radius, defined as the pixels within which peaks of 

consecutive frames must lie in order to be considered as belonging to the same molecule (2 

pixels).

Lastly, for accurate positioning, if the point spread function (PSF) of two different 

localizations overlapped and appeared as one distorted spot, these events were discarded. 

Further parameters such as photon count, point spread function diameter, and localization 

precision were used to render STORM images, as is classically done in super-resolution post 

processing. Conventional fluorescence images were collected using the same microscope 

without reconstruction postprocessing.

Control experiments were performed to determine nonspecific dye adsorption. Activated 

surfaces were incubated with just Alexa Fluor 647 NHS without the amine linker. Control 

experiments showed <1% nonspecific adsorption based on the total number of localizations.

COMSOL Simulations

Fluorophore centroids that were determined from the super-resolution images were mapped 

as single point charges on otherwise noncharged surfaces of a 50 nm × 50 nm × 1 μm (W × 

H × L) model nanochannel to approximate the effect of heterogeneous surface charges on 

the EOF. Geometries were constructed via a MATLAB code and imported into COMSOL 

Multiphysics (v 5.0) was used to solve for EOF profiles with a two ion buffer system (see 

Table S1 for modeling parameters). Notably, oxygen-containing functional groups other than 

–COOH groups, which were likely generated during activation, were not included in the 

model due to their unknown densities and positions. However, because these groups would 

be expected to be uncharged for the pH values used herein, they would not be expected to 

contribute to the EOF.

Nanoslit Fabrication

The fabrication of nanoslits in thermoplastics is detailed elsewhere.6,7 Briefly, a silicon 

master was fabricated by initially patterning two access microfluidic channels (55 μm wide, 

12 μm deep, 1.5 cm long) into a Si ⟨100⟩ wafer using standard photolithography followed by 

anisotropic etching with 45% KOH. Next, 3 μm × 150 nm nanofluidic slits were patterned 

by FIB milling of the Si wafer using a Helios NanoLab 600 Dual Beam instrument (FEI, 

Hillsboro, OR).

An antiadhesion coating of T-Silane was applied to the Si master from the gas phase in a 

desiccator under vacuum for 2 h to facilitate demolding. A resin stamp was then made using 

UV-NIL from a UV-curable polymeric blend containing 68 wt % TPGA as the base, 28 wt 

% TMPA as the cross-linking agent, and 4 wt % Irgacure 651 as the photoinitiator that was 

coated onto a rigid COC back plate. The stamp was cured by exposure to 365 nm light (10 
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J/m2) through the COC back plate for 7 min in a CL-100 Ultraviolet Cross-linker (UVP, 

LLC, Upland, CA). The UV-cured resin was gently demolded from the Si master.

The stamp was imprinted into a 1.5 mm thick piece of COC by NIL with access holes used 

as reservoirs. NIL was performed at a pressure of 2888 kN/m2 for 120 s with the top and 

bottom plates maintained at a temperature of 95 °C using a Hex03 thermal imprinter 

(JenOptik AG, Jena, Germany). Pressure was applied after 30 s and was maintained during 

imprinting until the system was cooled to 45 °C. A 100 μm thick COC sheet of the same 

type as the substrate was used as the cover plate. Both the COC substrate and cover plate 

were preactivated with oxygen plasma. Thermal assembly was performed immediately at 

70 °C for 900 s using 977 kN/m2 pressure.

Nanoelectrophoresis of Fluorescent Nanoparticles

All fluorescence imaging for the nanoelectrophoresis were performed using an Axiovert 35 

inverted microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with a 100× oil 

immersion objective (NA 1.3). For imaging, the optical system in Figure S1 was used. A 

Gaussian laser beam (Nd:VYAG; λex = 532 nm; P = 0.01–5 W; 2.2 mm beam diameter) was 

expanded with a 10× Keplerian beam expander to completely backfill the objective and the 

wings were knocked out with an iris to ensure uniform laser intensity in the field-of-view. 

The beam was focused using a lens into the back of a microscope objective to allow 

irradiation of the entire field of view and passed through a 532 nm laser line filter and 

dichroic filter. The emission signal was collected by the objective, passed through a dichroic 

filter, was spectrally selected using long-pass and bandpass filters, and was imaged onto an 

iXon3 897 EMCCD camera (Andor Technology Ltd., Belfast, United Kingdom) controlled 

by Metamorph software. Trackmate software in Fiji was used for data analysis.

