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Environmental Significance Statement:

Understanding the transport of engineered nanoparticles (ENPs) and their interaction with 
environmental surfaces is critical to predicting their fate and environmental implications. 
Titanium dioxide nanoparticles (TiO2NPs) are one of the most widely used ENPs in the 
commercial industry, which was detected in the environment. Based on the principles of 
generalized ellipsometry (GE), we demonstrated an innovative, label-free method to visualize 
and quantify the deposition and transport of TiO2NPs on engineered surfaces with nanoscale 
roughness, i.e., slanted columnar thin film (SCTF) surfaces.
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Abstract

Understanding the transport of engineered nanoparticles (ENPs) and their interaction with 

environmental surfaces is critical to predicting their fate and environmental implications. Here, 

we report an innovative technique to visualize and quantify the deposition of titanium dioxide 

nanoparticles (TiO2NP) on engineered surfaces with nanoscale roughness, i.e., slanted columnar 

thin films (SCTFs). The attachment of TiO2NP on the surface of SCTFs changed the optical property 

of SCTFs, which was detected using a generalized ellipsometry (GE)-based instrument, an 

anisotropy contrast optical microscope (ACOM). An anisotropic effective medium model was 

applied to quantitatively analyze ACOM images of SCTF surfaces, which provided the mass 

distribution of TiO2NP. The TiO2NP mass measured by ACOM was in good agreement with the 

known amount of TiO2NP mass dispersed by controlled piezoelectric plotting. The detection of a 

few picograms of nanoparticle mass by an individual pixel measuring 7×7-micrometer squared 

was demonstrated. Further, a glass microfluidic channel with SCTF embedded was developed. 

The areal mass density of attached TiO2NP on SCTF surfaces as they flow through the channel 

under various flow rates was quantitatively measured in situ. At the end of the experiment, the 

distribution of the attached TiO2NP on the SCTF surface was visualized. The averaged mass 

density estimated by integrating the distribution map was in close agreement with the estimation 

from dynamic measurements and between repeating experiments. The capability of this novel 

technique to sense, quantify and visualize the mass distribution of TiO2NP provides a valuable 

approach to investigate the behavior of nanoparticles at the interface of flow and rough surfaces.

Keywords: Anisotropy Contrast Optical Microscopy, Ellipsometry, Anisotropic Bruggeman 

Effective Medium Approximation, Nano-plotting, Microfluidic Channel, Titanium Dioxide 

Nanoparticles, Rough Surface
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1. Introduction

Engineered nanoparticles (ENPs) are widely used in many commercial products, which 

can lead to their release into the environment during use or after disposal. The production of 

titanium dioxide nanoparticles (TiO2NPs), one of the most widely used ENPs in commercial 

industry, was estimated to be 2.4 million tons in the US by 2025, and 3 to 30 percent of that may 

end up in water bodies1,2. Recent work has found that the toxicity of TiO2NP can be increased by 

over an order of magnitude when they are exposed to ultraviolet light, a typical case in clear 

water3. Understanding the transport of ENPs and their interaction with environmental surfaces 

is critical to predicting their fate and environmental implications.

The majority of ENP transport studies have been conducted using a cylindrical column 

packed with environmental media, i.e., silica sands, glass beads, or soils3–10. By measuring the 

concentration change of ENPs at the inlet and outlet of the column, deposition of ENP in the 

environmental media can be estimated using a classical filtration theory or a modified version of 

the theory. Although column experiments present a relatively realistic setup to environmental 

porous media, the interaction between ENPs and surfaces cannot be directly measured. In 

addition to traditional column experiments, the deposition of ENPs onto solid surfaces has been 

recently measured using quartz crystal microbalance with dissipation (QCM-D)11–13. Although 

QCM-D can measure the direct interaction between ENPs and a surface, most studies used very 

flat silica or metal oxide surfaces to mimic natural soil and sediment surfaces, which could be an 

oversimplification by totally neglecting the influence of surface roughness. Recently, a model 

rough surface12 was incorporated onto QCM-D surfaces to investigate the impact of surface 

roughness on TiO2NP deposition. This approach provides a method to directly measure the 

interaction of TiO2NP and a model rough surface; however, QCM-D lacks visualization of the 

attached ENPs on the surfaces.

To better evaluate and visualize ENPs deposition, microfluidic channels, in conjunction 

with various visualization techniques, were developed14–19. For example, an innovative 

micromodel system with well-arranged 2-D cylindrical collectors was used to visualize ENP 

deposition and quantify the single collector efficiency factor19. Such systems, however, rely on 
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the fluorescent labeling of ENPs for visualization. The use of fluorescent labels may modify the 

properties of a given ENP, for example TiO2NP, or may interfere with the interaction between 

TiO2NPs and surfaces. Therefore, it is often desirable to obtain optical images without applying 

fluorescent labels. Previously, Guzman et al. used a 2-D micromodel of porous media to 

investigate the effect of pH on TiO2NPs aggregation and transport in porous media14. The 

concentration of TiO2NP at the effluent of the 2-D micromodel was measured using UV-VIS, and 

a CCD camera was used to visualize the pore clogging. Here, the distribution of particle 

aggregates was only visualized qualitatively. 

In this work, we present the application of an innovative label-free imaging technique 

sensitive to nanoscopic objects - Anisotropy Contrast Optical Microscopy (ACOM)20 - to obtain 

images and quantify the mass distribution of TiO2NP attached to engineered porous, optically 

anisotropic, slanted columnar thin films (SCTFs). ACOM uses principles of generalized 

ellipsometry (GE), a highly accurate, non-destructive, and non-invasive optical method21,22, which 

measures the change in polarization when light reflects off or transmits through a sample20,23–28. 

