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SI Appendix 1: Numerical modeling

A commercial software package, Comsol Multiphysics 5.5, is employed to obtain the
complex electric field, ICEO vortex flow field, spatial-temporal delivery of antigen, and
surface reaction by fully coupled finite-element simulation. Since ROT-ICEO involves out-
of-plane effect in essence, full scaled simulation modeling is conducted with a 3D
computational domain (Fig.1 for the static case, and Fig.2 for the dynamic condition).

Firstly, we computed the AC potential within the fluid domain by using the Laplace
equation for the complex voltage Eq.(1). All the electrodes are subjected to the Robin-type
RC charging boundary condition Eq.(2), to describe the phenomenon of electrode
polarization. Fixed potential phasor A, jA, -A, and -jA, are imposed to the four discrete DE
metal strip along the clockwise direction in sequence with a 90° phase shift between
neighboring electrodes, while the square FE in the field center floats in potential.
Insulation condition was imposed to all the channel walls due to the negligibly small
polarizability of PDMS material.

Secondly, as for the mechanical problem governed by Eq.(4)(5), all the electrodes are
subjected to the expression of ICEO slipping velocity Eq.(3), while we assume a no slip wall
boundary condition on other insulating channel walls in the presence of a viscous boundary
layer. The amplitude, frequency, and phase sequence of the AC voltage signal, as well as
the discrete electrode arrangement, all exert an influence on the ICEO vortex flow profile
on top of the FE. As a consequence, improvement of the bound antigen would depend
sensitively on the selection of the above boundary conditions.

Thirdly, the mass conservation of antigen concentration in the regime of dilute species
was solved by using Eq.(6)(7) inside the channel. Flux swap condition Dadc/dy =0B/ot is
imposed on the ideally polarizable surfaces of all the FE, indicating a dynamic equilibrium
between the increase of the bound antigen concentration and dissipation of the target
analyte from the surrounding liquid medium during the binding reaction. Besides, normal
component of the total mass flux vanishes at all other non-functionalized surfaces. The
surface concentration of bound antigen at t=0s was B(t=0)=0mol/m?2, signifying no

binding reaction at the early stage, while the background concentration of freely suspended



antigen in the liquid bulk was c,=0.1nM. At last, the physical problem was enclosed by
applying the surface reaction equation Eq.(8) at the functionalized interface.

The various parameters adopted the following reference values in the numerical
simulation: liquid conductivity 6=0.001S/m, water dielectric permittivity e=80¢,, solution
dynamic viscosity n=0.001Pa-s, AC voltage amplitude Vo=4V, Debye screening length
Ap=37.6nm, surface concentration of immobilized antibody Rr=3.3x10-®mol/m2, the initial
volumetric concentration of suspended antigen co=0.1nM, and the diffusion coefficient of
target antigen D=10"m2/s. The association and disassociation rate constant for the
specific binding reaction are kon=1000m3/(s-mol) and kof=0.001/s, respectively. The width
of FE equals Wr=100um. The length and depth of the microfluidic chamber are Lc=1mm
and Hc=200um, respectively. This standard parametric space results in a dimensionless

Damkohler number Da= konRtHc/D=660. The RC time constant for electrochemical

polarization of the DE array and FE are r,.=RC,/c(1+5) =1.99x10-4s and
Tre = L.C,/o(1+5) =1.84x10-3s, respectively. Correspondingly, the characteristic RC
charging frequency for ACEO on the DE array and ICEO onthe FEis /% = o(1+6)/27RC,

=800Hz and ;% =c(1+6)/27L.C, =86Hz, respectively, with the FE’s macroscopic

polarization length scale R=0.108Wr. A stationary solver is employed to calculate the
steady-state electrostatic potential and time-averaged ROT-ICEO fluid motion in sequence.
Then a transient solver is adopted to compute both the analyte transport in the bulk and
the binding reaction at the functionalized surface in a coupled way considering their time-
dependent nature.