All electrophoresis experiments were conducted in 1× PBS (pH 7.4). A 1.0 fM concentration 

of polystyrene microspheres was used to increase the likelihood of single particle occupancy 

within the nanoslit. Polymer nanoslits were primed with buffer and allowed to equilibrate 

prior to the electrophoresis. The fluorescent nanospheres were loaded into an injection 

reservoir and various field strengths were applied (100–300 V/cm) to electrokinetically drive 

the spheres into the nanoslits. Translocation events were captured and processed using the 

optical system described above.

RESULTS AND DISCUSSION

STORM versus Conventional Fluorescence

Typically, STORM is used to interrogate biological features with subdiffraction limit 

resolution.55 STORM accomplishes subdiffraction imaging by sequential activation and 

time-resolved localization of photoswitchable fluorophores. In STORM imaging, 

fluorophores were heavily biased toward the “off” state by the inclusion of a thiol 

(mercaptoethylamine) that disrupts the molecule’s conjugation, but when the fluorophore 

was exposed to UV light, the thiol was dissociated, conjugation was regenerated, and the 

molecule can reach the “on” state to generate fluorescence. By suppressing the probability 

of fluorescence, the centroids of individual fluorescent events can be precisely located with 
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~20 nm resolution, and the entire surface can be reconstructed by imaging for several 

minutes and merging the events that are observed throughout the tens of thousands of 

frames.

For our experiments, we sought to use STORM to probe thermoplastic surfaces that were 

exposed to UV/O3 irradiation or O2 plasma, which can generate surface-confined –COOH 

groups9 that are useful for generating EOF as well as immobilizing moieties such as small 

molecules42 and biomacromolecules.14 To visualize the surface confined –COOH groups by 

STORM, we conjugated these groups to a short diamine cross-linker and subsequently 

labeled the free primary amine with an NHS-ester fluorescent dye, allowing us to monitor 

the spatial distributions of the dye-labeled –COOH groups. We then captured >10000 frames 

as these surface confined fluorophores transitioned between “on” and “off” states. There 

frames were then imported into commercial image processing software and precise 

parameters were used to localize each fluorophore and render highly resolved STORM 

images.

Figure 1 compares STORM (a) and conventional fluorescence microscopy (c) imaging of 26 

μm2 areas of UV/O3 treated COC. Specifically, we are imaging dye-labeled, surface-

confined –COOH groups generated through UV/O3 activation. Also shown are line plots of a 

1 μm2 subsection of these images. The conventional fluorescence image had several 

overlapping spots of various intensities, indicating that densely packed fluorophores could 

not be resolved (Figure 1d). The benefits of STORM imaging were immediately apparent 

with the centroid of each fluorophore resolved, even at the higher dose levels where the 

functional group spacing is low. For example, in the 1 μm2 subset images of Figure 1a the 

centroids of 41 different fluorescent events were localized by STORM, while an unknown 

number of fluorophores contributed to the conventional fluorescence image.

However, not all 41 events in Figure 1a necessarily originated from different dye molecules. 

Each fluorescent molecule can cycle through on/off states multiple times throughout the 5 

min imaging time; the dye’s position can shift slightly between cycles. It is unlikely that 

movement of the dye molecule relative to the surface would be significant because the 

diamine linker was only ~1 nm in length, thereby constraining the molecule’s movement. 

Rather, shifts in the fluorophore’s image can be attributed to drift of the microscope due to 

thermal expansion and mechanical vibrations. Furthermore, random errors of the fitting 

procedure, localization accuracy, and systematic errors of the microscope can also contribute 

to the inaccurate localization of molecules.

To determine the average number of blinking events for a given fluorophore, we examined 

individual localizations of the STORM images by hierarchal clustering analysis.63 By fitting 

the number of clustered blinking events to an exponential distribution (Figure S2), we 

determined a Poisson average of 7 blinks per fluorophore. These results were reproducible 

across various activated polymers (data not shown). Second, the spatial distribution of the 

clustered blinking events was fit with a Gaussian function (Figure S3); each molecule’s 

distribution of localization was characterized by a full width at half-maximum of ~40 nm. 