Here, SCTFs served as an anisotropic substrate for GE measurements, as well as a surface with a 

controlled roughness height. For the first step of our investigation, the change in the anisotropic 

optical response of SCTFs due to local deposition of TiO2NP drops with known mass on the surface 

of SCTF was imaged and measured using ACOM statically in the air ambient. We then used this 

technique to measure and visualize the deposition of TiO2NP onto SCTF surfaces inside a 

microfluidic channel dynamically under flow conditions. Here, an innovative approach to embed 

SCTF in a glass microfluidic channel was developed, which is not invasive to the SCTF thin films.

2. Materials and Methods 

2.1. Nanoparticle Preparation and Characterization

 Titanium dioxide nanoparticles (TiO2NPs) stabilized by polyacrylate sodium were 

purchased from Sciventions Company (Toronto, Canada). Different concentrations of TiO2NPs 

(50, 750, and 1500 ppm) were prepared in Nanopure water (18.2 MΩ-cm, Barnstead Nano-pure 

Systems, Thermo Scientific Inc., Waltham, MA) and sonicated for at least one hour (FS 60, 100W, 

42 kHz, Fisher Scientific, Pittsburg, PA). The pH of the solution was then adjusted to 7 ± 0.1 using 

100 mM NaOH or HCl. The number-weighted hydrodynamic diameter distribution of the solution 
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was measured using a 90 Plus Particle Size Analyzer. The particle zeta potential was then 

measured using a ZetaPALS Zeta Potential Analyzer (Brookhaven Instruments Corporation, 

Holtsville, NY).

2.2. SCTF Preparation

500 nm-thick SCTF made of silicon (Si-SCTF) was deposited on a glass surface in a highly 

vacuum chamber using a glancing angle deposition (GLAD)29 technique. The prepared Si-SCTF 

samples were then covered by a 4-nm-thick conformal alumina (Al2O3-Si-SCTF) using atomic layer 

deposition (ALD) technique (Fiji 200, Cambridge Nanotech). Al2O3 was used to coat a Si-SCTF 

surface (Al2O3-Si-SCTF) to mimic metal oxides on sand surfaces, which are known to greatly 

contribute to nanoparticle deposition23,30,31. Scanning electron microscopy (SEM) was then 

performed on the Al2O3-Si-SCTF surface using FEI Nova NanoSEM450 field emission SEM. Detailed 

experimental methods are in the supporting information.

 To measure TiO2NP on the SCTF surface in air ambient, patterns measuring approximately 

1×1 mm2 in the shape of an ‘N’ that were filled with Al2O3-Si-SCTF were prepared to create an 

anisotropy surface. Detailed experimental methods are in the supporting information. 

 

2.3.  Microfluidic Chip Fabrication

In this work, we developed an innovative non-destructive method to fabricate glass 

microfluidic chips with SCTFs embedded on top using a two-step process. First, a spacing mold 

that defines the channel height and its pattern on the bottom glass slide was developed using a 

photolithography technique (Figure 1). Second, the spacing mold and the top glass slide were 

bonded using a UV curing glue. 

To make the spacing mold, Omni coat (MicroChem Co., Westborough, MA) was first spin-

coated onto a circular glass substrate (with a 31.75 mm diameter and 1.5 mm thickness) at 3000 

rpm for 30 sec. This process can improve adhesion between the glass substrate and SU8-5 

photoresist, which is needed in the next step. The sample was then baked at 200°C for 1 min. To 

achieve a thickness of 14 μm, SU8-5 (MicroChem Co., Westborough, MA) was then spin-coated 

at 1300 rpm for 30 sec on the glass substrate covered with Omni coat, then soft-baked for 2 min 
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at 65°C followed by 5 min at 95°C. The glass substrate with a SU8-5 cover was then exposed to 

UV for 13 sec using an exposure tool. Following exposure, a post-bake of 1 min at 65°C and 2 min 

at 95°C were performed to cross-link the exposed area of the film. Finally, the designed structure 

was developed in the SU-8 developer for 3 min. The final mold product was then rinsed with 

isopropyl alcohol (IPA) and dried with nitrogen. 

In the second step, the spacing mold was bonded with a glass slide, which has two holes 

drilled and Al2O3-Si-SCTF grown as discussed in the SCTF preparation section. NOA-89 UV curing 

glue (Norland Products, Inc. Cranbury, NJ) was nano-plotted between the pore space of SU8-5 

using a GeSiM 2.1 nano-plotter (GeSiM Co., Germany). To bring the viscosity of NOA-89 down, a 

heatable nano-tip manufactured by GeSiM was used at a temperature of 50°C. To avoid NOA-89 

in contact with water in the tubes and the tip of the nano-plotter, 2 μl ethyl methyl ketone and 

20 μl of cyclohexanone (Sigma-Aldrich Co., St. Louis, MO) with 15 μl of an air gap in between 

were aspirated inside the heatable nano-tip. The buffer solutions and the NOA-89 were stored in 

a cooled microplate at 12°C to reduce their rate of evaporation. NOA-89 was plotted on 1315 

spots along the center line of the pore space with two drops at each location and a distance of 

80 μm maintained between two adjacent locations, which ensures that a sufficient amount of 

glue filled in the space between the SU8-5 molds. Following plotting, the top glass slide with the 

Al2O3-Si-SCTF was then aligned and pressed on top of the spacing mold, which was then put under 

UV light for 20 minutes to allow the two parts to bond by NOA89. Note that to achieve the highest 

intensity change using ACOM, the experimental slanting direction (Figure 1) of the Al2O3-Si-SCTF 

sample was set to 45° with respect to the flow direction.

Prior to the experiment, the microfluidic channel was oxygen-plasma cleaned inside the 

ALD chamber at 70°C to remove any remaining residual NOA-89 evaporated on the surface of the 

Al2O3-Si-SCTF. The inlet and outlet ports of the cleaned and prepared channel were then sealed 

using Tygon tubes (ID=0.02ʹʹ, OD=0.06ʹʹ) (eMurdock Co.). 
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Fig. 1 Schematic of glass microfluidic chip fabrication with embedded Al2O3-Si-SCTF using photo lithography, glancing 
angle deposition technique (GLAD), atomic layer deposition technique (ALD), and nano-plotting.