SI Appendix 2: A comparative study of various ICEO convection modes

It is necessary to identify the various convection modes of ICEO when the peripheral DE
array is powered by different voltage sequence combinations. Three powering schemes are
considered in current analysis, including (i) Vi=Vocos(wt), V.= Vocos(wt+90°), Vi=
Vocos(wt+180°), V,=V,cos(wt+270°) with neighboring DE phase shifted by 9o0°, (ii) V=

Vocos(wt), V.=Vocos(wt), Vs=Vocos(wt+180°), V,=Vocos(wt+180°) with every two



electrodes phase shifted by 180°, (iii) Vi=Vocos(wt), V.=Vscos(wt+180°), Vi=Vicos(mt),
V,=Vocos(wt+180°) with adjacent DE oppositely polarized. (Table 1)

First and foremost, we focus attention on case (i), namely, the situation of ROT-ICEO.
As shown in the bi-dimensional phase diagram of ROT-ICEO (Fig.3), at every time instant
of a particular one AC cycle, the induced counterions on the surface of central FE always
manifest as a bipolar charge pattern, and the net charge profile rotates synchronously with
the background rotating field in the low-frequency limit. The dot product of the induced
space charge and the applied rotating field gives rise to the ROT-ICEO slipping flow on top
of the blocking FE, which quickly switches between two mutually orthogonal convection
modes (Fig.3(a)(c) and Fig.3(b)(d)) reminiscent of the typical ICEO pattern in a standing-
wave AC forcing, resulting in conceivably a radially converging flow profile tending to
transport fluidic samples from surrounding liquid medium to the center of the blocking FE
after time-averaging, in accordance with the simulation result in Fig.S4(a). As for case (ii),
since the voltage phase was sequentially shifted by 180° for every two electrodes
(Fig.S1(a)(b)), the externally-applied electric field lines under the excitation of a such
voltage sequence are inclined with respect to the central FE, as shown in Fig.S1(a), and just
alternates in direction with time elapses (Fig.S1(b)). Even so, the converging ICEO flow
pattern parallel to the field lines remains unchanged in slipping direction (Fig.S1(a)(b)), in
that both the induced charge and applied electric field reverse direction at a fixed time
interval equaling half of the harmonic cycle, which is in qualitative agreement with the
simulation result in Fig.S5(c). In case (iii), though the schematic diagram indicates the
slipping flow streams inward from all directions on the ideally polarizable surface of the
central FE (Fig.S1(c)(d)), the ICEO flow velocity is too weak to play the role of
strengthening the binding reaction, as predicted by the simulation result in Fig.S6(c) as
well.

All the above calculations of ICEO flow field are obtained at a voltage amplitude of Vo=4V
and respective optimum field frequency. According to the calculation results, the ICEO
flow velocity shows strong frequency-dependence for all the three convection modes
(Fig.S2(b)), and the same also holds true for their ACEO counterpart on the DE array

(Fig.S2(a)). Both the ICEO and ACEO flow fields reach a single relaxation peak at an



intermediate field frequency, regardless of the specific power supply modes (Fig.S2(a)(b)).
In DC limit, since all of the applied voltage drops across the IDL on the DE array due to
complete Debye screening, there is no tangential field gradient acting on the induced
charge within the Debye layer, resulting in negligibly small ACEO slipping on the DE array
and ICEO slipping on the central FE. At higher field frequencies, there is insufficient time
for the counterionic charges to become accumulated effectively within the thin IDL due to
the occurrence of electrochemical ion relaxation, giving rise to extremely slow ICEO fluid
motion once again. As a result, both ACEO and ICEO are maximized in an intermediate

frequency range, as defined by the inverse RC time constant for double-layer capacitive

charging on the FE /¥ =5 (1+6)/27 L.C,, =86Hz and that on the DE f,* = (1+6)/27 RC,

=800Hz serving as the low and high frequency threshold, respectively. As shown in
Fig.S2(a), ACEO for both (i) and (ii) convection modes reaches a single relaxation peak at
fizeai=200Hz, while case (i) possesses a much broader force plateau than case (ii). The ideal
driving frequency of ACEO for case (iii) attains 300Hz, being higher than that for case (i)
and (ii), and its maximum ACEO flow velocity is highest among the three convection modes.