Two events can be resolved if they are separated by greater than the fwhm. We observed a 

localization accuracy (i.e., σ of the Gaussian function) of 17 nm. The localization accuracy 
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was determined after all STORM postprocessing procedures, including drift correction; thus, 

this value represents the localization accuracy and drift efficiency. Since the experimentally 

measured localization accuracy is in agreement with the theoretical precision (σ = 20 nm, 

calculated from the photon count of 800–1000), the efficiency of drift correction was quite 

high and had little contribution to the overall error in localizations. Nevertheless, STORM 

enabled the localization of dye-labeled –COOH groups separated by >40 nm, which was not 

possible using conventional fluorescence microscopy.

Comparing Relative –COOH Density Using STORM

STORM imaging was used to investigate the relative changes in the density of dye-labeled –

COOH groups on COC and PMMA surfaces that received various doses of UV/O3 

irradiation or O2 plasma exposure. Representative images, where the centroids of blinking 

events were plotted, are shown in Figure 2a–e for COC and Figure 2f–j for PMMA exposed 

to UV/O3 irradiation for different times. While the absolute density of fluorophores could 

not be assessed due to multiple blinking events per fluorophore, relative changes in the 

surface density of dye-labeled –COOH groups could be deduced because the experimental 

conditions (buffer composition, light intensity, etc.) were the same throughout all STORM 

imaging. Thus, the dependence of –COOH surface density due to polymer, activation 

method and exposure time could be discerned, as shown in Figure 2k,l.

There was an increase in –COOH relative density on COC surfaces as UV/O3 exposure 

increased up to 15 min. After 20 min exposure, there was a dramatic decrease in the relative 

–COOH surface density (Figure 2k, solid square). A similar trend was observed for COC 

exposed to O2 plasma with an increase observed up to 10 s exposure times and a drop in the 

relative density after 30 s exposures (Figure 2l, solid square). The apparent decrease in –

COOH density for long exposure times for both UV/O3 and O2 plasma activation is most 

likely due to radical reactions occurring after –COOH generation, which can degrade the –

COOH group and lead to effects such as –CO2 release, scissioning of the polymer chain, and 

etching of the surface.44,64 Chemical groups other than –COOH generated by these 

activation processes are not probed by our fluorescent reporter, which was specific for –

COOH groups; however, the authors note that previous research has shown that –COOH 

functional groups are the dominate species following UV/O3 or plasma activation protocols 

performed on PMMA and COC thermoplastics.14

The density of –COOH functionalities on UV/O3 activated PMMA surfaces (Figure 2k, open 

square) was greatest for 1 min exposure with a decrease for longer exposure times until ~20 

min, when it was observed that the –COOH relative density slightly increased. A similar 

trend was seen for O2 plasma exposed PMMA (Figure 2l, open square); the greatest –COOH 

relative densities were observed at 1 s exposure, and the –COOH relative surface density 

decreased from 2 to 10 s exposure, returned to a relatively high level after 30 s, and then 

decreased again after 45 s exposure. Two factors contributed to these results. First, –COOH 

generation is known to be more efficient on COC surfaces compared to PMMA, although –

COOH formation dominates for both thermoplastics.14 Scissioning of PMMA polymer 

chains throughout UV/O3 exposure has been suggested to compete with –COOH formation 

and lead to extensive fragmentation and etching of the polymer, more so than for COC 
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polymers.14 This provides an explanation for the relatively lower surface densities overall. 

Second, the PMMA contained impact modifiers, cross-linked poly(butyl acrylate),14 which 

may have a poorer propensity to undergo photooxidation to generate pendant –COOH 

groups. These impact modifiers can be observed by O2 plasma exposure in Figure S4, which 

showed surface roughness features on PMMA due to the differences in plasma etch rates 

between PMMA and poly(butyl acrylate).

Overall, two observations can be made from this data: (i) The maximum –COOH relative 

densities on PMMA substrates were achieved at the shortest activation times, 1 min UV/O3 

and 1 s O2 plasma treatment. In the case of COC, longer exposure times were required to 

maximize the relative surface density of the –COOH groups. (ii) The greatest relative 

density of –COOH groups generated on PMMA by UV/O3 and O2 plasma were 25 and 10%, 

respectively, the densities observed on similarly treated COC substrates.

With our current localization accuracy of 17 nm and considering the maximum hexagonal 

packing density of fluorophores, the highest density that could be theoretically localized 

would be 4 × 1011 molecules/cm2, which is insufficient for a crystalline structure (~1 × 1014 

molecules/cm2). However, the maximum number of localization density we encountered was 

~5 × 1010 molecules/cm2. Thus, we have not reached the upper spatial resolution detection 

limit of our current STORM conditions.