2.4. ACOM Measurement and GE Analysis

ACOM can detect ultra-small amounts of organic as well as inorganic particulates with 

nanoscopic dimensions based on the optical contrast of an anisotropic filter. Figure 2a shows a 

sketch of the ACOM setup. A 100 W short arc Mercury lamp provides the light source (S). The 

light passes through a monochromator (M), a rotating Glan-Thompson polarizer (P), and then the 

anisotropic and semi-transparent sample of Al2O3-Si-SCTF on glass substrate. In this study, the 

wavelength of the light was set to 633 nm. An infinity corrected microscope objective (MO) 

collects light from the sample, which then passes a rotating compensator (C) and another fixed 

Glan-Thompson polarizer acting as analyzer (A). Finally, a low-noise Photometrics Evolve 512 

Delta CCD camera gathers the intensity pictures. Detailed information of the instrument, its 

calibration and operation can be found in our previous publication20. In ACOM, the polarizer 

azimuth (αp) was set to rotate 1° at each step while the compensator azimuth setting was rotating 

three times faster (αc=3αp). A total of 360 different intensity images (Figure 3b), each having 512 

by 512 pixel points, were then captured by the CCD camera during the rotation scan. The 

volumetric fraction of the deposited TiO2NP (fTiO2) on the SCTF layer for each pixel of the intensity 

image was obtained by best-matching model calculations of the intensity data (ID) using an optical 

ellipsometry-based anisotropic Bruggeman effective medium approximation (AB-EMA) model32, 

as briefly described below. 
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Fig. 2 Schematic of the a) anisotropic contrast optical microscope (ACOM). The polarization state generator consists 
here of a linear polarizer, the polarization state analyzer consists of a half-wave plate and a linear polarizer20. b-1) 
ACOM intensity images at selected polarizer azimuth (αp) of 8°, 39°, 272°, and 353° of Al2O3-Si-SCTF inside an `N'-
shape area for sample `Test 1-3' with piezo-electrically printed nano-liter-sized volumes of nanoparticle solution and 
b-2) a single-pixel ACOM intensity data (ID) for 360 polarizer azimuth positions of αp. c-1) ACOM intensity images at 
selected polarizer azimuth (αp) of 32°, 272° of Al2O3-Si-SCTF inside a microfluidic channel `Test 2-3' with TiO2NP 
deposited on it and b-2) a single-pixel ACOM intensity data (ID) for 360 polarizer azimuth positions of αp. The 
specimen (TiO2NPs) attachment on anisotropic filter can be measured using ACOM.  The hypothetical pixel positions 
are indicated in the ACOM images by a red square, which is drawn approximately 10 times larger than the pixel size. 
For further details of the ACOM instrument see peev et al.20.

 The AB-EMA models of the Al2O3-Si-SCTF in the air ambient and Al2O3-Si-SCTF in the 

microfluidic channel (water ambient) are represented in Figure 3. In the air ambient, two 

stratified optical layers, i.e., an anisotropic model layer (AB-EMA) representing the Si-SCTF layer 

on top of an isotropic glass (substrate) model layer with the refractive index of BK7 (Figure 4a)33, 

were considered. In the microfluidic channel (Figure 4b), four stratified layers, i.e., an isotropic 

glass layer (optical constants of BK7), an AB-EMA layer of the anisotropic Al2O3-Si-SCTF, an 

isotropic 14 μm layer of water (water optical properties), and another isotropic glass layer 

(optical constants of BK7), were included. The optical effect of the 4-nm conformal alumina layer 

was included by finding effective optical constants for the alumina-coated Si columns prior to the 

TiO2NP deposition experiment23. The structural and optical properties of Al2O3-Si-SCTF using the 
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ABM-EMA layer was described by parameters including SCTF thickness (H), slanting angle (Ɵ), 

slating plane azimuth relative to the linear polarization direction of the fixed analyzer azimuth 

(Φ), non-spherical depolarization parameters (qz, and splitxy), and the volumetric fraction of 

constituents (fSi, fambinet)23,28,34. Here, depolarization factors (qz, qx, qy) along the z, x, and y major 

optical polarizability axes of the SCTF are representative for the relative dimensions of equivalent 

elliptical inclusions32,35. The anisotropic optical properties of the Al2O3-Si-SCTF model layer are 

then described by three dielectric functions, which correspond to the three major optical 

polarizability axes. Considering m constituent materials, the AB-EMA equation is as follow:

                                            (1-1)∑𝑚
𝑛 = 1%𝑛

(ɛ𝑛 ― ɛ𝑒𝑓𝑓𝑗)
ɛ𝑒𝑓𝑓𝑗 + 𝑞𝑛,𝑗(ɛ𝑛 ― ɛ𝑒𝑓𝑓𝑗)

= 0,

                                                                  (1-2)∑𝑚
𝑛 = 1%𝑛 = 1,

                                                           (1-3)Ɛ = 𝑁2 = (𝜂 + 𝑖𝑘)2,

                                                     (2-1)𝑞𝑥 = (1 ― 𝑞𝑧) × 𝑠𝑝𝑙𝑖𝑡𝑥𝑦,

                                                               (2-2)𝑞𝑥 + 𝑞𝑦 + 𝑞𝑧 = 1,

Here, %n is the volume fraction of the nth constituent material, Ɛeffj is the effective dielectric 

function along axis j, j = x,y,z, Ɛn is the bulk dielectric function of the nth constituent material, η is 

the index of refraction, κ is the extinction coefficient, and N is the complex index of refraction24,36. 