As for ICEO, the opposite has happened. The (iii) powering scheme results in the weakest
ICEO fluid motion than other two convection modes, with the typical ICEO flow velocity
merely on the order of O(1)um/s (Fig.S2(b)), albeit its ACEO counterpart is strongest
(Fig.S2(a)). ICEO for case (i) and (ii) exhibits an identical frequency-dependent variation
trend with a slightly larger flow speed of case (ii) than that of case (i). Even so, the
convection mode of ROT-ICEO driven by case (i) is supposed to be able to engender better
improvement of the antigen-antibody binding reaction due to its more favorable slip profile
that the liquid medium is sucked at the electrode edge from all outer directions and is then
ejected upward at the center of the electrode surface whatever the signal frequency is
(Fig.S4(a-d)), in stark contrast with the linear slipping fluid motion for case (ii) (Fig.S5(c))
and the vanishing ICEO flow field for case (iii) (Fig.S6(c)). In addition, in case (i), wherein
a rotating electric field emits from the peripheral DE array, ACEO has a net
counterclockwise rotating flow component in the direction of the rotating electric field

(Fig.S3(a)(d)). This large whirlpool induced in the field center dominates the global



electrokinetic flow behavior at low frequencies, (Fig.S3(a)(d)(b)(e)), and diminishes as the
field frequency further increases (Fig.S3(c)(f)). In this way, it is more beneficial to employ
the convergent ICEO slipping pattern (Fig.S4) on top of the central FE and global ACEO
whirlpool in counterclockwise rotating direction enabled by case (i) for accelerating the
binding rate between antigen and antibody on application of a low-frequency rotating
electric field to the peripheral DE array, than other two powering schemes including case

(ii) and (iii).
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Figure S1. (a)-(b) Time sequence of the phase diagram for case (ii) with every two DE
phase shifted by 180°, (a) at t=nT, and (b) at t=nT+T/2. (¢)-(d) Time-sequence of the phase
diagram for case (iii) with adjacent DE being oppositely polarized, (a) at t=nT, and (b) at
t=nT+T/2.
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Figure S2. A comparison of the frequency-dependence of electrokinetic flow velocity
between different convection modes ((i), (ii) and (iii)) at a given voltage amplitude of
Vo=4V. (a) ACEO flow velocity on top of DE array as a function of the signal frequency. (b)
ICEO flow speed on top of the central FE as a functional of the electric field frequency.
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Figure S3. Simulation result of ROT-ICEO flow field inside the static fluidic chamber for
case (i) under a given voltage amplitude Vo=4V. (a)-(c) A top view of the tri-dimensional
streamline plot of combined ACEO and ICEO flow field at distinct frequency points, (a)
f=10Hz, (b) f=200Hz, and (c¢) f=5000Hz. (d)-(f) An arrow and surface plot of ICEO flow

field right on the ideally polarizable surfaces of the electrode array under different



excitation frequencies, (d) f=10Hz, (e¢) f=200Hz, and (f) f=5000Hz. (unit: m/s)
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Figure S4. A surface and arrow plot of ROT-ICEO slipping fluid motion on the central FE
for case (i) at distinct signal frequencies: (a) f=10Hz; (b) f=200Hz; (¢) f=500Hz; d)

f=5000Hz. (unit: m/s)
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Figure S5. Simulation result of nonlinear electroosmotic flow field within the
microchamber for case (ii) at f=200Hz and V,=4V. (a) A top view of tri-dimensional
streamline plot of the combined ACEO and ICEO vortex flow field within the fluidic
chamber. (b) A surface and arrow plot of ACEO slipping fluid motion on the electrode array.

(c) A surface and arrow plot of ICEO slipping fluid motion on the central FE. (unit: m/s)
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Figure S6. Simulation result of nonlinear electroosmotic flow field within the
microchamber for case (iii) at f=300Hz and V,=4V. (a) A top view of tri-dimensional
streamline plot of the combined ACEO and ICEO vortex flow field within the fluidic
chamber. (b) A surface and arrow plot of ACEO slipping fluid motion on the electrode array.

(c) A surface and arrow plot of ICEO slipping fluid motion on the central FE. (unit: m/s)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