Determination of Functional Group Heterogeneity Using STORM

The heterogeneous spatial distribution of –COOH groups can have a significant impact in 

applications such as nanoscale electrophoresis by creating recirculation in the flow field and 

thus, lowering the efficiency in the separation. The subdiffraction limit resolution afforded 

by STORM enabled us to observe these spatial distributions with accuracy not possible by 

traditional fluorescence microscopy. To determine the heterogeneity in the spatial 

distribution of –COOH groups on the polymer surface with nm resolution, the Euclidian 

distance between each localization determined through STORM was calculated; however, 

the Euclidean nearest-neighbor distance was confounded by blinking of the fluorophores in 

time. A given fluorophore will be detected multiple times, shifting slightly in position due to 

instrument drift and generating nearest-neighbor distances that do not sometimes reflect the 

true spatial distribution of dye-labeled –COOH groups. Thus, for each fluorescent event we 

excluded nearest-neighbors within the localization accuracy (17 nm) and assembled the 

distributions of nearest-neighbor distances for both thermoplastics under all activation 

conditions (Figure 3).

In general, irrespective of the polymer or activation source, increasing –COOH surface 

relative densities correlated, not surprisingly, with a decreased distance between functional 

groups. For example, at low doses of UV/O3 activation, the average nearest-neighbor 

distance between –COOH groups on COC was large with a median distance of 64 nm after 1 

min exposure that decreased to 31 nm after 15 min exposure. The reduced spacing was 

mirrored by the increase in –COOH relative densities (Figure 2k), and a similar trend was 

observed for COC surfaces throughout the different O2 plasma exposure times. Not only did 

the median functional group distances decrease, but the variance in the distributions reduced 

as well. This was evident as the first and third quartiles approached the median spacing after 
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15 min UV/O3 exposure as well as a 4-fold decrease in the first and third quartile range from 

1 min exposure to 15 min exposure.

Activated PMMA surfaces showed a broader spatial distribution of dye-labeled –COOH 

groups, although at short exposure times (1 min UV/O3 treatment and 1 s O2 plasma 

activation), the distributions were much narrower than the highly heterogeneous surfaces 

observed at longer activation conditions. For a PMMA surface activated by 1 min UV/O3 

and 30 s O2 plasma exposures, the lowest median nearest-neighbor distances were 45 and 34 

nm, respectively, and the distributions between the first and third quartiles ranged from 30 to 

67 nm and 24–64 nm, respectively.

We note that in this analysis, we only approximated spatial distributions using the nearest-

neighbor distance between dye-labeled –COOH groups that was greater than the 17 nm 

localization accuracy. At high –COOH densities, there appeared to be “patches” of polymer 

that were unmodified and these effects are not described by the nearest-neighbor analysis. 

This is especially apparent for COC, that was activated by 15 min UV/O3 irradiation (Figure 

2d), where the unmodified patches were 100 × 100 nm in size. For PMMA, this may be 

attributed to the impact modifiers contained within the films (Figure S4). However, COC 

substrates are not known to contain such additives and we do not have sufficient data to 

source the origin of these unmodified patches.

COMSOL Simulations of EOF Flow with Nonuniform Surface Charge

In glass-based micro- and nanofluidic devices, the homogeneous surface distribution of 

silanol groups are known to generate uniform and stable EOF profiles.65 It is also known 

that the relatively low density of –COOH groups on activated thermoplastic surfaces reduces 

the EOF magnitude compared to glass.42 Here, we investigated if the spatial heterogeneity 

of the charged functional groups on the thermoplastic distort the uniformity of the EOF flow 

profile.

To this end, we first conducted three-dimensional computational fluid dynamics simulations 

of the EOF. The locations of –COOH groups on COC surfaces activated by 5 min of UV/O3 

exposure, which were obtained via STORM imaging, were mapped directly onto the 

surfaces of a 50 × 50 × 500 nm (w × h × l) nanochannel. Each –COOH group was assigned 

as a point and given the charge of a single electron, and the EOF profiles generated by these 

point charges were simulated using a two ion buffer system. Polar functional groups, such as 

alcohols and other carbonyl-containing moieties, are also known to be generated by either 

UV/O3 or O2 plasma exposure on many thermoplastics; however, to a lesser extent than –

COOH.14 We note that while these noncarboxylate functional groups could be generated 

using UV/O3 or O2 plasma activation, such as alcohols, aldehydes, and ketones, these 

groups would be uncharged at the pH values used in these experiments. Thus, their 

contribution to the EOF would not be present and would be determined only by the surface –

COOH groups that we are monitoring. However, the reactions generating these noncharged 

functional groups can contribute to the observed –COOH surface heterogeneity.