Prior to TiO2NP exposure, the AB-EMA model approach was performed by best matching all 

single-pixel data sets of ID, independently for each pixel point, using the software package 

WVASE32TM (J.A. Woollam Co., Inc., Lincoln, NE). The 360 ID data for each pixel point measured 

by ACOM was compared to the 360 ID calculated from the AB-EMA model until the best match 

between the measured and calculated ID was achieved. The defined optical model interprets the 

properties of Al2O3-Si-SCTF (H, Ɵ, Φ, qz, splitxy, fSi, fambient) which is the averaged best-matched 

parameters of all pixel points. Then, after surface exposure to TiO2NP, the volume fraction of 

TiO2NPs (fTiO2) was added to the AB-EMA layer as the only best-matching parameters such that 

(fSi + fambinet + fTiO2= 100% to find the areal mass density of attached TiO2NPs (ΓTiO2) on the Al2O3-

Si-SCTF surface for each pixel point:

                                                 (3)𝛤𝑇𝑖𝑂2 = 𝑓𝑇𝑖𝑂2 × 𝐻 × 𝜌𝑇𝑖𝑂2

Here, ρTiO2 is the density of TiO2NPs (3.9 g/ml)20.
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When TiO2NP attach on the surface of Al2O3-Si-SCTF, whether on top or deep down on 

SCTF posts, ACOM detects the change in the optical properties of the posts, and proper AB-EMA 

model quantifies the overall deposited TiO2NP on Al2O3-Si-SCTF surface. AB-EMA model is based 

on a homogenization concept.  It assumes a well-mixed SCTF, water and attached particle system 

for each individual pixel point. Based on the homogenization concept, and the fact that the Al2O3-

Si-SCTF are semi-transparent to the incoming polarized light, this technique can identify the 

amount of TiO2NP attachment at a single pixel point on the X-Y plane of Al2O3-Si-SCTF, including 

both TiO2NP deposited deep inside the spaces between the posts and those deposited closer to 

the surface of SCTF.

Fig. 3 Schematic of the AB-EMA ellipsometry model for Al2O3-Si-SCTF on a) glass substrate in air ambient with TiO2NP 
attached on its surface and b) inside microfluidic channel in water ambient with TiO2NP attached on its surface used 
in the analysis of the ACOM images.
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2.5.Sensing Experiments in Air Ambient

 Three `N'-shape samples (Figure 4) were prepared to detect TiO2NP in air ambient (Test 

1-1, Test 1-2, Test 1-3). For Test 1-1 and Test 1-2, respectively, 12 locations along the center line 

of the `N'-shape Al2O3-Si-SCTF were printed with sonicated 750 ppm and 1500 ppm TiO2NP 

solutions twice, that is, every location on the center line received 2 drops, where the distance 

between each drop location along the center line was maintained to be 125 μm. For Tests 1-3, 

four drops of 1500 ppm TiO2NP solution were printed at each location. A stroboscope camera 

image analysis was performed within the nano-plotter instrumentation, and the average volumes 

of the drops were determined as 0.65 nL, 0.66 nL, and 1 nL for Test 1-1, Test 1-2, and Test 1-3, 

respectively. The total mass of TiO2NP printed thereby for Test 1-1, Test 1-2, and Test 1-3 were 

estimated as 12 ng, 24 ng, and 72 ng, respectively, based on the total printed volumes and the 

TiO2NP solution concentrations. After the piezoelectric printing step, the sample was left to dry 

for 30 minutes before taking intensity images using the ACOM instrument.

Properties of the Al2O3-Si-SCTF, including thickness (H), slanting angle (Ɵ), slanting plane 

azimuth relative to the linear polarization direction of the fixed analyzer azimuth (Φ), fraction of 

constituents (fSi, fair), depolarization factors (qz, splitxy), and plotted TiO2NP on Al2O3-Si-SCTF 

surface (fTiO2), were estimated by best matching the ACOM recorded intensity data using a proper 

GE model, as explained above in the ACOM measurement GE analysis section. 
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Fig. 4 a) Schematic of locations for controlled piezoelectric printing of nano-liter-sized volumes of TiO2NP solution 
within a Al2O3-Si-SCTF `N'-shape. C) Top-view and high-resolution cross-section electron microscope images of the 
Al2O3-Si-SCTF.

2.6.Sensing Experiments under Flow Conditions

 Rotation scan characterization by ACOM is needed to find the initial properties of Al2O3-

Si-SCTF (H, Ɵ, Φ, fSi, fwater, qz, splitxy) in water ambient. First, to obtain to the baseline before 

nanoparticle injection, a single ID was dynamically measured over the entire SCTF area with fixed 

αp and αc while water was flowing inside the microfluidic channel. The microfluidic channel filled 

with water was placed in the ACOM with fixed polarizer and compensator azimuth settings (αp 

and αc) relative to the fix analyzer azimuth, such that the SCTF surface brightened while the glass 

surface darkened (Figure 2c-1) (Table 2). Then, the averaged ID was recorded as a single data 

point over the entire SCTF surface and throughout the experiment. Once the averaged change in 

the normalized intensity data ( ) over the entire SCTF pixel points was less 𝛥𝐼𝐷(𝑡 = 𝑖) =
𝐼𝐷(𝑡 = 𝑖) ― 𝐼𝐷(𝑡 = 0)

𝐼𝐷(𝑡 = 0)
 

than 0.001/hr, rotation scan characterization was performed. Properties of the Al2O3-Si-SCTF (H, 

Ɵ, Φ, fSi, fwater, qz, splitxy) were estimated by best matching the ACOM recorded intensity data 

using a proper GE model. The dynamic measurement was then again set to start by fixing αc and 

αp to the previous values (Table 2). After several minutes of water introduction into the 
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microfluidic channel, 50 ppm TiO2NP in water solution was introduced into the channel at a flow 

rate of either 15 μl/min or 50 μl/min. Changes in the single normalized intensity data (ΔID(t)) over 

the duration of the experiments were instantly recorded while TiO2NP solution was flowing inside 

the channel. TiO2NP was introduced into the channel for 270 min and 81 min for the experiments 

at a flow rate of 15 μl/min (Test 2-1 and Test 2-2) and 50 μl/min (Test 2-3 and Test 2-4), 

respectively, to ensure that an equal mass of TiO2NPs was introduced into the channel in the two 

experiments. After dynamic measurement was completed, another set of rotation scans was 

conducted to find the areal mass density distribution of TiO2NPs on the SCTF surface for each 

pixel point. 

Using the AB-EMA model, changes of ID over time for a fixed value of αp and αc were best 

matched to the ACOM intensity data. The deposition of TiO2NP over the entire SCTF surface with 

known SCTF properties (H, Ɵ, Φ, fSi, fwater, qz, splitxy) was calculated using the single intensity data 

over time. However, during the rotation scan (αc=3αp), 360 different intensity data were 

measured for each pixel point by ACOM. The AB-EMA model was used on each pixel point to find 

fTiO2, which best matched the 360 intensity data points measured by ACOM (Figure 2, and 3). 

2.7. Computational Fluid Dynamic Modeling of Flow in SCTF

The computational fluid dynamic (CFD) package in COMSOL Multiphysics software 

(version 4.4) was used to simulate the flow field between SCTF posts at flow rates of 15 μl/min 

and 50 μl/min. In this simulation, the Navier-Stokes equation was coupled with the continuity 

equation to obtain a flow velocity field. A constant flow rate boundary condition of 15 μl/min or 

50 μl/min was applied at the inlet boundary, and a zero pressure boundary condition was applied 

at the outlet boundary. An extremely fine mesh was used to discretize the domain. A fully coupled 

direct solver was selected for numerical calculation. 
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3. Results and Discussion

3.1.TiO2NP and Al2O3-Si-SCTF Surface Characterization

The zeta potentials of the 1500 ppm and 50 ppm TiO2NP in water solution were -26.9±2.5 

mV and -16.5±3.4 mV, respectively. Figure 5 depicts that hydrodynamic diameter distributions of 

1500 ppm and 50 ppm TiO2NP in water were between 1 and 50 nm. Because the average space 

between individual columns of the Al2O3-Si-SCTF was about 50 nm (Figure 4b), we expected that 

majority of TiO2NPs, particularly those with smaller sizes, can penetrate and potentially deposit 

within the porous structures. 

  The structural parameters of Al2O3-Si-SCTF (H, Ɵ, Φ, qz, splitxy, fSi, and fambient) prior to 

TiO2NP exposure were estimated using the AB-EMA model (Figure 3), as provided in Tables 1 and 

2 for air and water ambient conditions, respectively. The best match modeled parameters 

generally agreed with the nominal growth parameters. Particularly, the SCTF thickness (H) was in 

the range of 430 to 511 nm for all the experiments, which is consistent with the intended 

thickness of 500 nm. The slanting angle of all experiments ranged from 51 to 67o, which is also 

consistent with the intended slanting angle of 60o. Both parameters are generally in agreement 

with the SEM image analysis (Figure 4b). The small variation among experiments can be 

attributed to small variations of experimental conditions across the deposited area. The model 

calculated azimuth orientation of the column slanting plane relative to the linear polarization 

direction of the fixed analyzer azimuth (Φ) was also consistent with the experimental slanting 

direction during the imaging experiment. Φ was set at 0° for Test 1-1 and Test 1-3, and at 45° for 

Test 1-2. We note that the structural parameters of Al2O3-Si-SCTF estimated by the best-matched 

model were not sensitive to the choice of Φ.
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Although SCTFs with 500 nm thicknesses were used in this study, this method is applicable 

for any heights of SCTFs, as long as the SCTF posts are slanted, the hydrodynamic size of 

nanoparticles is smaller than the height of SCTFs and the spacing between SCTFs posts. The size 

of SCTFs used in this study is in the same range of surface roughness of natural sand grains and 

glass beads. For example, Rasmuson et al.37 represented environmental surfaces by creating 

roughness on glass. They have reported that for untreated, NaOH-treated, and HF-treated glass 

slides, the root-mean square surface roughness measured by AFM were <1 nm, 38 nm, and 546 

nm, respectively. Shen et al.38 showed that the AFM measured maximum and the root-mean 

square surface roughness of 40/60 mesh quartz sand were 2418 nm and 355 nm38,39. 

Fig. 5 Hydrodynamic diameter of TiO2NP in a) 1500 ppm and b) 50 ppm water solution.
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Table 1 Structural and optical parameters of Al2O3-Si-SCTF in air ambient on glass substrate under ACOM 
instrumentation. The error bars correspond to the 90% confidence interval.

Parameters Test 1-1 Test 1-2 Test 1-3
H [nm] 504±33 430±17 447±17
Ɵ[°] 62±2 67±1 66±1
Φ[°] -0.3±0.2 45.6±0.3 -0.8±0.2
qz 0.17±0.01 0.17±0.02 0.17±0.03
splitxy 0.37±0.02 0.38±0.08 0.41±0.04
fSi [%] 25±2 27±2 27±2

fair [%] 75±2 73±2 73±2
Total np mass ACOM 
mMassTiO2NP [ng] 21±9 15±5 63±5

Total np mass Print 
eMassTiO2NP [ng] 12±1 24±2 72±1

Table 2 Structural and optical parameters of Al2O3-Si-SCTF in water ambient inside the microfluidic channel under 
ACOM instrumentation. The error bars correspond to the 90% confidence interval.