As a reference, a nanochannel was modeled using a uniform charge density to mimic a 

silanol-based fused silica nanochannel (Figure 4a). One can observe a drop in the applied 
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potential along the nanochannel’s length as well as the charged wall’s strong negative 

potential extending into the ionic solution. The resultant EOF profile approached a 

maximum longitudinal velocity of 40 μm/s in the channel’s center, but as the 6.9 nm Debye 

length was close to the nanochannel’s physical dimensions, the no-slip condition generated a 

parabolic flow profile (Figure 4b, left panel). Indeed, we are operating in a region with a 

κa29 value of 3.7, confirming some EDL overlap. Despite EOF nonuniformity along the 

axial dimension producing Taylor dispersion, the EOF is highly uniform along the channel’s 

length (Figure 4b, right panel, and Figure 4c). This is beneficial for electrophoretic 

separations as the resulting velocity streamlines are highly reproducible (Figure 4d) and 

uniform (i.e., no recirculation).

Unlike the fused silica nanochannel simulation, the UV/O3 activated thermoplastic 

nanochannel generated an irregular EOF profile. The positions of the negative point charges 

mapped from the STORM image can be seen in the electric potential plot in Figure 4e. Near 

these point charges, the longitudinal velocity profile is highly distorted, being positive within 

a Debye length of the point charge but also negative elsewhere, which is a strong indication 

of flow recirculation (Figure 4e,g). Because the –COOH distribution were heterogeneous 

along the channel’s longitudinal axis, there was a distorted velocity pattern along the 

channel’s longitudinal dimension (Figure 4f, left panel). The EOF’s longitudinal velocity 

could be correlated to the position of the deprotonated –COOH groups along the channel’s 

length (Figure 4f, right panel). Near each point charge, there are both positive and negative 

velocities, which scale in magnitude with the number of –COOH groups in proximity. The 

highest local velocities were 3, 7, and 10 μm/s in the regions with 1–2 (yellow), 3–4 (blue), 

and >5 (red) surface charges in close proximity. These phenomena were evident in the 

velocity streamline trace (Figure 4h), which indicated the trajectories’ of noncharged 

particles in the absence of diffusion. Also, in regions with no –COOH groups, there was a 

small (2 μm/s) forward velocity due to bulk flow of the buffer.

In summary, the fused silica-based simulation with uniform surface charge generated a 

nondistorted EOF profile throughout the device, although the flow was parabolic due to EDL 

overlap. Such parabolic flow can induce Taylor dispersion into an electrophoretic separation, 

but can offer unique electro-phoretic separations not possible without this EDL overlap, such 

as the free solution separation of double-stranded DNAs.66 The COC nanochannel, which 

had nonuniform surface charges that were mapped directly from the STORM images 

indicated a distorted EOF. However, even regions with relatively high localized EOF would 

not likely provide a noticeable effect on zonal dispersion resulting from recirculation 

because the particle’s electrophoretic mobility would likely dominate due to the small EOF 

observed due to the sparsely charged nature of the polymer channel walls.

This provides a unique opportunity for thermoplastic devices because of the ability to 

selectively and locally activate portions of a nanochannel by exposing to either O2 plasma or 

UV/O3 through a mask without creating global EOF. Also, by selecting the appropriate 

activating dose, the surface charge density can be controlled, which allows for control of the 

magnitude of the EOF without requiring surface passivation.
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Nanoscale Electrophoresis

To empirically observe the potential effects of EOF distortion arising from a nonuniform 

distribution of –COOH groups on the nanocolumns’ wall, we performed single particle, 

nanoscale electrophoresis and simultaneously tracked the motion of a single fluorescent 

polystyrene nanoparticle (20 nm in diameter). A separate fluorescence microscope than the 

one used for STORM was operated in an epilumination format with a wide field-of-view and 

uniform laser excitation intensity profile across this field-of-view (see Figure S1), which 

enabled the precise tracking of individual nanoparticles through a nanoslit that was 3 μm 

wide and 150 nm deep fabricated in COC.7 The COC nanoslits were activated by 30 s of O2 

plasma exposure then assembled with a thin COC cover plate thermally fusion bonded to the 

substrate. A nanoslit was chosen in place of a nanochannel here because nanoparticle 

movements within a 50 nm square nanochannel would occur below the diffraction limit and 

would require a rapid imaging super-resolution system for tracking the transport process. 