Test 2-1 Test 2-2 Test 2-3 Test 2-4

Parameters
Flow rate= 15 

[μl/min]

Flow rate= 15 

[μl/min]

Flow rate= 50 

[μl/min]

Flow rate= 50 

[μl/min]

H [nm] 494±9 478±5 492±10 511±7
Ɵ[°] 51±1 54±1 51±1 54±1
Φ[°] 136±2 114±5 123±3 122±3
qz 0.21±0.01 0.16±0.02 0.20±0.01 0.16±0.01
splitxy 0.46±0.02 0.42±0.05 0.45±0.01 0.41±0.05
fSi [%] 33±2 34±1 34±1 31±1

fwater [%] 67±2 66±1 66±1 69±1

αp [°] 29 29 30 29

αc [°] 87 87 90 87

3.2.Sensing TiO2NP in Air Ambient

Figure 6a presents typical individual ACOM images of `N'-patterned Al2O3-Si-SCTF on glass 

substrate after nanoparticle exposure under a fixed αp and fixed αc. Based on the GE data analysis 
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approach described above, fTiO2 was estimated for every pixel area A (7 μm ⨯ 7 μm). The mass of 

nanoparticle per pixel, MassTiO2NP, was estimated as (Figure 6b):

.                                             (5)𝑀𝑎𝑠𝑠𝑇𝑖𝑂2𝑁𝑃 = 𝑓𝑇𝑖𝑂2 × 𝐻 × 𝜌𝑇𝑖𝑂2 × 𝐴

The corresponding number quantities of nanoparticles per pixel (noted on the color bar) was also 

estimated for each pixel by assuming an average mass of approximately 11 attograms per 

nanoparticle with 17.8 nm in diameter.   

Mass distribution images (Figure 6b) clearly delineate the areas where TiO2NPs were 

deposited, with non-uniform distributions of TiO2NP mass in the SCTF area. For the experiments 

with more TiO2NP printed, the ACOM images showed overall higher mass of TiO2NP in the printed 

area. Test 1-3, the experiment with the highest exposure to nanoparticles, revealed the largest 

accumulation of mass and more spread of nanoparticles during the evaporation process. A clearly 

visible coffee stain effect emerged with increasing TiO2NP exposure, revealing a higher 

concentration of nanoparticles close to the edge of droplets due to the water evaporation 

process. The average value of the parameter uncertainty for mass, δMass, and accordingly, 

δnumber, over the observed image area were also provided (Figure 6) for all three tests. The total 

masses of nanoparticles estimated by integrating the ACOM mass distribution images were 21 

ng, 15 ng, and 63 ng for Test 1-1, Test 1-2, and Test 1-3, respectively, which compared reasonably 

with the total mass of printed nanoparticles of 12 ng, 24 ng, and 72 ng, respectively (Table 1, 

Figure 6d). In all tests, the ACOM estimated mass is within the margin of error of the total 

nanoplotted mass. Figure 6d illustrates that this technique is capable to detect trivial amount of 

TiO2NP mass reasonably well. 

We note here that the structural and optical parameters were assumed to be constant 

over the image area in our analysis. However, local variations in SCTF properties as well as local 

defects in SCTF coverage always exist, which contributed to the observed deviations between the 

total printed and total measured mass values, as well as uncertainties of estimated mass (δMass) 

per pixel. For mass distribution images (Figure 6 a, b), spurious red pixels were observed along 

some boundaries of the `N'-shape SCTF. This artifact can be attributed to the GE analysis errors 

caused by boundary pixels that partially contain bare glass and SCTF surfaces. For these boundary 

pixels, the structural and optical parameters for Al2O3-Si-SCTF that were used in the AB-EMA 
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model did not reflect the actual properties of those pixel points. Therefore, the mass distribution 

of TiO2NP on the Al2O3-Si-SCTF surface is artificial along these edges. Because the deposition of 

the TiO2NP solution was performed along the center line of the `N'-shape Al2O3-Si-SCTF area, the 

masses calculated based on GE analysis around the edge of the SCTF areas are disregarded in our 

further analysis. For Test 1-2 and 1-3 with a higher mass load, we also note the possibility that 

small portions of the nanoparticle solution may have flown outside the SCTF areas prior to solvent 

evaporation, thereby transporting small fractions of nanoparticles onto the optically isotropic 

glass surface. Nanoparticles residing in the bare glass surface areas are undetectable to ACOM, 

which partially explains the fact that the model slightly underestimated the mass (Figure 6d) for 

tests 1-2 and 1-3. 

The demonstrated capability of sensing nanoparticles on a highly ordered columnar 

nanostructured surface in air ambient is unprecedented. We were able to detect a few picograms 

of nanoparticles (17.8 nm in diameter) within a sample surface area of approximately 7 μm×7 μm 

without the help of any labeling technique. In addition to mass distribution images, we have 

demonstrated a reasonably accurate quantitative capability of the technique (Figure 6d). The 

sensing capability demonstrated here is better than the currently prevalent particle sensing 

instrumentation, for example, QCM-D. Although QCM-D can dynamically measure the overall 

mass of nanoparticles attached on its surface40,41, it cannot quantify the distribution of the 

attached nanoparticles on the sensor surface. 
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Fig. 6 Images in rows (a), (b), and (c) pertain to Test 1-1, Test 1-2, and Test 1-3, respectively. Left column: Individual 
ACOM images of patterned Al2O3-Si-SCTF on glass substrate after nanoparticle exposure; Middle column: Images of 
nanoparticle mass distribution. The scale bars also depict the numerical quantities for nanoparticle number 
distribution across the SCTF surface (see text); Third column: Images of numerical uncertainty of nanoparticle mass 
and number distributions. d) Comparison of total integrated mass of TiO2NP printed by nanoplotter (`Experiment') 
and total integrated mass obtained from the ACOM image analysis (`Model'). The error bars correspond to the 90% 
confidence interval. The ellipsometric model includes the glass slide and the AB-EMA model layer for the anisotropic 
Si-SCTF surface. (Field of view: 3.73 mm×3.73 mm, presented area: 1.74 mm×1.74 mm, resolution: 7 μm×7 μm 
sample surface area imaged per pixel; λ=633 nm).