Similar phenomena, namely, fluid recirculation, were expected in the nanoslit and also, the 

nanoslit’s width (3 μm) enabled the detection of axial perturbations in nanoparticle motion 

that could be followed above the diffraction limit using a high framerate epillumination 

microscope (see Figure S1).

Figure 5a shows the distribution of travel times of the fluorescent nanoparticles in the COC 

nanoslit at two different electric field strengths. The migration of the negatively charged 

polystyrene nanoparticles was from cathode to anode (i.e., the nanoparticles’ electrophoretic 

mobility was greater than the EOF of the COC). This was anticipated based on the low EOF 

observed in thermoplastic devices42 as well as results from the fluid dynamics simulations 

(see Figure 4) that showed a small EOF due to the low surface charge density produced at 

the O2 plasma dosing conditions employed here (see Figure 2l).

At 200 V/cm, the average migration time of the particles through the field-of-view (100 μm) 

was 1.2 ± 0.5 s, while the average migration time at 300 V/cm was 0.20 ± 0.02 s. Thus, a 

50% increase in field strength generated a 600% decrease in the electrophoretic migration 

time. Further, the relative standard deviation of migration times was reduced from 40% at 

200 V/cm to 8% at 300 V/cm, a 5-fold decrease (Figure 5a). We do note that some variance 

in migration times could be due to the differences in the sizes of the particles; however, this 

contribution to the overall standard deviation shown in the distribution of migration times for 

both applied fields would be the same. The relatively high variance noted at the lower 

electric field strength is most likely due to stick/slip motion. Sticking motions are typically 

seen at low electric fields, while slip dominates the motion at high electric fields.42 Stick/slip 

motion can be due to either solute/wall interactions or dielectrophoretic trapping induced by 

inhomogeneous electric fields caused by surface roughness. Thus, the zonal variance at 300 

V/cm would be less due not only to reductions in the variance arising from longitudinal 

diffusion, but also reductions in stick/slip motion at the higher electric field.

We did observe transverse motion of the nanoparticles at 200 V/cm and some evidence of 

recirculation, while the application of 300 V/cm removed these artifacts (Figure 5b,c). While 

both the electrophoretic mobility and EOF should be directly proportional to the electric 

field strength, we suspect that stick/slip motion provided a nonlinear field dependence on the 
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particles mobility, which we noted for the mobility of double-stranded DNA molecules 

migrating through polymer nano-channels.42

As these tracking dynamics are currently restricted to nanoslits due to diffraction limits, 

nanochannel columns (e.g., a 50 × 50 nm nanochannel) may show more particle-wall 

interactions and increased stick/slip motion. However, even higher electric fields could be 

used to mitigate stick/slip motion for nanocolumns while avoiding significant Joule heating 

and zonal dispersion that would classically be observed in microscale capillary 

electrophoresis columns.

CONCLUSIONS

Nanoelectrophoresis provides unique phenomena, such as EDL overlap and increased 

surface effects that can be taken advantage of to generate separations that are difficult to 

realize using microscale columns. However, factors such as surface charge density and 

heterogeneity must be understood to predict how nanoscale-induced properties can affect the 

performance of the analytical process imposed on the nanochannel, especially when using 

amorphous materials such as thermoplastics. Previous attempts to characterize thermoplastic 

surfaces were limited by averaging effects leading to an incomplete view of surface 

functional group heterogeneity following activation.

In this study, we demonstrated a novel approach for characterizing the surface charge density 

and heterogeneity using super-resolution fluorescence microscopy (STORM). STORM 

allowed for the precise localization of fluorophores (17 nm) conjugated to –COOH charged 

surface functional groups allowing for an assessment of charge heterogeneity. Our data 

indicated that control of the dose used for activation can lead to optimal functional group 

surface density with higher surface density correlated to lower surface charge heterogeneity.