3.3. Sensing TiO2NPs under Flow Condition 

Based on the intensity change captured by ACOM, the AB-EMA model can be used to estimate 

the areal mass density of TiO2NP attached to the surface of Al2O3-Si-SCTF (ΓTiO2) as TiO2NP was 

introduced into the microfluidic channel. Figure 7a and b showed an increase in ΓTiO2 over time 

while TiO2NP solution was flowing inside the channel. Note that the shaded areas in Figure 7 

correspond to the ACOM detection limit, which was averaged as ±250 ng/cm2 (2.5 fg/µm2). In 

our previous publication20, the detection limit for cetyltrimethylammonium bromide (CTAB)  was 

determined as 1 fg/µm2. Because TiO2NPs are larger than CTAB molecules, higher level of 

random depolarization and scattering will occur when light hits TiO2NPs, which led to larger error 

bars for the ellipsometry measurement, and therefore, a higher detection limit.  The accuracy of 

this technique depends on the calibration of SCTF surface prior to nanoparticles deposition, 
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which finds proper structural and optical properties of SCTF. Here accuracy was on the same 

order of magnitude to detection limit, because SCTF surface was calibrated correctly.

 Repeated experiments were conducted at a lower flow rate of 15 μl/min (Figure 7a) and 

a higher flow rate of 50 μl/min (Figure 7b). Here, repeated experiments were conducted using 

two different microfluidic channels with SCTFs embedded. Although the Al2O3-Si-SCTF surface in 

each channel possesses the same average properties, nanoscale non-uniformities are expected 

for each individual surface. Because ACOM is very sensitive to any nanoscale attachment, it is 

expected that two repeated experiments could reproduce similar trends of mass increase but not 

the exact same amount over time. It should be noted that, the sudden increase and decrease of 

the areal mass density of attached TiO2NPs for Test 2-2 (Figure 7a) at the initial stage of the 

experiment was due to the entrance of a bubble into the microfluidic channel, which interfered 

the intensity measurement. After that, the measurement was back to normal and showed similar 

trend of TiO2NP attachment as the parallel experiment (Test 2-1). 

As shown in Figure 7, ΓTiO2 gradually increased for all the experiments while TiO2NP 

solution was introduced into the microfluidic channels. After the same amount of TiO2NP mass 

(i.e., 203 μg) was introduced, ΓTiO2 reached 1837±301 ng/cm2 and 1890±168 ng/cm2 for lower 

flow rate experiments (i.e., tests 2-1 and 2-2) and 1200±244 ng/cm2 and 920±284 ng/cm2 for 

higher flow rate experiments (i.e., tests 2-3 and 2-4). The repeated experiments under both flow 

rates were in close agreement regarding the total amount of TiO2NP mass attached on the SCTFs. 

The slopes of the mass increase were also consistent between repeated experiments under both 

flow rates, indicating the reproducibility of the technique. More mass of TiO2NPs were attached 

to the SCTF surface per mass of TiO2NP introduced into the channel under the lower flow rate 

than the higher flow rate. This is depicted by the slope of the curves in Figure 7 and is due to the 

longer residence time of TiO2NPs in the microfluidic device corresponding to the lower flow rate. 

The average attached mass rate, defined by the ratio of ΓTiO2 to the injection time, was 6.9 

ng/cm2min for the lower flow rate experiments (Test 2-1 and Test 2-2) and 14.3 ng/cm2min for 

the higher flow rate experiments (Test 2-3 and Test 2-4).  
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Fig. 7 The areal mass density of the attached TiO2NP on the Al2O3-Si-SCTF surface for the flow rates of a)15 μl/min 
and b) 50 μl/min of 50 ppm TiO2NPs solution.

Figure 8a shows representative intensity images in the location adjacent to the channel 

inlet at a fixed αp and fixed αc setting (depicted in Table 2) before introducing TiO2NP solution 

into the microfluidic channel. Figure 8b depicts the corresponding distribution of attached 

TiO2NP on the Al2O3-Si-SCTF surface at the end of the experiment, at each individual pixel point, 

with color scale bars in terms of mass density (ΓTiO2), mass of TiO2NP per pixel (MassTiO2), and the 

number of TiO2NP per pixel (NTiO2). Here, MassTiO2 was calculated by multiplying ΓTiO2 with the 

area of each individual pixel point. NTiO2 was also calculated from the mass of an individual TiO2NP 

assuming an average hydrodynamic diameter of 24 nm (Figure 5b). Figure 8c represents the 

example comparison between the ACOM experimental intensity measurement and AB-EMA 

best-matched ID scaled by the measured maximum ID data (SID) for each test at a selected 

individual pixel. The R-squared values for all best-matched single pixel points were higher than 

0.9.  

 Distributions of TiO2NP were not uniform on the surface of Al2O3-Si-SCTF for each 

individual test. Some pixel points showed more particles while others showed less or no TiO2NP. 

The spatial distribution of TiO2NP on the Al2O3-Si-SCTF surface was not expected to be the same 

between repeated experiments (Test 2-1 and 2-2; Test 2-3 and 2-4) due to the nanoscale non-

uniformities on the surface of Al2O3-Si-SCTF as explained earlier and shown in Figure 8a. 

However, the overall attachments revealed by integrating the particle mass on the area were 
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consistent between each repeated experiment. The averaged ΓTiO2 for the entire area of Al2O3-Si-

SCTF based on the ΓTiO2 distribution (Figure 8b) were 1183 ng/cm2, 1778 ng/cm2, 1293 ng/cm2, 

and 968 ng/cm2 for Test 2-1, Test 2-2, Test 2-3, and Test 2-4, respectively. Most importantly, the 

averaged ΓTiO2 estimated based on Figure 8b had good agreement with the dynamic 

measurement of ΓTiO2, as depicted in Figure 9. Two approaches estimated a similar average mass 

density of TiO2NP at the end of the experiments, which further demonstrates the ability of this 

sensing technique to quantitatively determine the areal mass density of nanoparticles on a SCTF 

surface (Figure 9). 