Furthermore, we utilized COMSOL to reconstruct fluid flow profiles in nanochannels with a 

heterogeneous distribution of point charges mapped from the STORM images to understand 

the effects of surface charge heterogeneity on the EOF. The simulations indicated that there 

were regions of fluid recirculation at point charges leading to both positive and negative 

velocities; however, the overall EOF magnitude was significantly less than a uniform 

channel, such as glass, due to the decreased overall surface charge. Our electrophoretic 

results indicated, however, that when the electric field strength is high (≥300 V/cm), stick/

slip motion can be significantly reduced meaning that any EOF-induced recirculation can be 

a minimal contribution to the overall zonal variance.

With the results presented herein, it should be feasible to consider the electrophoretic 

separation of single molecules in nanometer columns of short length (<100 μm) to produce 

high resolution separations of molecules in sub-10 ms time scales. This can provide the 

unique opportunity to employ nanoscale electrophoresis to affect the identification of single 

molecules through mobility matching. This strategy could potentially be envisioned for 

single-molecule DNA sequencing.67,68 The generation of single mononucleotides from 

intact DNAs could be produced from immobilized exonucleases that cleave intact double-

stranded DNA molecules.11
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Figure 1. 
(a) STORM image of COC exposed to 1 min UV/O3 radiation (31.1 mW/cm2, λ = 254 nm) 

with 1 μm2 inset, and (b) line plot from top left to bottom right of (a) inset. (c) Conventional 

microscopy image of COC exposed to the same UV/O3 dosage also with accompanying 1 

μm2 inset, and (d) line plot from dashed line in (c) inset.
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Figure 2. 
Representative STORM images of 1 μm2 (a–e) COC and (f–j) PMMA exposed to 1, 5, 10, 

15, and 20 min UV/O3 radiation, respectively. Relative –COOH density vs exposure time for 

(k) UV/O3 and (l) O2 plasma-modified COC (closed squares) and PMMA (open circles). 

Lines are for visual purposes only. UV/O3 and O2 plasma exposure conditions were kept 

constant (see text for details). All total localizations were normalized to the greatest 

localization density, COC exposed to 10 s of O2 plasma.
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Figure 3. 
Distance between fluorophores in 1 μm2 subset images (see Figure 2) for (a) UV/O3 

modified COC; (b) O2 plasma-modified COC; (c) UV/O3 modified PMMA; and (d) O2 

plasma-modified PMMA. Error bars represent range; upper and lower edges of the boxes 

indicate the third and first quartiles, respectively, and the midline shows the median.
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Figure 4. 
(a) COMSOL simulation showing the electric potential (left) and velocity magnitude (right) 

for a channel with uniform surface charge; (b) Velocity vs axial (right) and longitudinal (left) 

position to show the EOF flow profile for a channel with uniform surface charge; (c) One 

slice of the velocity magnitude of a uniform channel; (d) Streamline of the same velocity 

slice depicted in (c); (e) COMSOL simulation showing the electric potential (left) and 

velocity magnitude (right) where single point charges are mapped onto the nanochannel 

surfaces using the –COOH locations (centroids) obtained by STORM analysis of a COC 

surface exposed to 5 min UV/O3 activation. (f) Velocity vs axial (right) and longitudinal 

(left) position to show the EOF flow profile for the channel with nonuniform surface charge. 

The colors in the velocity vs Z position graph (right) represent an area in the channel with 

>5 (red), 3–4 (blue), and 1–2 (yellow) –COOH group(s) within 20 nm of each other; (g) One 

slice of the velocity profile to show fluid flow recirculation; (h) Streamline of the same 

velocity slice depicted in (e) to emphasize the fluid recirculation at areas with –COOH.

ONeil et al. Page 21

Anal Chem. Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(a) Box plot comparing the minimum, first quartile, median, third quartile, and maximum 

migration time (s) for polystyrene beads at 200 and 300 V/cm migrating throughout the 

entire length (100 μm) of a COC nanoslit. (b) Trace of a single PS bead translocating a 3 μm 

× 150 nm × 100 μm (w × d × l) channel under a field strength of 200 V/cm. Yellow circles 

indicate regions of possible recirculation. (c) Trace of a single PS bead translocating a 3 μm 

× 150 nm × 100 μm (w × d × l) channel under a field strength of 300 V/cm. The depth of 

focus of our 100× objective was large enough to ensure that each PS bead remained in focus 

since our channel depth was 150 nm.
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