Fig. 8 a) ACOM intensity images at selected polarizer azimuth settings (refer to table 2). b) Distribution of areal mass 
density, mass, and number of attached TiO2NP on Al2O3-Si-SCTF surface (ΓTiO2) for each individual pixel. c) ACOM 
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Measured and AB-EMA best-matched scaled intensity data (SID) using ACOM and AB-EMA model respectively for 
one pixel point (R2=0.99).

Fig. 9 Areal mass density of attached TiO2NP on SCTF surface inside microfluidic channel calculated based on dynamic 
measurement (fixed αp and αc), and the rotation scan data (αc=3αp).

Comparing experiments under different flow rates, more TiO2NPs were attached under 

the lower flow rate, although the attached mass rate was higher for the higher flow rates. Figure 

10 presents the CFD simulated flow velocity distribution inside SCTF under flow rates of 15 and 

50 μl/min. The Reynolds numbers for flow in between SCTF posts and at a SCTF scale were 

estimated as 4.33 × 10-5 and 1.5 × 10-3 for flow rates of 15 and 50 μl/min, respectively, considering 

an SCTF characteristic length of 870 nm and the average velocity between two SCTF posts. As 

both flow conditions are laminar, TiO2NP nanoparticles need to come across the flow streamlines 

to approach the surface of SCTF. For nanoparticles measuring 24 nm in diameter, diffusion is the 

dominating mechanism for attachment. Nanoparticles would easier come across flow streamline 

under the higher flow rate where a sharper velocity gradient exists adjacent to the SCTF surface. 

Although the surface charges of Al2O3-Si-SCTFs were not measured in our study, Gu et al.42 

calculated a positive charge of 25 mV for the thin ALD layer of alumina on a silicon wafer at pH 7 

in 1 mM KCl solution, which is close to our condition. Once nanoparticles diffuse across the 

streamlines, a favorable attachment is expected to occur between negatively charged TiO2NP 
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and positively charged Al2O3-Si-SCTF based on DLVO interaction theory43. Therefore, a higher 

attached mass rate under a higher flow rate is expected. The lower flow rate, however, allows 

longer residence time of nanoparticles inside SCTFs, so eventually more nanoparticles can diffuse 

across the flow streamlines and get closer to the SCTF surface. Hence, a higher retention amount 

of TiO2NP corresponds to the same mass of TiO2NP introduced into the microfluidic channel 

under a lower flow rate than a higher flow rate.  

Fig. 10 Velocity distributions between SCTF posts for the flowrates of a) 15 μl/min, and b) 50 μl/min. 

4- Conclusions

In summary, we demonstrated an innovative technique to visualize and quantify the 

deposition of non-labeled TiO2NP with a diameter smaller than 50 nm on model Al2O3-Si-SCTF 

rough surfaces in air and under flow conditions using ACOM. We first demonstrated the capability 

of using ACOM and the appropriate optical model to measure the distribution of TiO2NP on the 

SCTF rough surface by dropping a known amount of TiO2NP onto the surface. We found 

reasonable agreement between the ACOM measured and dropped mass of TiO2NPs. Detection 

of a few picograms of nanoparticle mass by an individual pixel of 7×7 μm2 was presented. We 
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then applied the same technique to measure and visualize the attachment of label-free TiO2NP 

on an engineered 500-nm-thick Al2O3-Si-SCTF surface inside glass microfluidic channels at two 

different flow rates. We demonstrated the ability to instantly measure the deposition of TiO2NP 

on these surfaces during the introduction of TiO2NP into the microfluidic channel. During the 

introduction of 203 μg of TiO2NP, the averaged attached TiO2NP mass density on the Al2O3-Si-

SCTF surface was 1.6-fold higher at a flow rate of 15 μl/min compared to 50 μl/min. However, 

the deposition rate was higher under a higher flow rate, which was expected and reasonable 

based on flow simulation. We were able to visualize the distribution of the attached TiO2NP on 

the Al2O3-Si-SCTF surface at the end of the TiO2NP solution introduction into the microfluidic 

channel. Although the detailed distribution map of TiO2NP was different between experiments 

due to nanoscale non-uniformities, the averaged mass density estimated by integrating the 

distribution map was in close agreement with the estimation from dynamic measurements and 

between repeated experiments. 

By implementing the ACOM instrument with the proper optical model, we were able to 

visualize and quantify the distribution of TiO2NP on the SCTF surface under both static and flow 

conditions. This technique can be applied to any type of nanoparticles with hydrodynamic sizes 

smaller than the height and spaces between SCTF posts, given the optical properties of 

nanoparticles (i.e. refractive index, extinction coefficient) are known. Technically it is possible to 

manufacture SCTF with different dimensions; therefore, this method can be applicable to a wide 

range of nanoparticles or the mixture of nanoparticles, although it cannot differentiate between 

different types of nanoparticles. As proof-of-concept, experiments in this study was conducted 

with simple water chemistry. The method is applicable to more environmentally relevant water 

condition with various dissolved ions present. If water contains solutes that may attach to the 

surface of SCTF, e.g. natural organic matter, the technique is also applicable but requires an 

additional calibration step to quantify the attachment of the additional solutes on SCTF surfaces. 

In addition, by manipulating the physical and chemical properties of SCTF surfaces, for example 

covering the part of the SCTF surfaces with natural organic matters (NOM) using lithography 

technique, this technique will provide an innovative avenue to investigate interaction of label-

free ENPs with rough surfaces of various properties. 
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An innovative technique to quantify and visualize label-free titanium dioxide 
nanoparticles on model rough surfaces.
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